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PRETACE

This revision of Professor Young's work has been undertaken
by his successors at Princeton  After so long an interval, exten-
sive changes have been required by the progress of the science,
the book has been practically rewntten, and inevatably increased
considerably 1n length The new nrder of presentation of the
matenal, in which the data secured by the methods of geometrical
and dynamicdal astronomy are presented (so far as they relate
to the solar system) before the introduction of the spectroscope
and of astrophysical problems, has been adopted as a result of
many years’ expericnce 1n lecturing

The scope of the new work 15 somewhat more cxtensive than
that of the former Afanual and intermediate between this and
the General Astronomy The hberal use of small type, 1n dealing
with the more difficult or less important topics, may scrve as a
guide 1o the teacher who desires to give a shorter course

The preliminary knowledge assumed on the part of the student
wnvolves only the dements of mathematics and physics  Use of
the calculus has been completely avoided and the physical pnn-
aples which undcrle spectroscopy and 1ts applications have been
cxplained 1n full (except for such matters as the theory of prisms
and gratings, which are accessible 1n many textbooks)

Special attention has been paid to astrophysics, and recent
devdopments have been rather fully treated Some of these may
be unfamiliar, but their inclusion has becn deliberate The rela-
tions, for example, which connect the absolute magmtude, radrus,
and temperature of an 1deal star (perfect radiator) are actually
much sumpler than those connecting right ascension and declina-
tion with alutude and azimuth, and, 1n the writers opinion,
fully as worthy of atlention, even 1n an elementary course The
denvation of these relations has been given 1n full (1n small type),
In this case and 1n some similar cases, because 1t 1s not readily
accessible elsewhere, — but these sections may be onmutted by

the elementary student
m



v ASTRONOMY

In dealing with such subjects as the constitution and evolution
of the slars {concermng which theones are 1n a state of very
active flux) the attempt has been made to present the situation
as 1t appears to the writers at the “epoch” of completion of the
manuscript, in 1926, Considerable changes may be necessary
within a few years

'The whole manuscript of the book has been read by at least
two of the authors, and usually by all three, and every efiort has
been made to avoid errors of statement and to obtain the best
available values of numernical data It cannot be hoped, however,
that such efforts have been wholly successful, and information
concermng any errors which may be detected will be welcomed
Professor Young's statements concerning the earher history of the
science have usually been acceptcd without fresh investigation

New matenal for illustrations has been generously supphed
by numerous friends 1n this country and abroad Acknowledg-
ments are gratefully made to the directors, and to many other
members of the staffs, at the observatories at Greenwich, Hei-
delberg, and Victona (British Columbia), also at the Mt Wil-
son, Lowell, Lick, Ycrkes, Harvard, and Yale observatones, to
the United States Navy, the Carnegie Institution, the Amen-
can Museum of Natural History, and the Scientific American,
Ihikewise to the late Professor Barnard, to Prolessors Stcbbins
and Slocum, Dr Benjainin Boss, Mr Donald B MacMillan,
Mr D M Barnnger, and Mr Howard Russell Buller

Speaial acknowledgments arc made 1n connection with the
individual 1llustrations  Acknowledgments are also due to
Messrs  Arthur Tairley and Theodore Dunham, Jr, for the
preparation of many line drawings, and to Miss Hennetta Young
for valuable assistance in the preparation of the manuscnpt
and proof

The authors wish to thank Messrs Ginn and Company for
their ready and careful cooperation in the printing and 1n the
making of the numerous cuts

HENRY NORRIS RUSSELL
RAYMOND SMITH DUGAN
JOHN QUINCY STLWART
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ASTRONOMY

I
THE SOLAR SYSTEM

INTRODUCTION

1. Astronomy, as 1s indicated by the Greek roots of the word
(&aTpov, vbuos), 1s the science which treats of the heavenly bodies.
It considers (1) their motions, both real and apparent, and the
laws which govern those motions, (2) therr forms, dumensions,
masses, and surface features, (3) their nature, constitution, and
physical condition, (4) the effects which they produce upon one
another by their attractions and racdiations, (5) their probable
past history and future development

As we look up at might we see 1n all directions the countless
stars, and, conspicuous among them and looking like stars, though
very different in their real nature, are scattered a few planets
Here and there appear faintly shinng clouds of light, — the Milky
Woay, nebule, and possibly a comet Most striking of all, iof 1t
happens to be 1n the heavens at the time, though really the most
msignificant of all, is the moon By day the sun alone 1s visible,
flooding the air with 1ts light and luding the other objects from
the unajded eye, but not all of them from the telescope

The bodies thus seen from the earth are the heavenly bodies
The first great advance of modern science was the recogmtion
that the earth itself should be counted among these The earth,
like most of the others, 1s a globe, whirling on its axis and moving
swiftly through space, although on its surface we are wholly
unconscious of the motion because of its perfect steadiness.
Most of the heavenly bodies are so far away that their motions

can be detected only by careful observation
1



2 ASTRONOMY

2 The Heavenly Bodies The heavenly bodies may be classified
as follows First there 1s the solar system, composed of the sur,
the planets which revolve around 1t (of which the earth 1s one), and
the satellstes which attend the planets 1n their motion The moon
thus accompames the earth The distances between these objects
are great 1n companson with the size of the earth, and the sun,
which rules them all, 1s 2 body of gigantic magmitude The solar
system also includes the comels and the meteors, which move 1n
orbits of a shape different from that of the planetary orbits and
are bodies of a very different character

Second come the stars, at distances from us immensely greater
even than those which separate the planets The stars are suns,
— bodies like our own sun 1n nature, and, like 1t, self-luminous,
whereas the planets and their satellites shine only by reflected
sunhght The telescope reveals milhons of stars mnvisible to the
naked eye, and every notable increase of power mn our instru-
ments brings out millions more In many instances the stars are
grouped 1n remarkable clusters No telescope yet made or Likely
to be made 1s sufficiently powerful to reveal planctary systems,
even if such eumst, around stars other than our sun

Finally, there are nebule, which are cloudlike masses of matter
of almost mconcervable magnitude Most of these are fantly
luminous, but some are dark and are evident only because they
conceal the stars which lie behind them Many of them belong
to the region of the stars, but it has recently been discovered
that some are vast clusters of stars at distances so great that
hght from them may take a million years to reach us

It 1s a remarkable fact that examples of all these classes of
heavenly bodies can be seen with the unaided eye, although
the telescope 1s required to reveal the real character of some
of them

3 Methods of Investigation. Since the phenomena with which
astronomy deals are not subject to human control, 1t 15 of neces-
sity an observational science rather than an expenimental one
Opportunities for certain types of astronomical observations
occur soarely that they must be exploited to the utmost when
they do occur Moreover, knowledge of the heavenly bodies must
be based almost exclusively on what studies can be made of the
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feeble light that reaches the earth through the depths of space
Starlight 1s a very precious thing to the astronomer, and he spares
neither labor nor cost in devising instruments for collecting and
analyzing 1t His quanhtative observations have attained a
preasion, both mn direct measurement and in the detection of
dden sources of error, that 1s rarely equaled 1n any other science.
In the discussion and interpretation of his abservations he con-
timually employs mathematical analysis, often of the most ad-
vanced type, and utilizes freely the latest results and conclustons
of physics and chemistry

4 Relation of Astronomy to other Sciences Thus there 15 no
sharp boundary between astronomy and the other physical sci-
ences It 1s so intimately related to physics that it is often quite
mmpracticable to say whether a given piece of work should be
regarded as belonging more to one science than to the other
Its relation to mathematics 1s almost as close In problems con-
cermng the formation and constitution of the earth, astronomy
overlaps the field of geology , and in questions dealing with the
structure of atoms it comes 1n touch with chemistry

Points of contact with the natural sciences are fewer, but in
discussions of the length of time duning which the earth has been
hahbitable, and the possible habitability of other planets, astron-
omy meets hiology, while in the consideration of those errors of
observation which are personal to the observer it utilizes prin-
aples of physiology and psychology

5. Branches of Astronomy Astronomy 1s conventionally di-
vided into several branches

(1) Practical astronomy deals with the field of observation, —
the design and use of astronomical instruments, the methods of
observing, the elmination of errors, and the deduction of the data
employed 1n other branches of astronomy It 1s quite as much an
art as 1t 1s a scrence

(2) Astronomy of positron, or astromelry, treats of the geometn-
cal relations of the heavenly bodies, therr positions, distances,
dimensions, and surface marlungs, and their real and arent
motions A subdivision, spherical astronomy, deals their
apparent positions and motions on the background of the sky
(celestial sphere)



4 ASTRONOMY

(3) Celestzal mechamics is the astronomical applcation of the
prnciples of mechanics, which describe the motions of matenal
bodies acted on by forces It deals principally with the motions
of the planets and the moon It 1s sometimes called gravitational
astronomy, because, with few exceptions, gravitation 1s the only
force sensibly concerned 1n the motions of the heavenly bodies

Work 1n all the fields just outlined 1s involved in the determina-
tron of bke orbits of the heavenly bodies, and 1n the celcwlation of
ephemerides predicting their motions and their positions as seen
from the earth

(4) Astrophysics treats of the physical charactenstics of the
heavenly bodies, their bnghtness and spectroscopic peculiarities,
therr temperature and radhation, the nature and condition of their
atmospheres, surfaces, and intertors, and all phenomena which
indicate or depend upon their physical condition This, though
the youngest, 1s the most active branch of the science, and bids
fair to outgrow all the others put together Among 1ts principal
subdivisions may be mentioned speciroscopy and pkolometry

(5) All branches of the stience, and especially astrophysics, aid
mn the attack on the great central and still unsolved problem of
cosmogony, — the orgin and evolution of the stars, the sun, and
the planets, including the earth

(6) Descriptrve astronomy 1s merely the orderly statement of
astronomical facts and pnnciples

(7) Nautscal astronomy includes so much of spherical and prac-
tical astronomy as 1s required by the navigator

6. Practical Utility. Astronomy, although bearing less directly
upon the matenal interests of life than many other sciences, 1s
nevertheless of great practical importance

It 1s by means of astronomy that the latitude and longitude of
points upon the earth’s surface are determined, and by such
determinations alone 1s 1t possible to conduct extensive naviga-
tion Moreover, all the operations of surveying upon a large scale
depend more or less upon astronomical observations

The same 1s true of operations which require an accurate knowl-
edge and observance of time, for our fundamental titmekeeper 1s
the daily revolution of the heavens as determined by the astrono-
mer’s transit instrument.
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The methods of nearly all such economically valuable observa-
tions, however, were discovered long ago The end and object
of present-day astronomy is chiefly knowledge pursued for its own
sake This no more needs defense than the pursuit of art, yet the
most abstract astronomical investigations may 1n tume have
practical value, through their influence on the other sciences
Thus, astronomical studies undertaken for the sake of pure
knowdedge led, 1n the seventeenth century, to the discovery of
the laws of dynamics and to the invention of the calculus, and
so helped to lay the foundation for all later advances in physics
and engineering Very recently astronomy has had much to do
with the development and testing of the important physical
theory of relativity

7 Value 1n Education The student of astronomy, therefore,
must expect his chief profit to be intellectual Exactness of
thought and expression are enforced by the precise character of
many of the necessary discussions, and the taking of astronomical
observations 1s a particularly nstructive traiming in carefulness
and accuracy The solution of problems apparently hopeless
cannot fail to 1mpress themind, the spectacle of simple law work-
ng out the most far-reaching results stimulates the imagination,
and the beauty and grandeur of the subjects presented gratify the
poetic sense

For the advanced student there 1s no field in which 1t 1s possible
sooner to get out to the front line of scientific advance and to
learn how fresh terntory 1s being won 1n a very active sector
Indeed, the number of objects that will repay observation 1s so
great, and the opportunities for elementary calculation are so
considerable, that undergraduate students, and amateurs without
umversity traiming, have made and are making genuine contn-
butions to the advance of astronomical knowledge

8 Public Interest Astronomy is the oldest of the sciences
Such stnking phehomena as the rising and setting of the sun and
moon, and the phases of the latter, must have been recognized as
regular in the infancy of the race. Some of the earhest of all
exsting records relate to astronomical subjects, such as eclipses
and the positions of the planets, and they are often of great value
to the historian, since their dates can be accurately calculated
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The names of the planets, of the days of the week, and of the
constellations still preserve to us an ancient mythology

Until modern times 1t was believed that human affairs of every
kind — the welfare of nations and the life history of mdividuals —
were controlled, or at least prefigured, by the motions of the stars
and planets, and that from the study of the heavens 1t was pos-
able to predict futunty The pseudo-science of asirology, based
upon this behef, supphed the motive that led to many of the
astronomical observations of the ancients As modern chem-
1stry had 1ts origin 1n alchemy, so astrology was a progemtor of
astronomy, and 1t 1s remarkable how persistent a hold this
baseless delusion still retains upon the ignorant

Far as astronomy has advanced today, almost all of its con-
clusions, and many of the methods by which they are reached, are
explainable to the average person and excite a lively general
interest The enormous reaches of space and time thus opened
up, and the revelation of bodies 1nvisible to the eye but actually
far exceeding 1 magmtude not only the httle earth but the
enormous sun, are examples of topics which stir the popular
immagination This interest 1s reflected 1n the hberal provision of
endowment for further research

For example, the greatest telescope 1n the world, at the Mt.
Wilson Observatory, near Pasadena, and the second greatest, at
the Dominion Astrophysical Observatory at Victoria, Bntish
Columbia, both belong to mmstitutions maintained purely for
astronomical research, one by private endowment, the other by
the Canadian government The support of astronomucal in-
vestigation by umiversities 1s also generous

9 Philosophical Value Since astronomy is a physical science,
1t can give no direct answer to problems of philosophy Thus,
while 1t can tell that a star 1s larger than a man, 1t cannot decide
which possesses the greater worth

Nevertheless, the realization which this science brings of the
tremendous extent of the matenal umiverse 1n space and time, and
of 1ts essential umty, in that the same types of matter and the
same natural laws are found everywhere, is of great sigmificance
Though our own planet thus appears as an mnsignificant speck, 1t
18 yet hkely to be habitable for millions of years to come The
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appredation of these facts cannot fail to possess an important
influence in determining the attitude of the contemplative stu-
dent toward such problems of philosophy as man’s obhgations to
future generations, his place in the umverse, and his relation to
the Power which 1s belind 1t
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atory reports, and statistics of planets, comets, and vanable stars
Bulletin of the Astronomical Institutes of the Netherlunds (B A N ), n Enghsh,
published jomntly by the Dutch observataries

Summares of the work done at most observatories appear as articles in the
penodicals, but longer accounts, and 1n some cases short communications as well,
appear m observatory publications A few of the most important are

Harvard Observatory Annals, Circulars, and Bulletins

Lick Observatory Publications and Bulletins

Dominion Astrophysical Observatory Publications

Potsdam Astrophysikalisches Observatorium Publikationen

Yerkes Observatory



CHAPTER 1

ASTRONOMICAL SYSTEMS OF MEASUREMENT

THE CELESTIAL SPHERE SYSTEMS OF COORDINATES AND THEIR TRANSFORMA=-
TION TIME THE CELESTIAL GLOBE

1

Astronomy, like all the other sciences, has a terrminology of 1ts
own and uses techmical terms 1n the description of 1its facts and
phenomena It 1s desirable that the student should be introduced
to many of them at the very outset

10. The Celestial Sphere ! The simplest form of astronomical
observation 1s to note the relative positions of the stars in the sky.
The hine from the observer to the object at which he 1s looking 1s
called a Iine o;‘ sight It 1s dafficult to make a picture on paper, or
even i the mind, representing satisfactonly the lanes of sight radi-
ating 1n all directions from the point of observation The best way
15 to draw a sphere about this point and mark the spot where each
Line cuts the sphere (Fig 1) The distance on the sphere between
two such spots then becomes a convenient equivalent of the differ-
ence 1n direction of two radiating hines It has been found conven-
lent to1magine the sphere as so enormous that the whole materal
unuverse of stars and planets lies 1n its center like a few gramns of
sand 1 the middle of the dome of the Capitol Although the
celestial sphere 15 thus concerved as indefimtely large, it 1s practi-
cally necessary, in maling pictures of 1it, to represent 1t as if i1t
were seen from the outside 2 Any two parallel lines will pierce the
surface of the sphere in two points that are indistinguishable to an
observer atits infinitely distant center Thus the axs of the earth
and all lines parallel to it pierce the heavens at one pomnt, the
celestial pole

1 The study of the celestial sphere and 1ts circles 15 greatly aided by the use of a
globe or an armillary sphare  Without some such apparatus it 1s rather difficult for
a beginner to get clear ideas on the subject

3 Star maps, however, picture the sky as 1t 1s seen by the observer at the center
of the sphere

8
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11 The apparent place of a heavenly body is sumply the pownt
where a line drawn from the observer through the body m ques-
tion, and continued onward, pierces the celestial sphere It
depends solely upon the direction of the body &nd has nothing to
do with 1ts distance (Fig 1)

The apparent distance between two stars 1s therefore simply a
difference 1n direction, and the apparent diameter of the moon 1s
the angular separation between
hnes of sight to diametncally
opposite pomnts of the moon’s
disk (Fig 42) Obwviously, angular
umts alone can properly be used
1 descnbing apparent distances
in the sky One cannot say cor-
rectly that the two stars known
as the pointers are so many feet
apart, their distance 1s approx-
mately five degrees, —which 1s
the length of the arc of the great o 1 Apparent Places of Stars on
arcle on the celestial sphere con- the Celestial Sphere

necting the two stars A, B, C, etc are the apparent places of a,
b, ¢, etc, the observer being at O Objects

t hould ac- that are nearly in hne with each other,
The student of astronomy should ac such as & 1, , will appear close mgﬂhﬂ-_

custom himself as soon as possible to | "o oky, however great the real dis-
estimating celestial measures 1n angular  tance between them The moon, for in-
umits A lttle practice soon makes 1t stance, often looks to us very near a star,
easy, although the begimner 1s likcly to ~ Which 15 always a great distance beyond
be embarrassed by the fact that the
sky appears not as a true hemisphere but as a flaltened vault, so that all
estimates of angular distances for objects near the honizon are likely to he
exaggerated The moon when nsing or setting looks to most persons much
larger than when overhead, and the “Dipper bowl” when underneath the pole
seems to cover a much Jarger area than when above 1t

These lusions are directly traceable to the unconscious habit, developed
from an early age, of interpreting apparent size by the aid of our famihanty
with real size This perspective adjustment 1s strongly developed i the
hanzontal plane, to which our experiences are largely confined, but 1s very
imperfect 1n the vertical direction It 1s worth remarking that a ship seen
below an airplane looks much smaller than one seen on the horizon at the
same distance
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POINTS AND CIRCLES OF REFERENCE AND SYSTEMS OF
COORDINATES

In order to be able to descnibe the position of a heavenly body
in the sky 1t 1s convenient to suppose the inner surface of the
celestial sphere to be marked off by arcles traced upon 1t, —
maginary arcles, of course, ke the equator, the mendians, and
the parallels of latitude which serve as a system of reference for
the latitude and longitude of a point on the surface of the earth

Several distinct systems of such circles are made use of 1
astronomy, each of which has its own peculiar adaptation to 1ts
special purpose It 1s evident that, to be practically useful, these
arcles must be so defined that their positions can be fixed by
observation with as great precision as may be desirable

A SYSTEM DEPENDING ON THE DIRECTION OF GRAVITY AT THE
POINT WHERE THE OBSERVER STANDS

12 The Zemth and Nadir If we suspend a plumb-hne and
mmagme the line extended upward to the sky, 1t will pierce the
celestial sphere at a pomnt directly overhead known as the
astronomacal zemuth or sumply the zenath

The nadsr 1s the point opposite the zenith, directly under foot
In the invisible part of the celestial sphere

Both “zenith” and “nadir” are derived from the Arabic, as are many
other astronomical terms mtroduced dunng the centuries when the Arabs
were the chief cultivators of science

As will be seen later (§ 143), the plumb-line does not pomt
exactly to the center of the earth, because the earth rotates on 1ts
axis and 1s not strictly spherical If an imaginary hine be drawn
from the center of the earth upward through the observer, and
produced to the celestial sphere, it marks a different point,
known as the geocentric zenith, which 1s never very far from the
bstrenomical zemith but must not be confounded with 1t

13 The Horizon If now we mmagine a great circle drawn com-
pletely around the celestial sphere halfway between the zemth
and the nadir, and therefore 80° from each of them, it will be the
horizon  Simnce the surface of still water 1s always perpendicular
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to the direction of gravity, the horizon may also be defined as
the great circle in which a plane tangent to a surface of still water
at the place of observation cuts the celestial sphere

The word "“honzon” (from the Greek) means hterally “the
boundary,” that 1s, the hmt of the landscape, where sky meets
earth or sea This boundary hine 1s known 1n astronomy as the
wseble horszon  On land 1t 1s trregular, but at sea 1t 1s practically
a true arcle, nearly comnading with the hornizon above defined

14. Vertical Circles, the
Mendian and the Prime Ver-
tical Vertical ircles are great
circles drawn from the zenith
at nght angles to the horizon,
and therefore passing through
the nadir also Any pont 1n
the heavens has one of these
circles passing through 1t

That partlcular vertical Fic 2 The Horizon and Vertical Circles
arcle which passes north and O the place of the observer, OZ, the observer’s
south, through the pole (tobe  vertical, Z, the zemth, P, the pole, SWNE,
defned hereater, 1s hnows e Fn, SEFT. . i E2V
as the celestral merzdian and  star's vertical ccle, TMR, the star's almucan-
15 the carcle traced upon the gt SZUL S SHH, o' e,
celestial sphere by the plane distance
of the terrestnal mendian
upon which the observer 1s located The vertical cirde at nght
angles to the mendian 1s called the preme vertical The points
where the menidian intersects the horizon are the north and south
pownts, and the east and west pownts are midway between them,
These are known as the four cardinal pornts

The parallels of altytude, or aimucantars, are small circles of the
celestial sphere parallel to the horizon, sometimes called cercles of
equal altritude

15. Altitude and Zemth Distance. The allstude of a heavenly
body 1s 1ts angular elevation above the horizon, that 1s, the
number of degrees between 1t and the honzon, measured on
the vertical circle passing through the object Referrng to
Fig 2, the vertical circle ZMH passes through the body M.
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The arc MH 1s the altitude of M, and the arc ZM (the comple-
ment of MH) 15 1ts zensth distance
16 Azimuth. The azemutk of a heavenly body 1s the same
as 1ts “bearing” 11ﬁmey1ng, — measured, however, from the
true mendian and not from the magnetic It may be defined as
the angle formed af the zemith between the meridian and the verlical
circle whach passes through the object, or, what comes to the same
thing 1t 1s the arc of the horizon measured westward from the south
povrt to the fool of thus curcle
SZM (Fig 2) 1s the azimuth of M, as 1s also the arc SWH,
wluch measures this angle Azimuth 1s reckoned by astronomers
from the south point clear round through the west to the point
of beginmng, consequently the arc SWH rather than SEH 1s the
azimuth, of M, — about 130°
Navigators now quite generally begin their reckoning at the north pomnt
and count 1n degrees through the east, but the old points are still retained on
the compass cards Surveyors often describe the bearing as so many degrees

east or west of north or south Thus, 1n Fig 2 the beanng of M 1s N 50° W,
and the corresponding course of a ship would be described as 310° or, very

nearly, NWiwW

B SystEM DEPENDING UPON THE DIRECTION OF THE EARTH'S
Axris oF RotatioNn

17 The Apparent Diurnal Rotation of the Heavens If, on
some clear evening 1n the early autumn, say about eight o’clock
on the twenty-second of September, we face the north, we shall
find the appearance of that part of the heavens directly before us
substantially as shown in Fig 3 1In the north 1s the constellation
of the Great Bear (Ursa Major), charactenzed by the conspicu-
ous group of seven stars known as the Great Dipper, which Les
with 1ts handle sloping upward to the west The two easternmost
stars of the four which form 1ts bowl are called the pointers, be-
cause they point to the polestar, — a solitary star not quite half-
way from the honizon to the zenith (in the latitude of New York)
and about as bright as the bnghter of the two pomnters It 1s
often called Polaris

High up on the opposite side of the polestar from the Great
Dipper, and at nearly the same distance, is an 1rregular zigzag
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of five stars, each about as bnght as the polestar itself This 1s
the constellation of Cassiopeia

If now we watch these stars for only a few hours, we shall find
that while all the configurations remam unaltered, their places
in the sky are slowly changing The Dipper shdes downward
toward the north, so that by eleven o’clock the pointers are

Fic 3 The Northern Circumpolar Constellations

directly under Polanis Cassiopeia still keeps opposite, however,
nsing toward the zemth, and if we were to continue to watch
them all might, we should find that all the stars appear to, be
moving 1n carcles around a point near the polestar, revolving in
the opposite direction to the hands of a watch (as we look up
toward the north) with a steady motion which takes them com-
pletely around once a day, or, to be exact, once 1n the sidereal
day, which consists of 23 56™ 4 1 of ordinary time Thus the
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stars behave just as if they were attached to the mner surface of
a huge revolving sphere — the celestial sphere

Instead of watching the stars with the eye we can reach the
same result still better by photography A camera 1s pomnted
up toward the polestar
and remains firmly fixed
while the stars, by ther
dwurnal motion, mpress
therr *“trails’’ upon the
plate (Fig 4)

If instead of looking
toward the north we now
look southward, we shall
find that there also the
stars appear to move 1n
the same kind of way
All that are not too near
the polestar nse some-
where 1n the eastern
honzon, ascend not ver-
During the exposure of nearly three hours each star tlcally but Obhquely to
has, by 1ts diurnal moution, drawn a *'trall” op the the mcndlzm, and de-
plate The brighter stars make the heavier trails Al scend obhquely to their

arcs are the same fraction of a complete arde, and
they are all centered at the pole The brightest trail Settmg at pomts on the

—mnearest but one to the pole — 15 that of Polans western horizon The

Fic 4 Polar Star-Trals

motion 18 always 1n an
arc of a aircle, called the star’s diurnal circle, the size of which
depends upon the star’s distance from the pole Moreover, all
these arcs are strictly parallel
The ancients accounted for these obvious facts by supposing
the stars actually fixed upon a real matenal sphere, really turn-
ing daily 1n the manner indicated According to this view, there-
fore, there must be upon the sphere two opposite, pivotal points
which remain at rest, and these are the poles
18 Defimtion of the Poles The celestial poles, or the poles of
rotation, may therefore be defined amm—ﬁamts wmn the sky
where a star would have no dwurnal motion The exact position of
either pole may be determined with proper instruments by find-
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ing the center of the small diurnal arcle described by some star
near 1t, as, for instance, the polestar

Since the two poles are diametncally opposite 1n the sky, only
one of them 1s usually visible from a given place, observers north
of the equator see only the north pole, and vice versa 1n the
southern hemisphere

Knowing as we now do that the apparent revolution of the
celestial sphere 1s due to the real rotation of the earth on its
axis, we may also define the poles as the two pownts where the
earth’'s axis of rotution (or any set of lines parallel to 1t), produced
wndefintely, would prerce the celes-
twal sphere

19 The Celestial Equator, and
Hour-Circles The celestial equator
15 the great czrcmegl-e_s;ml
Sphere, drawn halfway between the
poles (and therefore everywhere
90° from each of them), and s the
great circle wn whick the plane of
the earth's equator cuts the celesizal
spkere, as ilustrated in Fig 5
Small circles drawn parallel to the
celestial equator, like the paral-
lels of Iahc:ude on the earth, are Xf‘f.?ﬁi"ﬁiii‘ﬂﬂ‘iﬁ'lii?i::f:?‘f;’i‘:{i
called parallels of dechnation A
star’s parallel of declination 1s 1dentical with its dzurnal curcle

The great circles of the celestual sphere, which pass through the
poles 1n the same way as the mendrans on the earth, and which
are therefore perpendicular to the celestial equator, are called
hour-circles  Each star has 1ts own hour-arcle, which apparently
moves with it That particular hour-circle which at any moment
passes through the zenith of the observer coincrdes with the celestial
meridzan, already defined

20. Declination and Hoyr Angle The dechnation of a stor 1s
its dzm:ees north or south of the celeshal equator, 4 if
north and — 1f south It corresponds closely to the latuude of a
place on the earth’s surface, but cannot be called celestial latrtude,
because the term has been preempted for an entirely different

T'tc 5 The Plane of the Earth’s
Equator



16 ASTRONOMY

quantity, to be defined later (§23) The polor distance is the
complement of the dechnation

The hour angle of a star at any moment 15 the angle at the pole
between the celestral meridian and the howr-curcle of the star, or 1t
1s the arc of the equator measured westword from the celesnal
meridian to the foot of the hour-circle In Fig 6, for the body X
1t 1s the angle QPX or the
arc QY

This angle or arc may of
course be measured like any
other, 1n degrees, but since
1t depends upon the tume
which has elapsed since the
body was last on the men-
dian, 1t 1s more usual to meas-
ure it 1n hours, minutes, and
seconds of time The Zour 18
then equivalent to 1/24 of a

Tic 6 Circles of the Celestial Sphere arcumference, or 15°, and
O, place of the observer, Z, hiszeruth, SENW, thE minule and second of time
the honizon, POP’, the axis of the cdestial to 15’ and 15" of arc respec-

sphere, P and P’ the two celestial poles,
EQWT, the celestial equator, P tke vernal tively Thus, an hour angle

equinox, or ' first of Aries” PPP’, the equi- h 9m s o / AR/
noctial colure, X some star, PXP’, the star's of 4" 2™ 3 equa.ls 60~ 30" 45
hour-aircle, VX, thestar'sdechnation, PX the The pOSlthl‘l of the body X

star's north-polar distance, angle RP Y =arc Fig 6)1s. then, perfectly de-
QY, the star's hour angle, angle PPX =arc ( g ) ? P yde

PY, star's nght ascension, ssdercal time at the fined by saymng that 1ts dec-
moment = angle QPP = arc P ltnation 1s + 25° and 1ts kour
angle 40° The hour angle
of a star to the east of the mendian may he regarded as neg-
ative Thus, the hour angle 21h 20m = — 2h 4Qm
21 The Ecliptic, Equinoxes, Solstices, and Colures The sun,
moon, and planets, though apparently carried by the diurnal
revolution of the celestial sphere, are not, like the stars, appar-
ently fixed upon it, but move over 1its surface like glowworms
creeping on a whirling globe In the course of a year, as will be
explained later (§ 157), the sun makes a complete circmt of the
heavens, traveling among the stars m a great arcle called the
ecliply
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s

“The ecliptic cuts the celestial equator 1n two opposite points
at an angle of about 233° These points are the equinoxes, The
vernal equinox, or first of Aries (symbol V), 15 the pownt where the
sun crosses from the south to the north side of the equator, on or
about the twenty-first of March The other 1s the aufumnal
EquInOX

~"The angle at which the echptic and equator ntersect 1s called

the oblsquty of the ecliphc

~ The summer and winter solstces are pownts on the ecliptic,
midway between the two equinoxes and 90° from each, where
the sun attains 1ts extreme declmation of 4+ 233° and — 233° —
n summer and winter respectively, in the northern hemisphere

The hour-circles drawn from the celestial pole through the
equinoxes and solstices are called the equinoctzal and the solstzteal
colure respectively

Neglecting for the present the gradual effect of precession
(§ 166), these pomnts and circles are fixed with refercnce to the
stars, and form a framework by which the places of celestial
objects may be conveniently defined and catalogued
vNo conspicuous star marks the position of the vernal equinox,
but a line drawn from the polestar through A Cassiopeiz and
a Andromed®, and contmnued another 30°, will strike very
near 1t

22 Rught Ascension The right ascension of a star may now
be defined as the angle made at the celeshal pole between the hour-
curcle of the star and the hour-curcle whick passes through the vernal
equinox (called the equinoctial colure), or as the arc of the celestial
equator wntercepted between the vernal equinox and the poinl where
the star’s hour-circle cuts the equator Right ascension 1s reckoned
always eastwerd from the equmox, completely around the circle,
and may be expressed either in degrees or in time umts A star
one degree west of the equinox has a nght ascension of 359, or
23h 56m

Evidently the drnal motion does not affect the right ascen-
sion of a star, but, like the declination, 1t remains practically
unchanged for years
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C OTHER SYSTEMS OF COORDINATES

23. Celestial Latitude and Longitude. The ancient astrono-
mers confined their observations mostly to the sun, moon, and
planets, which are never far from the ecliptic, and for this reason
the eclzptsc (which 1s sumply the trace of the plane of the earth’s
orbit upon the celestial sphere) was for them a more convement
arcle of reference than the equator According to their termi-
nology, latitude (celestal) o5 the angular distance of a heavenly
body north or south of the echptic, and longitude (celestal) s the
arc of the edsptic wntercepted between the vernal equinox (°v) and
the foot of a great circle drawn from the pole of the ecluplic, to the
echiptic, through the object Longitude, like right ascension, 1s
always reckoned eastward from the equinox These coordinates
are still the most convenient to use in calculations dealing with
the orbits or motions of the planets and the moon

The poles of the echiptic are the pomnts 90° distant from the
echiptic The position of the north eclhiptic pole 1s shown 1n
Fig 7 It 1s on the solstitial colure, and 1ts distance from the
celestial pole 15 equal to the obliquity of the echptic It 1s there-
fore 1n declination + 664° and night ascension 188 It 1s marked
by no conspicuous star

It 1s confusing for beginners that celestial latitude and longi-
tude do not correspond with the terrestrial quantities that bear
the same name Care must be taken to observe the distinction

24, The Zodiac and 1ts Signs A belt 18° wide (9° on each side
of the ecliptic) 1s called the zodzac, or ** zone of amimals” (German,
Thierkress), all the constellations 1n 1t, excepting Libra, being
figures of living creatures It 1s taken of that particular width
simply because the moon and the princpal planets always keep
within 1t It is divided into the so-called “'signs,” each 30° in
length, having the following names and symbols

Aries  °p Libra
Spring 4 Taurus 8§ Autumn <4 Scorpio
Germim IT Sagittarius

XUs 3P

Cancer % Capricornus
Summer { Leo Q Winter Aquarius

Virgo g Pisces
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The symbols are for the most part conventional pictures of
the objects The symbol for Aquanus is the Egyptian character
for water. The ongn of the signs for Leo, Capricornus, and Virgo
is not clear

26. Galactic Coordinates One more system of coordinates
-~ a very modern one — deserves mention In this the plane of
the Muky Way 1s taken as fundamental, and latitudes are meas-
ured from the galactic equator, winch 15 1ts trace on the sky, while
longitudes are reckoned along this circle, starting from 1its inter-
section with the celestial equator in 18k 40™ night ascension
These galactic coordinates are used i studies of the apparent
distribution of the stars in space The concentration of the stars
toward this plane renders 1t far more fundamental than any of
the others with which we have dealt, but since the Milky Way
15 2 broad and 1ll-defined belt in the sky, the position of 1ts central
line cannot be precisely determined by observation, and galactic
coordinates are therefore not suitable for the precise specification
of the positions of the heavenly bodies

The accepted position of the north galactic pole 1s 128 40™ nght
ascension and 28° north declination, so that the galactic equator
cuts the celestial equator at an angle of 62°

26 Recapitulation The direction of gravity at the point where
the observer happens to stand determines his zenith, nader, and
horizon, the almucantars, or parallels of altstude, and all the vertical
circles One of the vertical circles, the meridian, 1s singled out
from the rest by the circumstance that 1t passes through the pole,
marking the north and south pownts where 1t cuts the honzon
Alttude and azemuth define the position of a body by reference
to the horizon and mendian

This set of points and circles shifts 1ts position among the stars
with every change 1n the place of the observer and with every
moment of time

In a similar way the direction of the earth’s axrs, which 1s inde-
pendent of the observer’s place on the earth, determines the
celestial pole, the equator, the parallels of declimation, and the
hour-curcles ‘Two of these hour-circles are singled out as refer-
ence lines One of them 1s the hour-circle which at any moment
passes through the zenith and comncides with the mendian, —a
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purely local reference ine The other, the equtnoctial colure,
passes through the vernal equinox, a pomnt chosen from its
relation to the sun’s annual motion

Declination and kour angle define the place of a star with ref-
erence to the equator and meridian, while declination and right
ascension refer 1t to the equator and vernal equinox The latter
pair of coordinates are not affected by the diurnal motion, and
remain practically unchanged for years They are the coor-
dinates usually given n star catalogues and almanacs for the
purpose of defining the position of stars and planets, and they
correspond closely to latilude and longstude on the earth, by means
of which geographical positions are designated

The earth’s orbit mves us the great circle of the sky known as
the ecliptic, and celestral lattude and longilude define the position
of a star with reference to the echiptic and vernal equinox ()
For most purposes this pair of coordinates 15 practically less con-
venient than right ascension and declination, but 1t came into use
centuries earlier and has advantages in dealing with the planets and
the moon Galactic latriudes and longiiudes, referred to the plane
of the Milky Way, are sometimes used 1n dealing with the stars

Parmany Cin r SF LON u
System | cL¥, Bow DE RIMARY ORIGIN FCONDARY | Co0aniNATES | . AR
TERMINED CIRCLE CincLF SymBoL
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the equator

B
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27. The scheme gmiven on page 20 presents 1n tabular form the
relations of the five different systems to each other In each case
one of the two coordinates 1s measured along a primary great
circle, from a point selected as the origin to a point where a
secondary crcle cuts it, drawn through the object perpendic-
ular to the primary The second coordinate is the angular dis-
tance of the object from the primary arcle measured along this
secondary

Still other coordinate systems are possible For example, a planet has an
equator and equinox of 1ts own, to which the positions of the heavenly bodies
would naturally be referred by an observer on its surface Planefocentric and
selenographic coordinates of the earth and sun arc of use to abservers of the
surface markings of Mars, Jupiter, and the moon, and are given m the
American Ephemers

LATITUDE, LONGITUDE, AND TIME

28. Astronomical Latitude. Ewvidently the appearance of the
heavens for any observer will be radically influenced by the
distance between his zemith and the equator This quantity
is called the astronomical lalitude and 15 defined as the angle be-
tween the observer's verfzcal and the plane of the equator This
18 obviously equal to the declination of the zemsth and, almost
as obviously, to the altztude of the polc, for PN and ZQ (Fig 7)
may be ohtained by subtracting PZ from PQ or ZN, each of
which equals 90° These fundamental relations cannol be too
strongly emphasized

Since the earth 1s not exactly round, the distance of a pont
from the earth’s equator measured on the earth’s surface 1s not
an exact measure of the astronomical latitude (Fig 8)

29 The Right Sphere If the observer 1s situated at the
earth’s equator, that 1s, mn latitude zers, the pole will be 1n his
honizon, and the celestial equator will be a vertical crcle, coin-
ading with the prime vertical (§ 14) All heavenly bodies will
rise and sel vertically, and their diurnal circles will all be bisected
by the honzon, so that they will be twelve hours above and
twelve hours below 1t, and the length of the mght will always
equal that of the day (neglecting refraction, § 114) This aspect
of the heavens 15 called the rzght sphere
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30. The Parallel Sphere. If the observer is at the pole of
the earth, where his latitude 15 90°, the celestial pole will be at
his zemth, and the equator wil coincide with s honzon If
he 1s at the north pole, all the stars north of the celestial equa-
tor will remain permanently above the honzon, never nsmg or
sethng, Qut sailing around the sky on almucantars, or parallels
of altitude, while the southern stars will never nse to view

1 Vertical

I'1¢ 7 Relahon of the Difierent Coordinates

The figurc shows how the coordinates are related to each other The celestial sphere 1s rep-
resented as seen from a point oulsade 1t, on the west and a little above the plane of the horizon
0 1s the observer at the center of the sphere, OZ the observer's vertical Z 1s the zenith, Z’
the nadir, and P and P’ are the north and south celestzal poles The arde PZOSP’Z’N 15 the
meridian NAWS 1s the horizon 1tersecting the mendian in the north and south pomnts N
and § QVW( 1s the equaior, mntersecung the horizon at the wes? point W and the mendian
at the "south pomnt on the equator” Q KLK’1s the ecliptsc, intersecting the equator at the
vernal cqusnox P E 15 the north pole of the ccliptic The arc PE, or the angle XPQ, 1s the
obliqusty of the ecliptsc X 1s some celeshial object ZXAZ' 1s the verizcal carcle of the ohject
AX 19 1ts alistude, and X Z 1ts zemsth distance  1ts asimuth 13 the angle SZX (measured alsn
by the arc S4 on the honzon) PXVP' s the kour-circle of the object, Y X 1ts declination
and QPX its kour angle (which also equals the arc QF) PPY 1s its right ascenvion = arc PV
The angle QP (or the arc O°P) 1s the sidereal tame (§ 34), LX 15 the celestsal latitude of the
object, and PL (or the angle TEL) its longttude PT 1s a quadrant of the equinoctial colure,
and PE a portion of the solstitial colure To avoid complication, the galactic coordinates
are not shown
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Since the sun and the moon move among the stars mn such a
way that half the time they are north of the equator and half
the time south of 1t, they will be half the time above the horizon
and half the time below it (again neglecting refraction) The
moon will be visible for about a fortmght each month, and the
sun for about six months
each year P z

It 1s worth noting that for

an observer exactly at the P’

north pole the definitions of \ ,
mendian and azimuth break H H
down, since at that point the
zenith comncides with the pole
Facing in whichever direction
he will, he 1s still looking di-
rectly sowth If he changes
his place a few steps, how-
ever, s zemth will move,
and everything will become
definite again

Fic 8 Altitude of the Pole Equals the
Observer’'s Latitude

Ths 15 a section of the earth through the observer’s
mendian The observer 1s at O His zemith 15 1n the

a1 The Obl.lque Sphel'e direction of Z, and his horizon 15 represented by

At any station between HOH’ P"lesn the direction of the pole, and the
Line OQ" 15 1 the plane of the celestial equatar The
the POles and the equﬂtor altitude of the pole, HOP*, equals the declination of

the pole will be elevated the zeth, Q”0Z, which equals QnO, the astronomu-
cal latitude of the observer — On representing the
above the hOI'lZOIl, and direction of the nadir
the stars will rise and set
1n oblique circles, as shown 1n Fig 9 Those whose distance from
the elevated pole 1s less than PN (the latitude of the observer)
will of course never set, remaimng perpetually visihle The
radws of this circle of perpetual apparition, as 1t 1s called (the
shaded cap around P 1n the figure), 1s obviously just equal to
the height of the pole, becoming larger as the latitude increases
On the other hand, stars within the same distance of the de-
pressed pole will lie in the circle of perpetual occultstion and will
never nise above the horizon A star exactly on the celestial
equator will have 1ts diurnal circle bisected by the honzon and
will be above the horizon twelve hours A star north of the
equator, 1f the north pole 1s the elevated one, will have more
than half its diurnal arcle above the horizon and will be visible
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for more than twelve hours each day, as, for instance, a star
nsing at B and setting at B’

Whenever the sun 1s north of the equator, 1t will, in all north
latitudes, rise at a point north of east, as B in the figure, and
will continue to shine upon every vertical surface that faces the
north, until, as 1t ascends, 1t crosses the pnme vertical EZW at
some powmnt V

In the latitude of New York the sun on the longest days of
summer 1s south of the pnme vertical only about eight hours of
the whole fifteen during which 1t 1s above the horizon Durning
seven hours of the day it
shines into north windows

32 The Midmght Sun If
the latitude of the observer
15 such that PN (Fig 9) 1s
greater than the sun’s polar
distance at the time when the
sun 1s farthest north (about
663°), the sun will come 1nto
the crcle of perpetual appa-
ntion and will make a com-
plete arcuit of the heavens
without setting, until its polar

F1c 9 The Oblique Sphere distanceagainbecomesgreater

than PN This happens near

the summer solstice at the North Cape and at all statzons writhin
the arctic carcle The " midmpht sun” is illustrated in Fig 67

33 Measurement of Time. The definition of time raises dif-
ficult philosophical questions, but its measurement falls within
the province of astronomy In practice, time 1s always measured
by the progress of some sort of motion From the beginming the
apparent cdiurnal rotation of the heavens has been accepted as
the standard, and by this standard all mechanical measurers of
time, such as clocks and watches, are regulated

We may choose any object or point 1n the heavens to mark the
beginning of the day by its passage across the meridian, The
measure of time (or, briefly, the time) at any other instant wnll
then be the hour angle of this object at that instant
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In astronomy three kinds of time are now recognized, ssdereal
time, apparent solar time, and mean solar tyme, the last bemng
essentially the time of civil hife and ordinary busmess, while the
first 15 used exclusively for astronomical purposes

34. Sidereal Tume. The celestial object which determines side-
real time, by 1its position 1n the sky at any moment, 1s the vernal
equinox, or first of Aries

The local sidereal day begins at the moment when the first
of Anes crosses the observer’s mendian, and the sidereal time
at any moment s the hour angle of the vernal equinox 1t would
be marked by a perfect clock so set and adjusted as to show
sidereal noon (Oh 0™ 0%) at each transit of the first of Anes

The equinoctial point 1s, of course invisible, but 1ts position
among the stars 15 always known, so that its hour angle at any
moment can be determined by observing the stars. On account
of the precession of the equinoxes (§ 166) the sidereal day thus
defined 1s shightly shorter than 1t would be if defined by the
transits of a point fixed among the stars This difference amounts,
on the average, to 1/120 of a second, but as the motion of the
equnox is not uniform, not all sidereal days are of exactly the
same length The differences between them, however, are much
smaller than the errors of the best clocks, and may be neglected

35. Apparent Solar Time. Just as sidereal time 1s the hour
angle of the vernal equinox, so apparent solar lime at any moment
is the hour angle of the sun 1t 1s the tame shown by the sundzal,
and 1ts noon occurs at the moment when the sun’s center crosses
the mendian

On account of the earth’s orbital motion the sun appears to
move eastward along the ecliptic, completing 1ts circuit 1n 2
year [Each noon, therefore, it occupies a place among the stars
about a degree farther east than 1t did the noon before, and so
comes to the meridian about four minutes lafer, 1f time 1s reck-
oned by a sidereal clock 1In other words, the solar day 1s about
four minutes longer than the sidereal, the difference amounting
to exactly one day each year, which contains 3661 sidereal days

But the sun’s eastward motion 1s, for several reasons, not uni-
form, and the apparent solar days vary in length (§ 170).
December 23, for instance, 1s about fifty-one seconds longer from
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sundial noon to the next noon, by a sidereal clock, than Septem-
ber 16 Apparent solar time 15 therefore not a *“umformly n-
creasing quantity”’ and 1s not satisfactory for scientific purposes.
Indeed, 1t 1s so far from being so that special complicated mech-
amsm would be required to make a clock or a watch indicate 1t

98. Mean Solar Tume A fictsutious sun, therefore, is imagined,
whach moves unsformly eastward 1n the celesial equator, complet-
ing 1ts annual course 1n exactly the same time as that in which
the actual sun makes the circuit of the eclzptic, and, on the aver-
age for the whole year, runming as much behind the actual sun
as ahead of 1t This fictitious sun 1s the time-keeper for mean
solar time It 1s mean moon when 1t 1s on the mendian, and at
any moment the kour angle of the mean sun 15 the mean time for
that moment All the mean solar days, therefore, are of exactly
the same length and equal to the length of the average apparent
solar day The mean solar day 1s longer than the sidereal day by
3™ 55° 91 mean solar minutes and seconds, and the sidereal day
shorter than the solar by 3™ 56% 56 sidereal minutes and seconds

Sidereal time will not answer for business purposes, because
its noon (the transit of the vernal equinox) occurs at all hours of
the day and might in different seasons of the year, on Septem-
ber 22, for instance, 1t comes at midmght Apparent solar time
1s unsatisfactory because of the vanation in the length of its days
and hours Yet we have to live by the sun, 1ts nsing and setting,
daylight and might, control our actions

Mean solar time furmshes a satisfactory compromse It has
a time umt which 1s 1nvariable,! and 1t can be kept by clocks
and watches, while 1t agrees with sundial time closely enough
for convemence It 1s the time now used for all purposes except
m some kinds of astronomical work, and, 1n particular, 1n defining
the units employed in physics and ather sciences

The difference between apparent time and mean time (never
amounting to more than about a quarter of an hour) 1s called
the eguation of tvme and will be discussed hereafter 1n connection
with the earth’s orbital motion (§ 169).

37 The Civil Day and the Astronomical Day From January 1,
1925, astronomers have agreed to use the czii) day, beginning at

! Except for a very minute change in the course of centunes (§ 136)
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midnight and reckoned around through the whole twenty-four
hours. Before this date an astronomical day was employed, which
began twelve hours later The reason was that astronomers
are “mght birds” and found it inconvenient to change dates at
midnght, 1n the mddle of their work. This must be borne in
mind 1n referring to almanacs of 1924 or earlier, thus, 10 o’clock
(10 A M ) of Wednesday, February 27, cauel reckoning, 1s Tues-
day, February 26, 22 o’clock, by the old astronomical reckoning
Cuwl time 1s therefore obtained by adding twelve hours lo mean
solar tsme (which may change the day, the month, or even
the year)

This 15 the present usage (1926) of the Amencan and French nautical
almanacs The Brifish Nautical Almanac of 1926 uses the designation
‘‘mean time” for what 1s here called “'civil time ”’ The French call Green-
wich avil hime lemps universel or temps ciml de Greemwick, the Germans,
Weltzest 1tis greatly to be hoped that an international agreement may soon
be reached Meanwhile the meaning of the terms employed 1n each nautical
almanac 1s clearly explained in the text

98. Terrestnial Longitude. The longitude of a place on the
earth may be defined as the angle at the celeshial pole between al
standard meridian and the meridian of the place, or as the arc of,
the celesiral equator wntercepted between the two mervdians ‘{

It would be equally permissible to measure this angle at the
pole of the earth if 1t were not for the effects of deviations of
the vertical (§ 142)

There 1s no inherent reason why one mendian should be chosen
as a standard rather than another, and the decision must be
arbitrary The meridian of Green: by international agreement,
15 now used 1n almost all cases

This usage arose because Greenwich 1s the national observa-
tory of England, and British ships naturally referred their longi-
tudes to its menidian The system was thus spread all over the
world, and other countnes have gradually adopted 1it, the ad-
vantages of having a2 single system overcoming local prejudices
From the definition of hour angle 1t follows that the difference
between the hour angles of any celestial object, as seen from two
places at the same instant, 15 equal to the difference of their
longitudes, and therefore that the longitude of any observer is
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equal to the dufference between s local time and Greemunch time
It makes no difference what lund of time 1s used, so long as 1t 1s
the same kind at both stations

Longitude 1s usually expressed by geographers in degrees and
by astronomers 1n hours, being reckoned 1n both directions from
Greenwich, up to 180° or 120 West longitudes are considered
positive

39 Local and Standard Time. It was formerly customary to
use only local time, each observer determiming his own time by
his own observations But with the development of the tele-
graph and railway this became increasingly inconvenient, and
now a system of standard time 1s almost everywhere mm use This
greatly faciitates railway and telegraphic business, and makes
1t easy for everyone to keep accurate time, since signals can be
sent daily from some observatory to every telegraph office and
radio set

In the United States and Canada, for example, there are five
such standard times in use, — the Atlantic, Eastern, Central,
Mountain, and Pacific, — which are respectively four, five, six,
seven, and eight hours slow, compared with Greenwich time, the
minutes and seconds being 1dentical everywhere The boundanes
between time belts are irregular, the time usually changing at
railroad division points

Greenwich time 1s now adopted as the standard throughout
western Europe, the standard time 1n central Europe 1s 1k fast,
compared with Greenwich time, in eastern Europe (except
Russia), South Africa, and Egypt 1t 1s 2! fast, mn India, 54h
fast, n Burma, 63" fast, in Western Austraha, 8" and in New
Zealand, 113 fast, 1n Hawan, 103" slow, 1n southern Alaska,
9h slow, n Brazl, from 3P to 5% slow, 1n three zones, etc

The “daylight-saving time” now used in summer in many
places 15 sumply the standard time of the next zone to the east-
ward It 1s adopted, between certain specified dates, to get the
day’s work over earlier 1n the afternoon

In order to determine the standard time by observation it 1s
only necessary to determune the local time by one of the methods
given 1n Chapter III, and correct 1t according to the observer’s
longitude from Greenwich
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40 Where the Day Begins If we imagine a traveler starting
from Greenwich on Monday noon and journeying westward as
swiftly as the earth turns to the east under s feet, he would, of
course, keep the sun exactly on the mendian all day long and
have continual noon But what noon? It was Monday when he
started, and when he gets back to London, twenty—f(;ur hours
later, 1t 1s Tuesday noon there, although he has seen no interven-
g sunset When does Monday noon become Tuesday noon?
It 1s agreed among mariners fo make the change of dale at the
180tk meridian from Greemwrck, which passes over the Pacific,
hardly anywhere touchung land

Ships crossing the line from the east skip one day 1 so doing
I 1t 1s Monday when a ship reaches the line, 1t becomes Tues-
day when she passes it, the intervening twenty-four hours being
dropped from the reckomng on the log-book Vice versa, when a
vessel crosses the line from the western side 1t counts the same
day fwice over, passing from Tuesday back to Monday and having
to do Tuesday over again

There is considerable irregularity in the date actually used on
the different 1slands 1in the Paafic, as will be seen by locking at
the so-called dafe-line as given 1n the Century Atlas of the World
Those 1slands which received their earliest European inhabitants
via the Cape of Good Hope have adopted the Asiatic date, even
if they really lie east of the 180th meridian, while those that were
first approached from the American side have the American date
When Alaska was transferred from Russia to the Umited States,
1t was necessary to drop one day of the week from the official
dates

TRANSFORMATION OF COORDINATES

The almanac gives the nght ascension and dechnation of the
heavenly bodies To point a telescope at a faint star we must have
either the altitude and the azimuth, or the hour angle and the
dechination The transformation in the latter case is very simple

41. Hour Angle, Right Ascension, and Sidereal Time. From
Fig 7 and the defimtion of the quantities, taking 1nto account the
direction 1n which they are measured, we see that the kowr angle of
any pownt may be obtavned by sublracting us right ascenston from the
sudereal tyme , that is, £ = 8 — a (another relation of fundamental
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importance) In the application of this formula, negative hour
angles or nght ascensions may be avoided by adding 24 hours
In the specal case when the object 1s on the mendian, {=0
and 8 = a, thatis, when a body 15 on lhe meridian, ofs right ascen-
ston equals the local sidereal time
42 The Astronomical Tnangle Transformations between co-
ordinate systems which depend on different fundamental planes
involve spherical trigonometry The passage from altitude and
azimuth to hour angle and dechination, for example, depends
on the solution of the tnangle PZX (pole-zenith-star), which 1s
often called the astronoms-
cal triangle because very
many problems, particu-
larly of nautical astronomy,
depend on 1t The three
sides and two of the angles
are labeled 1n Fig 10 with
therr values in the coor-
dinates with which we are
T1c 10 The Astronomucal Tniangle now familiar! The angle
at the star is called the
parallactic angle, because 1t enters into the calculations of the
effects of parallax and refraction upon the right ascension and
dechination of a body
The general princples of spherical trigonometry are applicable
to this triangle and give us formule of which the following are
typical

sin & =sin % sin ¢ — cos % cos ¢ cos A4,
cos 8 cos I =s1n /£ cos ¢ + cos ksin ¢ cos 4,
cos d sin £ = cos s sin A

With the aid of equations of this type, if any three elements of
the trangle are known, the others may be found Several impor-
tant applications will be found 1n Chapter 111, and further details
may be found in Campbell’s Elements of Practical Astronomy

Transformations to ecliptic and galactic coordinates can be
handled 1n a similar manner

!In Fig 10, 815 the dechination, £ the hour angle, and / the altitude of the star X,
¢ 1s the latitude of the observer at O
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43 Conversion of Time It 1s very often necessary to convert
the time at one place into the corresponding time at another,
or the time measured 1n one system into that measured mn a
different one

To find the time at one place when that at another 1s given,
1t 15 only necessary to add or subiract the difference of longitude,
remembering that the time at the eastern station 1s always fast,
compared with that at_ “the 3 we,stem unless the date-lne Inter-
venes It makes no difference what kind of time is concerned,
— sidereal, apparent, or mean, —so long as it 15 measured n
the same system at both stations (§ 38)

A special case of this 1s the conversion of local mean time nto
standard time, which 1s accomphshed by adding or subtracting
the difference between the observer’s longitude and that of the
“‘standard trme mendian ”’ (This amounts to about — 4™ at
New York, the local avil time being 4™ faster than Eastern
standard )

To convert appareni solar time tnlo mean solar trme 1t 1s neces-
sary to apply the equation of fime, adding or subtracting as the
case may be At a given instant this correction 1s the same for
all places, but 1t vanes from day to day Its exact value at the
beginning of each Greenwich cvil day 1s given in the Nawutrcal
Almanac, and the value at any other time may be found by inter-
polation An apprommate value of the equation of time (within
half a minute or so) may be taken from Fig 65 (p 147), 12 hours
must be added to the mean time to obtain the cival time

44 Sidereal and Mean Time Intervals The time divisions
on the two systems are not of the same length Since the tropical
year (§ 175) contains 365 2422 mean solar days, and exactly one
more sidereal day, 1t follows that the number of s:dereal seconds
1n any time mterval 1s equal to the number of mean solar seconds

multiphed by ggg%, that1s, by 100273791 Hence, if I and I’

are respectively the number of mean solar and sidereal seconds
In any tume interval, we have I’ = I + 0 00273791 [
Conversely,
2
[ I’ x 365242

=22 = I’ % 099726957 = I’ — 0 00273043 1.
366 2422
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Otherwise stated, the gain of sidereal upon mean time 1s 9° 8565
in one mean hour, and 9° 8296 1n one sidereal hour These quan-
tities are the change 1n right ascension of the mean sun in 1 mean
solar hour and 1 sidereal hour respectively

The American Ephemeris gives at the end of the book two tables contain-
ing the values of the second terms of the two formule for every value of I
and I’ up to 24 hours, and the reduction of any sidereal :nterval to solar, or
the reverse, 15 accomplished by sumply adding or subtracting the tabular
correction

46 Conversion of Sidereal and Civil Time In reducing a given wnstant
of vme from one system to the other we have usually to turn standard (civil)
time 1nto local sidereal time, or vice versa The simplest way of doing this 1s
by turming them into Greenwich time and back again By adding the appro-
priate number of hours the standard time 15 converted into the Greenwich
cwwil fime  This 1s the mean time interval since the preceding Greenwich
mudnight and may be converted into the videreal interval since this moment
by adding the correction taken from the proper almanac table Now the
stdereal time at Greenwich mean madmght (which is also the right ascension of
the mean sun + 12 hours at this mnstant) 1s given for every day of the year in
the Nautical Almanac Adding the sidereal interval to this, we obtain the
Greenwich sidereal ime  Subtracting the observer’s longitude, we have the
local sidereal tme This process may be reversed step by step except that
the correction to reduce the sidereal interval to a mean time 1nterval is
taken from the corresponding table in the almanac

The approximate relation between sidereal time and civil time
15 very simple Assurning that on September 22 the two times
agree, after that day the sidereal time gains two kours each month
On October 22, therefore, the sidereal clock 1s two hours in ad-
vance, on November 22, four hours 1n advance, and so on On
account of the differing length of months this reckoning 1s slightly
erroneous 1n some parts of the year, but 1s usually correct within
four or five runutes For the odd days the gain may be taken as
four minutes daily

46 Nautical Almanacs and Ephemendes. One of the absolute
essentials for any observatory 1s the possession of tables giving the
calculated positions of the sun, moon, and other heavenly bodies
for the current year Such tables, together with other data of 1m-
portance 1n astronomical calculation, are contained 1n the Nautical
Almanacs, which are prepared by a number of leading govern-
ments, 1ssued three years in advance, and sold at a nominal
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pnce They contain ephemerides giving, besides other data, the
right ascension and declination of the sun, moon, and planets at
regular ntervals of time, and also of a large number of “ clock
stars,” which are observed for the determination of time They
also contain predictions of eclipses, occultations, and other phe-
nomena The work of computation (which 1s very heavy) is
divided among the vanous offices by international agreement.
The publication of those data which are of use only to astron-
omers 15 also divided among the various almanacs,! so that all
are needed at an observatory

A’ celestial globe will be of great assistance i studying the
dwrnal phenomena By means of a globe 1t can be seen at once
which stars never set, which ones never nise, and dunng whal
part of the twenty-four hours a heavenly body at a known
declination 1s above or below the honzon

47 The Celestial Globe The celestial globe 15 a ball, usually of papier-
miché, upon which are drawn the circles of the celestial sphere and a map of
the stars It 1s mounted 1n a framework which represents the horizon and the
meridian, i the manner shown in Fig 11

The korizon, HH' 1n the figure, 1s usually a wooden rning three or four
inches wide, directly supported by the pedestal It carries upon i1ts upper
surface, at the inner edge, a circle marked with degrees for measuring the
azimuth of any heavenly body, and outside this the so-called zodiacal
crcles, which give the sun’s longitude and the equation of time (§§ 36 and
169) for every day ol the year

The merdian ring, MM', 1s a circular ning of metal which carnes the bear-
mgs of the ams on which the globe revolves Things are, or ought to be, so
arranged that the mathematical axis of the globe 1s exactly in the same plane
as the graduated face of the ring, which 1s divided into degrees and fractions
of a degree, with zero at the cquator The menidian ring fits into two notches
in the honizon circle and 1s held underneath the globe by a support with a
clamp, which enables us to fix it securely 1n any desired position, the mathe-
matical center of the globe being precisely n the plane both of the mendian
ring and of the horizon

The hour index on the globe here figured 1s a pointer hike the hour-hand
of a clock, so attached to the meridian ring at the pole that 1t can be turned
around the ams with stiffish friction, but will retain its position unchanged

1 The most important are the American Ephemerss and Nawulwcal Almanac
(Supenintendent of Documents, Government Printing Office, Washington, price
$100), the Nautical Almanac (London), Connaissance des Temps (Pans), and
Berluner Jakrbuch
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when the globe 1s made to turn underit It points out the time on a small
time-circle, graduated usually to hours and quarters, printed on the surface
of the globe

The surface of the globe 15 marked first with the celestial equator (§ 19)
and next with the ecliptic (§21), which crosses the equator at an angle
of 234° (at X 1n the figure), each of these circles 1s divided into degrees
and fragtions The equinoctial and solstitral colures (§ 21) also are always
rePresented As to the other arcles, usage differs The ordinary way at
present 15 to mark the globe with twelve hour-circles 15° apart (the
colures being two of them) and with parallels of declination 10° apart On
the surface of the globe are
plotted the positions of the
brighter stars and the out-
lines of the constellations

48 To rectfy the globe,
that 1s, to set 1t so as to show
the aspect of the heavens at
any given time,

(1) Elevate the north pole
of the globe to an angle equal
to the observer’s latitude by
means of the graduation on
the mendian ring, and clamp
the ring securely

(2) Look up the day of the
month on the horizon of the
globe, and opposite to theday
find, on the longitude arcle,
the sun’s longitude for that

Fic 11 The Celestial Globe day
(3) On the ecliptic (on the
surface of the globe) find the degree of longitude thus indicated, and bring
1t to the graduated face of the meridian ring by rotating the globe

The globe 1s then set to correspond to (apparent) zoon of the day 1n ques-
tion (It may be well to mark the place of the sun temporanly with a bit of
moist paper applied at the proper place in the echiptic, 1t can easily be wiped
off after using )

(4) Holding the globe fast, so as to keep the place of the sun on the mend-
1an, turn the kour index until 1t shows on the graduated time-cirdle the local
mean time of apparent noon, that 1s, 12h 4 the equation of time given for
the day on the horizon nng  (If standard time 15 used, the hour index must
be set to the standard time of apparent noon )

(5) Finally, turn the globe until the hour for which 1t 1s to be set 1s brought
to the menidian, as mdicated on the hour index The globe will then show
the true aspect of the heavens
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The positions of the moon and planets are not given by this operation,
since they have no fixed places in the sky and therefore cannot be put upon
the globe by the maker If one wants them represented, he must look up
their night ascensions and dechinations for the day 1n some almanac and mark
the places on the globe with bits of wax or paper

All the problems involving transformation of coordinates may be solved
very rapidly and with considerable accuracy by measurement on a celestial
globe Itisonly necessary to cut a strip of stiff papcr and graduate this along
one edge to correspond with the degrees on the equator of the globe The
distance 1n degrees between any two celestial objects may then be measured
with this stnp By placing one end of 1t at the point representing the zemth,
and carrying it down past any object to the horizon, the altitude of the object
may be read off on the strip, and 1ts azimuth on the horizon Such measures,
on an ordinary globe, are hable to errors of a degree or so

EXERCISES

1 What point in the celestial sphere has both 1ts right ascension and 1ts
declhination zero? What are the celestial latitude and longitudc of this point?

2 What are the hour angle and azimuth of the zenith?

8 At what points does the celestial equator cut the honzon?

4 What angle does the celestial equator make with the horizon at these
points, as seen by an observer in latitude 40°? What 1if his latitude 15 10°?
20°?P 50°? 60°?

6 When the vernal equnox 1s nsing on the eastern honzon, what angle

does the echiptic make with the honizon at that point for an observer 1n
latitude 40°? what angle when 1t 1s setting?

6 What are the approxmmate right ascension and dechmation (u and 8)
of the sun on March 21 and September 227

7 On March 21, one hour after sunset, what would be the position of
a star having a right ascension of seven hours and a dechnation of 40°, the
observer being 1n latitude 40°?

8 If a star nises tomght at 10 o’clock, at what time (approximately) will
1t nise 30 days hence?

® What are the longitude () and latitude () of the sun when its nght
ascension 1s six hours? When its a 15 twelve hours?

10 What are the latitude and longitude of the north celestial pole?

11 Under what circumstances will the pole of the echptic be at an ob-
server's zemth? Show that in this case k =fand 4 =270 — A

12 How much will a sidereal clock gamn on 2 mean solar clock 1n 10 hours
and 30 minutes of mean solar time ? Ans 1m 433 b
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13 How many times will the second-beats of a sidereal clock overtake
those of a solar clock in a solar day if they start together? Ans 236 times

14 At what intervals of solar time do coincidences occur? Ans 6m 5s 242
15 What 1s the approximate sideteal hme on July 30 at 10 p M ?
Solution according to second paragraph of section 45
July 22, noon, sid time =B8h 0m

8 days’ gain 3z
Sid time at noon Bh 32m
10 hours = sid 0 2
Sid time at 10 p M 18k 34m

16 What 1s the approximate sidereal time on October 4 at 7a M ?

17 A ship leaving San Francsco on Tuesday morning, October 12,
reaches Yokohama after a passage of exactly 16 days On what day of the
month and of the weck does she arnive?

18 Returning, the same vessel leaves Yokohama on Saturday, Novem-
ber 6, and reaches San Francisco on Tuesday, November 23 How many
days was she on the voyage?

19 Find the Greenwich civil time at local civil time 2h 40m A M 1n long-
tude 65° W, 1n longitude 57° E

20 Interpolate in the almanac the a and 8 of the sun and the equation of
time at 3 P M Eastern standard time on February 2 of the current year

21 What 1s the greatest possible number of Sundays in Fcbruary?

Ans 10, for the crew of a vessel making weekly
sallimgs from Siberia to Alaska 1n a leap-
year and leaving Sibena on Sunday, Feb-
ruary 1 (Oneof Professor Young’s favorite
conundrums )

NoteE None of .he above exercises require any calculation beyond simple
anthmetic



CHAPTER 1II

ASTRONOMICAL INSTRUMENTS

TELESCOPES AND THEIR ACCESSORIES AND MOUNTINGS TIMEKEEPERS AND
CHRONOGRAPHS THE TRANSIT INSTRUMENT THE MERIDIAN CIRCLE THE
MICROMETER MEASUREMENT OF PHOTOGRAPHS THE SEXTANT

Astronomical observations are of various kinds — the surface
of a heavenly body 1s to be examined minutely, the position
which 1t occupies at a given time, or the time at which 1t arnives
at a given circle of the sky (usually the meridian), 1s to be ascer-
tamed, 1its brightness 1s to be measured or 1ts spectrum 1nvesti-
gated, aregion of the sky is to be photographed and the relative
positions of a number of stars determined from measurement of
the plate The telescope has been adapted to many purposes,
and accessories have been devised for special problems

49. The Telescope The most important of all astronomical
mstruments 15 the telescope Its principal uses are of three
kinds (1) to form an image of a heavenly body which may be
observed with high magmfying power, measured with precsion,
or photographed, (2) to collect the light from a heavenly body
and feed 1t into some other instrument, such as a photometer or
spectroscope, with which the brightness, color, or composition of
the hght may be studied, and (3) to act as a pomnter in making
precise observations of the direction of a star

Telescopes are of two kinds, refracting and reflecting The
former were invented first and are 1n more general use, but the
largest instruments ever made are reflectors The fundamental
principle is the same 1n both the large lens or the murror of the
mstrument forms at 1ts focus a real zmage of the object looked at,
and this 1mage 1s then examined and magnified by the eyepiece,
which 1 pninaple 15 only a magnifying-glass

In the form of telescope ntroduced by Galileo,' however, and
still used as the opera-glass, the rays from the object-glass are

1 See Grant's History of Astronomy,p 514 ff , on the mvention of the telescope
a1
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mtercepted by a concave lens, which performs the office of an
eyepiece, before they meet at the focus to form the real mmage,
but on account of the smallness of the field of view, and other
objections, this form of telescope is never used when any con-
siderable power 1s needed

50. The Sumple Refracting Telescope This consists essentially
(Fig 12) of two convex lenses, one the object-glass 4, of large
size and long focus, the other the eyepiece B, of short focus,
the two being set at a distance nearly equal to the sum of therr
focal lengths Recalling the optical principles of the formation
of images by lenses,! we see that if the mnstrument 1s pointed

@
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Fic 12 The Simple Refracting Tilescope

An iverted real image, ha, of the distant ohject 1s farmed 10 the focal plane of the object-

glass The apparent diameter of the abject, viewed with the naked eye 15 angle agoby = boa

By means of the eyepiece the diameter of the image 15 apparently enlarged to the anglc bea

The ratio of angle bca to angle bog 15 the magmifying power It equals the ratio of the dis-

tances of the image from the object-glass and the eyepiece, and hence the ratio of their focal
lengths

toward the moon, for instance, all the rays that strike the object-
glass from the top of the object will come to a focus at a, while
those from the bottom will come to a focus at b, and similarly
with rays from other points on the surface of the moon There
1s formed 1n the focal plane of the object-glass a small inverted
real vmage of the moon If a photographic plate 1s inserted in
the focal plane at ab and properly exposed, a picture of the object
will be obtained

The s2ze of the picture will depend upon the apparent angular
diameter of the object and the distance of the 1mage ab from the
object-glass, and 15 determined by the condition that, as seen
from pownt o (the optical center of the object-glass), the obyect and

1In this explanation we use the apprcrumate theory of lenses (in which their
thickness 15 neglected), as given in the elementary textbooks The more exact

theory would require some shight modification 1n statements, but none of substantial
umportance
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tls ymage sublend equal angles, since rays that pass through the
pomt o suffer no sensible deviation

If the focal length of the lens 4 1s 10 feet, then the mmage of the moon
formed by 1t will appear, when viewed from a distance of 10 feet, just as

large as the moon 1itself, from a distance of 1 foot the mmage will, of course,
appear ten times as large

With such an object-glass, therefore, one can see the mountains of the
moon and the satellites of Jupiter by removing the cyeplece and putting
the eye 1n the hne of the rays, at a distance of 10 or 12 inches from the
eyepiece tube

61, Magnifying Power With the naked eye one cannot, unless
near-sighted, see the image distinctly from a distance much less
than 10 inches, but 1f a magmiying-lens of 1-inch focus 1s used,
the 1mage can be viewed from a distance of only an inch, and 1t
will lock ten times larger in diameter The maognifying power
15 equal to the quotient obtained by diveding the focal length of the
object-glass by that of the eye-lens, or, as a formula, M = F/f
The magmifying power of the telescope 1s changed at pleasure
by simply changing the eyepiece (§ 59)

If, for example, the focal length of the object-glass be 4 feet and that of
the eye-lens ¢ inch, then

M=48—1=4X 48=102

52 Bnghtness of Image This depends not upon the focal
length of the object-glass but upon 1ts size, — 1ts area If we
estimate the diameter of the pupil of the eye at one fifth of an
nch, then (neglecting the loss 1n transmission through the lenses)
a telescope 1 inch 1n diameter collects mto the image of a star
25 times as much light as the naked eye receives, and the great
Yerkes telescope, 40 inches 1n diameter, gathers 40,000 times as
much, or about 35,000 after allowing for the losses

With a large telescope, therefore, objects like the stars, which
appear as mere luminous points, have their brightness immensely
increased, and millions otherwise 1nvisible are brought to view
To obtamn the full benefit of the aperture the entire pencil of
hight emerging from the eyepiece must be small enough to enter
the pupil of the eye Tt 1s clear from Fig 12 that the ratio of
the diameter of the object-glass to the diameter of the emergent
pencil equals that of the focal lengths of the two lenses, that 1s,



40 ASTRONOMY

the magmfymg power In observing the stars, therefore, higher
powers must be used with larger object-glasses, in order to take
full advantage of their greater hght-gathering power

For an extended luminous surface, like that of the moon or of
a planet, things are very different For magmifying powers below
the lamt just mentioned, the apparent area of the object 1s
wcreased 1n exact proportion to the amount of light that enters
the eye, so that 1ts intnnsic (surface) brightness 1s fixed (and,
on account of loss in transmission, 1s less than 1t appears to the
naked eye) With higher powers the spreading out of the umage
further decreases its apparent surface brightness

These effects combine to make the brighter stars visible with
the telescope 1n the daytime, the star image being far brighter
and the background of the sky seeming famnter

53 Resolving Power, Spunious Disk There 15, however, a limit
to the magnifying power which may profitably be used with a
telescope of given aperture Since hight consists of waves of
finite length, it can be shown that the image of a luminous point
will not 1tself be a point, even 1n an optically perfect instrument,
but will consist of a small central “difiraction disk”’ of finite diam-
eter, brightest at the center and fading to darkness at the edge,
surrounded by a series of concentric nngs, each fainter than the
last Simuilarly, the image of a sharp line 1s a streak bordered by
faint fringes

Similar diffraction effects may be secn by loolung through a narrow sht
formed by two lead pencils held close togcther As the sht 1s narrowed,
objects appear increasingly blurred 1n the direction at night angles to the
pencils

The size of this disk-and-ning system can be calculated from
the known wave-lengths of hight and the dimensions of the lens,
and the results agree precisely with observation The angular
diameter of the spurious disk 1s inversely proportional to the
diameter of the objective, and independent of the focal length
According to Dawes, 1t 1s given by the equation d = 4’/ 5/a, where
a 15 the aperture 1n mches

With a 9-nch telescope, therefore, the image of any celestial
object cannot be less than 0”5 i diameter, while with the
Yerkes 40-inch telescope this 1s reduced to 0” 11 Nothing 1s
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really gained by pushing the magnifying power beyond the pomt
at which the diffuseness of the image, ansing from this cause,
becomes conspicuous, that 1s, beyond a power of from 50 to 60
to the inch of aperture For most purposes lower powers are
more satisfactory, indeed, 1t 1s a good practical rule not to use
a higher magmfying power than suffices 10 show the desired
details clearly

This effect of diffraction has much to do with the superionty
of large instruments 1n showing minute details and 1n separating
close double stars (Fig 13) The full theoretical resolving power
of a telescope 15 only practically available when the air is per-
fectly steady (which, unfortunately, seldom happens in most

I1ic 13 Resolving Power

The diffiraction 1mage ol an artificial double star has been observed through a telescope of

small aperture  The first image (from Lhe lelt) shows the diffiraction disk of a single star with

the first two rings surrounding 1t the others those of double stars with steadily increasing

separation Duphaty 1s evident in the third and fourlth images, but clear separation of the

diffraction disks occurs first 1n the ninth  The aclual telescopic image of a star 1s very rarely
as sharp as thuis  (From a photograph by J A Andersun)

climates) A given amount of atmospheric disturbance (§ 118)
mjures the perfarmance of a large telescape much more than that
of a =small one, on bad mghts the performance may actually be
mmproved by reducing the aperture by means of a diaphragm
front of the objective

54 Imperfections of Lenses, Sphencal and Chromatic Aber-
ratton A simgle lens, with sphencal surfaces, cannot even ap-
proach this ideal performance, but suffers necessanly from varous
aberrations of which the principal are the spherical and the chro-
matic The former consists i a difference of the focal length for
rays which bave passed through the lens near its center and near
the edge, the latter (which 1s more serious), m a difference in the
focal length for hight of different colors (wave-lengths)

The blue and violet rays are more refrangible than the yellow
and red, and are brought to a focus nearer the obiective, so that
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the image of a star formed by such a lens is at best a round patch
of hight of different color at center and edge The simple refract-
ing telescope 1s therefore a very poor mstrument.

By malung the telescope extremely long 1n proportion to its diameter the
distinctness of the mmage 15 considerably improved In the muddle of the
seventeenth century instruments more than 200 feet 1n length were used by
Cassini and others, and with instruments of this kind Huygens and Cassim
discovered Saturn’s rings and several of hus satellites

56 The Achromatc Telescope. The chromatic aberration (as
was discovered 1n England about 1760) can be nearly corrected
by making the object-glass of two (or more) lenses, of different

Cnl)‘ F]lmt
as asg
g IB 4 w

Fic 14 Action of the Achromatic Lens

Light 15 strongly refracted by the crown lens, the violet more Lhan the red The flint lens
reunites the different colors and diminishes the deviation

kinds of glass, one of the lenses being convex and the other con-
cave The convex lens 1s usually made of crown glass , the concave,
of flant glass At the same time, 1f the curves and the distance
separating the lenses are properly chosen, the spherical aberration
also can be destroyed, so that such a compound object-glass
comes reasonably near to fulfiling the condition that it should
gather to a mathematical point in the mmage all the rays that
reach the object-glass from a single pomnt m the object The
concave lens must be made of a kund of glass which has a greater
dispersive power (separation of red and wviolet) 1 proportion to
1ts refractive power (total deviation of the rays) than the other
It undoes a part of the deviation mward of the rays to form a
focus, and almost the whole of the separation of the rays of
different colors (Fig 14)

These object-glasses admit of a considerable vanety of form
In small object-glasses the lenses are often cemented together
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with Canada balsam or some other transparent medium At
present some of the best makers separate the two lenses by a
considerable distance, so as to admit a free circulation of air
between them

b68. Secondary Spectrum. It 1s not possible, howevet, with the
kuinds of glass ordinanly employed, to secure a perfect correction
of the color The best achromatic lenses bring the yellowish-green
rays to a focus ncarer the lens than they do the red and violet In
consequence the 1mage of a bright star 1s surrounded by a purple
halo, which 1s not very noticeable 1n a good telescope of small size
but 15 very conspicuous and troublesome n a large instrument,
and makes 1t difficult to see faint stars close to a bright one.

By using the new varieties of glass which are now made at
Jena, objectives of three components can be constructed which
are very nearly aplanaelzc, that 1s, sensibly free from both chro-
matic and spherical aberration Several telescopes of this sort,
of apertures up to 12 inches, are 1n use and perform admurably
but it has not yet been possible to get disks of these glasses large
enough for lenses of great size

57 Photographic Telescopes A visually corrected objective 1s
practically useless for astronomical photography on ordinary
plates, for the blue and violet rays, which are photographically
the most effective, are not brought to any one sharp focus When
the photographic light of but a single star or planet 1s needed, it
may be brought to one focus by introducing a correcting lens,
much smaller than the objective, a few feet above the eye end
Excellent photographs of larger fields may be made, without any
correcting lens, by using 1sochromatic plates and placing just
front of the plate a color screen (a plane-parallel glass coated
with a thin film of gelatin stamned with a yellow dye, which
absorbs the blue and violel hight), but the necessary exposures
are relatively long

When a telescope is to be used pnmarily for photography, the
objective 1s designed, 1n the first place, so as to bring all the blue
and violet rays to substantially the same focus, leaving the yellow
and red uncompensated Such a telescope 15 almost useless visu-
ally, but permits very much shorter exposures than the devices

described above
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58. Wide-Angle Lenses. In astronomical photography it is
often 1mportant to have objectives that will give good definition
of the 1mage over a field of view many degrees in diameter, as
agamnst a degree or two 1n the ordinary telescope This imposes
much more severe demands upon the designer and brings a
number of other aberrations into importance for stars whose
mmages are at some distance from the center of the field

It 15 not possible to correct all these 1n an objective consisting
of only two components, but by malung the objective of three
or four lenses, a very good correction, though not a perfect one,
can be attained The most usual form 1s the doublet, consisting
of two similar pairs of lenses separated by a wide interval, as in
the famihar “‘rapid rectilinear’’ lenses of hand cameras Lenses
have been constructed giving a field of good definition up to 20°
in dizmeter The intensity of the 1mage of an extended surface,
such as a nebula, 1s proportional to the square of the ratio of the
aperture to the focal length A large value of this ratio 1s essen-
tial 1f very faint objects are to be photographed, but 1n this case
1t 1s particularly hard to correct the aberrations completely
The calculation of such a lens system 1s very comphcated and
laborious

59 Eyepieces A simple convex lens performs well for a small
object, like a close double star, exactly in the center of the field
of iew Eyepieces are usually constructed of two or more lenses,
which give a larger field of view than a single lens and define
fairly well over the whole extent of the ficld The image of the
object formed by the object-glass lies outside of the posityve
eyepiece and between the lenses of the megatsve eyepiece The
former can be used as a hand magmfier

60. Reticle If the telescope 15 to be used for pointing upon an
object, 1t must be provided with a reticle of some sort (Fig 28,
p 61) The simplest 1s a frame with two spider Lines stretched
across 1t at right angles to each other, their intersection being
the point of reference This reticle 1s placed 1 the focal plane (as
abin Fig 12) It 1s usually so arranged that 1t can be moved in
or out a little to get 1t exactly into this plane, so that the images
of the object and the reticle can be brought sumultaneously mto
focus by the eyepiece Of course, positive eyepieces only can be
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used 1 connection with such a reticle In order to make the
Lnes of the reticle visible at mght a faint hght 1s reflected nto
the mstrument by some one of various arrangements devised for
the purpose

61. The Reflecting Telescope. About 1670, when the chro-
matic aberration of refractors first came to be understood (in
consequence of Newton's discovery of the decomposition of
light), the reflecting telescope was invented For nearly one
hundred and fifty years it held 1ts place as the chief instrument

T T e

Cassegrainian

Newtonian
Fic 15 Reflecting Telescopes

A concave nurror reflects the rays of ight to a focus In the Newtoman form the light 1s

brought, for convemence, by plane reflection to the side of the tube The main character-

1stic of the Cassegraiman 15 Lhe reflcction on a secondary convex mirror with the consequent
increase of tffective focal length

for star-gazing, 1t was almost displaced by the refractor dur-
mng the mneteenth century but returned to importance mn ihe
twentieth

The essential part of a reflector 1s the great mirroi, which
brings the hight of the stars to a focus The direct 1mage so
produced 1s 1 a very inconvenient position, and various means
are adopted to bring 1t to a pomnt where 1t can be utihized

In the Newtonian form (Fig 15) a small plane mirror standing
at an angle of 457 intercepts the rays a little before they come to
their focus, and throws them to the side of the tube, where the
eyepiece 1s placed

In the Cassegravman form a small convex murror, placed n
about the same position, reflects the rays back through a hole
n the center of the large mrror With this form the observer
looks directly at the stars, as with a refractor, and the image
15 erect
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In both forms a real image 1s produced, which may be photo-
graphed, but in the Cassegraiman form the effective focal length
is much greater than in the Newtoman, and the image 1s on a
correspondingly larger scale

The great modern mstruments are arranged so that they may
be used 1n either of these forms (a “cage” carrying the small
Newtoman mirror being replaced by another with the Casse-
éra.u'uan murror), and so that a plate-holder may be set directly
in the principal focus 1if desired, thus avoiding the loss of light
by a second reflection

Combinations of the two forms are used, in order to avod
drlling a hole 1n the great mirror, to secure a greater range in
the size of the 1mage, and to meet the special requirements of
certain types of observation (Fig. 16)

Formerly the mirror was made of “'speculum metal” (two parts of copper
to one of tin), a bnttle white alloy which takes a very high pohsh At
present 1t 1s always madc of glass, silvered on the front surface by a chermical
process which deposits the metal m a brilhiant film of extreme thinness
After a time this film tarmishes and loses 1ts high reflecting power, but
1t may then be removed with mtric acid and the mirror resilvered, renew-
ng 1ts brightness without 1n the least altering 1its figure The figuring, or
shaping, of this surface 1s a task of the utmost nicety (as 1n the case of a
lens), and, for a large instrument, may take months

62 Relative Advantages of Reflectors and Refractors Since
hght passes through a lens, the glass of which 1t 1s made must be
optically homogeneous , the glass disk of a mirror, however, needs
only to be mechanically homogeneous, so that 1t may not bend
wregularly, — a much less severe demand There 1s no present
hope of casting glass disks, suitable for lenses, as large as the
murrors of the great reflectors A reflector 1s far less expensive
than a refractor of the same size, and 1its perfect achromatism 1s
a great advantage in photographic and spectroscopic work

A refractor, on the other hand, defines better under all ordi-
nary conditions, has a larger field of good defimtion, and 1s more
convemuent A lens requires only to be protected, a mirror must
be resilvered every few months

In current practice, refractors are used almost exclusively in
visual observations and measures, while reflectors possess great
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Fic 16 Four Arrangements ol the 60-Inch Reflector of the
Mt Wilson Observatory
The fozl length of the 80-inch mirror 15 25 feet  In the Newtonan form a, the small
secondary mirror 1s flat and simply reflects the Light to the side of the tube The 10cal length
remains 25 fect For use as a Caseegrain reflcclor the upper section of the tube 1s replaced
by a shorter section carrying a convex murror, which increases the equvalent focal length
By the use of a plane murror the Light 1s brought to the side of the tube Different focal
lengths can be obtamed by the use of different conves murrors  In the arrangement d, where
the light 15 brought to a spectroscope at the side of the tube, the focal length 1s 80 feet 1nc,
which 1s used for large scale photography, 1t 15 100 feet, and n the coudé form, b, with &
focal length of 150 feet, the Light 1s brought down the polar ams to a large stationary
spectroscope

advantages m spectroscopic work In photography the great
reflectors, with their great hight power, excel the observation
of famnt objects such as nebule The doublet stands alone for
work requinng a wide field

83. Great Telescopes The laigest telescope mn the world at
present 1s the 100-inch reflector of the Mt Wilson Observatory
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(Figs 19, 20), next comes the 72-inch reflector of the Dominion
Observatory at Victona A 200-inch reflector will soon be bult
for the California Institute of Technology
The largest refractors are the 40-mnch at the Yerkes Observa-
tory (Fig 21) and the 36-inch at the Lick Observatory There
are several other refractors 30 mches or more 1n aperture, and
a number of reflectors of the same
size or larger The largest doublet 1s
the Biuce telescope, of 24 inches ap-
erture, at the Harvard station at
Arequipa, Peru All these are -
struments of the highest class, both
m optical parts and i mounting
Lord Rosse’s reflector, constructed in
1842, with a 6-foot mirror of specu-
lum metal, 15 now chiefly of histornc
interest
64. Mounting of a Telescope A
telescope, however excellent optically,
15 of httle scientific use unless firmly
and conveniently mounted ?
The telescope 15 st on a star by At present nearly all but small
means of the dechnation arcle ¢ portable mstruments are mounted as
and the hour arcle M, attached
to the polar ams The dnving €4%0lomials  Fig 17 represents the ar-
melzl:dz;:rsn .:v]llh:]x: le:\ped su the rangement schematically Its essen-
Fust enough to keep the aiar i e 11l feature 1s that the prinaipal aws
field of view — the one that moves 1n fixed bearings
attached to the pier and 1s called the
polar axss — 15 inclined so as to pomt toward the celestial pole
The graduated circle H attached to 1t 1s therefore parallel to the
celestial equator and 1s usually called the kour curcle of the 1n-
strument At the upper extremity of the polar axis 15 fastened
a sleeve which carries the declination axis D passing through 1t
To one end of the dechnation axs 1s attached the telescope
tube T, and at the other end the declsnalion circle C and a
counterpoise

Fic 17 The Fquatoral
Mounting

! It must, of course, be mounted where 1t can be pointed directly at the stars,
withow! any snlervening window-glass
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86. The advantages of the equatonal mounting are very great.
In the first place, when the telescope is cnce pointed upon an
object, 1t 15 not necessary to turn the dechination axis at all
order to keep the object in view, but only to turn the polar axis
with a perfectly uniform motion, which can be, and usually 1s,
gwven by a druvmng-clock (Fig 18) The dniving-clock is driven by
a heavy weght and controlled by a heavy centrifugal governar,
which acts continuously, not by jerks, as in an ordinary clock
An electnc motor
dnve, synchromzed by
a pendulum clock, has
also been used,

In the pext place, 1t
1s very easy to find an
object, even if nvisi-
ble to the eye (like a
faint comet or a star
i the daytime), pro-
wvided we know 1ts night
ascension and declina-
tion and have the s1-
dereal time, ¢ szdereal  Fic 18 The Dnving-Clock of the 100-Inch Honker
clock or a chronometer Telescupe

bemg an mdzspmsable The power 15 transmitted through the worm gear to the

worm wheel (17 feet in diameter), which may be clamped
accessory Of the equato- to the polar amis  The centrifugal governor 15 seen above,
rzal Set the dechination at the right

circle to the declina-

tion of the object and then turn the polar axis until the hour
arcle shows the proper hour angle, which 15 simply the differ-
ence between the nght ascension of the object and the side-
real time at the moment (§41) When the telescope has been
so set, the object will be found 1n the field of view, provided o
low-power eyepiece 15 used On account of refraction the setting
does not direct the instrument precisely to the apparent place of
the object, but only very nearit Large mstruments are provided
with finders (small awaliary telescopes with low power and wide
field of view) When an object 1s brought to the center of the
field of the finder, 1t 15 visible 1n the main 1nstrument
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The equatonal does not give very accurate positions of heav-
enly bodies by means of Lhe direct readings of 1ts circles, mndeed,

Fic 19 The 100-Inch Hooker Telescope of the Mt Wilson Observatory

This telescope 1» the largest 1 the world Its mounting 1s of the Englsh type the

polat ans, which 1s 1n the form of a rectangular yoke, 1s supported at the ends on twa plers,

and the telescope may be made to follow a star right across the meridian The tube, as 15 usual

with reflectors, 15 of skeleton construction The moving parts of the telescope weigh about

100 tons The great murror was fashioned from a glass disk 101 mches 1o dhameter, 13 inches
thick, and wughing 4% tons

the most recent instruments are provided only with coarsely
graduated circles, sufficient for finding the desired object (thus
saving much expense) It can, however, be used to determine
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with great precsion the posuron of any object (such as a
comet) relatwe to neghboring stars of known posttron (§ 100)

Fic 20 Obscrving at the Cassegrain Focus of the 100 Inch Reflector of the
Mt Wilson Observatory

This photograph emphasizes the great size of the telescope The observer 15 standing at a
height of twelve feet above the floor, on a platform Lhat 15 movable in any direction by
electnc motors The edge of the cell which contains the great mirror may be seen at the
bottom of the telescope A part of the extensive electric wiring system may also be noticed

66 Engineering Details of the Equatorial Mounting. The great
modern reflectors are exceedingly heavy (the 100-inch murror
alone weighs 4 tons), and the designing of mountings that will
not sag under such loads is a difficult engineering problem The
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moving part of the 72-inch reflector weighs 45 tons, Such mstru-
ments have skeleton tubes, cross-braced hike the grders of a

T1ic 21 The 40-Inch Refractor of the Yerkes Observatory

This refractor 15 equalonally mounted on a central pier which houses the driving clock

The focal length 1s 62 feet  The wntire floor, 75 feel m diameter, may be raised or lowered

to n level convenient for observation The dome, 90 [eet in diameter, 18 built of steel girders,

15 sheathed with wood and covered with roofing tin It revolves upon wheels, 36 inches 1in

diameter, which roll round the aircular track fastened to the top of the wall Twa shutters,
86 feet 1n length, cover the observing shit, which 1s 13 feet wide

bridge, and vanous devices are used for easing the load on the
main bearings An elaborate system of electric controls enables
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the observer, at the eyepiece, to turn the dome as required and
to move the mstrument in either coordinate, rapidly or slowly
The 100-inch telescope 1s so rigid that a man may climb out to
the upper end without shifting a star mmage seriously 1n the field
of view, and so delicately controlled that 1t 15 easy to move the
mage at will by one third of a second of arc Such a mounting 1s
a mechamical masterpiece

As the telescope turns to follow the stars the eyepiece too must
move, both honzontally and vertically With large mnstruments
the resulting inconvenience 1s mimimized by means of a rising
floor, which may be set at any desired level, or, with the great
reflectors, by observing platforms movable by electric motors All
this paraphernalia, and the enormous rotating dome (100 feet 1n
diameter for the 100-inch, and 90 feet for the Yerkes 40-inch)
add to the already high cost of a great instrument

The expensive parts of a telescope are the object-glass, the mounting, and
the dome The eyepieces and other accessories are relatively mexpensive
A small telescope, large enough for the purposes of the amateur, can be
purchased for a few thousand dollars, or less The 100-inch telescape, with
mounting, dome, and accessories, cost $540,000, the largest sum ever spent
for any single instrument of research

87 The Ccelostat In some cases (especially in work on the
sun with instruments of long focus) 1t 1s desirable to have the
main part of the instrument at rest and to reflect the hght into
it from a moving mirror

In the ca&lostat the plane of the mirror 1s parallel to the polar
axis, which carnes 1t directly and revolves only once 1n forty-
eight hours The reflected 1mage 1n this case 1s thrown in a
direction determined by the declination of the object This dif-
ficulty can be overcome by using a second mirror to send the
reflected beam where 1t 1s wanted With this arrangement the
mmage remains fixed in the focal plane It 1s much used in
solar work, as 1n connection with the 150-foot tower telescope
of the Mt Wilson Observatory, for reflecting the beam verti-
cally downward through the objective

Other forms of mounting, such as the s:derostat and the
heliostat, are used for special purposes
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Great difficulties often anse from the distortion of the mir-

F1¢ 22 Structaral Plan of the 150-Foot
Tower Telescope of the Mt Wilson Solar
Observatory

Sunlight 15 reflected [rom the ceelostat mur-
ror to a second murror, and thunce vertically
downward through an objective of 150 feet
focal length, which forms an 1mage of Lthe sun
about 16} inches 1n diameter at the base of
the tower In the plane of the image 15 the
shit of the 75 [oot spectrograph After pass
ing through the slit the light descends to the
colimating lens near the bottom of a well
about B0 fect deep, falls on a large Michelson
grating, and returns through the same lens to
the plate holder mounted close beside the sht

rors by the sun’s heat, which
plays havoc with the defim-
tion By malung the mirrors
very thick or of special glass
this trouble can be greatly
diminiched

In the coudé, or elbowed equato-
rial, one or more mirrors make 1t
possible for the observer to sit 1n
comfortable shelter and look down
through the polar axs mn a fixed
direction

68 Forastronomical photog-
raphy an equatonial mount-
ing 15 obviously essential To
obtain good star images the
mounting should be very care-
fully constructed and adjusted,
and should be as ngid as pos-
sible (to prevent its beng
shaken by the wind etc)

Even with a good driving-
clock, for exposures more than
a few rmnutes in length the
telescope cannot be trusted to
follow the stars perfectly, ow-
ing to changes in the refraction
and to the mnevitable small out-
standing errors of adjustment ,
and 1t 1s necessary to "‘guide”’
by hand A star of suitable
brightness, near the center of
the field to be photographed,
1s brought to the intersection
of the cross-wires and kept
there by a watchful observer,
The cross-wires may be mn a
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gurding telescope ngidly connected to the photographic telescope
In another arrangement they are placed mn a guzding eyeprece
Just outside the plate-holder and moving with 1t The gl.udmg

18 then done by means
of screws which move
the plate-holder rela-
tively to the rest of
the telescope In this
way exposures extend-
Ing even over several
successive clear nights
can be made, the plate-
holder bemng shielded
from the dayhght and
the instrument set
again, with the aid of
the guiding star, upon
exactly the same point
of the heavens as
before

89 Tume-Keepers and
Time-Recorders The
clock, chronometer, and
ckronograph  The -
vention of the pendu-
lum clock by Huygens
m 1657 was almost as
important to the ad-
vancement of astron-
omy as was that of the
telescope by Galileo,
and the improvement
of the clock and chro-
nometer through the
mvention of tempera-

I'tc 24 The Metcalf Telescope of the Harvard
Collge Observatory

The central tube 1s the 16 inch phatographic doublet
The tube flares at the lower end to permit the use of a
large plate By exhausting the ur mn the plate-holder
(which 1s clamped (o the lower end of the tubd) the plate
15 given a temporary curvature during the exposure,
canforming to Lhe foal surlace, which 15 not plane By
this duvice wll focused star 1mages are securcd all over
the plite  The large ratw of aperiurce to fucal length
makes 1t u very rapid camera stars of the Gfteenth
magnitude are pholographed n ten minutes The upper
tube 15 the 8-inch gutding telescope, the lower, a pho-
tographic telescope of 4-nch aperture  The driving-
dock 15 elecirical, and thy yoke-mounting avoids the
necessity of reversing the instrument at the mendian
(From pholograph by Harvard College Observatory)

ture compensation by Harnson and Graham in the eighteenth
century 1s fully comparable to the improvement of the telescope
by the achromatic object-glass
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So far as the prinaples of construction are concerned there is
no difference between an astronomical clock and any other As
a matter of convenience, however, the astronomical cock 1s

almost invanably made to beat seconds

r i (rarely half-seconds) and has a conspic-

= uous second-hand, while the face 1s

marked for twenty-four hours instead

of twelve It 1s, of course, constructed
with extreme care in all respects

The escapement 1s preferably one of
the numerous gravity types The office
of the escapement 1s to be unlocked by
the pendulum at each vibration, so as
to permit the wheelwork to advance
one step, marking a second (or some-
times two seconds) on the clock-face;
while at the same time the escapement
gives the pendulum a shght impulse,just
equal to the resistance 1t has suffered
in overcoming friction during the last
swing and 1n performing the unlocking

The pendulum must be constructed
i such a way that changes of tempera-

A B ture will not change its length Ths

Fic 24 Compensation 1s satisfactorily effected 1n an arrange-

Pendulums ment whereby the downward expan-
;ﬁiﬁ‘ai:ﬁfg‘:ﬁi:x sion of the rod 1s compensated by an
the expansion of the rod down. UpPWward expansion of the pendulum bob
ward 15 compensated by the ex-  The best of all maternals for a pendulum
pansion of the mercury upward,
1n the secand type the tendency 18 972007, a mickel-steel alloy whose coefh-

of the steel rods to lengthen 15 cient of expansion 18 vamshingly small
compensated by the upward cx-
pansion of the zinc tube, which
15 fastened to the steel rods When the extremest accuracy of perform-
ance 1s required, the clock 15 placed m an
underground chamber where the temperature vanes only shghtly or not
at all, and 1s inclosed 1n an air-tight case, within which the air 15 kept at
8 uniform pressure, since changes mn the density of the air shightly affect
the swing of the pendulum The latest improvement is a *free pendulum,”
which controls a “slave clock” and stself recerves an impulse every thuty

17978

278
18918
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seconds These clocks are dniven by a faling weight of only a few grams, which
1s automatically raised to the top of 1ts run by an electromagnet at intervals
of twenty seconds or so They run for months without any attendance

70 Clock Correction. The correction of a clock 15 the amount
that must be added to the indication of the clock-face at any
moment 1n order to give the true time, 1t 1s therefore plus ()
when the clock 1s slow and munus (—) when 1t is fast The rale
of a clock 1s the daily change wn s correction, — plus (+) when
the clock 1s losing and minus (—) when 1t 1s gainmg

A perfect clock 1s one that has a constant rate, whether that
rate be large or small It s desirable, for convenience’ sake, that
both error and rate should be small, but this 1s a mere matter
of adjustment by the user of the clock, who adjusts the error by
setting the hands, and the rate by rasing or lowermg the
pendulum bob

The final adjustment of rate is often obtained by first setting the pen-
dulum bob so that the clock will run slow a second or two daily, and then
putting on the top of the bob Iittle weights of a gram ar two, which will
raise 1ts center of gravity and shorten its period of oscillation They can
be dropped into place or knocked off without stopping the clock or per-

ceptibly disturbing 1t A still finer adjustment can be made by altering the
pressure within the air-tight clock-case

71 The Chronometer Since the pendulum clock 1s not port-
able, 1t 1s necessary to provide time-keepers that are so The
chronometer 1s merely a carefully made watch (driven by a
colded spring), with a balance-wheel compensated to run, as
nearly as possible, at the same rate in different temperatures,
and with a pecuhar escapement which, though unsuited to ordi-
nary usage, gives better results than any other when treated
carefully (Never turn the hands of o chronometer backward, 1t may
run the escapement )

The box chronometer used on shipboard 1s usually about five
mches in diameter, and 1s mounted in gimbals so as to remain
honzontal at all times, notwithstanding the motion of the vessel
It usually beats half-seconds

It is not possible to secure 1n the chronometer balance-wheel
as perfect a temperaturg correction as 1n the pendulum, and for
this and other reasons the best chronometers cannot quite com-
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pete with the best clocks in precision, but they are sufficiently
accurate for most purposes, and of course are vastly more con-
vement for ficld operations, while at sea they are indispensable
A good ordinary watch, regulated by radio signals, will suffice
for a short voyage Chronometers are essential at observatories
n countries like Japan, where small earthquakes frequently
disturb pendulum clocks

72 Eye-and-Ear Method of Observation The old-fashioned
method of time observalion consists sumply in noting by eye
and ear the moment (in seconds and tenths of a second) when
the phenomenon occurs, as, for mstance, when a star passes
some wire of the reticle The tenths of course, are merely esti-
mated, but the skiliful observer seldom errs 1n his estimation by
2 whole tenth Skill and accuracy m this method are acquired
only by long practice

73 The Chronograph At present such observations are usu-
ally made by the help of electricity The clock 1s so arranged
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I'i¢c 25 A Chronograph Record

In the hgure the mtial minute, marked soon alter the chronograph was started, happened

to be 9t 35m, the zero mn the case of this cdlock being indicated by a double beat The signal

st X, therelore was made al 9 3%m 555 45, and that at ¥ at 9k 36m 585 63 The "rattle”
Just preceding X was the signal that a star was approaching the transait wire

that at every beat (or every other beat) of the pendulum an
electric circuit 1s made or broken for an instant, and this causes
a sudden sidewise Jerk in the armature of an electromagnet,
Like that of a telegraph <ounder This armature carnes a foun-
tain pen, which writes upon a sheet of paper wrapped around
a cylinder, six or seven inches in diameter, which 1s turned
uniformly by a dnving-clock once a minute, at the same time
the pen carriage 1s drawn slowly along, so that the marks on the
paper form a continuous helix, graduated into second or two-
second spaces by the clock-beats When taken from the cylmder,
the paper presents the appearance of an ordinary page crossed
by parallel lines spaced off into two-second lengths (Fig 25)
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The observer, at the moment when a star crosses the wire,
presses 4 key which he holds 1n lus hand, and thus nterpolates
a mark of s own among the clock-beats on the sheet, — for
mstance, at X and ¥ in the figurc Since the beginning of each
munute 1s indicated on the sheet 1n some way by the mechanism
which produces the clock-beats, 1t 1s very easy to read the time
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Fic 26 A Chronograph

The clockwork of the chronograph s regulated by a centrifugal governor which acts con-
tmuously, nut by beats Like a clock escapecment  (Bwilt by Warner & Swasey)

of X and ¥ by applying a suitable scale, the beginning of the
mark made by the key being the moment of observation

74 The Transit Instrument A large proportion of all astro-
nomucal observations for determining the position of a heavenly
body are made when the body 1s crossing the mendian or 1s very
near 1t At that time the effects of refraction and parallax (to
be discussed later) are a mmimum, and as they act only verti-
cally, they do not affect the time when a body crosses the me-
richan, or, consequently, 1ts observed right ascension
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The transit mnstrument 15 used 1n connection with a sidereal
clock or a chronometer, and often with a chronograph, to observe
the time of a star’s fransi, or passage across the mendian If
the correction of the sidereal clock at the moment 1s known and
allowed for, the corrected time of the observation will be the
nght ascension of the star (§ 41) Vice versa, if the right ascen-
sion 15 known, the clock correction will be the difference between

the right ascension of the object
and the time observed
The mnstrument (Fig 27) con-
sists essentially of a telescope
carrying a reticle at the eye
end and moeunted on a stiff axis,
perpendicular to the line of
sight, that turns in V-shaped
bearingscalled “Y’s,” which can
have their position adjusted so
. as to make the axis exactly
perpendicular to the merndian
A delicate spinit-level, which can
be placed upon the pivots of
the axis to ineasure any shght

Fi1c 27 The Transit Instrument
(Schematic)

In the ideal instrument the axis 1s horizon-

tal and Les cast and west The middle

wire of the reticle (near the eyepiew) 15 1

the mendian at whatever altitude the tele-
scope may be pointed

dewaation from horizbntality, 1s
an essential accessory, and 1t is
practically necessary to have a

small graduated arcle attached
to the instrument, 1n order to set it at the proper altitude for
the star that 1s to be observed, according to the declination.

It 1s desirable, also, that the mstrument should have a revers-
ing apparatus by which the axis may be easily hfted and safely
reversed 1n the Y’s without jar or shock.

The reticle (Fig 28) usually contains from five to fifteen
vertical wires crossed by two honzontal ones 1In order to make
the wires visible at might the ficld must be illurminated by some
suitable device

76 The mnstrument must be thoroughly ngid, without any
loose joints or shakiness, espectally 1n the mounting of the object-
glass and reticle  Moreover, the two pivots should be of the same
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Reticle of a Transit
Tnstrument

The observalion consists in nut-
g the nstant at which a star
crosses each of the transit wires
of thereticle  'When the chrono-
graph 1s used, transits may be

taken over wires which are quite
close together (1 Lo 5) Eye and
ear observations mav be taken on
wires 4, 3, Z, the wider spacing
of which permuts the ohserver to
make lus record before the star
reaches the next wire

diameter, accurately round, without taper, and precisely m line
with each other, in other words, they must be portions of one
and the same geomelrical cylinder The fulfiling of this condition
taxes the highest skill of the mechanician The Y’s must be
worked with corresponding accuracy
When exactly adjusted, the middle wire of such an instrument
affords a msible 1mage of a part of the inmnsible meridian, wherever
the mstrument may be turned on 1its axis, and the sidereal time
when a star crosses thul wire 15 therefore —
the star’s right ascension TT N
76 Adjustments of the Transit. These
are four 1n number »
(1) The reticle must be exactly mn the | g |
focal plane of the object-glass, and the
middle wire must be accurately vertical 7 Ppeppp 4
When the wires have been adjusted, \ J /
the reticle shde should be tightly L
clamped and never disturbed agamn  Fre 28
The eyeprece can be moved to serure
distinct vision for difierent eyes, reticle
and star coming 1nto focus together
(2) The line of s1ght (that 1s, the line
which joins the optical center of the
object-glass to the middle wire) must
be exactly perpendicular to the axis of
rotation It then comades with the
line of collimatron 'This may be tested
by pointing on 2 distant mark and then
reversing the instrument The middle wire must still bisect
the mark after the reversal, if it does not, the reticle must be
adjusted by the screws provided for the purpose
(3) The axis must be level This adjustment 1s made mechani-
cally by the help of the stnding level, which may be set across
the prvots  One of the Y's has a screw by which 1t can be shightly
raised or lowered When correct 1t 1s permanently clamped
(4) The azumuth of the axis must be exactly 90°, that 1s, the
axis must point exactly east and west This adjustment 15 made
by means of observations of a number of stars, by shifting one
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of the Y’s horizontally until the interval between successive
transits of a circumpolar star across the mstrumental mendian
above and below the pole 1s exactly twelve sidereal hours

116 20 A Prism Transit

A modificd form of the transt mstrument, now much used, 15 often called the prism transsd

A reflector (usually a right-angled prism) 1n the central cube of the instrument directs the

rays horizontally through one end of the axis where the eyepiece 1s placed, so that what-

ever may be the elevation of the star the observer looks straight forward horizontally,
without needing to change s position (Bult by Warner & Swasey)

77 Elmination of Remamung Errors The final test of all the
adjustments, and of the accurate going of the clock, 1s obtained
by observing a number of Almanac stars of widely different
dechination, reversing the instrument in 1ts pivots midway 1n the
process If they all indicate zdentzcally the same clock correction,
the instrument 1s 1n adjustment, 1if not, and if the differences
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are not very great, 1t 1s nevertheless possible to deduce from the
observations themselves the true clock correction and the adjust-
ment errors of the instrument

The astronomer can never assume that adjustments are perfect;
even if they were once perfect, they would not stay so, on account
of changes of temperature and other causes Nor are observa~
tions ever absolutely accurate The problem 1s, from observations
more or less znaccurate but konest, with instruments more or less
maladjusted but firm, to find the result that would have been
obtained by a perfect observation with a perfect and perfectly
adjusted instrument It can be done more nearly and more easily
than one might suppose (see Campbell’s Practial Astronomy),
but the discussion of the subject belongs to practical astronomy

78 Personal Equaton The Transit Micrometer Even the
best observers habitually note the passage of a star across the
fixed wires of the reticle shightly too late or too early, by an
amount which 1s different for each observer This personal
equaton (though usually less than 0° 1 for chronographic obser-
vations) 1s an extremely troublesome etrror, because 1t varies with
the observer’s physical condition and also with the nature and
bnghtness of the object Faint stars are almost always observed
too late, 1n comparison with bright ones, this gives nse to the
so-called magnitude equation

The effect of personal equation has been very greatly dimin-
1shed by the introduction of the fransit micrometer In this instru-
ment the reticle of fixed wires 1s replaced by a movable wire,
carried by a micrometer screw which can be turned by hand, or
by mechanisim controlled by the observer, at any desired rate
The observer devotes his whole attention to keeping the moving
star accurately bisected by this wire An electric signal 1s auto-
matically given whenever the screw reaches certain points in
every revolution (that 1s, when the moving wire and the star
bisected by 1t reach each of a definite series of positions 1n the
field), thus furmishing an equivalent for the transits of the star
over an equal number of fixed wires The relative persomal
equations of observers, after a hittle practice with this apparatus,
become almost vanishingly small and are almost independent of
the brightness of the stars observed
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70 The Meridian Circle. To find the declination of an object
we must find where 1t crosses the meridian The 1nstrument used
for this purpose 1s the meridian corcle (Fig 30) This s a transit

Fic 30 Mendian Circle 1n United States Naval Observatory, Washington

The declination of the star 1s deduced from the readings of the circles attached to the ams
The arcles are read by means of a number of microscopes  (Built by Warner & Swasey)

wstrument of large size and most careful construction, with a
large graduated circle atlached to the axis and turrang with 1t When
a star enters the field of view, the instrument 1s moved by the
“slow-motion”’ screw until the star 1s bisected by the fixed hon-
zontal wire of the reticle, and the star 1s kept bisected until 1t
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reaches the middle vertical wire marking the mendian The
utmost resources of mechanical art are expended in graduating
the arcle with preaision The divisions are now usually made
erither two minutes or five minutes of arc, and the further sub-
division 1s effected by so-called reading microscopes, four of
which, at least, are always used 1n the case of a large instrument
(see Campbell’s Practical Astronomy) By means of these micro-
scopes the reading of the arcle 1s made to a tenth of a second
of arc

On a circle 2 feet 1n diameter, 1” of arc 1s only about 1/17,000 of an inch,
an error of that amount 1s now very seldom made by the best constructors

1 placing a graduation ne  Even these minute diviszon errors are carefully
determined and allowed for by astronomers

80 Zero Pomnts To reduce a crcle reading to altitude or
declination we must determine some zero pornf upon the crcle,
— the nadir pont or the korizontal point 1f we wish to measure
altitudes or zenith distances, the polar point or the equator point
if we wish to measure polar distances or dechnations The polar
point 1s determuned by taking the crcle reading for some star
near the pole when 1t crosses the mendian above the pole, and
then domng the same thing again twelve hours later when 1t
crosses 1t below The mean of the two readings (each corrected
for refraction) will be the reading which the circle gives when
the telescope 1s pownted exactly to the pole, — techmecally, the
polar pownt The equator point 15, of course, 90° from the polar
pomt

The nadw pownt 15 the reading of the circle when the telescope
is pointed vertically downward It 1s deterrmuned by the reading
of the arcle when the instrument 1s set so that the honzontal
wire of the reticle coincides with 1ts own image formed by re-
flection from a basin of mercury placed on the pier below the
mstrument To make this reflected 1mage wisible 1t 15 necessary
to illuminate the reticle by ight thrown toward the object-glass
from behind the wires The zenzth pownt 15 just 180° from the
nadir pomnt thus determined

81 Extra-Mendian Observations Many objects are not visible
when they crpss the mendian a comet, for instance, or a planet
may be m such a part of the heavens that 1t transits only by day-
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light To observe such objects we may employ a so-called
altazmuth (Fig 31), —a telescope provided with both hom-
zontal and vertical arcles By means of this the altitude and
azimuth of an object may be measured, and if the tume is
recorded, from these the mght ascension and dechnation can
be deduced The instrument
may also be used for the de-
termination of latitude, long-
tude (clock correction), and
the direction of the mendian.
The theodohte used 1n precise
surveymng, and the famhar
engmeer’s transit, are smaller
struments of the same type

The astrolabe d prisme 1s an In-
strument with which very accurate
simultaneous determinations of lati-
tude and time may be made by ob-

serving the times when a number of
stars reach the same fixed altitude

Observations for the posi-
tions of bodies not on the me-
ridian are often made with
the equatonal telescope, with
which the difference between
the night ascension and dech-

Fic 31 A 5-Inch Altazimuth nation of the observed body
This mstrument may be directed at an oba and those of some star in 1ts
e sty Notwds i nesghborhood 1 determined by
of microscopes  (Built by Warner & Swasey) TEANS of a macromeler, or often

(at present) by photography

82 The Micrometer The filar position micromeler 1s a2 com-
paratively small instrument attached at the eye end of the
telescope (Fig 32) In 1its simplest form it contains two parallel
wires, — one fixed, the other movable by means of a microm-
eter screw which affords the means of setting 1t at any desired
distance from the fixed wire and of measunng this distance
accurately
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The box contamning the wires can 1tself be rotated around the optical
axis of the telescope so that the wires can be set 1n any desired posttion
angle By rotating the box, first, so that the wire passes through two stars,
and, second, so that a star follows the wire exactly when the dnving-clock
1s stopped, the direction of one star from the other can be measured By
turning the box until the wires are at nght angles to the lne Jomning the
two stars the distance between
them can be measured (§ 764)

The micrometer can also
be used for measuring dif-
ferences of nght ascension
and dechnation It i1s widely
employed 1n measuring the di-
ameters of planets and satel-
Lites, and in determmng the
position of comets, the rela-
tive positions of close double
stars, and the positions of
faint abjects near bright ones
For the last purpose it has

F16 32 The Filar Position Micrometer

Under the plate which carries the fixed wires ies a fork b moved by a carefully made screw

with a graduated head ¢ Ths fork carries one or more wires parallel to the frst set, so

that the distance between the wires ¢ and o can be varied and read off by means of the
screw-head graduabion

no rival For the precse measurement of larger distances up to
two or three degrees the hellometer was formerly used That
instrument 15 now only of historical imterest

83 Measurement of Photographs. For larger fields, or when
many stars are to be observed 1n one region, photography now
affords the most valuable method of measurement. With an
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exposure of only a few minutes, images of dozens or hundreds
of stars can be permanently recorded on a plate, and afterwards
measured at leisure Exposures of an hour or two show stars
too famnt to be seen visually with the same instrument If care
1s taken with the guiding (§ 68), so that the star images are
sharp and round, the measurement of the plate will give the
relative positions of the stars more accurately than they could be
obtained by direct: micro-
metric measures with the
same telescope If three
or more stars whose places
are already known from
mendian observations are
included among these
measured, the nghf ascen-
sions and declinations of
all the others can easily
be calculated

It 1s customary to measure
the rectangular coordinates of
the star images, that 1s, their
distances from a pair of real
or imaginary lines drawn on
the plate at right angles to

one another With the aid of
Fic 33 A Complete Position Micrometer suitably constructed measur-

This instrument 1= fitted with electric lumination g machines this can be done
(Bwlt by Warner & Swasey) quickly and accurately In
some of these the plate 1s
moved under a fized microscope by a micrometer screw, 1n others the
mucroscope 1s similarly moved There are many other types Often a
réseau, consisting of a network of hnes ruled with the utmost attamable pre-
casion and forming squares five millimeters on a side, 15 printed photo-
graphically on the plate before development, thus affording a system of
coordinates permanently attached to the plate (Fig 156) The exact posi-
tion of a star 1mage inside one of the réseau squares can then be measured by
a device stmular in principle to the reading microscope
Under the best conditions, as in the photographs taken with the great
Yerkes refractor, a single plate will fix the position of a star relative to 1ts
neighbors with a probable error of only 0" 02, — a degree of precision not
yet equaled by any other method of observation
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The 1mages of bright stars or planets are often overexposed and cannot
be measured with accuracy Again, even the smallest photographic star
mmages are about ten times the diameter of the diffraction disks (§ 53) for
the aperture employed Close double stars and fine planetary detail must
therefore be studied visually

84 The Sextant All the instruments so far mentioned, except
the chronometer, require some firmly fixed support and are there-
fore absolutely useless at sea The sexfant 15 the only one upon
which the mariner can rely By means of this he can measure
the angular distance between two pomnts (for instance, between
the sun and the vauble honizon), not by pointing first to one and
afterwards to the other, but by sighting them both sumultaneously
and 1n apparent comncidence A skillful observer can make the
measurement accurately even when he has no stable footing

The graduated arc of the instrument (Fig 34) 15 usually, as its
name 1mplies, about a sixth of a complete circle, with a radius of
about six inches It 1s graduated in %alf degrees (which are,
however, numbered as whole degrees), and 1t can measure any
angle not much exceeding 120° The ndex-arm 1s pivoted at the
center of the arc and carries a vernier, which shdes along the imb
and can be fixed at any point by a damp, with an attached
tangent screw T The reading of this vernier gives the angle
measured by the instrument, the best instruments read to 10

Just over the center of the arc the wndex-marror M, about
2 inches by 1% inches 1n size, 1s fastened to the index-arm, mov-
ing with it and keeping always perpendicular to the plane of the
limb At H the korizon-glass, about an inch wide and about twice
the height of the index-glass, is secured to the frame of the mnstru-
ment 1n such a position that when the vernier reads zero the
index-mirror and horizon-glass will be parallel to cach other
Only half the horizon-glass 1s silvered, the upper half bemng left
transparent FE 1s a small telescope screwed to the frame and
directed toward the horizon-glass

If the vernier stands near but not exactly at zero, an observer
looking nto the telescope will see, together 1n the field of view,
two separate images of the object toward which the telescope 1s
directed; and 1f he shdes the vernier, he will see that one of the
mmages remains fixed while the other moves The fixed 1mage 1s
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formed by the rays which reach the object-glass durectly through
the unsilvered half of the horizon-glass, the movable image, on
the other hand, 1s produced by rays which have suffered fwo
reflections, having been reflected from the index-mirror to the
honizon-glass and then reflected a second time from the lower,

L

Fi1c 34 The Sextant

The index-arm carnes the index-glass M and a vernier which shdes along the arc Through

the ttlescope £ the ubserver looks directly through the unsilvered half of the horizon glass I7,

while recerving lLight also which 15 reficcted first from the index-glass and then from the
silvered hali ol the honizon-glass

silvered half of the horizon-glass When the two mirrors are
parallel, the two images coincide, provided the object 1s at a
considerable distance

If the vernier does not stand at or near zero, an observer look-
ing at an object directly through the horizon-glass will see not only
that object but also, 1n the same telescopic field of view, what-
ever other object 1s so situated as to send its rays to the telescope
by reflection from the mirrors The reading of the vernier will give
the angle at the instrument between the two obyects whose images thus
comncude, the angle between the planes of the two murrors being,
as 1s easly proved, just half the angle between the two objects,
and the half degrees on the imb being numbered as whole ones
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If the vermer does not read strictly zero when the mirrors are
parallel, all the sextant readings will be too great (or too small)
by a fixed amount Thus tndex correction 1s, however, very easy
to determine and allow for

BB Observation with the Sextant. The principal use of the instrument is
n measuring the altitude of the sun At sea the observer usually proceeds
as follows Holding the sextant in his nght hand, with its plane vertical,
he points the telescope at the horizon vertically beneath the sun  Then he

T1, 35 ' Shooting the Sun” with the Sextant

This photograph, taken on a destroyver well shows the proper way to hold a sextant The

right hand grasps the handle The index finger of the left hand supports the arc, while the

tbumb and middle Anger are used on the clamp and slow motion  (From an official photo-
graph by the Umted States Navy)

shdes the vernier along the arc with his left hand until he brings the reflected
mmage of the sun down to the honzon Tightening the clamp and using the
tangent screw, he makes the lower edge, or limb, of the sun just graze the
horizon as he swings the sun’s image back and forth by a shght motion
of the instrument, to make sure that he 15 measunng thc vertical dis-
tance between sun and horizon As soon as the contact 1s szlisfactory he
marks the tune and afterwards reads the angle The reading of the vernier,
after due corrections (see Chapter III), grves the sun’s true altitude at the
moment

The 1mage of a star 1s usually brought to the horizon more expeditiously
by pomntmg the telescope directly at the star, then moving the imndex-arm
slowly forward as the telescope 15 lowered, thus keeping the star mn the field
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of view untul the horizon 1s reached On land, recourse 15 had to an “artificial
honizon * This 1s a shallow basm of some hiquid that 1s a good reflector The
angle between the sun and 1ts image reflected in the hquid is measured The
reading of the instrument corrected for index error then gives fwuce the sun's
apparent altitude  Mercury gives the brightest image but 15 so mobile that
1t must be protected from the wind by a glass case, which 15 costly, since
th surfaces must be worked accurately plane and parallel Heavy lubn-
cating o1l 15 much cheaper and, if rcasonably protected from the wind,
requires no cover
It 15 also possible (though less accurate) to use a telescope that has a
sprrit-level reflected into the field of view tn such 2 manner that the center
ot the bunble idicates the true horizon Instruments of this sort (''bubble-
sextants”’) have been successfullv used m airplanes (whcre the vibration
renders the ordinary type of artificial horizon useless) but the accelerations
due to the roll of the ship make them worthless at sea
The navigation of aircraft 1s a speciahzed subject, which cannot be taken
up here, nor can the many nonastronomical aids to navigation — light-
houses, radio beacons, special compasses, etc
The slallful use of the sextant requires considerable dextenty, and on
account of the low power of the telescope the angles measured are less
precise than those determined by large fised mstrumcents, but the portabil-
1ty of the mstrument and its apphcability at sea render it invaluable It
was invented n practical form by Godirey, of Philadelphia, 1n 1730, though
Newton, as Halley announced, had really hit upon the same 1dea long before

-

86. With the instruments described above, all the fundamental
observations required in the 1nvestigations of sphencal and theo-
retical astronomy can be carned out The sextant and chronom-
eter are, however, the only ones available 1n nautical astronomy

Astrophysical studies require numerous physical mnstruments
of entirely different character, — spectroscopes, photometers,
heat-measuring instruments, and various kinds of photographic
apparatus These will be considered later, as occasion anses

EXERCISES

1 Ifa firefly were to alight on the object-glass of a telescope, what would
be the appearance to an observer looking thraugh the instrument? Would

he think he saw a comet?

2 When a person 15 looking through a telescope, if you hald your finger
1n front of the object-glass, will he see 1t ?

8 If half the object-glass of a telescope pointed at the moon 1s covered,
bow will 1t affect the appearance of the moon as seen by the observer?



ASTRONOMICAL INSTRUMENTS 73

4 If a certain eyepiece gives a magnifying power of 60 when used with
a telescope of 5 feet focal length, what pawer will 1t give on a telescope of
30 feet focal length?

65 What s the angular distance (theoretically) between the centers of two
star disks which are just barely separated by a telescope of 24 inches
aperture (§ 53)?

6 Why 15 1t important that the two pivots of a transit mstrument should
be of exactly the same diameter? i

%7 If the middle wire 1n the reticle of a transit instrument s to the west
of 1ts proper position, what error in the observed time of transit will result ?
Will this error be the same for stars of all dechnations? What will be the
effect of reversing the instrument? ¢ .

. \
8 If the eastern Y 1s too far north, what will be the effect upon the
transit of a star south of the zemth? north of the zefuth? and how will
these change with the dechnation?

8 What errors will result 1f the western Y is too lngh?

10 If the wires of a micrometer (Fig 32) are set so that, used with a
telescope of 10 feet focal length, a star moving along the night-ascension
wire will occupy 15 seconds 1n passing {rom d to ¢, how long will 1t take when
the micrometer 1s transferred to a telescope ol 50 feet focus?

11 If the pitch of a micrometer screw 1s 1/75 of an inch, what 1s the angu-
lar value of one revolution of the screw when the micrometer 1s attached to
a telescope of 30 feet focal length?

12 Does changing the eyepicce of a telescope for the purpose of altering
the magmfying power afiect the value of the revolution of the micrometer
screw 7

13 When the planet Mars 1s 20 seconds m apparent diameter, how
large will its image be on a photograph taken with the Yerkes refractor of
19 36 meters focal length? Ans 188 mm, or 1/14 inch
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CHAPTER III

PROBLEMS OF PRACTICAL ASTRONOMY

FUNDAMENTAL AND DIFFERENTIAL METHODS LIATITUDE, LONGITUDE, TIME,

RIGHT ASCENSION, DECLINATION, AND AZIMUTH - THE POSITION OF A HEAV-

ENLY BODY * NAVIGATION REDUCTION AND CORRECTION OF OBSERVATIONS -
ERRORS OF OBSERVATION - COMPUTATIONS

87, There are certain problems of practical astronomy which
are encountered at the very threshold of all investigations re-
specting the heavenly bodies, the earth included The student
must know how to determine his position on the surface of the earth,
that 1s, lus latitude and longitude, how to ascertain the exact
time at which an observation 15 made, and how to observe the pre-
cise position of a heavenly body and fix its nght ascension and
declination

The first astronomers had no body of collected data at their
disposal, the observer had to rely, for the complete solution
of his problem, entirely on s own observations, and devise
his method accordingly Such methods are called fundamental,
because they are employed in laying the foundations of the
science They are still as important as ever, since each genera-
tion strives for an 1ncrease of accuracy on the work of 1ts pred-
ecessors Such methods are used to obtain the positions and
motions of a sufficent number of fundamental objects, — the
sun, moon, and planets, and a selected list of smtable stars. The
possession of these data makes 1t possible to employ much less
laborious methods 1n the great bulk of astronomical observation
In particular, the fundamental determination, with great preci-
sion, of the places of many hundreds of stars has made 1t possible,
by measurning differences of nght ascension and dechnation, to
deterrmine the places of many thousands of other stars We
shall follow the same order in our presentation of the methods
of practical astronomy, — first the fundemental methods, then

the differential methods
75
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FUNDAMENTAL METHODS

88. Latitude and Declimation  The latitude, as already defined,
1s the arc of the mersdian, ZQ (Fig 36), between the zenith and the
equalor, or 1ts equivalent, the angle of elevation of the celestial pole
The zenith or the horizon can be located by the direction of the
force of gravity Thus 15 usually accomplished with the aid of the
spirit-level or by reflection, as 1n the determination of the nadir
pant of the mendian circle (§ 80) There 15 no such convenient
accessory avatlable for the location of the point Q, where the
equator crosses the mendian, or of the celestial pole P Their
places must be found by observation of the heavenly bodies

Obwviously the position of

) Q can be found from an

X, x’ observation of the star X

on the mendian, if we

know this star’s declina-

X é tion Such a method calls

) for information not sup-

N S phed by our own observa-
Fic 36 Mendian Aliatudes and the Deter- p y

munation of the Polar Point tions, and 1s not, therefore,

a fundamental method

The matter stands otherwise with the determination of the
polar pornt  With a suitable mmstrument — the mendian arcle or,
with much less precision, the sextant or theodolite — we may
measure the altitude X;N of some star near the pole when 1t is
crossing the menidian above the pole, and, twelve sidereal hours
later, the altitude XN when 1t 15 again on the meridian but helow
the pole In the first case its altitude 1s the greatest possible,
the second, the least The meun of the two altztudes (each corrected
for atmospheric refraction) 1s the altitude of the pole or the latitude
of the observer

Half the difference between the two corrected altitudes 1s the
north polar distance of the star, or 90° — & The observation,
therefore, furmshes an equally fundamental determination of the
declination of the star

The altitude, as 1s readily apparent, does not necessarily enter
into the problem The mean of the arcle readings when the mn-

Z X

P,
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strument 15 pointed to the star at X; and X 1s the circde reading
of the pole The north polar distance, and hence the declination,
of any other star 1s sumply the difference of the circle readings on
the star and on the pole

In practice, however, 1t 1s found unsafe to rely on the stability
of the instrument The polar point of the circle may change from
day to day and even from hour to hour It 1s necessary to have
some fixed, observable point of reference which may be set on at
any ttme The nadir pownt (§ 80) 1s the most convenient and satis-
factory Thus the direction of the force of gravity 1s actually
utilized, after all

The method fails for stations very near the equator, because there the
pole 15 s0 near the honzon that the necessary observations cannot be made

89 Time and Right Ascension In practice the problem of de-
termining time always consists 1n ascertaiming the correction of
the timeprece, that 15 the amount by which the clock or chronometer
1s fast or slow as compared with the trme 1t should indicate The
latter, or true time, must be found from observation

The sidereal clock should indicate O 0™ 0¢ when the vernal
equinox transits the merndian, but we cannot directly observe
the equinox When any star crosses the meridian, the sidereal-
clock reading should equal the right ascension of the star, and
the time elapsing between the transits of any two stars should
equal therr difference of nght ascension Untid we know where
the equinox 1s we cannot find the former, but we can observe the
latter Observations on successive days will show how much the
clock 1s gaimng or losing, but not how fast or slow1t1s Correcting
for the rate of the clock, we may therefore make a map or cata-
logue of all the observed stars with their correct dechnations and
correct differences of right ascensions from any arbitranly chosen
star, such as Sirius - We have now to put the equinox on this map.
This 1s done by observing the sun 1n the same fashion as the stars,
and thus determining 1ts track (the ecliptic) in the heavens rela-
tive to the stars If this 1s plotted on the map, its intersection
with the equator will be the equinox This could be done ap-
proximately by plotting on a globe, and much more accurately
by computation
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The positions of the equinox and a large number of stars are now known
80 accurately that the [undamental work of today takes the form of deter-
mining small corrections to the older values and hence obtaining mcreasingly
accurate positions

90 The Gnomon It 1s appropnate to mention here the remarkable
results which the ancients obtained with the simplest of all astronomical
mstruments, the gnomon

The gnomon 1s merely a vertical shaft or column of known height erected
on a perfectly honizontal plane The shadow, at noon, grows shorter each
day as Lhe sun travcls northward The shortest noon shadow, AC, of the

year, and the longest, 4D, are
measured The height A4 B be-

S
¢ Z g given, we can easily find,
S/ m the nght-angled trangle,
¢ the angle 48C, which equals

SBZ, the sun’s zenith distance
when farthest north, and the
angle ABD, which 1s the sun's
corresponding zenith distance
when farthest south Now,
since the sun travels equal
distances north and south of
the equator, the mean of the

A [a] E D two zenith distances 1s the an-
Fic 37 An Ancent Astronomical Instrument ~Eular distance between the
— the Gnomen cquator and the zemth, that

By measurements of the length and direction of the 15 the dechnation of the zemith,
shadow of a vertical pillar the ancients determmed ~ Which 1s the latitude of the
therr latitude, the obliquity of the ecliphic, the length  place (Fig 36)
of the year, and the time of day Taling half the difference
between the two zemith dis-
tances, the ancients obtamed a good approximation to the oblsgusty of the
echptic, from the direction of the shadow at noon they determined azi-
muth, the mterval between obscrvations of the shortest shadows gave
them the length of the year, while the changing direction of the shadow
furmished them with a measure of time, — a great deal of first-hand informa-
tion to be denved from a stake driven into the ground Measures with this
instrument do not admit of much accuracy, however, since the penumbra
surrounding the shadow makes 1t impossible to measure the length precisely
1t may be noted that the ancients, instead of designating the position of
a place by 1its latitude, used 1ts clamate, the cimate (from x«\ipa) being the
slope of the plane of the celestial equator, — the angle 4 EB, which 1s the
colatitude
Many of the Egyptian obehsks are known to have been used for astro-
normcal observations, and perhaps were erected mainly for that purpose
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DIFFERENTIAL METHODS
Lartitupg, TiME, LONGITUDE, AND AZIMUTH

91 Latitude. Suppose we travel southward one degree of lati-
tude, our zemith moves one degree southward among the stars,
and our honzon tips down mn the south and up in the north,
rotating about the east-west line The altitude of every star on
the meridian to the south of the zenith increases by one degree,
and the altitude of every star to the north decreases by the same
amount Since the separation of the two honzons 1s greatest at
the meridian, an altitude measured here will distinguish much
better hetween two such horizons (and determine the latitude
more accurately) than the altitude of an object far from the
meridizan  When a star 1s on the menidian, 1ts altitude depends
only on 1ts declination and on the latitude of the observer, when
1t 1s away from the meridian, 1ts altitude depends also on the hour
angle

The general underlying principles of the many methods of de-
termuming the latitude from a measured altitude may be outlined
as follows The altitude 15 to be measured with a suitable instru-
ment, the dechination of the object — sun, moon, planet, or star
— may be found 1n the Nautical Almanac or some other cata-
logue, and if we note the time at which the altitude 1s measured,
we can find the hour angle of the object (§ 41) The latitude may
then be calculated by a swmitable formula

92 Latitude by Mendian Altitude In Fig 36 the semi-arcle
SQPN 1s the mendian, Z the zemth, P the pole, and Q the pomnt
where the equator crosses the meridian QZ 1s the latitude (¢) of
the observer — to be determined If, when the star 1s on the me-
ridian, we observe 1ts zenith distance, Z,, (arc ZX 1n the figure),
its dechnation 5 (QX) being known, then evidently QZ equals QX
plus XZ, that 1s, the lofitude of the place equals the declination of
the star plus uls zemih distance 1Ii the star 1s at X', south of the
equator, the same equation still holds algebrazcally, because the
declination (QX’) 1s then a negative quantity Therefore 1n all
such cases (when the star and the pole are on opposite sides of the
zemth) ¢ =8 +2Z,=90+4+ 6—k, When the star crosses the
mendian between the zemth and the pole, as at X3, the formula is
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¢=26—Z,, and, finally, for stars (X1) below the pole 1t 1s
necessary to use the formula ¢ =180 — 4 — Zn These formule
apply only to stars on the mertdian

1f the mendian circle 1s used 1n making the observations, stars ean always
be selected that pass near the zemith, where the refraction 1s small, which

Fic 38 A Zenith Telescope
Bult by Warner & Swasey

15 1n 1tself a great advantage Moreover they may be selected m such a
way that some will be as far north of the zemith as others are south, and this
will practically ehminate even the shght refraction errors that remain

83 Latitude by the Zemth Telescope. The essential character-
1stic of the method is the measurement with a macrometer (rather
than by the graduated crrcle) of the difference between the nearly
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equal zemath distances of two stars which pass the mendian within a
few minutes of each other, one north and the other south of the
zenith, and not very far from 1t Such pairs of stars can now
always be found listed 1n our star-catalogues and almanacs A
sensitive level plays an important réle in the measurement

A special mstrument, known as the zemith telescope (Fig 38), 1s
generally employed, though a simple transit instrument, provided
with reversing apparatus, a delicate level attached to the tele-
scope, and a declination micrometer, 1s now often used

The telescope 1s set at the proper altitude for the star that
first comes to the menidian, and the “‘latitude level,”’ as 1t 1s
called, which 1s attached to the telescope, is set horizontal As
the star passes through the field of view its distance north or
south of the central honzontal wire 1s measured by the microm-
eter The instrument 1s then reversed so that the telescope points
toward the north (if 1t was south before), and, if necessary, the
telescope so0 readjusted that the level 15 again honizontal Great
care must be taken, however, not to disturb the angle between the
level and the telescope 1tscdf  Ewidently the telescope 15 then ele-
vated at exactly the same angle as before, but on the opposite
side of the zemth As the second star passes through the field we
measure with the micrometer 1ts distance north or south of the
central wire The comparison of the two measures gmives the differ-
ence of the two zenith distances with great accuracy and withou!
the necessily of depending upon any gradualed circle

In field operations, like those of geodesy, this 15 an enormous
advantage, as regards both the portability of the mstrument and
the attainable precision of results

By section 92 we have

for star south of zemth, ¢ = 6.+ Z,,
for star north of zemith, ¢ =6, — Z,

Adding the two equations and dividing by 2, we have

8.+68, , Z,~—Z,
2ty

¢ 2 2

The Nautical Almanac gives the declinations of the two stars
(8. 4+ 8,), and the difference of the zemth distances (Z, —Z,) is
determined by the micrometer measures
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Refraction 1s almost ehminated, because the two stars of each
parr are at very nearly the same zemth distance

Ewidently the accuracy depends ultimately upon the exactness with which
the level measures the shight but mevitable difference between the inchna-
tions of the instrument when pointed on the two stars

One night’s work with a portable zenith telescope such as 1s used by the
United States Geodetic Survey will give the latitude with a probable error
(§ 123) not exceeding & 0 10 The larger instruments at fixed observatornes
do twice as well

There are numerous other methods for obtaining the latitude Some of
them are discussed Iater (§§ 105, 106)

94. Time by the Transit Instrument The method most em-
ployed by astronomers 1s observation with the transit mnstru-
ment (§ 74) We observe the time shown by the sidereal clock at
which a star of known right ascenston crosses each wire of the
reticle The mean 1s taken at the instant of crossing the instru-
mental mendian, and when the instrument 1s 1n perfect adjust-
ment the difference between the star’s right ascension and the
observed clock time will be the clock correction, o1, as a formula,
AT = o — T, AT being the usual symbol for the clock correction,
and T the observed time

The Nautical Almanac supplies a list of several hundred stars
whose right ascension and declination are accurately given for
every tenth day of the year, so that the observer at night has no
difficulty 1n finding a switable star at almost any time In the
daytime he 1s, of course, limited to the brighter stars

By observing a number of stars, reversing the instrument upon
its Y's dunng the program, and using a transit micrometer to
eliminate personal equation, the clock correction may be deter-
muned within about a thirtieth of a second of ime The sun
cannot be observed as accurately as the stars The correction of
the solar clock can best be found by companng the readings of
the sidereal and solar clocks, correcting the former to local sidereal
time by applying the error found from star observations, and
then converting first into local mean time and then 1nto standard
time (§ 45)

Other methods of determuning the clock correction will be found
In section 107 (p 91)
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In some cases a person 1s so situated that it 1s necessary to de-
termine the time roughly, without instruments, this can be done
with an error less than about half a minute by establishing a
noon-mark, which 1s nothing but a line drawn exactly north and
south, with a plumb-line or some vertical edge, such as the edge
of a door-frame or window-sash, at its southern extremity The
shadow will always fall upon the meridian hine at local apparent noon

95 Longitude Having now the means of finding the true local
time at any place, we can take up the problem of the longitude,
the most 1mportant of all the economuc problems of astronomy
The great observatones at Greenwich and Pans were established
expressly for the purpose of furmishing the observations which
could be utilized for 1ts accurate determination at sea

The longitude 1s simply the difference between the local trme and
the Greenwnch time at the same wnstant Since the observer can de-
termine the former by the methods already given, the crux of the
problem 1s to find, without leaving lus place, the Greenwich local
time corresponding to his own

96 Telegraphic comparison may be made between his own
clock and that of some station whose longitude from Greenwich
1s known The difference between the two clocks will be the
difference of longitude between the two stations after the proper
corrections for clock errors, personal equation, and time occupred
by the transmussion of the electric signals have been applied

The process usually employed 1s as follows The observers, after ascer-
taining that they both have clear weather proceed early in the evening to
determine the local time at each station by an extensive series of star obser-
vations with the transit instrument Then, at an hour agreed upon, the
observer at the eastern station takes a telegraph key and makes a series of
arbitrary signals, which are recorded, by means of relays, upon the chrone-
graphs at both stations  After fifteen or twenty such signals have been sent,
the western observer takes his key and sends a series of thirty or forty sig-
nals, then the eastern observer sends another set like the first The night’s
work 15 closed by another series of transit observations by each observer

Upon each chronograph there are now the records of the clock times of
sixty or more signals which would be simultaneous at the two stations 1
the transmission of the electric signals were mnstantaneous

In practice the amount by which the western clock appears to be slow
compared with the eastern clock will not be the same at the two stations
This discrepancy 15 evidently the sum of the tunes of transmission of the
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signals in the two directions If these are equal (as 15 safe to assume if the
electry al conditions are exactly the same 1n both cases), the true difference
of the clocks will be the mean of the values found from the two sets of
signals The transmssion time over 4 land line 1s only a few hundredths of
a second, but for a long ocean cable 1t may be much greater

By applying to the difference of the two clocks the difference of the cor-
rections required to reduce the reading of each to true local time, as deter-
mned by the two observers, we should obtain the difference 1n longitude,
prowded thot the personal equations of the observers were the same The effect
of this source of error may be mimimized by the exchange of observers
after several mghts’ work and then observing for several nights more

For observations with the transit micrometer (§ 78) the relative personal
equations of expenienced observers are very small (averaging about 0= 01),
and the exchange of observers may be dispensed with except in work of
unusual precision, when the relays and other electrical apparatus should be
exchanged along with the observers In field work chronometers are used
mstead of clocks

97. Use of Radio Signals The best of all methods of exchang-
ing signals 1n longitude work seems to be by wireless telegraphy

Regular time-signals at specified hours of Greenwich time are
now sent out every day from a number of stations in Europe and
America, and may be utilized by any observer within range on
land or at sea He can thus find the error of his chronometer daily
within one fifth of a second The signals 1if fairly strong, can be
recorded on a chronograph by the use of switable amplifiers com-
bined with a relay, but in most cases they are received by ear
The time-signals from the Naval Observatory are sent out from
Arlington daily at noon and at 10 p M Eastern standard time
The signals (short dashes every second) begin five minutes before
the hour The twenty-minth second of each minute 1s omitted,
also those from 55 to 59 inclusive At the end of the last minute
a pause from the fftieth to the fifty-ninth second 1s followed by
a long signal beginning at the nstant of noon (or of 10 M)

Vermer signals are sent out from Eiffel Tower and some other
stations when greater accuracy 1s required The mterval between
successive signals 1s shightly less than one second, and the comna-
dences with the beats of the observer’s own timepiece determine
the clock correction within a small fraction of a second, just as the
comncidence of a vernier division enables one to read a setting to ¢
small fraction of a scale division
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A very precise determination of the difference of longitude be-
tween Paris and Washington was made by wireless in 1913-1914
Signals sent across the Atlantic in both directions indicated that
the transmission time over the distance of 3830 statute miles was
only 0 022, giving a velocity of 175,000 miles per second, which
agrees, within the (large) experimental error, with that of light

98. Azimuth An umportant problem, though one not so often
encountered as that of latitude and longitude determinations, 1s
that of determining the azimuth, or P
“true beanng,” of a line upon the
earth’s surface

With a theodolite having an accu-
rately graduated horizontal circle the
observer points alternately upon the
polestar and upon a distant signal
erected for the purpose, — usually an
“artificial star’’ consisting of a small
hole 1n a plate of metal, with a lantern
behind 1t At each pownting on the N HH
star he notes the time by a sidereal Fic 39 The Azimuth of
chronometer The theodolite must be Polans
carefully adjusted for collimation (or gﬁt;ﬁ:‘:;‘: ::s}: gz?f’ 5, the
reversed for the eimination of the col- arc NH
limation error), and special pains must
be taken to have the axis of the telescope perfectly level The
next morning by daylight the observer measures the angle or
angles between the mght signal and the objects whose azimuths
are required

If the polestar were exactly at the pole, the mere difference be-
tween the two readings of the circle, obtamned when the telescope
15 pointed on the star and on the signal, would give directly the
azimuth of the signal As this 1s not the case, the azimuth of the
star must be computed for the moment of each observation, which
demands only the solution of the ‘‘astronomical triangle”
(Fig 39, — P being, as usual, the pole, Z the zenith, NH’ the
northern honizon, and S the star) (compare § 42)

The polestar (or another fainter star close to the celestal pole)
15 used because a shght error 1n the assumed latitude of the place

Sll
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or m the time of the observation will produce hardly any effect
upon the result, especially if the star be observed near 1ts greatest
elongation east or west of the pole One mght’s observations with
a large theodolite should determine the azimuth with a probable
error (§ 123) not exceeding £ 0" 5

There happens to be a convement way of knowing when Polans is on
the mendian and hence due north The two bright stars, ¢ Ursae Majons
and & Cassiopeiae, on opposite sides of the pole (Fig 3), are very close to
the hour-circle of Polanis They cross the meridian about fourteen minutes
ahead of Polaris The mendian may be located quite closely by watching
for the moment when Polaris and one of these stars are on the same vertical
circle and then following Polans about fourteen minutes longer (the exact
interval 15 given 1n the Nautical Almanac) The observation may be made
with two plumb-lines, keeping the northern one fixed and moving the south-
ern one It may be made more accurately with a theodolite, moving the
telescope up and down until the two stars are on the vertical wire, then
keeping Polaris bisected for the requisite number of minutes An mstru-
ment will require only very slight adjustment after 1t has been onented by
this method

The sun, or any other heavenly body whose position 15 g1ven 1n
the Almanac, can also be used as a reference point 1n the same
way when near the horizon, provided sufficient care 1s taken to
secure an accurate observarion of the time at the mstant when the
pomnting 1s made, but the results are usually rough compared
with those obtained from the polestar

THE PosITION OF A HEAVENLY Bopy

The " position” of a heavenly body 1s defined by its right ascen-
sion and dechnation These may be determined

99 (1) By the meridian circle, provided the body 1s bnght
enough ta be seen by the instrument and crosses the meridian at
mght In the differential use of the mstrument we observe some
neighboning standard star or stars of accurately known position
Just before or after the object whose place 1s to be determined,
and thus obtain the difference between the right ascension and
declination of the object observed and of the stars of known
position In this case shight errors in the adjustment of the instru-
ment affect the final result very httle In collecting matenal for
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a star-catalogue the observer, by lumiting his attention to a very
narrow zone of dechination, 1s able to observe nearly all the
brighter stars as they come to the mendian In order to secure
accuracy 1t 1s desirable that the observations should be repeated
many tumes Even in the best work, however, after correction for
all known sources of error, there remain minute errors of obscure
ongin, varymng with the right ascension, declination, and bright-
ness of the star, which can be detected only by comparison with
the results of other observers The detection and deterrmination
of these "‘systematic errors”’ demand a high order of skill and
judgment

(2) By the equatorsal When a body (a comet, for mstance) 1s
too faint to be observed by the telescope of the meridian circle,
which 1s seldom very powerful, or when 1t does not come to the
mendian during the mght, we must accomplhish our observation
with some instrument that can pursue the object to any parl of
the heavens An equatonally mounted telescope 1s most suitable
for the purpose

100 With this instrument the position of a body 1s deterrmined
by measuring the difference of righl ascension and declination be-
tween 1t and some neighboring star whose place has been accu-
rately determined by the mendian arcle and 1s given 1n a star-
catalogue

In measunng this difference of nght ascension and dechnation
a filar micrometer (§ 82) 1s usually employed, which 1s fitted with
a number of fixed wires, set accurately north and south in the
field of view, and one or more wires at nght angles which can be
moved by the micrometer screw The difierence of right ascenston
between the star and the object to be determined 1s measured by
clamping the telescope firmly and then simply observing and re-
cording upon the chronograph the transits of the two objects
across the wires that run north and south, the difference of
declination 1s measured by bisecting each object by one of the
micrometer wires as 1t crosses the middle of the field of view
The difference of the two micrometer readings gives the difference
of declination

The observed differences must be corrected for refraction and
for the motion of the body duning the time of observation.
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101 (3) By photography Theoretically only three known stars
need be measured (§83) on the plate in order to find the nght
ascensions and declinations of all objects that can be observed on
it In practice, measures of all the known stars on the plate are
used, to get as accurate values as possible of the constants used
in the reduction

This photographic method 1s very accurate and very rapid and
economical, especially when great numbers of stars are to be
observed, and 1s extensively used Schlesinger finds that the cost
of determining the positions of eight or ten thousand stars by
photography 1s less than that for six hundred stars by the me-
ridian circle One notable advantage 1s that the corrections for
refraction, aberration, etc, as well as those for the instrumental
adjustments, take a very simple form and can all be made at
once But the photographic method still depends on the mendian
arcle for the places of its reference stars

NAVIGATION

The only mstruments suited to the determination of the place
of an observer at sea, on the unstable deck of a ship, are the sex-
tant and the chronometer The sextant 1s used to measure the
altitude of a heavenly body, the chronometer furmishes the
Greenwich time of the observation

102 The Ship’s Chronometer. While the ship 1s in port the
chronometer 1s carefully compared with the time-signals, to de-
termine the correction and daily rate which are to be applied to
the chronometer reading to give the true Greenwich time at any
desired moment during the voyage

Chronometers are but imperfect instruments, and theoretically
the ship should have at least three, for 1f only two chronometers
are carried, and they disagree, there 1s nothing to indicate which
15 the delinquent. Practically, however, a single chronometer
can be sufficiently trusted for voyages of moderate length, and
only warships and liners carry three Indeed, with the reception
of daily radio signals any good watch would suffice

103 Solution of the Astronomical Triangle. In order to calcu-
late one of the sides or angles of the ZPX triangle 1t 1s necessary
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(we recall) to know three other elements — sides or angles If
we measure the altsiude of an object of known dechnation, and
know also its hour angle (and this requires a knowledge of the
longitude), we may calculate the laizstude , 1f we know the latitude,
as well as the altitude and declination, of the body observed, we
can calculate the longitude We must know the latitude or the
longitude 1 order to calculate the other A single measured
alitude will not mve both the latitude and the longitude of
a ship

104 Dead Reckoning, Traverse Tables By the older methods
of navigation separate altitudes for latitude and longitude were
measured several hours apart and each coor- N
dinate worked up with an assumed value of \
the other These assumed values are ob-
taned by dead reckoming The change n
latitude, for example, since the noon obser-
vation, may be calculated from the course
and distance run, and used for the after-
noon longitude observation The actual cal-
culation 1s avoided by the use of “‘traverse
tables,” which give the solution, in tabu-
lar form, of a mnght-angled plane trmangle
(Fig 40) All three sides are measured 1n °
nautical miles, which are equal, very nearly, £
to minutes of arc of latitude The change g
in latitude (DL), therefore, 15 given directly
by the table The departure (Dep ), how-
ever, which 15 the number of miles of east-
wng or westing the ship makes, on the course steered, 1s not
directly equal to the change of longitude, on account of the
convergence of the mendians toward the poles, but the conver-
sion 1s readily made by means of the traverse table used 1n a
different way

105 Latitude by Mendian Altitude The latitude 1s usually
obtained by observing with the sextant the sun’s maximum
altuude, which occurs, of course, at local apparent noon

If the navigator 1s somewhat uncertain of his position and does
not know very closely the moment of local noon, he takes care

Dep.

DL

&
/)

Fic 40 Plane Sailing
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to begin s observations some minutes earher He brings the
image of the sun down until 1t just touches the honzon

Looking again, he sees the sun lifted shghtly above the horizon
(the altitude 1s st1ll increasing) and pushes the index-arm forward
to bring its image down again  Now the sun’s lower limb hangs on
the horizon and finally dips He calls out to ““make it exght bells,”
and reads the sextant A number of corrections (to be explained
later) have to be applied to the maximum! altitude to obtain the
true meridian allitude

We have given (§ 92) the astronomer’s formula for finding the
latitude from a noon altitude Thewr application in different
latitudes requires careful attention to signs The navigator may
be n the northern or in the southern hemisphere, he may face
toward the south or toward the north when he measures the
noon altitude of the sun, he may observe the sun or a star below
the pole He has developed a single rule to cover all cases, —a
rule which sounds rather complicated but which 1s simple 1n 1ts
apphcation and 1s, as the saying goes, well-nigh *fool-proof”
““Mark the zenith distance north 1f the zemith 1s north of the
body, south if the zemth 1s south of the body Mark the dechina-
tion of the body north or south as given 1in the Almanac If the
zemth distance and declination are of the same name, their sum
1s the latitude and 1s of the same name, 1if they are of opposite
names, their diffcrence 1s the latitude, which has the name of
the greater ” For sub-polar observations, 180° — dechination re-
places the declination and has the same name as the declination

It 1s well, 1n any case, to represent the situation graphically
Draw a semi-circle for the mendian and mark the north and
south pomts and the zemth, mark the position of the observed
body by its distance from the honzon or from the zenith, then
put m Q by the distance and direction of the equator from the
body We can then see at once how far 1t 1s from Z to Q, and
which pole 1s visible

! Also, on account of the sun’s motion 1n declination and the northward or south-
ward motion of the ship itself, the sun's maxmum altitude 15 usually attained not
precisely on che mendian but a short time earlier or later This necessitates a shght
correction It 1s customanly considered better practice for the observer to set his

watch to the local apparent time of the prospective noon longitude and take the
sun at the moment when his watch indicates noon
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The method of noon altitude depends but 1ndirectly upon the
observer’s knowledge of the time, which 1s used only 1n inter-
polating the dechnation from the Almanac The declination of
the sun changes most rapidly near the equinoxes, and then only
at the rate of about 1’ per hour An error of six minutes 1n the
assumed time will produce, therefore, an error of only 10” 1n the
calculated latitude

108 Latitude by Reduction to the Mendian and by a Single
Altitude If the observer knows his time with fair accuracy, he
can obtain his latitude from altitudes measured nesr the mend-
1an, applying to each the small difference, easily calculated from
the hour angle, between 1t and the mendian altitude By this
method the observer 1s not restricted to a single observation at
each mendian passage of the sun or of the selected star, but
may utilize a considerable interval before and after this moment
and gain the greater accuracy inherent 1n an average of several
observations, or take advantage of a break n the clouds

Fimnally, the altitude of an object some distance from the me-
ndian may be measured, and the latitude calculated by a solu-
tion of the ZPX tnangle Obwviously the method requires a
more accurate knowledge of the time the farther the object 1s
from the meridian, and 1s practically useless, when the sun 1s
the body observed, beyond an hour angle of three hours An
observation of the slow-moving Polaris at any hour angle will
yicld a good value of the latitude

107 Longitude by an Altitude of Sun or Star near the Prime
Vertical The observation consists 1n measunng the altitude and
noting accurately the corresponding chronometer time The dec-
lination 1s taken from the Almanac, and the latitude 1s assumed
by dead reckoming The hour angle ¢t may then be computed
This hour angle, if the sun 1s observed, 1s the local apparent
fime at the moment of observation, and may be converted,
by means of the equation of time, into local civd time The
difference between this time and that shown by the chronometer,
at the moment of observation, 1s the longtude, provided the
chronometer indicates true Greenwich cvil me As previously
explained, the chronometer time will usually require correction
for error and rate
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If a star, a planet, or the moon 1s observed, the local sidereal
tume may be dertved from the computed hour angle and the nght
ascension (§ 41), and then converted into local awvil time

In order to 1nsure accuracy it 1s desirable that the sun or other
object to be observed should be on the prime vertical, or as near
1t as practicable It should not be near the meridian, for at that
time the sun 1s ngng or falling very slowly, and the shightest error
1n the measured altitude 1s magnified many times 1n the error of
the camputed hour angle Furthermore, if the sun 1s exactly east
or west at the time of observation, an error of even several
minutes of arc in the assumed latitude produces no sensible effect
upon the result

Before the days of rehable chronometers, navigators were obliged to
depend, for theirr Greenwich time, upon the observation of the place of the
moon (by “lunar distances” from stars of known position) or of such
phenomena as echipses which were predicted in the Almanac

108. Circle of Posihion, Sumner’s Method The great advance
1n modern methods of navigation lies 1n the realization, first prac-
tically expressed by Captain Sumner, of Boston, 1n 1843, that a
single observation of the sun’s altitude places the ship on a lne
and not at 2 point There are innumerable other places where the
altitude or zenith distance of the sun would be the same Such
places all lie on a arcle, the so-called circle of positzon, whose
radwus (reckoned 1n degrees of a great circle) 1s the observed
zenith distance of the sun  The center of this circle of position on
the earth’s surface 1s the point directly under the sun — the
“'sub-solar pont  The longiude of this point 1s the Greenwich
apparent lrme’ at the moment of observation as determined by
the chronometer, and 1ts lefztude 1s the sun’s declination

In practice the ship’s place 1s known, by dead reckoning, within
twenty miles or so (much nearer unless there has been a spell of
cloudy weather), and the portion of the circle of position on which
there 1s any chance of its actually lymg 1s so small that 1t may
be replaced by a straight ime This “Sumner line” may be drawn
on a chart 1n various ways

10r, 1n general, Lhe hour angle at Greenwich of the body observed  Except for
thus one statement the description of the method 1s general for any observed body
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. (1) Having observed an altitude at a known Greenwich time,
assume a latitude north of the dead-reckoning position and
compute the longitude from the observation. Repeat with the
assumed latitude to the southward Plot the two positions thus
obtained, and the line jomning them will be the Sumner line.

Fic 41 Circles of Position

The observed body 1s vertically over 4 Its dechnahon 1s 40° North The hour angle of

the body at Greenwich 15 56 20m  The dotted curcles are ardes of position corresponding

to measured zemth distances P represenls the assumed dead-reckoning position of the

ship The observed zenith distance gives the unproved position C’, through which the

Sumner Line 13 to be drawn at right angles to the ine C’4  (From the American Practscal
Nawmgator)

(2) A quicker methed, due to Admiral St Hilaire of the French
navy, depends on the fact that (ke direction of the Sumner line 15
at righl angles 1o the bearing of the sun Starting with any con-
venient assumed position, we compute the sun’s zemth distance
and azimath as seen from tlus pont at the Greenwich time of
observation If this computed zemth distance agrees with the
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observed zemth distance, the assurned position lies on the Sumner
Line Otherwise ufs destance from this line (in nautical mules) s
equal to the difference between the observed and compuled alistudes
(in munutes of arc) If the observed zemith distance s smaller
than the computed, we are nearer the pont beneath the sun than
we thought we were The dufference, 1n this case, 1s to be meas-
ured off foward the sun, and the Sumner line 1s to be drawn
through the improved pomt at nght angles to the direction of
the sun

The computations required by this method may be much
shortened by using special tables and by choosing the assumed
position on an even degree of latitude and at such a longitude that
the sun’s hour angle 1s also an exact number of degrees, when
hardly any calculation 1s necessary

Any other bright heavenly body may be used instead of the
sun Dunng twilight, when the bnighter stars and the sea horizon
are both wisible, observations upon two objects in different
azimuths can usually be secured almost sunultancously, which
gpve two ntersecting Sumner lines and hence furmish a “fix,”
that 1s, the actual position of the ship Sometimes the sun and
moon can be observed 1n the same fashion by day

The circles of position intersect at fwo points, of course, but it
1s never doubtful at which one the ship 1s situated, because they
are usually thousands of miles apart

Successive observations of the sun may be uhlized, provided
they are separated by an interval sufficiently long to allow a con-
siderable change 1n the azimuth of the sun Allowance for the
motion of the ship between times 1s easily made by moving the
earhier Sumner line parallel to itself on the chart in the direction
and over the distance the ship has traveled The intersection with
the later line 1s the position of the ship at the time of the later
observation It 1s good modern practice always to “brng up”
each Sumner line 1n this manner

A ship near the coast may now get a good “fix” from a single
Sumner line and the radio beanng of a shore station .

It 1s frequently important to have the Sumner line run m a
certain direction  Thus, 1f the ship is passing a dangepous shoal,
the navigator will try to get a Sumner line parallel to his course,
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which will give him his distance from the danger, and he will
therefore observe the sun when 1t bears directly toward or away
from the danger

It should be noticed that in Sumner’s method, as 1n all others,
the correciness of the position depends upon the accuracy of the
Greenwick mean lime given by the chronomeler On this account
the chronometer must be treated with great care

THE REDUCTION OF OBSERVATIONS

Observations as actually made always require corrections be-
fore they can be used in deducing results Those that depend
on the errors or maladjustment of the mnstrument, which have
already been referred to as belonging to the techmical field of

Fic 42 Relation of Linear Diameter to Apparent Diameter and Distance

prachcal astronomy, will not be considered here, but only such
as are due to other causes, external to the instrument (and the
observer)

Thus far we have carefully avoided reference to the distance of
the heavenly bodies, the discussion has been rather closely con-
fined to their geometnical positions on the celestial sphere, but
the element of distance enters imto many of the methods of
practical astronomy that have been described, and cannot be
neglected

108 Relation between the Distance and Apparent Size of an
Object The apparent size of an object depends upon its linear
size and 1ts distance from the observer, the larger 1t really 1s, and
the nearer 1t 1s, the larger 1t will look

Imagine a sphere having a (inear) radius BC equal to r  As
seen from the point A (Fig 42), 1ts apparent (that 1s, angular)
semidiameter will be BAC or 5, 1ts distance being AC or R

From trigonometry, since B 1s a nght angle, sin s =7/R, whence
also# =Rsins, and R=r/smn s-
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When we are dealing with a small angle and are not nsistent upon high
accuracy, we may secure a close approximation to the values of the sine,
tangent, and cosune by using their expressions n the form of series and dis-
carding all but the firstL terms, thus,

sans=gs, tans=ys, coss=1"

Even for an angle of 5°, sin 5 and 5 differ only by one umt n the fourth
decimal place The difference between the sine and the tangent 1s nearly
as small

For small angles,! therefore, sin s = tan s = 5"'/206,265
It 1s quite allowable, then, 1n the case of the sun, moon, or
planets, to set sin s = s, and we have
r
=R
or, 1n ordinary angular units,

5°=057307/R, or ¥’ = 34377 r/R, or s’ = 206,265 /R,
also R = 206,265 r/5s" and r = Rs" /206,265,

where 5° means 5 1n degrees, s’ 1n menutes of arc, s” in seconds of
arc In ether form of the equation we see that the apparent
diameter varies directly as the linear dvameler and 1nversely as the
distance

In the case of the moon R = about 239,000 mules, and 7, 1081 miles
Hence s = ——2;3‘80;0 = ﬁ of a radian, which 1s about 933", — a little more
than one fourth of a degree

The sun, of very nearly the same apparent size as the moon, 1s both larger
and farther away

The navigator, near shore, may use this principle to get his position by
measuring the vertical angle subtended by a lighthouse If, for example,
he finds this apparent height to be 2°, he concludes that his distance from

73
the light 15 ST times 1ts hnear height

110. Semudiameter In the case of the sun or moon the edge, or
lumb, of the object 15 usually observed, and to get the true position

! The angle 5 15 here expressed 1n radians, the radian bemng the angle that 1g
measured by an arc equal 1n length to the radius As the length of the circum-
ference 1s 2 77, the radian equals 67° 30 (that 15, 360" + 2 ), or 3437' 7 (that 15,
21,600 + 2 ), or 206,265” (that 15 1,296,000 — 2 %) Hence, lo reduce to sec-
onds of arc an angle expressed wn radians, we must multiply s value 1 radians by
206,265, — a relation of which we shall make frequent use
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of 1ts center the angular semidiameter must be added or sub-
tracted For all objects except the moon this may be taken di-
rectly irom the ephemendes, but the moon’s apparent diameter
increases shightly with 1ts altitude, bemng about 1/60, or about 307,
greater when 1n the zemith than at the horizon, because at the
zenith 1t 1s about 4000 miles, or 1/60 1ts whole distance from the
center of the earth, nearer than at the honizon

This augmentation 1s tabulated in works on navigation, and must be
taken 1nto account in accurate work It has, of course, nothing whatever

to do with the optical 1llusion, already referred to (§ 11), which makes the
moon seem larger when near the horizon

111 Parallax. In general the —Z =
word “parallax”’ means the dif- Py s
erence between the direction of K
a heavenly body as scen by the ¢ ’p

abserver and as seen from some ke
standard point of reference

The annual, or helcentric, 0
parallax of a star1s the difference  &r P
of the star's direction as seen @]’///’—\
from the earth and from the sun.
With this we have nothing to  F16 43 The Geocentnc Parallax
do for the present

The dwurnal, or geocentric, parallax of the sun, moon, or a
Planet 1s the difference of 1its direction as seen from the center of
the earth and from the observer’s station on the earth’s surface, or,
what comes to the same thing, 1t 1s the angle at the body made
by two lines drawn from 1t, — one to the observer, the other to
the center of the earth In Fig 43 the parallax of the body P
15 the angle OPC, which equals xOP and 1s the difference between
ZOP and ZCP Obviously this parallax 1s zero for a body directly
overhead at Z, and a maximum for a body nsing at H More-
over (and this 1s to be especially noted), this parallax of a body
at the horizon — the horizontal parallax — 1s simply the angular
semidiameter of the earth as seen from the body When we say that
the moon’s horizontal parallax 1s 57/, 1t 1s equivalent to saying

that, seen from the moon, the earth has an apparent diameter
of 114/
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112 Law of the Parallax From the triangle OCP we have

PC OC =smn COP sinCPO,
or R r=sm{ smp,

since COP 1s the supplement of  This gives

sin p = % sin ¢, (1)
or (since p 1s. always a small angle), expressed 1n seconds of are,
#' = 206,265" % sin ¢ )]

When a body 1s at the horizon, its zemith distance 15 90° and
sint=1 Hence the horizontal parallax, $,”, of the body 1s
given by the formula

sin p,=7/R, or p.’ =2062657/R, 3
and P =py s g, (4)

or, n words, the parallax at any altstude equals the horizontal
parallax multiplied by the sine of the apparent zensth distance
From equation (3) we have also, for finding R, the distance of

the body, r 206,265 7 )

R= , or R 7
sin Py j23

a relation of great importance as determiming the distance of a
heavenly body when its parallax 1s known

113 Equatonal Parallax Owing to the ellipticaity, or oblate-
ness, of the earth, the horizontal parallax of a body varies shghtly
at different places, being a mamimum at the equator, where the
distance of an observer from the earth’s center 1s greatest It 1s
agreed to take as the standard the eguatorial horizontal parallax,
that 1s, the earth’s eguatorial semidiameter 1n seconds as seen
from the body

If the earth were exactly spherical, the parallax would act in an
exactly vertical plane and would simply dimimish the altitude of
the body without 1n the least affecting 1ts azimuth Really, how-
ever, 1t acts along great circles drawn from the geocentric zemth
to the geocentric nadic (§12), and these crcles are not exactly
perpendicular to the horizon For this reason the azimuth of the
moon, which has a parallax of about a degree, 1s sensibly affected
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The calculation of the parallax corrections to observations of
the moon’s right ascension and declination is also modified and
greatly comphcated (see Campbell’s Practical Astronomy)

In the calculation of the parallax of all other bodues 1t 1s suffi-
cient to regard the earth as spherical

The parallax (4) 15 added to the measured altitude to reduce
This correction 1s necessarily

the latter to the earth’s center
apphed 1 order to pre-
pare the altitude for use
m formule nvolving al-
manac positions, which
are always geocentnc
114 Refrachon  The
waves of Light all travel
with the same speed n
empty space, but in trans-
parent media, and partic-
ularly 1n air, their velocity
dumimishes by an amount _ _
which 1s proportional to
the density of the air If ~f -
a wave passes through a 0

region where the density
1s not uniform, the parts
of 1t which move through
the denser air may be
supposed to lag behind
those which traverse more
rarefied air, and the rays

116 44 Refractiun of Light in the Earth’s
Atmosphere

Light from 4 star entlers the atmosphere from the

direction $4 Tis velooity becomes less and less as

1t penetrates denser and denser layers The direction

of the wave-front changes more and more rapidly

The observer at O sees the star 1n the direction 05’
(The effect 1s much exaggerated herc)

of light (which are perpendicular to the wave-fronts) will always
be curved toward the region of greater density (Fig 44)

Since the density of the atmosphere increases downward, the
rays from all heavenly bodies will be bent downward We see
them 1n the direction 1n which the rays enter our eyes, and thewr
apparent altrtudes will exceed the true altrtudes

Refraction, like parallax, will evidently vamsh for rays which
come vertically downward, and be a maxamum for those which

are nearly horizontal (Fig 45)

But the law of refraction is very
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different from that of parallax Its amount depends upon the

density of the air (which 1s determined by the barometric pressure

and temperature), as well as upon the altitude of the object, but

1s independent of the distance The theory of refraction 1s too

complicated to be discussed here

The computation of the correction, when precision 1s required,

1s made by meang of elaborate tables provided for the purpose

and given 1n, works on practical astronomy, the data being the

observed altitude of the object, the temperature, and the height

of the barometer Increase of atmosphenc pressure somewhat

Iincreases the refraction,

and increase of temper-
ature diminshes 1t

In Table 6 (Appendix)

the refraction, under the

H  circumstances stated in the

heading there, 15 given by 1n-

spection with fair accuracy,

and by applying the approx-

mate correc tions for readings

of the barometer and ther-

mometer, indicated 1n the

Fic 45 Atmospheric Refraction Increases note below 1t, we obtain re-
the Altitude sults which will seldom be

At the honizon, where rifraction increases the altitude  more than 2’/ 1n error
most of all, 1t raises the sun through its own diamcter It 15 hardly necessary to

add that this refraction cor-
rection, requred by most astronomical observations of pesition, 1s very
troublesome and usually mvolves more or less uncertainty and error from
the continually changing and unknown condition of the atmosphere along
the path followed by the rays of Light
For methods by which the amount of refraction s delermined by observa-
tion the reader 1s referred to works on practical astronomy

Near the honizon the refraction does not increase indefinitely
but reaches a finite value (about 35" under average conditions)
which 1s somewhat greater than the diameter of either the sun or
the moon At the moment, therefore, when the sun’s lower limb
appears to be just nsing or setting, the whole disk 1s really below
the plane of the horizon, and the time of sunnse 1n the latitude
of New York 1s thus accelerated by three or four minutes, accord-
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ing to the inchnation of the sun’s diurnal arcle to the horizon,
which varnes with the tune of the year Sunset 15 delayed by the
same amount, and thus at both ends the day 1s lengthened at the
expense of the mght

Refraction at the horizon, for average conditions, and also semidiameter
are taken 1nto account 1n the computation of the times of sunnse and sunset.
The problem 1s the same as that of finding the hime by a single altitude of
the sun The zenith distance of the sun’s center at the moment when 1ts
upper edge 15 nsing (sunnse) equals, on the average, 90° 51’, that 1s, 90°
plus 16’ (the mean sermidiameter of the sun) plus 35’ (the mean refraction
at the horizon) The Neutical Almanac contains tables of the times of
nsing and setting of the sun and moon In the latter case the parallax 1s
mmportant, and direct calculation 1s rather complicated

115. Murage When the surface of the land or the sea, and the
ar 1n contact with 1t, 1s considerably warmer than the air a few
yards above, the density of the air may (locally) increase upwards
Rays of light passing through this region will be concave upwards
Under these conditions distant objects may appear greatly dis-
torted, inverted, or suspended in the sky above the apparent
horizon, producing the effects called marage or looming, and the
dip of the honizon may be quite abnormal The 1mage of the
setting sun, especially when seen from a mountamn, 1s often
greatly distorted by similar anomalies of refraction

118 Atmosphenc Dispersion The index of refraction of air,
like that of almost all transparent bodaes, 1s greater for green hight
than for red, and still greater for violet ight Hence a star at a
low altitude, when observed with a high power, appears elongated
vertically into a specfrum, with red at the bottom and green at
the top (the blue being usually, and the violet always, lost by
absorption 1n passing through so great a thickness of air) For
the same reason the disk of a planet, or of the sun, seems to be
bordered by a narrow red edge below and a green one above
This can be seen, even with the naked eye, at sunset, if the
honzon 1s distant and sharp and the air perfectly clear Just as
the last ghmpse of the sun disappears, 1its color changes from
reddish yellow to green Care must be taken, in observing this
““green flash,” that the eye 1s not fatigued by looking at the sun
before 1t has almost completely disappeared.
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The light of a red star 1s, on the average, less refracted in our
atmosphere than that of a white star, so that white stars are raised
a little more by refraction than are neighboring red ones

117. Twinkling, or Scintillation, of the Stars This 1s a purely
atmospheric phenomenon, usually conspicuous near the horizon
and small at the zenith It differs greatly on different mghts, ac-
cording to the stgadiness of the air, and 1s probably due to two
cooperating ,causes, both depending on the fact that the air 1s
generally full of streaks and wavelets of unequal density, carried
by the wind

In the first place, Light transmitted through such a medium 1s
concentrated in some places and turned away from others by
stmple refraction, so that, if the light of a star were strong enough,
a white surface illuminated by 1t would look like the sandy
bottom of a shallow, nppling pool of water illurminated by sun-
light, with light and dark mottlings which move with the 1rregu-
lanties of the surface So, as we look at a star, and the motthngs
due to the irregulanties of the air move by us, we see the star
alternately bright and faint, in other words, 1t twinkles

If the light of Sirius (the brightest of the fixed stars) 1s admitted through
an open window 1nto a perfectly dark room, 1t produces upon a white screen
an 1llumination strong enough to be easily seen (if the observer's eye has
been thoroughly rested by remaining ten minutes or more in complete dark-
ness), and presents exactly the appearance described 1n the preceding para-
graph (which was written by Professor Young many years before the
phenomenon had been observed)

The other cause of twinkling 1s optical interference Pencils of
light coming from a star (uptically a mere lumimous point) reach
the observer’s eye by shightly different paths and are just 1n a. con-
dition to interfere The result 1s the temporary destruction of
rays of certain wave-lengths, and the reenforcement of others
Accordingly the light of the star appears to vary both in bnght-
ness and 1 color This can very easily be seen by locking at a
bright star with a field-glass and giving the glass a rapid rotatory
motion, so that the star appears drawn out into a circle of hght
This will appear beaded with bnlhant colors

The planets do not twinkle, because they are not luminous
pomnts but have disks of sensible diameter While each point of
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the disk twinkles like a star, the different points do not keep step,
so to speak, mn their twinkling, and the general sum of hght re-
mains nearly umform. When very near the horizon, however, the
wrregular refraction 1s sometimes sufficiently violent to make them
dance and change color, — especially 1 the case of Mercury,
whose disk 15 very small

118. Telescopic Effects, ‘' Bad Seewmng” These disturbances of
refraction play havoc with telescopic defimtion When a star 18
twinkling at all strongly, 1t appears 1n the telescope to dance
madly about, and often, when the tremors are violent, to burst
mto an 1ll-defined mass of hght many seconds of are in diameter
The larger the telescope, the more pronounced are these effects
Such “bad seemng’’ 1s, next to actual cloudiness, the most serious of
all hindrances to astronomical observation, and in most places
really good nights, when the theoretical defining power of a great
telescope can be approximately attained, are lamentably rare

The most ymportant of all factors in choosing the location of a
great observatory 1s now recognized to be the character of the
seesng  Mountains, high plateaus, and oceanic islands all have
their advantages Much depends on the nature of the work to be
undertaken, the seeing at a given place may be good by day and
poor by night, or vice versa

The Lick Observatory on Mt Hamilton, 40 miles from San
Francisco and 4000 feet high, the Mt Wilson Observatory, at an
altitude of 6000 feet above Pasadend, and the Lowell Observatory
at Flagstaff, at an altitude of 7200 feet, are noteworthy examples

119. Twilight Although this has nothing to do with the correc-
tion of observations, 1t 15 an atmospheric phenomenon and may
most conveniently be treated here It 1s caused by the reflection
of sunhght from the upper portion of the earth’s atmosphere
After the sun has set, 1ts rays, passing over the observer’s head,
still continue to shine through the air above him, and twilight
continues as long as any portion of the illuminated air remains in
sight from where he stands It 1s considered to end when stars of
the sixth magmitude become visible near the zemith, which does
not occur until the sun 1s about 18° below the honzon, but this
vanes considerably for different places, according to the punty
of the air
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The length of time required by the sun, after setting, to reach this depth
varies with the season and with the observer’s latitude In latitude 40° it
1s from one and one-half to two hours In latitudes above 50°, when the
days are longest twilight never disappears even at midnight In the tropics,
even on the mountains of Peru where the air 1s exceptionally clear, 1t lasts
only about an hour and a quarter

From the fact that twilight lasts until the sun 1s 18° below the honzon,
the height of the tw;hght—producmg atmosphere can easily be computed,
and comes out about 50 miles This, however, 1s not the real hmit of the
atmosphere The incandescence of meteors shows that at an elevation of
100 mules there 1s still alr enough to resist their motion (§ 528)

Soon after the sun has set, the twi/1ght bow appears, rsing 1n the east, — a
dark blue segment bounded by a faintly reddish arc It 1s the shadow of the

earth upon the air, and as 1t rises the arc be-
H  comes rapidly diffuse and indistinct, and 1s lost
long before 1t reaches the zenith

120 Dip of the Honzon In observa-
tions of the altitude of a heavenly body
at sea, where the sextant measurement
15 made from the vzsible honzon, or sea-
line, 1t 15 necessary to take into account
the depression of the visithle horizon be-
low the true astronomical horizon by a
small angle called thed:zp The amounlt of
this dip depends upon the observer’s altitude above the sea-level

In Fig 46, C 1s the center of the earth, A B a portion of 1ts level
surface, and O the eye of the observer at an elevation /% above 4
The line drawn perpendicular to OC 1s truly hornizontal (if the
earth 1s regarded as sphencal), while the tangent OB 1s the line
drawn from O to B, the visible horizon The angle HOB 15 the
dip and 1s obviously equal to OCB

Owing to refraction, however, the actual line of sight curves
downward, this will obviously make the dip less, and the dis-
tance of the horizon greater, than would otherwise be the case
Malung allowance for the average amount of this effect of refrac-
tion, the very convement approximate formula may be derived,

Dip (munutes) = V7 (feet)

Fic 46 Dip of the Horizon

that 1s, the dup wn mwnules of arc equals the square root of the
observer's elevation in feet
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For the distance of the sea horizon (OB, Fig 46) the approximate
formula 18
Distance (mules) = v/§ 4 (feet)

This, however, takes no account of refraction, and the actual
distance 1s always greater

121 Precession and Nutaton It 1s also in place to refer
briefly to the corrections to a star’s position which are made
necessary by the motion of the coordinate systems The equi-
noxes, the equator, and the ecliptic are all 1n constant motion
(therr motions are known as precessions and nutations, and ate
explained 1n § 165, p 141), and so the nght ascension, declina-
tion, etc of every star 1s constantly changing Formule for
allowing for this (which are quite complicated) are given 1n the
Nautrcal Almanac and 1n star-catalogues

DISCUSSION OF OBSERVATIONS ERRORS, COMPUTATIONS

122, Errors of Observation No actual observations can be
made with absolute precision, the result of any measurement
being more or less influenced by a multitude of circumstances
The study of these, and of the resulting errors of observation,
forms an important part of all methods of precision

Observational errors may be divided into two classes (1) sys-
temalic errors, ansing from causes which repeat themselves when-
ever the observation is repeated under similar conditions, and
(2) accidental errors, ansing from causes which do not so repeat
themselves The latter make the results of successive measure-
ments of the same quantity differ shghtly from one another,
while the former affect all alike and can only be detected by re-
peating the observations under different conditions or by a dif-
ferent method It 1s clear, therefore, that systematic errors are
much more difficult to detect and troublesome to get nd of

Systematic errors may arise from many causes from pecu-
hanties of the observer, such as personal equation (§ 78), from
the unavoidable small imperfections of construction of an instru-
ment, such as those of the transit (§ 77), or from external causes,
such as refraction In all work which aims at high preasion 1t 1s
necessary above all things to avoid systematic errors, either by
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finding the law of their occurrence and calculating and allowing
for therr amount (as 1n the case of refraction), or by arranging
the program of observation so that the effect of the error 1s
eliminated from the final mean result (as when observers change
places m longitude work), or, when possible, by devising such
methods of observation that the systematic errors become very
small (as with thq transit micrometer) Any influence whatever
which can gffect the results of observation in a prediciable
manner should be got nd of 1n one of these ways

Acadental errors probably arise from a combination of many
munor influences, which change, from one observation to the next,
in a manner incapable of prediction It does not follow, however,
that we can know nothing about such errors For example,
positive and negative errors (that 1s, deviations on opposite
sides of the true value) are equally likely to occur, large errors
are less frequent than small ones, and there 1s a definite relation
between the numbers of errors of different magnitudes

123 Probable Error If we know the accidental errors of a
senies of observations, we can find a quantity such that half these
errors are numerically less than this, and the other half greater
Ths 15 called the probablc error and 1s obviously an indication of
the degree of precision of the observations The mean error, or
standard deviation, which 1s 148 times the probable error, 1s
often used for the same purpose

It follows from certain simple and probable assumptions (by
analysis far too difficult to reproduce here) that, out of 1000 obser-
vations, of probable error r, we ought on the average to find 500
with errors numencally less than », 323 with errors between »
and 27, 134 between 2 7 and 3 », 36 between 3 7 and 4 7, and only
7 with errors numerically exceeding 4 » Expenience shows that
even for fairly small groups of observations this law of error
very closely represents the facts

It should be carefully remembered that the law of error tells
us nothing about the way in which the errors are attached to
the individual observations We know, for instance, that one
observation out of 140, on the average, will have an error exceed-
ng four times the probable error, but there 1s no way of foretelling
when the bad observations will appear
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124, The Method of Least Squares. On account of the inevi-
table errors of observation it 1s impossible to obtain absolutely
accurate values of any physical constant To minimize the effects
of such errors 1t is usual to make a large number of observations —
much greater than would theoretically suffice if the measures were
perfect — for the determination of the unknown quantities which
we are seeking In such a case the values of the unknowns are
determined 1n such a way that the outstanding differences, or re-
siduals, between the actual observations and the values calculated
from these unknowns shall be as small as possible More specifi-
cally, the sum of the squares of the residuals must be a minumum

When the observations are successive, and presumably are
equally accurate measures of the same quantity, this pnnciple
leads to the arithmetzcal mean of the individual observations as the
best result which can be got from them The probable error of
this mean may be obtained by dividing that of one observation by
the square root of the number of observations It follows that the
relative values, or weights of observations of different probable
error are tnversely proportional to the squares of thewr probable errors

The proof of this, and the discussion of the more complicated
cases 1n which several unknown quantities have to be found from
the same set of observations, may be found in treatises on the
Method of Least Squares

Probable errors are always written with the double sign &+, for
example, 1f a quantity was found to be 10”, with a probable error
of 2”, 1t would be written 10” £ 2” It must always be re-
membhered that the probable error of an observed quantity 1s a
reliable measure of 1ts precision only if the observations on which
it 1s based are not affected by undetected systematic errors, and
that there 15 an even chance, at best, that the observed quantity
1s wrong by more than the probable error

125 Computations in Astronomy It 1s already apparent, from
the scope of the subject thus far covered, that the student of ele-
mentary astronomy should have some familianty with the rudi-
ments of trigonometry and with the use of logarithms When
calculations are to be made involving very large or very small dis-
tances, masses, or times, 1t will usually be found most convement
to express these in terms of centimeters, grams, and seconds,
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using the notation 1n powers ' of 10 Thus, the mean distance
from the earth to the sun = 149,450,000 km = 1 4945 X 10" cm.
If a chstance 1s known to be 100 meters to the nearest meter, we
may wnte 1t simply as 100 meters, but if 1t 1s known to have this
value to within one mllimeter, 1t should be wntten 100 000
meters In general, observed quantities should be so recorded as
to give all the signyficant figures that are reliably determined by
the methods of observation, and one or, at most, two uncertain
figures Itis evident that the sum or difference of two such quan-
tities cannot be more certain than the more poorly determined
one, and that the percentage error of the product or quotient of
such quantities will be at least as great as that of the weaker of
the two This should be borne in mind 1n all calculations, and the
number of decimal places should be chosen so that all but the
last one or two figures of the final result are sigmificant The n-
experienced student 13 likely to waste time using 7-place loga-
rithms on 3-place data, that 1s, data for which the fourth place 1s
entirely uncertain

Astronomical observation, with its attendant computations,
calls for faciity 1n calculation Much labor may be saved by
knowing how and when to use a shde-rule and calculating
machines The professional astronomer must, 1n addition, faml-
1anze himself with many methods of computation, including the
theory of least squares, and must be able, 1n the face of new diffi-
culties, to devise new methods Mastery of celestial mechanics
can be acquired only with the aid of an extensive mathematical
equipment

EXERCISES

In cases 1n which corrections for refraction are required, they are to be
taken from Table 6 (Appendix), taking into account the temperature and
barometnc pressure, 1if these are given among the data If preferred, the
student may also use Comstock’s formula (Appendix, Table 8) The results
for example 1 have their corrections computed by the regular refraction
tables, and the approximate results obtained by the student may differ from
them by a considerable fraction of a second

1 According to the Enghsh numeration a billion 1s a million million, a tnlhon 1s
a million billion, etc In the French method, also used 1o the other Continental
countnes and in the United States, a bilhon 15 a thousand million, & trlhon 1s &
thousand billion, etc
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1. Given the following mendian-circle observations on § Ursae Minons
at 1ts upper and lower culminations respectively, namely
Altitude 55° 48’ 6’ 0, temperature 30° F , barometer 30 1 inches,
Altrtude 24° 58’ 56" 4, temperature 25° F , barometer 30 1 inches
The nadir reading (§ 88) was 270° 1’ 6" 8 1n both cases Required the lati-
tude of the place and the declination of the star
Ans Lat 40° 20' 57" 8
Dec + 74° 34’ 40" 1,
2. Given the mendian altitude of the sun’s lower mb, 62° 24’ 45", the
height of the observer’s eye above the sea-level bemng 16 feet (§ 120) The
sun’s declination was + 20° 55’ 10", and 1its sermdiameter 15’ 47”7 Its
parallax at the observed altitude was 8", and the mean refraction from
Table 6 (Appendix) may be used Required the latitude of the ship
Ans 48°193"” N, 1if the sun 1s 1n the south

3 The mendian altitude of the sun, above the south horzon, 1s observed,
on a ship at sea, to be 30° 15’ (after being duly corrected) , the sun’s dechna-
tion at the time 1s 19° 25’ south What is the ship’s latitude?

4 At sea, the sun being on the mendian and south of the zemth, the
altitude of 1ts lower limb 1s observed to be 84° 21’ The sun’s declination
15+ 18° 39’ Find the latitude

6 Find the latitude from the meridian altitude of the moon’s lower Limb,
49° 37', the moon bemng south of the zemith, 1ts dechination + 3° 13/, 1ts
sermdiameter 15”0, and 1ts horizontal parallax 55’2 The hewght of eye
15 40 feet

8 The madnight sun 1s observed on the mendian at a corrected altitude
of 4° 11" Its dechnabion 1s + 22° 8’ What 1s the latitude?

%7 Show by means of a Sumner line that a considerable error in the dead-
reckoning latitude will make no difference 1n the longitude calculated from
an observation of the sun when on the prime vertical

8 On January 10, 1919, the moon’s alhtude was observed from an airplane
with a bubble-sextant to be 38° 55’ at 8" 37m 33 G M T, and the sun’s alti-
tude to be 12° 59" at 8h 43m 585, — each observation being the mean of seven
readings corrected for instrumental and refraction errors The known posi-
tion of the aircraft was 37° 4’ North, 76° 24" West The computed altitude of
the sun at the time 1t was observed was 12° 55, and 1ts azimuth 5 39 W, while
for the moon the computed altitude (including the effect of parallax) was
39° 4’ and 1ts azimuth § 81 E Draw the Sumner lines and find the error of
the position of the ‘'ship” given by the observations

Ans 9 nautical miles too far west and 2 miles toa
far north
(These are actual observations made dunng experimental tests of nawi-
gating devices See Publications of the Astronomical Society of the Pacific, -
June, 1919)
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9 What 15 the approxumate dip of the horizon from a hill 900 feet high?

10 How high must a mountain be 1n order that the dip of the horizon
from 1ts summit may be 2°7

11 What 1s the distance of the horizon 1n mles as seen from the summt
of this mountain?

12 An observer at sea-level on the equator, and another 1n an airplane
10,000 feet above him, watch the same sunset How much longer will the
sun be visible to the avator?

13 Assuming the horizontal parallax of the sun as 8" 8, what 1s the hon-
zontal parallax of Mars when nearest us, at a distance of 0 378 astronomical
umts? (The astronomical umt 1s the distance from the earth to the sun )

14 What 15 the greatest apparent diameter of the earth as seen from Mars?

15 What 1s the horizontal parallax of Jupiter when at a distance of
6 astronomical units?

18 Docs atmosphernc refraction increase or decrease the apparent area
of the sun’s disk when 1t 18 near the horizon?

17 If the water of the sea 1s warmer than the air about 1t, will the dip of
the honzon be increased or diminished ?

18 What 1s the lowest latitude at which twilight can last all mght? Can
1t do so at New York? at London? at Edinburgh?
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CHAPTER 1V

THE EARTH AS AN ASTRONOMICAL BODY

ITS FORM, ROTATION, AND DIMENSIONS - THE EARTH’'S MASS AND DENSITY -
CONSTITUTION AND AGE OF THE EARTH

1286. In a science which deals with the heavenly bodies 1t might
at first seem to the student that the earth has no place, but
certain facts relating to 1t are similar to those we have to in-
vestigate 1n the case of other planets and are ascertained by
astronomical methods, and a knowledge of them 1s essential as
a basis of all astronomical observations Moreover, astronomi-
cal methods reveal important facts about the constitution and
history of the earth which are not ascertainable otherwise In
fact, astronomy, hike chanty, begins at home, and 1t 15 1mpos-
sible to go far in the study of the bodies which are strictly ce-
lestial until some accurate knowledge has been acquired of the
dimensions and motions of the earth itself

127. The astronomical facts relating to the earth are broadly
these

(1) The earth 15 a great ball approximately 7920 miles in di-
ameter, and 24,880 miles 1n circumference

(2) Tt rotates on 1ts axis once 1n twenty-four sidereal hours

(3) It 1s not exactly spherncal, but 1s flattened at the poles,
the polar diameter being nearly 27 miles, or about one three-
hundredth part, less than the equatonal

(4) Its mean density 1s between 5 5 and 5 6 as great as that of
water, and 1ts mass 15 represented 1n tons by 6 with twenty-one
ciphers following (six thousand millions of millions of millions of
tons), or 6 X 10%

(5) It 1s flying through space 1n its orbit around the sun with
a velocity of about 181 miles a second, or nearly 100,000 feet a
second, — about twenty times as fast as the swiftest modern
projectiles

111
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I ROTUNDITY AND SIZE OF THE EARTH

128 The Earth’s Appromimate Form. It is not necessary to
dwell on the ordinary famihar proofs of the earth’s globulanty
One, first quoted by Galileo as absolutely conclusive, 1s that
the outline of the earth’s shadow seen upon the moon during a
lunar eclipse 1s such as only a sphere
P (P |P s could cast

.
We may add, as to the smoothness and

A roundness of the earth, that 1if represented
by an 18-nch globe, the difference between
its greatest and least chameters would be
only about 1/16 of an inch, the highest
mountains would project onlv about 1/756
of an inch, and the average elevation of

/ B
W b |Pole continents and depths of the ocean would
be hardly greatcr on that scale than the
thickness of a film of varmish Relatively,
the earth 1s much smoother and rounder
JQ

S

than most of the balls 1n a bowling-alley

by
Q

129 Approximate Measurement of
the Diameter of the Earth regarded
as a Sphere There are various ways
of deterrning the diameter of the
The astronomucal measurement of earth The SlmpleSt and best 1s by

the difference of latitude measunng the lengith of a degree It

consists essentially 1n  astronomecal

measurements which determine the distance between two selected

stations (several hundred miles apart) in degrees of the earth’s

arcumference, combined with geodefic measurements giving their
exact distance in miles or kilometers

The astronomical determination is most easily made if the two
stations are on the same terrestrial mendian Then (Fig 47) the
distance ob 1n degrees 1s simply the difference of latitude between
a and b The latitudes are best determined by zemuth-telescope
observations (§ 93), but any accurate method may be used

The linear distance (in feet or meters) 1s measured by a geodetic
process called frsangulation It 1s not practicable to measure 1t
with sufficient accuracy directly. as by simple chaining Between

F1c 47 Measuning the Earth's
Diameter
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the two terminal stations (4 and H, Fig 48) others are selected,
such that the lines joining them form a complete chamn of tri-
angles, each station being visible from at least two others The
angles at each station are carefully measured, and the length
of one of the sides, called the bdase, 1s
also measured with all possible precision

It can be done, and 1s done, with an error not —
exceeding half an inch 1n 10 miles (BU 1s the
base in the figure ) Having the length of the base
and all the angles, 1t 15 then possible to calculate
every other linc 1 the chain of triangles and to
deduce the exact north-and-south distance (Ha)
between H and A An error of more than 3 feet
m a hundred miles would be unpardonable

130 The ancients understood the principle
of the operation perfectly Their best-known
attempt at a measurement of the sort was made
by Eratosthenes of Alexandna about 250 % C,
his two stations bung Alexandra and Syene 1n
Upper Egypt At Svenc hc observed that at
noon of the longest dav m summer there was
no shadow 1n the bottom of a well, the sun
being then vertically overhcad On the other
hand, the gnomon at Alexandria, on the same
day, by the length of the shadow, gave lum 1/50
of a crcumference (7° 15’) as the distance of
the sun from thc zemith at that place This
1/50 of a arcumierence 15 therefore the differ- 16 48 Measurng the
ence of latitude between Alexandria and Syene, Earth’s Diameter
and the circumierence of the earth must be Tnangulation to find the lin-
fifty times the linear distance between those ear distance between the two
two stations stations

The weak place 1n his work 1s the absence of details concerming the
measurement of the linear distance between the two places He states 1t as
5000 stadia  According Lo Dreyer the distance was probably measured 1n
paces by specially trained men, and the stadium was 517 feet This would
make the earth’s circumference 24,500 miles, — remarkably near the truth

The first really valuable measure of an arc of the menidian was that made
by Picard 1n northern France 1n 1671, — the measure which served Newton
so well 1n his verification of the 1dea of gravitation Since then many arcs
of menidian have been accurately measured (§ 139)
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II THE ROTATION OF THE EARTH

131 Ewidence of the Earth’s Rotation At the time of Copermcus
the only argument he could bring in favor of the earth’s rotation
was that this hypothesis seemed much more probable than the
older one that the great heavens themselves revolved All the
phenomena then known would be sensibly the same on either
supposition The apparent
diurnal motion of the heav-
enly bodies can be com-
pletely accounted for, with-
1n the hmits of observation
then possible, either by sup-
posing that all the stars are
actually attached to an
immense celestial sphere
which turns around daily
or that the earth itself ro-
tates upon an axis, and
for a long tume the latter
hypothesis seemed to most
people less probable than
the older and more obvious

one

Thus 1llustration 1s copied from a newspaper of 1851
and shows the appearance of the apparatus and A little later! after the

1ts surroundings  The hines ruled on the table . 1nvention of the telescope,
the center made 1t easier to notice the change
analogy could be adduced ,

direction of the swinging pendulum
for with the telescope we
can see that the sun, the moon, and many of the planets are rotat-
ing globes, and 1t is reasonable to suppose that the earth 1s also

Within the last century it has become possible to adduce
experimental physical proofs of the earth’s rotation, which are
independent of observation of the heavenly bodies,

132 Foucault’s Pendulum Expenment Among these expen-
mental proofs the one most often employed 1s the pendulum expen-
ment, devised and first executed by Foucault in 1851 From the
dome of the Panthéon in Pans he hung a heavy 1ron ball about 2
foot 1n diameter by a wire more than 200 feet long A arcular

Fic 49 Foucault’s Pendulum Expenment
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rail some 12 feet across, with a little ndge of sand built upon 1t,
was placed in such a way that a pin attached to the swinging ball
would just scrape the sand and leave a mark at each vibration
To put the ball 1n motion 1t was drawn aside by a cotton cord
and left for hours to come absolutely to rest, then the cord was
burned and the pendulum started without jar to swing mn a
true plane

But this plane at once began apparently to demale slowly
toward the right, n the direction of the hands of a watch, and the
pin on the pendulum ball cut the sand ndge 1n a new place
at each swing, shifting at a rate which would carry it com-
pletely around in about thirty-two hours if the pendulum did
not first come to rest In fact, the floor of the Panthéon was
really and wvisibly turming under the plane of the wvibrating
pendulum

A Foucault pendulum 1s of daily interest to visitors to the
buillding of the National Academy of Sciences at Washington

133 Explanation of the Foucault Experiment The approximate the-
ory of the experiment 1s very sumple A swinging pendulum, suspended so as
to be equally free to swing in any plane (unhke the common clock pendulum
i this), if set up at the pole of the earth, would appear to shift completely
around 1n twenty-four hours

It 15 easy to see that at the south pole the rotation will appear to be
reversed At the earth’s equator there will be no such tendency to shift,
while 1n any other latitude the effect will be intermediate and the time for
the pendulum to complete the revolution of its plane will be longer than at
the pole

It can be proved that the hourly deviation of 2 Foucault pendulum equals
15° multiplied by the szne of the latitude In the latitude of New York it 1s
not quite 10° an hour

The northern edge of the floor of a room in the northern hemisphere 1s
nearer the axis of the earth than 15 1ts southern edge, and therefore 1s carned
more slowly eastward by the earth’s rotation Hence the floor must skew
around continually, ke a postage stamp gummed upon a whirling globe,
anywhere except at the globe’s equator The pendulum 1s constrained by
the force of grawvity to follow the changes in the direction of the vertical,
but 1s otherwise free Its plane of vibration, therefore, will appear to devi-
ate 1n the opposite direction from the real shewing motion of the ground,
and at the same rate In the northern hemisphere 1t apparently moves 1n
the same direction as the hands of a watch, m the southern hemisphere, 1n
the opposite direction
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134. There are several other mechanical proofs of the earth’s
rotation

(1) The plane in which a projectile moves also remains fixed
while the earth rotates beneath it The projectile therefore ap-
pears to deviate to the 72/ in the northern hemisphere and to the
left 1n the southern Allowance for this deviation has to be made
1n precise artillery work

(2) Freely falling bodies deviate shghtly to the eastward

(3) The rotation of the earth supples the directive force for
the gyro-compass, an mstrument of great practical umportance
which will be explained later (§ 168)

(4) The best laboratory observations of the earth’s rotation are secured
with an apparatus devised by A H Compton (described 1n Popular Astron-
omy, Vol XXIII (1915), p 199) A crcular tube, like a bicycle tire, filled
with water, 1s suddenly turned over, through 180°, about an axis in 1ts own
plane, and through a small window in the tube the water, after such rota-
tion, 1s seen to be slowly flowing around the tube (Thus effect 1s due to the
conservation of angular momentum ) From observations of the motion of
the water, when the tube 15 turned over about an axs 1 vanous directions,
the length of the day, the geographical latitude of the laboratory, and the
azimuth of a given hne can be determined independently of astronomical
observations

136 Clmatic Effects of the Earth’s Rotation The great circu-
latory movements 1n the oceans and in the atmosphere — the
ocean currents, the trade and anti-trade winds, and the vorticose
revolution of cyclones —are modified and controlled by the
earth’s rotation In the northern hemisphere the wind 1n a cy-
clone (or “low”) moves spirally toward the center, whirling
counterclockunse, while 1in the southern the spiral motion 1s clock-
wrse  The motion 15 explained 1n either case by the fact that
currents of air, setting out for the center of disturbance, do not
meet squarely 1n the center, but deviate like projectiles

This uniforruty of motion 1s of great importance both for
weather forecasting and for the avoidance of hurncanes at sea

It may at first seem that the rotation of the earth once a day is
not a very rapid motion, but a pomt on the equator travels
over 1000 miles an hour, or about 1500 feet a second

136. Secular Changes of the Earth’s Rotation. Within the last
few years 1t has become generally accepted that the rate of rota-



THE EARTH AS AN ASTRONOMICAL BODY 117

tion of the earth 1s not constant, but rather 1s very gradually
decreasing, with a consequent lengthening of the sidereal day
amounting to about 1/1000 of a second per century

With the lengtheming of the day the sun and moon appear to
be moving faster per day than they used to The cumulative
effects of even this very minute change are clearly indicated by
the comparison of modern with ancient eclipses This has been
suspected for a century, and has recently been shown conclu-
sively by Fothenngham of Oxford

The principal cause of this change 1s to be found 1n the friction
of the tides (§ 355)

The sun, moon, and planets, duning the last century, have
shown a tendency to run ahead of their calculated positions 1n
some years, and behind 1n others, in very much the way that
would happen if the earth, considered as a clock, were sometimes
as much as twenty seconds fast for a decade or two, and at
other times slow, to the same maximum amount E W Brown
(1926) concludes that these changes of rotation are real and
anse from alterations in the earth’s diameter, due to internal
causes, and amounting at most to a few feet

137 Vanation of Latitude, Motion of the Poles of the Earth.
Any alteration 1n the arrangement of the matter of the earth
must bring about a bodily shifting of the earth with respect to
its axis of rotation There results an apparent wandering of the
terrestrial poles, which may be detected by a corresponding
vanation of the latitude of stations far from the pole

The first satisfactory evidence of this fact was obtained at
Berlin by Kustner in 1888, and at other German stations, and
1t has since been abundantly confirmed Chandler found the
same variations clearly exhibited in almost every extended body
of reliable observations made since 1750 In 1900 a continuous
series of observations for the study of the vanations of latitude
was started at six stations, distributed around the earth on the
parallel of 39° 8’ north latitude, 1n Japan, Turkestan, Sardinia,
Maryland, Ohio, and Califorma From the whole mass of evi-
dence 1t 1s apparent that the movement of the terrestrial pole
(Fig 50) 1s composed mainly of two motions one an annual
revolution 1n a narrow ellipse about 30 feet long (as measured
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on the surface at either pole) but varying in form and position,
the other, a revolution i a arcle about 26 feet in diameter with
a perwd of about 433 days Both motions are counlerclockuwise
The annual component is probably the result of meteorological
causes which follow the seasons, such as the deposit and melting
of snow and ice The fourteen-month component arnses from the
fact that the eartl:’s axis of rotation differs shightly from 1ts axis
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Fic 50 The Vanation of Latitude

We see that the north pole of the earth moved, from 1912 to 1918, 1n a seres of loops 1n a

counterclockwise direction  Every six or scven years the 12 month and 14 month terms

come nto step, and the pole may wandcr as far as 0” 4 from its mean position Halfway

between these fimes the two terms counteract each other, and their resultant 1s less than

half as great The path is quite irregular and cannat be predicted as accurately as it can
be observed

of figure (§ 154) The fact must be clearly grasped that variation
of latitude 1s due to bodily osaillations of the earth While the
terrestrial poles appear to wander about, the direcizon 1n space of
the ams of rotation remains fixed. The position of the celestzal
poles 1s unaffected

There appears to be no satisfactory evidence of great changes
of this kind, such as have been invoked to explamn changes mn
ciimate dunng geological times
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III THE EARTH'S FORM

As the earth rotates, every particle of 1t (except along its axs)
1s subjected to a centnfugal force directed perpendicularly away
from the axis

The vertical component (Fig 51) of the centnifugal force neu-
tralizes the force of gravity to a shight extent, which vanes from
pownt to point The horizontal component, being directed toward
the equator, acts to make the plumb-line hang away from the
radius toward a point on the axis beyond the center As things
actually are, the earth 1s adjusted to bring the surface everywhere
approximately perpendicular to the re- R
sultant direction of gravity, and takes,
as a result of 1ts rotation, the approxi-
mate form of an oblate spheroid (that
15, an ellipsoid generated by revolving
an ellipse about 1ts mimor axs) c /y

138 Dimensions of the Earth and \Q x|
its Oblateness The form of such a
body 15 usually defined by 1its oblate-
ness f, which 1s the fraction obtained
by dividing the diffcrence between the polar and equatoral
semidiameters by the equatonal, that 1s,

f=

P

] N
S,

Fic 51 Centnfugal Force
caused by Earth's Rotation

a—"b

a

There are three ways of determiming the form of the earth
First, by geodetic measurement of distances upon its surface, 1m con-
nectron with the astronomical determination of the pownts of observa-
frion  This gives not only the form but also the linear dimensions
1n mules or kilometers (§ 139)

Second, by observing the varying force of gravily at points in
different latitudes, these observations are made by means of a
pendulum apparatus of some kind, and determine only the form,
not the size, of the earth (§ 151)

Third, by means of purely astronomzcal phkenomena, known as
precession and nutatron (discussed 1 § 165 ef seq ), and by certan
zrregularsties in the motion of the moon (§ 342) These methods,
like the pendulum method, give only the form of the earth
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The most rehable values of the oblateness of the earth, deter-
muned by the three principal methods, are as follows

METHOD OBLATENESS AUTHORITY
Geodetic 1/2970+£ 05 Hayford, 1909
Gravimetric 1/2974+10 Bowie
Precession 1/2969 4014 de Sitter

All three determindtions are 1n excellent agreement, and the best
available evidence, therefore, points to a value of the oblateness
of about 1/207 The dimensions of the earth! according to
Hayford (1909), are

Equatorial radius (¢) 6378 388 lulometers = 3963 34 mules

Polar radius (b) 6356 909 kilometers = 3949 99 mules
Dafference (a—b) 21 479 kalometers = 13 35 mules

139 Geodetic Method, by which the Dimensions of the Earth, as
well as its Form, are Deterrmuned This method 1n 1ts most conven-
1ent shape consists essentially in the measurement of fwo (or more)
arcs of meridian n widely different latitudes These measurements
are effected by the same combination of astronomical and geo-
detic operations already descnibed for the measurement of a
smgle arc (§ 129) More than twenty have thus far been meas-
ured 1n various parts of the earth, the most extensive reaching
from Hammerfest to the mouth of the Danube (28° long), from
the Shetland Islands to Algena (28°) , from Texas to Minnesota
(23°), from the Himalayas to the southern pomnt of India (25°),
and from Cape Colony nearly to Lake Tanganyika (21°) Shorter
arcs have been measured 1n Peru, Japan, Spitzbergen, and many
other countries

From these measures 1t appears 1n a general way that the
Figher the latitude the greater the length of each astronomical
degree In other words, the earth’s surface 1s flatter near the
poles, as 1llustrated by Fig 52 It 1s necessary to travel about
3000 feet farther in Sweden than in India to increase the lat-
tude by one degree, as measured by the elevation of the celestial

1 These are the dimensions of Lhe regular geometrical spheroid which, according
to the data of measurement, most nearly fits the surface of the earth The " Hayford

spheroid”’ 15 used as the basis of the calculations of the Amevican Ephemerss and
Naulscal Almanac
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pole. The length of a degree of latitude vanes from 68 7 miles
at the equator to 69 4 at the pole

It will be understood, of course, that the length of a degree at
the pole 15 obtained by extrapolation from the measures made mn
lower latitudes

140. The deduction of the exact form of the earth from such
measurements 1s an abstruse problem Owing to local deviations
1n the direction of gravity, due to unevenness of surface and vari-
ation of density in the rocks near the station, the different arcs
do not give strictly accordant results, and the best that can be
done is to find the result
which most nearly satis-
fies all the observations

It is probably safe,
judging by the probable
errors of the observa- h
tions, to put the practi-
cal limuts of uncertainty "
of the value of the equa-
torial radws e, accord-
ing to Hayford’s results,
asless than= 150 meters

141 Arcs of longitude are also available for deterrmiming the
earth’s form and size A degree of latitude 1s longer near the
pole, and shorter near the equator, than on a sphere which
has the same equator Hence a point in a given astronomical
latitude is farther from the earth’s axs than it would be on the
sphere, and a degree of longitude 1s longer. From this difference
the oblateness can be computed

In fact, arcs 1n any direction between staiions of whick both the
latitude and the longitude are known can be utilized for the pur-
pose, and thus all the extensive geodetic surveys that have been
made by different countrnes contnbute to our knowledge of the
earth’s dimensions

142 Station Errors. If the latitudes of all the stations 1n a
tnangulation, as determined by astronomical observations, are
compared with their differences of latitude, as deduced from the
geodetic operations, we find discrepancies by no means insensible

al P |D

QO™

Fic 52 Length of Degrees in Different Latitudes

The radius of curvature 15 longest at the pole There-
fore the degree of astronomical latitude 1s longest there
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They are far beyond all possible errors of observation and are
due to zrregularities wn the direction of gramty, which depend upon
the vanations 1n densily and form of the crust of the earth in
the neighborhood of the station Such irregulanties in the direc-
tion of gravaty displace the astronomical zemuth of the station
They are called the statzon errors and can be determined only by
a companson of ;astronomical positions by means of geodetic
operations Station errors affect both the longitudes and the
latitudes of the stations and the astronomical azimuths of the
lines that join them Station errors of
from 4" to 6” are not uncommon, and
they occasionally nise to 30" or 40

143 Astronomucal, Geographical, and
Geocentric Latitudes (1) The astro-
nomzcal latitude of the station 1s that
actually determined by astronomical
observations, — simply the observed
altitude of the pole
The angle MNO 1 the astro- (2) The geographical latitude 1s the
nomacal latitude of the pont M astronomical latitude corrected for station
2:[1‘:;1:3‘,::: ff;’fﬁ‘;ﬁf:leﬁil; error It 1s defined as the angle formed
at that pomnt 1s msensible), and ~ with the plane of the equator by a Line
f}lh(ﬁl;zlzh;ﬂf;";f"&’:‘dll;‘z:l‘:; drawn from the place perpendicular to
of the two latitudes, 1s walled  2he surface of the standard spherowd at
the angle of Lhe veriical and a5 thap station  Tts determunation mnvolves

about 11’ 1n latitude 45

the adjustment and evening off of the

discrepancies between the geodetic and astronomical results over
extensive regions The geographical latitudes (sometimes called
lopographical) are those used 1n constructing an accurate map

(3) Geocentric lotstude While the astronomical latitude 1s the
angle between the plane of the equator and the diwreciion of
gramty at any point, the geocentric latitude, as the name implies,
1s the angle at the center of the earth, between the plane of the
equator and a line drawn from the observer to thal center , this line
evidently does not coincide with the direction of grawvity, since
the earth 1s not spherncal

Geocentric degrees are longest near the equator and shortest
near the poles (Fig 53)

Fic 53 Astronomical and
Geocentric Latitude
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Geocentric latitude is employed 1n certain astronomical calcu-
lations, especially such as relate to the moon and to eclipses, 1n
which 1t becomes necessary to " reduce observations to the center
of the earth ”

144 Surface and Volume of the Earth. The earth 1s so nearly
sphencal that we can compute 1ts surface and volume (or bulk)
with sufficient accuracy by the formul= for a perfect sphere, pro-
vided we put the earth’s mean semidiameter for radius mn the
formula b

This mean semidiameter of an oblate spheroid 1s not = 2

but 20+ b, because 1f we draw through the earth’s center three

«

axes of symmetry at right angles to each other, only one will
be the axs of rotation, and both the others will be equatonal
diameters.

The mean radius r of the earth thus computed 1s 6371 23 kilo-
meters, or 3958 89 miles, 1its surface (4 #r?) 15 5 101 X 10* square
lalometers, or 196,950,000 square mules, and 1ts volume (3} wr?),
1 083 X 10%7 cubic centimeters, or 259,000 million cubic miles, in
round numbers

IV THE EARTH'S MASS AND DENSITY

145 Mass, Volume, Density, Weight. It will be well, at this
pont, to remind ourselves, 1n a very elementary manner, of the
proper meamngs of such words as “mass,” "'density,” etc Very
bnefly, then the mass of a body 1s the ' quantity of matter” n
it, and may be expressed 1n grams or pounds, its volume 1s the
amount of space occupied by it, and may be expressed 1n cubic
centimeters or cubic feet Density 1s the mass contained n umt
volume The weight of a body 1s the force with which the earth
attracts 1t. The childish conundrum “*Which weighs more, a
pound of feathers or a pound of lead?” dlustrates the danger of
confusing mass with density

146, Gravitation. Science cannot yet explamn ' why”’ bodies tend
to fall toward the earth, but Newton discovered that this phe-
nomenon 1s only a special case of the much more general law of
graviiahion  any two parhicles of matler atfract each other with a
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force proportional to the product of therr masses and inversely
proportional to the square of the distance between them, or
MM,

ar
where M, and M, are the masses of the two bodues, d 1s the dis-
tance between them, and G 1s the force between umit masses at
umt distance, commonly called the “constant of gravitation ”
When the bodies are not points, the question anses how the dis-
tance 1s to be measured Newton demonstrated that for spherical
bodies, in which the density 1s the same for all points at equal
distances from the center, the distance 1s to be measured from the
center of the sphere How Newton reached these conclusions
will be described in Chapter X At present we are concerned with
the application of his results to the determination of the earth’s
mass and form

The weight of any body at the earth’s surface (neglecting
the centrifugal force due to the earth’s rotation) 1s given by

W= GmTf, where m 1s the mass of the body, E 1s the mass of
the earth, and R the distance to the center of the earth At a
given station, W 1s strictly proportional to m, and we may write

F=G

W =mg, where g=0G 1% and represents the weight of unit mass

or the acceleration of gravity At a different station, however,
the value of g may be different, because of a difference in the
value of R (and also on account of a difference 1n the centnfugal
force ansing from the earth’s rotation)

147 Measurement of Mass To find the mass of any small
body we ordinanly put 1t into one pan of a balance and counter-
poise 1ts weight by a standard weight If the attraction of the
earth on the two 1s the same, the weights are equal and so are the
masses With larger quantities, such as the rock excavated from
the Panama Canal, another method must be resorted to the
volume is determuned by a survey, the mean density 1s found
from the density of an average sample of the matenal, and the
mass 15 the product of the two

Neither of these two methods can be applied to the earth, —
the first, for obvious reasons, the second, because the only ob-
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tainable samples come from depths hardly more than 1/4000 of
the distance to the center and are not typical of the whole earth
It 1s necessary, therefore, to use a wholly different method and to
deterrmne the mass of the earth by companng the attrachion
which the earth exerts on a body, m, with the attraction exerted
upon 7 by some other body of known mass at known distance

148. The simplest method theo-
retically (and one capable of very
considerable precision) 1s by the use
of the common balance, first carried
out by von Jolly at Mumch 1n 1881

An accurately constructed bal-
ance, capable of carrymg consider-
able loads, 1s set up as illustrated
diagrammatically 1n Fig 54, with
two sets of scale-pans, the lower
hung from the upper by long wires
If two equal spherical masses,

' i
and 7, are put 1n the two upper or
the two lower pans, they will ex-
actly balance, the earth’s attraction
on the two bemng equal If m, 15 1n
the upper pan and s, 1n the lower,

gy will be heavier than the other, Frc 54 The Earth’s Mass meas-
since 1t 15 nearer the earth’s center ured by the von Jolly Balance
and more strongly attracted, but

the balance can be restored by a small counterpoise ¢ If, after
this 1s done, a large sphere of lead, of mass 3, 1s brought under-
neath the lower pan, the equilibrium will again be disturbed be-
cause of the mutual gravitational attraction of the masses M and
my, and an additional small mass #» must be placed i the upper
pan to restore the balance Since the upper pan 1s so far from M
that the attraction between the two 1s neghgble, the attraction
of M upon m, 1s equal to that of the earth upon » But, by the
law of gravitation, the first of these forces has the magmtude

G A{;;nl. where d 1s the distance between the centers of the spheres
M and m;, while the second i1s G % ,» where E 1s the mass of the
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earth and R the distance between » and 1ts center, which 1s the
radius of the earth We have, therefore,

Mm, En
CEEtr
whence, solving for E, we find
E= M R
¥ T nd?

All the quantities which appear in the second member of this
equation are known, and the earth’s mass 1s therefore determined

In von Jolly’s experiments the obscrved values of these quanti-
ties were m; = 5 00 kflograms, M = 5775 2 kilograms, » = 0 589
milligram, d = 56 86 centimeters, and, for the latitude of Munich,
R = 6366 lulometers Hence we find E =615 10*7 grams
(Venfying this result will be a good exercisc for the student )

Comparison with the results of other observers shows that
these values for the earth’s mass and density are rather more
than 2 per cent too great An error of only one sixtieth of a
mulligram 1n the determination of the small quantity 2 will explain
the discrepancy

More accurate results are obtainable by the torsion balance,
m which the gravitational force between the known masses acts
horizontally to displace a pair of spheres connected by a hght
rod, which 1s suspended at the middle by a long wire By using
a very fine wire or a quartz fiber the force necessary to produce
a measurable twist may be made exceedingly minute and the
measurement correspondingly accurate

The first determuination of the earth’s mass (by Maskelyne
1 1774) was made by companng the attraction of the earth and
that of a mountain, as measured by the deflection of the vertical
(§152) In precision this method falls far below the laboratory
methods.

The mean result of the best methods s, according to Heyl (1926),

Earth’s mass = (5 966 4 0 001) X 10*7 grams
The volume of the earth 1s 1083 X 10* cc, whence, by simple
division,
Mean density = 5509 4 0001 g /cc,

or 51 times that of water
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MEASUREMENT OF GRAVITY

149. The Law of Falling Bodies. In accordance with the prn-
aples of mechanics (§ 298) the acceleration a of a body moving
under the influence of any force f (that 1s, the rate al whch
gets up speed 1 the direction of the force) 1s given by the equa-
tion @ = f/m, where m 1s the mass of the body If the force 1s
due to the gravitational attraction of a mass

(0] r
M at the distance R, f=GmM/R? (§ 146), ‘ £
whence ¢ = GM/R?* The rate at which the B

body falls depends, therefore, only on the mass
of the attracting body, not on that of the one
attracted

If a2 body falls from rest, its downward
velocity will be @ at the end of one second, g
and af at the end of { seconds Its average
downward speed during this interval will be
hali as great, that
1s, 3 ¢t Multiplying
this by the elapsed
time, the distance
fallencomesout jat> 4 B C D
The acceleration at (2) )
the earth’s surface 15 I'ic 55 Falling Bodies

denoted by g The From the paint O (see a) a particle 4 15 allowed to fall
from rest, whilc two other particles B amd € are simuliane-
distance fallen 1n one ously projected horizontally with velocities proportional
second 1s approxi- to OP and OQ At the end of £ veconds 4, B, and C will
t 1 16 f £ be on exictly the same level and directly underneath the
mately ect, or pomts which they would have reached had there been o
490 centimeters gravitational attraclion, the distances Q4, PB, and QC all
being equal to ¥ 22 The distance that a partide falls un-
If the partlcle does der the actmﬁ of a central force (scc b) 15 hkewise & af?
not fall from rest but

1s projected horizontally, 1ts honzontal velocity will not be af-
fected at all by gravity, nor will the amount by which 1t drops
below the starting level be affected by its honizontal velocity
(Fig 550)

150 Centnfugal Force We can now calculate the centnifugal
force due to the earth’s rotation Suppose that a particle moves
mn a crcle of radius R with uniform veloaity » If no force acted

0 P Q




128 ASTRONOMY

upon 1t, 1t would move mn the straight line OP 1instead of 1n the
arc OB (Fig 55b) Just as i Fig 55 a, the distance PB must be
a2 (f ¢ 15 the elapsed time) Now OD =R, OP =1, and
PD®=0D"*+ OP* (since the angle at O 1s a right angle) Set-
ting PB=2x, we have PD =R+ z, and therefore R*4 0%*=
R*+4 2 Rx+ x* For a short time 1nterval x 1s very small and
x? neghgible Ingthis case x =v%*/2 R =} af?, whence g = v*/R
If T 1s the period dunng which the moving point traverses the
arcamference of the arcle, then v=2 7#R/T and a = 4 7'R/T?

For a pomt at the earth’s equator R =6 3784 X 10®* em and
T = 86,164 sec Hence ¢ = 3 3917 cm /sec ?, which 1s 1/289 of
the acceleration due to the earth’s attraction

In latitude ¢ the whole centrifugal force 1s a cos ¢, the verti-
cal component, e cos’¢, and the horizontal, a cos ¢ sin ¢, as
may be readily seen from Fig 51 The vertical component 1s a
maximum at the equator and decreases to zero at the pole, the
honzontal component and the angle of the vertical are both a
maximum at latitude 45° (neglecting the ellipticity of the earth)

1B61. The force of gravity, at a point on the earth’s surface, 1s
the resultant of the attraction of the earth and the centrifugal
force It 1s this resultant force which determines the weight of a
body at rest or its velocity and direction of fall

The tune of vibration of a pendulum of mvanable length
depends upon the force of gravity If allowance 1s made for the
centnfugal force, the corrected pendulum observations provide
a measure of the relative distances to the center of the earth
from different stations

Pendulum observations can be made at many places (as 1n the
polar regions) where 1t would be impracticable to carry out a
geodetic survey, and the whole land surface of the earth has
been fairly well covered by a network of gravity stations, while
only relatively small areas have been covered by tnangulation
As 1t has proved practicable to make pendulum observations in
a submanne, a way is open to complete the survey of the entire
earth

It 1s found, from the pendulum surveys, that the force of
gravity at the pole exceeds that at the equator by about 1 part
1 188. The centnfugal force accounts for 1 part in 289, leaving
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about 1 part m 555 to be explained by the difference 1n the polar
and equatonal radu This difference amounts to more than
thirteen miles Since the earth is not spherical, the smmple
mverse-square formula 1s not applicable, and a more complicated
one must be used (§ 341)

162 Deflection of the Vertical, the Geord We are now pre-
pared for a better understanding of station errors Near the
foot of a high mountain or a high plateau the plumb-bob 1s
attracted toward the excess of mass, and the direction of the
zenith 15 deflected away from 1t

One of the most striking examples of such deflection has been
observed on the 1sland of Porto Rico, which has very deep water
to the north and south and 1s really the top of a great mountain
range fully 20,000 feet high The plumb-hnes of stations on the
north and south coasts, 33 miles apart, are drawn together 56"
The surface of the ocean, therefore, slopes up toward the 1sland,
near which 1t 1s several feet higher than at a distance, when
compared with a umform spheroid

The sea-level surface, to which measures of height are referred,
1s distorted all over the world This surface, which 1s the one
found by observation, 1s known as the geoid It 1s found, how-
ever, that the geoid deviates but shghtly (at most about 100 me-
ters) from 4 smooth spheroid The dimensions of the earth (§ 138)
are the dimensions of this standard spheroid, and geographical
latitudes (§ 143) are referred to 1t

153 Isostasy The most notable example of local attraction 1s
to be found 1n northern India, where the enormous mass of the
Himalayas and Tibet deflects the nadir strongly northward A
few hundred miles south of the mountains, however, the deflection
has fallen off much more rapidly than the inverse-square law pre-
dicts This has been explained by the hypothesis that the earth’s
crust underneath the mountains 1s of lower density than else-
where, the total mass per square kulometer to a moderate depth
below sea-level 15 everywhere very nearly the same When the
observer 1s far enough away to make his distance from all points
of such a column very nearly the same, the attraction of the
column 1s almost exactly the same as it would be if the surface
were at sea-level and the density uniforrm  Close to the foot of a
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mountain range, however, the observer 1s much nearer the pro-
jecting upper end of the column than he 1s to its lower end, and
he observes a strong lateral deviation The 1ntensity of gravity
15 there less than normal, for the attraction of the excess of
mass at the top of the column acts almost horizontally, and the
influence of the deficiency of mass at the bottom almost verti-
cally The deep ®cean basins are sumlarly compensated by an
excess density 1n the crust below

From the mamner in which deflections of the vertical and
gravity anomalies vary with the distance from mountains and
other topographical features 1t has been found that the depth of
compensation 15 about 100 kilometers This means, then, that
the whole quantity of matter in a column, perhaps 100 miles
square, to this depth, 1s very nearly the same, no matter whether
1t consists ol 100 kilometers of rock beneath a plain lying near sea-
level, of 104 lulometers of rock beneath a plateau 4 kilometers
high, or of 95 kilometers of rock with the overlying 5 kilometers
of sea-water

This condition, and the geological process by which 1t must
have been brought about, are both known by the term "‘1c0stasy ”

1564 Constitution of the Earth’s Interor Most of our knowl-
edge of the nature of the mauin mass of the earth’s interior 1s
denved from astronomical sources Three things are defimtely
known concerming 1t

(1) The carth’s wnlersor 15 of hgh densitv This follows at once
from the fact that the mean density of the earth 1s 5 52, while
that of 1ts superficial layers 1s about 271 There are two obvious
explanations for the high central density

(a) The effects of pressure At a depth of 100 miles the weight
of the overlying rocks amounts to about 300 tons per square imnch
Though the force of gravity dimimishes toward the center, the
pressure 1n the deeper regions must be enormous All known
substances are increased in density by pressure

(b) If the interior of the earth was ever hiquid, or even viscous,
the denser materals had a tendency to sink toward the center.

The speeds with which vibrations caused by earthquakes are
transmitted through the earth’s intenior to distant seismographs
depend upon the density and elastiaity of the matenal along the
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paths which they follow Adams and Wilhamson have recently
shown that the observed velocities cannot be harmonized on
the assumption that the high density at the center 1s due
solely to the diminution of volume by
pressure

It 1s necessary, therefore, to fall back
on the second hypothesis, that the center
15 composed of denser materials The
occurrence of metallic iron 1n meteorites
(§ 531) makes 1t probable that this dense
substance 1s iron or an alloy of iron
and nickel This was first suggested by
Wiechert 1n 1897 The latest evidence
indicates that this metallic core 1s about
4000 muiles 1n diameter, and of a den-
Sity ten to twelve times that of water
(which nickel-1iron might attain under the
great pressure)  Adams and Willamson
conclude that a layer of mixed 1ron and
rock about 1000 miles thick, surrounds
the core (Fig 56), Jefireys (1926), that
the transihon to the rocky crust 1s ab-
rupt Most of this crust 15 composed of
heavy basic rocks, and 1ts mean density
1s about 4 The outer gramtic layer, of
density 27, appears to be only about )
40 miles thick - 1

(2) The wnterior 1s solid and more rigid ; }Il" SdGS W}iat fih“];db't‘;
than steel This 1s proved by three inde- np;mg:l?i:ui Lnic i
pendent lines of evidence From an artide by H S

(2) By the transmission of vibrations Washington by courtesy of
caused by earthquakes through the earth’s the Scientufic American
mterior to distant pomnts Investigations of this lead to the con-
clusion that the earth, taken as a whole, 1s considerably more
ngid than steel The inner core, however, does not transmit
transverse vibrations, and 1s probably of low ngidity (Oldham,
1906) According to Jeffreys, 1t may actually be fluud The
rocky crust 1s very ngid
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() By the vanation of latitude Any body which, like the
earth, 1s approximately symmetrical about a certain “‘axis of
figure” will, if set rotating about this axis, continue to rotate
uniformly unless acted upon by external forces, but if the imitial
axis of rotation 15 shghtly inclhined to the ams of figure, 1t will
slowly change 1ts position 1n the body 1n such a way that the
“Instantaneous pole” moves along a small circle whose center 1s
the “'pole of figure.” The more nearly spherical the body, the
longer the penod of this motion For a ngd body of the mass
and figure of the earth 1t would be 305 days The principal term
of the vanation of latitude 1s of this nature, but 1ts period 15
433 days (§ 137) Newcomb and Hough have shown that if the
earth yields shghtly to the centrifugal force produced by 1ts rota-
tion, the period of the pole’s motion will be lengthened, and will
have the observed value if 1t 15 about as ngid as steel

(c) By certain tidal phenomena (to be discussed 1n Chapter X),
which indicate a ngidity of the same order of magmtude

This great ngidity with respect to the effects of rapidly chang-
ing forces 15 not necessanly inconsistent with the i1dea that the
deeper layers of the earth’s crust may slowly yield in the course
of ages to long-continued stresses acting always in the same di-
rection The fact that the 1sostatic compensation beneath geo-
logically young mountain ranges 1s nearly complete indicates
that such slow readjustments actually take place

(3) The temperature of the wntertor 1s very high 1In all deep
mnes and borings the temperature increases downward, the
average rate being not far from 1° centigrade for every hundred
feet How far down this rate of increase extends we do not
know, but at a depth of less than fifty miles the rocks must
be very hot

There must be a steady flow of heat, by conduction, from the
interior to the surface, where 1t 1s radiated into space It 1s now
known that only a small part of the heat conducted out of the
earth at the present time 18 due to cooling of the interior, the
rest 1s supplied by radioactivity Jeffreys estimates the latter at
83 per cent If the earth contained as much uranium and thormum
throughout 1ts whole mass as 1s found in the superficial layers of
the earth’s crust, more heat would be produced than 1s lost, and
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the interior of the earth would be getting hotter The rate of in-
crease of temperature downward indicates, however, that radio-
activity 1s largely confined to a thin superficial layer, and that 1t
becomes msignificant at a depth of the order of 50 lulometers
Jeffreys concludes that the cooling of the earth, since solidifica-
tion, amounts, at a depth of some 300 kilometers, to between
200° and 300°, at a depth of 700 kilometers the cooling 1s as yet
msignificant,, the physical state of the matter at great depths
can scarcely have changed since the solidification of the earth

155 The Age of the Earth In recent years this problem, ongi-
nally in the field of geology, has passed mainly into those of
physics and astronomy, and more definite statements may be
made concerning 1t than were formerly possible

Much the best and most powerful line of attack 1s through the
study of radwactivity To state briefly a long and fascinating
story, the heavy clements uramum and thorum disintegrate
spontaneously but gradually, their atoms changing into atoms
of quite different sorts (many of them, including radium, short-
lived), but ultimately becoming atoms of lead The lead pro-
duced from uramum has an atomic weight of 206, and that from
thortum, 208 Both may thus be distinguished, by careful analy-
s18, from ordinary lead, which 1s of atormc weight 207 When
lead of this sort 1s found 1n a uranium muneral, 1t 1s reasonably
certain that 1t has been formed by a radioactive change since
the mineral crystallized from the melted rock One per cent of
the uramum 15 transformed 1n 66,000,000 ycars In this way the
ages of munerals in lower Pre-Cambnan rocks (the oldest geo-
logically) from different parts of the world are found to be about
1,200,000,000 years The earth’s crust as a whole must be older
than this

On the other hand, a maximum age of the crust can be found
from the relative proportion of uramwum and lead 1n 1its gen-
eral composition Thirty per cent of the ordinary lead (accord-
g to Aston) is of atomic weight 206 To produce this from
the uranium would take about 5,000,000,000 years This does
not, of course, date the creation of matter, but only the time
within which the present crust was formed upon the planet
It appears Likely, therefore, that the estimate that the age of the
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earth 15 3,000,000,000 or 4,000,000,000 years can hardly be more
than twice too great or too small The time dunng which life
has existed on the earth 1s probably about 1,000,000,000 years
These numbers are, of course, subject to modification i1f other
factors 1n the problem, at present neglected or unknown, have
mn the future to be considered They represent, however, the
best values on ghe basis of our present scienhfic knowledge

.
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CHAPTER V

THE ORBITAL MOTION OF THE EARTH

THE AFPARENT MOTION OF THE SUN, AND THE ORBITAL MOTION OF THE EARTH
- ABERRATION OF LIGHT PRECESSION AND NUTATION - THE EQUATION OF
TIME THE SEASONS AND THE CALENDAR

1566 The Sun’s Apparent Annual Motion among the Stars This
must have been among the earliest recognized of astronomical
phenomena, and 1t 1s obviously one of the most important

As seen 1 the northern hemsphere, the sun, starting i the
spnng at the vernal equinox, mounts higher in the sky each day
at noon for three months, until the summer solstice, and then
descends toward the south, reaching in the autumn the same
noonday elevation that it had in the spring It keeps on 1ts south-
ward course to the winter solstice 1n December, and then returns
to 1ts onginal height at the end of a year, markang and causing
the seasons by 1ts course

Nor s thisall The sun’s motion is not merely north and south,
but 1t also advances continually eezstward among the stars In
the spning the stars nsing on the eastern honzon at sunset are
not those found there at that hour in summer or winter

In March the most conspicuous of the eastern constellations at sunset are
Leo and Bootes A lttle later Virgo appears, 1n the summer, Ophiuchus
and Libra, still later, Scorpio, while 10 mudwinter Orion and Taurus are
ascending as the sun goes down

So far as the obvious appearances are concerned, 1t 1s guite
indifferent whether we suppose the earth to revolve around the
sun or vice versa That 1t 15 the earth which moves, however, is
demonstrated by three phenomena too delicate for observation
without the telescope, but accessible to modern methods The
most conspicuous of them 1s the aberration of light (§ 162), the
others are the regular annual shaft of the lines 1n the spectra of stars

(§ 732) and the annual parallax of the stars (§ 710)
186
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157. The earth’s orbit 1s the path in space pursued by the earth
1n 1ts revolution around the sun The eclzptic 25 not the orbit and
must not be confounded with 1t The ecliptic 1s the great circle
traced on the imnfinite celestial sphere by the plane in which the
orbit lies, the orbit 1tself 1s a closed curve, of fimite diameter, 1
space The fact that the ecliptic 1s a great arcle gives us no 1n-
formation aboug the orbit, except that 1t lies wholly wn one plane,
which passes through the
sun , 1t tells us nothing
as to the orbit’s real
form or size But by
reducing the daily ob-
servations of the sun’s
rnight ascension and
declination made with
a mendian circle to ce-
lestial longtude and
latitude,! and combin-
ing these data with ob-
servations of the sun’s

Fic 57 Detcrounation of the Form of the Earth s
Orbit

Lines are drawn, radiating from § (the sun), to repre- A "
sent the directions of the earth from the sun, and are apparent diameler, we

then cut off at lengths nvorsely proportional te the can ascertain the fgym
apparent diamelers of the sun of the earth's orbit and
the law of a5 motwn 1n this orbit  The szze of the orbit cannot
be fixed until we find some means of deterruming the scale
of miles
158 To find the Form of the Orbit Take a pomnt S (Fig 57)
for the sun, and draw from 1t a hine S directed toward the ver-
nal equinox, from which longitudes are measured Lay off from
S lmmes indefinite 1n length, making angles with S equal to the
earth’s longitude as seen from the sun (180° 4 the sun’s longitude
as seen from the earikh) on each of the days when observations were
made We shall thus get a sort of spider, showing the dzrectzon
of the earth as seen from the sun on each of those days
Next, as to the distances While the apparent diameter of the
sun does not determine 1ts absolufe distance from the earth unless

1 The latitude would always be exactly zero, except for some shight perturba-
lions (§ 326) of the earth
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we know the diameter 1n miles, yet the ckanges in the apparent
diameter do nform us as to the relative distance at different
times, — the distance being wnversely proportrional to the sun’s
apparent diameter (§ 109) If we divide 206,265 by the number
of seconds 1n the sun’s measured diameter at any date, we
shall obtain (very approximately) the earth’s distance from the
sun, measured 1n solar diamelers as umts If we lay off these
distances on the arms of our
spider, the curve joining the
pomts thus obtained will be a true
map of the earth’s orbil, though
without any scale of miles
When the operation 1s per-
formed, we find that the orbit
1s an cllipse of small eccentniaity n

(about 1/60), with the sun not
mn the center but af one of the
two foca

159 Definitions relating to the

Fic 58 The Clhpse

SP+ FP = SB 4 FB = 14’ the major
ams  AC 1y the semi-mayor axis, denoted
by ¢ BC 1 the semiminor axsy denoted
byb The eccentricsty e = SC/AC=

ot —p2
[

Orbatal Elipse The cllipse o5 a
curve such that the sum of the two
distances from any point on is corcumference lo two points within,
culled the foci, 1s always constant and equal to the major axis of the
ellipse (Fig 58)

Pershelion and aphelion are, respectively, the points where the
earth 1s neares and remotest from the sun, the line joining
them being the major axis of the orbit  The line of apszdes 1s the
major axis mdefinitely produced 1n both directions A line drawn
from the sun to the earth or any other planet at any point 1n 1its
orbit, as SP 1n the figure, 1s called the planet’s raduus veclor, and
the angle ASP, reckoned from the perihelion paint, 1n the direc-
tion of the planet’s motion, 15 called 1ts anomaly = The mean of
the perthelion and aphelion distances 1s called the mean distance.
It 15 equal to half the major axis

160 Discovery of the Eccentricity of the Earth's Orbit by Hippar-
chus The variations in the sun’s diameter are too shght to be detected
without a telescope, so that the ancients failed to percerve them Hipparchus,
however, about 120 B c, discovered that the earth 15 not the center of the
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circular orbit ! which he supposed the sun tu describe around 1t with umform

velocity

¢ Obviously the sun’s apparent motion 1s not uniform, because 1t takes
186 days for the sun to pass from the vernal equinox to the autumnal, and
only 179 days to rcturn Hipparchus explained this difference by the
hypothesis that the earth 1s out of the center of the arcle

As a matter of fact, the earth’s orbit 1s so nearly arcular that the differ-
ence between the ¥adius vector of the ellipse and that of an eccentric circle
1s everywhere so small that the method indicated 1n the preceding article
would not practically suffice to discriminate between them Other plan-

Fic 59 Equable Description of
Areas

The radius veclor ol a planet sweeps

over equal areas 1n equal times If ab,

cd, and ef be portions of the orbit passed

over by the earth 1n different weeks,

then the shaded sectors are all of equal
area

etary orbits are, however, unmstakahle
ellipses, and the investigations of Newton
show that the earth’s orbit also 1s neces-
sanly elliptical

161 The Motion of the Earth 1n
its Orbit On companng the posi-
tions of the earth in its orbit, as
plotted by the method of section
158, or found still more accurately
by calculation, with the times to
which they correspond, 1t appears
that the earth moves most rapadly
near perthelion, not only 1n angle
around the sun but also 1n distance
along the orbit The law which
governs the motion was discovered

by Kepler in 1609 and 1s that the area swept out by the radwus
veclor 15 always proportional 1o the tme (Fig 59) Knowing this
law and the date on which the earth passed perhelion, 1t 1s
possible to calculate its direction from the sun at any time, and

1ts distance 1n solar diameters

162 Aberration of Light A direct proof that the earth is mov-
g 1n an orbit, and a determination of the size of the orbit in
miles, can be obtained from the aberration of light Aberration?

! Untl the time of Kepler 1t was umversally assumed, on metaphysical grounds,
that the orbits of the celestial bodies must necessanly be circular and described
with a uniform motion, *'because,” as was reasoned, * the circle 1s the only perfect
curve, and umform motion 1s the only motion proper to keavenly bodues *

31t was first discovered in 1725 (and later explamned) by Bradley, who after-
werds became the English astronomer royal
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15 the ap parent displacement of a heavenly body, due to the cominna-
hon of the orbital velocuty of the earth unth the velocily of hight

The fact that Light 1s not transmitted instantaneously, but
with a fimte veloaity, causes a displacement of an object viewed
from any moving station, unless the motion 1s directly toward or
from that object The direction 1n which we point our telescope to
observe a star i1s usually not the same as1f we were at rest, and the
angle between the two directions 1s the star’s gberration at the
moment (not to be confused with the aberration of lenses, §54).

We may 1llustrate this by considering what would happen 1n
the case of falling raindrops observed by a person in motion
Suppose the observer standing
with a tube 1n lus hand while
the drops are falling verti-
cally If he wishes to have
the drops descend through
the tube without touching the
side, he must obviously keep
1t vertical so long as he stands
stdl, but if he advances 1n
any direction, the drops will
strike his face and he will have Fic 60 Aberratwn of 2 Rawndrop
to draw back the bottom of
the tube (Fig 60) by an amount which equals the advance he
makes dunng the time while 2 drop 1s falling through 1it, that 1s,
he must incline the tube forward at an angle, ¢, which depends
both upon the velocity of the raindrop and the veloaty of his
own motion, so that when the drop, which entered the tube at B,
reaches A’, the bottom of the tube will be there also This angle

1s ;iven by the equation
tana=u/V,

mn which V 1s the veloaty of the—arop, and » the veloaty of the
observer at night angles to ¥V

m

This illustration 1s not a demonstration, because hight does not consist of
parncles but of waves transmitted through space, but 1t can be shown that
the apparent direction of motion of a wave 1s affected in precisely the same
way A discussion based on the principles of relativity, though more daffi-
cult, leads to the same result
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163. The Constant of Aberration By the discussion of thou-
sands of observations upon stars 1t 1s found that the moximum
aberration of a star — the same for all stars — s about 20" 47,
which 1s called the constant of aberratron This maximum dis-
placement occurs, of course, whenever the earth’s motion 1s at
nght angles to the Itne drawn from the earth to the star, usually
twice a year *

A star at the pole of the ecliptic 1s, however, permanently in a
direction perpendicular to the earth’s motion, and will therefore
always be displaced by the same amount of 20" 5, but 1n a direc-
tion conbinually changing 1t therefore appears to describe during
the year, as its “‘aberrational orbit,” a httle aircle 41” in diameter

A star on the ecliptic (latsitude 0°) appears simply to oscillate
back and forth 1n a straight line 41" long

Between the eclipic and 1ts pole the aberrational orbit 15 an
ellipse having 1ts major axis parallel to the ecliptic and always
41” long, while 1ts munor axis depends upon the star’s latitude 8,
and always equals 41" sun

There 15 also a very shght diurnal aberration due to the rotation of the
earth, 1ts amount depending upon the observer’s lefsfude and ranging from
0’ 31 at the equator to zero at the pole

164 Determmation of the Earth’s Orbital Velocity and the

Mean Distance of the Sun by means of Aberration. From sec-
tion 162, tan ¢ = »/V, which gives = Vtane, % 1n this case
being the velocity of the earth in its orbit and V the veloaty of
Light, while @ 15 the constant of aberration The recent expen-
ments of Michelson (§556) make V equal 299,796 km /sec
(186,285 m /sec ), with a probable error of about 3 miles We
have, therefore, #, the velocity of the earth 1n 1ts orhit, equals
294,796 tan 20" 47 =29 75 km /sec. (18 49 m1 /sec.).—
# The circumference of the orbit, regarded as circular (which in
the case of the earth mvolves no senmsible error), 15 found by
multiplying this velocity, 18 5, by the number of mean solar
seconds 1n the sidereal year (§ 175) Dividing this arcumference
by 2w, we find the radius of the orbit, or the mean distance of the
sun, to be very nearly 92,800,000 miles

The uncertainty of the constant of aberration affects the
distance proportionally, by perhaps 100,000 miles
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165. Precession of the Equnoxes. This 15 a slow westward
motion of the equinoxes and was first discovered by Hipparchus
about 125 B¢ He found that the “year of the seasons,” from
solstice to solstice (as determined by the gnomon), was shorter
than that determined by the keliacal rising and setting of the
stars (that 1s, the times when certain constellations nse and set
with the sun), just as 1f the equinox " preceded,” that 1s, *stepped
forward” a hittle to meet the sun The difference betwden the
year of the seasons and the sidereal year 1s about twenty min-
utes This difference of twenty minutes, since 1t 1s about one
twenty-six-thousandth part of the year, can be accounted for by
an annual westward motion of the equinox of about 50" of arc
(1/26,000 X 360°) The annual precession 1n 1925, according to
Newcomb, 1s 50" 2619

Since the equinox 1s the pomnt of intersection of the equator
and the ccliptic, 1ts motion must, of course, be interpreted as a
motion of one or both of these circles and of their poles As a
matter of fact nather pole 15 stationary That the motion of
the pole of the equator (the celestial pole) contributes much the
larger sharc of the precession 1s shown by the fact that the
change 1n the latitudes of the stars in the last two thousand
years has been very slight in comparison with the change in
their longitudes, nght ascensions, and declinations

The motion of the celestzal pole may be treated as partly
periodic and partly progressive, that is, the actual pole may be
considered as oscllating 1 a short penod about a mean pole
which moves steadily forward *

The periodic motions of the celestial pole are known as
nutations , the progressive motion of the mean pole, as (1) the
lunr-solar precession The motion of the ecliplic pole produces
(2) the planetary precession, and the sum of the two precessions
is the general precession

(1) The luni-solar precession The mean pole moves around
the pole of the echiptic, regarded as fixed, 1n a circle at constant
velocity The cquator continually shifts, therefore, so that its

LThe distinction hetween progressive (often called secular) and periodic mobons
1s not rigid, for the reason that the former while apparently continuing indefinitely,
may bring the object back to 1ts initial position after the lapse of a very long penod
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mtersection with the ecliptic (the vernal equinox) moves west-
ward at a umform rate, while the angle between the two (the
obhquity) remains constant (Fig 61) The pole 1s always mov-
ing toward the position which the vernal equinox occupies at
the time, while the equinox moves just fast enough to keep
always precisely 90° from
% the pole

(2) The planetary pre-
cession. The motion of
the pole of the echiptic,
which 1s only about 1/40
as fast as that of the
celestial pole, changes
the direction of the lne
jomng the two poles and
causes the equinox to
move eastward 0"’ 11 per
year It also dimimshes
the obliquity of the eclip-
tic by 0”47 annually
This again causes a small
Fic 61 Conical Motion of Earth’s Axis change 1n the rate of

The carth 15 pictured as half immersed below the  the lum-solar precession
surface of the plane of the ecliptic in which 1t moves

along i1ts orbit  The hine SCT points to the pole of the from century to century
echptic  About this line the earths axis ACX shufts  While the pole of the

conically (like the ams of a spinning top), taking up
successively the positions A'C A”'C, etc, all the while EChPUC has rematned

keeping 1ts mncination (the angle ACT) unchanged almost fixed among the
The direction of the equinox 1s thas changed [rom

CV to CF and onward stars, the pole of the

equator has traveled

many degrees since the earliest observations The appearance
of the heavens has consequently changed greatly The present
polestar was once {ar from the pole (Fig 62)

Great changes have taken place n the apparent position of
other constellations in the sky Six thousand years ago the
Southern Cross was visible in England and Germany, and Cetus
never rose above the honzon there

Another effect of precession 1s that the szgns of the zodac (§ 24)
no longer correspond to their zodiacal constellations The stgn of
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Aries 1s now 1n the constellation of Pisces, and so on In the last
two thousand years each sign has backed bodily, so to speak, mto
the constellation west of 1t

The reader must agaimn be warned against confusing the precessional
motion of the celestzal pole with the motion of the lerrestrial pole which
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Fi1c 62 Precessional Path of the Celestial Pole

Reckoning bhack about 4600 years, we see that @ Dracoms was then the polestar About

56800 years hence o Cepher will take the office, and about 12,000 years from now Vege

(a Lyr=) will be the polestar — a splendid one, but rather far from the pole (Owing to

the motion of the pole of the ecliptic the actual track of the celestial pole will not, however,
be exactly circular, nor will 1t follow quite the same path in 1ts next revolution)

causes the variation of latitude (§ 137) The former 1s a motion of the axis
and the earth together, the latter 1s 2 motion of the ams within the earth
The latter invalves a shight change in the bearing of one terrestrial object
from another, the former does not, — a north-south hne drawn on the
earth’s surface remains a north-south line notwithstanding the precession

166. Physical Cause of Precesslon The physical cause of this
slow comical motion of the earth’s axis was first explained by
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Newton The earth may be considered as consisting of a sphere
encircled by a protuberant ning of matter, — the equatonal bulge
The sun and moon, acting on this nng, tend to change the inch-
pation of the equator, — the one to draw 1t into corncidence with
the plane of the ecliptic, the other to draw it mnto comncidence
with the plane of the moon's orbit As the plane of the moon’s
orbit 15 inchned bnly about 5° to the ecliptic, the two forces act
pearly in tHe same plane and combine to produce the lum-solar
precession The moon, bemng nearer than the sun, 1s much the
more effective 1 pro-
ducing the precession
If 1t were not for the
earth’s rotation, this ac-
tion of the sun and moon
would actually bring the
two planes of the equator
and ecliptic into comn-
adence, but since the
] earth 1s spinning on 1ts
Fic 63 Trecession illustrated by the Gyroscope  aX13, we get the same
result as we do with the
whirling wheel of 2 gyroscope by hanging 4 weight at one end of
its axis (Fig 63) We then have a combinafion of twe rotations at
right angles to each other, — one the whirl of the wheel, the other
the tip which the weight tends to give the axis The resultant
effect (very surprising when the experiment 1s seen for the first
time) 1s that the axis of the wheel, instead of tipping, maintains
1ts mchnation unchanged but moves around comically hke the
axis of the earth Any force tending to change the direction of
the axs of a whirling body produces a motion exactly at right
angles to 1ts own direction
Compared with the mass of the earth and its momentum of
rotation this disturbing force 1s very shght, and consequently
the rate of precession 15 extremely slow If the earth were
spherical, there would be no precession If it revolved on 1ts
axis more slowly, precession would be more rapid, as 1t would be
also if the sun and moon were laiger or nearer, or if the obliquity
of the ecliptic were greater, not exceeding 45° The cause of the
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planetary precession 1s the alteration of the plane of the earth’s
orbit by the action of the other planets

167 Nutatons The forces which tend to pull the equator
toward the ecliptic continually vary When the sun and moon
are crossing the celestial equator the action becomes zero, — twice
a year for the sun, twice a month for the moon Moreover, as we
shall see (§ 188), the moon’s orbit 1s continuously changing its
position i such a way that the maximum declination attained by
the moon during the month vanes by as much as 10°. As a con-
sequence the actual pole follows a sinuous curve, oscillating about
the mean pole (steadily advancing by precession) 1n an irregular
curve not very different from a circle  This involves an alternate
motion toward and from the pole of the ecliptic (4 nodding, which
gives the motion 1ts name of “nutation’”), as well as a periodic
vanation 1n the rate of advance, sometimes known as the equa-
tion of the equinox The largest nutation (that depending on the
molion (§ 188) of the moon’s nodes) has 2 maximum amount of
9" 21 and a penod of a hittle less than nineteen years

168 The Gyro-compass. This consists of a rapidly revolving
gyro-wheel driven by an electric motor and so mounted that 1ts
ax1s 15 constramned to be horizontal but may move freely in a
horizontal plane If the axis points east and west, the earth’s
rotation tips one end down and the other end up (acting like the
pull of the weight 1n Ig 63) and produces a precession, which
causes one end of the axis to seek the north and the other the
south If the aws overshoots the mark, the precessional force
reverses 1n direction and bnngs 1t back Since this mstrument
will work 1nside the armor of a battleship, which shields the ordi-
nary compass against the earth’s magnetic force, 1t 1s of great
use 1n the navy The directive force of the gyro-compass 1s many
times that of the magnetic compass, and 1t points frue north

169 The Equation of Time The equation of time at any mo-
ment 1s the difference between apparent and mean solar time, that
15, the difference 1n hour angle of the sun and the fictitious mean
sun (§ 36), and 15 therefore the difference of their nght ascensions

There are two principal causes of this difference

(1) Tke variable motion of the sun n the ecliptrc, due to the
eccentricity of the earth's orbuit  Near perthelion (about January 2)
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the sun’s eastward motion in the echiptic is most rapid and 1s
faster than that of the mean sun It draws away, therefore, to
the eastward of the mean sun (with which 1t coincides at pen-
helion) and comes to the mendian late At aphelion 1t 15 once
more 1n colncidence with the mean sun but 1s now moving more
slowly, so that 1t begins at once to fall behind—to the westward—
and comes to tWe menidian early The daiy differences sum up to
a maximum difference of about 73 minutes 1n April and October
(2) The obliquaty of the echpnnc Even if the sun’s motion in
longuude (that 1s, along the ecliptic) were umiform, 1ts motion mn
: right ascension would be van-

able If the true and fictitious
suns were together at the vernal
equinox, one moving uniformly
in the ecliptic and the other in
the equator, they would indeed
be together (that 1s, have the
same right ascensions) at the
two solstices and at the other
equinox, because 1t 1s just 180°
from equnox to equinox, and

Fic 64 The Sun’s Vanable
Motion in R A

In this dlustration the observer i1s supposed
to be loaking at the globe from the west, E
(the vernal equinox) being at the west point
of the horizon ECA 15 the ecliptic, 1ts pole
being K, while EQAT 1s the celestial equator,
1ts pole (of diurnal rotation) bang P

the solstices are exactly halif-
way between them , but at any
point between the solstices and
equinoxes therr nght ascen-

sions would differ

This 1s easily seen by taking a celestial globe and marking on
the ecliptic the pomnt m (Fig 64) halfway between the vernal
equmox E and the summer solstice C, and also marking a point »
on the equator 45° from the equinox It will be seen at once that
the former pomnt 1s west of #, the difference of nght ascension
being m'n, so that m, in the apparent diurnal revolution of the
sky, will come first to the mendian

Even 1f the sun moved umformly 1n the ecliptic, it would, by
reason of the obliqumty, be west of the mean sun, which 1s sup-
posed to move uniformly 1n the equator, between March 21 and
June 21, and cross the mendian early, in the next quarter year it
will be east of the mean sun and come late to the merndian, and
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soon The maxumum difference (in February, May, August, and
November) amounts to 10 minutes

170 Combmation of the Effects of the Two Causes We can
represent the two components of the equation of time and the
result of their combination by a graphical construction (Fig 65)

The central honzontal line 1s a scale of dafes one year long, the
months being indicated at the top The doffed curve shows that
component of the equation of time which 15 due to the eccen-
tnaty of the earth’s orbit In the same way the broken-hne
curve denotes the effect of the obliquity of the ecliptic The
heavy-line curve represents the combined effect of the two causes,
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Fic 65 The Equation of Time

Mean ume minus apparent time (The Asmerican Ephemerts tabulates as well apparent
munus mean ) According to the convention of this diagram the mean time 1s obtained from
the apparent tume by addug algebraically the equation of tune to the latter

1ts ordinate at each point being made equal to the algebraic sum
of the ordinates of the other two curves The equation of time
can be read from this curve within a minute, which 1s as closely
as the apparent time can be found from a sundial

The two causes discussed above are only the principal ones
Every perturbation suffered by the earth shghtly modifies the
result, but all other causes combined never affect the equation
of time by as much as ten seconds

The equation of time becomes zero four times yearly, as will
be seen from the figure, — about Apnl 15, June 14, September 1,
and December 24, but the dates vary a little from year to year

171 The Seasons. The earth in its orbital motion keeps its
axis parallel to itself, except for the minute effect of precession
Since this axus 1s not perpendicular to the plane of its orbit, the
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poles of the earth vary in their presentation to the sun On
June 21 the earth 1s so situated that its mertk pole 1s mclined
toward the sun by about 231° (Fig 66) The south pole 15 then
m the unilluminated half of the
globe, while the north pole recerves
sunhght all day long, and 1n all por-
tions of the northern hermsphere the
day 1s longer than the might, and
vice versa in the southern hemu-
sphere At the time of the winter
solstice these conditions are reversed
and the south pole has perpetual sunshine At the two equ-
noxes, March 21 and September 21, the plane of the earth’s
equator passes through the sun, so that the arce which divides

Fi1c 66 Position of Pole at Sol-
stice and Lquinox

Fic 67 The Midnight Sun at Etah, Greenland, i July

A senes of exposures at mntervals of twenty minutes shows the sun reaching mmmum alti-
tude at mdmght (From a photograph by Donald MacMillan)

day from night upon the earth passes through the pole, and day
and nmight are then everywhere equal On the equator, day and
mght are equal at all times of the year, and there are no seasons
in the proper sense of the word.
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At all places within the forrid zone, which extends 233° north
and south of the equator and 1s bounded by the #ropics of Cancer
and Capricorn, the sun passes, at some time 1n the year, through
the zemth 1In the temperate zones, which are each 43° wide, the
sun 1s never seen 1 the zemth, nor does 1t fail to appear above the
honzon at noon The frigid zones extend 233° from the poles and
are bounded by the arctic and antarctic circles In these regions
one or more days elapse 1n winter without the appearance of the
sun, while 1n summer the sun makes one or more complete circuits
above the honzon
(§ 32 and Fig 67)

172. Efectson Tem-
perature. Thechanges
1 the wmsolation (ex-
posure to sunshine)
at any place mvolve
changes of tempera-
ture and of other
chimatic  conditions
which produce the T1c 68 ILffect of Sun's Elevation on Amount of

seasons Taking asa Heat 1imparled to the Soil

standard the average In Juue more heat from the wun reaches a gmven area {(a
h to &) i the northern hemisphere than reaches an equal
amount of heat re- area (a’ to §’) 1n the same lahtude south of the equator

cerved from the sun
m twenty-four hours on the day of the equinox, it is clear
that the surface of the soil at any place in the northern
hemisphere will receive, every twenty-four hours, more than the
average of heat whenever the sun 1s north of the celestial equator,
and for two reasons

(1) Sunshine lasts more than half the day

(2) The mean altriude of the sun while above the horizon 1s
greater than at the time of the equinox

Now the more obhquely the rays strike, the less heat they
bring to each square inch of the surface (Fig 68) A beam of
sunshine of a certain cross-section 1s spread over a larger area
when 1t stnkes obliquely than when 1t strikes vertically, and 1its
heating efficiency 1s 1n 1nverse ratio to the surface over which
the heat is distmbuted
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For these two reasons, therefore, at a place in the northern
hemisphere the mean temperature of the day nses rapidly as the
sun comes north of the equator, thus causing summer

173 Time of Highest Temperature. The northern hemisphere
recerves the most heat 1n twenty-four hours at the time of the
summer solstice, but this 1s not the hottest time of the season,
for the reason ghat the surface 1s receiving more heat than it
loses and ¢ therefore getting hotter The maxmum tempera-
ture will not be reached until the increase ceases, that 1s, not until
the amount of heat los? in twenty-four hours equals that recezved,
which occurs 1n our latitude about August 1  For similar reasons
the mimmum temperature of winter occurs about February 1

Since the weather 1s not entirely ““made on the spot where it
18 used,” but 18 much influenced by winds and currents that come
from great distances, the actual date of the maxmum tempera-
ture at any particular place cannot be deterrined beforehand by
astronomical considerations alone, but vanes considerably from
year to year

174 Difference between Seasons in Northern and Southem
Hemispheres. Since in December the distance of the earth from
the sun 1s about 3 per cent less than 1t 15 1n June, the earth as
a whole receives, hourly, about 6 per cent more heat 1n December
than 1n June, the heat recerved varying inversely as the square
of the distance For this reason the southern summer, which
occurs 1n December and January, 1s hotter than the northern
summer, and the southern winter 1s colder In midsummer, when
the sun shines at the pole continuously, the amount of heat
received there per square mile during the twenty-four hours 1s
25 per cent greater than at the equator for the same area and
time If it were not for the great accumulation of ice at the pole,
summers there would be hot

175 The Sidereal and Tropical Years. The sidereal year, as
1ts name 1mplies, 15 the time occupied by the sun 1n apparently
completing the circuit of the heavens from a gen star to the
same star agarn  Its length 1s 3654 61 9m 9¢ 5 of mean solar time
(3659 25636)

From the mechanical point of view this 1s the frue year, that
18, 1t 15 the time occupied by the earth in making one complete
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revolution around the sun from a given direction 1n space to the
same direction again

The tropical year is the time included between two successive
passages of the vernal equinox by the sun On account of pre-
cession (§ 165) the equinox moves yearly 50" 3 toward the west,
so that the tropical year 1s shorter than the sidereal year, its
length being 3654 5t 48m 465 0 (3654 24220) Tts length was deter-
mined by the ancients with considerable accuracy, as 3653 days,
by means of the gnomon (§ 90), they noted the dates at which
the noonday shadow was longest (or shortest), that 1s, the dates
of the solstices

Since the seasons depend on the sun’s place with respect to the

quinox, the tropical year 1s the year of chronology and awil

reckoming Whenever a penod of so many years 1s spoken of, we
always understand tropical years unless the term 1s otherwise
distinctly mdicated

A third kind of year 15 the anomalistic year, — the time between two
successive passages of the perthebon  Since the hine of apsides of the earth's
orbit moves eastward about 11”7 a year (§ 328), this kind of year 1s nearly
five minutes longer than the sidereal year, its length being 3659 6k 13m 532 0
(3654 25964) It1s very little used

176 The Calendar The natural umits of time are the day,
month, and year The day 1s too short for convemence in deal-
ing with considerable periods, — such as the life of a man, for
instance, — and the same 15 true of the month, so that for
chronological purposes the tropical year (the year of the seasons)
1s employed At the same time so many religious 1deas and
observances have been connected with the changes of the moon
that there used to be a constant struggle to reconcile the montk
(the period of the moon’s orbital revolution) with the year
Since the two are incommensurable, no really satisfactory solu-
tion 1s possible, and the modern calendar of civilized nations
entirely disregards the moon

In ancient times the calendar was in the hands of the priesthood and was
predomunantly lunar, the seasons being cither disregarded or kept roughly
1 place by the occasional intercalation or dropping of a month The prin-
cipal Mohammedan nations still use a purely lunar calendar for rehgious
purposes, having a year of twelve lunar months, contaiming alternately 354
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and 355 days In their reckoning, therefore, the months and the religious
festivals fall continually 1 different seasons, and their calendar gains on
ours about one year 1n thirty-three

177, The Julian Calendar. When Julms Cesar came into
power he found the Roman calendar mn a state of hopeless
confusion, He therefore sought the advice of the Alexandrian
astronomer Soalgenes, and in accordance with his suggestions
estabhshed (458 c) what 1s known as the Julian calendar,
which still, with a trifling modification, continues in use among
all avilized nations He discarded all consideration of the moon,
and, adopting 365% days as the true length of the year, he or-
dained that every fourth year should contain 366 days, the extra
day being inserted by repeating the sixth day before the kalends
of March, whence such a year is called bissextzie He also trans-
ferred the begintung of the year to January 1, up to that time 1t
had been in March, as 1s still indicated by the names of several
of the months, as September, that 1s, the seventk month, etc

Casar also took possession of the month Quintilis, naming 1t
July after hhmself His successor, Augustus, 1n a srmilar manner
appropriated the next month, Sextilis, calling 1t August The
story that, to make his month as long as July, he added to it a
day stolen from February, appears to be unfounded

178 The Gregorian Calendar The true length of the tropical
year 15 not 3655 days, but 3654 5t 48m 46° 0, leaving a difference
of 11m 145 0 by which the Julian year is too long This amounts
to a httle more than three days in four hundred years As a
consequence, 1 the Juhan calendar the date of the vernal equi-
nox comes earlier and earher as time goes on, and by AD 1582
1t had fallen back to the eleventh of March instead of occurnng
on the twenty-first, as it did at the time of the Council of Nice,
AD 325 Pope Gregory, therefore, under the advice of the dis-
tinguished astronomer Clavius, ordered that the calendar should
be cotrected by dropping fen days, so that the day following
October 4, 1582, should be called the fifteenth instead of the
fifth, and, further, to prevent any future displacement of the
equinox, he decreed that thereafter only such century years should
be leap-years as are dwvisible by 4oo (Thus, 1700, 1800, 1900,
2100, and so on, are not leap-years, while 1600 and 2000 are )
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179. The change was immediately adopted by all Catholic
countnes, but the Greek Church and most Protestant nations
refused to recogmze the pope’s authonity It was, however,
finally adopted in England by an act of Parliament, passed in
1751, providing that the year 1752 should begin on January 1
(instead of March 25, as had long been the rule in England), and
that the day following September 2, 1752, should be reckoned as
the fourteenth instead of the third, thus dropping eleven days

The change was bitterly opposed by many, and there were riots i van-
ous parts of the country in consequence, especially at Brnstol, where several
persons were killed The cry of the people was, "'Give us back our fort-
night!” for they supposed they had been robbed of ¢leven days, although
the act of Parliament was carefully framed to prevent any injustice in the
collection of interest, the payment of rents, etc

At present, since the years 1800 and 1900 were leap-years 1
the Julian calendar and not min the Gregonan, the difference
between the two calendars 1s thirteen days The Julian calendar
was adhered to 1n Russia until 1918, and in Rumama until 1919,
but both dates were customanly used for scientific purposes,
for example, June 9/22, 1916

When Alaska was annexed to the United States the official
date had to be changed by only eleven days, one day being pro-
vided for 1n the alteration from the Asiatic reckoming to the
American (§40)

180. The Juhan Day A system of chronological reckoning by
days has many advantages 1n the simplification of calculations
which 1nvolve long periods of time, and mm the avoidance of
ambigumity According to the system proposed by J Scaliger in
1582 a date 1s expressed as the number of days elapsed since the
beginning of the arbitrary “ Julian era,” January 1, 4713 B C
Thus, the date of the solar eclipse of January 24, 1925, 1s
JD 2,424,175, and this 1s perfectly definite to every astronomer
The number of days between any two events, even centunes
apart, 15 at once found by merely taking the difference between
theirr Julian-day numbers The Naufical Almanac gives the
Juhan-day number for January 1 of every year By imnternational
agreement the Juhian days still begin at noon.
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EXERCISES
1. What 15 the menidian altitude of the sun at Princeton New Jersey
(Lat 40° 21'), on the day of the summer solstice ?
2 What 1s the sun’s approxumate right ascension at that time?

3 On about what days during the year will the sun’s right ascension be
an even hour (that 1s, 0 hours, 2 hours, 4 hours, etc)?

4
4 On what days will it be an odd hour?
L
5. What 1s the (approximate) sidereal time at 10 M on May 127

Ans 13h28™

8 At what time will Arcturus (R A = 14" 10™) come to the mendian

on August 1? : Ans  About 5" 26™ p M
7 About what time of mght 15 Mizar (R A = 13" 20™) vertically under
the pole on October 107? Ans Midnight

8 In what latitude has the sun a mendian altitude of B0° on June 217
Ans + 33°27

9 What are the longitude and latitude (celestial) of the north celestial

pole? Ans Long 90°, Lat 66° 33’
10 What are the right ascension and dechination of the north pole of
the ecliptic? Ans R A 18" Dec 66° 33

11 W'!'Aat are the greatest and least angles made by the ecliptic with
the honzon at New York (Lat 40° 43')?

Ans (90° — 40° 43') & 23° 27/ =  Max 72° 44’.

Min 25° 50

12 Does the sun always pass through the vernal equinox on the same
day of the month? If not, why not? How much can the datc vary?

13 Will the ephemens of the sun for one year be correct for every other
year, and, 1if not, how much can 1t be 1n error?
Ans A difference of 1} days’ motion of the sun 15
possible, as, for instance, between 1897
and 1903, the leap-year bemng omrtted n
1900

14 When the sun 1s 1n the sign of Cancer, in what constellation 1s 1t?
15. What obhquity of the ecliptic would reduce the width of the tem-
perate zone to zero?

18 At what standard time will the sun come to the menidian on March 21
at Boston (Long 4" 44™ west of Greenwich), the equation of time being
+ 7™ 28P Ans 11"51™28°a ™

17 When the equation of time 15 16 minutes, as 1t 1s on November 1, how
does the forenoon from sunnse till 12 o’clock compare 1n length with the
afternoon from 12 o’clock til sunset?
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18 Why do the afternoons begin to lengthen about December 8, a fort-
rught before the winter solstice ?

18 There were five Sundays in February, 1880 When did this happen
again? When will 1t happen again?

20 If the weather were "'made on the spot where 1t 1s used and at the
time when it 15 used,” what would be the hottest place on the earth?
Ans The south pole on December 22
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CHAPTER VI

THE MOON

TUI MOON'S APPARFNT MOTION PHASES THE MONTH THE ORBIT - SYNODI(
ThI HARVESL MOON - DISTANCE, MASS, DFNSITY, AND GRAVITY
ATMOSPHFRE, LIGHT, AND HEAT * TELESCOPI(

APPEARANCE

MOTION
ROTATION AND LIBRATIONS

181 Next to the sun, the moon 1s to us the most conspicuous
and the most unportant of the heavenly bodies If the stars and
planets wer all extinguished, our eyes would miss them, and that
15 all, but if the moon were annthilated, the interests of com-
merce would be sertously affected by the great dminution of
the tides It owes 1ts conspicuousness and economic 1mportance,
however, solely to 1ts nearness, for 1t 1s really a very insignificant
body as compared with the stars and the planets

As an mspiration to the development of astronomical theory
1t ranks high among the heavenly bodies The very beginnings
of the science seem (o have onginated 1n Lhe study of its motions
and phases and of the different phenomena which 1t causes,
such as the echpses and the tides, and in the development of

modern theoretiral astronomy the lunar theory, with the prob-
lems which 1t raises, has been perhaps the most fertile field of
discovery and mvenuon
182 The Moon’s Apparent Motion; Definition of Terms One
of the earliest observed of astronomical phenomena must have
been the eastward motion of the moon with reference to the sun
and stars, and the accompanying changes of phase If we note
the moon torught as near some conspicuous star, we shall find 1t
tomorrow might at a pont about 13° farther east, and the next
rught as much farther sull, 1t makes a complete circuit of the
heavens, from star to star again, i about 27} days In other
words, 1t revolves around the earth in that time, while 1t accom-

panies us 1n our annual journey around the sun
' 156
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Since the moon moves eastward among the stars so much faster
than the sun, 1t overtakes and passes the sun at regular mtervals,
and as 1ts phases depend upon its apparent position with respect
to the sun, this interval from new moon to new moon 1s especially
noticeable and 15 what we ordinanly understand as the month, —
techmcally, the syrodic monih

The elongation of the moon 1s its angular distance from the sun
at any time When the moon has the same longitude as the
sun, 1t 15 said to be in compunction and 1s new, at full moon the
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1o 69 Phases of the Moon

Sunlight (rom the nght illumines one herisphure of the revolving moon The corresponding
pliases apparent to the observer O, on the earth, are pictured below

duiTerence 1n Jongitude 15 180° and 1t 15 said to be 1n opposition
In both cases the moon 1s 1n syzygy, that is, the sun, moon, and
earth are ranged nearly along a straight ine  When the elongation
15 90°) 1t 1s said to be in quadrature

183 The Phases of the Moon Since the moon 1s an opague
body shining merely by reflected hight, we can see only that
hemisphere of its surface which happens to be illuminated, and
of this hemisphere only that portion which happens to be turned
toward the earth (Fig 69) When the moon 1s between the earth
and the sun (at new moon), the dark side 13 presented directly
toward us, and the moon 1s entirely invisible A week later, at
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the first quarter, half of the illuminated hemusphere is visible,
just as 1t 15 a week after the full Between the new moon and
the half-moon, whether waxing or waning, we see less than half
of the illuminated portion, and we then have the crescent phase
Between the half-moon and the full moon we see more than half
of the moon's lluminated side, and we have then what 1s called

L)

Fic 70 The Gibbous Moon — before the Third Quarter

The rays from Tycho, near the south pole (at the top), and from Copernicus near the
equator, are conspicuous  (Photographed at the Yerkhes Observatory)

the gpibbous phase (Fig 70) (The phases are illustrated by view-
mg from different sides a bhaseball ighted by a lamp )

184 The Terminator The line which separates the dark por-
tion of the disk from the bright portion 1s called the terminator
Since 1t 1s 2 semi-arcle viewed obliquely, the terminator 1s always
a serm-ellipse The dluminated portion of the moon’s disk 1s
therefore always a figure made up of a semi-circle plus or minus
a semi-ellipse At new or full moon, however, the semi-ellipse
becomes a semi-circle, and at half-moon a straight hine The
pomnts of the crescent moon are known as the cusps
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It is to be noticed that the straight hine joimng the ends of the
terminator 1s always perpendicular to a line from the moon to
the sun (Fig 72 B), so that the korns are always furned away from
the sun The prease position in which they will stand at any
time 1s perfectly predictable from the geometrical relations of the
earth, sun, and moon Artists sometumnes carelessly represent a
crescent moon at mght with 1ts horns ponted downward

185. Earth-Shine on the Moon Near the time of new moon the
whole disk 15 easily visible, the portion on which sunlight does not
fall being dluminated by 2 pale hight (Fig 71) Thus light 1s earth-
shine, the earth as seen from the moon being then nearly full.

Fi¢ 71 The karth-Lit, the Full, and the Totally Eclipsed Moon

That 15, the moon lluminated by rcflected, direct, and refracted sunhght The picture on
the left shows the “old moon 1in the new moon’s arms"’  sunlight on the slender crescent,
earth shine on Lhe rest of the moon In Lhe muddle 1s the picture of the full moon The
picture on Lhe right was taken during cclipse, although the moon 1s completely immersed
1 the earth's shadow, it 15 dimly illuminated by hght refrected through the earth’s atmos-
phere mnto the shadow The exposures nicessary to oblain good photographs m the three
cases were very different  (From phulugraphs by E E Barnard, Yerkes Observatory)

Seen from the moon, the earth would show all the phases that
the moon does, the earth’s phase being 1n every case exactly
supplementary to that of the moon as seen by us at the time

186 Sidereal and Synodic Months The sidereal month 1s the
time 1t takes the moon to make 1ts revolution from a given star
lo the same star again, as seen from the center of the earth It
averages 274 72 43™ 115 47 (274 32166), but 1t varies some seven
hours on account of perturbations The mean daily motion 1s
360° — 27 32166, or 13° 11’ Mechanically considered, the szdereal
month 1s the true month

The synodic month is the time between two successive con-
junctions or oppositions, that 1s, between successive new or full
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moons Its average value is 29d 12h 44m 22 78 (29d 53059), but
1t varies nearly thirteen hours, mainly on account of the eccen-
tricity of the lunar orbit The synodic month 1s what we ordi-
narly mean when we speak of a month

Ii M be the length of the moon’s sidereal penod, E the length
of the sidereal year, and S that of the synodic month, the three
quantities are connected by a very simple relation 1/M 1s the
fraction of a circumference moved over by the moon 1n a day.
Similarly, 1/E 1s the apparent daily motion of the sun The dif-
ference 1s the amount which the moon gains on the sun daily
Now 1t gains 2 whole revolution m one synodic month of § days,
and therefore must gain daily 1/S of the arcumference Hence
we have the important equation 1/M — 1/E = 1/§, the equation

EM
E—-M

The moon moves about 12° 2 (360° X 1/5) to the eastward of
the sun each day

of synodic motion, whence S =

Another way of looking at the matter (leading, of course, to the same
result) 1s this In a sidereal year the number of sidereal months must be
just one greater than the number of synodic months, Lhe numbers are,
respectively, 13 3694 and 12 369+

The equation of synodic motion 1s of general application to all
cases of a "'stern chase” (§ 268)

187 The Metomic Cycle Since 235 synodic months are very
nearly equal to 19 Julian years, the phases of the moon recur
after nineteen years, on the same days of the month, with perhaps
a shift of one day, according to the number of leap-years inter-
veung This cycle was discovered by Meton about 433 5 ¢ It
15 used 1n the ecclesiastical calendar for finding the date of Easter
This 1s fixed as the first Sunday following the first full moon fol-
lowing the vernal equinox Its date ranges through more than
a month, as do also those of the other movable feasts which
depend upon 1t

188 The Moon's Path on the Celestial Sphere, the Nodes and
their Motion. By observing the moon’s right ascension and dech-
nation daily with smitable instruments we can map out 1ts appar-
ent path on the celestial sphere Tt turns out to be very nearly a
great circle, inchined to the ecliptic at an angle of about 5°
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The two points where the path cuts the echptic are called the
nodes, the ascending node being the one where the moon passes
from the south side to the north side of the eciptic The oppo-
site node 1s called the descending node (Ancient astronomers all
lived 1n the northern hermisphere )

On account of the so-called perturbations, due to the attraction
of the sun, the moon at the end of the month never comes back
exactly to the point of beginning

One of the most mmportant of these perturbations 1s the
regression of the nodes These slide westward on the ecliptic 1n
the same manner as does the vernal equinox (§ 165), but much
faster, completing their circuit 1n a little less than mineteen years
mstead of twenty-six thousand The average time between two
successive passages of the moon through the same node 1s called
the nodwcal or draconitic month It 1s 27 2122 days, — an impor-
tant period 1n the theory of eclipses The inclination also varies
from 4° 59’ to 5° 18’ the mean being 5° B

When the ascending node of the moon’s orbit coincades with
the vernal equinox, the angle between the moon’s path and the
equator has 1ts maximum value of 23° 27" 4 5° 8’ or 28° 35,
mne and one-half years later, when the descending node has come
to the same point, the angle 1s only 23° 27/ — 5°8’, or 18° 19’ In
the first case the moon's meridian altitude will range, during the
month, through 57° 10’, in the second, through only 36° 38’

The moon 15 much more effective 1n producing precession of
the earth’s axis 1n the first case than in the second This accounts
for the principal term 1n the nutation

189 Interval between the Moon’s Successive Transits; Daily
Retardation of its Rising and Setting Owing to the eastward mo-
tion of the moon i1t comes to the meridian later each day If we
call the average interval between 1ts successive transits a lunar day,
we see at once that, while in the synodic month there are 29 5306
mean solar days, there must be just one less of these lunar days,
since the moon, 1n the synodic month, moves around eastward from
the sun to the sun again, thuslosing one complete relative rotation

It follows, therefore, that the length of the lunar day must be
29 5306

24h  ——
X 28 5306

» or 248 50m 47, the average daiy retardation of
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transit bemng 504 minutes It ranges, however, all the way from
38 minutes to 66 munutes, on account of the vanations m the
rate of the moon’s motion 1n nght ascension (due partly to per-
turbations but mainly to the elliptical form of its orbit and its
inchnation to the celestial equator), — variations preasely analo-
gous to the mnequalities of the sun’s motion, which produce the
equation of timé (§ 169), but many times as great

The average retardation of the moon’s daily rssing and setting
1s also the same, 50 47 minutes, but the actual retardation 1s much
more vanable than that of the transits, depending largely on the
latitude of the observer In latitude 40° the extreme range 1s
from 13 minutes to 80 mnutes In higher latitudes 1t 15 still
greater Indeed, 1n latitudes above 61° 20’ the moon, when 1t has
1ts greatest possible dechination of 28° 47/, will become circum-
polar for a certain time each month and will remain visible with-
out setting at all for 1 whole day or more, according to the latitude
of the observer (There 1s also, in these higher latitudes, at least
one day in the month on which the moon does not nse )

180 Harvest and Hunter’s Moon The full moon which occurs
nearest the time of the autumnal equinox 1s called the karvest
movn, the next following one, the hunter’s moon The peculianty
of the harvest moon 1s simply that 1ts retardation of rising (in the
northern hemisphere) 1s smaller than that of any other full moon
dunng the year, for several evenings the moon nises but little
later (22 minutes on the average in latitude 40°) each mght,
so that there 1s moonlight 1n the early eveming for an unusual
number of evenings The phenomenon 1s more striking 1n high
latitudes

In the autumn the sun 1s near the aulumnal equanox , the full
moon, rising 1n the east, 1s therefore near the vernal equinox, the
ecliptic (with which the moon’s orbit may, for the purpose of
this discussion, be regarded as coincident) has its smallest incli-
nation with the honizon That half of the echiptic which 1s above
the horizon lies to the south of the equator The daily motion of
the moon along its orbit has therefore its mintmum effect 1n
delaying 1ts nsing (Fig 72 4)

If the ascending node of the moon’s orbit comncides with the
first of Anes, then, when this node 1s nsing, the moon’s path will
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lie still nearer the honzon than the ecliptic, and the phenomenon
of the harvest moon will be especially noticeable

191. Form of the Moon’s Orbit. By observation of the moon’s
apparent diameter, combined with observations of 1ts place in the
sky, we can determine the form of #fs orbit around the earth n
the same way as the form of the earth’s orbit around the sun was
worked out 1n section 158 (p 136) The moon’s apparent diameter
ranges from 33’ 30", when nearest, to 29’ 21", when most remote
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Fic 72 The Harvest Moon (4) and the Crescent Moon (H)

In the diagram at the left we are looking toward the east QQ’1s the celestial equator E E';
the moon's orbit (nearly coincident with the echptic) at the time of the full moon 1n Septem-
ber or early Oclober Suppose the moon rises at the east pomnt e at 8 o’clock tomght To-
morrow mght at 6 o'cluck 1t will be 12° 2 from ¢ along 1ts orbit at m; To reach the horizen
1t passes over Lhe path mye (parallel to the equator), which 1s much shorter than mye The
moon will rise (latitude 40°) at about 6 22 The next night it nses from 'y at 6 o’clock, to
bat about 6 44, and so on In March when the moon’s orbit occupies the position EzE’z,
the retardation of mung 1~ 2 maxamum In the diagram at the right we are looking
toward the west, the sun has set, but the crescent moon 1s still above the horizon The
line joainmng the cusps of the crescent 15 at right angles to the line from the moon to the sun
(§ 184), since the sun illuminates the hemisphere of the moon which faces it In spring (s)
the moon “‘holds water ' and sets late, in autumn (g) 1t does not “‘hold water,” and sets
early Of coursc these configurations are of no value in predicting whether the weather will
be ramy or fair Therc 15 no scientific cvidence that the moon mfuences either the weather
or the growth of crops (§ 206)

The orbit turns out to be an ellipse like that of the earth around
the sun, but of much greater eccentriaity, averaging about 1/18
We say “averaging” because 1t varies from 1/15 to 1/23 on ac-
count of perturbations

The point of the moon’s orbit nearest the earth 1s called the
perigee (mept + v7), that most remote, the cpogee (&b + )
On account of perturbations the line of apsides 1s 1n contimual
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motion like the hine of nodes, but it moves eastward instead of
westward, completing 1ts revolution 1n about mne years

In 1ts motion around the earth the moon also nearly observes
the same "‘law of areas” that the earth does 1n its orbit around
the sun

102 Method of Determining the Size of the Orbit, the
Distance and Parallax of the Moon. In the case of any
heavenly body one of the first and most fundamental inquiries
relates to1ts distance, until this has been measured we can get no
knowledge of the real dimensions of 1ts orbit, nor of the size, mass,
etc of the body 1tself The
problem 15 usually solved
by measuring the parallactic
displacement (§ 111) due to
a known change 1n the posi-
tion of the observer Many
methods are applicable m
the case of the moon We
Iimit ourselves here to a
single one, the simplest,

Fic 73 Determination of the Moon's
Tarallas though perhaps not the most

accurate

At each of two observatories, B and C (Fig 73), on or very
nearly on the same mertdian and very far apart (Berlin and
Cape of Good Hope, for instance), the moon’s zemth distance,
ZBM and Z'CM, s observed simultaneously with the meridian
arcle This gves, o the quadrilateral BOCM, the two angles
OBM and OCM The angle BOC, at the center of the earth, 1s
the difference of the geocentric latitudes of the two observataries
(numerically theirr sum) Moreover, the sides BO and CO are
known, being radu of the earth

The quadniateral can therefore be solved by a simple trigo-
nometrical process, and the moon’s distance from the center of the
earth, OM, found When OM 1s determined, we at once find the
horizontal parallax from the equation

. ., OK r
sin pp = sin OMK = oOM-R
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Knowledge of the law of the moon’s orbital motion gives the
ratio of the distance OM at this moment to the mean distance,
which may be determined The moon’s parallax can also be
deduced by means of occultations of stars observed at widely
separated points on the earth and, most accurately of all, by
gravitational theory (§ 309)

193 Parallax, Distance, and Velocity of the Moon. The moon’s
equatorial horizontal parallax (at mean distance) 1s found to be
57’ 2" 7, according to Brown, but 1t vares considerably from
day to day on account of the eccentricity of the orbit

The corresponding mean distance of the moon from the earth
15 238,857 miles, or 384,403 kilometers, or 60 267 times the earth’s
equatonial radius The distance ranges between 252,710 and
221,463 miles

Knowing the size and form of the moon’s orbit, we can easily
compute thc mean velocity of its motion It averages 2287
mules an hour, or about 3350 fect per second The mean angu-
lar veloaty 1n the celestial sphere 1s about 33’ an hour, just a
little greater than the apparent diameter of the moon itself

194 Form of the Moon’s Orbit with Reference to the Sun While
the moon moves 1n a small elliptical orbit around the earth, 1t
also moves around the sun in company with the earth This
common motion of the moon and earth does not, of course, affect
therr relafive motion, but to an observer outside the system,
looking down upon moon and earth, the moon’s motion around
the earth would be a very small component of the moon’s whole
motion as seen by him

The distance of the moon from the earth 1s only about 1/390
of the distance of the sun The speed of the earth n 1ts orbit
around the sun 1s also more than thirty times as great as that of
the moon around the earth, for the moon, therefore, the result-
g path 2n space 15 one which deviates very shghtly from the
orbit of the earth and 1s alwayr concave loward the sun

1f we represent the orbit of the earth by a aircle with a radius of 100 inches,
the moon will deviate from 1L by only onc fourth of an inch on each side,
crossing 1t twenty-four or twenty-five times in one revolution around the
sun, that 1s, 1n a year
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105 Diameter, Area, and Volume of the Moon. The mean
apparent diameter of the moon 1s 31’ 5 Knowing 1ts mean dis-
tance, we easilly compute from this (§ 109) 1ts real diameter, 2160
mules (2159 86 & 0 08 miles, or 34759 km , according to Ross)

E‘ M,C,E,

Fic 74 The Common Center of Mass of
Earth and Moon

E,, E,, Eg, are successive positions of the
earth, M1 M5, of the moon, and C1 Cs,
of the center of mass vl the two € moves along
the orbit 1n accordance with the law of areas,
but E gets ahead at the moon's firsl quarter
(E3) and falls behind at the last quarter (L4)
By comparison of Lhe observed longitudes of the
sun with those calculated from tbe law of areas
the distance CE can be found The distances
CM and CF (especially Lhe latter) are much
exaggerated mn the figuri C 15 actually mside
the earth

This 15 0273 of the earth’s
diameter, — somewhat more
than one quarter.

Since the surfaces of globes
vary as the squares of their
diameters, and their volumes
as thec cubes, this makes the
surface area of the moon
equal to 0 0744 (about 1/14)
of the earth’s, and the vol-
ume, or bulk, 0 0203 (almost
exactly 1/49) of the earth’s

No other satellite 1s nearly
so large as the moon 1n com-
panson with 1ts primary
planet The earth and moon
together, as seen from a dis-
tance, are really in many
respects more hke a double
planet than a planet and sat-
ellite of ordinary proportions.

196 Mass, Density, and
Superficial Gravity of the
Moon The accurate deter-
mination of the moon’s mass
is a very difficult problem
Though 1t 1s the nearest of

all the heavenly bodies, it 1s far more difficult to weigh 1t than
to determine the mass of Neptune, the remotest of the planets
There are two good methods of dealing with the problem

(1) One consists 1n determining the position of the center of
gravity, or cenler of mass, of earth and moon It 1s this point,
and not the earth's center, which describes around the sun what
1s called the “orbit of the earth ” Now the earth and the moon
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revolve together around tlus common center of gravity every
month 1 orbits exactly alike 1n form but differing greatly mn
size, the earth’s orbit being as much smaller than the moon’s as
1ts mass 1S greater

The necessary result of this monthly motion of the earth's
center 1s 2 “‘lunar equation,” that 1s, a shght alternate eastward
and westward displacement 1n the heavens of every object viewed
from the earth as compared with the place the object would oc-
cupy if the earth had no such motion (Fig 74) In the case of
the stars or the remoter planets the displacement 1s not sensible,
but this motion of the earth can be measured by observing
through the month the apparent motion of the sun or, better, of
one of the nearer planets, as Mars or Venus, or the recently dis-
covered Eros, when nearest the earth

From such observations 1t 1s found that the radius of the
monthly orbit of the earth’s center (that 1s, the distance from
the earth’s center to the common center of gravity of earth and
moon) 1s 2880 miles This 1s just about 1/82 5 of the distance
from the earth to the moon, and by elementary principles of
mechanics the conclusion follows that the mass of the moon 1s
1/81 5 that of the earth

(2) The moon's mass may be found from the constants of pre-
cession and nutation, the mathematical analysis 1s difficult, but
the results are accurate

The most accurate determination of the moon's mass yet made
1s that derived by Hinks from observations of the small planet
Eros, on the princple of method (1) He summangzes the results
of various determinations of the ratio of the mass of the earth to
that of the moon as follows

Newcomb, from observations of the sun and planets, 81 48 4 0 20

Newcomb, from the constants of precession and nutation, 81 62+ 0 20

G1ll, from observations of minor planets, 81 76 + 0 12

Hinks, from observations of Eros, 81 53 4 0 05
The weighted mean of these 1s B1 56 == 0 04

Since the density of a body 1s equal to 1ts mass divided by 1ts
volume, the density of the moon, compared with that of the
earth, 1s found by dividing 1/81 56 by 00203 According to
Ross the exact result 1s 0 6043 &= 0 0003 times the earth’s den-
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sity, or 333 £ 001 times that of water almost exactly that of
the basic rocks which underlie the thin surface crust of the earth.
This is just what might be expected 1f the moon once formed a
part of the earth and 1if, as 18 probable, the dense 1ron core re-
mamed with the larger mass when they separated

The superficial gravity, or the attraction of the moon for bodies
at 1ts surface, 18 mass + (radsus)?, that 1s, 1/81 56 divided by
(0 273)% and comes out about one suxth of gravity at the earth’s
surface That 15, a body weighing six pounds on the earth’s
surface would, at the surface of the moon, weigh only one pound
(by a sprning balance) A man who can throw a baseball 400 feet
here would be able, on the moon, to throw it nearly half a mile

This 1s a point that must be borne 1n mund 1n connection with
the enormous scale of the surface structure of the moon Vol-
canic forces on the moon would throw ejected matenals to a
vastly greater distance than on the earth (§ 149)

197. Rotation of the Moon The moon rotates on 1ts axis once
a sidereal month, that 1s, n exactly the same time as that occupred
by s revolution around the earth , and it keeps the same side, almost
exactly, always loward the earth We see today the same aspect
of the moon as Galileo did 1n the days when he first turned his
telescope upon 1t

Many find difhculty 1n seeing why a motion of this sort should be called
a rotation of the moon, sincc 1t 15 much hke the motion of 4 ball fixed on
a revolving crank (Fig 75) " Such a ball,” they say, “revolves around
the shaft but does not rotate on its own axs” It does rotate, howcver,
for 1f we mark one side of the ball, we shall find the marked side presented
successively to every pomnt of the compass as the crank turns, so that the
ball turns on 1ts own axis as really as if 1t were whirling upon a pin fastened
to the table

By wvirtue of its connection with the crank the ball has two distinct
motions (1) the motion of lranslation, which carries 1ts center 1n a arcle
around the axis of the shaft, (2) un additional motson of rotation ! around a
line drawn through 1ts cenler parallel to the shaft The pin A (in the figure)
and the hole in which 1t fits both rotate at the same rate, so that the ball,
while 1t turns on its axs (an umagmary line), does not turn on the pun, nor
the pin in the hole

! Rotation consists essentially in this  Lhat 2 line connecting any two points, and
not parallel to the axs of the rotating body, will sweep out a circle on the celestial
sphere 1if produced to it,
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108. Geometncal Librations While in the long run the moon
keeps the same face toward the earth, thus is not so in the short
run, thereis no crank connection between the earth and the moon,
and the moon 1n different parts of a single month does not keep
exacily the same face toward the earth, but rotates with perfect
mdependence of her orbital motion Waith reference to the center
of the earth the moon’s face 1s continually oscillating shghtly,
and these oscillations constitute what are called lLbrations,
(discovered by Galileo) We distinguish three,
namely, the libration 1n /atitude, the hibration O
m longuude, and the duurnal libration o

A

(1) The Lbration wn latitude 1s due to the fact that
the moon’s equator does not coincide with the plane
of 1ts orbit, put makes with 1t an angle of about 64°
This inchnation of the moon’s equator causes 1ts north
pole at one time 1n the month to be tipped 64° toward
the earth, while a fortnight later the south pole 1s o
similarly inchined to us, just as the north and south g 75 The Moon’s
poles of the earth are alternately, for periods of six Rotation
months, presented to the sun, causing the seasons

(2) The libration wn longitude depends on the fact that the moon’s angular
motion 1n 1its elliptical orbit 1s variable, while the motion of the rotation 1s
umform, hike that of any other undisturbed body, the two motions, there-
fore, do not keep pace exactly during the month, and we see alternately a
few degrees around the eastern edge and around the western edge of the
lunar globe This libration amounts to about 7§° each way

(3) The dwurnal libration Again, when the moon 1s rising we look over
its upper edge, which 1s then 1ts western edge, seeing a little more of that
part of the moon than if we were observing 1t from the center of the earth,
and vice versa when 1t 15 setting This constitutes the so-called diurnal
libration and amounts to about one degree Stnctly speaking, this diurnal
libration 1s not a Libration of the moon but of the observer The telescopic
effect 1s the same, however, as that of a true nbration

On the whole, taking all three librations into account, we see
considerably more than half the moon, the poriion that never
disappears being about 41 per cent of the moon’s surface, that
never visible, also 41 per cent, while that which is alternately
visible and invisible 15 18 per cent

199 Physical Libration Besides these geametrical hibrations, which arse
from the lack of uniformity of the motion of the observer relatively to the
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moon, there 15 a mnute pkysical hbration due to real uregulanties m its
rotation The moon 1s not spherical, the greatest diameter being directed
toward the earth, while the equatorial diameter at right angles to this 1s
shorter, and the polar diareter shorter still On account of the geometrical
Librations the longest diameter does not always poimnt directly toward the
earth The attraction of the earth on this protuberance swings the moon a
Lttle 1n various directions The maximum deviation from a mean position
15 about a mile ol the moon’s surface, but can be detected by careful obser-
vations Fgom Hayn’s discussion 1t appears that the equatorial diameters
of the moon duffer by about one third of a mile, while the polar diameter 15
fully a mile less than the shorter of these

The exact long-run agreement between the moon’s time of
rotabon and 1its orbital revolution cannot be accidental If
the moon were ever plastic, the earth’s attraction must neces-
sarily have produced a huge tidal bulge upon its surface, and
the effect would have been ultimately to force an agreement
between the lunar sidereal day and the sidereal month The
subject 15 resumed 1n connection with tidal evolution (§ 359)

PHYSICAL CHARACTERISTICS OF THE MOON

200. The Moon’s Atmosphere. The moon has no atmosphere,
or, at least, 1f any exists, 1t probably produces a barometrc
pressure not more than 1/100,000 of the atmospheric pressure
at the earth’s surface The prinapal evidence on this pomnt 18
found 1n the telescopic appearance The parts of the moon near
the edge of the disk, or limb, which, if there were any atmos-
phere, would be seen through its greatest possible depth, are
visible without the least obscuration There 15 no haze, and all
the shadows are perfectly black, there 1s no evidence of clouds
or storms, or of anything hke the ordinary phenomena of the
terrestnial atmosphere

Most important of all, there 1s no twihight at the cusps of the
crescent An atmosphere 10,000 times thinner than the earth’s,
illuminated by full sunhght, would be more conspicuous than
the dark part of the moon when lighted by the full earth This
test 15 therefore a very delicate one

There 1s also #o emdence of refractzon at the moon’s hmb when
the moon wnlervenes between us and any more distant object At an
echipse of the sun there 1s no distortion of the sun’s hmb where



THE MOON 171

the moon cutsit Further evidence of this sort comes from occul-
tations of the stars The star retains its full brightness in the
field of the telescope until, all at once, without the least warming,
1t stmply 1s not there, the disappearance generally being abso-
lutely instantaneous Its reappearance at the dark limb 1s of the
same sort, and still more startling Now if the moon had any
perceptible atmosphere (or the star any sensible diameter) the
disappearance would be gradual The star.image would change
color, become distorted, and fade away more or less gradually

201 What Has Become of the Moon'’s Atmosphere? If the
moon ever formed a part of the sarne mass as the earth, she prob-
ably once had an atmosphere Its disappearance 1s explained on
the basis of the kunetic theory of gases, according to which the
molecules of a gas are continually flying m all directions with
high velocities, colliding with one another and rebounding like
perfectly elastic spheres The mean-square velocity of the mole-
cules (that 1s, the velocity whose square 1s equal to the mean of
the squares of the individual velocities) vanes mversely as the
square root of the molecular weight of the gas, and directly
as the square root of the absolute temperature The value of
this veloaity at 0° centigrade 1s 1 84 km /sec for hydrogen, 1 31
for helum, 0 62 for water vapor, 0 49 for nitrogen, 0 46 for oxy-
gen, and 0 39 for carbon dioxide At 100° C these velocities are
increased by 17 per cent

Now, at any given distance from a body there 1s a so-called
parabolic velocity, or velocity of escape, depending on the
mass of the body (§314), and if a particle at this distance
has a velocity, relative to the body, which 1s greater than the
veloaty of escape, 1t cannot be retained by the gravitational
attraction but will fly off into space At the surface of the earth
the veloaty of escape 1s 11 188 km /sec , at the moon’s surface,
only 2 88 km /sec , and at the sun’s, 617 km /sec

Even if the mean velocity of the molecules 1s considerably less
than the parabolic velocity, the atmosphere will be gradually
lost by the escape of fast-moving molecules from 1ts extreme
upper reglons, where the free paths of the molecules are so long
that they stand a chance of getting away without being stopped
by collisions It appears from the calculations of Jeans that if
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the mean molecular veloaity 1s one third of the veloaty of es-
cape, the atmosphere will be reduced to one half its omgnal
amount m a few weeks For one fourth the veloaty of escape,
the corresponding time 1s several thousand years, for one fifth,
1t 1s hundreds of milhions of years

It follows that all known gases, even hydrogen, should be
retamned by the ®arth, and a fortior, by the sun, for a practically
mdefinite feriod  From the moon, on the other hand, hydrogen
and helium would diffuse away at once, water vapor would go
more slowly, but would disappear entirely m a (geologically
speaking) very short tame At a temperature of 100° C |, oxygen
and mtrogen would slowly but steachly escape, and if ever m
its history the moon was really hot, 1t must have lost the heavier
gases as well

This theory 1s evidently applicable to any heavenly body for
which we can compute the velocity of escape, and the results of
1ts application to the planets are also 1n accord with the observed
facts The earth’s atmosphere contains a small proportion of
helmm

202 Water on the Moon’s Surface Observations with the
naked eye indicate that there can be no oceans, or even lakes
of any size, 1n the equatonal regions of the moon, for i
any such bodies of standing water existed, they would be at
times 1n such a position as to reflect the sunhght to us Such a
reflection would be very conspicuous if 1t existed, for it 15 a
matter of everyday observation that the reflection of sunhght
from water 1s by far the most brilliant object 1 a landscape

Ii there 1s no atmosphere on the moon, there can of course be
no water on 1ts surface, or even any moisture in the ground, for
1t would immediatcly evaporate and form an atmosphere of
water vapor Any free water which the moon ever possessed
must have evaporated in this fashion and escaped nto space,
molecule by molecule, as described above Water of hydration
may, however, be present as a chemical constituent of the
rocks

203 The Moon’s Light As to quality the moon’'s light 15 simply
sunhght, showing a spectrum wdentical in every detail with that of
hght coming directly from the sun 1tself.
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The brighiness, compared with that of sunhght, 1s difficult to
measure accurately, and different investigators have found results
for the ratio of sunhight to full moonlight ranging all the way from
375,000 to 630,000 The mean of the best determinations 1s
465,000, with a probable error of about 10 per cent According
to this, 1f the whole visible hemisphere of sky were packed with
full moons, we should receive from 1t about one fifth of the hight of
the sun The hght of the full moon vanes nearly 30 per cent with
the changes 1n its distance In companson with artificial stand-
ards 1t 1s found that the hght of the full moon 1s about one
quarter as bright as that of a standard candle at a distance of
one meter, or, 1 other words, that the mntensity of full moonhght
15 0 24 meter-candle (§ 568)

Photographically, full moonhght 1s only about 1/650,000 as
brnight as sunlight, which indicates that the moon’s surface 1s
yellowish

After full moon the light falls off rapidly, the mean results
of several observers bemng as follows

Elongation 180° 160° 140° 120° 100° 80° 60° 40° 20°
Light 100 65 41 26 15 75 32 10 01

The waxing moon, shortly after the first quarter, is 20 per cent
brighter than the waning moon at the corresponding phase before
the third quarter, obviously because the region idlummated by
the sun 1n the latter case contains more of the dark areas con-
spicuous to the eye

The half-moon, though apparently of half the area of the full
moon, 1s only one minth as bnght Part of this difference anses
from the tact that in the region near the terminator of the half
moon the sun’s rays strike the surface very obliquely, and there-
fore lluminate it feebly , but most of 1t must be due to the rough
character of the lunar surface, which causes 1t to be more or less
darkened, except at the full, by the shadows cast by its own
irregulanties The shadows of the mountains which are visible
with the telescope are probably of less importance than those of
mnumerable small irregulanties, perhaps no bigger than bowlders
or even pebbles A homely illustration of the same princple is
that a broken road of rough but white snow appears darker than
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the surrounding smooth snow if one looks toward the sun, and
bnghter if one looks the other way

904 The Albedo of the Moon. The albedo of a sphencal body
may be defined, for astronomical purposes, as the ratio of the
total amount of sunlhight reflected from the body, u all directions,
to the amount that falls upon the body It therefore cannot be
determined accugately from observations at the full phase alone
The averagg albedo, or reflecting power, of the moon’s surface,
15 0 073, that 15, the moon reflects only a little over 7 per cent
of the sun’s light, the remainder being absorbed and going to
heat the surface If the iwrregulanties of the surface could be
smoothed out, so that it would no longer be darkened by their
shadows, the reflecting power would be a httle greater, — per-
haps as much as 10 per cent This 1s comparable with the albedo
of rather dark-colored rocks, so that it appears that the moon's
surface 1s of a rather dark brown (brown rather than gray, be-
cause of 1ts still lower photographic albedo) There are, however,
great varations in the reflecting power of different portions of the
moon's surface, some spots being probably as bright as white
sand, and others as dark as slate

205 Heat of the Moon and Temperature of the Surface For a
long time 1t was impossible to detect the moon's heat by observa-
tion, but with modern apparatus it 1s easy to detect and to measure

A considerable percentage of the lunar heat 1s heat simply
reflected like light, while the rest, about four fifths of the whole,
1s obscure heat, that 1s, heat which has first been absorbed by
the moon’s surface and then radiated, like the heat from a brick
surface that has been warmed by sunshine This 1s shown by
the fact that a water-cell cuts off a large percentage of the
moon’s heat (§ 618)

The lunar rocks are exposed to the sun’s rays in a cloudless
sky for fourteen days at a time, and must become very hot

Nicholson and Pettit found by radiometric observations (§ 618)
during the total lunar eclipse of June 14, 1927, that the tempera-
ture of the surface fell from about 4 70° C just before the eclipse
to — 60° C at the beginming of totality and — 120° C at 1ts close
This rapid cooling indicates that conduction of heat into or out
of the interior 1s very slow Epstein finds that the conductivity 1s
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comparable to that of highly porous materials like pumice stone.
Durning the lunar mght the temperature must fall very low

206 Lunar Influences on the Earth. The moon’s affraction
cooperates with that of the sun in producing the #2des (§ 345)
and shight changes 1n the pressure of the atmosphere

There are also certain distinctly ascertained disturbances of
terrestnal magnetism connected with the approach and recession
of the moon at perigee and apogee, but this ends the hst of
ascertamned lunar influences

The multitude of current beliefs as to the controlling influence
of the moon’s phases and changes upon the weather and the
varnous conditions of lhife are unfounded, or at least unvenfied,
It 1s quite certain that if the moon has any imnfluence at all of
the sort imagined, 1t 1s extremely shght, — so shght that it has
not yet been demonstrated, though numerous investigations
have been made expressly for the purpose of detecting 1t It is
not certain, for instance, whether 1t 1s warmer or not, on the
average, or less cloudy or not, at the time of full moon

207. The Moon’s Telescopic Appearance and Surface KEven to
the naked eye the moon 1s a beautiful object, diversified with
matkings which are associated with numerous popular myths
In a powerful telescope most of these markings vanish and are
replaced by a multitude of smaller details which make the moon,
on the whole, the finest of all telescopic objects, — especially so
for instruments of moderate size (say from 6 to 10 inches
diameter), which generally give a more pleasing view of our
satellite than instruments either much larger or much smaller

An mstrument of this size, with magmfying powers between
250 and 500, brings the moon optically within a distance rang-
g from 1000 to 500 muiles, and since an object half a mile 1n
diameter on the moon subtends an angle of about 0”43, it
would be distinctly visible A long hine, or streak, even less
than a quarter of a mile across can probably be seen With
larger telescopes the power can now and then be carried very
much higher, and correspondingly smaller details made out, when
the seewng 15 af 15 best, not otherwise

For most purposes the best time to look at the moon 1s when
it 1s between six and ten days old At the time of full moon few
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objects on the surface are well seen, as there are then no shadows
to give relief

It 15 endent that while with the telescope we should be able to
see such objects as lakes, rivers, forests, and great cities, 1f they
existed on the moon, 1t would be hopeless to expect to distinguish
any of the minor 1ndi-
cations of hife, such as
buildings (except per-
haps the very largest)
or roads

208. The Moon’s
Surface Structure The
moon’s surface 1s for
themost part extremely
broken On earth the
mountains are mostly
1n long ranges, like the
Andes and Himalayas
On the moon the ranges
are few 1n number, but,
on the other hand, the
surface1s pitted all over
with great craters, which
closely resemble the vol-
canic craters on the

earth’s surface, though

on an 1mmensely lﬂ-l‘gel' The great crater just below Lhe center 13 Theophilus

It 15 64 mules 1n diameter and the surrounding wall

scale The largest ter- rists nearly 19,000 feet above the interior The central

restrial craters do not mountun is 5000 or 8000 feet high The floor hes sev-

d6 7 1 d eral thousand fect below the Ievel of the surrounding
excee or { miles1n di- plain  (From photograph by Yerkes Observatory)

ameter, many of those
on the moon are 50 or 60 miles across, and some have a diameter
of more than 100 miles, while smaller ones from 5 to 20 mles 1
diameter are counted by the hundred

A typical lunar crater is nearly circular, the crcumference is
formed by a ning of mountains which nise anywhere from 1000 to
20,000 feet above the surrounding country The floor within the
nng may be erther above or below the outside level, some craters

Fic 78 Catharma Cynllus, and Theophilus
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are deep, and some are filled nearly to the brim In a few
cases the surrounding mountain nng 15 entirely absent, and
the crater 1s a mere hole m the plamn Frequently in the center
of the crater there nses a group of peaks which attamn about
the same elevation as the encirchng rng, and these central
peaks sometimes show
holes or craters 1n their
summuts

On certain porhions
of the moon these cra-
ters stand very close
together, older craters
have been encroached
upon, or more or less
completely obliterated,
by the newer, so that
the whole surface 1s a
chaos of which the
counterpart 1s hardly to
be found on the earth,
even 1n the roughest
portions of the Alps
This 15 espeaally the

Fic 79 Copernicus

Enlarged frum a photograph made al the 134-foot ,
Cassegram focus (§ 81) of the 100-inch telescope of the ~ CaS€ NeEar the moon's
Mt Wilson Observatery Thiv crater 1s remarkable  gouth pOle It1s not sur-
for the number of surrounding ridges and for the crater-

lets with which the neighboning region 15 thickly sown prising, since the forces

of denudation and ero-
sion which are continually wearmg down the surface features
of the earth are not operative on the moon
The height of o lunar mountain or depth of a crater can be
measured with considerable accuracy by means of 1ts shadow, or,
in the case of a mountain, by the measured distance between 1ts
summt and the terminator at the time when the top first catches
the light, looking like a star quite detached from the bright part
of the moon (Frg 70)
209. The striking resemblance of these formations to terres-
tnal volcamic structures, hke those exemplified by Vesuvius and
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others, makes 1t natural to assume that they had a similar ongin
This, however, 1s not absolutely certamn, for there are consider-
able difficulties 1n the way, especially in the case of what are
called the great Bulwark Plains These lunar plains are so
extensive that a person standing 1n the center could not see
even the summit of the surrounding nng at any point, and yet
there is no line of discnmination between them and the smaller
craters, the series 1s continuous

It 1s obvious, that if these lunar craters are the result of
volcanic eruptions, they must be ancient formations, for 1t is
quite certain that there is no evidence of present volcamic actinty.
The great plains, or marza, appear 1n some places to have invaded
craters and broken down their walls, and 1t has been suggested
that they were once actual seas of lava which melted their way
mto the adjacent mountains, the scattered craters within them
being of subsequent formation

210 Other Lunar Formahons The craters and mountains are
not the only interesting formations on the moon’s surface
There are a few long, straight lines of cliff of moderate height,
which are evidently fault scarps, produced by motion along a
crack 1n the crust, and not worn down by erosion like the thou-
sands of similar features on the earth (Fig 80, No 9) There
are many deep, narrow, crooked valleys called nlls Then there
are numerous straight clefts, half a mile or so wide and of un-
known depth, runmng in some cases several hundred muiles,
straight through mountain and valley, without any apparent
regard for the accdents of the surface They seem to be deep
cracks in the crust of our satellite Most curious of all are
the hight-colored streaks, or rays, which radiate from certan
of the craters, extending 1n some cases a distance of many hun-
dred miles These are usually from 5 to 10 miles wide and neither
elevated nor depressed to any considerable extent with reference
to the general surface Like the clefts, they pass across valley
and mountain, and sometimes through craters, without any
change 1n width or color They have been doubtfully explained
as a staining of the surface by vapors ascending from nfts too
narrow to be visible
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Fic 80 Map of the Moon (Reduced from Neison)

Key ta the principal objects indicated nm Fig 80 A, Mare Humorum, B, Mare Nectans,
C, Oceanus Procellarum, D, Mare Fecunditatis, k, Mare Tranquilitatis, F, Mare Cri-
sium, G, Mare Seremtatis, H, Mare Imbnum, J, Smus Indum, X, Muare Nubjum,
L, Mare Fngons, T, Letbmtz Mountains, U, Doerfel Mountams, V, Rook Mountains,
W, D'Alembert Mountains, X, Apennines, ¥, Caucasus, Z, Alps 1, Clavius, 2, Schiller,
3, Maginus, 4, Schuckard, &, Tycho, 6, Walther, 7, Purbach 8, Petavius, 0, The
“Straight Wall”’, 10, Arzachel, 11, Gassendi, 12, Catherina 13, Cynllus 14, Alphonsus,
15, Theophilus, 18, Ptolemy, 17 Langrenus, 18, Hipparchus, 19, Grimald:, 20, Flam-
steed, 21, Messier, 22, Maskelyne 23, Tricsnccher, 24, Kepler, 25 Copernicus,
26, Stadius, 27, Eratosthenes 28 Produs, 28, Pliny, 29, Austarchus, 30, Herodotus,
a1, Archimedes, 32, Cleomedes, 33, Anstilus, 34, Eudoxus, 35, Plato, 36, Anstotle,
37, Endymion

The most remarkable of these ray systems 1s the one connected
with the great crater Tycho, not very far from the moon’s south
pole, well shown 1n Fig 81, which is a nearly full-moon photo-
graph The rays are not very conspicuous until within a few
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Fic 81 The Nearly Full Moon

With the surface 1n full sunlight there are no shadows to show the elevations, only a can-

trast in brightness Mountamns and craters are brighter than the great plains  Arnstarchus

15 the brightist feature and Grnimald) the darkest The bright rays diverging from Tycho

extend [ar round the globe, thosc about Copermicus are more intricate  (Photographed at
the Yerkes Observatory by Slocum)

days of full moon, but at that time they and the crater from
which they diverge constitute by far the most striking feature of
the whole lunar surface

211 Lunar Photography The moon was first successfully pho-
tographed by Bond 1n 1850, by means of the old daguerreotype
process Good results were obtained later by De la Rue in
England and by Draper and Rutherfurd in this country, and
further great advances have been made since 1890.
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The best photographs of the moon are obtained with large
telescopes of long focus, these give umages which are large, so
that the small details are not obscured by the grain of the plate,
and at the same time bright, so that the exposures are short and
the influence of atmospheric tremors (§ 118) 1s at a minimum
Magnificent negatives have been secured at many observatories,
which bear enlargement to several times their ongmal diameter,
and show all but the very finest details as well as they can be
seen directly with the telescope Atlases of the moon, consisting
of enlargements of such photographs, have been published by
the Pans, Lk, and Harvard observatories

The photographs have the further advantage that the posi-
tions of all the well-defined lunar markings may be measured
upon them with great accuracy Saunder and Franz have in
this way determined the positions of more than 3000 points, with
an average probable error of &+ 0" 15, — which corresponds to
only 1000 feet on the moon's surface By comparing photo-
graphs taken at widely different hbrations 1t 1s possible to find
the absolute altitudes of the measured points above or below a
mean sphere In this way Saunder found altitudes for 34 points,
varymng from 16,000 feet below the mean sphere to 9000 feet
above 1t, and concluded that the moon 1s not perfectly spherical,
but that the radius which extends directly toward the earth 1s
some 3000 feet longer than the polar radwus

212 Changes on the Moon. It i1s certain that there are no
conspicuous changes, there are no such transformations as would
be presented by the earth viewed telescopically, — no clouds, no
storms, no snow of winter, and no spread of vegetation in the
spring At the same time 1t 1s confidently maintained by some
observers that here and there alterations do take place in details
of the lunar surface, while others as stoutly dispute 1t

The difficulty 1n setthng the question anses from the great
changes 1n the appearance of a lunar object under varying 1llum-
nation To insure certainty in such delicate observations, com-
pansons must be made between the appearance of the object in
question, as seen at precisely the same phase of the moon, with
telescopes (and eyes too) of equal power, and under substantially
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the same conditions in other respects, such as the height of the
moon above the horizon and the clearness and steadiness of the
air It 15, of course, very difficult to secure such i1dentity of con-
ditions The disputed question whether short-lived changes,
dependent on the phase of illumination, actually occur 1s obvi-
ously still more difficult to settle No larger changes, such as
might be caused by volcanic eruptions or landshdes, have been
detected since the advent of photography The earlier drawings
are not accurate enough to be good evidence

213 Lunar Nomenclature The great plains on the moon’s surface were
called by Galileo seas (maria), for he supposed that these grayish surfaces,
which are visible to the naked eye and conspicuous 1n a small telescope,
though not with a large one, might be covered with water

Most of the ten mountain ranges on the moon are named after terrestnal
mountains, as Caucasus, Alps, Apennines, though two or three bear the
names of astronomers, hike Leibmtz, Doerfel, etc

The conspicuous craters bear the names of eminent ancient and medieval
astronomers and philosophers, as Plato, Archimedes, Tycho, Copernicus,
Kepler, and Gassend:, while hundreds of smaller and less conspicuous
formations bear the names of more modern astronomers

This system of nomenclature seems to have ongmated with Ricciali, who
1n 1650 made the first map of the moon

214 Fig B0 15 reduced from a skeleton map of the moon by
Neison and, though not large enough to exhibit much detail, will
enable a student with a small telescope to identify the principal
objects by the help of the key (Compare with Fig 81)

215 Lunar Maps A number of maps of the moon have been constructed
by different observers A small map, such as Fig 8o or the one 1 Schurng’s
Himmels-Atlas, 1s convenient for the 1dentification of the formations For
precise purposes large-scale photographs completely supplant the older
drawings Our maps of the visible part of the moon are on the whole as
complete and accurate as our maps of the earth, taking into account the
polar regions and the wtenior of the continents of Asia and Africa

2168 By photographing the moon with hight of different colors, informa-
tion can be obtained concerning the nature of the surface The photographs
made by R W Wood with colar screens and plates sensitive to various
regions of the spectrum show decided differences 1n details of the lunar
surface The most conspicuous difference 1s 1n a spot close to the crater
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Anstarchus, which 1s very dark 1n a photograph taken with ultra-wviolet
Light, darkish 1n one taken with the violet, and invisible in one taken with
orange hght

If a thin deposit of sulphur 15 made on a piece of volcanic rock and pho-
tographed with the same three kinds of hght, the phenomena can be almost
exactly reproduced It seems probable, therefore, that the spot near
Anstarchus 1s composed of rocks stained with sulphur,—a plausible
bypothesis 1n view of the fact that sulphur 1s a frequent constituent of
terrestrial volcamc ejecta

EXERCISES

1 If the moon’s sidereal period were 60 days, what would be its synodic

period ?
Ans 717932 days

2 In that case, what would be thc mean interval between its meridian

transits ?
Ans 244 20™ 34

3 Does the moon rise every day?

4 If the moon rises at 11" 45™ p M on Wednesday, when (approximately)
will it rise next?

6 What 1s the lowest latitude on the earth where the moon can remain
above the horizon for 48 consecutive hours?
Ans 90° — (23° 27+ 5° &) = 617 25’

8. At what time of the year does the full moon remain longest above the
horizon?

7 How many times does the moon turn on 1ts axis 1n a year?

8. Does the earth rise and set for an observer on the moon?

9 What determines the direction of the horns of the crescent moon?
10 Can a star ever be seen between the horns of the moon?

11 What point describes the “orbit of the earth’ around the sun?

12 What may the elongation of the moon be when 1t 1s 1n opposition?
In conjunction? 1n quadrature?
Ans  From 175" to 180°,
from 0° to 5°,
exactly 90°
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13. When can the crescent moon be observed with its horns turned
down?

14 Under what circumstances is the retardation of nsing of the harvest
moon the least possible?

Ans The moon must be simultaneously at the

vernal equinox, at the ascending node, and

1n apogee

Mt Wilson Observatory

From a model showing how the instruments are scattered on the forested top of the mountain
The vegetation 1s carclully preserved to avoid healing of the soil and resulling air currents



CHAPTER VII

THE SUN

ITS DISTANCE, DIMENSIOHS, .M.ASS AND DENSITY - ITS ROTATION AND EQUA-

TORIAL ACCELEMTION@;‘ME‘I’HODS OF STUDYING ITS SURFACE THE PHOTO-

SPHERE - SUN-SPOTS “THEIR NATURE, DIMENSIONS, DEVELOPMENT, AND
MOTIONS . THEIR DISTRIBUTION AND PERIODICITY

The sun 15 the nearest of the stars, —a hot, self-luminous
globe Though probably only of medium size compared with
other stars, it 1s enormous as compared with the earth and the
moon, and to the earth and the other planets which arcle
around 1t, 1t 1s the most magnificent and important of all the
heavenly bodies Its attraction controls their motions, and 1ts
rays supply the energy which maintains nearly every form of
activity upon their surfaces

217 Solar Parallax and the Distance of the Sun, the Astro-
pomical Unit The problem of finding accurately the sun’s dis-
tance 15 one of the most important and dificult presented by
astronomy, — mmportant because this distance (that is, the radius
of the earth’s orbit) 15 the fundamental umit to which all meas-
urements of celestial distance are referred, difficult because the
measurements which determine 1t are so delicate that any minute
error of observation 15 anormously magnified in the result.

Without a knowledge of the sun’s distance we cannot form any
1dea of 1ts real dimensions, mass, and density, and the tremendous
scale of solar phenomena

The solar parallax, or the sun’s mean equatorial honzontal
parallax, 1s a constant obtained from observation and 1s a measure
of the sun’s mean distance 1n terms of the earth’s equatornal radius
(§113) The mean distance (§ 159) denved from the parallax 1s
known as the asironomical unit and 1s the semi-major ams of the
earth’s orbit, — the average of the greatest and least distance
from the earth to the sun It 1s often more convenient 1n astro-

nomical calculations to use the parallax as a measure of distance
186
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218. Methods of Determining the Solar Parallax and the Sun's
Distance There are several very different ways of attacking
this problem We may classify under three general heads the
methods that are capable of giving relhable results, simply refer-
rng here to the sections in which they are explaned

(1) Geometnical methods, which involve the direct measure-
ment of the parallax of some planet or asteroid whose distance
1s known 1n terms of that of the sun (§ 287)

(2) Gravitational methods, which involve essentially the deter-
mination, from perturbations, of the ratio of the mass of the
earth to that of the sun (§ 327)

(3) Methods depending upon the velocity of light, which
give, directly, the earth’s orbital velocity and the radius of the
orbit (§ 164)

The best mecthods of each of the three classes yield very
precise results

VALUES OF THE SOLAR PARAILAX

MEeTROD ParALLAX ProBABLE Emron

GEOMETRICAL METHOD
Heliometer Observations of Asteroids, 1889-

1800 (Gill) (§ 420) 3" 802 + 0” 005
Visual Observations of Lros, 1900-1901 (Hinks)

(§ 420) 8’ 806 + 0" 004
Photographic Observations of Eros, 1900-1901

(Hinks) (§ 420) 8’ 807 + 0”7 0027
Photographic Observations of Mars, 1924

(Jones and Halm) (§ 287) 8 809 + 0” 005

GRAVITATIONAL METHOD
Parallactic Inequality of the Moon’s Motion,

1924 (Jones) (§ 337) 8" 805 + 0”7 005
Perturbations of Eros, 1921 (Noteboom)
(§§ 420, 327) 8" 799 + 0" 001

VELocITY OF LIGHT
Radial Velocities of Stars, 1912 (Hough) (§ 732) B 802 + 0” 004

The general mean of all these determinations 1s 8" 803 = 0,001
Other methods give closely accordant values The results by
the aberrational method (§ 164) are not included here, because
this method necessanly 1nvolves the comparison of observations
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at opposite seasons of the year and 1s liable to systematic errors
peculiar to the seasons

The mutual agreement of the values arnved at by very dif-
ferent methods (none differing from the mean value by more
than 1 1n 1500) 1s very stnking

With Hayford’s value of the radius of the earth (§ 138) the
solar parallax cerresponds to a mean distance of

148,450,000 & 17,000 lulometers, or 92,870,000 miles

The value 8” B0 of the solar parallax has been used, by inter-
national agreement, in all the Nautical Almanacs since 1900
This value 1s evidently so near the truth that there 1s no hikeli-
hood that, for almanac purposes, 1t will ever have to be changed

The actual distance of the earth from the sun varies, on
account of the eccentriaty of the earth’s orbit, to the extent of
about 3,000,000 miles The distance 1s least at the beginning of
the year and greatest early 1 July

The mean orbstal velocsty of the earth, found by dividing the
arcumference of the orbit by the number of seconds 1n a year,
15 184 miles a second, as already determined by aberration
(§164) (Compare this velocity with that of a cannon shot,
which seldom exceeds 3500 feet per second )

Perhaps one of the most 1mpresstve illustrations of the distance of the
sun 1s that such a shot would require four and a half years to reach the
sun, traveling without change of speed A railroad train runming at 60
miles an hour, without stopping or slackemng, would require 175 years,
and the fare one way, at four cents a mile, would be $3,720,000 Light
makes the journey 1n 499 seconds

219 Dimensions of the Sun  The sun’s mean apparent
diameter 18 31’ 59" 3+ 0” 1 (according to G F Auwers) Since
at the distance of the suri ofie second of arc corresponds to 450 23
miles (92,870,000 = 206,265), 1ts real diameter 1s 864,100 miles
(1,390,600 kilometers), or 109 1 times the mean diameter of the
earth, or 1/107 5 of the mean distance

If we suppose the sun to be hollowed out, and the earth placed at the
center, the sun’s surface would be 432,000 miles away Now, since the dis-
tance of the moon from the earth 1s about 239,000 miles, 1t would be only

a hittle more than halfway out from the earth to the mmner surface of the
hollow globe, which would thus form a sky background for the study of
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the lunar motions Fig 82 illustrates the size of the sun, and of such
objects upon 1t as the sun-spots and prominences, compared with the size
of the earth and the moon’s orbit

If we represent the sun by a globe 2 feet in diameter, the earth on the
same scale would be 0 22 of an mnch in diameter, the size of a very small
pea, at a distance from the sun of 215 feet, and the nearest star, still on the
same scale, would be 11,000 miles away

Since the surfaces of globes are proportional to the sqguares of
their radu, the surface of the sun exceeds that of the earth in the

un's burfﬂ((

! 4

Sun Spot

Fic 82 Size of the Sun compared with that of the Moon’s Orlat

ratio of 109 12, 1, that 1s, the area of the sun’s surface 1s about
12,000 tumes that of the surface of the earth, or 6 075 X 10 ki 2

The volumes of the spheres are proportional to the cubes of
theirr radu Hence, the sun’s volume (or bulk) 1s 109 1%, or
1,300,000 times that of the earth

220. The sun's mass, like that of any other heavenly bedy,
can be determined only by means of the effects of 1ts gravita-
tional attraction on some other body It 1s obviously impossible
to hold such a body fixed and measure the force with which the
sun attracts it, but the acceleration m 1ts motion (§ 149), pro-
duced by the sun’s attraction, can be measured The most
convenent test object is the earth itself
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If A 1s the mean radiwus of the earth’s orbit, and T the length
of the year, 1ts average acceleration 1s 2 = 4 724 /T*

Introducing 4 = 14945 X 10 cm , T = 3 1558 X 107 sec, we
find a = 0 59243 cm /sec 2 Now at a point on the earth’s surface
for which the distance from the center equals the mean radius »
of the earth (6 3712 X 10° cm ) the acceleration, g, of gravity (f
there were notentrifugal force) 1s known to be 981 993 cm /sec 2

By theslaw of gravitation (§ 146)

E

S
G=Gm and g=Gr—2;

where S and E are the masses of the sun and the earth Hence
S  ad* 4 nA3
E~ ort W ®

Introducing the numerical values gives § = 331,950 E A small
error 1n the parallax produces three times as great a percentage
error in A% and hence 1n § A change in the solar parallax of
0” 001 (its probable error) will change § by 113 £ The value
of E/S may be obtamned 1n qute a different way, by intncate
calculation, from the perturbations of the nearer planets Then
equation (1), worked backward, leads to a very accurate value
of 4 (compare § 327)

221 The Curvature of the Earth’s Orbit The distance which
the earth would fall toward the sun in a second, if 1ts orbital
motion were arrested, 1s 1 @, or 0 117 inches, just as £ g (16 1 feet)
15 the distance which a body falls toward the earth in the first
second, and this 0 117 inches 1s the amount by which the earth
deviates from a tangent to its orbit 1n a second In other words,
the earth 1n traveling 18 5 mules 1s deflected toward the sun only
a little more than one ninth of an inck

222 Superficial Gravity, or Gravity at the Surface, of the Sun.
This 1s found by dividing the sun’s mass by the square of s
331,950
(_165;_1)—2, which
gives 27 89  Thus a mass of ten pounds would weigh 279 pounds
on the sun A body would fall 450 feet in the first second, and a
pendulum that wibrates 1n a second here would wvibrate 1n less
than one fifth of a second there But (putting temperature out

radwus, both compared with the earth, that s,
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of consideration) @ wafck would go no faster there than here, since
neither the snertza of the balance-wheel nor the elasticity of the
spring would be affected by the increased grawvity

223. The Sun’s Density Its mean densify as compared with
that of the earth may be found by simply dividing 1ts mass by 1ts
volume, or by the cube of its radwus (both as compared with the
earth), that s, the sun’s density equals 331,950 — (109 1)*=0 256,
which 15 a little more than
one quarler of the earth’s
density

To get us density compared
with waler we must multiply
this by the earth’s mean den-
sity, 552, which gives 141,
that 13, the sun’s mean density
15 less than one and one-half
limes that of water

This 1s a most remarkable
and significant fact, consider-
ing that the sun has a tre-
mendous force of gra’VIty and An observer on the earth at E sees 4 spot on
that a considerable portion of  the central mendian of the sun at §, while
s mass 15 composed of metals, 119, e st moves v
as mdicated by the SPECLTO-  in the same position on the disk of the sun he
scope The obvious and only ™13 The wat b e amund e
possible explanation 1s that
the temperature of the sun 1s so high that its matenals are
almost wholly m the gaseous state, — not sohd or even hquid

The pressure at the sun’s center must be exceedingly great
For a sphere of uniform density of the sun’s size and mass this
pressure would exceed a billion atmospheres If the density at
the center 15 greater than the average, which 1s undoubtedly the
case, the pressure must be still greater To maintain the actual
density at so great a pressure would demand a central tempera-
ture of many millions of degrees

224 The Sun's Rotation and the Inclination of the Axis The
rotation of the sun 1s readily apparent to one who observes, from
day to day, the positions of sun-spots on the solar disk They

E E

Fic 83 The Synodic Peniod of Rotation
15 Longer than the Sidereal
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cross from east to west at a rate which gives about four weeks
for the penod of the sun’s rotation as seen from the earth, —
that 1s, the synodic period The frue, or sidereal, period may
' be calculated from the
observed symodic period
by the usual formula,
already given 1n sec-
tion 186 (p 160)

The paths of the spots
across the sun's disk
usually appear ellipti-
cal, and aremost curved
early in March and
September Twice a
year — early mm June
and i December —
they become straight
j"‘é’::;',f.':""‘f: " lines (Fig 85) Thisin-

: 0o dicates that the sun’s
axis 15 not perpendic-
ular to the ecliptic (in
which the earth travels)
From a great number of
careful measurements
1t 1s found that the
sun’s equator s mnclined
7°10° 5 to the ecliptic,
I1c 84 The Rotation of the Sun and that its ascend-

This causes the apparent motion of the spots across the g node 15 1n longltude
disk As the spot approaches the limb the facule be- 79° 471

come more prominent (The straight hines were drawn

on the plate 1n connection with an mvestigation of the 226 The Equatonal

magnetic ficld of the spots ) These photographs were
taken February 12 13 14 1817 (Photographs by Acceleraton. It was
Mt Wilson Observatory) noticed quite early that

different spots give du-
ferent results for the penod of rotation, but the researches
of Carnington, about 1860, first brought out the fact that the
differences are systematic, and that at the solar equator the time
of rotation 15 shorter than on either side of ul.
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According to Mr and Mrs Maunder, who have investigated
the motions of nearly 1900 spots shown on the Greenwich pho-
tographs of the years 1879 to 1904, the mean sidereal rotation
penod for spots on the equator 1s 24 65 days, 1n latitude 20°,
2519 days, n latitude 30°, 25 85 days, and for the few mn lati-
tude 35° (beyond which there are hardly any spots), 26 63 days

Individual spots show great deviations from these mean rates
of motion, as if they were dnfting backward or forward over the
sun’s surface, and the differences between the rotation periods
denived from different spots in the same latitude extend over a
range which considerably exceeds the difference of the mean
periods for the hghest and lowest latitudes When, however,

a large number
of spots are con-
sidered, there 1s
no doubt of the
DEC

steady lengthen- MARCH JUNE BEPT
g of the mean Trc 85 Paths of Sun-Spots across the Sun’s Disk

perlod on both In September we see 7° beyond the north pole of the sun  the
sun-spot paths are curved to the south In March the south pole
sides of the solar 15 tipped toward the carth and the sun-spot paths are curved to
equator the north In June and December the carth comes inta the plane
296. If this re- of the sun’s equator and the spots seem to cross Lhe disk o
straight lines
markable equa-

torial acceleration were confined to the spots, it might be
attributed to a drft of these over the sun’s surface, like that of
clouds over the earth, but there are several other ways of ob-
serving the sun’s rotation, and the results of all agree closely
Long series of observations have been made on the facule, or
bright regions on the sun’s surface, on the floccul, or regions of
incandescent calcium vapor, revealed by the spectroheliograph
(§ 584), and on the gases of the lower portions of the solar atmos-
phere, whose motion toward or from us may be measured spectro-
scopically (§ 579) The faculz are confined to about the same
latitudes as the sun-spots, and the flocculi extend but little
farther from the solar equator, but the spectroscopic measures
may be made at all solar latitudes, and show that the rotation
grows steadily slower all the way to the pole Thus Adams
(1908) finds that the rotation penied 1n latitude 40° 1s 27 48 days,
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in latitude 60°, 30 93 days, and n latitude 75° 33 15 days The
rotation period near the pole appears to be about 34 days

227. Thus far all the formulz with which attempts have been
made to represent the velocity of the sun’s surface m different
latitudes are simply empirrcal, that 1s, they are deduced from
the observations without being based on any satisfactory physi-
cal explanatio? Recent work (1926) affords hope that such an
explanation of the equatornal acceleration may soon be found

The questions whether different layers mn the sun’s atmosphere
rotate at different rates, and whether the rotation 1s subject to
penodic vanation, must be left unsettled until the small syste-
matic errors nf the spectroscopic observations have been traced
to theirr sources and eliminated The outstanding differences
anse partly from errors of observation and partly from the tur-
bulent condition of the solar surface, upon which the various
markings are continually 1n motion, with varying rates and
directions

Various theories have been advanced to explain the equatonal
acceleration The latest attribute 1t to effects produced by the
outpour of heat from the sun’s interior, while others regard it
as a survival from older conditions (compare § 541) It seems
certain, at any rate, that even if there 1s now no force whatever
at work to mamntain the more rapid equatoral rotation, 1t must
continue for many thousands, if not millions, of years before
mternal friction can slow 1t down to the average rate for the
whole mass If we assume, for example, that the main mass of
the sun rotates at the rate found spectroscopically for the poles,
there must be an equatonal current, of unknown but probably
great depth, running eastward with a velocity of 550 meters per
second, or 1230 mules an hour This great current has, however,
no defimte banks, and 1ts speed diminishes so gradually with
mcreasing solar latitude that the maximum relative velocity of
two points 1°, or 7500 miles, apart on the sun’s surface 1s only
25 miles per hour The fluid friction must therefore be so small,
and the momentum of the current so great, that it would continue
to circulate almost indefinitely

228 Arrangements for the Study of the Sun’s Surface The
heat and light of the sun are so intense that we cannot look
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directly at 1t with a telescope A very convenient method of
extubiting the sun to a number of persons at once 1s simply to
attach to a telescope a small frame carrying a screen of white
paper at a distance of a foot or more
from the eyepiece (Fig 86) When
the focus 1s properly adjusted, a dis-
tinct image appears, which shows the
sun’s pnncipal features very fairly,
— ndeed, with proper precautions,
almost as well as could be done
with elaborate apparatus Still; 1t 1s
At smage ofthe suz may be pragectsd generally more satisfactory to look

through the eyepiece upon a shect of 2t the sun directly with a suitable

wlute paper A screen should alsp be eyeplece

used at the object end, m order to
shade the paper upon which the 1m. With a small telescope (not more

age 15 formed than 2% or 3 inches 1n diameter) a
simple shade glass 15 often used be-

tween the eyepiece and the eye, but the dark glass soon becomes
very hot and 1s apt to crack With larger instruments 1t 1s
necessary to use eyepieces egpecially designed for the purpose,
and known as soler eyepieces or helio-
scopes, which reject most of the hight SN L
coming from the object-glass and i
permit only a small fraction of 1t to :
enter the eye It 1s nol a good plan m}
to cap the object-glass mn order to !
reduce the hght To cut down the
aperture 1s to sacnfice the defimtion
of delicate details (§ 53)

Fic 86 Viewing the Sun

The simplest solar eyepiece, and a very
good one, 15 known as Herschel’s, 1n which TFic 87 The Herschel Solar
the sun’s rays are reflected at right angles Eyepiece
by a plane of unsilvered glass The reflector
1s made wedge-shaped, as shown in Fig 87, 1n order that the reflection from
the back surface may not mnterfere with the image Most of the hight passes
through the open end of the eyepiece, but the reflected hight 1s still too
mntense for the unprotected eye Only a thin shade glass 1s required, how-
ever, which does not become very much heated FPolarizing eyepieces are
also used
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In the study of the sun’s surface, photography is very advan-
tageous for some purposes Arrangements must be made to secure
an extremely rapid exposure, and 1t 1s best to use special slow plates.

The size of the 1mage of the sun on the negative depends on
the focal length of the telescope (§ 50), averaging 1/107 of thus,
but being shightly larger in winter than in summer The 150-foot
tower telescape of the Mt Wilson Observatory forms a 17-inch
1mmage of she sun

Photographs do not show such fine detail as can be observed
visually 1n moments of good seeing, but they secure in an instant
a better pieture of the sun’s surface than a skillful draftsman
could produce in hours The great majority of solar observations
are now made photographically

The importance of the study of the sun has been recognized
by the establishing of several observatories mainly for solar
research Among the rmost important of these solar observa-
tories may be mentioned those at Mt Wilson in Califormia,
Meudon 1n France, and Kodaikanal in India Solar observations
are also regularly made at the Yerkes Observatory, at Greenwich,
and 1n many other places

229 The Telescopic Appearance of the Sun Before passing to
a discussion of the details of the solar phenomena it will be well
to mention the names that have been given to the vanous parts
of the sun

(1) The photosphere, the luminous surface of the sun directly
wisible 1n the telescope as a disk, with the spots and other mark-
1ngs observable upon 1t

(2) The sun’s almosphere, lying above the photosphere and con-
sisting of luminous but very nearly transparent gases This can
be directly observed with the telescope only when the photosphere
15 hidden dunng a total eclipse, but almost all its phenomena
may now be studied at any time with the aid of the spectroscope,
which, 1n addition, gives us extensive information concerming 1ts
composition and physical condition This atmosphere may be
divided 1nto two regions

(@) The reversing layer, extending to a height of a few hundred
mules above the photosphere and composed of the vapors of many
of the famihar terrestrial elements This merges gradually into
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(B) the chromosphere (composed mainly of the lighter gases,
hydrogen and helium), which extends to a height of several thou-
sand miles, and from which nse the prominences of vanous kinds
These are also masses of luminous gas, and rise sometimes to a
height of hundreds of thousands of miles above the photosphere

Fic 88 Sun-Spot Mamumum

A large spot-group and many smaller spots Facule are wisible near the hmb  (From
photograph by Yerkes Observatary)

(3) Tke corona, an outer envelope, of very great height and
exceedingly small density, heretofore observable only during
total eclipses of the sun

230 The Photosphere. The sun’s wisible surface 1s called the
photosphere, that 1s, the "“light sphere” The general opacity
(§ 660) of the gases 1n this region ncreases rapidly with depth
and prevents us from seemng farther into the sun

When studied with a telescope under favorable conditions and
with a rather low power, 1t appears not smoothly bnght, but
mottled, looking much like rough drawing-paper With a high
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power and the best atmosphenc conditions the surface 1s shown
to be made up, as seen 1n Fig 89, of a rather darkish background
sprinkled over with grains, or nodules, as Herschel calls them,
of something much more brilhant, — “like snowflakes on gray
cloth,” according to Langley These nodules, or '‘rice grains,’’are
from 400 to 600 miles across, and when the seeing 1s best they

Fie 89 “Rice Gramns™ and the Intncatec Details of a Sun-Spot

From drawing by Langley

themselves break up into granules still more minute Gener-
ally the nodules are about as broad as they are long, though
wrregular, but here and there, especially in the neighborhood of
the spots, they are drawn out into long streaks, or filaments
They appear and disappear, and change in form continually
The edge of the photosphere at the sun’s lumb appears perfectly
sharp, as do many details on 1ts surface, but 1t should be remem-
bered that a transition, taking place gradually through a dis-
tance of 50 kilometers, would appear sharp 1n the best telescopes
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Certain bnight streaks and patches called facule are also usu-
ally visible here and there upon the sun’s surface, and, though
not very obvious near the center of the disk, they become con-
spicuous near the limb, especially 1 the neighborhood of spots

Near the sun’s limb the photosphere appears much less brilliant
than at the center The vanation is slight until near the limb,

F16¢ 90 Single Normal Spot, with Faculz

From phatograph by Mt Wilson Observatory

where the brightness falls off rapidly and, at the very edge, 15
not more than one third of the brightness at the center

The hght from the imb 1s not merely fainter but also redder
than that from the center, so that on a projected image of the
sun the limb appears brownish For this reason the darken-
mg at the limb 1s much more conspicuous on photographs than
visually When the sun 1s viewed with the naked eye through
a shade glass, the contrast in brnightness between the limb and
the dark sky outside makes 1t appear relatively too bright and
almost entirely conceals the darkening
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231. The Sun-Spots. Sun-spots, whenever visible, are the most
conspicuous and interesting objects on the solar surface The
appearance of a normal sun-spot (Fig 90), fully formed and not
yet beginning to break up, 1s that of a dark central wmbra,
with a fringing penumbra composed of converging filaments The
umbra itself 1s not umformly dark throughout but 1s overlaid
with film clc‘;uds, which usually require a good hehoscope to
show them to any advantage

Very few spots are strictly normal They are often gathered 1n
groups within a common penumbra, which 1s partly covered with

March ¢ March 5
Fic 91 Solar Photographs

Darkening at the hmb 1s shown and displacement of spots by rotation The north 15 at
the top (I'rom photographs by Yerkes Qbservatory)

brilhant “'bridges " extending across from the outside photosphere
Frequently the umbra 1s not 1n the center of the penumbra, or
has a penumbra on one side only, and the penumbral filaments,
wmstead of converging regularly toward the nucleus, are often
distorted in every concervable way

At 1ts mner edge the penumbra, from the convergence of these
filaments, 15 usually brighter than at the outer edge The mner
ends of the filaments are ordinanly club-shaped, but sometmmes
are drawn out imto fine pomnts The outer edge of the penum-
bra 1s usually rather sharply defined, and there the penumbra
15 darkest In the neighborhood of the spot the surrounding
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photosphere 1s usually much disturbed and bnghtened into
facule, which ordinanly appear before the spot 1s formed and
continue after it disappears

Even the darkest portions of the sun-spot are dark only by
contrast This 1s directly observable when Venus or Mercury
passes 1n front of the sun and transits across its disk The
planet (which, if there were no scattered light from the sky,
would of course appear perfectly black) 1s conspicuously darker
than the sun-spots Further evidence that the spots give out
light of therr own 1s found in the fact that they are decdedly
redder than the photosphere, and that their spectrum shows
distinctive peculiarities

Several lines of investigation indicate that the umbra of an
average spot 1s rather less than one tenth as bright as the photo-
sphere 1n yellow light, and relatively much fainter 1n the violet
Nevertheless, 1f we could see the spot on a dark background, 1n-
stead of on the dazzling photosphere, 1t would appear brilhantly
luminous, — brighter, indeed, for equal areas, than almost all
terrestrial sources of light

232. Dimensions of Sun-Spots The diameter of the umbra of a
sun-spot vares all the way from 500 nules, in the case of a very
small one, to 40,000 or 50,000 miles, 1n the case of the largest The
penumbra surrounding a group of spots 1s sometimes 150,000 miles
across, though that 1s exceptional Not infrequently sun-spots are
large enough to be visible with the naked eye and can actually be
thus seen at sunset or through a fog or by the help of a shade glass

The Chinese have many records of such objects, but nterest
m them dates from 1610, as an immediate consequence of
Galileo’s study with the telescope Fabricius and Scheiner, how-
ever, share the honor of discovery with him, as independent
observers

233 Duration of the Spots. Most sun-spots are very short-lived
phenomena One fourth of all those shown on the Greenwich pho-
tographs lasted but a single day, and as many again, from two to
four days These, as might be expected, were small spots, the
larger ones are far from permanent Out of some 6000 groups
observed 1 thirty-three years, only 468 were observed to have a
continuous existence into a second rotation of the sun, 115 mto
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a third, 25 into a fourth, 12 mnto a fifth, and but one into a
sixth In a single recorded 1nstance (1840-1841) a spot persisted
for eighteen months

The faculz 1n the surrounding region generally endure much
longer than the spots, and not infrequently a new group of
spots breaks out 1n the same region where one has disappeared
some time before, as if the local disturbance which caused the
spots and facule still continued deep below the wisible surface

Fic 92 The Great Sun Spot Group of I ebruary g8, 1917

The earth 1n its relative size 15 represented by the black disk m the corner (I'rom photo-
graph by Mt Wilson Observalory)

The development of a spot or spot-group usually begins, accord-
g to Secchi, with the formation of facule interspersed with
small, dark pomts, or pores These pores grow rapidly larger
and coalesce, and the neighboring granules of the photosphere
are transformed 1into the filaments of the penumbra, converging
toward the umbra Ordinanly this process takes several days,
but sometimes only a few hours

According to Cortie the 1rregular group of scattered ncipient
spots soon passes into a second stage, stretching out east and
west with two predominant spots,— one a leader, the other a
rear guard of the flock The preceding one (in the direction of
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the sun’s rotation) 1s usually more compact and regular, though
the other 1s sometimes the larger The leader apparently pushes
forward upon the photosphere and so increases the length of the
tramn of spotlets between the two principals After a time these
small spots generally disappear, leaving the pair, of which the
leading one usually lasts the longer and looks more like a normal

F1c 93 Remarkable Twenty -four-Hour Development of Sun-Spot Group,
August 18-19, 1916

The black cisk at the bottom represents the relative size of the earth (From photograph
by Mt Wilson Ob¢ervalory)

spat Recent studies at Mt Wilson show that double groups are
about twice as numerous as single spats  The leading member of
a double group 1s usually the stronger (Fig 84) Frequently a
large spot divides into several, separated by brlhant bndges,
and the segments fly apart with a speed of sometimes a thou-
sand miles an hour An active spot 1s an extremely nteresting
telescopic object, not infrequently a single day works a complete
transformation (Fig 93)
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934 Proper Mohons of Spots As has already been stated, the
spots are usually 1n motion over the sun’s surface Recent studies
show that these motions take place almost at random, and that
there 1s no defimte tendency for the average drift to be in any
one direction m any particular part of the sun’s surface The
motions 1n longitude, however, average nearly twice as great as
those in latitude Akesson finds for the average daily dnft 43’ of
longitude and 24’ of latitude, which correspond respectively to
5400 and 3000 miles on the sun’s surface He finds, also, that
the small spots move faster than the large ones

The rate and direction of a spot’s motion change from day to
day, so that st the end of a solar revolution the spot (if 1t lasts
so long) 1s usually not nearly so far from 1its original position as
1t would be if 1t had gone steadily forward in one direction The
average motion in twenty-five days, according to Dyson and
Maunder, 15 1° 2 1n latitude and about 4° in longitude Accord-
ing to the same authornties there 1s a defimite connection between
the motions of the large regular, or normal, spots and their age,
which they describe as follows '‘Regular spots usually form at
the head of a stream, and, dunng the early days of the develop-
ment of the stream, move rapidly forward in longitude Aifter
the stream has attamed 1its greatest dimensions and begun to
dimimish again, 1t 1s the following portion of the group that
disappears first, and the regular spot which was the onginal
leader often remains alone In this stage of the history of
the group there 1s a strong tendency for the regular spot to
move back again toward the longitude where 1t was ongnally
formed.”

236 Distnbution of the Spots For the most part the spots are
confined to two belts between 5° and 40° of north and south
latitude (Fig 95) A few appear near the equator at the time of
the sun-spot maximum, and almost none beyond the forty-fifth
parallel A few very fant and short-lived flecks have been
observed 1n latitudes as high as 65° and even 72°

Generally the numbers are about equal in the two hemispheres, but some-
times there 1s a marked difference which persists for years From 1672 to
1704 not a single spot was observed in the northern hemisphere, and the
brealung out of a few 1n 1705 occasioned great surprise and was reported to
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the French Academy as an anomaly Dunng the last fifty years the south-
ern hemsphere has been about one fifth more spotted than the northern,
but the successive revivals of activity have come a little earlier mn the latter
No reason for such differences has yet been discovered

236 Sun-Spot Peniodicity. The number of spots varies greatly
in different years and shows an approximately regular penodicity
of about eleven years This fact was first discovered by Schwabe,
of Dessau, 1n 1843, as the result of his systematic watching of sun-
spots for nearly twenty years, and has since been abundantly
confirmed

Wolf, of Zurich, collected all the observations available up to
1880 and summanzed them in a diagram which forms part of
Fig 94 The system of sun-spot numbers introduced by Wolf 1s
based on the number of spot-groups, and on the number of spots
which can be counted 1n these groups, as well as singly, and also
takes into account the observer and the size of his telescope
The system has been continued by later observers The numbers
are found tobe closely related to the spotted area expressed as
a fraction of the visible hemisphere

Duning the maximum, the surface of the sun 15 never free
from spots, sometimes a hundred are visible at once During
the minimum, weeks, and even months, pass without a single spot

The average interval between maxima 1s 11 13 years accord-
mg to Newcomb, but this 1s subject to great fluctuations, the
observed mntervals ranging all the way from 7 3 to 17 1 years
The nise to maximum 1s usually, but not always, more rapid than
the fall which follows, the mean durations of the two, according
to Newcomb, being 4 62 and 6 51 years W J S Lockyer has
pointed out that the rise 1s more rapid, both 1n actual duration
and as compared with the fall, when the maxima are highest
The whole length of the interval between minima, however,
seems to bear little relation to the intensity of the maxmum

There appears also to be a decided secular varation 1n the
mntensity of the outbreaks High and low maxima, in groups of
three or four, have alternated during the interval for which
rehable estimates of the activity are available, and the frag-
mentary records of older times indicate a similar phenomenon
Sun-spots were apparently numerous about 1610 and very rare
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between 1640 and 1716, A second, less marked period of quies-
cence extended from 1798 to 1833, and a tlurd has lasted from
1878 to the present time The intervals between these tunes of
low activity are, however, very unequal, and only the future
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F1¢ 94 Terniodicity of Sun-Spot Numbers

The periodiaity of the number of sun-spots 15 very similar to that of areas of faculz and to

that of diurnel vaniaton of magactic dechnation Heavy curve  Wolf’s sun-spot numbers,

1772-1822 Upper lighter curve areas of facule (in thousandths of the visible hermsphere),

Greenwich, 1873-1924 Broken Line (lower part of diagram) diurnal varations of mag-
netic dechnation, Greenwich, 1869-1022

can disanguish whether these recurring changes are really pe-
nodic 1n their nature, or whether they are essentially irregular

237. Spoerer’s Law of Sun-Spot Latitudes. Still another fact,
as yet unexplamned, and probably of great theoretical impor-
tance, was first brought out by Spoerer The disturbance which
produces the spots of a given cycde first manifests itself by the
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appearance of small spots 25° or 30° north and south of the sun’s
equator As the solar activity increases, new spots, 1n increasing
numbers, supplant those which disappear, and the spotted zone
widens out, but almost entirely on the equatonal side, so that the
mean latitude of the spots steadily decreases Shortly before the
time of maximum activity the production of spots in the highest
latitudes diminishes, and ceases, and not long afterward the inner
edges of the two great zones of activity approach the equator and
become stationary without quite meeting As the activity de-
creases, the spotted regions shrink more and more on their outer
edges, until the last dying traces of the disturbance are found
within a few degrees on each side of the cquator, thirteen or
fourteen years after 1ts first outbreak Two or three years before
this disappearance, however, the first spots of the new cycle show
themselves near latitude % 30°, so that, at the spot mimmum,
there are usually four well-marked zones in which the few spots
may appear, — two close to the equator, owing to the expinng
disturbance, and two 1n high latitudes, nearly 200,000 miles away
from the former, owing to the newly beginning outbreak

Fig 95, reproduced from a paper by Maunder, shows the dis-
tnbution of the spots 1n heliographic latitude for each synodic
rotation of the sun from 1874 to 1903, and exhibits the facts
better than any verbal description could do It 1s clear that
if we confined our attention to a zone of defimte latitude, we
should always find approximately the same intervals between
the times of greatest abundance of sun-spots, but that the times
of maximum would differ widely from zone to zone, — maximum
for the highest latitudes and mimmmum for the equator being
almost simultaneous

238 Irregulanty of the Peniod of Sun-Spots A great deal of
labor has been expended 1n the attempt to find a mathematical
formula which shall represent the changes of the observed nurm-
bers of spots m the past and may be used to predict those in
the future No formula which will stand the test of prediction
has yet been obtained, and it appears very doubtful whether
success 18 possible, for 1t 15 not unhkely that the sun-spot”dis-
turbances, like the eruptions of a geyser, are Inherently only
roughly peniodic
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239. The cause of sun-spot periodicity 1s not yet known
Attempts have been made to account for it by planetary influ-
ences and meteoric swarms, but without success There are good
reasons for believing that the cause, whatever 1t may be, is to be
found 1n the sun 1tself

The evidence of the spectroscope and spectroheliograph (to
be discussed Fater) shows conclusively that sun-spots are the
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Fic 95 " Butterfly” Sun-Spot Diagram

The Lnes extend over the lutitudes i which sun spols were observed during cach synodic
rotation of Lthe sun Two complete cycles of disturbances are shown, with the end ot an
earhier one and the start of a fourth (Alter E W Maunder, Greenwich Observatory)

most conspicuous visible signs of a generally disturbed conds-
tion of the regions of the sun’s surface 1n which they appear
Spoerer’s law, and the associated phenomena, almost compel the
belief that the individual outbreaks which produce the spot
groups of the same cycle are themselves but mamfestations of a
single great disturbance in each hemisphere, which breaks out
m high latitudes and works down toward the equator The
orderly sequence of these greater disturbances — each brealung
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out as the last is dying away — points to a deep-seated cause,
perhaps mvolving a great portion of the mass of the sun Of the
nature of this cause we can form but the vague conception that
1t 15 a gathening of deep-lymng forces duning an outward penod of
quiescence, followed by an outburst which relieves the internal
strain '

On tlus theory the irregularity of the intervals and the intensi-
ties of the successive outbreaks are not at all surprising It seems
also natural enough that the most violent disturbances should
develop the most rapidly, as 1s observed to be the case

We shall see later (§ 599) that Hale, after a searching investi-
gation of the phenomena of sun-spots, has adopted a theory
which assigns their origin to disturbances 1n the deeper layers of
the sun, well below the photosphere

240. Many other solar phenomena show, as might be expected,
periodic vanations which run parallel with those of the spots
The facule, which are so closely associated with the spots, vary
1n almost strict proportionality to their numbers (Fig 94), the
number and distribution of the solar prominences and also the
form and extent of the corona (Figs 96, 97) also show great and
regular changes with the sun-spot period, and there 1s evidence
that the total radiation of keat (§ 603) from the sun increases
with increasing spottedness

241. Terrestrial Influences of Sun-Spots There 1s a conspicu-
ous relation between the abundance of sun-spots and the vara-
tions of terrestrial magnetism The direction and intensity of
the earth’s magnetic field are never quite constant In addition
to the slow secular vanation, which proceeds 1n the same direc-
tion for many years, it 1s subject to regular diurnal variations,
and at 1rregular intervals to sudden and relatively violent dis-
turbances, which are known as magnetic storms, and which have
been known in extreme instances to change the direction 1n
which the compass points by nearly three degrees in as many
minutes These magnetic storms are frequently accompanied by
earth-currents of electricity, which are sometimes strong enough
to interfere with the operation of telegraph lines, and by displays
of the aurora boreahis and aurora australis (which mvanably ndi-
cate the emstence of magnetic disturbance) (§ 658)
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The intunate relation which exists between the number and
magnitude of these magnetic disturbances and the sun-spot
vanations 15 exmbited in Fig 94 The range of dwurnal vana-
tion dimirushes to about half i1ts maximum amount at the sun-
spot mimma, while the number of magnetic storms (not shown

Fic 86  Echpsc of Apnl 16, 1893, Chile

When sun-spots are at a maximum (see Iig 94), the corona extends out n all directions

Sometimes long streamers 1n the sun spot zones mive it a roughly quadrilateral form The

notches 1n the moon’s imb shown 1n the photograph are not real being due to “1rrachation”
of the neighboring prominences  (From photograph by Lick Observalory)

1n the figure) usually drops apprommately to zero The close
agreement with the curve of spottedness makes 1t umpossible to
doubt the reality of the connection The variation in the annual
number of aurorz also follows the sun-spot cycle very closely,
the maxima and mimima of {requency falling near those of the
spots but averaging about a year later.
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It 1s perhaps worth while to mention that magnetic storms have
no connection with the electrical phenomena of thunderstorms,
which show no perceptible relation to the sun-spot penod

There 1s often evidence connecting a magnetic storm with an
mdividual sun-spot (Fig 98) Maunder finds that during every

F1c 97 Ldipsc of January 22, 1898, India

At the Lime of sun-spot minimum the equatoral rays predommnate and the shert polar rays

are sharply defined Although this edipse occurred only two years before sun-spot minimum,

1t stull shows some of the characlenstics of the maximum type (From photograph by
Lick Observalory)

one of the mineteen great magnetic storms between 1875 and
1903 a large spot, or a spol-group which had been large dunng a
previous rotation of the sun, was on the visible side of the sun
and between 20° east and 50° west of the central mendian On
the average these storms occurred twenty-five hours after the
corresponding spot had crossed the central mernidian Maunder
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has also shown that there are often one or more repetitions of a
magnetic storm when the rotation of the sun again brings the
spot region to the central mendian, and concludes that areas on
the sun’s surface may be magnetically active both before visible
spots form and after they have disappeared

Chree has shown that similar, although less conspicuaus,
relations exst i the case of the durnal magnetic variation
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F1c 98 Pair of Spots un the Sun

These large spots were photographed at the tyme of the great aurora of May 13, 1921
(Irom photograph by Mt Wilson Observatory)

242. Many attempts have been made to show that greater or
less disturbance of the sun’s surface, as indicated by the frequency
of the spots, 1s accompanied by effects upon the meteorology of
the earth Only long and homogeneous senes of observations are
of any value min such investgations, for an apparent relation
extending over a single spot-period, or even over two, may be
due only to chance

One such relation has now been established by the concurrent
results of several investigators The mean temperature of the
air at the earth’s surface 1s lower when the sun-spots are most
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numerous, by something between half a degree and one degree,
centigrade, for every change of 100 spot-numbers

There are indications of simiar relations between sun-spot
changes and the vanations 1n rainfall and other meteorological
conditions, but the effects are in all instances so small that
they are very hard to separate from the much greater vanations,
ansing from other causes, which happen from year to year

243 It wil be noticed that the accounts of solar phenomena
given 1n this chapter have been for the most part purely descrip-
tive, with a mummum of theoretical explanation The reason for
this 1s that our knowledge of solar phenomena depends to so great
an extent on the mnformation furmshed by the spectroscope and
other instruments of physical research that it would be pre-
mature to attempt to discuss their nature until this evidence has
been presented, which will be done 1n Chapter XV

EXERCISES

1 If the diameter of the sun were doubled, its density remaining un-
changed, what would be the force of gravity al its surface?

2 If the sun were expanded into a homogeneous sphere, with a radius
equal to the distance of the earth from the sun, its mass remaining un-
changed, what would be the force of gravity at 1ts surface?

Ans 1/1657 of g

8 In this case, what change, | any, would result in the orbit of the
earth? Ans None

4 By how much would a change of + 0" 005 1n the solar parallax alter
the accepted value of the astronomical unit? of the diamcter of the sun?

5 What are the coordinates (celestial latitude and longitude) of the north
pole of the sun?

8 How long would 1t take a sun-spot on the equator to gamn a whole
revolution upon one 1n latitude 30° (§ 225)7

Ans 532 days (much longer than the hfe of &
spot)



CHAPTER VIII

ECLIPSES

FORM ANP DIMENSIONS OF SHADOWS ECLIPSES OF THE MOON SOLAR

LCLIPSES TOTAL, ANNULAR, AND PARTIAL ECLIPSES ECLIPTIC LIMITS

AND THE NUMBER OF ECLIPSES IN A YEAR RECURRENCE OF ECLIPSES AND
THE SAROS - OCCULTATIONS

244. The word “eclipse” 15 a term applied to the darkening of a
heavenly body Eclipses naturally fall into two classes, according
as the eclipsed body 1s self-luminous or shines by reflected hight

(1) An eclipse of a self-luminous body can only be occasioned
by the wnterposition of another body The observer finds himself
mm a shadow Thus, the sun 1s echpsed when the moon inter-
venes and hides 1t from us The components of a double star,
the orbit of which lies so that it 1s viewed edgewise from the
earth, are penodically echpsed when one star for a bnef time
hides the other from us (§ 787) When the apparent size of the
echipsed body 1s much smaller than that of the eclipsing body,
the phenomenon 1s known as an gcculiatzon Thus, the moon
1ts revolution about the earth frequently occults a star, and a
planet occasionally does so  Finally, a relatively very small body
may fransyt the disk of some larger body, eclipsing only a very
small aircular area  Thus, Mercury and Venus peniodically transit
the sun’s disk as small, round dots

(2) A body that 15 %ot self-luminous suffers eclipse because the
light which ordinarily makes 1t visible is shut off from 1t by some
other body In other words, 1t moves into a shadow The earth,
when 1t comes between the sun and the moon, prevents the
sunhght from fallng on the moon, and eclipses of several of
Jupiter’s satellites can be observed as they move into the shadow
cast by therr pnmary (§440). We shall speak here only of
solar and lunar eclipses

245 Shadows mn Space. If interplanetary space were shghtly
dusty, we should see, accompanymng the earth and moon and

- 214
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each of the planets, a long, black shadow projecting behind 1t
and travelng with it Such a shadow 15 the space from which
sunlight 1s excluded by the intervening body As the sun, the
earth, and the moon are all nearly spherical, and the sun 1s by
far the largest, the shadows of the earth and moon are cones with
their axes in the line joining the centers of the sun and the
shadow-casting body, and with the apex always directed away
from the sun The length of the shadow varies with the dis-
tance between the sun and the carth, or the sun and the moon
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Fic 99 The Earth’s Shadow
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246 Dimensions of the Earth’s Shadow The length of the
earth’s shadow 1s easily found In Iig 99 we have, from the
smmilar triangles OED and ECa,

OD OE=Ea EC

OD 1s the difference between the radn of the sun and the earth
=R —7r Ea=r, and OF 15 the distance of the earth from the
sun=D Hence,

r 1

EC—D(R—)_WSTD
(The number 108 1 15 found by simply substituting for R and r
their values, R bemmg 109 17) This gives 859,000 miles for the
length of the earth's shadow when D has 1ts mean value of
92 870,000 miles The length varies about 14.000 miles on each
side of the mean, 1n consequence of the varation of the earth's
distance from the sun at different times of the year

From the cone ¢Cb all sunlight 1s excluded, or would be 1if 1t
were not for the fact that the atmosphere of the earth, by its
refraction, bends some of the rays into this shadow, malung it
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less perfectly dark Furthermore, the dense lower layers of
atmosphere, especially if they are filled with clouds, obstruct
the passage of the sun’s rays and thus increase the effective diam-
eter of the earth and 1ts shadow by about ten miles

247 Umbra and Penumbra While the region from which all
light 1s exclyded (the cone defined by the hines aC and 5C m
Fig 99)_1s usually called simply the shadow, 1t 1s more techni-
cally called the umbra If we draw the lines Ba and Ab, cross-
ing at P, between the earth and the sun, they will bound the
penumbra, within which a part, but not the whole, of the sun-
light 1s cut off ~An observer outside of the umbra but within
this cone-frustum, which tapers toward the sun, would see the
earth as a black body encroaching on the sun’s disk

If the earth had no atmosphere, the boundary of the umbra
would be sharp, since the contrast between darkness and even
greatly diminished sunhght 1s notable Since the edge of the
actual shadow 1s cast by an atmosphere of gradually increasing
density, the umbra has no sharp boundary The outer boundary
of the penumbra, while geometncally quite definite, 1s 1mper-
ceptible, — the brightness just 1nside differing infinitesimally from
that without

ECLIPSES OF THE MOON

248 Total and Parhal Eclipses The aus, or central line, of the
earth's shadow 1s always directed to a pomnt exactly opposite the
sun If, then, at the time of the full moon, the moon happens to
be near the echptic (that 1s, not far from one of the nodes of her
orbit), she will pass through the shadow and be eclipsed Since,
however, the moon’s orbit 1s inclined to the ecliptic at an aver-
age angle of 5° 8, lunar eclipses do not happen very frequently,
— seldom more than twice a year Ordinanly the full moon
passes north or south of the shadow without touching 1t

Lunar eclipses are of two kunds partial and total, — total
when the moon passes completely into the shadow, partial
when she only partly enters 1t, going so far to the north or south
of the center of the shadow that only a portion of the disk 15
obscured.
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249. Size of the Earth’s Shadow at the Point where the Moon
crosses it. Smce EC, in Fig 99, 1s 859,000 miles, and the dis-
tance of the moon from the earth is, on the average, about
239,000 miles, CM must average 620,000 miles, so that MN,
the semi-diameter of the shadow at this point, will be 620/859
of the earth’s radius This pives MN = 2858 miles, and makes
the diameter of the shadow a little over 5700 miles, — about
two and two-thirds times the diameter of the moon. It may at
times be 200 miles smaller or larger

An eclipse of the moon, when cenlral (that is, when the moon
crosses the center of the shadow), may continue tofal for about
one hour and forty minutes, the mterval from the first contact to

Earth's
shadow M
Fic 100 Lunar Echptic Limt

i the earth’s shadow 1s at the node N of the moon's orbit when the moon reaches 1it, there

will be a central tolal echipse of the moon If the moon overtakcs the shadow at E, there

will be no echipse  The distance NE 1 the "lunar echiptic it * This distance 15 greatest

(12° 15°) when the apparent diameters ol the moon and the earth’s shadow have thewr
greatest values

the last being about two hours more This depends upon the fact
that the moon’s hourly motion 1s nearly equal to 1ts own diameter

The duration of a non-central eclipse varies, of course, accord-
g to the part of the shadow traversed by the moon

250 Lunar Ecliptic Lymt. The lunar eclzptic lamaf 1s the great-
est distance of the sun from the node of the moon’s orbit at
which a lunar eclipse 1s possible This himt depends upon the
inclination of the moon’s orbit, which 1s somewhat vanable, and
also upon the distance of the moon from the earth at the time
of the eclipse, which is still more vanable Hence we recognize
two limits, the major and the minor

If the distance of the sun from the node, or of the shadow from
the opposite node, at the time of full moon exceeds the major
hmit, an echpse 1s impossible, 1f 1t 1s less than the minor, an
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echipse 1s inevitable. The major limit 1s found to be 12° 15°, the
mmnor, 9°30° The shadow travels the major limit 1n about
thirteen days There are, therefore, two intervals dunng the
year, of not more than twenty-six days each, when lunar eclipses
are possible

251 Phenorgena of a Total Lunar Eclipse. Half an hour or so
before thg moon reaches the shadow its hmb begins to be sen-
sibly darkemed by the penumbra, but the edge of the umbra
1tself, when 1t first encroaches on the moon, appears nearly black
by contrast with the bright parts of the moon’s surface To the
naked eye the outhne of the shadow looks reasonably sharp, but
even with a small telescope 1t 1s found to be mndefimte, and with
a large telescope and high magmfying power 1t becomes entirely
indistinguishable, so that 1t 1s impossible to determine within
hali a minute the time when the boundary of the shadow reaches

A

A
Fic 101 Light bent into Earth’s Shadow by Refraction

any particular pomnt on the moon After the moon has wholly
entered the shadow, her disk 1s, as a rule, distinctly wisible,
tluminated with a dull, copper-colored hight, which 1s sunlight,
deflected around the earth into the shadow by the refraction of
our atmosphere (Fig 101)

Even when the moon 1s exactly central in the largest possible shadow,
an observer on the moon would see the disk of the earth surrounded by a
narrow ring of brilbant hght, colored with sunset hues, —in fact, deeply
colored, because the hight has traversed a double thickness of our air If
the weather happens to be clear at this portion of the earth (upon 1ts rum,
as seen from the moon), the quantity of Lght transmitted through our
atmosphere 1s very considerable, and the moon 1s strongly illuminated
Ii, on the other hand, the weather happens to be stormy in this region af
the earth, the clouds cut off nearly all the light

In astronomical importance a lunar echipse is not at all to be
compared to a solar echpse It has its uses, however (1) It 1s
possible to observe the moon’s passage over faint stars which
cannot be seen at all when near the moon except at such a tume.
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Observations of these star occultations made in different parts
of the earth furmsh data for computing the dimensions of the
moon and 1its parallax, and for determining 1ts position (2) The
study of the heat radiated by the moon during the different phases
of an echipse furnishes information about the absorbing power and
temperature of the moon’s surface

252 Computation of a Lunar Echipse. Since all the phases of a
lunar eclipse are seen everywhere at the same absolute instant
wherever the moon is above the horizon, 1t follows that a single
computation, giving the Greenwich times of the different phe-
nomena, 1s all that 1s needed Such computations are published
in the Nautical Almanac Owing to the uncertainties mentioned
above, the time 1s given only to the nearest tenth of a minute.
Each observer has only to correct the predicted time, by simply
adding or subtracting his longitude from Greenwich, 1n order
to get the true local time The computation of a lunar echpse
is not at all complicated

ECLIPSES OF THE SUN

253. Dimensions of the Moon’s Shadow By the same method
as that used for the shadow of the earth (§ 246) we find that the
length of the moon’s shadow at any time 1s very nearly 1/400 of
1ts distance from the sun, and at new mcon averages 232,100 miles
It varies not quite 4000 miles each way, ranging from 228,200 to
236,000 miles

Since the mean length of the shadow is less than the mean
distance of the moon from the earth (238,900 mules), 1t 1s evident
that on the average the shadow (umbra) will not reach the earth

On account of the orbital eccentrnicity, however, the distance
of the moon s, for much of the time, considerably less than
the mean The moon may come within 221,700 mles " of the
earth's center, or about 217,750 miles from 1ts surface If, at
the same time, the shadow happens to have its greatest pos-
sible length (that 1s, 1f the earth 1s at aphelion), its pomnt may
reach nearly 18,250 miles beyond the earth’s surface In this

1This 15 the minimum distance when the moon 1s new and at the node It differs
from the absolute mmmum distance given 1n section 193 (p 165)
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case the cross-section of the shadow, where the earth’s surface
cuts 1t squarely (at o 1 Fig 102), will be about 167 males in
diameler, which 15 the lorgest value possible 1If, however, the
shadow stnkes the earth’s surface obhquely, the shadow spot
will be oval mstead of circular, and the extreme lengih of the
oval may excged the 167 miles

Since the distance of the moon may be as great as 252,400 miles
from the earth’s center, or nearly 248 500 miles from 1ts surface,
while the shadow may be as short as 228,200 miles, we may have
the state of thurgs indicated by placing the earth at B in Fig 102
The vertex of the shadow, V, will then fall 20,300 miles short of
the surface, and the cross-section of the shadow produced will
have a diameter of 192 miles at o', where the earth’s surface
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Fic 102 Moon's Shadow on the Earth

cuts it When the shadow falls obliquely near the hmb of the
earth, the breadth of this cross-section may be as great as
230 mules

254 Total and Annular Eclipses. To an observer within the
true shadow cone (that 15, between V and the moon 1n Fig 102)
the sun will be totally ecipsed An observer 1n the produced cone,
beyond V, will see the moon smaller than the sun, leaving an
uneclipsed nng around 1t, and will have what is called an annudar,
or ring-formed, eclipse These annular eclipses are considerably
more frequent than the total, and now and then an eclipse is
annular 1n part of its course across the earth and total in part
In this case the point of the moon’s shadow extends beyond the
nearest part of the surface of the earth but does not reach as far
as its center (p 231)

265. The Penumbra and Partial Echipses. The penumbra can
easily be shown to have a diameter, on the line CD (Fig 102), of
a trifle more than twice the moon’s diameter An observer situ-
ated within the penumbra has a parizol echpse If he 1s near the
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cone of the shadow, the sun will be mostly covered by the moon ;
but if he is near the outer edge of the penumbra, the moon will
encroach but shghtly on the sun’s disk While, therefore, fofal
and annular eclipses are wvisible as such only by an observer
within the narrow path traversed by the shadow spot, the same
echipse will then be visible as a partial one everywhere within
2000 miles on each side of that path The 2000 miles is to be
reckoned perpendicularly to the ams of the shadow, and may
correspond to a much greater distance on the sphencal surface
of the earth

256 Velocity of the Shadow and Duration of Eclipses. If it
were not for the earth’s rotation the moon’s shadow would pass
an observer at the rate of nearly 2100 miles an hour, on the aver-
age The earth, however, 1s rotating, toward the east,in the same
general direction as that in which the shadow moves, and at the
equator 1ts surface moves at the rate of about 1040 miles an hour
An observer on the earth’s equator, therefore, with the moon at
1ts mean distance from the earth and near the zemth, would, on
the average, be passed by the shadow with a speed of about
1060 miles an hour (2100 — 1040), or 1600 feet per second In
higher latitudes, where the surface velocity due to the earth’s
rotation 1s less, the relative speed of the shadow 1s higher, and
where the shadow falls very obliquely, as 1t does when an eclipse
occurs near sunrse or sunset, the advance of the shadow on the
earth’s surface may become very swift, — as great as 4000 or
5000 miles an hour

A total echipse of the sun observed at a station near the equator,
under the most favorable conditions possible, may continue total
for 7m40° In latitude 45° the duration can barely equal 6i=
The greatest possible excess of the apparent semidiameter of the
moon over that of the sun 1s only 1’ 19"

At the equator an eclipse may continue annular for 12™ 2451
the maximum width of the ning of the sun wisible around the
moon bemng 1’ 35”.

In the observation of an eclipse four contacts are recognized the first
when the edge of the moon first touches the edge of the sun, the second when

1This is longer 1 proportion to the size of the shadow than a total eclipse,
because the moon 1s n apogee and moves more slowly



222 ASTRONOMY

the echipse becomes total or annular, the third at the cessation of the total
or annular phase, and the fourtk when the moon finally leaves the solar disk
From the first contact to the fourth the tune may be a httle over four hours

257 The Solar Ecliptic Lumts. It 1s necessary, in order to have
an eclipse of the sun, that the moon shall encroach on the cone
ACBD (Fig 193), which envelops the earth and sun The diam-
eter of thys cone at the moon’s distance 1s easily found to be a
httle over 10,000 miles The solar ecliptic himts are therefore
about 50 per cent greater than the lunar, the major limit being
18° 31’ and the munor one 15° 21 Twice the latter quantity 1s

Fic 103 Solar Echptic Limits

greater than the sun’s motion 1n a synodic month, and 1t 1s
therefore 1mpossible for the sun to escape without an echipse at
an eclipse season

In order that an eclipse may be central (total or annular) at
any part of the earth, 1t 1s necessary that the moon shall lie
wholly nside the cone ACBD, as at M’, and the corresponding
major central and minor central echptic mits come out 11° 50
and 9° 55’

268 Phenomena of a Solar Echipse A partial solar eclipse 1s
not very remarkable, though when the crescent 1s fairly small the
loss of daylight 1s noticeable and the shadows cast by fohage are
peculiar The hght shining through every small interstice among
the leaves, instead of forming as usual a circle on the ground,
makes a httle crescent, — an 1mage of the partly covered sun
A total eclipse, on the other hand, 1s one of the most impressive
and magmficent of all natural phenomena

About ten minutes before totality the darkness begins to be
felt, and the remaining hght, coming, as 1t does, from the edge
of the sun alone, 1s much altered n quality, so that both sky
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and landscape take on strange colors Ammals are perplexed,
and birds go to roost The temperature falls, and sometunes
dew appears A few minutes before the shadow reaches the ob-
server, quivenng, ripple-like skadow bands appear on every white
surface Just before totality, 1f the observer 1s so situated that

Tic 104 The Salar Cclipse of January 24, 1925

The crona 1s of an intermediate type the long equatoral and the short polar rays are

characteristic of the minimum type whereas the general extension of the corona over the

polar regions 1s typical of the mamimum type (From photograph by Fredenck Slocum,
Van Vleck Observatory)

his view commands the distant horizon, the moon's shadow 1s
sometimes seen quite distinctly, much like a heavy thunder-
storm, and advancing with awe-mspiring swiftness The last
disappeanng shred of the sun 1s often broken up, by the irregu-
lanties of the moon’s limb, into specks called Ba:ly’s beads
With the arrival of the shadow the corona, chromosphere, and
prominences become visible, together with the bnghter planets
and the stars of the first two or three magnitudes The sud-
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denness with which the darkness falls 1s startling The sun is so
brlliant that even the small portion which remams visible up
to within a very few seconds of the total obscuration so dazzles
the eye that 1t is unprepared for the sudden transition In a few
moments, however, vision adjusts 1tself, and 1t is then found that
the darkness 1s not really very
ntense

The corona and chromo-
sphere, the lower parts of
which are very bnlhant, give
a light about half that of the
full moon When totality 1s
short and the shadow 1s of
small diameter, a much larger
quantity of light 15 sent 1n
from the surrounding air,
where, 30 or 40 miles away,
the sun 1s still shining In
such an echpse there 15 not
The reappearing bit of sun 1s rounded out by much chﬂicull:y n reading an
wrradiation to form the “diamond,” while the urdmary watch face Im an
sl vable s coos om » 5t 708 eclpse of long duration, say
camera by S A Korfl and J Bucher, then five OT S1X minutes, 1t 1s much
members of the freshman class at Princeton darker, and lanterns some-

Umiversity J
times become necessary

The darkness of totahty also depends on the transparency of
the atmosphere and on the presence or absence of snow on the
ground A bright glow comes from all around the horizon

Just before the sun reappears, 1ts lower atmosphere, shimng
with a steel-white Light, comes into view Then, instantaneously,
the dazzhing photosphere emerges, the air fills with hght, and the
outer corona vanshes The mner corona remains visible for half
a minute or more as a thin, yellowish nng Owing to irradiation
1 the observer’s eye the first speck of sun appears much larger
than 1t really 1s, and stnkingly resembles a jewel on a nng The
phrase "' diamond ring,” which 1s used to descnbe this appearance,
was spontaneously coined by hundreds of people 1 the north-
eastern United States at the eclipse of January 24, 1925 (Fig. 105)

Fic 105 The “"Diamond Ring” of the
Eclipse of January 24, 1925
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In another minute the mner corona also 1s drowned out by the
returning Light and the spectacle 1s over

259. Observation of an Eclipse. The professional astronomer
is too busy dunng the few minutes of totality to enjoy the
beauties of this grandest of all spectacles He and his assistants
have spent months of preparation m constructing apparatus, in
traveling perhaps to some distant and primitive region, in set-
ting up and adjusting the mstruments, and in rebearsing time
and again the program which must be carried out without a
hitch Dunng totality many plates are exposed and changed,
leaving time for the astronomer to indulge 1n but a hurried glance
at the corona

A total eclipse of the sun offers opportunities for numerous
observations of great importance which are possible at no other
time We mention

(1) Observations for the determination of the relatrve positions
of the sun and moon These include the times of the four con-
tacts (§ 256), the geographical boundanes of the shadow zone,
and photographs of the partial phases

(2) Photographic observation of the sky near the sun, includ-
g the search for possible intra-Mercural planets (§ 423), which
has practically proved their absence, and measures of the de-
flection of the light from stars seen near the sun i the sky,
which provides one of the tests of the theory of general relativity
(§ 363)

(3) Direct photography of the corona and prominences

(4) Spectroscopic observation of reversing layer, chromosphere,
and corona

(5) Photometric measurement of the intensity of the corona
and of the partial phases

(6) Bolometnc measurement of the heat radiation of the
corona

(7) Observation of the degree of polarnization of the hight of
the corona

(8) Miscellaneous observations upon the shadow bands, the
meteorological changes duning the progress of the echipse (baro-
metric pressure, temperature, wind, etc ), and of the effects upon
the magnetic elements and upon the transmission of radio.
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Most of these subjects will be discussed later It may be said
here that convincing evidence has been obtained that the shadow
bands are the shadows of streaks of wrregular density in the
air flying with the wind They are not usually visible because
the sun’s disk 15 so large that these shadows are completely
blurred andgrun together, like those of the meshes of a wire
screen qn a surface ten feet away But as the disappearing cres-
cent becomes narrow, they become more and more conspicuous
Being of atmospheric onigin, they may be of very different inten-
sity and motion at pomnts a few miles apart, as was noticed
m 1925 )

260 Calculation of a Solar Ecipse The calculation of a solar
eclipse cannot be dealt with in any such summary way as that
of a lunar edipse, because the times of contact and other ar-
cumstances are different at every different station Moreover,
since the phenomena of a solar eclipse admit of extremely accu-
rate observation, 1t 1s necessary to take account of numerous
Little details which are of no importance in lunar eclipses The
nautical almanacs give, three years in advance, a chart of the
track of every solar eclipse, and with 1t data for the accurate
calculation of the phenomena at any given place

261 Number of Echipses 1n a Year The least possible number
18 fwo, both of the sun, thc largest sevem, five solar and two
lunar, or four solar and three lunar The mos! usyal number of
echipses 15 four

The eclipses of a given year always take place at two opposite
seasons (which may be called the eclipse months of the year),
near the times when the sun crosses the nodes of the moon's
orbit Since the nodes move westward around the ecliptic once
n about nineteen years (§ 188), the time occupied by the sun n
passing from a node to the same node again 1s only 346 62 days,
which 1s sometimes called the eclipse yeor

In an eczpse year there can be but fwo lunar eclipses, since
twice the maximum lunar echiptic limit (2 X 12° 15') 1s less than
29° 6, the distance the sun moves along the echiptic in a synodic
month The sun, therefore, cannot possibly be near enough to
the node at botk of two successive full moons, on the other hand,
1t 15 possible for a year to pass without any lunar echipse, the
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sun being too far from the node at all four of the full moons which
occur nearest to the time of 1ts node passage

In a calendar year (of 365% days) 1t 1s, however, posstble to
have three lunar eclipses If one of the moon's nodes 1s passed
by the sun 1n January, 1t will be reached again 1n December, the
other node having been passed in the latter part of June, and
there may be a lunar eclipse at or near each of these three node
passages This actually occurred in 1898 and 1917, and will
happen again 1n 1982

As to solar eclipses, 1t is sufficient to say that the solar ecliptic
hirmits are so much larger than the lunar that there must be at
least one solar echpse at each node passage of the year, at the
new moon, and that there may be fwo, one before and one after,
thus making four 1n the eclipse year (When there are two solar
eclipses at the same node, there will always be a total lunar
eclipse at the full moon between them ) In the calendar year a
fifth solar eclipse may come 1n if the first eclipse month falls in
January Since a year with five solar edipses In 1t 1s sure to
have two lunar eclipses 1n addition, they will make up seven in
the calendar year This will happen next in 1935, and m 1917
there were also seven echpses, — four of the sun and three of
the moon

262 Relative Frequency of Solar and Lunar Eclipses. Taking
the whole earth into account the solar eclipses are the more
numerous, nearly in the ratio of three lo two It 15 not so0, however,
wnth those which are wisible at a gwen place A solar eclipse can be
seen only from a limited portion of the globe, while a lunar eclipse
1s visible over considerably more than half the earth (either at the
beginning or the end, if not throughout 1ts whole duration), and
this more than reverses the proportion between the lunar and
solar echipses for any given station

Solar eclipses that are fofal somewhere or other on the earth’s
surface are not very rare, averaging one for about every year and
a half But ai any gwven place the case 1s very difierent Since
the track of a solar eclipse 1s a very narrow path over the earth’s
surface, averaging only 60 or 70 miles in width, we find that n
the long run a total eclipse happens at any given station only
once 1n about 360 years
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Most of the eclipse tracks fall mainly 1n the ocean, indeed,
1t 1s remarkable how a track 8000 miles long and more than a
hundred miles wide may miss all land except a few small 1slands,
as happened 1n 1908 Where the track crosses land, the country
1s often difficult of access or subject to cloudy weather, so that
the number pf promising observing stations 1s often small, and
long journeys may have to be made to reach them

263. Recurrence of Eclipses, the Saros. It was known to the
Chaldeans, even 1n prehistoric times, that eclipses occur at a
regular imterval of 18¥ 1134 (104 days if there happen to be five
leap-years, on the modern reckoning, in the interval) They
named this peniod the Saros It consists of 223 synodic months,
contamning 6585 32 days, and 19 eclspse years contain 6585 78
The difference 1s only about 11 hours, in that time the sun
moves on the ecliptic, relative to the node, about 28’ The n-
terval is also very nearly equal to 239 anomalistic months (from
perigee to perigee), which amount to 6585 54 days

If, therefore, a solar eclipse should occur today with the
sun exactly at one of the moon’s nodes, at the end of 223 months
(or 18 years and 11 days) the new moon would be at almost the
same ehstance from the earth and would find the sun agan
close to the node (28’ west of 1t), and a very similar eclipse
would occur again, but the track of this new eclipse would lie
about 8 hours of longitude farther west on the earth, because
the 223 months exceed the even 6585 days by 32/100 of a day
The usual number of solar echipses 1n a Saros 1s about seventy-
one, varying two or three one way or the other About forty-five
of them are central (either total or annular) somewhere or other
on the earth

284, Occultations of Stars. In theory and computation the
occultation of a star 1s 1dentical with a total solar eclipse, except
that the shadow of the moon 1s sensibly a cylinder mnstead of a
cone, and has no penumbra Since the moon always moves
eastward, the star disappears at the moon’s eastern limb and
reappears on the western (Fig 106) Under all ordinary circum-
stances both disappearance and reappearance are mstantaneous,
mdicating not only that the moon has no sensible atmosphere,
but also that the angular diameter of even a very bnght star
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1s very small Observations of occultations determine the place
of the moon 1n the vky with great accuracy, and when made
at a number of widely separated stations they furmsh a precise
determination of the moon’s parallax and also of the difference
of longitude between the stations

Occasionally the star, instead of disappearmg suddenly when struck by
the moon’s hmb (faintly visible by eartb-shine), appears to ching to the
limb for a second or two before vamishing In a few instances it has been
reported as having reappeared and disappeared a second time, as if 1t had
been for a moment visible through a nift 1n the moon’s crust In some cases

c B 4

Fic 106 Occultation of Aldebaran, March 22, 1004

A, Aldebaran 1s seen at the night-hand border just before disappearance at the dark mb

of the moon B, just emerging at the bright hmb  C, 1m 40s afler emergence  The exposure

time was correct for the moon, the image of the bright star 1s enlarged by overexposure
(From photograph by R J Wallact, Yerkes Observatory)

the anomalous phenomena have been explained by the subsequent dis-
covery that the star was double, but many of them still remain mystenous,
it 15 quite likely that they were often illusions of the observer, due to
physiological causes

265. Recent and Coming Eclipses Total eclipses visible 1n the
Umnited States occurred on May 28, 1900, from Louisiana to
Virgimia, duration of totality 11 minutes, on June 8, 1918, from
the state of Washington to Flonida, 2 minutes, on September
10, 1923, Califorrua, 3% minutes, and on January 24, 1925, from
Minnesota to Connecticut, 2 minutes The third of these was
obscured by unexpected bad weather, although observations were
secured mm Mexico The weather was fair for the second, and
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excellent for the first and the last¢ In the last case the shadow
passed over a densely populated region in the southern part of
New York and New England, with hmits extending from New
York City to Providence, Rhode Island, and the eclipse was
seen by milhions of people Reports from hundreds of amateur

Fic 1074 The Echpse of June 8, 1918, Goldendale, Washington

This photograph wus taken soun after second contact The chromosphere on the eastern
(left) mb of the sun 15 not ytt covered by the moon The prominences are unusually large
and spectacular  (F'rom photograph by Lick Observatnry)

observers regarding the imits of the shadow and the duration of
totality promise to be of considerable scientific value Other
noteworthy recent total eclipses are those of May 18, 1901, Su-
matra, 6 minutes, August 30, 1905, Labrador, Spain, and Egypt,
33 minutes, January 3, 1908, Pacific Ocean, 4 minutes, May 29,
1919, Brazl and West Africa 6 minutes, September 21, 1922,
Australia, 5 minutes, January 14, 1926, Sumatra, 3} minutes,
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June 29, 1927, England and Norway, 30 seconds; and May 9,
1929, Sumatra, 5 minutes Eclipses will occur on August 31,
1932, Vermont to Maine, 13 minutes, on June 8, 1937, Paafic
Ocean, 7 minutes It will be noticed that the three echpses
of longest duration are repetitions at intervals of the Saros

Fic 107 B The Eclipse of June 8, 1918, Goldendale, Washington

This photograph was t1iken a [ew scconds before third contact Companson with Fig 107 4

shows the mation of the moon On the western hmb the chromosphere 1 appeanng and

the huge prommences are entirely uncovercd  Note the coronal arches over one of these
prominences (I'rom photograph by Lick Observatory)

Computations made 1n the office of the American Ephemerss,
and commumnicated before publication by courtesy of the super-
mtendent of the Naval Observatory and the director of the
Nautical Almanac, show that the solar eclipse of Apnl 28,
1930, will be just total The central line runs from California
through Nevada to Montana, and the maxumum duration of
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totahty 15 only one and a half seconds, since the tip of the
umbra barely grazes the earth’s surface Farther west and east
the eclipse 1s annular

In contrast to these predictions may be mentioned the identi-
fication by Schoch, with the aid of Fothenngham’s data, of an
echpse obsemwved at Ur mn 2283 B c, long before the days of
Abraham

EXERCISES

1. Why cannot there be an annular eclipse of the moon?
2 Which are rdote frequent in New York, solar eclipses or lunar?

8 If a lunar eclipse has occurred this ycar in August, can there be one
m June of next year? mn October? If not, why not?

4 Can an occultation of Venus occur dunng an eclipse of the moon?
Is one of Jupiter possible?

b In a solar cchpse, which side of the sun’s disk 1s first touched by the
moon, the east or the west?

8 Can a total solar eclipse be seen at midmght?
Ans Yes, in the polar regions (Descnbe the ar-
cumstances 1n detajl )

7 Can a total lunar ceclipse be seen at local noon?

8 What would be the appearance of the earth, as secn from the moon,
at the time of a total solar eclipse? of a total lunar echipse?

8 Under what arcumstances can an eclipse give us mformation regard-
g the weather at and near the north pole?

10 The bagtle of Pninceton was fought on January 3, 1777 There was
a solar echipse on January 9 At what hour (apprommately) did the moon
nise on the night before the battle?
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THE PLANETS IN GENERAL
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PLANET'S ORBIT THE DETERMINATION OF ORBITS STUDY OF THE PLANLTS
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266 The stars preserve their relative configurations, however
much they may alter their positions 1n the sky from hour to hour.
The Dipper always remains a dipper in every part of the drurnal
arcuit

But certain of the heavenly bodies, and the most conspicuous
of them, behave differently The sun and the moon move always
steadily eastward through the constellations, and a few others,
which look like brilliant stars, but are not stars at all, creep back
and forth among the star groups 1n a less sumple manner

These moving bodies were called by the Greeks planets, that
15, wanderers The steadiness of their light, that 1s, the absence
of twinkling (§ 117), unless they are low down near the horizon,
also distinguishes them from the stars The Greeks enumerated
seven, — Mercury, Venus, Mars, Jupiter, and Saturn, and,
addition, the Sun and Moon

267 List of Planets. At present the sun and moon are not
reckoned as planets, but the earth 1s, and the number known to
the ancients has been mcreased by two new worlds (Uranus and
Neptune, of great magnitude though inconspicuous on account
of their distance), besides a host of little bodies called asteroids

The hst of the princpal planets in their order of distance from
the sun stands thus at present Mercury, Venus, the Earth,
Mars, Jupiter, Saturn, Uranus, and Neptune

Between Mars and Jupiter, where there 15 a wide gap 1n which
another planet mght be ‘expected, there have been discovered
more than a thousand asteroids, which may represent a single

planet that was somehow “'spoiled m the making,” so to speak
233
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One of this family, Eros, discovered n 1898, crosses the jnner
boundary mentioned (the orbit of Mars), and at times comes
nearer to the earth than any other heavenly body except the moon

The planets are non-lummous bodies which shine only by
reflected sunlight, they are globes which, like the earth, revolve
around the Sin 1n orbits nearly crcular, moving all of them in
the samme direction and (with exceptions among the asteroids)
nearly in the common plane of the eciptic How much of the
luminated hemsphere can be seen from the earth depends
upon the angle at the planet between lines to the earth and to
the sun Where thus phase angle 1s always very small, as 1t 1s
for the most distant planets, there 1s never any perceptible deva-
ation from a arcular disk The planets Mercury and Venus,
whose orbits are smaller than that of the earth, go through all
phases, ike the moon, from new to full

All but the inner two planets and the asteroids are attended
by satellites Of these the Earth has one (the moon), Mars two,
Jupiter mine, Saturn nine, Uranus four, and Neptune one Four
of these satellites have been discovered since 1900, and other
famt ones may await discovery

268 Names, Distances, and Periods The distances of these
planets from the sun, and thetr penods of revolution about it,
have been very accurately determmed Their values are given
in Table 1

TABLE I NAMES, DISTANCES AND PERIODS OF THE PLANETS

DISTANCE StpeEresL PEsiop Synunic PErioy
NAME SyMpoL

AS[[][}::‘;IICQ] Inﬁi‘gll?lzi ;ldel’ﬂﬂ.l YEBI’S MEE)ﬂaS:Iﬂ-[ Dﬂys 1
Mercury Y 0 387 360 0 2408 830 116
Venus ? 0723 67 2 06152 224 7 584
Earth & 1000 929 16000 3653
Mars d 1524 1416 1 8808 6870 780
Asteroids 146to 571 {136to 530 | 176 to 137 394 to 845
Jupiter Y 5203 483 11 B62 399
Saturn h 9 539 886 29 457 78
Uranus g orH!| 19191 1782 84 013 370
Neptune | ¥ 30 071 2793 164 783 367k

! Unless distinctly stated otherwise, " days” refers to mean solar days (§ 36)
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The sidereal perrod of a planet 1s the time of 1ts revolution
around the sun, from a star to the same star agan, as seen from
the sun  The synodic perriod 15 the interval between two successive
times when the planet occupies the same position in relation to
the sun as seen from the earth

Let us mmagine ourselves on the sun, watching the planets
traveling around therr orbits at different speeds The earth and
another planet start together One gains a lap on the other and
completes the synodic period of the planet Mercury travels so
fast that 1t catches up with the earth again before the earth has
gone more than one thurd of the way around Neptune moves
only about two degrees while the earth 15 making a complete
circuit, and 1s overtaken 1n 3675 days The earth and Mars are
so evenly matched that it takes the earth over two years to
overtake Mars
«" The sidereal and synodic pertods are connected by the same
relation as the sidereal and synodic months (§ 186), namely,
%:}J - —;7:1 in which E, P, and S are, respectively, the sidereal
periods of the earth and the planet, and the planet’s synodic
period, and the numerical diffcrence between }—1; and —;:‘ 15 to be
taken unthout regard fo sign, (hat 1s, for an unferior planet,

1
~=—=— =, for a superior one, —=— — —

269 The Harmomic Law There 1s evidently a relation between
the distance of a planet and 1ts period, the more distant planets
have the longer periods The exact nature of this relation was
discovered by Kepler early 1n the seventeenth century, and con-
stitutes his famous harmomic law, the squares of the perods are
proportional to the cubes of the mean distances from the sun, which
may readily be verified from the table This relation was shown
by Newton to be a consequence of the law of gravitation, and
will be discussed 1n Chapter X

There 15 a curous approxrmate relation between the distances of the
planets from the sun, usually known as Bode's law because first brought
prominently into notice by Bode 1n 1772, though 1t appears to have been
discovered by Titus of Wittenberg some years earlier
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Fic 108 The Planetary Orbits

The radius of the earth’s orhit 1s taken as one centimeter, and the other orbits (as far out
as Jupiter) are drawn to scale, as seen from the northern side The orbits of Mercury,
Mars, Jupiter, and of several of the asteroids are quite distinctly eccentric

It 15 this Wnte a senes of 4’s To the second 4 add 3, to the third
add 3 X 2, or 6, to the fourth, 6 X 2, or 12, and so on, doubling the added
number each tume, as 1n the following scheme

4 4 4 4 4 4 4 4 4
_ 3 6 12 24 48 9% 192 3m
Sum 4 7 10 16 2K 52 100 196 388

Distance 39 72 100 152 265 520 95419019 3007

The resulting numbers are appromimately equal to the mean distances of
the planets from the sun, if the earth’s distance 1s taken as 10 It 1s not
known whether Bode’s law 15 a mere coincidence or whether 1t has some
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physical explanation which may be understood in the future For Neptune
the law breaks down, and 1t really does so for Mercury, for which the law
should give the distance § 5 (adding half of 3, instead of 0, to 4)

270 Planetary Configurations Fig 109 illustrates the mean-
mg of the terms used in describing the position of a planet
with respect to the sun E 1s the position of the earth, the mnner
circle 1s the orbit of an wnferior planet (Mercury or Venus), and
the outer circle 1s that of a supersor planet, — Mars, for instance

The elongation of
a planet 1s the an-
gle between lines
drawn from theob-
server to the planct
and to the sun,
that 1s, the appar-
ent angular dis-
tance of the planet
from the sun, for
a planet at P 1t 1s
the angle SEP BN

For a superior \\T/
planet the elonga- Fouadigrure e W Quailyaturs
tion can have any
value from 0° to
180° For an - Opposttion
fgngr planet there Fic 109 Tlanetary Configurations
15 a certain maxi-
mum value, called the greates? elongation, which must be less than
90" This greatest elongation 1s the angle between a line drawn
from the earth to the sun and another line drawn tangent to
the planet’s orbit, — the angle SEV 1n the figure

Absolute conjunction occurs when the elongation of the planet
is zero, supersor congunchion, when the planet 15 1n hne with and
beyond the sun, nferior comyunction, when the planet 1s be-
tween the earth and the sun, — a position which 1s mmpossible
for a supenor planet Comjunction wn longilude occurs when the
planet’s longitude 1s the same as the sun’s, comunchion n right
ascension, when 1t has the same night ascension as the sun.
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Opposutron 1n longitude occurs when the difference in longitude
of sun and planet 1s 180°, guadrature i longitude, when thus
difference 15 90° A planet when 1n opposition 1s on the mendian
about midmght, when mm quadrature, about 6 AM or 6 M
No nfenior planet can come te either opposition or quadrature

These planetary positions were mcluded among the “aspects”
once recogmzed by astrologers

271 Apparent Motions of the Planets If we imagine our-
selves looking down upon the orbits perpendicularly from therr
northern side, so as to see them # plan, they appear as shown 1n
Fig 108, and the planets travel regularly forward (counter-
clockwise) with a steady, almost uniform, motion Viewed from
the earth, however, the orbits appear nearly edgewise, and
the apparent motions are complicated, being made up of each
planet’s own motion around the sun, combined with an apparent
motion due to the movement of the earth

Their apparent motion as seen by us may be considered under
three different aspects

(1) The motion i space relative to the earth

(2) The motion on the celestial sphere relative to the constellations,
that 1s, change of right ascension and declination or of celestial
latitude and longitude

(3) Changes wn the apparent angular distance from the sun, that
1s, motion n elongation

272 Motion n Space Relative to the Earth The fundamental
principle of relative motion 1s that if we look at a body at rest
while we ourselves are moving, 1its reletive motzon, that 15, the
change w uls distance and direchon from us, will be the same as
if we were at rest and 1t possessed our motion reversed If we
look at a body while we move to the south, 1t appears to move
toward the north 1If we approach 1it, the effect 1s the same as 1f
1t were coming toward us, and so on

If the body has a motion of its own, then the total apparent,
or relative, motion will be the resultant of 1ts own motion com-
bined with our reversed motion, according to the law of compo-
sition of motions

A planet at rest with respect to the sun, therefore, would
appear to move in an orbit precisely like that of the earth in
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form and size, and 1n the same plane, always keeping its motion
opposed to our own though going around this apparent orbit 7
the same dwrection as the earth (Just as any two opposite points
on the crcumference of a revolving wheel are always moving 1n
opposite directions though going the same way around the axis)
And since the planets are really revolving around the sun, it
follows that their apparent, or geocentric, motion 1s a combination
of two motions, — that of a body moving once a year around
the circumference of a circle! equal to the earth’s orbit, while at
the same time the center of that aircleis carned around the sun
1 the real orbit of the planet,
and m the planet’s penod
Jupiter, for instance, as seen
from the earth, appears to
move as mn Fig 110

This 1s the orbit that we
should find if we were to at-
tempt to map it out by the
method used for determimng
the form of the orbit of the
earth around the sun (§ 158),
that 1s, by observing the direc-
tion of the planet from the g 159 Geocentric Motion of Jupiter
earth and at the same time from 1708 to 1720
measuning its angular diameler After Cassim
in order to get 1ts relative dis-
tances at different times Practically, however, this method
would not here succeed very well, since the planet’s apparent
diameter 1s too small to permit the necessary precision 1n deter-
mining the vanations of distance

A motion of the kind represented in the figure 1s loosely called
epicycloidal, — not quite accurately, because the orbits concerned
are not true crcles, so that the loops are of varying size

The Ptolemaic theory of the solar system was fundamentally
an acceptance of this apparent motion of the planets, relative to
the earth, as real, though the theory involved in addition certain
serious errors of arrangement and proportion (§ 277)

1 The “circles” spoken of here are, strctly, ellipses of small eccentncity
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273. Motion of a Planet on the Celestial Sphere, that is, in Right
Ascension and Declination, or m Longitude and Latitude Look-
ing at Fig 110, we see that, viewed from the earth, the planet
moves most of the time “‘direct,” that 1s, eastward 1n the direc-
tion of the arrow, as at the points ¢z, but while rounding the
loops at bb, where 1t comes nearest the earth, 1ts apparent motion
18 reversed and “retrograde,”’ and at certain points ¢c on each
side of the loop the planet 1s “stationary’” m the sky, its motion
at the tine being directly toward or from the earth

Starting from the time of superior conjunction, when the
planet 1s at g, it moves eastward, or direct, among the stars,
always increasing 1ts right ascension or longitude, but at a rate
continually slackeming, until at last the planet becomes station-
ary at an elongation from the sun which depends upon the size
of the orbit and 1ts distance from the earth

From the stationary point 1t reverses 1ts course and moves
westward around the lbop until 1t comes to the second station-
ary point on the other side of the loop There 1t resumes 1ts east-
ward motion and continues 1t until 1t reaches the next supenor
conjunction, at the end of a synodic period

The middle of the arc of regression 1s always very near the
pomnt where the planet comes nearest the earth, that 1s, at oppo-
sition for a superior planet, and at inferior conjunction for an
mferior planet In time, as well as 1n the number of degrees
passed over, the direct motion always exceeds the retrograde in
each synodic period of the planet

As observed with a transit instrument, all planets, when mov-
ing eastward (direct), come lgfer to the meridian each mght by
the sidereal clock, and vice versa when retrograding

274 Motions m Latitude. If the orbits of the planets all lay
precisely in the same plane with the earth’s orbit, their apparent
orbits relative to the earth would do so as well, and their appar-
ent motions on the celestial sphere would be sumply forward and
backward along the ecliptic

But while the orbits of the planets are only shightly inchned to
the ecliptic, so that they never go very far from 1t, they do, 1n fact,
deviate a few degrees on one side or the other, so that their paths
in the heavens form more or less compheated loops and kinks
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Fig 111 shows the loops made by Jupiter and Saturn 1 1901,
when they were very near each other and, for a short time, near
the rapidly moving Venus

Venus may attain a latitude of almost 9°, Mars nearly 7°, and Mercury
almost 5° None of the other planets can reach 3°

Certain of the asteroids have orbits greatly inclined to the echptic and
very eccentric  The descniption of apparcnt motions as given above would
therefore require very serious modification 1n their case Eros is sometimes
found 1n aircumpolar regions more than 40° north of the ecliptic, sometimes
its nearest approach to the earth does not coincide with the bhime of 1ts
opposition within several weeks, and sometunes at the time of its opposi-
tion 1ts moetion 15 more nearly from xorth to soutk than from cast to west
Fig 112 shows the track which Eros will follow through opposition 1 1931
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TF1e 111 Apparent Motions of Saturn, Jupiter, and Venus 1n 1901

Saturn and Jumter were describing thar loops through opposition, while Venus passed
duse by to the south The oppositon pomts at the middle of the retrograde arcs are
marked O the statwnary points, F and W (cast and west)  Corresponding points 4, B,
€, D, and F arc reached by two or morc plancts on the same date Venus and Jupiter are
i comyunction at B Venus and Saturn al C, Jupiter and Salurn at F - The dates are as
follows  Saturn, F’, Apnl 25, O’ July 5, W’ Scptember 14 Jupiter, I/, Aprl 29,
0, Junc 30, W, August 30 A January 300, B, November 177, C, Novembter 187,
D November 230 F, Novemher 277 Salurn being more distant, deseribus a shurter
loop than Jupiter and moves morc slowly Jupiler passed the descending node ncar the time
of opposition, and Saturn was approaching the corresponding pomt i its orbit

975 Moton of the Planets mm Elongation, that 1s, with Respect
to the Sun’s Place mn the Sky The wvisibility of a planet depends
mainly on 1its elongation, because when near the sun the planet
will be above the honzon only by day Considered from this
pomnt of view, there 1s a marked difference between the nferior
planets and the superior planets

(1) Tke superior plancts dways drop steadily westward wukh
respect tu the sun’s place wn the heavens, continually ncreasing
their western elongation or decreasing their eastern elongation.
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As observed by an ordinary timepiece (keeping mean solar time),
they therefore invanably rise earlier and comeearlzer lo the meridian
on each successive mught, never moving eastward among the stars
as rapidly as the sun, even when their direct motion 1s most rapid
This relative motion westward with respect to the sun 1s not,
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Fic 112 Path of Eros through Opposition, in 1931

Positions of the planet two weeks apart are marked on the path Below the date 1s given
the parallax In four and one half months Eros travels from dechnation 48° N Lo 26° 5
Opposition occurs on February 17, but the parallax 1s not greatest on that date

however, uniform It 1s slowest near supenior conjunction, when
the planet 1s moving eastward among the stars (that is, in the
same direction as the sun 1s apparently moving), and most rapid
at opposition, when the planet 1s retrograding

Starting at conjunction, the planet 1s then behind the sun, at
its greatest distance from the earth, and wnvisible Soon, how-



THE PLANETS IN GENERAL 243

ever, it reappears in the morning, nsing before the sun as a
mornng star, and passes on to western quadrature, when 1t rises
near midmght Thence 1t moves on to opposition, when 1t is
nearest and brightest, and nses at sunset Still dropping west-
ward, and now receding, 1t passes to eastern quadrature and
1s on the mendian at sunset Thence 1t still crawls sluggishly
westward as an eveming star until 1t 1s lost 1n the twilight and
completes 1ts synodic penod by again reaching conjunction

276 (2) The wnferior planets, on the other hand, apparently
oscillate across the sun, moving out equal or nearly equal dis-
tances on each side of 1t, but making the westward swing,
between us and the sun, much more quickly than the eastward
swing, through superior conjunction

At superior conjunction an nferior planet 1s moving eastward
faster than the sun Accordingly 1t creeps out into the twilight
as an evemung star and continues to increase 1ts apparent dis-
tance from the sun until 1t reaches its greatest eastern elongation
(47° for Venus, from 18° to 28° for Mercury) Then the sun
begins to gain upon 1t, and as the planet itself soon begins to
retrograde, the elongation diminishes rapidly and the planet
hurnies back to inferior comjunction, passes 1t, and then, as a
mormng star, moves swiftly out to its western elongation There
1t turns and climbs slowly back to superior conjunction again

277 The Ptolemaic System Assuming the foaty and central
position of the earth and the actual revolution of the heavens,
Ptolemy (who flounished at Alexandna about A D 140) worked
out the system which bears his name

In hus great work, the Almagest (from Arabic al, “'the,” and the Greek
ueylern meaning “'greatest’’), which for fourtcen centuries was the au-
thoritative “‘scripture of astronomy,” he showed that all the apparent
motions of the planets (including the sun and moon) so far as then observed,
could be accounted for by supposing each planet to move around the
arcumference of a crcle called the epicycle, while the center of this
arcle, sometimes called the fictitious planet, self moved around the
earth on the circumfcrence of another and larger circle called the deferent
(see Fig 113) -

It was as if the real planet were carmed on the end of an arm which
turned around the fictitious planet as a center 1n such a way as to pont
toward or from the earth at times when the planet was in hne with the sun
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Fig 113 represents this Ptolemaic system, except that no attention 18
paid to dimensions, the defercnts being spaced at equal distances

It will be noticed that the epicycle radu which carry at their extrermities
the plancts Mars, Jupiter, and Saturn are always parallel to the ine which
jomns the earth and the sun

In the case of Venus and Mercury this 1s not so  Ptolemy supposed that
for these planetssthe deferent circles lay between the earth and the sun, and
‘that the fightious planet 1n both cases revolved 1n 1its deferent once a
year, always keeping exactly between the earth and the sun, the motion
1n the epicycle 1n this case was completed 1n the time of the planet’s period
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F1c 113 The Ptolemaic System

He did not recogmize that for these two planets there should be only one
deferent, namely, the orbit of the sun itself, as the ancient Egyptians are
said to have understood

To account for some of the irregulanties of the planets’ motions 1t was
necessary to suppose that both the deferent and the epicycle, though
circular, are eccentric, the earth not being exactly in the center of the
deferent, nor the fictitious planet 1n the exact center of the epicycle In
later times, when the knowledge of the planctary motions had becorne more

accurate, the Arabian astronomers added epicycle upon epicycle until the
system became very complicated

278 The Copernican System Copernicus (1473-1543) asserted
the diurnal rotation of the earth on 1its axis, which was rejected by
Ptolemy, and showed that it would fully account for the appar-
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ent dwurnal revolution of the stars He also showed that nearly
all the known motions of the planets could be accounted for by
supposing them to revolve around the sun, with the earth as one
of them, 1n orbits corcudar but shightly out of center His system,
as he left 1t, was nearly that which 1s accepted today He was,
however, obliged to retain a few small emcycles to account for
certain of the irregulanties

Up to this time no one dared to doubt the exact arculanty of
celestial orbits It was considered metaphysically improper that
heavenly bodies should move 1n any but perfect curves, and the
arcle was regarded as the only perfect one It was left for
Kepler, some sixty years later than Copermcus, to show that
the planetary orbits are ellzptical, and to bring the system into
substantially the form in which we know it now

It was nearly a century before the Copernican system, with the
improvements of Kepler, finally replaced the Ptolemaic In our
oldest American umversities, Harvard and Yale, the Ptolemaic
was for a considerable time taught in connection with the
Copernican

279 Tychomc System Tycho Brahe, who came between Copernicus
and Kepler, found himself unable to accept the Copermican system for two
reasons One was that 1t was unfavorably regarded by the Church, and he
was a good churchman, the other was the really scientific objection that
if the earth moved around the sun, the fixed stars all ought to appear to
move 1n a corresponding manner, each star describing annually an cllipse
in the heavens of the same apparent dimensions as the earth’s orbit seen
from the star Technically spealung, each star ought to have an annual
parallax

His instruments were by far the most accurate that had ever been made,
and he could detect no such parallax (although 1t really exmsted and can
now be observed), hence he concluded, not illogically though incarrectly,
that the earth must be at rest

He rejected the Copermcan system, placed the earth at the center of the
universe, according to the then received interpretation of Scripture, made
the sun revolve around the earth once a year, and then (this was the
pecubianty of his system) made the apparent orbit of the sun the common
deferent for the epicycles of all the other planets, making them revolve
around the ‘sun

This theory just as fully accounts for all the motions of the planets as the
Copernican or Piolemaic, but, like the Ptolemaic, breaks down absolutely
when 1t encounters the aberrafion of light and the annual parallax of the stors,
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now observable with modern instruments, though not with Tycho's The
Tychonic system was never generally accepted, and the Copermican was
soon firmly established by Kepler and Newton

280 Elements of a Planet's Orbit. These are a set of numencal
quantities, seven in number, which descnbe the orbit with pre-
asion and furmsh the means of finding the planet’s place mn the
orbit at any given time whether past or future, so far as that
place depends upon the attraction of the sun alone They are as
follows

(1) The semi-major axs, a.

(2) The eccentniaty, e

(3) The inclination to the ecliptic, 2.

(4) The longitude of the ascending node, £

(5) The angle from the ascending node to the penhelion
pont, w

(6) The period, P, or else the daily motion, u

(7) The epoch, E, or the time of perthelion passage, T.

Of these the first five pertain to the orbit 1tself, regarded as an
elipse lymg 1n space with one focus at the sun, while two are
necessary to determine the planet’s place in the orbit

281 The sems-major axis, a (CA i Fig 114), defines the size
of the orbit and 1s usually expressed in astronomical umits (It
will be remembered that the earth’s mean distance from the sun
1s the "‘astronomical umit ')

The eccentricity, e, defines the orbit’s form Itis the fractionc/a,
obtained by dividing the distance between the sun and the center
of the orbit by the semi-major axis In some computations 1t 1s
convenient fo use, mnstead of the decimal fraction itself, the
angle ¢ which has ¢ for its sine, so that e =sin ¢

The third element, ¢, the snclination, 1s the angle between the
plane of the planet’s orbit and that of the earth’s In the figure
1t 1s the angle K. NO, the plane of the eciptic being lettered EXLP
and that of the orbit ORBT

The fourth element, Q@ (the longitude of the ascending node),
defines what has been called the aspect of the orbit plane, thetds)
the direction 1 which 1t faces The line of nodes 1s the hne NN’
in the figure (the mntersection of the two planes of the orbit and
echiptic), and the angle ¢ SN is the longitude of the ascending
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node. This angle lies 1n the plane of the ecliptic and is measured
from the vernal equinox in the direction of the earth’s motion
The planet passes from the lower, or southern, side of the plane
of the echiptic to the northern at the pownt # 1n 1ts orbit, so that
N is the ascending and N’ the descending node

The fifth and last of the elements which belong strictly to the
orbit itself 1s w, which defines the direction 1n which the major
axis of the ellipse (the line pA4) lies in the plane ORBT It 1s

L

Fic 114 The Clements of a Planet’s Orbit

measured 1n the plane of the planet’s orbit and in the direction
of the planet’s motion The “longtude of the perihelion,” , 1s
given by the equation 7= @ + w

When the motion of the body 1n 1ts orbit 1s retrograde (that 1s,
in the opposite sense from that of the earth), the incdhination 1s
regarded as greater than 90° Thus, a comet moving backward
in a plane making an angle of 10° with the plane of the ecliphic,
is said to have an inchnation of 170° The definitions of £ and w
then apply without alteration

If we regard the orbit as an elhptical wire hoop suspended 1n
space, these five elements completely define its position, form,
and size The plane of the orbit 1s fixed by the two elements 7
and £, the positzon of the orbit in this plane, by w, the form
of the orbit, by e, and, finally, its size, by a

To determine where the planet will be at any date we need
two more elements -
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Sixth, the persodic tme We must have the sidereal pened, P,
or else the mean daily motion, p, which is sumply 360° divided

by the number of days in P

Seventh, and finally, we must have a starting-point, the epock,
so called, — that 1s, the mean longitude of the planct as seen from

Fic 115 Antedating an Observation of
a Planet

Light leaves a planet at the time 7 — ¢, when
1t 13 at Py, and reaches the earth at time T,
when the carth 1s st E3 Owing to aberration
the planet appears to be in the direction EzQ,
which 15 not the same as its geometnical direc-
tion EzPp at that instant The ordinary
aberration s PyEz(), the planetary, P1EgP2
Since the earth moves from E; to Eg and
light from P, to £z in the same nterval, 1t 15
enasy to show that the angle £, P1E2 1s equal
to the aberration PyE3zQ, and hence that
E Py 15 parallel to E;Q (§ 162) Hence the
apparent direction of the planet at time T 1s
the same as 1ts true direction at time T —!

the sun at some given date,
as January 1, 1900 or 1925,
or else the precse date at
which the planet passed the
penhelion

282 Ephemens If it were
not for the perturbations
(§ 328) caused by the mutual
attractions of the planets these
elements would never change
and could be used for comput-
ing the planet’s place at any
daten the past or future, but
In any accurate work, espe-
aally if the calculations are
to extend over several revolu-
tions of the planet, these per-
turbations must be calculated
and allowed for It may also
be noted that if Kepler's har-
monic law (§ 269) were strictly
true, there would be no neces-
sity of knowing both aand P, as
either could be found from the
other, but, owing to the mu-
tual attractions of the planets,
this law does not precisely hold

When the elements of a planet’s orbit are known, 1ts direction
and distance at any mstant from the sun or the earth may be
calculated A senes of such positions for equidistant dates con-
stitutes an ephemerss Accurate ephemendes of the sun, moon,
and all the larger planets (taking full account of perturbations)
are published annually 1n all the nautical almanacs
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We must distinguish here between the #rue direction of a planet
from the earth at any moment and the apparent direction An
ephemeris of true directions is computed immediately from
the elements of the planet’s orbit The apparent direction at
the moment 7" differs from the true direction, both because of the
aberrational displacement resulting from the earth’s motion
(§ 162) and because of the so-called planetary aberration This
15 the angular distance through which the planet moves rela-
tively to the earth in the time, ¢, that i1t takes hght to travel
from the planet to the earth At the moment T the observer
sees the planet where 1t was at the time T — ¢, when the light, by
whuch 1t 1s observed, left it Both aberrations may be allowed
for, either by applying a correction to the true position at the
time I" (the procedure followed mn the nautical almanacs) or
(as readily can be proved) by antedating the observation by
the light-time ¢ before companng with the ephemens (Fig 115)
In dealing with observations of asteroids or comcts great care
must be taken to find out whether this correction has been
applied, and if so, how

THE DETERMINATION OF ORBITS

283. The Modern Method. By utihizing to the full the knowl-
edge that can be obtamed from the theory of gravitation it 1s
possible to calculate all the elements of a planet’s orbit from
three accurate observations of its rght ascension and declina-
tion, separated by a few weeks (1n a few special cases a fourth
observation 15 necessary)

The observations may be made with the mendian arcle, with
a filar micrometer, or by photography

The theory 1s intricate and the caleulation long and complicated (§ 319),
but a skilled computer can carry the work through m a day or two This
method 15 habitually employed by astronomers when a new asteroid or
comet 15 discovered This problem was solved 1n 1801 by Gauss, then a
young man of twenty-three, in connection with the discovery of Ceres, the
first of the asteroids, which, after 1ts discovery by Piazzi, was lost to obser-
vation by passing into conjunction with the sun

284. Older Geometrical Methods. In earlier times, however,
when gravitational theory was unknown, the orbits of the planets
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were worked out by relatively sunple geometncal methods.
These demand. however, that the computer have available not
three observations, but a large number, distributed over many
years Since the principal planets are bright and can hardly be
confused with one another, such observations have been aval-
able for centuhes past From such a series the position of the
. planet at any particular moment, whether
an observation was made at that time or
not, can be determined by interpolation
This can be done graphucally by plot-
ting the observations on squared paper
with a scale of times as absassas, the
observed data being plotted as ordinates,
and then drawing a curve through the
pownts deterrned by observation, as
so many operations of the physical labo-
ratory Whatever can be done graphically
can, of course, be worked out still more
accurately by calculation The principle
1s of very extensive application
The chief difficulty of the problem 1s
that while our observations tell us the
direction of the planet from the earth at
Fic 116 Directionof a 2 given instant, they tell us nothing di-
Planet rectly about 1ts distance We know that
Observation of aplanet gives  the plapet, at a certain mstant, was on
its direction from the earth,
but not 1ts distance a certamn lhne (EiF, in Fig 116) passing
through the earth, but we do not know
al what pornt on this line 1t was If we observe again, a few days
later, the earth will have moved to E,, but the planet will also
have moved to P, and will not be at the intersection of the lines
E;F, and E,F; This difficulty can be overcome by taking advan-
tage of the fact that the planet moves 1n a definite orbit and re-
turns to the same position at regular intervals, equal to 1ts sidereal
period
First, therefore, we must find this penod.
285. Determination of the Sidereal Period of a Planet. The
sidereal peniod cannot be directly determined from our observa-

i R
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tions, but the synodic period can, for 1t 1s the mnterval between
successive conjunctions or oppositions

The exact instant of opposition 1s found from a series of rght
ascensions and dechnations observed about the proper date.
By comparing the deduced longitudes of the planet with the
corresponding longitudes of the sun we easily find the precise
moment when the difference was 180° When the synodic
period 15 found, the sidereal 1s at once given by the equations 1

section 268 (p 235), namely, %: % -% for an inferior planet,
and 1_1_1 for a supenor one In the first case P = S X E
S E P S+ E

It will not answer for this purpose to deduce the synodic period
from two successive oppositions, because, on account of the eccen-
tricity of the orbits, both of the planet and of the earth, the syn-
odic periods are notably vanable The observations must be
sufficiently separated in time to give a good determination of
the mean synodic period

In the case of all the older planets we have observations run-
ning back nearly two thousand years, so that no difficulty arses
on this score

286 The position of a planet (for example Mars) 1n 1ts orbit
may then be found as follows Let A (Fig 117) be the position
of the earth at any date when Mars was observed and found to
lie on the hne AM After one sidereal period (686 95 days) the
earth will be at C Even if no observation was obtained on this
date, the direction of the Imme CM, on which the planet then lay,
can be found by imterpolation among neighboning observations
The 1ntersection M of these two lines is the planet’s position at
both dates What could thus be done graphically could be done
more accurately by tngonometric calculation

Two observations of Venus, V, separated by a period of
225 days, will similarly mark out a poimnt on 1ts orbit

In practice the lines AM and CM will usually not be 1n the
plane of the ecliptic, but by considering the planet’s longitudes
alone the construction just given will fix the projection of the
planet on the plane of the echptic From the observed latitudes
the distance above or below this plane may then be found
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From a sufficient number of such pairs of observations distrib-
uted around an orhit it is evidently possible to work out com-
pletely its magnitude and form, and it was by similar methods
that Kepler, utilizing the nich mine of data contained 1 Tycho's
long senes of observations, proved that the orbit of Mars is an
ellipse, and later those of the other planets also, and deduced

Fic 117 Distance of a Planet

If a planet 15 observed at any date, and again after one sidereal penod, 1ts position in the
orbit, which 15 the same on both dates, can be found, and 1ts distance from the sun in
astronomical umts can be determined

their distances from the sun as compared with that of the earth
His harmonic law was then discovered simply by comparing the
peniods with the distances Now that we have the harmome law,
a planet's approximate mean distance can of course, after its
penod 1s known, be much more easily found by applying that
law than by the geometrical method just explained

287. Solar Parallax from Distance of a Planet. By such meth-
ods 1t 1s possible to find with great accuracy the mean distance
of a planet from the sun, at any time, 1n terms of the astronomu-
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cal unit, and a map of the solar system can be formed, correct 1n
all1ts proportions but without a scale of rmiles The measurement
by tngonometrical parallax of any one planetary distance in the
solar system will then suffice to express them all ;n miles The
parallax of the sun cannot be measured directly with accuracy,
the sun 1s too bright and too large, and 1ts parallax 1s small The
asteroid Eros has proved to be the most favorable subject for
parallax measurements It can be as accurately observed as a
star, and at opposition may come within hittle mare than thirteen
million mles of the earth

STUDY OF THE PLANETS THEMSELVES

In discussing the mdividual characteristics of the planets we
have to consider a varety of different data, obtamned by tele-
scopic observation, — micrometne, spectroscopic, photometric,
and radiometric measurements — and then to study their diam-
elers, thewr masses and densities, their satellite systems, thewr axial
rotation, their surface markings, their Light and temperature, their
atmospheres 1f present, and the phaysical condutrons which prevail
on therr surfaces

288 Determunation of Size Diameter, Surface, and Volume,
The size of a planet 1s found by measuring its apparent diameter
in seconds of arc with some form of micrometer (§ 82) attached
to a powerful telescope Since from the elements of the orbit of
a planet and of the earth we can find the distance of the planet
from the earth at any time mn astronomical umts, we can at once
deduce the real inear diameter from the apparent diameter D",
by the equation given in section 109 (p 96), namely,

AD’,

206,265

A being the distance of the planet from the earth Thus will give
the linear diameter as a fraction of the astronomical unit and can
be converted wnto miles by simply multiplying 1t by 92,870,000,
the number of miles 1n the unit, or into kilometers by multiplying
by 14945 x 10°

For many purposes 1t 15 convenient to express the planet’s
radius in terms of the earth's radws by dividmg half the diam-

Imear diameter = A sin D"/, or
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eter in mzles by 3959 (the number of miles 1n the mean radwus of
the earth), designating this relative radius by r

The surface area of the planet in terms of the earth’s surface
1s then 7%, and the wolume, or bulk, of the planet 1s * in terms of
the earth’s volume, for example, if, as 1s nearly true in the case
of Jupiter, r = W, then the surface of the planet i1s 121 times that
of the earth, and 1ts bulk 1331 times that of the earth

The nearer the planet, other things being equal, the more
accurately r and the quantities denved from 1t can be deter-
mined An error of£ 0" 1 1n measuring the apparent diameter of
Venus when nearest counts for less than 13 miles, but 1n the case
of Neptune 1t would correspond to more than 1300 miles

Irradiation 1s the greatest obstacle to accurate measurement
It can be partially ehminated by comparing observations made by
day and by night, or when the planet 1s at very different distances,
or, for Mercury or Venus, when 1t 15 1n transit across the sun

289 Mass. If the planet has a satellite, 1ts mass compared
with the sun 15 very easily and accurately found

If.5 1s the sun’s mass, E, the earth’s, and P, the planet’s, A, the
earth’s mean distance and T 1ts pertod, ¢, the satellite’s mean
distance and ? 1ts period, we have, by equation (1), section 220,

S 4 m2A4® P 4 r%d
= T and, similarly, for the planet, 5= = Whence
P _ a'i A 3
= D

Strictly speaking, what we find here 1s the ratio of the sums of the masses
of the two bodics concerned (Sun + Earth Planet + Satellite), but 1n
practice this correction need not be considered, except when the perturba-
tions by other plancts or satellites are taken into account

The observations upon which this method of deternining a
planet’s mass depend are those of the satellite’s period and 1ts
grealest elongation, the measures of disience being especially
mmportant, since the distance enters into the formula by its cube

When a planet has no satellite, as is the case with Mercury
and Venus, 1ts mass can be determined only by means of the
perturbations which 1t produces in the motions of other planets, or
of comets that happen to come near 1t, and the calculations are
ntricate
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In the case of Mercury the mass 1s still very uncertain Venus,
however, disturbs the earth and Mars sufficiently to give a good
determination of her mass

290. Surface Grawity and Density. When the mass has been
determined, the surface gravity and density follow at once The
surface gravity 1s P/r® times that on the earth The density,
compared with the earth, 1s simply P/7*, If we want the density
as compared with water, we must multiply the result by 5 52,
the density of the earth Any error in the measured diameter,
of course, very seriously affects the computed density and gravity.

291. Rotation Period and Data connected with it The length
of the planet’s **day,” when it can be determined at all, 1s usually
ascertained by observing some well-marked spot on its disk and
noting the times of 1ts successive returns An approximate value
of the rotation period 1s obtained from the observation of such
returns during a few days or weeks, and this 1s afterward cor-
rected by data furmshed from observations extending over the
longest interval obtamnable, a century or more if possible.

Mars, however, 1s the only planet of which the rotation period
15 known with great accuracy, the others either show no well-
defined markings or show only such markings as seem to be more
or less movable on the planet’s surface, like spots on the sun

In reducing the observations, account has to be taken of the
continual change in the direction of the planet from the earth
and also of the variations of its distance, which alter the time
taken by light to reach us

Even when the planet has no dishinct surface marlungs,
methods are available which may yield at least an approxi-
mate value for the period of rotation (1) The speed of approach
and recession of opposite imbs may be measured with the spec-
troscope (2) Periodic vanation of brightness sometimes arises
from the presentation, by rotation, of areas of various reflecting
power (3) The oblateness of the planetary disk may, with cer-
tain assumptions concerning the internal distmbution of the
planet’s mass, give a measure of the centnfugal force and hence
of the speed of rotation

The wnchination of the planet’s equator to the plane of its
orbit, and the positions of 1ts poles and equinoxes, are deduced
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from the observations of the paths of the spots as they eross the
disk Such data, however, are available only in the cases of
Mars, Jupiter, and Saturn When this method fails, the direc-
tion of the axis may be indicated by polar flattening, or the plane
of the equator may be found from the perturbations of the
satellites (§ 342)

The oblateness, or polar compression, of the planet, due to its
rotation, is found simply by measuring the difference between
the polar and equatorial diameters, but the difference is always
very small, so that the percentage of 1ts probable error is rather
large

The oblateness can also be determined from observation of the
perturbations of the planet’s satellites

292. Data relating to the Light and Heat of a Planet The
brightness of the planet and the reflecting power of 1its surface,
or albedo, are determined by obscrvations with the photometer
(§ 568)

Since the 1llumination of the planet’s surface by the sun vanes
mversely as the square of 1ts distance 7, while the apparent diam-
eter of the disk vanes inversely as the distance A from the earth,
and the apparent area of the disk as 1/A2, the brightness of the
planet, as seen from the earth, varies as 1/72A% — to which must
be added the effects of phase (compare § 508)

The spectroscopic peculraritres of the planet’s light are of course
studied with a spectroscope, and usually by spectroscopic photog-
raphy A planet always shows, so far as its brightness permits,
the lines of the solar spectrum and, 1n some cases, additional lines
or bands of 1ts own, which give information as to the constitution
of 1ts atmosphere (§ 619)

Suitable rediometric measurements show how much /eat 1s
radiated by the planet, and furmish information regarding the
rate of absorption and radiation of heat and the probable
temperature (§ 618)

283. The Planet's Surface Markings and Topography. These
are studied with the telescope by making careful notes and
drawings of the appearances and markings seen at different
times If the planet has any well-defined and charactenstic
features by which its rotation can be determined, 1t 1s soon pos-
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sible to identify such as are permanent and to chart them more
or less perfectly Photography 1s proving an increasingly valu-
able aid but cannot compete with visual observation in the study
of the finest details

Just as the study of the surface of the earth is known as
geography, so that of the surface of the moon is called sele-
nography, and that of the surface ot Mars, areography.

204 The Satelite Systems. The principal data to be deter-
mined 1n respect to these systems are the distances and periods
of the satellites. These are found, along with the eccentricities,
inchnations, etc, by mzcrometric measures of the apparent dis-
tance and direction of each satellite from the planet, or from
other satelites The latter 1s now the usual method, since the
distance and direction between two satelites (which appear as
mere points of light) can be measured much more precsely than
between a satellite and the center of the large disk of a planet.
The reduction of the observations 1n this case is, however, very
comphicated

The diameters of some of the larger satellites are measurable.
Those of the smaller ones can be only roughly guessed at, on the
basis of their photometrically observed brightness In several
mstances satellites show periodic vanations 1n brightness, which
indicate that they make an axal rotation 1n the time of one
revolution around the primary, just as our moon does

Where there are a number of satellites attending a planet,
their mutual perturbations furmsh a very interesting subject of
study and make 1t possible to determine their masses relative to
that of the planet

All those satellites of the planetary system which lie relatively
near their pnmary (at a distance less than ten or twelve times 1ts
diameter) move 1n very nearly circular orbits, whose planes are
nearly comncident with that of the equator of the primary The
remoter satellites, among which the moon 15 to be counted,
usually have orbits of considerable eccentneity and inchination

295 Classification of Planets Humboldt has classified the
planets 1nto two groups, — the terrestrial planets, as he calls
them, and the major planets The terrestrial group contains the
four planets nearest the sun, — Mercury, Venus, Earth, and
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Mars They are all of similar magmtude, ranging from 3000 1o
8000 miles 1n diameter, and are solid bodies, not very different
in density and perhaps roughly alike 1n composition, but they
are very different with respect to the physical conditions of their
surfaces, — temperature, force of gravity, presence and amount
of air and water, and so on

The four major planets, Jupiter, Saturn, Uranus, and Neptune,
are mugh larger bodies, ranging from 32,000 to 90,000 mules 1n
chameter, and are, on the average, only about one fourth as

A
AN
N
AN

U\

.. L g

) JA\\\\\‘A\\\\W%N\MW b
RN
ARRAREC U
ARRAVERUAON

T1e 118 Relative Sizes of the Planets

dense as the terrestnal planets So far as we can make out, they
present only a surface of doud The inner portions of these
planets are probably very hot, but they are enveloped n rela-
tively cool superficial layers and are not self-luminous

As to the asteroids, the probability 1s that they represent a
fifth planet of the terrestnial group, which, as has already been
intimated (§ 267), failed somehow 1n 1ts evolution All of those
so far discovered, 1f umted, would not make a planet of more
than one tenth of the earth’s diameter, or one thousandth of
1ts mass

296 Tables of Planetary Data In the Appendix are presented
tables of the different numerical data of the solar system,



THE PLANETS IN GENERAL 269

derived from the best authonties and calculated for a solar par-
allax of 8" 803, the sun’s mean distance being therefore taken as
92,870,000 miles These tabulated numbers differ widely 1n
accuracy The perwds of the planets and their distances n
astronomucal umiis are very precisely known, probably the last
decimal place 1n the table may be trusted The remaimng orbital
elements — 1nclinations, eccentncities, etc — are also very accu-
rately known Next, but with less percentage of accuracy, come
the masses of such planets as have satellites, expressed 1n terms of
the sun’s mass The masses of Venus and especially of Mercury
are much more uncertain The distances of the planets in miles,
their masses 1n terms of the earth’s mass, and their diameters
m muiles, all involve the solar parallax and are affected by the
shght uncertainty inits amount For the remoter planets, more-
over, diamelers, volumes, and densuies are subject to a very con-
siderable percentage of error, as explamed above (§§ 288, 290)
The student need not be surprised, therefore, at finding senous
discrepancies between the values given 1n these tables and those
given elsewhere, amounting in some cases to 10 or 20 per cent
or even more Such differences indicate the actual uncertainties
of our knowledge

EXERCISES

1 What 15 the mean daly gain of the earth on Mars as seen from the
sun, that 1s, the synodic motion of Mars assuming their sidereal periods as
365 25 days for the earth, and 687 days for Mars?

2 Find the synodic pertod of Venus, the sidercal period being 225 days
3 Given the synodic penod of a planet as 3 years, what 1s 1ts sidereal
period ? Ans {% of a year, or
1} years
4 Given a synodic peniod of 4 years, find the sidereal period

b What would be the sidercal period of a planct which had 1ts synodic
period equal to the sidcreal? Ans 2 years

8 Within what limits of distance from the sun must all planets he which
have synodic periods longer than 2 years? (Apply Kepler's harmonic law
after finding the sidereal periods that would give a synodic period of 2 years )

Ans {0 763 astron umits, or 70,860,000 miles, and
1 588 astron units, or 147,480,000 miles
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297. Practical Importance No better example of the practical
value of an investigation which must have appeared at the start
to be of purely intellectual interest can be found than Newton'’s
study of the motions of the planets and the moon

For fifty years after Kepler discovered the laws which define
the planetary orbits they remained an unexplained mystery,
then Newton showed that they were all consequences of the
single law of grawitation, and that many other previously inex-
plicable things were accounted for by the same law But he did
far more His study, following Galileo’s observations of falling
bodies, led to the first comprehension of the manner in which
bodies move under the influence of forces, and so to the science
of mechanics, and the mathematical difficulties of the problem
stimulated the invention of the caleulus

Modern engineering, as well as modern physics, rests on these
two foundations, for without mechames and the calculus we
could neither recognize the forces which are 1n play around us
nor work out their effects The mechanical basis of civihzation,
therefore, involves principles and methods which were discovered
as a rather direct result of astronomical research

Only a general account of the theory of the motion of the
heavenly bodies can be given in this chapter A complete dis-

cussion would involve difficult mathematical treatment.
260
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GENERAL PRINCIPLES

298 The laws of motion, formulated by Newton (though some
of the pnnaples involved had been recognized earlier by Galleo),
form the basis of this theory. According to the first law ¢ moving
body on which no force 1s acting travels mn a strasght line with um-
form speed Failure to realize this held back the advance of
mechanical science for nearly two thousand years after the time
of Anstotle, while it was supposed that rest was more natural
to a body than motion This 1s not true, mere motion 1mples
no acting force According to Newton, ckange of mofion only,
either 1n speed or in direction, 1mplies such action The second
law states that change of motion s proporizonal to the force which
acts on a body (the impressed force), a
and takes place wn the diwrection of 5
ths force

Thus, if the force 1s directed
forward, the body will move faster
and faster, traveling in the same c
straight line, if 1t 1s directed back- Fic 119 Curvature of an Orbit
ward, the body will be retarded, still
moving in the same hne, if 1t 15 directed laterally, the path will
curve toward the side to which the force urges 1t Conversely,
if the speed of a body moving 1n a curve (Fig 119) increases, we
know that the acting force pulls not only crosswise but forward,
as ab, if 1t decreases, the force 1s directed backward, like ad,
1if the speed 1s constant, the force 1s exactly crosswise, along ac
This force may be, and often 1s, the resultant of several forces,
but they act as one

By “motion” 1n this law Newton meant what 1s now called
momentum, the product of the veloaty of the moving particle
by its mass, and by “change’’ he meant the rale of change per
unit of time The rate of change of velocity alone, whether in
amount or in direction, 1s called acceleration If m 15 the mass,
a the acceleration, and f the force, then

f=ma.
The third law states that action and reaction ore equal and
opposute Ii, for example, the earth attracts the moon, the moon
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attracts the earth with a force which 1s exactly equal 1n amount
and oppositely directed
999 Applhcation By means of these laws the force which acts
on any body of known mass may be determined if the resulting
acceleration 1s known, or, conversely, if the force 1s given, the
way 1 which the body’s velocity changes from moment to mo-
ment can be found, and thus the whole circumstances of the
motion, In the simplest cases the problems can be solved by
gepmetrical devices, but the more complicated ones can be
handled only by the methods of the
calculus, which afford also the short-
est and most elegant solutions of the
simple cases
These mathematical discussions are
usually omitted here, as beyond the
province of the present work, and
many important results are merely
stated, the proofs being left to more
technical treatises
300 Motion under Central Force
Tic 120 The Law of Equal  Law of Areas If a particle moves
Areas under the action of a force directed
The curve represents part of & always toward a fixed center, it fol-
the arcs ab, cd, and ef are descnbed  lows from Newton’s laws that its
m equa d";‘:;ﬂ‘;“:ie"iu :‘q";:l the  path will be a curve, concave toward
the center of force, and lying in one
plane which includes the center (Fig 120) It 1s easy to prove,
further, that 1t will move 1n such a way that the line joining 1t to
the center (the radus vector) will sweep out equal areas in equal
tzmes (though even this simple demonstration will be omtted
here) Conversely, 1if this law of areas holds good, the force
determining the orbit must be central
When the force 1s directed ever so little ahead of the radius
vector, the rate of description of-area increases, when the force
1s directed behind, the rate decreases With a repulsive force,
directed away from the center, the orbit 1s convex, but the law
of areas still holds true, and would do so even 1if the force should
suddenly change from attraction to repulsion
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301 Linear, Angular, and Areal Velocities The Lnear velocity of a
particle 1o the number of Linear units (centimeters, feet, miles) that it moves
over 1 a unit of time, say a second Its symbol 1s usually V' The angular
velocaty 15 the number of units of angle (radians or degrees) swept over by the
radius vector 1n a unit of time The usual symbol for this 1s w The areal
velocity 15 the area swept out by the radius
vector 1n unit time (square miles per second)
and 1s constant if the force 1s central

In Fig 121, if AB 1s the length of
the path descnbed in umit time, AB
15 the lmear velocity V, the angle
ASB 1s the angular velocity o, and
the area ASB 15 the areal velocity,
which 1s constant Calling this 4
and regarding the sector as a triangle
(which 1t 15 nearly enough), we have 4 =} V X x, x being the
hine §6 drawn from the center of force perpendicular to the line
of motion, so that if we regard AB as the base of the tnangle,
x 15 its altitude Hence we have the equation

Fic 121 Linear and Angular
Velocities

24
= M
Also, A =} 717 sin ASB  Since 1n a second of trme the angle
ASB, or w, 1s so small that 1t may be taken equal to 1ts sine,
and ry7; equals (sensibly) 72, we have

=2 @

In every case of motion under a central force, therefore,
(1) the areal velocsty 1s constant 1n all parts of the orbit, (2) the
hinear veloctly varies wnversely as the perpendicular drawn from
the center to the line of motzon, and (3) the angular velocity varies
wnversely as the square of the radwus vector

These three statements are not independent laws, but simply
different geometrical equivalents for one law They hold good
regardless of the nature of the force, requiring only that 1t act
durectly toward, or from, the center, along the line of the radws
vector
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302 Angular Momentum The areal veloaty 1s closely con-
nected with a very mmportant quantity known as the angulay
momentum, which may be defined as the product of the mass of
the moving particle into the area swept out 1n unit tune by the
Iine joiming 1t to a given pont In the present case the angular
momentum about the center of force 1s constant Thus 1s a sumple
example of the general principle of the conservation of angular
momenkum

In a system of several particles moving in one plane the total
angular momentum relative to a given point 1s found by multi-
plying the mass of each by 1ts areal velocity about the pont and
adding the results (counting backward mottons as negative)

If no external forces act on the system, and if the internal
forces are central (that 1s, directed along the lines joining the
vanious particles) the iotal angular momentum of the system re-
mans unchanged (1s conserved), whatever may be the details of
the motion

This princple 1s of great generality and finds important
astronomical applications (§§ 321, 331, 358, 540) For an ex-
tended body the angular momentum of each separate part must
be taken, and added together, and for bodies 1n space the momen-
tum must be taken about an ams instead of a pomnt, but the
principle still holds good Tt 15 an immediate consequence of the

sthird law of motion If the action of one body on a second

increases the angular momentum of the latter, the reaction of
the second body on the first decreases 1ts angular momentum by
exactly the same amount, and the sum 1s unaltered

303 Circular Motion In the special case when the path of a
body 1s a circle described under the action of a force directed to
its center, both the linear and angular velocities are constant, as
is also the force, which 1s given by the familar formula, already
several times used,

= ’ (3)
or f=4mml, (4

obtained by substituting for ¥ 1n equation (3) its value 2 77 (the
crcutnference of the circle) divided by ¢ (the time of revelution)
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As the orbits of the principal planets are all nearly circular, these
formulz will find frequent apphcation

304 Kepler's Laws Early in the seventeenth century Kepler
discovered, as unexplained facts, three laws which descnbe the
motions of the planets, —laws which still bear his name He
worked them out from a study of the observations which Tycho
Brahe had made during many preceding years upon the planets,
especlally Mars They are as follows

(1) The orbit of each planet 15 an ellspse wnth the sun 1n one of
us foce (§ 311)

(2) The radvus vector of each planet describes equal areas n equal
limes

(8) Tke squares of the periods of the planels are proportional to the
cubes of thewr mean distances from the sun, that 15 1,2 bL* a,® a,?
Thus 1s the so-called harmonic law

To make sure that the student apprehends the meaming and scope of this
third law we add a few simple examples of 1ts application

1 What would be the period of a planet having 2 mean distance from
the sun of one hundred astronomical units, that 1s, a distance a hundred
times that of th th?
imes that of the ear 1" 1009 = 1% (year) X2,
whence X (in years) = +/100° = 1000 years

2 What would be the distance from the sun of a planet having a period

f 125 ?
o years 1%*(year) 125*=1% X3,

whence X = V/125% = 25 astronomucal units

3 What would be the period of a satellite revolving close to the earth’s
surface?

(moon’s distance)® (distance of satellite)? = (27 3 days)? X2,

or, 60° 19=1273: X,
273

whence X=——=1"24m
V607

306 Inferences from Kepler's Laws From what has already
been said (§ 300), Kepler's second law indicates that the force
which delermines the orbils of the planel 15 directed toward the sun

Thus, by itself, tells us nothing about the magnitude of the
force, but from the fact that the orbit 1s an ellipse, with the
sun at its focus, Newton proved (by a demonstration a httle
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beyond the scope of this book) that the force acling on a given
planet ot different ponis on s orbut varies wmversely as the square
of the radwus vector

Finally, from the third law, he proved that the forces acting on
all the different planets are wnversely proportional to the squares of
thewr distances and directly proportional to thewr masses It makes
no difference whether a planet 1s hot or cold, made of hydrogen
or of iran, 1if the mass and distance are the same, so 1s the force

806 The proof for circular orbits 1s very sumple From equation (4)
we have, for the first of two planets,

= n
f1—4 Wﬂmlﬁv

in which f; 15 the central force, 71 the planet's distance from the sun, and #
1ts periodic time For a second planet
—_ y £
=4 1'm, X
mirity?
Hence L it =
fz myral|

l 2 a
But, by Kepler’s third law, ﬁ = :i_l
1 1

Substituling 1n the preceding equation, we have

my M

h mar?
== or =—
hh=5 5

fz - Vﬂz"ll,

In the case of elliptical orbits the propoesition 1s equally true if for » we sub-
stitute a, the semi-major aws of the orbit, but the proof 1s much less simple

307 The Law of Grawnitahon One more step remains Since
the sun attracts the planets, Newton’s third law demands that
the planets must attract the sun with equal force, and since the
attraction which the sun exerts on any planet 1s proportional to
the mass of that planet, the attraction of a planet on the sun
must be proportional to the mass of the sun This led Newton to
the general statement of the law of gravitation Euvery particle of
malter attracts every other with a force which 1s proportional to the
product of thewr masses and wnversely proportronal to the square of
the distance between them This may be expressed by the equation
M, ®)

which has already been used (§ 146)

f=G
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308. The constant of gravitatien (G in the above equation) 1s
believed to be an absolute constant of nature, like the veloaty
of light, — the same throughout the material universe, although
the numerical value which 1s assigned to it depends upon the
units used 1n measuring mass, length, and time In the cgs.
(centuneter-gram-second) system 1ts value 15 6 664 X 10~ Two
masses of one gram, one centimeter apart, therefore attract one
another with a force of 6 66 X 10~ * dynes, or about one fifteen-
millionth of a dyne

A dyne (the cgs umt of force) 1s that force which, acting
for one second on a mass of one gram, imparts to it a veloaty
of one centimeter per second, 1t 1s about equal to the weight
of one milligram Gravitational attraction between bodies of
ordinary dimensions 1s thus exceedingly small, and very del-
cate apparatus must be employed to measure 1t (§ 148) Never-
theless, the constant G has been determined to ‘about one part
m six thousand It 1s only because of the huge masses of the
sun and the planets that therr gravitational attraction becomes
mmportant

309 Newton's Test of his Theory of Gravitation by the Motion
of the Moon When, 1n 1665, Newton first concerved the i1dea of
universal gravitation, he saw at once that the moon’s motion
around the earth ought to furmish a test Since the moon’s dis-
tance (as was known even then) 1s about sixty times the radius
of the earth, the distance 1t should fall toward the earth mn a
second ought to be, 1f hisidea of gravitation was correct, 1/3600
of 193 inches (the distance which a body falls in a second at the
earth’s surface This assumes, however, that the earth attracts
as if 1ts mass were all collected at 1ts center — a theorem Newton
had much trouble in proving, as it involved the use of lus new
mathematical invention of “ fluxaons”)

Now 1/3600 of 193 inches 15 00535 inches Does the moon
fall toward the earth, that 1s, deflect from a straight hne, by this
amount each second?

According to the law of central forces, considening the moon’s
orbit as circular, 1ts acceleration 1s

r
a=41r2)(ﬁ,



268 ASTRONOMY

and the deflection 1s one half of this, namely, 2 r”t% If we

compute the result, making r = 238,840 muiles reduced to inches,
and ¢ the number of seconds 1n a sidereal month, the deflection
comes out 00534 inch, a difference of only 1/10,000 of an inch,
— practically an exact accordance

Unfortunately, when Newton first made this test, the distance of the
moon 1n miles was not known, because the size of the earth had not then
been dettrmined with any accuracy The length of a degree was supposed
to be about 60 miles instead of 69, as 1t really 1s Newton computed the
radius of the earth on this erroneous basis, and, multiplying it by 60,
obtained for 7, the distance of the moon, a quantity about 16 per cent too
small, from this he calculated a corresponding deflection of only about
0044 inch The discordance belween this and 0 0535 was too great, and he
loyally abandoned the theory as contradicted by facts

Six years later, in 1671, Picard’s mecasurement of an arc of a mendian
1n France corrected the error 1n the size of the earth, and Newton, on hear-
g of 1t, at once repeated his calculation, or tried to, for the story goes that
he was too excited to imsh1t, and a friend campleted 1t {for him  The accord-
ance was now satisfactory, and he resumed the subject with zeal and soon
established the correctness of his theory

At the present time the acceleration of gravity at the earth’s
surface and the length of the month are known from observation
with greater percentage preasion than the distance of the moon
The distance at which a body of the moon’s mass would revolve
about the earth in its actual penod can be computed, making
full allowance for perturbations, thus obtaining a more accurate
value of the distance than observation 1s yet able to secure

310 The Inverse Problem Newton did not rest with merely
showing that the motion of the planets and of the moon could be
explained by the law of gravitation, he also investigated and
solved the more general znverse problem and determined what
kind of motion 1s necessary according to that law He found
that the orbit of a body moving around a central mass under the
law of grawvitation need not be a arcle, or even an ellipse of
shght eccentniaity like the planetary orbits, but it must be a
comc Whether 1t will be a circle, an ellipse, 2 parabola, or a
hyperbola depends on circumstances

311 The ellipse, parabola, and hyperbola, which are the prn-
apal types of conics, are llustrated in Fig 122 The ellipse 1s a
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closed curve, returning into itself, and such that the sum of the
distances of any pomnt N of the curve from the two foc1 equals
the major axs, that 1s, FN + F'N = PA

The hyperbola does not return into itseli The portions PN”’
and P’ of the curve go off indefimtely, becoming ultimately
nearly straight, and diverging from each other at a defimte
angle In the hyperbola the difference of the distances of a point

\-d
=

pat 'hbo\a

Fic 122 The Conics

on the curve from the two focl equals the major ams, that 1s,
F’N"” — FN” =PA’ A second branch of the curve surrounds
the “empty focus,” F’

The parabola, like the hyperbola, fails to return into 1tself,
but 1ts two portions, though still gradually separating, become
more and more nearly parallel It has but one accessible focus, |
and may be regarded either as an ellipse, with 1ts second focus,
F’, removed to an nfinite distance, and therefore having an infi-
nite major axis, or, equally well, as a hyperbola of which the
second focus F”" 1s pushed infimtely far in the opposite direction,
so that 1t has an infinite (negative) major axis

In the ellipse the eccentricsty (FC/PC) 1s less than wmty, m
the hyperbola 1t 1s greater than unity (FC'/PC’) In the parabola
1t 15 exactly wmity, 1n the circle 1t 1s zero

The eccentncity of a conic determines 1ts form  All parabolas
are of the same form, differing only 1n size, as do arcles. Ellipses



270 ASTRONOMY

and hyperbolas have an infimte variety of forms, — some very
narrow and some broad
The distance from the focus to any point #z on a comic 1s given by
— ?

S Tecnd ©
where 615 the angle PFz (Fig 122), often called the true anomaly,
e 15 the eccentricity, and p 1s the distance FY, — half the pea-
rameler of the conic (the chord through the focus perpendicular
to the major axmis) The perthelion distance FP 15 p/(1+ ¢), and
the semu-major axis a 15 p/(1 — 2 For an ellipse 2 1s positive
(PC 1n the figure), but for a hyperbola it 1s negative (PC’)

312 The Problem of Two Bodies This problem, proposed and
solved by Newton, may be stated as follows

Given the masses of two spheres and therr positions and
motions at any 1nstant, gven also the law of grawvitation
required the motion of the bodies ever afterwards and the data
necessary to compute their place at any future time

The mathematical methods by which the problem 1s solved
require the use of the calculus, but the general results are easily
understood

In the first place, the motion of the center of grawmty of the two
bodies 1s not 1n the least affected by their mutual attraction

In the next place, the two bodies will describe as orbits around
their common center of gravity two curves precsely alke in
form, but of size inversely proportional to their masses, the form
and dimensions of the two orbits being determined by the masses
and velocities of the two bodies

It 1s often convement to ignore the center of gravity entirely
and to consider simply the relafzve motion of the smaller body
around the center of the other It will move with reference to
that point precisely as if 1ts own mass 7 had been added to the
principal mass M while 1t had become itself a mere particle
This relative orbet will be precisely like the orbit which = actu-
ally describes around the center of gravity, except that it will
be magnified in the ratio of (M + m) to M, that 1s, if the mass
of the smaller body 1s 1/100 of the larger one, 1ts relative orbit
around M will be just 1 per cent larger than 1ts actual orbit
around the common center of gravity of the two
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313 Equation for the Orbital Velocity The velocity of one body
relative to the other, at the distance 7, 1s given by the equation

V= G(M+ m) (f - %) @)

where ¢ 15 the semi-major axis of the orbit and G the constant of
gravitation This equation 1s often called the equation of energy,
since 1t expresses the conservation of energy

The velocities of m and M, relative to the center of gravity, arc ILspec-
tively Vi=MV/(M +m) aud Va=mV /(M + m) The kinetic energy of

the two bodies 1s 3 (m V1> + M V2, which 1s readily found to be 3 mMM &
Equation (7) may now be wntten +

1 Vi GMm __GMm
im + M r 2a
The first term 1s the total kinefic energy of the orbital motion, the second

the potential energy of gravitation, and the sum of these 1s constant

314 The Parabolic Veloaty. For a parabola 2 1s infimte, and
if the velocity 1n this special case 1s called U, equation (7) of the

last section becomes
Ut=2G <M) (8)

T

A particle projected with this veloaity U at the distance r will
move 1n a parabola, whatever be the direction of projection
This 15 therefore called the parabolic velocity

If the veloaity V exceeds the parabolic veloaity U, a comes
out negative and the orbit 1s a hyperbola, but if V 1s less than
U, a 1s positive and the orbit 1s an ellipse In the former case
the particle never comes back, but in the latter 1t returns at
regular intervals The parabolic velocity 1s therefore often called
the velocty of escape

The velocity of escape at the surface of any body may be com-
puted from (B), neglecting the mass m of the small body which
15 supposed to be in motion Thus, 1n the case of the earth
M=597Tx10g, r=637X10°cm, and G=0666x 1078,
whence U =113 X 10 cm /sec, or 11 3km /sec For the sun,
for which M 1s 332,000 times as great and r 109 tiumes, U 18
1/332000/109, or 55 2 tumes as great, that 15, 622 km /sec For
the moon 1t comes out 2 4 km , or not quite 8000 ft /sec A body



272 ASTRONOMY

projected from the moon with a speed greater than this would
never return, — which probably explains why the moon has no

atmosphere (§ 200)

It may be noticed that in the above calculation all quantities are ex-
pressed directly mn standard umts, — centimeters, grams, and seconds.
When very large or very small numbers have to be handled, this procedure
has decided advantages, and, once the student 1s farmhar with 1t, the chances
of error are lessened, whether the calculation deals with stars or with atoms

316 Equation for the Major Axis of an Orbit From the equa-
tions of sections 313 and 314, ehminating G(M + m),
r U:
“zi(w—Vﬂ) ®
If V 1s less than the parabolic veloaty U, o 1s positive and the
orbit 1s an ellipse, while 1f V' > U, a 1s negative and the arbit 15
a hyperbola If V 1s very nearly equal to U, a 1s very great and

the orbit 1s nearly parabolic i form

For a cwcular orbit ¢ =7, which demands that V%= } U®?
(and also, of course, that the velocity be at nght angles to the
radws vector) The velocaity of a body moving 1n a arcular orbit
1s therefore equal to the parabolic veloaty multiphied by \/;
At the earth’s distance from the sun this “‘arcular veloaty” 1s
2976 km /sec. (1847 m1 /sec) The parabohc veloaty 1s V2
tumes this, or 42 09 km /sec

316 The expression for a planet’s penod 15 now easily found
At the extremity B of the minor axis of the orbit (Fig 123)

r=a, and by equation (7) V =+ ﬂMa——Fﬂ) For the areal

veloaty 4 we have, by section 301, 4 = % Vx, where z denotes
the perpendicular FB’ from F on the tangent at B But this 1s
evidently equal to the munor axs & of the elupse Hence,

Az%b,f%”i).
a

Now the whole area of the ellipse 1s wab, and since 1t 15 swept
out by the radius vector at the rate A, the period will be

1= "7” =2 7at/VGOM + m)
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This embodies Kepler’s third law, and shows that all planets
moving in ellipses which have the same major axis will have
the same penod, whatever the eccentrnicities of their orbits

Strictly speaking, the values of a*/¢* for the differcnt planets should not
be equal, bul proportional to M + m, where M 1s the mass of the sun and m
that of the planet 1n question, but corrections due to perturbations by the
other planets (§ 325) may be larger than this

317 Expression for the Areal Velocity By the geometry of
the ellipse b =g v/ 1— ¢? and also, 1f p 15 the semi-parameter of

the elipse (FV’, Fig 123), B B
p=o0(l—e)=b%/a The "\
expression for the areal ve- Y -

locity may then be wnitten
=3V +m), PUF c 4

that 1s, the areal velocrty is
proportronal to the square

root of the semi-parameler
f 4 Fic 1.3 An Eliptical Orbat
All orbits for which the
’ The sun 1s at the focus ¥, FB3=PC=g, the semi-
parameter YV’ 1s the same  majorans, and 7B’ = CB =, the semi-mnor axs

will therefore be descibed =~ The semrparameter, p, 5 F¥'=FY The eccen-
h th tnaty, e, 1= FC/PC, which 1s less than unity The
with the same a'rea'l ve- radius vector r 1s measured from F to eny pownt »

[0c1ty This 15 true not on the mh&l;.]; and the angle ‘iFﬁ 156, thefr.r';e
by durects
only of elliptic but of para- pnomaly  The mo O o on o e

bolic and hyperbolic orbits,
and makes 1t possible to compute the motion in these, although
such motion 1s not penodic and Kepler’'s third law is therefore
mapplicable

The principles summanzed above have many important apph-
cations We will mention two

318 Calculation of the Posihon of 2 Body at Any Time.
Ephemendes If we know the orbit, the areal velodity 4, and
the time T at which the body passed penhelion, all that 1s neces-
sary in order to find its position in 1ts orbit at any other time ¢
1s to know how to draw a radius vector Fn (Fig 124) such that
the area between this hine, the orbit, and the radius FP to the
penthelion 1s equal to A()—7) This 15 known as “Kepler's
problem.” For a parabohc orbit it leads to a cubic equation,
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for an ellipse or a hyperbola, to a transcendental equation, —
which, however, may readily be solved An appromimate solu-
tion may be found graplically or with a shde rule, and the exact
values are then easy to determine
Knowimng the position of the body on its orbit, and being
sumilarly able to calculate the earth’s position in 1ts orbit, 1t 1s a
(%) mere matter of geometry to
find the distance and direc-
tion of one from the other,
that 1s, the rzght ascension
and dechination of the body as
seen from the earth
It 15 1n this way that an
ephemeris of any heavenly
F1c 124 Kepler's Problem body 1s calculated, so that
we know 1n advance where
to look for it In the ephemendes of the sun and major planets,
which are given 1n the Nautical Almanac, the perturbations (see
below) are carefully computed and allowed for For a newly
discovered comet or asteroid this 1s not necessary
319. Determunation of the Orbit of a Newly Discovered Planet.
If the planetary orbits were circular, this would be a very simple
matter Suppose that we have two cobservations of the right
ascension and declination of
the planet, made a few days
apart The positions E; and
E; of the earth at the times
of observation (Fig 125) are
known, and the observations
fix two hnes, E L, and E;L,,
on which the planet lay at gy 195 Determmnation of a Circular Orbat
these dates
We may start by guessing at the distance E\P; of the planet
from the earth at the first date On the second date 1t must have
been on the line E,L, and at the same distance as before from S,
which fixes 1ts position P,  The angle PoSP, 1s thus determined
But the period of a body moving at the distance SP 1s given by
Kepler’s third law, and P,SP; should be the same fraction of
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360° as the time interval ¢, — 2 1s of the period If this relation
1s satisfied, our guess at the distance 1s nght, if not, 1t 1s wrong,
and we proceed to further tnals, which soon lead to the solution

Since the actual orbit 1s not a circle but an ellipse, this process
will ;ve only approximate results, but 1t 18 often actually used
to predict the motion of a newly discovered asteroid for a few
weeks and to facilitate further observations

The determation of an elliptic orbit requires ¢iree observa-
tions and the determination of two geocentrne distances £, P; and
E,P; (preferably for the first and last observations) If these dis-
tances are given, and the points P, and P; thus fixed, the whole
orbit of the planet around the sun can be determined, and the
direction of the planet from the earth at the time of the middle
observation can be calculated The two conditions that the
calculated nght ascension and declination shall agree with the
observed values suffice to determine the two geocentric distances
Equations can be set up which, though complicated, make the
solution much shorter than 1t would be by tnal and error In
some cases (for example, when the planet 1s 1n the plane of the
ecliptic) a fourth observation 1s required for a solution

If the orbit 1s a parabola or a hyperbola, this general solution
will show 1t and will determine the eccentricity Comets usually
move 1n almost parabolic orbits Therefore, when computing the
orbit of a new comet, 1t 18 assumed that 1t 15 a parabola, which
considerably simplifies the calculations If the orbit 1s really an
ellipse, the calculated parabolic orbit cannot be made to tepre-
sent both the nght ascension and the declination for the muddle
observation, and the general method must be employed

The calculation of an orbit from three observations takes a
skilled computer two days or sometimes less The novice may take
as many weeks, most of his time being occupied 1n inding and cor-
recting the numerical mistakes which are only too easy to make

320 Radiation Pressure and 1ts Effects For very small bodies
the effects of the sun’s attraction are modified by those of an-
other force, radiation pressure (§ 553) A beam of Light falling
on any body exerts a force 1n the direction of the incident hght
Thus force is proportional to the intensity of the light and to the
cross-section A of the beam which 1s intercepted by the body
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All bodies which obstruct the outward passage of the sun’s
hght are therefore shghtly repelled by the sun At the eafth ’s
distance the repulsive force (in dynes) amounts to 4 5 X 10 |
Gf A 1s measured mn square centumeters) The gravitational

attraction at the same distance 1s 0 59 7 dynes (if # 15 the body's
mass m grams) Both repulsion and attraction vary mversely as
the square of the sun’s distance, so that their ratio for the same

body is a fixed quantity, bemng 76 X 107°A/m For a sphere
of radius » cm (large compared with a wave-length) and density

pE / cm 3
A=7rY, m=4%7p, and A/m=-"
4 pr
For even the smallest asteroids this quantity 1s very small
and radiation pressure 1s neghgible, but for minute particles
(since therr mass diminishes more rapidly than the area) the
repulsion due to radiation pressure may egual or even exceed
the gravitational attraction Very fine dust 15 therefore actually
repelled by the sun
The orbit of such a particle 1s a hyperbola convex toward the
sun, — the other branch of the curve shown in Fig 122 The
laws of areas and of energy still apply, but the constant G must
be replaced by one representing the combined influence of the
two forces, which 1s negative and different for particles of dif-
ferent sizes Motions of this sort are actually met with in the
tails of comets (§ 516)
EXERCISES
1 Given a comet moving in an ellipse with the eccentricity 0 5 Com-

pare the velocities, both linear and angular, at the perithelion and aphelion
Ans Linear veloaity at perihelion 1s th7ee times that

at aphehon Angular veloaty at perthelion 1s
nine tumes that at aphelion

2 What would be the result if the eccentrnicity were 1/3? What if 1t
were 3/4?
8 What would be the peniodic time of a small body revolving 1n a circle
around the sun close to 1ts surface? (Apply Kepler’s harmonic law )
Ans 2"47™ 4
4 What would be 1ts velocity ? Ans 4358 km /sec

5. If the earth had a satellite with a period of 8 months, what would 1ts
distance be? Ans  Four times that of the moon.
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@ If Jupiter were reduced to a particle, how much would its period
be lengthened? (Consider 1its mass to be 1/1048 of the sun’s, and see §316.)
Solution Let x be the new period, then
1049

2 g T i —
x* £ wis=-" 7 11,
since r 1s not changed , whence
1049\* s
*= 1o = t(14 % % 1/1048 + etc ) = #(1 + 1/2096) very nearly.
But t=43326 days, and (x— ¢ = 4;;9266 = 2067 days Ans

7 How much longer would the earth’s period be if 1t were a particle?

Ans 1/660,000 of a year, or 47 8 sec

B If the sun’s mass were a hundred times greater, what would be the
parabolic velocity at the earth's distance from 1t (§ 314)°

Ans Ten tumes 1ts present value, that 1s, 420 9 km /sec

9 If the sun’s mass were reduced 50 per cent, what would be the para-
bolic veloaity at the distance of the earth? Ans 2976 km /sec

10 If the sun's mass were to be suddenly reduced by 50 per cent or more,
what would be the effect upon the now practically circular orbits of the
planets? (See § 315)

11 What would be the effect upon the orhit of the earth if the sun’s mass
were suddenly doubled? A4ns 1t would immediately become an eccentnie

ellipse, with 1ts aphclion near Lhe peint where
the earth was when the change occurred

12. How long would a comet, which 1s moving 1n a parabolic orbit with
a perthelion distance of one astronomical unit, take to
move through 90° from perihebon (from P to Q Comet-Orbit
Fig 126)7
Ans The veloaity of the comet at penihelion 1s
/2 times that of the earth mn 1ts orbit, and
its areal velocity 15 also V2 times that of
the carth The latter 1s = '‘square astro-
nomical umits” per year (since this 1s the
area of the earth’s orbit), so that for the
comct 4 =mvV2 By well-known proper-
ties of the parabola SQ=2 PS, and the
area of the sector SPQ 1s 2/3 that of the
rectangle PRQS, or 4/3 of a square astro-
nomucal umt The time in question 1s there-
fore 4/(3 = V/2) years, or very nearly 3/10 of
a year (109 61 days)
18 Show that a comet moving 1n a parabola with perthehion distance ¢
will take 108 61 X ¢¥ days to move through 80° from perthelion

Fic 126 Penhe-
lion Passage of a
Comet
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DISTURBED MOTION

321 The Problem of Three Bodies As has been said, the
problem of two bodies 1s completely solved, and (with the aid of
the calculus) the full solution can be given 1n a page or two of
prnt  If, however, instead of fwo spheres attracting one another,
there are three or more, the general problem of determinming their
motiong and predicting their positions becomes extraordinanly
difficult In spite of the labors of the greatest mathematicians
for more than two centuries, no general solution was reached until
recently, when K Sunrdman, of Helsingfors, obtained one, and
this solution 15 so complicated that 1t 1s valueless for purposes
of practical calculation

The problem of three bodies 1s 1n 1itself as determinate and
capable of solution as that of two Given the imtial data, that 1s,
the masses, positions, and motwons of the three bodies at a gien
wnstant, and assumng the law of gravitation, therr motions for
all the future, and the positions which they will occupy at any
given date, are exactly predetermined

All the general relations met with in the problem of two bodies
still hold true The center of gravity of the whole system moves
umformly 1n a straight line, and the principles of the conserva-
tion of angular momentum and the conservation of energy are
true, whatever the number of bodies The harmonic law, also,
holds 1n this generalized form given any exact solution of the
problem, for any number of bodies, an infinite number of other
solutions may be obtained by multiplying all the linear dimensions
by any factor A4, and all the time-intervals by A?

These relations, however, are insufficient to define the motion
The difficulty of obtaiming a general solution lies mainly 1n the
complexity of the problem

322 Why the Problem 1is so Complex The character of the
difficulties 1s well 1llustrated by a simple example

Let the three bodies be the sun (S), Jupiter (J), and a mete-
onte (M) weighing but a few grams, so that its attraction does
not alter the motion of Jupiter about the sun to any perceptible
degree The orbit of Jupiter will then be a fixed Keplerian ellipse
When M 1s not near Jupiter, the planet’s attraction will not
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greatly affect its motion, and its path will be nearly, though not
quite, an ellipse such as 4 (Fig 127) Suppose, however, that
M makes a close approach to Jupiter, as at J in the figure The
planet will then attract it strongly and may greatly change its
velocity relahive to the sun, so that after leaving Jupiter’s vicin-
1ty 1t will pursue quite a different orbit B Moving 1n this orbat,
M will return at regular intervals to the pomt where 1t met
Jupiter, but unless 1ts new penod happens to be the same as
Jupiter’s, at first 1t will not find the planet close by Sooner or
later, however, Jupiter and the meteorite will return to the point
of encounter at very nearly the same time A second close
approach will take place, B
and the orbit will again ’
be greatly changed 4 \

If the meteornite’s ve-
loaity 15 this time sufh- ‘
cently increased, 1t may
be sent off 1n a parabola
or hyperbola, never to
return, if not, 1t will be
diverted 1nto still an- Fic 127 Problem of Three Bodies
other clliptic orbit and
will pursue this until another encounter with Jupiter takes place
A very small difference 1n the circumstances of the first encounter
(perhaps a few miles of difference 1n the minimum distance) will
lead to greater differences 1n the size and period of the second
orbit After the dozen revolutions or more which may elapse be-
fore the second encounter, this will result in stll greater changes
1n the third orbit, and so on

Any general formula that would be capable of taking mnto
account all the possible sequences of successive encounters would
have to be of almost inconcervable complexity

Two facts — that the attraction of Jupiter would be continu-
ally modifying the meteorite’s orbit, to a less degree, between
the close encounters, and that the orbits are, in general, not 1n
one plane — add further complexity to the problem If M were
another planet, of mass comparable to Jupiter’s, the changes 1n
Jupiter’s orbit would also have to be taken into account, and
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things would be still worse The difficulty of the problem of
three bodies, therefore, appears to he mainly in the inherent
complexity of the possible motions, and not in the hmitations
of mathematical analysis

323. Solution by Quadratures In a practical sense the prob-
lem of three or more bodies 1s nevertheless soluble In any
individual case, when the imtial data are known with sufficient
precisien, 1t 1s always possible to work out the motions, past and
future, with any desired degree of precision, by a fairly simple
process of computation step by step, — determining, for example,
the 1nfluence of the forces upon the motions of the bodies 1n a
single day, then calculating anew the forces corresponding to
their new positions at the end of the day, and advancing another
day, and so on

This method will handle any particular problem, but 1t 1s very
laborious and never leads to any general formul® that can be
applied 1n the case of other bodies or for the same body at remote
times It 1s therefore used only when all others fail, as 1n the case
of the eighth satellite of Jupiter A special use 1s 1n calculating
the trajectories of artillery projectiles as affected by the resistance
of the air

324 Solution by Successive Approximations In the more 1m-
portant cases which occur in the solar system it fortunately
happens that the attraction of some one body 1s dominant
Thus, the attraction of the sun upon a planet greatly exceeds
that of all the other planets combined, and the earth has a sumi-
lar preponderant influence on the moon Under these conditions
a first approximation to the solution may be made by neglecting
the smaller attractions altogether (as has been done 1n the first
part of this chapter) If this approxumation were exact, each
planet would pursue an unaltered Keplenian elhpse around the
syn, and the moon a sumilar orbit around the earth

This approximation may be used to obtain nearly, though not
quite, correct values of the positions of the planets at any time,
and hence of their attractions on one another. The influence of
these attractions 1n changing the motions can then be computed,
and a second approximation obtained, from which much more
accurate values of the positions of the planets follow These lead



CELESTIAL MECHANICS 281

to improved values of the forces, from which a third approxuna-
tion to the motions and positions may be denved, and so on

In practice this process 1s rapidly convergent The second
approximation is very nearly sufficient for the smaller planets,
and the third leaves httle more to do even 1n the case of Jupiter
and Saturn

326 Perturbations A planet may therefore be regarded as
moving 1n an ellipse about the sun but having this motion
modified by the attraction of the other planets The resulting
changes 1n 1ts position and orbit are called perturbations Though
the motions of the planets are thus technically said to be “dis-
turbed,” they are actually just as natural and regular (controlled
by law) as 1n the simpler case of undisturbed motion, only they
are much more comphcated

For bodies which, like the planets and their satellites, move 1
nearly circular orbits 1t 1s possible to obtain analytical expres-
sions for these perturbations, from which their values at any
desired time may be computed Such expressions are called
general perlurbations They appear 1n the form of infinite senes,
and a great number of terms have usually to be included to
obtain accurate results The calculation of these perturbations
1s highly intricate

When, as 1n the case of comets, the orbit 15 very eccentrc, the
perturbations must be computed by quadratures, step by step,
for so long an interval as 1s necessary, such values are called
special perturbations

326 Perturbations of the Planets The actual motions of the
planets may best be described as follows

(1) The orbuts of the planets are not fixed but gradually change
1n eccentncity, inclination, etc , —so slowly, however, that during
any one revolution the orbit suffers very little alteration.

(2) A flanet, 1n 1ts motion, does not exactly follow Kepler's
laws, but, 1f compared with an 1deal planet which strictly obeys
these laws, 1s continually beimng shifted, forward or backward,
toward or from the sun, above or below the orbit plane, though
never to any great distance

Changes of the first type are called secular perturbations They
depend on the relative positions of the planetary orbits Those
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of the second sort are called perzodic perturbations They depend
on the positions of the planets in their orbits and can be repre-
sented as a sum of periodic terms, most of them of short period

327 The penodic perturbations of the four inner planets are
small, being at maximum about 15" of longitude for Mercury
(as seen from the sun), 30" for Venus, 1’ for the earth, and 2’
for Mars Those of the outer planets are much greater and may
reach about 30’ for Jupiter, 70’ for Saturn, 60’ for Uranus, and
35. for Neptune The largest terms are of relatively long period,
— 913 years 1n the case of Jupiter and Saturn

The magmtude of these periodic perturbations 1s proportional
to the mass of the disturbing planet If the former can be found
by observation, the latter can be determined This affords the
only way of finding the masses of Mercury and Venus, and a
good way of finding those of several of the other planets

It gives, of course, the sum of the masses of the planet and all
its satelhites The distinction 1s important only in the case of
the earth and the moon When the mass of the earth-moon
system has been found i1n this way, the solar parallax may be
determimed (§ 220)

328 The secular perturbations of the orbits, which are so
named because they run on '‘from age to age,” may themselves
be expressed by sums of peniodic terms of very long period (from
fifty thousand to nearly two million years) About a century
ago Laplace and Lagrange showed that these changes, Lhough
conaiderable, will not alter the general plan of the solar system

The major axes of the orbits, and the periods, suffer no secu-
lar changes The eccentnicities oscillate irregularly but can
never become great, while the perthelia, on the whole, advance,
with occasional intervals of regression In a stmilar fashion the
nodes usually, though not always, regress, while the mclinations
oscillate but never become very large

The orbits of the planets are always so nearly arcular that
we can form a good 1dea of their secular changes by regarding
them as circles, of fixed radius, whose centers shift slowly about
i complicated curves but always keep near the sun, while the
planes in which they lie tilt and swing a few degrees 1n one direc-
tion or another but always keep near a2 mean position
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Another effect of perturbations 1s that the relation between
the pertod and the mean distance of a planet 1s not exactly that
given by Kepler’s third law, even when the mass of the planet
itself 1s taken into account On the average, planets inside the
given planet’s orbit increase the central attraction, those outside
diminish 1t, increasing the pernod Thus, the period of Jupiter

A B
Tic 128 Secular Perturbations of the Earth’s Orbit

The calculated motions, for 200,000 years, of the center of the earth’s orbit, in 1ts own
plane, are shown 1n 4, and those of the pole of the ecliptic, on the celestial sphere, 1n B
The positions at intervals of 10,000 ycars are marked by short lines, and Lhase at the present
time by small arcles The black dot 1n A4 represents the sun, and the 1solated arde m B
represents the pole of the invariable plane The earth’s orbit itself, on the scale of 4, would
be about 40 inches 1n diameter The eccentrnicity of the orbit 15 now 0 017 but 15 dimimish-
ing and will reach a mummum value of 0 003 about 24,000 years hence The inclination to
the mnvariable plane 1s now 1° 35 and 15 also diminshing It will reach & mimmum value
ol 47’ 1n about 20,000 years

is one and one-half hours longer than it would be if no other
planets existed, while that of Saturn 1s nearly a week shorter

329 Perturbations of Asteroids Many asteroids have orbits
of high inchnation and eccentricity, which pass relatively near
to Jupiter Theiwr perturbations are correspondingly great, and
the theory of these 15 very complicated

If the peniod 1s very nearly an exact sub-multiple (3, 1, £, etc)
of that of Jupiter, the perturbations may gradually increase
to very large values, as they reenforce each other in successive
revolutions It 1s significant that there are gaps 1n the distnnbu-
tion of the asteroids for just these values of the period
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It 1s possible, however, as Lagrange showed, for an asteroid to
move permanently 1n an orbit with a peniod just equal to Jupiter’s,
provided 1t moves 1n the plane of Jupiter’s orbit and 1n such a
way that its distances from the sun and Jupiter are always equal
to the distance between the two, so that the three bodies form an
equilateral triangle Moreover, this motion 1s stable, an asteroid
that 1s onginally near one of the ‘' tnangular points’’ and moving
at neagly the same rate will always remain near it, arculating
about 1t 1 a complex curve In the course of ages, however,
the attraction of Saturn and the other planets may upset the
stabiity Several such asteroids are known, forming the “Tro-
jan group’’ (§419)

Eros and one or two of the other asteroids with small perthelhion
distances are considerably perturbed by the earth, and may be
used to find 1ts mass

330 Stability of the Planetary System. According to the propo-
sitions stated above, the mutual perturbations of the planets alter
only the details of their orbits, not the general arrangement of the
system No planet 1s ever in danger of colliding with another, or
of falling 1nto the sun, or of being sent off 1n a hyperbolic orbut,
though such accidents might perhaps happen to an asteroid
But the equations on which these propositions are based repre-
sent only the leading terms of an infinite series, and Poincaré has
shown that these series, mstead of being convergent, as was sup-
posed, may become divergent when a very long interval of time
15 taken mto account The stabihity of the planetary system,
therefore, has not been proved, although 1ts age 1s so great as to
make 1t very probable that 1t 1s actually stable

331 The Invanable Plane Onc property of the system, how-
ever, 1s really stable A certain plane passing through the center
of gravity of the whole system mamtains 1ts direction 1n space
exactly invanable (except for the infinitesimal effects of the
attraction of the stars) This plane 1s defined by the condition
that the total angular momentum of the system about an awus
perpendicular to this plane 1s a maximum, while 1t 15 zero about
any axis lying 1n this plane Since no actions within the system
can alter the total angular momentum, this plane must be
mvariable
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The mvanable plane, and not that of the earth’s orbit, 1s the really funda-
mental plane of reference for the solar system It 15 inclined 1° 35’ 8” to
the ecliptic of 1850, and has its ascending node 1n longitude 186 9" It 18
mtermediate between the planes of the orbits of Jupiter and Saturn, and
nearer the former

332 Defimtive Orbits In making a precise determination of the
orbit of a planet or a comet all reliable observations are first col-
lected, corrected, so far as possible, for the systematic errors of the
various observers, and combined into “normal,” or mean, places,
giving the more accurate observations higher weights These
positions are compared with those calculated from a preliminary
orbit The outstanding deviations anse partly from perturba-
tions, partly from errors in the elements of the preliminary
orbit, and partly from errors of observation The perlurbations
are computed and allowed for, and corrections to the orbital
elements are then deternined by the method of least squares
(§ 124), so as to leave the smallest possible discrepancies to be
attributed to errors of observation The process is very laborious

The calculations may be designed to find the osculating orbut,
that 1s, the orbit which the body would pursue if, at a specified
mstant, all the planets were annihilated and 1t moved thereafter
under the attraction of the sun alone This 15 usually done for
comets and often for asteroids If the general perturbations have
been computed, the mean orbit may be found, that 1s, the orbit
which the body would follow 1f 1ts periodic perturbations were
abolished This calculation 1s still more labonous but has been
made for all the major planets and, with less preasion, for many
asteroids

333 Planetary Tables. The positions of the planets given m the Nauts-
cal Almanac are denved from fables 1n which all known perturbations are
taken nto account The design and calculation of such tables demands
great mathematical knowledge and skill, but their use, with the aid of the
'precepts” given m connection with them, 1s fairly simple

Certain quantities called arguments, which depend on the pesitions of
the planets 1n their orbits, are first calculated, and with these arguments the
tables are entered which give the perturbations By adding these to the
values given by Kepler’s laws (which are taken from other tables) the planet’s
longitude, latitude, and distance (all relerred to the sun) are found The
tables of Jupiter, for example, cover ninety-one quarto pages The planet’s
longitude 1s found by adding thirty quantities taken from them.
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334 Perturbations of the Moon the Disturbing Force. The
changes 1n the moon’s orbit are due almost entirely to the attrac-
tion of the sun At new moon (Fig 129) the sun attracts the
earth and the moon 1n the same direction, but the moon more
strongly, since 1t 1s nearer, and hence tends to pull the moon
away from the earth This 1s 1llustrated by the arrows attached
to E and M; m the figure, which represent the acceleration of
the earth and moon caused by the sun's attraction The net
effect 15 equivalent to that of a disturbing force acting on the
moon and directed away from the earth At the first quarter
(M3) the accelerations of E and M are equal but are along con-
verging lines, so that the earth and the moon tend to approach
one another, and the disturbing force 1s directed toward the

First Quarter

3 E New Sun

Moon’s Orbit
F1o 129 The Sun’s Disturbing Force on the Moon

earth At full moon (M;) the earth 15 pulled away from the moon,
and the disturbing force 1s directed away from the earth again

It should be noticed that this disturbing force represents only
a small fraction of the whole attraction of the sun on the moon
The latter 1s more than twice the earth’s attraction, so that if
the earth could be held fixed by some supernatural power, the
sun would pull the moon nght away from 1t But since the
earth and moon are both free to move, only the difference in
their respective accelerations enters into their relative motions,
and this 1s never as much as 1/80 the acceleration of the moon
by the earth's attraction

It should be noticed, also, that the accelerations, and not the forces, are
what really count The force of the sun’s attraction on the earth 13 more
than eighty times as great as that on the moon, owing to the difference of

mass, but the accelerations at the same distance are equal This use of
the term *'force’ instead of " acceleration” 1s common 1n celestial mechanics
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Tt is noteworthy that exact calculations can be made of the motion of
a body (for example, a comet) when we have no 1dea what 1ts mass is and
consequently do not know the force of attraction (f = GmM /%), for the
acceleration (f/m = GM /r*) 1s accurately known

The effects on the moon’s orbit are very similar 1n kind to the
perturbations of the planets, but greater in degree

336 Motions of the Penigee and Node Effect on the Length of
the Month The eccentnaty of the moon’s orbit, on the average,
remains the same, but the line of apsides advances, though not con-
tinuously, so that, on the average, 1t completes a revolution 1n
8 8503 years (according to Brown) The inchination too 1s subject
only to periodic changes, but the nodes regress at an average rate
of a revolution 1n 18 5995 years

The disturbing force, on the average, 1s away from the earth,
so that the earth’s effective attraction 1s dimimished, and the
montk s longer, by one part 1n 734, or about 53 minutes, than it
would be 1f the moon’s motion were undisturbed

These effects are clearly analogous to the secular perturbations
of the planets

336 The peniodic perturbations are large and extremely numer-
ous According to Professor Brown's calculations (the latest and
mast exhaustive) there are 155 periodic terms in the expression
for the moon's longitude with coefficients exceeding 0’ 1, and
more than 500 smaller ones, which, though individually insig-
nificant, may at tumes add up to a sum which 1s not neglgible, so
that they must all be considered if we wish to compute the long-
tude to 0” 1 Each of these terms has1ts own period The number
of sensible terms 1n the latitude 1s about half as great, and almost
150 have to be taken into account 1n computing the parallax

337 The Pnncipal Terms The nature of the results may best be

understood by examining the first few terms in the expressions for the
moon’s longitude and parallax These may be wnitten

AN=L+377sm/+ 13" sin 2/ + 76's:n(2D— )+ 40'sin 2D — 11'sml’+ |
m=23424"+ 187" cos | + 10" cos 2!+ 34" cos(2D— 1) + 28" cos 2D+
Here L 1s the moon’s mean longitude, or the angular distance of an imagi-
nary uniformly moving mean moon from the vernal equinox, /, the distance
of the mean moon from the mean perigee, D, 1ts distance from the mean
sun, and /', the distance of the latter from 1its penigee (which corresponds to
the earth’s perithehion)
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The periodic terms i the longitude have names Those m / and 2/ are
called the ellaptac terms They represent motion 1 a Keplenan ellipse and
are not perturbations The term in (2 D — I) 15 the evectzon It has a period
of 31 8 days and gets into step with the principal elliptic term whenever
the sun crosses the line of apsides of the moon’s orbit At this time the
eccentricity of the orbit 1s increased by about 20 per cent When the sun
15 90° from the pengee, the eccentricity 15 correspondingly diminished
This perturbation was discovered by Hipparchus about 150 B ¢ The cor-
responding term in the parallax acts simularly There 15 2 somewhat similar
evection i latitude, which makes the inchnation of the moon’s orbit 9 less
than 1ts avcrage when the sun 1s at the node, and 9 greater when 1t 1s 90°
{rom 1t

The term 1n 2 D 1s the varation It sets the moon ahead between new
moon and first quarter and between full moon and last quarter, and behind
1 the other two quarters of the month, while the corresponding terms 1n
the parallax make 1ts distance smaller at new and full and larger at the
quarters The term 1n /' 15 the annual equation and anses (rom the changes
in the sun’s disturbing force which are due to 1ts varying distance

Of the multitude of smaller periodic Lerms the mosl important 1s the paral-
lactic inequality, which, 1n the complete expression for the longitude, appears
as — 125" sin D, and which sets the moon back at the first quarter and ahead
at the third The cocfhicient of this term 1s proportional to the solar parallax
(whence 1ts name) The ratio of the Lwo (14 214) can be accuratdy found
from theory Jones, from 1438 occullations observed at the Cape of Good
Hope, finds the coefhcient Lo be 125" 15 + 07 06, from which follows a solar
parallax of B’ 805 4 0’" 004, — onc ol the best determinations

338 Planetary Perturbations of the Moon The planets, both
by their direct action on the moon and by their indirect action
in altering the earth’s motion around the sun, give nse to a
multitude of periodic perturbations One of these, due to Venus,
has a coefficient of about 14" and a period of 271 years

The action of the planets has also, indirectly, an important,
though small, influence on the length of the month ‘The eccen-
tnaity of the earth’s orbit 1s slowly decreasing, owing to secular
perturbations Since the major axis of the orbit 1s unaffecteq,
this imphes a shght increase of the minor axs and therefore of
the average distance of the earth from the sun durning a year
This increased average distance resalts 1 a decreased lengthen-
ing of the month by the sun’s disturbing action The sidereal
month is therefore slowly becoming shorter, and will continue to
do so as long as the eccentricity of the earth’s orbit continues to
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diminish  After about 24,000 years (Fig 128) the effect will
dimimish to zero and then become reversed

As a result of this the moon slowly forges ahead of the position
computed with a umform perod, to an extent that increases as
the square of the tume, since 1n a longer interval there are more
months and the average length of each 1s less The theoretical
change amounts to only 6/ 01 at the end of a century (according
to Brown), but 1n 2000 years this becomes 40’, a quantity great
enough to be detected even from the rough records of ancent
observations

More than two hundred years ago Halley found this secular
acceleration of the moon’s motion by comparing ancient with
modern echpses Fothenngham (1915), from a thorough dis-
cussion of all the records of ancient observations, finds an
acceleration of 10" 3 per century The difference between this
and the theoretical value 1s undoubtedly real, and must anse
from a gradual slowing of the earth’s rotation and lengthenming
of the day (§355) This cxplanation 1s confirmed by the fact
that the ancient eclipses indicate an apparent secular accelera-
tion of the sun at the rate of 1”5 per century, which can be
cxplained only by an increase 1n the length of the day

339 The Lunar Theory The precise calculation of the motion
of the moon 1s one of the most difficult and laborious tasks in the
whole realm of applied mathematics With respect to the sun’s
action, the agreement of the results of Hansen, Delaunay, and
Brown (who worked by altogether different methods, each
spending between ten and twenty years on the problem) 1s con-
clusive evidence that the calculations are correct and complete

The cven more complicated planetary action has now been fully
computed by investigations whose complexity Professor Brown
compares to ‘' playing chess 1n three dimensions blindfolded,” and
i which several thousand terms were examined to see whether
they were of sensible magmtude Brown’s new 7'ables of the Moon
fill three quarto volumes, totaling more than 360 pages

340 Outstanding Irregulanties in the Moon's Motion After
the influence of the attraction of all known bodies has been
allowed for, there remain unexplained and very remarkable dis-
cordances between the computed and observed longitudes of the
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moon, which sometimes exceed 10" and may change by several
seconds 1n a few years

+ The greater part of these appear to be of a roughly penodic
nature There 15 evidence of a fluctuation, of peniod about 260
years, with a range of some 14” on each side of the mean, and
of another of period 60 or 70 years, ranging about 3" each way
But 1t would require the addition of several more such empinical
terms to represent the observations within reasonable hmits of
error, and Newcomb and Brown agree that the law of these
fluctuations 1s still unknown, and that their future course cannot
be predicted with certainty

Their cause 1s also unknown The observed positions of the sun
and the mnner planets also show deviations from theory which,
though smaller, are remarkably similar All these dewviations
would be fairly well explained by supposing that the earth, com-
parcd with a perfect clock, gets sometimes fast and sometimes
slow, by as much as eight or ten seconds, at rather iurregular
mtervals of a few decades, but no known forces could influence
1ts rotation to anything hke this extent !

841 Ellipticity and Intermal Constitution of the Planets. The
principles of celeshial mechanics give a full explanation of the
polar flattening of the earth and other planets This anses
from the centnfugal force due to the rotation (§150), and the
oblateness of a planet (other things bemng equal) will depend
on the ratio ¢ of centnfugal force to gravity at the planet’s
equator

If M 1s the planet’s mass, 7 1ts radius, and P 1ts rotation perod,
the centrifugal force at the equator on umt mass is 4 7% /P2, and
the force of gravity GM/r*, whence ¢ =4 #%3/GMP? Butif
p 1s the planet’s mean density, M = 47 pr®, whence

3
GpP?

This ratio depends, therefore, only on the density and rotation
period of the planet

¢=

! Professor Brown has suggested (1926) that alternating evpansion and contrac-
tion of the earth, by a few feet, may be mvolved, and thus that the problem 1s of
8 geological rather than of an astronomucal nature (Compare §146 )
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The oblateness e depends also on the planet’s internal consti-
tution For a homogeneous planet 1t may be proved thate=§ ¢
For a planet in which almost the whole mass 1s concentrated mto
a small lump at the center, e=} ¢ For several of the planets
€ may be found by direct measurement, and ¢ may be computed
By the equation given above The ratio ¢/¢ 1s found to be 1 14
for Mars, 0 97 for the earth, 0 76 for Jupiter, and 0 62 for Saturn.
It 1s evident, therefore, that Mars must be of nearly umform
internal density, while Jupiter, and especially Saturn, must be
very much denser at the center than near the surface

The force of gravity at the surface depends on both the
ellipticity and the internal constitution If W 1s the fraction by
which gravity at the pole exceeds that at the equator, then

W=ZE¢_57 (10)

as was proved by Clairaut This equation 1s used 1n finding the
earth’s ellipticity from measures of gravity (§ 138)

342 Perturbations of Satellites For a close satellite of an
oblate planet the principal disturbing force amses from the
attraction of the equatorial protuberance, or bulge If no other
disturbing forces are at work, the satellite revolves with a fixed
mean distance and period, and the eccentricity of the orbit, and
1ts inchnation to the plane of the planet's equator, remain prac-
tically constant The line of apsides advances umiformly, and
the nodes on the eqguatonal plane regress at the same rate,
completing a revolution 1n the same period

The period of this revolution 1s

2
X
" e—3z¢
where ¢ 15 the satellite’s mean distance and T its penod, while
7, ¢, and ¢ have the meamings defined above The ellipticity of a
planet may thus be found from observations of its satellites

For those satellites upon which the action of the sun 1s sensible the nodes
1egress upon a ‘‘proper plane” which lies between the planes of the planet’s
equator and orbit and 1s a sort of compromise between them The inchina-
tion of the satellite’s orbit to this plane vares but litHe For remote satel-
hites, like the moon, this proper plane almost coincides with that of the
planet’s orbit, and the principal perturbations are due to the sun
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The ellipticity of the earth increases the motions of the
pengee and node of the moon’s orbit by about 6” per year, and
causes a few small penodic perturbations, of which the largest
has a coefficient of 8”. From these Brown deduces an ellptiaty
of 1/203 7

In the systems of Jupiter and Saturn the mutual attraction}
of the satellites produce considerable perturbations of much
theoretical interest By the study of these the masses of a num-
ber of the satellites have been determined (§§ 436, 464)

THE TIDES

343, By far the most important (for practical affairs) of the
effects of disturbing forces are the fides which the attractions of
the sun and moon produce in the ocean These consist in a regu-
lar nise and fall of water, generally twice a day and with a range
of several feet The resulting changes of depth and currents are
of the utmost 1mportance to navigators, and 1n many places,
such as shallow harbors, the tides still control daily life more
closely than any other natural phcnomena except the succession
of day and mght and of the seasons

344 Phenomena of the Tides When the water 1s nising, 1t is
flood ©rde, when 1t 1s falling, 1t 1s ebb tade  High water occurs at
the moment when the water level 1s highest, and low water when
1t 1s lowest Successive high waters come about 123 hours apart
more preasely, the average interval between corresponding high
waters on successive days 1s 242 51m  This 15 the same as the
average interval between two successive passages of the moon
across the mendian, and the coinadence, maintained defi-
mtely, makes 1t certain that there must be some close connection
between the moon and the tides As someone has said, the odd
fifty-one minutes are the “'moon's earmark

When the moon 1s new or full, the range of the tides 1s con-
siderably greater than the average, igh water nsing higher and
low water falling lower, without affecting mean sea-level These
are called spring tades The neap tides, at the first and last quar-
ters of the moon, have the smallest range, — usually rather less
than half that of the spring tides.
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Further evidence that the moon 1s largely responsible for the
tides 1s found m the fact that when the moon 1s 1n perigee
(nearest the earth) theirr range is nearly 20 per cent greater
than when it 1s 1n apogee The greatest range of all happens
when the moon 1s new or full at the time when 1t 1s 1n pernigee

The “estabhshment of a port” 1s the mean interval between
the trme of lugh water at that port and the next preceding pas-
sage of the moon across the mernndian The establishment of
New York, for instance, 1s 8% 13™, — on the average, high water
occurs there 8h13™ after the moon has crossed the mendian,
but the actual interval vanes fully half an hour on each side
of this

In North Atlantic waters the morning and afternoon high
tides are about equally high, and the low tides equally low, but
1IN many seas, as In the
Gulf of Mexico and the
North Paalfic, there is a
marked dwurnal inequal-
2ty 1n the heights, coupled
with considerable irregu-
lanty in the times of high
and low water Indeed,
1n extreme cases there 1s F1c 130 The Tide-Raising Force
but one high water and
one low water a day This inequahty occurs only when the moon
is far north or south of the equator When the declination 1s zero,
there are two equal tides daily

All these complicated phenomena are readily explcable by the
effects of the disturbing forces, due to the sun and moon, on the
water of the oceans

345 The tide-raising force is very similar in nature to the dis-
turbing force of the sun upon the moon, which has already been
discussed (§ 334) The moon, for example, attracts the ocean at
A (Fig 130), directly beneath 1t and nearer to 1t, more powerfully
than 1t attracts the solid mass of the earth, and so tends to pull
the two apart The ocean at B, on the far side, 1s less strongly
attracted than the mass of the earth, and so the disturbing force
again tends to separate the two At D and E the moon’s attrac-
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tion pulls the earth and the ocean along converging lines, and
draws them together At intermediate points, such as F, G, a
combination of the two effects takes place, and the resultant
forces are indicated by the arrows

The magnitude of the tide-raising force 1s very small If M 1s the moon’s
mass (in terms of the earth’s), R its distance 1in radu of the earth, and g
the acceleration of gravity at the earth’s surface, then the acceleration due

to the moon’s attraction at C will be gM /RZ, and thal at 4, gM /(R — 1)?
The tide-raising force (on unit mass) f1s the difference of these two, that 1s,

i= gM(2R—1)
R R —1)?
Since R 15 a large number, we may set K 1n place of R — 1, and 2 R instead
2M
of 2 R — 1, without serious error This gives ‘§= R that 1s, the tide-

raising foree 1s proportional to the mass of the attracting bady, and inversely
proportional to the cube of 1ts distance

For the moon M =1/81 and R=60 Hence f/g=1/8,800,000
This 15 the maximum tide-raising force The force at D 1s half
as great, and at F about three fourths, or 1/11,700,000 of g

For the sun, M = 332,000 and R =23,400, so that f/g=
1/19,300,000 The sun’s tide-raising force 1s thus nearly 5/11 of
the moon’s

946 Tides on a Slowly Rotating Earth. If the earth were cov-
ered by a deep ocean, and if 1t kept always the same face toward
the moon, the tide-raising forces would produce a permanent
distortion of the ocean surface, raising 1t at the points 4 and B
(Fig 130) under the maoon and opposite to 1t, and lowerning 1t all
around the earth on the carcle 90° from these pomts, as at D
and E The difference 1n level between 4 and D would be about
two feet (1/11,700,000 of the earth’s radius)

Suppose now that the earth were set 1n slow rotation, so that
the ocean currents had plenty of time to bring the surface nto
equiibrium under the tide-raising forces The lunar tide would
then move around the earth like a long, low wave 1n the ocean,
with high water keeping at the points where the moon was at
the zemith or nadir Near an 1solated 1sland (F 1n Fig 130) the
sea would nse whenever the rotation carnied 1t to 4 or B, and
would fall when 1t was at D or E
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The sun’s tidal force would raise a similar but lower tide-wave
with 1ts crests under the sun and opposite to 1t, which would be
superposed on the lunar wave and modify 1ts effects

347 Explanation of the Prnincipal Tidal Phenomena. At new
and full moon the lunar and solar high tides would come together,
and the range of level would be unusually great At the quar-
ters the solar high tide would coincide with the lunar low tide,
and would partly fill up the depression, producing a decreased
range This explains the spring and neap tides The greatest
and least ranges should be 1n the ratio of (114 5) to (11 — 5),
or as 8 to 3 The observed ratio 1s usually not quite so great.

When the moon 1s 1n perngee, .
it is fully 10 per cent nearer than N e v
at apogee, and 1ts tidal force 1s ~ 4 rdl
about 30 per cent greater, which D5
mmmediately explains theincreased g 0

range of the tides at perigee

When the moon 1s farthest
north of the celestial equator (EQ, S
prolonged, Fig 131), the tidal Tic 131 The Dwumal Inequalty
summits will be at A and 47, the
tide which occurs at B when the moon 15 overhead will be
great, while the tide 1n the corresponding southern latitude at B’
will be small Twelve hours later, when the earth’s rotation has
carried the observers to C and (’, the tide at the northern station
will be small and the one at the southern station will be large
The existence of a diurnal inequality 1n the tides 1s thus explained
For points much nearer the pole than B there will be but one
high tide and one low tide a day, while on the equator, at E or Q,
the two tides should be equal

When the moon 1s on the celestial equator, A and A’ are on the
earth’s equator, and everywhere there will be two equally lugh
tides a day, once more accounting for an observed fact

348. Complexity of the Actual Problem. This sumple theory
(worked out by Newton) accounts for the general behavior of the
tides very well, but 1t breaks down 1n details It does not explain
why high tide, at different points, comes at all sorts of different
wtervals after the moon’s transit, or why the range of the tides 1s

P ! 5y
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many times greater 1n some places than in others, or why there is
a marked diurnal 1nequality of the tides in some places near the
equator (lke Mamla) and very little at high latitudes in the
North Atlantic

There are two reasons for these discrepancies First, the earth
rotates rapidly, so that the tide-raising forces in a given region of
the ocean change too fast for the water-level to adjust 1itself fully
to them; second, the ocean basins are very irregular 1n form and
depth The first of these facts makes 1t a very difficult problem to
calculate the tides theoretically even in an ocean of uniform
depth, bounded by parallels of latitude and longitude, the
second destroys all hope of general theoretical calculation

349 Tides 1n Lakes For a lake which covers so small a part of the
earth's surface that the tide-raising forces at all points of 1ts area are prac-
tically equal and parallel, the problem 1s simple  When the muon 1s on the
horizon, the tidal force 1s vertical and the surface of the lake will be undis-
turbed With the moon above the horizon the honzontal component of the
tidal force urges the water toward the side of the lake nearest the moon
(as at F 1n Fig 130), so that the high water will swing around the shore
from the east side to the south and west (1n the northern hemisphere), while
the low water will move along the opposite shore of the lake With the
moon below the horizon the high water will be on the side opposite to 1t
(G m Fig 130)

In even the largest lakes the tides are very small, — much less than the
vaniations 1n level due to wind and weather, — and they can only be de-
tected from the average of long senies of observations At Chicago the tide
in Lake Michigan has a range of about 1§ inches The estabhshment of the
port 1s about 30 minutes (as would be expected from the position of Chicago
just west of the southern end of the lake) The tides in the Mediterranean
are substantially of this type, and average about one foot n range,
reaching three feet 2t a few points, including Venice and Tunis

360 Oceanic Tides For bodies of water as large, as irregular,
and as much cut up by land barners as the oceans are, theoretical
calculation 1s hopeless, except 1n one very important particular, —
1t enables exact prediction of the periods of the actual tidal
oscillations

Consider, for example, the sun’s influence at the time when 1t 1s
on the celestial equator At any given point the tide-raising force
vanes 1n amount and direction from hour to hour, but returns to
the same value (as may easily be proved) at intervals of twelve



CELESTIAL MECHANICS 297

hours After such a force has acted long enough for a “steady
state” to be established, the surface of the ocean will be thrown
into osallations The character of these oscillations — whether
they are simple motions, hike those 1n a small lake, or complicated
ones, with several regions inwhich the water rises at the same time,
separated by others in which 1t falls — will depend on the size,
shape, and depth of the sea and on the range of level The time of
high water will differ from place to place, but the period will be
exactly that of the impressed force

Sumilarly, the lunar tide-raising force, if acting alone, would
set up a senes of oscillations at intervals of 120 252 with a
greater range and a somewhat different " pattern” of regions of
high and low water These two oscillations are called the solar
and lunar semi-diurnal tides Under the combined action of the
moon and sun they are superposed without sensibly modify-
1ng one another, and their combination produces the spring and
neap tides

The other vanations in the tide-raising force may be taken 1nto account
by introducing additional periodic terms For example, the main part of
the changes due to the moon’s varying distance may be allowed for by
superposing on the lunar semi-diurnal tide, the period of which 1s 12" 25™ 145,
another tide of about 1/5 the range, and of period 12" 39™ 30° This falls
mto step with the first whenever the moon 15 in penigee, and 1ncreases the
range, while at apogee 1t 1s out of step and diminishes it The lunar diurnal
nequalities may be represented by a pair of oscillations, of period nearly
one day, which annul each other when the moon 1s on the equator, but
reenforce each other when 1t 1s farthest north or south

351 Analysis and Prediction of the Tides. When a record of
the actual fluctuations of the water-level at a given port for a
year or more has been obtained (which may readily be done by a
self-repistering tide-gauge), the ranges and phases of the separate
penodic changes of level are not hard to find For example, taking
readings made at noon on every day of the year, the lunar tide
will be sometimes high and sometimes low, and 1its effects will
practically disappear in the average, while the solar tide will
always be the same Taking averages of the readings at 1P M,
2P M, etc, the course of the solar tides can be found Tides of
other peniods can be treated sumilarly
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Having thus found the various component tides at the given
port (of which from twenty to thirty are usually large enough to
take into account), the level of the water at any time may be
predicted by adding together their effects This may be done
mechanically, with the aid of a very mgenious machine which,
when once set with the tidal constants for a given port, will auto-
matically draw a curve on a long roll of paper, showing the oscil-
lations of the tide-level for a whole year The United States
Coast Survey uses such a machine to prepare the Tide Tables
which give the predicted times and heights of every high and low
water for about seventy of the principal ports of the world

352. Height of the Tides In the open ocean the range of the
tides (as observed on 1solated 1slands) averages about two and a
half feet, but 1s very different on different 1slands, owing to the
complicated mode of oscillation of the ocean waters On the
coast the range 15 usually greater, for the oscillations tend to grow
higher as they run into shallow water In shallow water the wave
moves slowly, so that the time of high water differs widely at
stations only a few score mules apart

Where the configuration of the coast forces the tide into a commer, or
where the natural peniod of escillation of the water 1n a bay or gulf 1s nearly
the same as that of the tides, the range becomes very great At the head of
the Bay of Fundy the mean range of spring tides 1s fifty feet, and on the
eastern coast of Patagoma 1t 15 almost as great It 1s also very great n
the Bristol Channel, on the coast of Normandy, and in Hudson Strait
In some tidal estuaries 1n Lhese regions the flood tide comes 1n as a brealung
wave several feet high, called the bore The tide wave runs up great rivers,
such as the Amazon, far into fresh water and many feet abave sea-level

363 Effect of Wind and Barometric Pressure In quiet weather the
predictions of the t.de tables are usually very accurate, but a strong wind
may drive 1 the water before it, raising the level sometimes by several
feet A northeast wind, for example, raises the level at the western end of
Long Island Sound In such a case the tide runs in longer than usual, and
high water comes Jate A wind in the opposite direction produces the
reverse effect

When the barometer is lower than usual, the level of the water 1s usually
higher than 1t would otherwise be, at the rate of about a foot for each inch
of barometnic height In the center of a tropical hurncane, when the
barometer 1s very low and the wind dnives the water 1n spirally toward the
center, the tide may nse very high This effect was largely responsible for
the great disaster at Galveston (1900)
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354 Direct Measurement of the Tide-Raising Force; Rigidity
of the Earth The tidal force, even when the moon and sun act
together, 15 so small that 1t 15 very difficult to detect by direct
observation The problem was solved by Michelson 1n 1913, by
remarkably simple means A carefully leveled line of iron pipe
500 feet long was buned 1n a trench, the pipe was half filled with
water and sealed air-tight At each end was a window, through
which the water-levél could be observed by a microscope The
attraction of the sun and moon produced tides within this pipe,
the water nsing at one end and falling at the other The height
of these tides amounted at most to less than 1/1000 of an inch,
but this could be measured to about 1 per cent All the phenom-
ena of the tides — springs and neaps, perigee fides, and diurnal
mequality — were beautifully exhibited Two pipe lines, one run-
ning north and south and the other east and west, permitted a
study of the tidal force 1n both directions

Discussion of such measures showed that the times of high
water, for the various component penodic oscillations, and their
relative heights, agreed admirably with theory, but the heights
were 1n all cases only 69 per cent of the predicted heights

The reason for this 1s that the sohid earth 1s elastic and 1s
deformed by the tidal forces, so that 1ts surface nses, falls, and
tilts as that of a liquid sphere would do, but to only 30 per cent
as great an extent From this 1t can be shown that the ngdity
of the earth, as a whole, must be about equal to that of steel
It appears, also, that the earth 1s almost perfectly elastic, there
1s no evidence of any lag 1n the action, as there would be if there
were any slow permanent y1elding, such as would occur 1n a semi-
solid or viscous mass The actual mse and fall of the earth’s
surface amounts to about nine inches at the time of spring tides

3556 Tidal Friction. Effects on the Earth’s Rotation, In the
deep sea the tidal motions of the water are slow and there is
little friction, but near the land great masses of water flow 1n
upon the shallows and out again to sea, with a large amount of
fld friction, and this involves the expenditure of a considerable
amount of energy, which 1s converted into heat

This energy must be denved mainly from the earth’s energy of
rotation, and the necessary effect 1s to lessen the rate of rotation
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and to lengthen the day Compared with the earth’s whole stock
of rotational energy the loss by tidal friction 1s small and the
lengtherung of the day 1s very gradual, but 1t has been detected
with certainty by the study of ancient observations

Fothenngham’s values (§ 338) show that at the end of a
century the moon 1s ahead of the position computed from gravi-
tational theory by 4”330 7, and the sun by 1”5+0"3.
A lengthemng of the day at the rate of 1/1000 of a second per
century would set the moon ahead by about 5" 8, and the sun
by 0”75, these figures agree with the observed values well
enough 1n view of the uncertainty of the data

356 Rate of Dissipation of Energy Although this change
the earth’s rotation 1s very slow, it involves a great expenditure
of energy A lengthening of the day by 1/1000 of a second per
century requires the continuous dissipation of energy at the rate
of 2100 mallion horsepower, as 1s shown by a sumple calculation.
If the observed accelerations of the moon and sun are really due
to tidal fniction, the power expended 1n driving the tidal currents
must add up to this gigantic total

If the depth of water and the velocity and direction of the
currents are accurately known, the dissipation of energy by
tidal friction 1n any given area of the sea may be calculated
Jeffreys, and G I Taylor, have done this for all the regions
where the tides are strong They find that, on the average, the
total rate of dissipation 15 1500 million horsepower, and that
about two thirds of all the friction occurs in Benng Sea, where
the water 1s shallow and the currents are strong ‘The numercal
data on which the calculations are based are rather rough, and
1t 15 quite within the bounds of probability that more precse
mnformation would lead to a closer agreement with the value of
2100 mlhon horsepower

If the earth’s mtenor were somewhat viscous, the deformation
of 1ts whole mass by the tidal forces would be attended with
serious friction, but evidence of various kinds shows that it 1s
almost perfectly elastic, and that such friction 15 small compared
with that in the sea

357, Tidal Power A century and more ago the tides were used
to dnive small water-mills (tide-mulls) all along the New England
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coast, but such small units are now unprofitable There are few
places where the height of the tides and the volume of the flow
would jusbfy a modern hydro-electnc development, and the
fact that high water comes at a different time each day comph-
cates the economic side of the problem, so that no such plants
are 1n operation, though some are projected

368 Effects of Tidal Friction on the Moon’s Orbit. Tidal fric-
tion has also important effects on the motion of the moon, less
obvious than those on the earth’s rotation As the earth’s rota-
tion grows slower the angular momentum associated with 1t
diminishes But angular momentum 1s indestructible (§ 302),
it may be transferred from one body to another 1n a system, but
cannot disappear If the earth and the moon were wholly 1so-
lated, all the angular momentum lost by the earth would be
gained by the moon and would alter its orbital motion Now the
angular momentum for two bodies moving 1n a Keplenian ellipse
1s proportional to the square root of their distance at a point 90°
from the pengee, that 1s, of the semi-parameter p of the orbit
(§ 317) Hence, as the moon gains angular momentum its orbit
must expand, 1t must recede from the earth, and the month must
grow longer

At the present time the angular momentum of the orbital
motions of the earth and moon about their center of gravity 1s
4 82 times that of the earth’s rotation Talung the latter as a
umit, the whole momentum is 582 If the length of the day
should change from its present value d, to d, the rotational
momentum would change from 1 to dq/d, since it is propertional
to the rate of rotation, and if the moon’s distance, measured as
defined above, should change from p, to $, the orbital momentum
would become 4 82+/p/po Hence, 1f 1t were not for the solar

tides, we should have P
244 SZ\JZ =582
d T po

throughout the whole course of the changes, and this equation
would give the moon's distance corresponding to any given length
of the day

The solar tides also slow the earth’s rotation, and transfer
angular momentum to the earth’s orbital motion around the
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sun (the solar and lunar tides acting independently, as is easily
proved) This causes the earth to recede from the sun, and
lengthens the year, but the present orbital angular momentum
15 almost a million times as great as 1n the case of the moon, and
the changes 1n the earth's orbit produced by tidal action are
therefore practically insensible

369 '*Tidal Evolution ” These influences, acting through the
course of ages, are capable of produung profound alterations in
the system of the earth and moon Louoking backward 1n tiume,
it appears that the earth’s axial rotation must have been faster
1n remote times, the moon nearer, and the month shorter The
hmiting state can be shown to be that in which the day was not
quite five hours long, the moon a httle more than nine thousand
miles from the earth, and the month but a little longer than
the day.

The ""tidal evolution” of the system from this initial condition
to 1ts present state has been studied in detail by Sir George Dar-
win (son of the great naturalist) The present inchination of the
moon’s orbit, and the obliquity of the earth’s equator to the
ecliptic, may also have resulted from tidal action, starting with
an mitial inclination of about 12° for the system These changes
must have taken a very long time Jeffreys estimates roughly
that they may have required four thousand million years

In the future the day will grow longer, and the moon’s dis-
tance will increase, until at last the earth keeps the same face
toward the moon, and the sidereal day and month are equal Lo
forty-seven of our present days Before this happens an interval
many times as long as that of the past history of the system must
elapse If the moon once rotated rapidly, its rotation would
have been far more quickly slowed by the great tides raised 1n
1t by the earth’s attraction Thus the moon, as regards 1ts axal
rotation, appears already to have reached the state which the
earth will not attain for ages to come

Ths state, however, will not be final The solar tides will still be at work
(provided the oceans have not frozen up), and will gradually slow the earth’s
rotation until the day 1s longer than the month The friction of the lunar
tides w'ig.l then tend to accelerate the earth’s rotation, and oppose that of
the solat #des In tlus way the angular momentum will be very slowly
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transferred to the orbital motion of the system around the sum, until at
last the moon comes back close to the earth Then (according to Jeffreys)
1t may be torn to pieces by the tidal forces (§ 461) and form a ring around
the earth like those of Saturn The sun 1itself, however, may have ceased to
shine before time enough has passed for these exceedingly slow changes to
be completed

RELATIVITY

Within the last two decades many fundamental physical con-
ceptions have been modified by the advent of the theory of
relatynty, first propounded by Albert Einstemn (1905) A gen-
eral discussion of this theory would lead far outside the range of
this book, but certain of 1ts applications, and some of the most
mportant observational tests of the theory, fall within the field
of astronomy and must be mentioned here

360 The principle of relativity 15 the postulate that the laws of
nature are such that all physical phenomena depend only on the
relatwe positions and motions of the bodies concerned (including
everything on which observations are made, even 1f 1t be a dis-
tant star), and are quite unaffected by any umform rectihnear
motion which may be common to them all

With regard to the motions of matenal bodies this follows
immediately from Newton's laws of motion and 1s confirmed by
everyday experience Thus, the earth’s orbital motion (which
1s nearly enough rectilinear to serve as an illustration) has no
influence on the relative positions or motions of objects on 1ts
surface, nor does the rapid motion of the solar system through
interstellar space (§ 740) have the least influence on the paths
which the planets pursue relatively to the sun (The displace-
ment of Anstotle’s views by Newton’s was therefore the first
and greatest tnumph of relativity )

The modern question was, whether expertments on Z:ght (or
electrical experiments of certain types) could detect umiform
rectilinear motion, —1f the observer and all his apparatus,
for example, were inclosed in a great box, moving with hum,
which shut out all influences from the umverse outside Though
some experumental difficulties and disagreements remam, the
general outcome of the mvestigations of the past generation
15 1n favor of the conclusion that here too the pnncple of rela-
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tivity holds good, in that such motion cannot be detected by
these experuments

The consequences of this principle pomnt to revolutionary
changes 1n our notions of the nature of time and space, the dis-
cussion of which must be left to other works Ordinary dynamical
calculations, even mn astronomy, are affected hardly at all, since
the differences between the old theory (Newton’s) and the new
theory (Einstein’s) involve the square of the ratio of the velocity
of a moving body to the veloaity of hight, and this 1s an exceed-
mngly small quantity The pnnaple, however, hke that of the
conservation of energy or of angular momentum, often greatly
simplifies the consideration of a complicated problem

Two of 1ts consequences may be mentioned here First, the
velocity of light 1n empty space, as measured by any observer,
must always have the same value, no matter whether the observer
1s at rest or n motion, or in what direction the hight 1s moving
This value ¢ 1s an absolute constant of nature

Second, the mass of a body depends upon 1ts content of energy,
mncreasing shghtly when this 1s increased (as by heating 1t or
increasing its velocity) In other words, energy possesses mass
The mass m associated with an amount E of energy 1s given by
the equation m = E/¢®* Such a change in mass 15 great enough
to be observable only 1n the case of electrons moving with great
speed (and kinetic energy) in vacuum tubes, but the prinaple 1s
astronomically important mn dealing with the history of the
stars (§§ 672, 961)

361 General Relativity The ““special ”’ theory of relativaty, just
described, was generalized by Einstein (1915) to take account of
accelerated motion The mathematical details of the resulting
theory are of notorious difficulty, and, even with the intncate
tensor analysis, mathematicians have as yet succeeded in working
out only the simpler cases, but some of 1ts underlying ideas, and
the observational evidence by which 1t has been tested, are not
hard to understand

Consider, for example, two observers, each inclosed, with his
instruments, 1n a great box, such as was previously imagned
Suppose that the first observer and his box are at rest in space
(or 1n umform motion), and that the second — box, apparatus,
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and all —ijs faling freely in a uniform gravitational field, n
which the gravitational force 1s equal and parallel at all points
This box, and everything 1n 1t, will be accelerated at the same
rate, so that the relative motions of matenal bodies within 1t,
even according to ordinary mechamcs, will not be affected in the
least by the external force ! Once more the question has to do
with optical (and electnical) phenomena, relativity insists that
these also are unaffected, and the full development hete of the
consequences of this principle leads to strange conclusions

It appears that, in the vicinity of material bodies which exert a
gravitational influence, the geometry of space may be represented
as not of the simple type studied by Euchd The result s that in
the vicimty of a large mass the natural path of a freely moving
body 1s not straight but curved, — comnciding, 1 fact, with the
orbit which s ordinanly spoken of as being due to the action of
the gravitational force due to the large mass Thus the motion
of a planet 1n 1ts elliptical orbit, and that of a body 1n a straight
line 1n empty space, remote from even the stars, are, from the
new standpomnt, regarded as equally natural, neither requining
any specific explanation or the action of any force  When motion
of either type is prevented, as when a stone 1s hung up by a string
or whirled rapidly around 1n a arcle at the end of 1t, the *' gravita-
tional force” which 1s felt in the first case, and the " centrnifugal
force” 1n the second, both anse from the fact that the stone 1s not
permitted to follow 1ts natural path.

In all but a very few instances the consequences of the new
theory agree with those of Newton’s laws, far within the accuracy
of the most refined observations, so that the older and far simpler
mathematical methods are still to be employed 1n practice But
there are three cases in which the results differ measurably, and
1 each of these the observations are deaisively 1n favor of the new
theory

362 The Motion of the Perihelion of Mercury. According to
Emstein the orbit of a planet about the sun (if not disturbed by
the attraction of other planets) will be sensibly elliptical 1n form,
with the sun at one focus, the hne of apsides, however, will not

1Tt 15 only because the attractions of the sun and moon on the earth are not
equal and parallel at all points that they raise the tides
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be fixed 1n direction, but will slowly advance (That s to say, the
orbit takes the form of an ellipse which 1s very slowly rotated )
The rate of advance depends only on the planet’s mean distance,
its penod, and the velocity of hight, and may be exactly calcu-
lated from the theory The predicted advance should be observ-
able only in the case of Mercury, the orbit of Venus 1s so nearly
crcular that its penihelion cannot be found accurately, and the
predicted motions for the earth and Mars are too slow

Now 1t has long been known that the perihelion of Mercury 1s
moving faster than the older theory indicates The motion of
the perthelion can be determined accurately by observation, es-
pecially of the times of the planet’s transits, and 1t 1s found,
after allowing for the secular perturbations due to all the planets,
that the perithelion shows an unexplaimned advance at the rate
of 40" 1+ 1”4 per century This change of the orbit mn a
century alters Lhe calculated position of Mercury at transit by
more than the planet’s diameter,—an amount mmpossible to
ignore The advance predicted by Einstemn 1s 42”9 The per-
turbations are sensibly the same on the new theory as on the old,
so that the agreement between observation and the new theory
1s stnking

Various attempts have been made, before and after the development of
relativity, Lo account for this motion of Mercury’s perihelion by the attrac-
tion of a diffused mass of meteoric matter surrounding the sun  This 1s
quite possible as a mathematical exercise, but the quantity of matter re-
quired, when 1lluminated by the sun, would, even on the assumptions most
favorable to ths theory, reflect an altogether inadmissible amount of hght,

vastly exceeding 1n brightness the faint zodiacal hght which 1s actually
observed (§ 424) The relativistic explanation therefore holds the field

363 The Curvature of Light Rays near the Sun The second,
and 1n some respects the most remarkable, prediction of the new
theory 1s that rays of light in a perfect vacuum, passing by a
large gravitating mass, should not be perfectly straight but should
bend inward somewhat hike the hyperbolic orbits of matenal
particles moving at very high velocity The computed deflection
1s mnsensible for rays passing near planets For a ray that grazes
the sun 1t amounts to 1” 75, for other rays 1t 1s inversely propor-
tional to the least distance of approach to the sun’s center
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The only way to observe this deflection 1s to photograph the
stars surrounding the sun during a total solar eclipse The bend-
ing of the lhight rays will make the stars appear farther from the
sun’s center than they otherwise would (Fig 132) By com-
panng the photographs taken during the eclipse with others taken
under hke conditions a few months earlier or later, when the sun
is out of the way, the grawvitational deflection can be measured

~—_B
=g

Fic 132 Deflection of Light Rays in Sun’s Gravitational Field

Rays from A4 and B are deflected inward, so that to an observer on the earth at E the rays
appear to come [rom A’ and 8’, farther from the sun The ray which passes nearer the sun is
deflected more The effect 1s enormously emaggerated 1n the diagram

The observations are extremely dehcate Great care must be used that
the camera 1s properly adjusted, and that the adjustments are the same
when the comparison plates are taken The slars must be at the same alti-
tude 1n the sky 1n the two cases, so that the effects of refraction may be the
same When these precautions are employed, and when the number of stars
shown on the plates 1s considerable (thus permitting a determination of the
small outstanding differences of adjustment from the plates themselves),
rehable results can be obtained

The test was first made by two English parties at the eclipse
of 1919 Observations in Africa were much disturbed by clouds,
but those 1n Brazil were successful m spite of some instrumental
troubles The plates gave conclusive evidence of the existence of
the deflection, and determined the amount at the sun’s hmb
(irom the observed values farther out) as 1” 98, which agreed
with the predicted value within the error of observation

Still more defimite results were obtained at the Australian
eclipse of 1922, especially by the Lick expedition Every pre
caution was taken in the construction of the instruments, the
exposure of the plates, and their measurement and reduchion
More than mnety stars were measured The mean result from
ten pairs of plates gave the value 1”7 75 + 0’ 09 for the deflection
at the sun’s hmb (in almost exact agreement with prediction), and
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the theoretical law of vanation of the deflection with distance
was confirmed Observations by Canadian and Austrahan par-
ties ikewise confirmed the reahity and amount of the deflection

Here again the observational evidence 1s decisively 1n favor of
the theory of relativity (Attempts to explain the observations
by peculianties of refraction in the earth’s atmosphere have met
with no success )

364: The Displacement of Spectral Lines to the Red A thurd
prediction of the theory 1s that when hght 1s emitted or absorbed
by an atom on the surface of a massive star, the vibrations will be
shghtly slower, and the wave-length of the light greater, than for
atoms of the same sort on the earth Thus the corresponding
spectral lines should be shifted toward the red In the case of the
sun the shift 1s small (§ 591), and 1ts effects are confused with
other small displacements not yet fully understood There 1s
a faint star, the companion of Sirius, for which the predicted
Einstein shift 15 great enough to be readily measurable The
observations of Adams give conclusive evidence of such a shift, of
about the predicted amount and not otherwise explained (§ 828)

The astronomical evidence, which alone affords an observational
test of the general theory of relativity, 1s therefore at all points
definitely 1n 1ts favor
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CHAPTER XI

THE TERRESTRIAL AND MINOR PLANETS
MERCURY, VENUS, EARTH, AND MARS THE ASTEROIDS ZODIACAL LIGHT
MERCURY

365 Mercury has been known from remote antiquity, and there
are recorded observations running back to 264 Bc At first as-
tronomers failed to recogmze 1t as the same body on the eastern
and western side of the sun, and among the Greeks 1t had for a
time two names, — Apollo when a morning star and Mercury
when an evening star It 1s so near the sun that 1t 15 compar-
atively seldom seen with the naked eye (Copernicus 1s said never
to have seen 1t), but when near 1ts greatest elongation 1t 1s easily
visible as a brlhant star low down in the twilight, varying, accord-
g to crcumstances, between the stellar magmitudes (§ 688)
— 12 and 4+ 11, that 1s, from almost the brightness of Sinus to
that of Aldebaran Tt 1s best seen in the evening at such eastern
elongations as occur in March and April As a morning star 1t 1s
best seen at western elongations in September and October

It 1s an exceptional planet 1in various ways It 1s the nearest to
the sun, recewves the most light and heat, 1s the swiftest in its move-
ment, and (excepting some of the asteroids) kas the most eccentric
orbut, with grealest inclination to the ecl:ptac 1t 1s also the smallest
wn dzameter (again excepting the asteroids) and has the leas? mass

366 Its Orbit Its mean distance from the sun 1s 35,950,000
miles, but the eccentniaity of 1ts orbit 1s so great (0 206) that the
sun 1s 7,400,000 miles out of the center, and the distance of the
planet from the sun ranges all the way from 28,550,000 to
43,350,000, while the velocity 1n 1ts orbit vanes from 36 miles a
second at penihelion to only 24 at aphelion Its distance from the
earth ranges from about 50,000,000 miles at the most favorable
inferior conjunction to about 136,000,000 at the remotest superior
conjunction

309
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A given area upon 1ts surface recerves on the average nearly
seven tumes as much light and heat as the same area on the earth,
and the amount received at penhelion 1s greater than that at
aphelion 1n the ratio of 9 4

The sidereal period 1s 88 days, and the synodic penod (from
conjunction to conjunction) 116 days The greatest elongation
ranges from 18° to 28°, varying on account of the eccentnaty of
1ts orby, and occurs about 22 days before and after infenor con-
jumction The inchination of the orbit to the ecliptic 1s about 7°

F1c 133 Phases ol Mercury and Venus (Schemaltic)

In the tddescope the planet looks hike a hittle moon showing phases precisely similar to those

of the moon At imfenor conjunction € the dark side 15 toward us, at superior conjunction

A, the Jlumnated side At greatest elongation near B, D, the planet appears as a half-

moon It 15 gibbous between superior conjunction and greatest elongation, while between

wnferior conjunction and greatest elongation 1t shows the crescent phase The form of the
crescent 1s only roughly mdicated

367 Diameter, Mass, Density, and Surface Grawity The ap-
parent diameter of Mercury ranges from 5 to about 13"/, accord-
ing to 1ts distance from us, and the real diameter 1s about 3100
miles This value may be 1n error by 5 per cent Its surface 1s
about 15 per cent of that of the earth, and 1ts volume, or bulk,
6 per cent

The mass of Mercury 1s extremely difficult to deterrmine The
planet 15 so small, and so near the powerfully attracting sun, that
its effect 1n disturbing other planets 1s very shght, and the
probable error of Mercury’s mass denived from these perturba-
tions 1s correspondingly great Occasionally a comet comes near
enough to the planet to be sensibly influenced by 1ts attraction,
but the same difficulties are met with in this case, — Mercury
disturbs 1ts motion very hittle
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The latest calculated value of the mass of Mercury (de Sitter)
is 1/8,000,000 of the sun’s mass, or 1/24 that of the earth, with
a probable error of about 25 per cent With this mass, and a
diameter of 5000 kilometers, the surface gravity comes out 0 27
that of the earth, and the density 0 70 that of the earth, or
3 8 times that of water, —1intermediate between the densities of
Mars and the moon, as seems reasonable These results, how-
ever, are subject
to very considera-
ble uncertainty

368 Telescopic
Appearance and
Rotation Like the
moon and Mars
(which also possess
solid surfaces), but
unlike Jupiter, the
luminated edge
of Mercury’s disk
is brighter than
the center Gen-
erally, of course,
the planet 15 so
near the sun that
1t can be observed Fic 134 Surface Detail of Mercury
Ollly by day, but After Schiaparell
when proper pre-
cautions are taken to screen the object-glass from direct sun-
Light, such daylight observation 1s not especlally difficult It 1s
only under very favorable atmospheric conditions, however, that
any details can be seen on the surface of Mercury In 1889
Schiaparelli, the Italian astronomer, announced the discovery
of certain dark permanent markings there (Fig 134) As in the
case of other difficultly visible planetary details, there are con-
siderable differences between the descriptions of the markings
by different observers Barnard described them as ‘' very much
resembling those seen on the moon with the naked eye,” while
Lowell drew them as almost lLinear
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Schiaparelli also found that the markings did not change ther
positions on the planet’s disk even 1n the course of several hours,
but remained nearly fixed 1n thewr position with respect to the
terminator, — the boundary between the illuminated and umllu-
minated hemispheres of the planet Granting this permanency,
1t follows that the planet rotates on its axis only once during its
orbital peniod of eighty-eight days, that 1s, 1t keeps the same
face always toward the sun, as the moon does toward the earth

869 Atmosphere and Physical Condibon The low veloaty of
escape at the planet’s surface (3 6 kilometers per second) makes
i1t very probable that any atmosphere that Mercury may ever
have had has largely escaped into space, as 1n the case of the
moon (§ 201) If Mercury has any at all, 1t must be exceedingly
rare The phenomena which prove that Venus has an atmosphere,
such as the prolongation of the horns of 1ts crescent by twilight
(§ 376), have never been observed 1n the case of Mercury, and
the spectroscopic evidence 1s inconclusive

The low value of the albedo, only 0 07, which 1s somewhat 1n-
ferior to that of the moon, indicates that the hight 15 reflected from
a solid surface rather than from an atmosphere In the propor-
tion of ight given out at 1ts different phases 1t again resembles
the moon, the imncrease of brightness near the full phase being
even more marked It s therefore probable that its surface has
as rough a structure as that of our satellite

If one side of the planet turns permanently toward the sun,
the temperature of this side must be very huigh, while the opposite
face, which never recerves any sunlight, must be intensely cold
Between these regions 1s a space 1n which, on account of libra-
tions, the sun alternately nses above the honzon and drops back
again, and 1 which the vanations of temperature must be great
According to Pettit and Nicholson’s radiometric measures (§ 618)
the temperature of the sunht side of Mercury 1s about 350° C,
— quite hot enough to melt lead

370. Transits of Mercury At the time of infenor conjunction
the planet usually passes north or south of the sun, the inchination
of 1ts orbit bemng 7°, but if the conjunction occurs when the
planet 1s very near 1its node, 1t crosses the disk of the sun as
a small black spot, — not, however, large enough to be seen
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without a telescope (Fig 135) Since the earth passes the planet’s
node on May 7 and November 9, transits can occur only near
those dates

At the May transits the planet is near its aphehon and much
nearer the earth than 1t is ordinarly, and the transit hmit (cor-
responding to an ecliptic limit) 1s 2° 40 on either side of the node
For the November transit, when the planet is nearer the sun, the
corresponding lirmt 15 4° 45, so that transits at this node are about
twice as numerous
as at the other

For the Novem-
ber transits the in-
terval hetween two
slccesslve passages
of Mercury across
the sun 15 some-
tumes only 7 years,
but 1s usually 13
years For the May
transits the 7-year
mterval 1s 1mpos-
sible Twenty-two
synodic periods of  ghBIm47s  10M0™ 17 10 Im17F 10N 41T
Mercury are nearly Fic 136 Transit of Mercury, November 7, 1914

equal to 7 years, The photograph at 9h gm 175 shows a slight depression in

41, lTlUCh more the hmb of the sun, the planet starting to enter on the disk
Second contact occurred shortly after Bh 58m 473  (From

near]y Equal to 13 photograph by Royal Observatory, Greenwich)

years, and 145, al-
most exactly equal to 46 years Hence, 46 years after a given
transit another one at the same node 1s almost certain

GMT 9 58™ 17 9h BE™ 47 oh 5Om 179

The first and second contacts of the transit of May 7, 1924, were visible
n the United States and were well observed The sun set with the planet
well on the disk The next transit wholly visible 1n the United States will
occur on November 14, 1953

A transit of Mercury furnishes an opportumty for determining
corrections to the planet’s place and 1its orbital elements
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VENTUS

The next planet in order from the sun is Venus, by far the
bnghtest and most conspicuous of all in our skies, — the earth’s
twin sister 1n magmtude, density, and general constitution, if not
in other physical conditions Like Mercury, it had two names
among the Greeks, — Phosphorus as mormng star and Hesperus
as evemng star

It 1s so brilliant that it 1s easily seen with the naked eye 1n
the daytime for several weeks when near 1ts greatest elongation,
occasionally 1t 15 bright enough to catch the eye at once, but
usually 1s seen by daylight only when one knows precisely where
to look for it

371 Distance, Penod, and Inclination of Orbit 1ts mean dis-
tance from the sun 1s 67,170,000 miles

The eccentricily of the orbit 1s the smallest in the planetary
system (only 0007), so that the whole vanation of 1ts distance
from the sun 1s less than a million miles

Its orbutal velocity 15 22 miles per second

The heat and hght recerved from the sun are almost exactly
double the amount received by the earth

Its siudereal perrod 15 225 days, or nearly seven and one-half
months, and its synodic pernod 584 days, or a year and seven
months From superior conjunction to greatest elongation on
erther side 1s 220 days, while from mferior conjunction to greatest
elongation 1s only 72 days, — less than one third as long

The greatest elongalion 1s 47° or 48°

The wnclination of its orbat 1s about 3° 24’

372 Diameter, Mass, Density, etc The apparent diameter of
the planet ranges from 64" at the time of inferior conjunction to
only 10" at superior conjunction, the great difference being due to
the enormous vanation 1n the distance of the planet from the
earth, which 1s only 26,000,000 miles at infenor conjunction and
160,000,000 at superior conjunction No other body ever comes
so near the earth except the moon, an occasional comet, and one
or two asteroids

Measures during transit make the planet’s diameter 7600
mules, and the older measures on a dark sky, about 7800 mules
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The difference 1s clearly due to irradiation The real diameter is
probably not far from 7700 rules, with a probable error not
exceeding 1 per cent

According to this its surface 15 0.95 of that of the earth, its
volume, 0 92

By means of the perturbations which the planet produces on
the earth and Mars the mass of Venus 1s found to be 1/410,000
of the sun's mass, or
0 81 of the earth’s This
value 1s uncertain by a
considerable fraction of
1 per cent Thedensity
comes out 88 per cent,
and the superficial grav-
ity 85 per cent, of the
earth’s A man who
weighs 160 pounds on
the earth would weigh
136 pounds on Venus

373 Bnghtness, Al-
bedo, and Phases of
Venus Whenever visi-
ble at all this planet ap-
pears brighter than any
other, ranging {from FiG 136 Venus

—33 to — 4 3 1n stellar Phatographs showmg the various phases and true rela-
magnitude (§688) A el s ol et s gmode
it moves from superior Observatary)

toward inferior conjunc-

tion the increase 1n apparent diameter at first more than makes
up for the diminution of the illuminated portion of the disk,
and the planet grows brighter As the crescent begins to nar-
row, however, the second influence outweighs the first, and the
bnghtness diminishes again Maxmum bnghtness 15 reached
about 36 days before and after infenior conjunction, at an elon-
gation of 39° from the sun, when the phase 1s ke that of the
moon when 1t 1s about five days old (Fig 136) At this ime the
planet appears about 27 times as bright as when near supenor
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conjunction, casts a strong shadow, and 1s easily visible to the
naked eye in full daylight When the effects of varying distance
are allowed for, 1t 1s found that the brightness of Venus, 1f seen
from a fixed distance, would dimimsh steadily with advancing
phase, but much less rapidly than the moon’s According to
Muller’s observations the brnightness for different values of the
phase angle (that 1s, the angle at the planet between lines drawn
to the earth and sun) 1s as follows

" Phase angle 0° 30° 60° 90° 120° 150°
Brightness 100 69 45 25 12 43

We may conclude that the reflecting surface of Venus 1s much
less rough than that of the moon or Mercury

The albedo of the planet 1s 0 59, — very much what might be
expected from a surface completely covered with clouds, but
explicable 1n other ways also

Photographic measures of the brightness indicate that the color
of sunlight 1s very little altered by reflection from the planet,
that 1s, that 1ts surface 1s almost white

According to the theory of Ptolemy, Venus could never show
us more than half 1ts luminated surface, since, according to his
hypothesis, the planet was always between us and the supposed or-
bat of the sun  Accordingly, when, in 1610, Galileo discovered with
his newly invented telescope that Venus exhibited the gebbous
phase as well as the crescent, 1t was a strong argument for the
Copernican theory

Galileo announced his discovery in a curlous way, by publshing the
anagram, —
Haec immatura a me 1am frustra leguntur o y

Some months later he furmshed a solution, which 15 found by merely
transposing the letters of Lhe anagram and reads, " Cynthiz figuras @mu-
latur Mater Amorum,” meaning *“ The Mother of the Loves [Venus] 1mi-
tates the phases of Cynthia [the moon] ”

374 Surface Markings These are not at all conspicuous
The usual telescopic appearance 1s admurably illustrated by
Fig 137, the bnghtness shading off smoothly toward the termu-
nator without a trace of detail



THE TERRESTRIAL AND MINOR PLANETS 317

Under favorable atmospheric conditions, however, faint and
1ll-defined markings are often seen F E Ross in 1927 found
that these markings become conspicuous when photographed with
wltra-violet light They are evidently of atmospheric origin, since
they change greatly from day to day

876 Rotation of the Planet The rotation period of Venus 1s not
yet determined, mainly because of the difficulty of finding defi-
nite and recogmizable markings on 1ts surface It was for a long
time supposed, on msufficient
evidence, to be a little less
than 24 hours, Schiaparell
concluded that the rotation
must be very slow, and that
1t was probable that Venus,
like Mercury, keeps always
the same face toward the sun

A more hopeful means of at-
tacking the problem 1s found
in spectroscopic determina-
tions of the radial velocity
(§ 579) of points on opposite
sides of thedisk Observations
at the Lowell and Mt Walson Fic 137 Venus in the Crescent Phase

Enlarged from a photagraph with the 40-inch
observatones agTee 1 show- refractor (From photograph by E E Barnard,
ing that the veloaity of rota- Yerkes Observatory, June 5, 1905)
tion 1s too small to measure
A rotation penod less than 20 days would very probably have
been detected, but one of more than 5 or 6 weeks would have
escaped observation

Ross’s photographs are inconsistent with a short rotation pe-
riod The markings tend to reappear in the same parts of the
planet (as clouds do over certain regions on the earth) A per-
sistent ‘'cap’ near the south cusp may be polar (in which case
the inclination of the axs 1s small)

There seems no doubt, then, that the period of rotation is
longer than that of any planet except Mercury, but it 1s not
likely that Venus keeps the same face toward the sun Pettit and
Nicholson find that considerable heat 1s radiated from the dark
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side, — enough to indicate that the temperature on that side is
fairly umform and about — 25° C  The bnght side sends us more
heat, but most of the difference 1s due to the reflected rays of the
sun, and the bright part of the visible surface does not seem to be
much hotter than the dark part This 1s what might be expected
above high clouds 1n a rotating planet, but it would be almost
impossible to explain on the hypothesis that the planet always
keeps one face toward the sun, for then one side should be very
hot and the other very cold Transfer of heat from one side to the
other mught dimimsh this difference, but hardly to the observed
degree Coblentz and Lampland, in 1924, found much more heat
coming from the south cusp than from the other This may indi-
cate that the axs 1s inchined to the plane of the orbit Further
observations may settle the question within a few years

376 Atmosphere The evidence that Venus has an atmosphere
1s conclusive Near the time of inferior conjunction the horns
of the crescent extend notably beyond the diameter, showing that
more than half of the surface must be illuminated by the sun or
visible to us When the planet 1s very near to the sun the cusps
actually run together, forming a complete ring around the disk,
which has been seen by several observers at different times This
phenomenon was formerly ascribed to refraction, but Russell, in
1898, showed that 1t must be due to diffuse reflection of hght by
the planet’s atmosphere, like that which causes our twihght

From the amount of prolongation of the cusps of the crescent 1t
1s possible to calculate the '‘height of the atmosphere” (§ 119)
The observations show, with surprising consistency, that that
part of the planet’s atmosphere 1n which the twilight 1s bright
enough to be seen, through the glare of our own atmosphere close
to the sun, extends to a height of about 4000 feet abave the visible
surface The whole height of 1ts atmosphere must be many times
as great

When Venus 1s entering upon the sun’s disk, or leaving 1t, at a
transit, the portion of 1its disk outsidc the sun 1s surrounded by
a line of hght, which must be incomparably bnghter than the
famnt extensions of the cusps previously discussed (since 1t can
be seen through the dark glasses used in observing the sun),
and 1s unquestionably due to refraction of light in the planet’s
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atmosphere The deviation of this light is, however, but a
minute or two of arc, and a rare atmosphere would suffice to
produce 1t

It may therefore be concluded that the atmosphere of Venus
above the visible surface 1s much less extensive and dense than
the earth’s, and pcrhaps comparable with the amount of the
earth’s atmosphere which lies above the high clouds (If Venus’s
apparent surface 1s a cloud-layer, there may be any amount
more below 1t, and for this very reason inaccessible to our
investigation )

If this atmosphere contained oxygen or water vapor in any
considerable quantity, their presence could be detected by certain
lines which they would produce in the spectrum of the hight re-
flected by the planet (§ 619) St John, after very careful obser-
vations, finds no evidence of such lines, and concludes that the
amount of oxygen in the atmosphere above the visible surface
must be less than 1/1000 of the quantity in the earth’s atmos-
phere The test for water vapor 1s not so delicate, and a quantity
such as prevails above the highest clouds on the earth might
escape detection, but 1 per cent as much oxygen as exists above
these clouds could have been recognized

377 Physical Condition and Habitabiity The force of gravity
15 sufficient to retain an atmosphere similar to ours, and 1t 1s quite
possible that there may be water vapor below the level of the
clouds, through which the spectroscope 1s unable to penetrate
Conclusions regarding the physical conditions which prevail on
the surface depend essentially on the assumed period of rotation

If, as now appears decidedly probable, this period 1s some weeks
1n length, and if there are oceans on the planet, as seems Lkely
from 1ts similarity to the earth, then, as Clayden pointed out
years ago, there should be ascending air currents and clouds over
the sunht side, wath descending currents and possibly clearer sky
on the mght side This would account for the brilliant whiteness
of the surface, while the vague and fugiive marlungs which are
seen would be naturally interpreted as thinner places in the
cloud-layer If this is the case, there may be much more atmos-
phere underneath the clouds, and the surface may be much
warmer than the upper clouds, as 1s the case on the earth
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The absence of oxygen 1s at first very surpnising, but on second
thought we realize that free oxygen 1s a very active chemmcal
substance to be present 1n great quantity in a planet’s atmosphere
We know that the store of oxygen n the earth’s atmosphere 1s
contmually being replenished by the activity of vegetation, and
1t has often been suggested that all the oxygen 1n the earth’s at-
mosphere 15 of vegetable ongin, being balanced by a correspond-
ing quantity of carbonaceous or atherwise reduced matenal buned
1n the sedimentary rocks Further confirmation of this belief 1s
found 1n the fact that igneous rocks and volcanic gases are usu-
ally incompletely oxidized This would suggest that although
Venus appears to be better suited than any other planet to be the
abode of life such as exists on the earth, yet for some reason life
has never developed there Further mmvestigation, however, may
develop new evidence, and may change our estimate of the
probabilities, — possibly even within a few years

378 Absence of Satellites No satellite of Venus has yet been
discovered, and 1t 1s certain that the planet has none of any con-
siderable size It 1s not mmpossible, however, that 1t may have a
pygmy attendant, hike those of Mars, since its great bnlliancy
and 1ts nearness to the sun would make the discovery of such a
body extremely difficult There have been several announcements
of a satellite, but not one has been venfied, and most of them were
mistakes, since explained either as observations of stars or as
reflections 1n the eyepiece of the observer’s telescope

979. Transits  Occasionally Venus passes between the earth
and the sun at inferior conjunction and transits, or crosses, the
disk of the sun from east to west as a round black spot, easily
seen by the naked eye through a swmitable shade glass When the
transit 15 central, 1t occupies about eight hours, but when the
track 1s near the edge of the disk, 1t 1s correspondingly shortened
Since the transit can occur only when the sun 1s within about
1° 45’ of the node, the phenomenon 1s rare and can happen only
within a day or two of the dates when the earth passes the nodes,
namely, June 7 and December 8

The special nterest of the transits hes n their availlability for the pur-

pose of finding the parallax and distance of the sun, as first pomnted out by
Halley 1n 1679



THE TERRESTRIAL AND MINOR PLANETS 321

The earhest observed trapsit, in 1639, was seen by two persons only
(Horrocks and Crabtree, in England), but the four which have since
occurred, 1n June, 1761 and 1768, and 1n December, 1874 and 1882, were
extensively observed by scientific expeditions sent out by the different
governments to all parts of the world where they were visible The transits
of 1769 and 1882 were visible 1n the United States

It 15 not hikely, however, that so much trouble and expense will hereafter
be expended upon observations of transits Other methods of determuning
the solar parallax have been found to be more trustworthy

380 Recurrence and Dates of Transits Five synodic revolu-
tions of Venus are very nearly equal to 8 years, the difference
bemng hittle more than one day, and 152 synodic revolutions
are still more nearly (in fact, almost exactly) equal to 243 years
If, then, we have a transit at any tume,
another may occur at the same node 8 years
earhier or later This will be impossible 16
years before or after, and no other transit
can then occur af the same node until after the
lapse of 235 or 243 years, though a transit or N3
pair of transits may, and usually will, occur
al the other mode 1 about half that time, g 138 Tracks of
thus, the next pair of transits of Venus will  Transits of Venus
occur on June 8, 2004, and June 6, 2012

If the planet crosses the sun almost centrally, the transit will
be solitary, that 1s, not accompanied by ancther one 8 years
before or after If, however, the track 1s more than 12’ from the
sun’s center, it will be accompanied by another at an interval of
8 years Transits come thus 1n pairs at present, and have been
doing so for several centuries, after a time this will cease to be
true, and they will become solitary for another long penod

THE EARTH

Certain characteristics of the earth as a planet may best be
discussed here

381. Albedo The only direct way of determining the earth’s
albedo 1s by measunng the bnghtness of the earth-shine on the
moon (§ 185) compared with that of the sunht portion The ob-
servations are difficult, but the excellent work of Danjon (1928)
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shows that the full earth, as seen from the moon, is about 50 times
as brnight as the full moon seen from the earth The change of
brightness with phase 1s very sumlar for the earth and Venus
The earth’s albedo comes out 0 29, — intermediate between those
of the cloudless and cloud-covered planets, as might be expected

The observations also indicate that the earth-lit part of the
moon 15 perceptibly bluer than the sunlit portion, as should be
true 1f #ny considerable part of the light reflected from the earth
comes from 1ts atmosphere, that 1s, from the blue sky

382. Appearance from Other Planets To an observer on Venus
the earth, when nearest, would be a very brilhant object, about
six times as bnght as Venus at brightest appears tous This great
difference anses from the fact that when the two planets are near
one another, almost the whole of the dlurmnated side of the earth
1s visible from Venus, while very Iittle of that of Venus 1s visible
from the earth

From Venus the moon would look about as bnght as Jupiter,
and would oscillate back and forth within half a degree of the
earth, so that the two would resemble a double planet rather than
a planet and satellite, and would form by far the most noteworthy
object in the heavens In all probability there would be a deaided
difference 1n the color of their ight (the earth’s being bluish white
and the moon’s yellowish), which would add to the effect

From Mars the earth at its brightest would look about as
bright as Jupiter does to us From the outer planets the earth
would appear about one third as bright as Venus at a similar
configuration (such as greatest elongation), the main cause of this
difference being that the earth recerves only half as much lLight
per square mile

383 Telescopic Appearance The appearance of the earth as
seen with the telescope from Venus, or with the naked eye from
the moon, would be very different from that of any of the other
planets The most conspicuous features would be the clouds,
which, on the average, cover about half the earth’s surface and
reflect about three times as much hight as the surface and sky
together 1n cloudless regions

As Clayden points out, the clouds would form a bnlliant white
belt in the region of the equatonal rains, shufting 1n latitude with
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the seasons, flanked on either side by neatly cloudless and there-
fore much darker belts over the desert zones near the tropics of
Cancer and Capncorn, beyond which bnghter, partly cloudy
regions would extend to the poles

These belts would exhibit a wealth of ever-changing details,
among which the great cyclonic storms of temperate latitudes
would be conspicuous as white (cloudy) areas followed by dark
(clear) ones, moving eastward and lasting for a number of days

In consequence of this eastward motion the observed average
rotation penod of the cloudy markings in this zone would be con-
siderably less than twenty-four hours, while nearer the equator,
1n the trade-wind region, where the winds blow regularly from the
northeast or southeast, the observed average rotation penod
would be more than twenty-four hours

Except in desert belts there would rarely be an area as much as
a thousand milcs square entirely free from clouds, and the study
of the details of the true surface would be greatly hampered
Even 1n cloudless weather the surface would be seen through a
blue atmosphenc veil, like that which intervenes between an
observer on the earth’s suriace and a mountain ten miles or so
away, and details could be made out only when the air was free
from dust or haze The most conspicuous surface features would
probably be (1) the reflection of the sun from the ocean (under
favorable conditions, by far the most brlhant thing on the
planet) , (2) snow-covered areas ( much confused, however, by
the overlying clouds) , (3) deserts (if practically devoid of vege-
tation, yellowish or reddish in tone) The darkest parts of the
surface would be the oceans (where not directly reflecting sun-
hght) and the great forest regions, both of which would appear
of a dull blue, since most of the reflected hght would come from
the overlying atmosphere Cultivated regions and grasslands
would appear of a lighter tone (greener), but only the most
generalized features of their distribution could be discovered

484 In the frontispiece, which 1s from a painting by Howard
Russell Butler, the earth 1s represented as seen from the floor of
a crater near the moon’s north pole, about three days before new
moon The most conspicuous objects on the surface are the re-
flection of the sun on the Atlantic Ocean oft the coast of Africa,
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the belt of clouds 1n the region of equatorial rains, and a cloud
mass over the North Atlantic representing a cyclomc storm The
outlines of parts of Europe and of North and South Amenca may
be less conspicuously seen While, of course, an imagimative
representation, the painting has been done with careful consider-
ation of the known facts and 1s strikungly different from conven-
tional representations of the earth i

A pbwerful telescope on the moon would reveal a great amount
of detail on the rare occasions when the earth's atmosphere above
the region under observation was really clear The view would
probably resemble that from an aitplane at a great altitude,
though on a vastly diminished scale If so, the coastline would
be fairly conspicuous, and even small bodies of water might be
seen 1f they were so placed as to reflect the sun Mountains might
be detected by their shadows, though much less easily than we
can see them on the cloudless moon Painstaking study might
lead the hypothetical lunar astronomers to a fairly accurate 1dea
of the topography of the earth’s surface Seasonal changes could
be easily noticed, the most prominent (after the vanations in
cloudiness) would be the advance of the winter snows and therr
poleward retreat in summer, and the change in the color of culti-
vated lands and prairies from green to brown

Observers on Venus would be able to see objects fifty miles in
diameter, or even smaller, under the best conditions, but would
have great difficulty in distingmishing the permanent surface
features through the shifting clouds

Those on Mars could find out much less, for the earth, when
nearest, would appear only as a narrow crescent The prolonga-
tion of the horns of the crescent by twilight, and the related phe-
nomena, would probably be much more prominent than in the
case of Venus

385 Whether observers outside could detect any evidence of
kuman activety on the earth 1s an interesting question The 1magi-
nary astronomers on the moon could easily detect such changes
as the gradual clearing of the forests 1n the eastern partof Amenca,
and might perhaps notice the formation of the Gatun Lake at
Panama Our great cities would be just visible to them as bright
spots on the might side of the earth, and perhaps some of them
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as smoky patches by day, and every active terrestrnial volcano
would look somewhat the same

Though these evidences of human endeavor would be visible
from the moon, 1t 1s very doubtful if they could be distinguished
from the results of what we usually call natural processes, or
would present any recognizable evidence of intellgent design or
purpose, and it 1s practically certain that no defimte evidence of
the emstence of mankind could be detected at all by observations
from Venus with instruments such as ours

MARS

386 This planet, ike Mercury and Venus, 1s prehistoric as to
1ts discovery It 1s so conspicuous 1n color and bnghtness, and
in the extent and apparent capriciousness of 1ts movement among
the stars, that 1t could not have escaped the notice of very early
observers

Its mean distance from the sun 1s a httle more than one and a
half times that of the earth (141,500,000 miles), and the eccen-
tricity of 1ts orbit 1s so considerable (0 093) that its radius vector
varies more than 26,000,000 miles

At opposition the planet’s average distance from the earth 1s
48,600,000 miles When opposition occurs near the planet’s pen-
helion this distance may be reduced to 34,600,000 miles, while
near aphelion it may be as great as 62,900,000 miles At con-
junction the average distance from the earth 1s 234,400,000 miles

At an average conjunction Mars 1s of stellar magnitude + 1 6,
— about half as bright again as the polestar, at an unfavorable
opposition 1t 1s twelve tunes as bright and of magnitude — 11, —-
not as bnght as Sinus, while at the most favorable opposition 1t 1s
of magnitude — 2 8, — fifty-five times as bright as at the average
conjunchion and brnighter than any other planet except Venus

These favorable oppositions occur always 1n the latter part of
August (when the earth passes the penhelion of the planet) and
at intervals of 15 or 17 years The last was 1in 1924

The nclination of the orbit 1s small, — about 1° 51"

The planet’s s:dereal period 1s 687 days, or one year and ten
and one-half months, 1its synoedic period 15 780 days, or nearly
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two years and two months During 710 of the 780 days 1t moves
eastward, and during 70 1t retrogrades, on the average, through

an arc of 16°
387 Diameter, Surface, and Volume The apparent diameter

of the planet ranges from 3”5 at conjunction to 25”1 at the
most favorable opposition Its real diameter 15 4215 miles, with
a probable error not exceeding 10 miles This makes 1ts surface
0 283 and 1ts volume 0 150 of the earth’s
. 388 Mass, Density, and Grawity Observations of 1its satel-
htes give 1ts mass as 1/3,085,000 of the sun’s or 0 1076 of the
earth’s This makes 1ts density 072 and 1ts superficial gravity
038, that 15, 2 body wetghing 100 pounds on the earth would
have a weight of 38 pounds on Mars The veloaty of escape
from 1ts surface 1s 5 04 kilometers per second

389 Phases When the planet is nearest the earth 1t 1s more
favorably situated  for telescopic observation than any other
heavenly body, the moon alone excepted It then shows a ruddy
disk which, with a power of 75, appears as large as the moon
does to the naked eyc Since its orbit 15 outside the earth’s, i1t
never exhibits crescent phases like Mercury and Venus, but at
quadrature 1t appears distinctly gi:bbous, about like the moon
three days from the full The greatest value which the phase
angle (angle sun-planet-earth) can have 1s a litlle more than 47°

390 Albedo The albedo of the planet, computed from Muller’s
visual observations, 1s 0 154, — more than twice that of the moon
or Mercury but still comparable with that of fairly dark-colored
rocks The photographic albedo, that 1s, the reflecting power for
the violet Light which acts on ordinary photographic plates, 1s
0090 and 1s much less than the visual value, as might be antiaa-
pated from the red color of the planet

With respect to the vanations of brightness with phase, Mars
behaves very much as Venus does, the light at phase angle
40° (after correction for the effects of varying distance) being
58 per cent of that at the full phase, as against 64 per cent for
Venus and 41 per cent for the moon It 1s therefore probable
that the surface 1s comparatively smooth

! Venus at times comgs nearer, but when nearest 1s visible only by dayhght and
shows only a very thin c-escent Eros (§ 420) 1s too small to be counted here
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991 Rotation. The spots on the planet’s disk enable us to
determine its period of rotation with great precision Its s1-
dereal day 1s 24h 37™ 225 58, according to the last determina-
tion by Lowell Observations made a few days or weeks apart
give a sufficiently approxunate value of the time of rotation
to enable one to determine, without fear of error, the whole
number of rotations between two observations separated by a
much longer mterval Thus a very precise determination can be
effected by compaiing drawings of the planet made by Huygens
and Hooke more than two hundred years ago with others
made more recently The figure given above for the rotation
pertod 1s mot uncertain by more than a few hundredths of
a second

The rotation of the planet mves rise to a regular variation
m 1its brightness, amounting, according to the observations of
Guthnick, 1914, to about 15 per cent of the whole The vana-
tion anses from the varying presentation of the lighter and
darker spots on its surface -

392 Presentation of Regions of the Surface The rotation of
Mars 1s so little slower than that of the carth that an observer
who notices a given marking near the center of the planet’s disk
(say at midmght) will see 1t on the following mght at the same
hour 1n almost the samc apparent position This region of the
planet’s surface will thereforc be observable for a nuniber of
nights 1n succession  On account of the greater length of the
Martian day, however, the region obscrvable at a fixed hour of
the might slowly works backward around the planet, by about
9° per day, and the region first observed gradually passes out of
sight, and rcturns to a new presentation after about 40 days
Midway m this interval the opposite side of the planet 1s observ-
able, while the side of the planet first considered 1s visible to
observers on the opposite side of the earth

393 The Inclination of the Planet's Equator to the Plane of its
Orbit This 15 25°10°, according to H Struve’s careful study of
the satellite orhits Lowell, from long senes of observations of
the polar caps, obtains 23° 30’ The discordance between the
two determinations shows that systematic errors (§ 122) must
affect one or both
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In any event the inclination 1s nearly the same as that of the
earth’s equator, so far, therefore, as depends upon that eircum-
stance, the seasons on Mars should be substantially the same as
our own

The celestial pole for an observer on Mars would be 1n nght
ascension 22h 10m, declination 4 54°, by our reckoning It fol-
lows that when Mars 1s in perthelion 1t 1s a lttle before mid-
summer 1n his southern hemisphere, which therefore has a shorter
and hotter summer than the northern (compare § 174) It fol-
lows, also, that the northern temperate and polar regions of the
planet are very poorly, if at all, visible at the favorable opposi-
tions, so that they are not as easy to study as the corresponding
southern regions

394 Polar Compression. There 15 a shight but sensible flatten-
g of the planet at the poles Struve’s calculations from the per-
turbations of the orbits of the satelhtes (which afford the
most precise determination), when reduced to the value of the
planet’s diameter here adopted, make the compression 1/192
Lowell’s micrometric measures give 1/190 The larger values
found by some earhier observers are certainly erroneous

It may seem surpnising that the oblateness of Mars 1s greater
than the earth’s, though 1ts rotation 15 slower The reason for
this 15 that Mars 15 less dense than the earth and more nearly
homogeneous. The centnifugal force at the equator of the planet
1s 1/219 of the force of gravity (as may easily be verified) The
ratio of the oblateness to Lhis fraction 1s 219/192, or 1 14, — larger
than for any other planet and so near to the theoretical limit for
a homogeneous planet (§ 341) that 1t 1s clear that the increase of
density toward the center must be small

396 Telescopic Appearance and Surface Markings. With even
a small telescope the planet 1s a beautiful object, showing a sur-
face diversified with markings, dark and light These markings
are, almost without exception, permanent features of the planet’s
surface, observable from year to year, but many of them are
subject to seasonal changes, which make their study of unusual
mterest Temporary markings, such as might be produced by
clouds, though they have occasionally been observed, are rare
(Fig 143)
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The planet’s disk 1s, as a whole, ruddy or orenge-colored and 1s
usually bnghter around the limb, though not at the termnator,
if there 1s any considerable phase About three eighths of the

TFic 139 Mars

From drawings by Barnard

surface, however, 1s covered by darker regions of a blush-gray
or greenish shade, and at the poles appear brilliant white patches,
the polar caps, which are usually the most conspicuous features
of all

Fig 140 from a photograph by Professor Barnard, shows these
features admirably, and also ilustrates the gradual passage of
the markings across the disk as the planet rotates on 1ts axs

South

16" 46m GM T 16t 24m 150 24m
September 28, 1909

F1c 140 Mars

The rotation of the planet 15 evident from the companson of the three photographs  The

wedge shaped extension (toward the north) of the Iarge dark area 1s one of the most easily

recogmized [eatures It1s known as 5yrees Major The south pole i1s tlted toward the earth

It 15 summer wn Lthe southern hemisphere, and the polar cap has receded to a diameter of
aboul 450 miles (I rom pholographs by E E Barnard, Yerkes Observatory)

The reddish areas show hittle or no change with the seasons,
and are generally believed to represent the bare and, in 1tself,
almost featureless surface of the planet, upon which the other
markings are superposed
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396 The polar caps and other white spots, on the other hand,
undergo very great and remarkably regular seasonal changes
At the Martian solstices the cap in the winter hermsphere 13
very large, often extending halfway from the pole to the equator
A little before the spring equinox of this hemisphere (at a season
corresponding to the beginning of March mn the earth’s northern
latitudes) the cap begins to shrink, steadily and almost uniformly,
so that by the time of the summer solstice 1t 1s only five or six
hundred miles across, and late 1n the summer 15 much smaller

Fic 141 Seasonal Changes on Mars

A, taken July 28, 1807, corresponding Lo the Martian date October 25, or shorlly after the
autumnal equinox, shows both caps The southern cap 15 uppermost 1n the inverted image
Several exposures are habitually made on the same plate to insure obtamning at least one
good 1mage, that ut the nght shows Lhe northern cap the best In B, taken November 14,
1011, for which the Martian date corresponds to the latier part of I'cbruary, the southern
cap 1s too small ta show (though a minute speck could be seen telescopically) Ihe northern
has become so large Lhat 1L extends for (ully 80° alang the himb, though its center 1s still out
of sight behind it (From photograph at Lowell Obscrvatory)

Shortly before the autumn equmox (at a date corresponding
to about September 1 on the earth) the white matenal begins
to form again, appearing, sometimes overnight, in large patches
1n various parts of the planet’s arctic (or antarctic) zone, which
soon coalesce and form a continuous sheet of almost the maximum
midwinter dimensions, which remains roughly umiform in size
until the following spring

The south polar cap sometimes entirely disappears toward the
end of summer (as 1n 1894 and 1911), the northern one never
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quite vamshes, but shrinks to about 200 miles 1n diameter and
remains of this size for some three months by our reckomung. On
the other hand, the maxmum size of the southern cap (100° of
latitude, or 3700 miles, measured along the planet’s surface) 1s
considerably greater than that of the northern cap (85° or
3100 miles) , and the southern cap begins to shnnk a little earher
1n the spring, and to appear again a httle later in the autumn,
than the other These differences in behavior are obviously
related to the fact that summer 1s hotter, and winter colder, in
the southern hermisphere than in the northern hemisphere

397 Other White Regions. The behavior of the polar caps im-
mediately suggests that they are composed of snow — or, 1f not of
frozen water, at least of some substance that melts or evaporates as
soon as the temperature rises to a certain value in the spring, and
that 1s carried to the other pole 1n the form of vapor by the planet’s
atmosphere and 1s precipitated there as soon as the surfacc grows
cold enough This theory 1s further confirmed by the occasional
observation of white areas near the sunnse limb, which disappear
as the planet’s rotation carnes them nearer the center of the disk,
leaving the ordinary surface visible, — thus behaving exactly like
deposits of hoar-frost, formed during the mght and disappeanng
as the sun gets ligh

The topography of the planet’s surface has a definite influence
on some of these phenomena  As the polar caps shnink, 1solated
white patches, which may last for days or weeks, are left behind
1n the same places every year The last remaining portion of the
southern cap 1s not at the pale, but abaut 7°, or 250 mules, from 1t,
always n the same longitude (though the northern cap 1s very
nearly centered on the pole) The winter “snows” too come
down farther over certain defimite regions (always reddish areas)

These facts suggest areas of high land, on which the “snow ”’
lies longer than elsewhere If Mars were proportionately as rough
as the moon, the individual mountains would be easily visible at
the termmator under favorable circumstances Lowell estimates
that any abrupt elevation much exceeding 2500 feet in height
could thus be detected, and none have been found But there
seems to be no reason at all why gradual slopes (hke that of
the great plains from the Missoun to the foot of the Rocky
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Mountains) should not exist on the planet’s surface, such that
some regions stand many thousands of feet ligher than others

308. The Darker Areas These he for the most part i the
southern hemisphere, and mainly 1n 1ts tropical region, forming,
1n a small telescope, a sort of darkish belt around the planet. They
were for 2 long time supposed to be sheets of water, and received
corresponding names (Schiaparelll's designations, denived from
classical sources, atre now generally adopted) It 1s, however, now
practically certain that they are not water Among the proofs
the following may be mentioned

(1) The bnlliant reflection of the sun, which would be pro-
duced by a water surface, has never been observed

(2) The dark regions are not uniform 1n tone, but exhibit con-
spicuous detail within therr area (as 15 illustrated in Fig 140)
This could hardly occur 1n oceans unless they were so shallow that
the bottom showed through almost everywhere

(3) The shade and depth of color of these areas, and 1n some
cases even their size and shape, vary with the Martian seasons or
change from one year to another The principal markings are
fairly permanent in form and position, but vary greatly in 1n-
tensity, many of them being at times almost or even quite indis-
tinguishable, and at other times dark and conspicuous Speaking
generally, they are most prominent in the spring of the hemu-
sphere m which they lie, while the polar cap 1s shninking, and
gradually grow smaller or fade out 1n the autumn, some regions
turning from greenish to yellow, while yellow “1slands” come out
mn others These seasonal effects are perceptible as far as the
equator and even beyond 1t

Changes 1n color have also been noticed Thus, 1n 1903, and
again 1n 1905, Lowell saw the Mare Erythreum change from
blue-green to chocolate-brown shortly after the winter solstice,
and return gradually to its former tone as spring approached

Most of these changes repeat themselves with tolerable regu-
lanty 1n successive revolutions of the planet about the sun, but
IN some cases more permanent al.crations in the outhines appear
to have taken place

399 Fmer Details, the Canals. Besides the markings already
described, the surface of Mars 1s rich 1n finer details, which are of
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great interest but difficult to observe Schiaparell, in 1877 and
1879, announced the discovery of a great number of fine, dark,
straight lines (“'canals,” as he called them) crossing the ruddy
portions of the disk 1n all directions, and 1n 1881 he announced
further that many of these became double at times, like the
parallel tracks of a raillway W H Pickering, in 1892, added the
detection of numerous small, dark spots connected with the canal
system, and of darker marlungs within the dark areas, which
Douglass, 1n 1894, described as canals similar to those in the
reddish regions

There 1s now no doubt regarding the real existence of these
finer details, but the drawings and description of them by dif-
ferent observers are remarkably discordant

(1) At one extreme stands Lowell, according to whom the
canals, when well seen, are very narrow (from 15 to 20 miles wide
at the most), very dark, perfectly strazght (lying, with rare excep-
tions, along great circles on the planet’s surface), and of unzform
width and intensity, although under poor atmospheric conditions
they may appear as hazy streaks He found that they cover the
planet’s surface with a complex network, of geomelrical precision,
extending over both the ruddy and the darker regions, — four,
s1X, or even as many as fourteen canals meeting cxactly 1n one
pomnt, which 1s often marked by one of the dark spots, or oases,
from 75 to 100 miles in diameter More than 400 canals and
nearly 200 oases have been observed and named at the Lowell
Observatory He found that some 50 of the canals are double,
appearing as fine lines from 100 to 200 mles apait and equidistant
throughout their whole length At times only one of the compo-
nents 1s strong enough to be visible Fig 142 represents typical
drawings by Lowell

(2) At the opposite extreme 18 Barnard, who, dunng years of
observation with some of the greatest existing telescopes, never
saw any trace of such a system of fine geometrical lines, although
at tumes he saw ‘‘short, diffused, hazy lLines, runming between
several of the small, very black spots which abound in this
region’”’ of the planet’s surface, and ‘'two long, hazy, parallel
streamers ”’ He said that, with the 60-inch reflector on Mt
Wilson, Mars gave ‘‘the impression of a globe whose entire
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surface had been tinted a slight pink color, on which the dark de-
tails had been painted with a grayish-colored paint, suppled \.mth
a very poor brush, producing a shredded or streaky and wispy
effect i the darker regions,” and added that “no one could accu-
ratelydelineate the remarkable complexity of detai of the features
which were visible 1n moments of the greatest steadiness ”’
Antomadi, with the 32-inch equatorial at Meudon, came to
very ssmilar conclusions, stating that, under the best seeing, the
canals are neither linear nor umiform, and are sometimes resolv-
able into a complicated string of finer details
(3) Other observers take various positions between these ex-
tremes W H Pickering, wlile his drawings show canals

January 11 South March 25

Fic 142 Mars

Dark markings intensily 1n the north with advancing summer there and f(ade in the south
with the coming of winter there (Drawn by Lowell, 1814)

substantially the same position as those drawn independently by
Lowell and others, defines a canal as “any long, dark, narrow
marking that 1s straight, or of large radius of curvature, and of
fairly umiform breadth and density,” and states that “'‘all the
larger and more conspicuous canals are curved, though the
fainter ones usually appear straight,” and that the canals, under
the best seeing, are dusky stripes, of different widths up to
150 miles or more, very few being fine ines He believes the
stronger canals to be very nearly continuous and umiform He
has never seen a canal certainly double Desloges drew the
canals as straight streaks, but found some very wide and, under
the best seeing, resolvable into a mosaic of intricate details, and
most of them diffuse, though a few 1n the best moments appeared
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as fine, straight, sharp, dark lines. He never saw a canal double,
though his assistant did, with the same telescope and on the
same night, and a collaborator 500 miles away independently
confirmed the assistant’s observation

All those observers who see the canals at all find them subject
to great vanations m wvisibihity, which follow 1n a general way
the simiar changes in the dark areas Lowell, from a study of
several hundred of s drawings of the planets, reached very
defimte conclusions to the effect that the canals are faint or
iwvisible during the Martian spring, and increase 1n prominence
after the polar cap shrinks, — those nearest the pole darkening
first, about the time of the summer solstice, while those 1n lower
latitudes, with the oases connected with them, follow succes-
sively the “wave of quickening” which advances from latitude
70° to the equator 1n about 50 days, at the rate of some 50 miles
per day, and continues into the opposite hemisphere for 1000 miles
or more Half a Martian year later, when this effect has very
nearly faded out, a new “wave of quickemng’’ starts from the
opposite pole Lowell also recorded the apparently capricious
disappearance of certain canals for several years at a time, and
the appearance of new canals where nothing had been seen for
at least fifteen years and probably much longer

400 All these accounts represent the mature judgment of
trained and experienced observers after long and careful study
of the planet under favorable conditions To reconcile their
extraordinary divergences 1s very difficult

It 15 quite incredible that any one of them should ncver once
have had the good fortune to see the planet under atmosphenc
conditions good enough to reveal its surface detall Some ob-
servers maintain that in such work a relatively small aper-
ture 1s actually better than a very large one, but, however
this may be 1n ordinary conditions of seeing, 1t 1s very mmprob-
able that 1t 1s true of the best moments, and conclusions based
on the assumed inferionity of powerful instruments for such
study should be regarded with great caution

The only possible explanation appears to lie mm a complex
personal equation, on the part of the various observers, 1n seeing
and recording these elusive marlungs, which, as all observers
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agree, are forever bemng concealed and revealed, even on the
best mights, by the changing steadiness of the air There is
direct evidence, indeed, that different observers, worlung inde-
pendently and by turns with the same telescope, may record
in very different fashions what they see, as has happened, for
example, 1n the case of Lowell and Pickenng

Between the formation of the 1mage of a faint marking on the
retind of the eye, and the conscious percepbion, in the mind,
of a defimte pattern which the hand proceeds to draw, there
mntervenes a process of extreme complexity, most of which 1s
petformed subconsciously and probably depends very largely upon
the observer's previous experience and traimng As Newcomb
has pointed out, the telescopic image of a sharp marking can-
not, for optical reasons, be as sharp as the marking itself, and
the expernienced observer learns to correct his judgment of this
effect by a process of visual inference which sinks below the level
of consciousness It 15 quite possible that in some cases this
process may be unconsciously overdone, just as an observer with
the transit instrument, 1n trying to avoid the danger of pressing
the chronograph key too late, may fall into a fixed habit of
making his signal a little too carly One man’s mental apparatus
may therefore report a faint line as straight, continuous, and
uniform, unless there are bends, gaps, or irregularitics 1n 1t suffi-
ciently prominent to be definitely seen, while another’s may refuse
to report a marking as straight and narrow unless 1t 1s undeni-
ably so The same princple evidently applies to the convergence
of several lines to the same point, and to the whole question of
the existence of geometrical figures on the planet’s surface

At the present time it 18 generally recognized that there exists
an objective basis for the canals 1n the form of fine detail on the
surface of Mars, and 1t 1s widely believed that these details have,
m a general way, the streaky character of the canals, but the
existence of a geometrical network 1s doubted or denied by a
large majority of astronomers

401. Photographs of Mars Satisfactory photographs of Mars
can be obtained only with great telescopes The direct focal
mage of the planet, at the most favorable opposition, is not
quite one tenth of an inch 1n diameter 1n the Yerkes refractor,
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and with the Lowell telescope 1s less than half this In order to
secure a larger 1mage 1t 15 necessary to interpose an enlarging
lens 1n the path of the rays This magnifies the image but makes
1t correspondingly fainter, so that an exposure of several seconds
is necessary even with very large apertures

Under the best conditions beautiful photographs have been
made, notably at Lowell, Lick, and Mt Wilson obscrvatories

With respect to changes in the larger features of the surface
the photographs are likely to have the final word, but with regard
to the vexed question of the character of the canals they can give
no decisive evidence That faint markings of some sort are there
they prove beyond question, but, owing to the relatively coarse
gram of the plate, the best defimtion obtainable photographically
1s far below that which can be obtained visually with the same
telescope, and, what 1s still more important, the eye can take
advantage of the almost momentary flashes of good seeing, while
the photograph records the average conditions during the seconds
of exposure Even though many successive exposures are made
on the same plate, and those 1n which the definition 1s sharpest
are picked out for study, the mmage of a narrow dark line and
that of a diffuse gray band 100 miles or more 1n width would be
1dentical 1n appearance on the best of them

The photographs reproduced in Fig 143 were made with yellow
Light With red Light the polar caps are less brilliant and the dark
arcas and canals are darker, while with green or blue light the op-
posite1s true On the photographs taken in violet hight by Wnght
(Fig 144), no detail at all is visible except the polar cap, which
1s brighter and larger than 1t 1s on photographs taken in light of
greater wave-length Except with the shorter wave-lengths there
1s little or no photographic evidence of the fading out of the sur-
face features in a general luminosity near the hmb, which s often
noticed visually

402 Atmosphere. There can be no doubt that Mars possesses
some atmospherc, although probably a good deal less than the
earth The principal evidences of this are

(1) The behamor of the polar caps, which can be explained only
by the precipitation of some substance which has previously been
1n a state of vapor
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(2) The extsience of a “tunlight arc” When Mars is distinctly
gibbous, the distance from the terminator across to the opposite
Lhmb 1s found to be greater in proportion to the polar diameter

F16 143 Clouds on Mars

The successive rows show photographs of the planet made with a yellow coler Elter
1, July 8 and June 6 1822, 2, July 9, 3, later on July 9, 4, July 10, 5 July 12, 6, July 8
(with blue fiter) A conspicuous bright marking appeared on July 9, and disappeared
within a day or two It 1s invisible on the photographs taken with bluc light, showing that
1ts color was yellow The drawings shown at the left were made independently from visual
observations (From photographs by E C Shipher, Lowell Observatory)

than the theoretical value, showing that the sunlit portion of
the planet encroaches about 8° on the dark hemisphere It
follows that the height of that portion of the atmosphere which
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reflects light strongly enough to be visible 1s about 1/100 of the
planet’s radius, or 20 miles, as aganst 40 miles found 1n sumilar
fashion 1n the case of the earth (§ 119) It 1s probable, however,
that in the latter case the faint extension of the twilight can be
followed a good deal farther than 1t can on Mars, and that the
heights at which the atmospheres of the two planets have com-
parable densities are much more nearly alike

Owing to the smaller force of gravity on Mars the density 1n
the atmosphere would mcrease downward much less rapidly than
on the earth, and if the densities were comparable 1n the two
cases, at a height of, say, 20 miles, the Martian atmosphere
would contain less matenal, exert a much lower pressure at the
planet’s surface, and yet nse higher 1n 1ts rarefied upper layers,
than the terrestnal atmosphere

(3) The partsal obscuration of the surface markmnmgs by a general
brightness at the himb  This 15 exactly what may be expected if,
near the limb, we are looking obliquely through a greater thickness
of atmosphere, which reflects some light on 1ts own account The
fact that this limb-light 1s shown on photographs only when the
shorter wave-lengths are used indicates that 1t 1s blue scattered
light hike that of our sky, and also makes 1t probable that a part
of the effect observed visually 1s a contrast effect ansing from the
proxamity of the dark sky The earth, similarly viewed, would
undoubtedly show a much stronger limb-hght

(4) The occaswonal appearance of clouds, fogs, or haze Though
clouds are very rare on Mars 1n companson with the earth, they
have been observed many times The edges of the polar caps,
especially of the northern one when 1t 1s shrinking, have fre-
quently appeared to be shrouded by a whitish veil, less brilhant
than the cap 1itself Several observers in recent years have re-
ported rapid changes, almost trom night to night, in the visibiity
of details over large areas of the surface of the planet, which
seem explicable only by the formation or cleanng of fog or haze
Most conclusive of all are the projections occasionally seen on
the terminator, which are evidently the tops of high-lying clouds,
catching the sun where all below 1s 1n shadow, — not mountains,
for they last only a day or two and change their position in that
short time, as measurements show
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The altitude of their summits can be calculated n the same
fashion as that of a lunar mountain (§ 208), and 1n some cases has
been found to be as much as from 15 to 20 miles

(5) Perhaps the most striking evidence of the presence of
ain atmosphere 15 seen in the photographs by Wnght 1in 1924
(Fiz 144). Photographs were taken through two color screens,

c D

Fic 144 Mars (September 11) and San José as phatographed from Mt Hamilton

A and C, with violet ight B and D with infra red hght The ooliteration 1n C 1s due to

the varth s atmosphere, and the comparison 1. suggcstive of the presence of an atmosphere of

considerable density on Mars  San Josc 15 distant 13§ mules from Mt Hamilton G M T
ol Mars cbservalions A4, 18k 50m, B, 18k 30m

the one allowing the passage of decp red hight, the other, violet.
In the former there 1s a wealth of detail, 1n the latter the planet-
ary disk 1s of uniform 1ntensity except for the very brilhant polar
cap Companson of these photographs with those of a mountamn
range a dozen miles away, through thin summer haze which blots
out the distant view completely i the violet photograph and
disappears 1n the red one, indicates very strongly that on Mars
also the red light alone has haze-piercing powers.
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403 Composition of thus Atmosphere. The velocity of escape
from the surface of Mars 1s 5 05 kilometers per second It follows
(§ 201) that the planet could retamn an atmosphere of oxygen,
mtrogen, and heavier gases, and probably water vapor as well,
but not hydrogen or helum The spectroscopic method (§ 619)
15 capable of detecting rather small quantities of oxygen and water
vapor All observers agree that the amounts of the latter in the
Martian atmosphere must be smaller than 1n the earth’s The
latest investigation (Adams and St John, 1925) indicates that
both are present and that “'for equal areas the water vapor above
the surface of Mars at the time of observation was of the order
of 5 per cent and the oxygen of the order of 15 per cent, of that
normally 1n the earth’s atmosphere

How much nitrogen or carbon dioxide there may be can only
be guessed, as they cannot be detected spectroscopically The
assumption that the amount of atmosphere above a square mile
of the planet’s surface 1s somewhere between one tenth and one
half as much as on the earth appears to be consistent with the
existing data This would make the atmospheric pressure at the
surface roughly between 4 per cent and 20 per cent of that at
the earth's surface

404 Temperature The vexed question of the temperature of
the planet’s surface has apparently been conclusively settled by
the radiometnc observations (§ 618) of the planct made at the
Lowell and Mt Wilson observatories The observers at both
places, though using somewhat different methods, agree that the
temperature of the planet’s surface rises well above freezing in
the equatorial regions at noon, and may reach 10° C (50° F ) or
even a hittle more The dark areas are somewhat hotter than the
reddish ones Even at the equator the temperature 1s well below
freezing at sunnse and sunset, and the mghts must be very cold
The temperature of the polar cap appears to be aslow as — 70° C |
but after the southern cap has disappeared in late summer the
surface becomes about as warm as at the equator

405, Nature of the Polar Caps. These investigations appear
to answer the long-discussed question of the nature of the polar
caps and to make it very probable, to say the least, that
they are actually composed of snow, — frozen water The only
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outstanding difficulty 1s the very low observed temperature
above the unmelted polar cap, but if the cap 1s covered with
clouds, like cirrus clouds on the earth, this may be the tempera-
ture of their cold upper surface, and the temperature may be
much higher below

Whether this snow actually melts or whether 1t evaporates into
a very dry atmosphere at a temperature below the freezing point,
as sometimes happens to a thin snowfall on the Western plains,
1s quite another story and depends both on the pressure and on
the humdity of the atmosphere, which cannot at present be
safely estimated The boiling point of water would be 60° C at
an atmospheric pressure 20 per cent of ours, and 30° C if the
pressure were reduced to 4 per cent Apparently 1t 1s highly prob-
able, therefore, that hiquid water can exist on the surface of Mars

It has been suggested that the caps might be composed of solid carbon
dioxide, but this volatihzes, at Jow pressures, 1t temperatures much lower
than those which the observations indicate for the polar caps

It has often been pomnted out that the deposit forming the
polar caps must be very thin, since, unlike the earth’s polar snows,
1t disappears almost completely 1n summer A simple calculation
shows that the whole amount of heat received at the planet’s
pole during the time the sun 1s above the horizon would suffice,
if none were lost by reflection or radiation, to convert into vapor
a layer of 1ce only six feet thick

Since most of the heat recerved must be lost again into space,
the actual thickness of the polar caps must be much less than
this, — probably averaging only a few inches, except perhaps 1n
the permanent portion at the north pole The whole quantity of
water formed by their melting would not be enough to fill Lake
Ene Desert conditions must therefore prevail over a great
portion of the planet's surface

406 Explanation of Other Surface Features Lvidently the
seasonal changes of the dark areas and markings are intimately
related to those of the polar caps, the darkening of the former
being apparently a result of the diffusion over the surface,
liquid or gaseous form, of something denived from the latter Itis
now very probable that this substance 1s water
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The dark regions may be regarded as vegetation, and the rest
of the surface as desert The enlargement and darkening of the
areas as the moisture from the melting polar cap reaches them
(whether 1n the form of streams, rain, or dew), and the changes
i therr color, toward green at this time and brown or gray in
the dry season, are just what mght be expected on this view,
and minor differences 1n the course of these changes from year to
year are not surprising

An alternative theory suggested by Arrhemus supposes that
the soil of the dark areas 1s saturated with soluble salts, which
absorb moisture from the air, when this 1s available, and del-
quesce, forming a darkish mud, but, when the atmosphere be-
comes very dry, effloresce, leaving a dry and hight-colored surface
Such alkal flats are known 1n terrestrial deserts

The presence of oxygen in Lhe planet’s atmosphere 1s strong
evidence of the actual existence of vegetation on its surface, 1n
the past at least (compare § 377) The attrnibution of the present
seasonal changes to vegetation appears, therefore, to be decidedly
the most reasonable hypothesis

407 Concerning the nature of the canals, opinions differ even
more widely If the appearance of linear markings anses from
the integration by the eye of details too delicate to be seen well
(uf at all) singly, no further explanation 1s required

Arrhenms regards the canals as cracks or fauli-lines 1 the
planet's crust, along which the surface has been stained by
escaping vapors, or as rifl-valleys bounded by such faults, like
the valley of the Dead Sea or the nft-valley in East Ainica

The supporters of the vegetation theory (the majonty of the
observers of Mars) generally follow W H Pickenng’s suggestion
and regard the canals as strips of vegetation bordering walercourses
crossing the and reglons, just as the valley of the Nile would
appear to an observer on the moon like a green streak across the
yellow African desert As in this terrestnal example, the watered
area may be very much wider than the watercourse, which by
1tsclf would be too narrow to be seen

Seasonal changes 1n the visibihty of the canals are then read-
ily explicable, 1n fact, the Nile Valley would show just such
changes after the annual flood
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408 Is there Life on Mars? The observations of the last few
years make 1t very probable that conditions on Mars are such
that vegetable life of the sort that emsts on the earth mught
exist there, and at the present time (1929) it seems more likely
than not that 1t does These conditions (with the temperature
falling so low that everything must freeze up hard every might)
would be very unfavorable to most of the forms of hfe that have
developed 1n the more gemal climate of our planet, but there
exist on the earth some forms that could very nearly endure
such conditions, and there appears to be no real difficulty on this
score It must be remembered, however, that the recent evi-
dence (especially the radiometric measurements of the temper-
ature of Mars) has greatly changed our estumate of the situation,
and further evidence may change 1t again

That animal life should also exist 15 not impossible, or, indeed,
even mmprobable Whether we could detect any evidence of 1t
by telescopic observation at the earth’s great distance 1s quite
another question The late Dr Percival Lowell maintained that
such evidence exisls  'With the vegetation theory of the dark areas
and canals as a starting-point, his arguments may be summanzed
as follows

(1) The canals are so straight, so narrow, so uniform m width
and 1n separation (if double), and are connected with one another
and with the oases 1n so defimitely geometrical an arrangement,
that 1t 15 mcredible that such a system could have ansen by the
chance operation of natural causes They must, therefore, be
the products of intelligent design, whose execution involved
engineering skill of a very high order

(2) The progressive darkening of the canals and oases after the
melting of the polar cap shows that they are irngating channels,
along which the water 1s conducted umformly 1n all directions, at
the rate of about fifty miles a day, from the pole to the equator
and beyond Water might flow naturally down some of these
channels, but hardly down them all, much less could 1t flow 1n
opposite directions, according to season, along the same canals
in the equatorial region Hence this water must be propelled
artificially, and the intelligent beings who constructed the canal
system are still operating 1t
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(3) Though 1t 15 obviously useless to speculate concerming the
physical orgamization or appearance of these inhabitants, 1t may
be inferred, from the fact that the canals form a single system
extending from pole to pole over the planet’s whole surface, that
they have established a world avilization embracing their race
as a whole

This theory has naturally aroused great popular interest, but
1t rests largely on conclusions regarding the surface details which
are not generally accepted, and 1s far from being a necessary
consequence of these

Everything depends upon the geometrical character of the
network of canals, and, as has already been pomted out, this
may be the product of personal equation in the subconscious
operation of the observer's mind Again, the changes 1n the
visibility of the canals may be explained in quite other ways,
for example, as Lau has suggested, on the assumption that the
planet’s atmosphere becomes hazy 1n spring, concealing the finer
details, and clears gradually in summer, beginning near the pole,
so that the canals which have all already darkened under the
haze come out successively 1n lower latitudes

It 1s therefore necessary to render a verdict of ‘‘not proven”
with regard to this theory It should nevertheless be remembered
that the development of a reasoned argument, showing how the
existence of intelligent inhabitants on a planet fAfty millions of
miles away could be detected by such observations as can be
made with existing telescopes, 1s 1n any event an admirable
example of constructive scientific imagination

409 Satelhtes. The planet has two satellites, discovered by
Hall at Washington 1n 1877 They are extremely small and
can be seen only with very large telescopes and when Mars 1s
near opposition The outer one, Demmos, 1s at a distance of
14,600 mles from the planet’s center and has a penod of 30t 18,
while the 1nner one, Phobos, is at a distance of only 5826 miles
and has a period of 7P 39™, less than one third of the planet's
day (This 1s the only known case of a satellite with a period
shorter than that of the rotation of its prumary ) Phobos, there-
fore, ri5es 1n the west, as seen from the planet’s surface, and sefs
w the east, completing 1ts strange backward diurnal revolution
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in about 11 hours Deimos, on the other hand, rises 1n the
east but takes nearly 132 hours m 1ts dwrnal circmt, which 1s
more than four of its months Their orbits are nearly, but not
quite, crcular, and are inchned to the plane of the planet’s
equator by 14° and 1° respectively The attraction of the equa-
torial bulge of the planet causes their apsides to advance and

Fic 145 Satellites of Mars

Photographed with the 24 inch refractor August 21 1924 Phobos 15 close to the plinet

and Deimos 15 faintly shown aboul § inch farther to the nght Graduated exposures show

Phobos to be about one and one fourth magmtudes hrighter than Deimos  (I'rom photo-
graph by F C Shipher Lowdl Observatory)

therr nodes to retrograde (at the same speed), completing a
revolution 1n 56 years for Demmos and 21 for Phobos (§ 342).

Therr diameters are too small to be measured with any microm-
eter, but may be estimated from their apparent brightness as seen
from the earth, on the assumption that the surfaces have the same
reflecting power as that of the planet The results of different
observers are very discordant, as 1s natural for such faint objects,
but they indicate that Phobos, which 1s the brighter of the two, 15
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about 10 miles 1n diameter, and Deimos about 5 miles On these
assumptions Phobos, seen in the zemth from a pomt on the
planet’s surface directly beneath it, would appear about 1/3 the
diameter of the full moon and 1/25 as bright, while Deimos would
be 1/40 as hnght as Phobos and only 80" in diameter, and would
appear to eyes like ours as a brilhant planet, ike Venus

According to Lowell neither satellite shares the red color of
the planet

THE ASTEROIDS

410 The asteroids, or minor planets, are a host of small bodies
carculating around the sun between the orbits of Mars and
Jupiter The name '‘asteroid” (starhike) was supgested by
Sir William Herschel carly in the nineteenth century, as indi-
cating that, though really planets, they appear like stars

Kcepler had noticed the wide gap between Mars and Jupiter
and had tried to account for 1t, though unsuccessfully, and when
Bode’s law (§ 269) was stated, in 1772, the impression became
very strong that there must be a missing planet in the vacant
space, — an mmpression greatly strengthened by the discovery of
Uranus 1n 1781, at a distance almost precisely corresponding to
thatlaw The first discovery was made by the Sicithan astronomer
P1azzi, who was then engaged 1n forming his extensive catalogue
of stars

On the first night of the nineteenth century (January 1, 1801)
he observed a small star where there had been no star a few days
earlier, the next day 1t had obviously moved, and 1t continued
to move He named the new planet Ceres, after the tutelary
divinity of the 1sland, and observed it carcfully for several weeks,
until he was taken 1ll, but before he recovered, the planet was
lost 1n the evening twilight It was rediscovered at the close of
the same year by means of the calculations of Gauss, who n-
vented, for the purpose, the method of determining a planetary
orbit from three observations (§ 319)

In 1802 Pallas was discovered by Olbers while he was search-
g for Ceres Juno was found by Harding 1n 1804, and 1n 1807
Olbers discovered Vesta, the only asteroid ever visible to the
naked eye The hunt for others was kept up for several years
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longer without success, because those engaged i 1t did not
look for objects sufficiently small

The fifth asteroid, Astreas, was discovered 1 1845 by Hencke,
an amateur, who had resumed the search afresh by studying the
smaller stars and after fifteen years of fruitless labor was re-
warded by the new discovery In 1847 three more were found,
and not a year has passed since then without the discovery of
froms 1 to 100 The number of those which have been suffi-
ciently well observed to permit the calculation of rehable orbits
passed 1000 1in 1924 More than 500 others have been dis-
covered but lost again because not enough observations were
obtained to determine their orbits Most of the bnghter ones
have evidently been already picked up, and nearly all the more
recent discovernies are of very faint objects, appearing hke stars
of the eleventh to the fourteenth magmtude, which require a
large telescope to make them even visible, but these are still
being found 1n large numbers There are at least 1500, and very
likely more, which are bright enough to be observed with present-
day instruments

411 Method of Search. Formerly the asteroid hunter con-
ducted his operations by making special telescopic star charts
of regions near the echiptic and from time to tune comparing the
chart with the heavens If an interloper appeared on the chart,
a few hours’ watching would show whether it moved or not,
that 1s, whether 1t was a planet or merely a vanable star The
work, especially that of chart-making, was very laborious

In 1891 a new method was introduced by Max Wolf, of
Heidelberg A camera with a wide-angle lens of several inches
aperture 1s mounted equatorially and moved by clockwork ,
with this are made photographs of portions of the sky from 5°
to 10° in diameter If the telescope 1s carefully guided durng
the exposure, the stars show on the negative as small black
dots, but a planet, if present, will move among the stars dunng
the two or three hours of exposure, and its image will be a streak
(Fig 146 A) instead of a dot, and so recogmzable at once It
often happens that several asteroids are found on one negative

An effective method for the photography of the fainter aster-
oids was practiced by the Reverend J H Metcalf, an American
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amateur While the telescope follows the stars by its dnving-
clock the plate-holder 1s given a slow motion, the same as
that of an average asteroid m the region under observation.
The image of an asteroid remains nearly stationary on the
plate duning the entire exposure, and 1s many times as intense
as 1f 1t had been allowed to trail The subsequent search is
now for small black dots among a multitude of star-trails

A B

Tic 146 The Asteroid (f08) Princelonia

The photograph at the Icit was exposed for 182 minutes while the guiding star was kept
carcfully bisected by the cross-wires The images of the stars are round whereas that of
the asterotd 1s a trall (T he cut was retouched to strengthen this, the trail was well shown
on the onginal photograph ) Two asteraids appear on the photograph at the nght  They
are indicated by ink marks — as 1s customary The plate was moved 1n the direction and
with the speed calculated for 1911 NA, which appears as a dot The image of Prence-
tonie, which had a dificrent motion, 15 a short trail, and those of the stars are still langer
trals Princetonsa was discovered and named hy R S Dugan (From photographs by
Max Wolf, Komgstuhl Hudelberg)

When first announced, each asteroid 1s designated provision-
ally by the year followed by two letters, as 1924 RJ The list of
discoveries from 1893 to 1924 numbered 1726 These discov-
enes do not, however, refer to as many different objects A num-
ber of the older asteroids have not been observed since the year
of discovery, and are adnft and practically lost Now and then
they are picked up as new, thus, (132) Athra was rediscov-
ered 1 1922 after having been lost since 1873 It 15 sometimes
found, on calculating backward, that an asteroid whose orbit has
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just been computed has been discovered once, or even twice,
before, but that the earlier discoverers did not make observations
that were sufficient to get an orbit

When a rehiable orbit has been computed, and 1t 1s certain
that the planet 18 new, the director of the Rechemmnstitut at
Berlin (the mnternational center for this subject) assigns 1t a
permanent number, and the discoverer gives 1t a name The
earlier asteroids recetved mythological appellations, but at pres-
ert the lcgendary lore of all lands 15 very nearly exhausted, and
planets have been named not only for aties, colleges, and friends
of their discoverers but even for ocecan steamers, pet dogs, and
favonite desserts! All the names are given the femimne form,
except those of a few outlying but mmporlant objects at the
extreme outer and inner hmits of the group

A complete list of the asteroids, with clements of their or-
bits, and with short ephemerides giving thewr positions n the
heavens near the timc of opposition 15 published annually by
the Rechenimnstitut They arc usually referred 1o by both number
and name, as 1llustrated below

412 Mean Distances and Penods The mean distances of the
different asteroids from the sun differ widely, and the periods
correspond The ncarest to the sun, of those so far known, are
(433) Eros and (334) Hungaria whose mean distances are respec-
tively 1 46 and 1 94 astronomical umts and whosc periods are 1 76
and 2 71 years The most remote 1s (844) Hidalgo, with a mean
distance of 5 71 and a period of 13 7 years Seven eighths of them,
however, have mean distances lying between 2 3 and 3 3 astro-
nomucal units, and, therefore, periods between 43 and 6 years

The average of the mean distances of the asteroids bearing the
numbers 1-807 15 2 805, almost exactly that indicated by Bode's
law For the larger ones, which are bright enough to stand a good
chance of being observed even if near the outer limits of the group,
the averagc1s 2 91, and this 1s probably nearer the true mean

The mean distances are not distnibuted at all umformly through
their range There are several miarked gaps, doubtless due to
the action of Jupiter, since they come just where the penod of the
asteroid would be exactly commensurable with that of the great
planet, that 1s, 3, 5, 2, £, etc of Jupiter’s period
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Curtously enough, the few asteroids whose pertods are more
than seven years seem to follow the opposite rule, and to cluster
around the distances corresponding to periods £ and  of Jupiter’s
or to Jupiter’s period 1tself

413 Other Orbital Elements. The inclinations average about
9° 30/, and the eccentricities about 0 15, — much greater than for
the principal planets The orbit of (944) Hidalgo 1s inchned 43°
to the eciptic, and that of (2) Pallas, nearly 35° Of the first
thousand, 3 others have inclinations exceeding 30°, and there
are 17 more with inclinations between 25° and 30° The eccen-
tnaty 1s also very large 1n some cases, — 0 53 for Ahnda,
0 54 for (719) Albert, and 0 65 for Hidalgo (greater than for
some comets), while 1t exceeds 0 30 1n 25 other cases There s a
definite tendency for large eccentriaty and large inchination to go
together The longitudes of perithehon agamn show the influence
of Jupiter, nearly twice as many falling within 90° of Jupiter’s
perihelion as 1n the opposite half of the circle

The orbits so cross and interhnk that if they were matenal
hoops or nings, the Lifting up of one would take all the others with
it, and these of Mars and Jupiter as well

414 Diameter, Albedo, etc These bodies are so small that
micromctrical measurements, even of the largest ones, are very
difficult, and of the smaller ones 1mpossible Barnard, with the
Lack and Yerkes telescopes, has obtamed measures of the disks of
the four brightest and presumably largest, with the following
results Ceres, 480 mules, Pallas, 304 miles, Juno, 120 miles,
Vesla, 240 miles It 1s rather surprnising that Vesta, which, 1if
placed at the same distance, would look fully twice as bright as
Pallas, and 20 per cent bughter than Ceres, should be so much
smaller, but measures taken by Hamy, by an altogether dif-
ferent mcthod (§ 824), confirm Barnard’s value

From these diameters, and from the observed brightness of the
asteroids, 1t appears that Ceres, at the full phase, reflects nearly
the same proportion of the incident light as does the moon,
Pallas, about as much as Mars, and Vesta, almost as much as
Venus

The bnghtness of all four, and of all the other asteraids which
have been photometrically observed (twenty or more 1n number),
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falls off very rapidly as the phase increases, so that 1t 1s probable
that their surfaces are even rougher than the moon’s When this
1s taken 1nto account (§ 204), the albedo of Ceres comes out 0 06,
of Pallas, 007, of Juno, 012, and of Vesta, 0 26

The dhameters of the fainter asteroids may be estimated only
from their observed brightness On the assumption that therr al-
bedo 1s equal to the average of that of the four brightest asteroids,
1t appears that there are probably a dozen others of diameters
between 150 and 100 miles and perhaps one hundred and fifty
more exceeding 50 miles, while the majonty range from 50 to
10 miles 1n diameter and a few are even smaller, — mere "‘moun-
tains broken loose ”’

These estimates aie necessarily somewhat uncertain, and, as
the measures of the brighter asteroids show, may be i error by
one third of their amount 1n some cases, but they must at least
give the true order of magmtude of thesc little bodies

415 Mass, Density, etc It seems probable that the density of
the asteroids does not differ much from that of the crust of the
earth or the mean density of the moon If this 1s so, the mass
of Ceres 1s about 1/8000 that of the earth On such a planet the
force of superficial gravity would be about 1/30 of gravity on
the earth, and a body projected from the surface with a veloaity
of 1700 feet per second (less than that of an ordinary nfle-ball)
would fly off into space and never return to the planet On the
smallest asteroids, of diameter less than ten mules, 1t would be
quite possible to throw a stone from the hand with veloaty
enough to send 1t off into space It 1s obvious, therefore, that
even the largest asteroids cannot possess any atmosphere

416. Aggregate Mass. On the basis just described the aggre-
gate mass of the thousand asteroids under discussion may be
estimated as about 1/3000 that of the earth, Ceres and Pallas
accounting for about half of the whole From the distribution of
brightness, and therefore presumably of size, among those in
the mner part of the group, 1t appears that the undiscovered
smaller ones, although exceedingly numerous, are probably so
small that their combined mass 1s considerably less than that of
those already known In the outer part of the zone, correspond-
mg to periods longer than six years, only the larger objects have
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so far been observable, and estimates are more uncertamn, but
from existing evidence 1t seems that 1/1000 of the earth’s mass
1s a reasonable estimate, and 1/500 a liberal estumate, for the
mass of all the asteroids, known and unknown

Even a much larger amount of matter crculating between the
orbits of Jupiter and Mars would be too small to produce per-
ceptible perturbations of the orbit of Mars

417 Form, Rotation, etc In the case of such small bodies the
gravitational forces, which compel a large planet to be nearly
spherical 1 form, would be relatively inefficient, and 1t 1s not
mmpossible that scme of them may be of irregular shape

A number of them show periodic fluctuations in brightness,
such as might be caused by the rotation of such a body or of a
sphenical body covered with large bnght and dark spots Among
these are (7) Ins, with a period of 6" 12m, (15) Eunomia, 3k 2™,
(116) Sirona, 9" 40™, (345) Teradina, 8247= and (433) Eros,
50 16m Tt 1s natural to suppose that these are the rotation periods
of the bodies

This has been proved for Eunomia by Pickenng and Wendell,
who found that the apparent period of vanation was longer when
the planet was advanang than when 1t was retrograding This
is exactly what should happen if the rotation of the planet 1s
direct, for, as can be seen from the general equations of synodic
motion (§ 268), the apparent peniod should then be longer than
the true period of rotation 1n the first case, and shorter in the
second They showed also that the vanation was due to differ-
ences 1n albedo of opposite sides of the planet, and not manly
to irregularities of shape In the latter case there would be two
maxima of brightness 1n each rotation, in the former, but one
The observed change 1n period agreed with the former hypothesis

418 The number of these bodies already known 1s so great,
and the prospect of increase so indefinite, that it is a semous
problem to take care of them

Photographic methods now make 1t easy enough to observe
all but the faintest asteroids, but to follow the motion of one of
these hittle rocks by calculation 1s more troublesome, on account
of the great perturbations produced by Jupiter, than to do the
same for one of the great planets Indeed, an exact solution of
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the problem would be, in many cases (according to Professor
Brown), much more difficult and laborious than the lunar theory

Methods by which the perturbations of the majority of these
bodies may be approximately calculated, without prohibitive
labor, have been developed, however, and “mean elements”
and tables have been published for about minety, by means of
which the planets’ positions can be predicted at any time within
a minute or two of arc Many more will doubtless be added to
this hist in the near future, but certain cases present difficulties,
notably those 1n which the period 15 nearly one half or one third
that of Jupiter With proper coordination of the work of obser-
vation and computation there 15, however, no present danger
that planets for which reliable orbits have once been obtained
will have to be turned adnift again for want of attention

419 Remarkable Asteroids 1he Trojan group The asteroids
(588) Achilles, (617) Patroclus, (624) Hector, (659) Nestor,
(884) Priamus, and (911) Agamemnon are noteworthy because
their mean distances and periods are very nearly identical with
Jupiter’s They are of great theoretical mnterest since 1t 15 prob-
able that they represent actual cxamples of the Lagrangian
solutions of the problem of three bodies (§ 329), and keep always
at approximately the same distance {rom Jupiter, as well as from
the sun, arculating about one or another of the pomnts in the
plane of Jupiter’s orbit which form, with Jupiter and the sun,
the vertices of equilateral tnangles  All six are at present within
20° of these points, Patroclus and Priamus following Jupiter, and
the other four preceding 1t

They are very faint objects, of the twelfth to the fourteenth
magnitude, observable only with powerful mnstruments, but this
15 because they are so far off They average perhaps 80 miles
in diameter, and thcre may be many more of the group
undiscovered

Exceptional orbits A few asteroids have orbits of extraor-
dinary eccentricity, — even greater than that of some comets
The most remarkable 1s (944) Hidalgo, which has a major axs
of 571 astronomical umts and a period of 13 7 years, — much
the longest so far known The eccentnaty 1s 0 65, so that the
perthelion distance 1s 20 and the aphelion distance 94, — as
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great as the mean distance of Saturn The orbit plane 1s highly
mchned (43° 06), and the planet can never come anywhere
near Saturn But at its descending node 1ts orbit comes within
26,000,000 miles of Jupiter This suggests that 1t may have been
thrown 1nto 1ts present extraordinary orbit by perturbations at
a close approach to Jupiter (compare § 322) Its brightness cor-
responds to a diameter between 15 and 30 miles At a perihelion
opposition 1t 1s of about the eleventh magmtude, when 1n aphel-
10n at opposition 1t 15 fanter than the nineteenth, so that 1t can
only be observed at a favorable opposition

The asteroid (719) Albert has a mean distance of 2 58 and an
eccentricity of 054 At perihehon 1t can come within about
18,000,000 miles of the earth Even at this distance 1t is only
of about the twelfth magmtude In aphelion it 15 of the twen-
tieth magmitude and probably not obscrvable with any existing
telescope It 15 probably only 2 or 3 miles in diameter

420 Eros. This little planet, insigmificant 1n size but of great
astronomical interest, deserves special atltention It was dis-
covered 1n August, 1898, photographically, by Witt, of Berlin, and
at once attracted attention on account of its short period Thanks
to the numerous observations which have since been made, its
elements are now known with very great precision Its sidereal
peniod 1s 643 23 days, or very nearly 1§ years, and 1ts synodic
period 845 days, — the longest known

Its mean distance {rom the sun 1s 1458 times the earth's, or
135,430,000 mules, but the eccentriaity of its orbat, 0223, 1s so
considerable that at aphelion 1t 1s 165,630,000 miles from the sun,
well outside the orbit of Mars and within the asteroid region,
while at perihelion 1ts distance 1s 105,230,000 miles The inch-
nation of the orbit 1s 10° 49’, the perthelion within little more
than 2° of the descending node and only 21° from the earth’s
perthelion, so that the least possible distance between the two
planets 1s only 13,840,000 nules This 1s only a little more than
half the least distance of Venus, and at such oppositions (which
always happen about January 22) the parallax of Eros 1s
nearly 60"

Observations made on the planet at such time of close approach
determine 1ts parallax, and hence with the aid of our knowledge
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of 1ts orbit (§ 287) the parallax and distance of the sun, with
a far smaller proportional error than any other direct method

Unfortunately these favorable oppositions are very rare, and,
by worse luck, one happened 1n 1894, just before the discovery of
the planet The nearest approach since then occurred in 1901,
when the minimum distance was a little less than 30,000,000 miles
Thousands of observations, visual and photographic, were made
at that time at many observatones, and their discussion has led
td one of the most accurate values of the solar parallax ever
determined (§ 218)

There will be a better chance 1n 1931, when the least distance
will be about 16,200,000 mules (on January 30) The planet will
be favorably placed and 1s likely to be extensively observed

The theory of the planet’s motion 15 also noteworthy, on
account of the large perturbations produced by the attraction of
the earth These permit a very accurate determination of the
ratio of the earth’s mass to the sun’s, and hence of the solar
parallax This method, even at present, surpasses all others 1n
accuracy

Eros 15 probably about 15 miles 1n diameter, as estimated from
its apparent bnghtness It appears ordinanly like a star of the
eleventh or twelfth magnitude, and 1s visible 1n a small telescope
only 1f one knows just where tolook forit At a perthelhion opposi-
tion 1t would be almost visible to the naked eye (of magmtude 7 2)
and brighter than any other asteroid ever becomes, except four or
five of those first ohserved

Eros 1s also one of the asteroids that show penodic vanations
i brightness which are very probably due to rotation The period
15 5P 16™, and there are two maxima and two mimma of hght 1n
this mterval In February, 1901, the greatest light was three
times the least, but within the next three months this range
diminished to almost nothing The vanation was large again in
1903 and almost entirely absent in 1907 These remarkable
changes can be partly explained by a lugh inclination of the
planet’s equator, sometimes we view the body almost from the
direction of the pole, where, of course, the rotation should lead
to no change in brightness The details, however, remamn to be
worked out
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421 Origm of the Asteroids. Two alternative but not mutually
exclusive hypotheses have been advanced for the ongn of this
remarkable swarm of tiny planets One 1s that they represent a
planet spoiled 1in the making, that 13, a mass of matenal which
never coalesced to form a single body The other and older theory
1s that they represent fragments of a planet which, for some reason,
has exploded No single explosion could account for the present
tangle of orbits, for some of them are so much larger than others
that, turn them about as one might, they could not be made to
mtersect But this hypothesis has nevertheless been greatly
strengthened by a remarkable recent discovery

422 Familes of Asteroids If such a catastrophe should occur,
and if the fragments were dispersed with relatively small veloci-
ties, their orbits would remain very similar, having nearly, though
not quite, the same period, eccentriaty, and inchnation At first
they would all pass nearly through the point of explosion, but the
perturbations, due mainly to Jupiter, would gradually shiit the
orbits, and after a few hundred thousand years this would no
longer be true It can be shown, however, that these perturba-
tions would not alter, in the long run, the mean distances of the
Planets or their inchinations to the plane of Jupiter’s orbit More-
over, although the eccentncities and longitudes of perithelion
would be altered by perturbations, they would change 1n such a
manner that the centers of their orbits, when plotted in space,
would all be equidistant from a certain definite point on the line
joiung the sun with the center of Jupiter’s orbit

K Hirayama has shown that there exist several groups of aster-
oids which satisfy these conditions in a very striking manner
Five of these groups, containing from 15 to 44 asteroids apiece,
have been recogmzed, and 1t seems 1mpossible that the simultane-
ous agreement with all three conditions can be due to chance It
appears possible that the asteroids of these groups have actually
been formed from a single central mass, although the details of
the process remain obscure A more violent explosion would pro-
duce orbits less Iike one another, and 1ts effect would be much
harder to trace, so that 1t 1s not at present known to what extent
such processes may be responsible for the general run of the
asteroids
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Certain other matters relating to the region of the inner planets
may appropriately be mentioned 1n closing this chapter

423 Absence of an Intra-Mercunal Planet It has been sup-
posed that there might be one or more planets with orbits lying
mside that of Mercury These would be practically imwvisible
under ordinary conditions, but might be seen either when in
transit across the sun or, especially, at the time of a total solar
eclhipsea Such a planet has several times been reported as dis-
covered, notably 1n 1859 (when 1t was even named Vulcan), and
m 1878, but there 15 now no doubt that these reports arose from
matakes of some sort, such as taking a small round sun-spot for a
planet 1n transit

The question has apparently been settled m the negative by
photographic observations made during recent total eclipses, and
especially by the Lick Observatory expeditions in 1901, 1905, and
1908, whose photographs, covering a region extending 12° east
and west from the sun, show great numbers of stars (506 on the
plates of 1908, most of which are too faint to be seen with the
naked eye) and not a single object whick cannot be wdentified as a
known star The observations of 1922 fully confirmed this

It seems practically certain, therefore, that there are no mtra-
Mercurial bodies brighter than the eighth magmlude, that 1s,
more than about thirty miles in diameter

424 The Zodiacal Light On any clear moonless evening, after
the twilight has disappeared, a faint beam of light 15 visible 1n the
west, stretching upward along the eciptic Near the honzon 1t 1s
wider and bnighter than the Milky Way, but 1t grows narrower
and fainter at higher altitudes

It can be seen best 1n the spring, when the ecliptic 1s most nearly
perpendicular to the horizon A similar beam of Light, extending
upward along the ecliptic from the eastern horizon, 1s visible
before sunrse and 1s seen best in the autumn These regions of
diffused luminosity move around the ecliptic with the sun and are
evidently the opposite extremities of a luminous region surround-
ing the sun and elongated along the ecliptic From observations
at midmight 1in midsummer 1t appears that this light extends about
45° north of the sun (and presumably as far south of 1it) Along
the echiptic 1t can usually be followed nearly 90° from the sun, and
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in very clear air, especially in the tropics, 1ts extremities are seen
to extend entirely around the echptic, forming a complete nng
(the zodiacal band), on which, just opposite the sun, 1s a shghtly
brighter patch 10° or so in diameter, called the Gegenschein, or
counterglow

The zodiacal ight, 30° or 40° from the sun, 1s very conspicuous,
and 1t 1s probable that the regions near the sun, which are con-
cealed from us by the twilight, are even brighter, though not
bright enough to be seen through the diftused light which fills the
air during even the longest total eclipse

The spectrum of the zodiacal light has been photographed by
Fath, who finds 1t 1dentical with that of sunlight, as far as can be
determined with the very low dispersion necessary in photograph-
ing so faint an object Its light 15 partially polanzed, as 1t would
be if 1t were reflected, 1n part at least, from very fine particles, or
molecules of gas

Van Rhiyn's work at Mt Wilson indicates that the zodiacal
light 15 not confined to the zodiacal belt but extends faintly over
the whole heavens and accounts for nearly 60 per cent of the hght
of the sky on a moonless mght About 15 per cent more of the
“sky light”’ originates in the earth’s atmosphere and 1s apparently
due to a faint permanent aurora (§ 658) If we could get nd of
these two illuminations, the sky would be much darker and the
Milky Way far more conspicuous

The observations make 1t almost certain that the zodiacal hight
15 reflected sunlight from innumerable small bodies, scattered
throughout a region shaped like a lens or a much flattened ellip-
soid of revolution, having 1ts greatest diameter nearly in the plane
of the ediptic, and extending well beyond the orbit of the earth
Each individual particle, unless small enough to be held up by the
sun’s radiation pressure (§ 320), must be moving 1n 1ts own inde-
pendent orbit about the sun

The brightening of the zodiacal band which forms the Gegen-
schein may be explained by the greater bnightness of the individual
particles at the full phase (as Searle suggests), or (following
Moulton) by the concentration of these particles which would
take place, under the combined attractions of the earth and sun,
i the neighborhood of a point on the line through these two
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bodies and about a million miles outside the earth’s orbit Both
factors probably contribute to the observed effect The quantity
of reflecting matter necessary to produce the observed illumina-
tion of the sky 1s surprisingly small Calculation shows that it
would be accounted for if, inside the earth’s orbit, there were
particles one millimeter in dhiameter, of the low albedo of the moon,
and at an average distance of about five miles apart, orif, 1n case
the light 15 scattered by molecules of gas, the whole amount of gas
1n the thickness of nearly two hundred milhon miles would, if
compressed to atmospheric pressure, form a layer somewhat less
than one centimeter thick

So rarefied a medium would be without sensible retarding 1n-
fluence on the motion of planets or comets traversing 1t, and the
attraction of the whole mass, even on the most extreme reason-
able assumptions, would be far too small to produce any sensible
effect upon the motions of the planets



CHAPTER XII

THE MAJOR PLANETS
JUPITER SATURN URANUS NEFEPTUNE
JUPT1LER

Jupiter, the nearest of the major planets, 1s usually next to
Venus 1n order of brilhancy among the heavenly bodies It 1s
occasionally surpassed by Mars when that planet 15 nearest, but
except when near conjunction 1t appears brighter than Sirius,
the most bnlhant of the stars It 15 not, hike Venus, confined to
the twilight sky, but at the time of opposition dominates the
heavens all mght long

425 Jupiter's orbit presents no marked pecuhanties The mean
distance from the sunis 5 20 astronomical units (483,200,000 miles),
and the eccentricaty of the orbit 1s not quite 1/20, so that the dis-
tance from the sun vanes about 47,000,000 miles between peri-
helion and aphelion

At an average opposition the planet’s distance from the
earth 1s about 390,000,000 miles, while at conjunction the dis-
tance 1s about 576,000,000 mules, but it may come as near to
us as 367,000,000 miles and mdy recede to a distance of nearly
600,000,000 miles

The relative brightness of Jupiter at an average conjunction
and at the nearest and most remote oppositions 15 respeclively
as the numbers 10, 27, and 18, and 1its corresponding stellar
magnitudes are —~14, —25 and — 21

The sidereal period 1s 11 86 years, and the synodic period 1s
399 days, a little more than a year and a month

426 Dmmensions The planet’s equatorial diameter, at mean
distance, as found by Sampson from the durations of the echipses
of 1ts satellites, 15 37" 84, corresponding to 88,640 miles Meas-
ures of the disk with the filar micrometer give a value about
0" 75, or 1700 miles, greater The discrepancy 1s undoubtedly

361
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due to irradiation 1n the latter case (§ 288), and the former value
1s probably very near the truth (see § 441)

The apparent diameter varies from 50" at an October opposi-
tion (or 44’ at an April one) to 32" at conjunction The oblate-
ness 1s considerable, so that the eye notices at once the elliptical
form of its disk Struve finds, from the perturbations of the
mnermost satellite, the value 1/154 The direct measures give
substahtially the same value

*This makes the polar diameter 82,880 muiles, and the mean
diameter {§ 144) 86,720 mules, or 10 95 times that of the earth,
wheénce 1ts surface 1s 120 times, and 1ts volume 1312 times, that
of the earth It 1s by far the largest of the planets in the solar
system, 1n fact, whether we regard 1ts bulk or its mass, 1t 1s
larger than all the rest put together

427. Mass, Density, etc Its mass 15 very accurately known,
both from the motions of 1ts satellites and from the perturba-
tions of the asteroids, and 1s 1/1047 40 & 0 03 of the sun’s mass
(de Sitter, from all observations to 1915), or 316 94 times that
of the earth Companng this with 1ts volume, we find 1ts den-
sity 0 242 that of the earth, very nearly equal to that of the sun,
and 1 34 times that of water

Its mean superficial gravity comes out 2 64 times that of the
earth, but on account of the rapid rotation of the planet and 1ts
ellipticity there 1s a very considerable difference between the
force of gravity at the equator and at the pole, amounting to
15 per cent of the equatonal gravity (On the earth the difference
15 only 1/189)

When, however, allowance is made for the low density and
rapid rotation of the planet, 1t 1s found that its ellipticity 1s less,
n proportion to the magmitude of the centrifugal force which
produces 1t, than in the case of the earth, — the ratio of the
oblateness to the centrifugal force at the equator (§ 341) being
076, as against 0 97 for the earth This shows that the excess of
the density near the planet’s center above the mean density, and
the corresponding deficiency 1n the density of the surface layers,
must be much more pronounced than in the case of the earth

428 Phases and Albedo The orbit 15 so much larger than that
of the earth that the planet shows no sensible phases, even at
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quadrature, though at that time the edge farthest from the sun
shows a shight darkening The albedo 1s high, — 0 44 (Schonberg,
1921), —but not quite equal to that of Venus The change of
Jupiter’s bnightness with phase 1s small Within the range of 12°
of phase angle accessible from our point of observation on the
earth the brightness (corrected for the variations in the distance)
changes by about 10 per cent, while that of Mars, under similar
carcumstances, would change by 15 per cent, and that of the
moon by 21 per cent

It appears, therefore, that the surface of Jupiter must be much
smoother than that of the other bodies

The center of the disk 1s much brighter than the edge, — as 1s
true in the case of the sun and Saturn, but not of Mercury,
Mars, or the moon The falling off 1n intensity 15 most rapid
close to the limb, which, according to photometric measures by
Schonberg, 1s only one eighth as bright as the center

The contrast between the limb and the dark surrounding sky
tends to obscure this effect in an ordinary telescopic view of the
planet, but 1t 1s conspicuous 1n photographs and in visual obser-
vations 1n twilight This darkening of the imb 1 readily explh-
cable by the absorption of hight in the atmosphere overlying a
uniformly reflecting surface

It has sometimes been supposed that the planet might be
self-luminous to some extent, but this cannot be the case, for
its satellites, when eclipsed by entering 1ts shadow, become
totally mwisible

429, Axial Rotation Jupiter rotates on 1ts axis more swiftly
than any other planet, — 1n about 92 55m The time can be given
only approximately, not because 1t 1s difficult to find, and to
observe with accuracy, well-defined objects on the disk, but
because different results are obtained from different spots, accord-
ing to their nature and their distances from the planet’s equator
The rotation period 1s shortest near the equator, but in place of a
gradual vanation with the latitude, as 1n the case of the sun, there
appear to be a number of different zones, rather sharply bounded
and each with its own rate of rotation

There 1s a great equatonal current, covering a zone from 10,000
to 15,000 miles wide, whose rotation period 1s a lttle more
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than 9% 50m Outside this the periods range from 9% 55™ 5° to
gh 55m 42 with no apparent relation to latitude (the distnbution
of the various zones 1s different in the northern and southern
hemspheres), and wecll-marked features near one another on the
planet’s surface dnift by one another, sometimes at the rate of
200 miles an hour
The positions of these zones, and their rates of rotation,
vary from year to year Thus, the period in the equatorial
zone mcreased from 9h49™ 595 1n 1879 to 9P 50™ 30° 1n 1889
(according to Williams), and
1s now about 9" 51m, while
that of the ‘‘great red spot”
was 98 55m 34* 9 1n 1879 and
9h 55m41¢9 m 1899 These
changes are unmustakable and
not due to uncertainty in the
observations
The plane of the equator
ncarly comcides with that of
the orbit, the inclination being
only 3°, so that there can be
nowell-marked seasons on the
Fic 147 Jupiter planet due to causes such as
Enlargement of photograph taken with the produce our OWN Seasons
40-inch refractor  (From photograph by E L
Barnard, Yerkcs Obscrvatory) 430 Telescopic Appearance
In even a small telescope the
planet 1s a fine-locking object, since a magmfying power of only
60 makes 1ts apparent diameter, even when remotest, equal to
that of the moon The amal rotation can be well observed with a
telescope of 9 1nches aperture, or even less With a large instru-
ment and a magnifying power of 300 or 400 the disk 15 covered
with an infinite vanety ol detail, interesting 1n outhne, rich 1n
color (mostly reds and browns, with here and there an olive green),
and these details change continually as the planet turns on its axis
For the most part the markings are arranged 1n belts more or
less parallel to the planet’s equator, as shown by Fig 147 from a
photograph by Barnard These belts vary in number, breadth,
and position from year to year
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Most of the markings are short-lived, lasting only a few weeks
or months at most From the manner in which they change their
shapes and positions 1t 1s evident that they are atmospheric, hike
clouds

431 Semi-Permanent Markings There are, however, some
markings which are at least semi-permanent and continue for

Fic 148 Jupiter

October 18, 1915 The bay of the great red spot 1s seen near the right margmm of the disk,
above the middle  (From photograph by E C Shpher, Lowell Obstrvatory)

years with only shght changes The most remarkable of these 15
the great red spot, shown 1n Fig 148

This was first noted 1n 1878, was extremely conspicuous for sev-
eral years (bemng about 30,000 miles long by 7000 wide and brick-
red 1 color), and then gradually faded away, losing 1ts red color
and shghtly changing its form and becoming rounder Even yet,
while scarcely visible 1tself, the place which 1t occupies 1s clearly
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marked by a notch, or hollow, in the edge of the great southern
belt Denning, from a study of earher drawings of the planet,
has 1dentified this same hollow as far back as 1831, and the spot
1tself since 1859 It might be supposed that this spot, which has
lasted for at least seventy-five years, was permanently attached
to a solid nucleus below, 1f 1t were not for the unquestionable
changes m 1ts rotation period Between 1885 and 1910 this
was clese to 9% 55™ 40¢, but 1n the last decade 1t has been about
five seconds shorter
Compared with a
hypothetical nucleus
rotating umformly
at the slower rate,
1t has dnfted more
than twice round
the planet 1n the past
twenty years, and
also shifted by sev-
eral thousand miles
in latitude Between
1879 and 1885 1t
gaimned more than half
a revolution on this
supposititious solid
nucleus, and 1ts mo-
tion 1n earlier years
was still more rapid

In the belt just south of the red spot a dark region, from 60°
to 180° 1n length, has persisted since 1901, and 15 called the south
tropical disturbance Its rotation period, though also irregular,
1s shorter than that of the red spot, so that it overtakes the
latter at intervals of from two to four ycars At these times the
motion of the “disturbance” 1s accelerated, while the red spot
appears to be dragged bodily in the direction of the neighboring
current through several thousand miles, dropping back after the
encounter

It 1s evident that both these markings are floating 1n a flud
medium, and not rooted to unything solid within the planet

F16 149 Jupiter

Deccmber 19, 1917 (From phetograph by E C Shiphcr,
Lowell Observatury)
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432 Atmosphere and Spectrum The spectrum of Jupiter 1s 1n general
that of reflected sunlight, but there are strong bands in the orange and red
which evidently anse fram absorption in the planet’s atmosphere

They are diffuse i characler (not resolvable mto fine lines), and are evi-
dently 1dentical with similar and still stronger bands in the spectra of Saturn,
Uranus, and Neptune (Fig 208)

Their ongin 1s still unknown but their strength and character are sufficient
to show that the atmosphere must be dense The heaviest band of all, 1n the
extreme red near X 7200 15 practically comncident with the strongest band of
water vapor, but since the other bands of water vapor do not appear in the
spectrum, Shpher, the discoverer of the band in question, beheves that 1t
must be due mainly to some other unknown constituent

Spectroscopic observations upon the relative shift of the dark lines 1n the
spectrum at the eastern and western lumbs give a very fair determination of
1ts rotation period

433. Temperature and Physical Condihion. The charactenstics
and rapid changes of the surface markungs of Jupiter make 1t
almost certain that they are clouds of some sort The rapidity of
their motions and transformations suggests that there 1s a vigor-
ous circulation 1n the planet's almosphere, with rapid exchange
of material between the surface and the underlying depths Until
recently 1t was supposed that this demanded a fairly high temper-
ature, and even that the surface might be almost red-hot although
not quite hot enough to be perceptibly self-luminous, but obser-
vations by Coblentz mn 1914 and 1922 show that the radiation
which comes to us from the planet 1s almost entirely reflected solar
radiation, and indicate that the temperature of the surface 1s
near —140°C, which 1s about what mght be expected if very
Iittle heat comes up from the interior, so that the surface 1s
warmed only by the sun's raciation The atmosphere above
the visible surface must therefore consist of the permanent gases,
and the clouds may be of condensed particles of carbon
dioade or other substances which are famihar to us as gases, and
which bail vigorously at temperatures far below zero

The low mean density of Jupiter, as well as of the other major
planets, presents a problem difficult of interpretation. We know
that the inner portions are much denser, and the outer layers less
dense, than the mear, and that there 1s a shell of atmosphere of
unknown depth which 1s included 1n the measurement of the
diameter of the planet It could be explained on the assumption
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that the inner part of the planet 1s very hot and even gaseous, as
1n the case of the sun  This may be true, but Jupiter 1s probably
as old as the earth, and 1t 1s hard to see how, 1n this long interval,
1t can have escaped cooling sufficiently to liquefy or even solidify

Tic 150 Jupiter

Photographed March 7 (top) and March 19, 1920,

with the Lowell 24-inch refractor Note Lthe rumark-

able change 1n Lhe south tropical bedl (abuve cyuator)

during the twelve-day interval (I'rom photograph by
E C Shipher, Lowell Observatory)

So long as 1t was hqud
or gaseous, the matenal
cooled at the surface
would presumably sink,
and new material would
come up to be cooled
If 1t has cooled, 1t must
contamn a larger propor-
tion of relatively hght
materials than the earth
— a reasonable hypoth-
cais  (§543)  Jeffreys
suggests that the planet
may have a core of
dense, rocky matenal
surrounded by a deep
layer of ice and then
by an cxtensive atmos-
phere The problem 1s
mtricate and deserves
further investigation

It 1s probable that the
vistble markings on the
planct are at different levels,
— the rapidly changing ones
being 1n the rurefied outer
gaseous layers, while the
more permaneni ones lie
deeper and probably origi-
nate from eruptions from

denser layers, where disturbances may maintain themselves for a long time
The rotation period at these lower lev (Js must be nearly umform, — for fluid
friction would soon smooth out any considerable irregulanties, — and 1s
probably about equal to that of the grcat red spot The shorter periods,
on this view, correspond to currents in the upper atmosphere, runmng mn
the direction of the planet’s rotation The great equatonal current, which
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has fairly well-defined gaseous banks, runs eastward at the rate of 250 miles
an hour Winds in the earth’s upper atmosphere — also eastward — have
often been observed to go half as fast

434 Satellite System Jupiter has nine satellites, so far as 1s
known at present Four of them (Fig 151) are so large as to be
easily seen with a common field-glass, and were, 1n a sense, the
first heavenly bodies ever discovered, having been {ound by Galileo

Fis 151 Satellites of Jupiter

Photographed February 16, 1821 (top pair), and May 25, 1023, with the 24 mch ..[racter
The oblaLeness of the planet’s sk 1s well shown (From photographs by B C Slipher,
Lowell Observatory)

m January, 1610, with the newly invented telescope The others
are exceedingly small and are wvisible only with very powerful
telescopes The fifth, the nearest of all to the planet, was discov-
ered visually by Barnard in 1892 The remaining four have been
found photographically since 1905, and are very remote from the
planet It 1s not improbable that other famnt, distant satellites
may remain to be discovered

435. The Galilean Satellites This name 1s often given to the
four large satellites 1n honor of their discoverer, who, within a
few weeks after his first observation, ascertained their true char-
acter and deterrned their periods with surpnsing accuracy
They are usually known as the first, second, etc, in the order of
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distance from the pnmary, but they also have names, — Io,
Europa, Ganymede, and Callisto, respectively, —which, however,
are seldom used

Their periods are approximately 14, 31, 7, and 162 days, and
their distances from the planet range from 262,000 to 1,169,000
mules, or from 5 9 to 26 4 equatonal radu of Jupiter Their orbits
are very nearly arcular and very nearly in the plane of Jupiter’s
equaior, — the greatest inclination to this plane bemng 28’ 1n the
tase of the second satellite, —and the greatest eccentriaty
0 0075, in the case of the fourth

436 Masses and Perturbations The satellites disturb each
other’s motions considerably, and from these perturbations their
masses can be ascertained in terms of the planet’s mass The
third satellite, which 15 much the largest, has a mass of about
1/12,000 of the planet’s, or a little more than double the mass of
our own moon The first satellite 1s about half as massive as the
third, while the masses of the second and fourth are each about
2/3 that of the moon or 1/40,000 that of Jupiter The theory of
therr mutual perturbations (which must also take into account
the attraction of the sun and of the equatonal protuberance of
Jupiter) 1s very intricate, and the masses of the first and fourth
satellites are still rather unccrtain

In consequence of these purturbations a curious relation (discavered by
Laplace) exists betwecn Lhe longitudes of the first three satellites, so Lthat
they cannot all come 1nto conjunction with one another at one time, or 1nto
simultaneous opposition or conjunction with Lhe sun

437. Diameters, Densities All four satellites show sensible
disks 1n telescopes of moderate aperture, and their diameters are
easily measurable

Barnard, from observations with the great Yerkes refractor,
found their respective diameters at mean distance (5 20 astro-
nomical umts) to be respectively 1”7 05, 0”7 85, 1”7 51, and 1 43,
corresponding to 2460, 2000, 3540, and 3350 miles From the
length of time 1t takes them to enter the planet’s shadow during
eclipse the diameters come out 2320, 1960, 3200, and 3220 mules,
— according to Stewart’s discussion (1916) of the very numerous
photometric observations made at Harvard
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The first and second satellites are therefore not far from the
same size as our moon, while the other two are more than half
as large again, — larger, indeed, than Mercury With the eclipse
diameters, which are probably the least affected by the systematic
errors of observation, the densities of the four satellites come out
088, 087, 065, and 017 times the moon's density, or 29, 29,
2 2, and 0 6 times that of water Itis thereforc probable that the
first two are masses of rock, hike our own satellite Jeffreys sug-
gests that the third and fourth may be composed largely of 1ce
or solid carbon dioxide The veloaty of escape from the sur-
faces of all four 15 about the same as that from the moon, so
that, unless they have always been very cold throughout their
history, they can hardly possess atmospheres Shipher finds that
the atmospheric band, conspicuous in the spectrum of Jupater,
1s absent from that of the third satellite

438 Brnghtness and Albedo The third satellite 15 the bright-
est as well as the largest and most massive The first and second
are nearly equal in brightness, and are about two thirds as bright
as the third, while the fourth 1s little more than half as bright as
these two

All four would be wisible to the naked eye on a clear, dark
night if they were not so near the planet, and the third would be
an easy object, like a star of the fifth magmitude But since the
third satellite 15 never more than 6’, nor the fourth more than
11’, from Jupiter, which 1s more than 800 times as bright as the
brighter of the two, they cannot be seen without optical aid,
except perhaps by extraordinarily keen eyes, under very favorable
cond:tions

The albedo of the first satellite appears to be very nearly equal to that of
Jupiter, that of the second, greater by about 20 per cent than lhe average
for the planel’s disk, that of the third, about as much less, while that of
the fourth 1s less than one third that of Jupiter These values are confirmed
by the appearance of the satcllites when 1n transit in front of the planet The
second always shows bright, the first, bright except against the brightest
parts of the planet’s disk, the third, darkish except when near the mb, and
the fourth, grayish even near the hmb, and almost black at mid-transit

As seen from the planet's surface the first satellite would give
about one fifth as much lght as our moon, and the other three
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together, half as much as the first The reason for this 1s that
sunlight on Jupiter 1s only 1/27 as intense as ours If set up
beside our moon under equally strong illumination, even the
fourth satellite would be fully twice as bright as the moon The
third, 1f placed beside Mercury, or even Mars, would exceed
them m brightness, thus appeanng as a very respectable planet

439 Surface Markings and Rotation. All the satellites show
markings on their surfaces when viewed with large telescopes
and under the best conditions Those on the third are the easiest
to see, while those on the second are very faint and difficult
From observations of these markings by Barnard, Douglass, and
Immes it appears certain that the third satellite behaves like our
moon and always keeps the same face toward its primary
Douglass has shown that the same 1s very probable for the fourth
satellite

According to Barnard the first satellite, when between us and
the planet, shows a bright equatornial belt nearly parallel to the
belts of Jupiter, and darker caps at the poles When 1n front of
one of the brighter parts of the planet’s surface, only the polar
regions are visible as two separate dark spots, but when the
satellite 15 1n front of one of Jupiter’s darker belts, 1ts polar caps
merge with the background, and the satellite appears like a
narrow white line

Photometric observations, especially a long series by Guthnick
(1914), indicate that all four satellites vary regularly in brightness
with their position 1 their orbits, as would be true if they were
spotted and their rotation and revolution periods were 1dentical
The same conclusion follows from the Harvard observations of
the eclipses, which show, by the forms of the curves of vanation
1n brightness, that the faces of all four satelhites which are turned
toward the planet during eclipse are spotted Stebbins (1926)
finds 2 decided diminution 1n brightness with phase, indicating
that the satelhtes — especially the fourth — have rough surfaces,
like the moon

440. Eclipses and Transits The orbits of the satellites are so
nearly 1n the plane of the planet’s orbit that, with the exception
of the fourth, which at certain times escapes, they all pass
through the shadow of the planet, and suffer eclipse at every



THE MAJOR PLANETS 373

revolution (Fig 152) At conjunction they cast their own
shadows upon the planet, and these shadows can easily be seen
m the telescope as black dots on the planet’s disk (Fig 153), —
shadow-transits  The satellites themselves, which fransit the
disk about the same time, are much more difficult to observe.

When the planet 1s exactly mn opposition, the shadow, of
course, is directly belind it, and we observe an occultation

T'ic 152 Echpses, Transits, and Occultations of Jupiter's Satellites

The planct 1s supposed to be at western quadrature The shadow of the planet projects so

far to one side that the whole edipse of satellites IT, IIT, and IV takes place dear of Jupiter's

disk Satellite I 1s 1n transit, preceded by its shadow, II1s occulted, IIT1s 1o transit, and
1V 15 1n echpse

(§ 244) 1nstead of an eclipse At other times we ordinanly see
only the beginming or the end of echpse, but when the planet
1s at or near quadrature, the shadow projects so far to one side
that the whole eclipse of every satellite except the first takes
place clear of the disk

The times of occurrence of all the phenomena of the satellites
— echipses, occultations behind the planet, and transits of the
satellites and their shadows across its disk — are given 1n the
Nautical Almanac each year These four types of phenomena
provide very interesting observations for even a small telescope.
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441 Photometnic Observations of the Echipses. The eclipses are
gradual phenomena, the loss of light proceeding continuously
from the time when a satellite first strikes the penumbra of the
planet’s shadow until 1t 15 completely unmersed 1n the umbra
The first and second satellites move through distances equal to

F1ic 153 Shadow-Transit of Ganymede
This photograph v as taken soon after the beginming of the transit of the shadow of Gany-
mede The satellite iteell had completed 1ts tranut (Fig 152 shows how this can happen)
The series of faint white spots in Lhe south tropical belt 1s especially to be remarked (From
photograph by E C Slipher, Lowell Observatory, 1014, “eptumber 234 150 14m G M T)

their own diameters 1n between 33 and 4 minutes, the third satel-
Iite takes nearly 8 minutes to do this, and the fourth, 103 The
existence of the penumbra modifies these durations very little,
but when the satellite’s track passes well above or below the center
of the shadow, and hence intersects 1ts edge at an oblique angle,
the duration of the decrease or increase of 1ts light may be greatly
prolonged (though the whale duration of the eclipse 1s shortened)
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The moment during these gradual changes at which the satellite
is last seen (or first ghmpsed when coming out of the shadow)
depends on the state of the air and of the observer’s eye, and on
the power of his telescope, so that observations of the time of dis-
appearance or reappearance sometimes differ by a minute or two
1 the case of the first satellite, and by five or even ten minutes
for the fourth, makung them practically useless for the determina-
tion of longtude (§ 107) More precise resul*s can be obtained
by measuring the brightness of the satellite with a photometer,
using one of the other satellites as a standard of companson
From a senes of such observations, twenty or more of which can
sometimes be made durnng one eclipse, the moment when the
satellite 1s of just half 1ts normal brightness (that 15, when 1t 1s
just half immersed 1n the planet’s shadow) can be determined
within a very few seconds

A very large number of such observations of the eclipses of all
four satellites have been made at Harvard by Professor Pickenng
and others They are of great value both in determimng the exact
elements of the orbits and motions of the satellites and for finding
the diameters of the satellites and of Jupiter, and have formed the
observational basis for Sampson’s new tables, by which therr
motions may be accurately predicted

Sampson finds that the eclipses sometimes come early orlate He
suggests that the diameter of Jupiter 1s vanable, the douds in its
atmosphere lying hgher at some times and places than at others,
and ranging as much as 100 miles on either side of their mean
level Some such explanation seems to be demanded by the facts

442 The Equation of Light In 1675 Roemer, a Danish astron-
omer (the inventor of the transit instrument, mendian circle, and
prime-vertical instrument, — 4 man almost a century 1n advance
of his day), found that the echipses of Jupiter's satellites show a
peculiar vanation 1n their times of occurrence, which he explained
as due to the fzme taken by light to pass through space His bold
and orniginal suggestion was neglected for more than fifty years,
until long after his death, when Bradley's discovery of aberratron
(§ 162) proved the correctness of his views

When we observe a celestial body, we see 1t, not as 1t 15 at the
moment of observation, but as 1t waes at the moment when the
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light which we see left 1t The time-interval involved 1s known as
the equation of hght An ncrease 1n the distance between the
object and the observer mncreases the equation of hght and
further delays the observation of any phenomenon which 1s
occurring on the object Thus the observed times of the eclipses
of Jupiter’s satellites are affected by the change in the distance of
the earth from Jupiter (Fig 154) From such observations 1t 1s
possible to find the time required for light to traverse the diam-
eter of the earth’s orbit, —

about 161 mmutes
Until 1849 our only knowl-
edge of the veloaty of hght
wasz obtained from the obser-
vations of Jupiter’s satellites

. //\
8 and the constant of aberra-
tion, the earth’s distance from

the sun bemng found by other

methods But at present the

caseisreversed The velocity

of light has been determined

Fic 154 The Light Equation of the cxpenmentdl]y with very h_[gh
Eclipscs of Jupiter's Satellites accuracy (§ 556), and from
When the earth s al 4, the phenomena of thlS, knowmg the“hght equa-

the satellites are observed relatively about
165 munules earlier than when the earth 15 thH,” we may deduce the

atB U rmreaentsuiusp‘::;r- and § represents  dystance of the sun  Unfortu-
nately, owing to the difficulty
in determining the exact moment of mid-eclipse, the result, even
from the Harvard photometric observations, cannot compete 1n
precision with other methods It 1s, however, 1n excellent agree-
ment with them, Sampson finding, for the time that light takes
to traverse an astronomical umt, the value 498¢ 6 &+ 1= 3, which
leads to the solar parallax 8 80 + 0 02
443 The fifth satelhte was discovered by Barnard at the Lick
Observatory in September, 1892 1t 1s so faint (its discoverer
estimated 1t as of the thirteenth magmtude, or about 1,/1000 as
bnght as the first satellite), and so near the planet, that 1t 1s in-
visible with telescopes of less than 18 or 20 inches aperture, and
a difficult object even with the largest instruments except under
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very good conditions Its distance from the planet’s center is
112,600 miles, and 1its penod, 11k 57m22: 7 Its orbit 1s very
nearly circular and almost 1n the plane of the planet’s equator, but
the eccentricity (0 003) and inclination to this plane (27’) have
been detected by careful observations The influence of the
planet’s ellipticity causes the hine of apsides to advance, and the
nodes to retrograde at the enormous rate of 916°, or more than
27 complete revolutions per year (according to H Struve) The
elliptiaity of the planet can be very accurately determined from
these motions

The satellite 1tself 1s far too small to show a disk, and 1ts diam-
eter can be estimated only from its brightness (which has never
been accurately measured) If of the albedo of the first satel-
Iite, 1t would be about 75 miles in diameter, but if symilar to
the fourth, 150 miles The first figure 1s perhaps the more
probable

444 The Quter Satelites The sixth and seventh satellites (in
order of discovery) were found by Pernne at the Lick Observa-
tory, in December, 1904, and January, 1905, on photographs
made with the Crossley reflector The sixth, which 1s the bnghter
of the two, is of magnitude 13 7 (according to visual estimates by
Barnard) and 15 probably about 100 miles in diameter The
seventh 1s much fainter and may be 40 miles 1n diameter

The penods of these two satellites are nearly equal (250 and
260 days), and their mean distances from the planet are 7,100,000
and 7,300,000 miles Both their orbits have large eccentricities
(0 15 and 0 21), and their planes are inchned 29° and 28° to that
of Jupiter's orbit, but in different directions, so that they make
an angle of about 28° with one another The two orbits, though
nearly of the same size, interlock like two links of a chain, and
nowhere come within 1,800,000 mles of one another

Both satellites are subject to very large solar perturbations
which may affect their longitudes by several degrees in either
direction

The eighth satelite was discovered photographically by
Melotte at Greenwich in February, 1908 It 1s a very faint
object, about equal to the seventh satellite n bnghtness and,
presumably, 1n size
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Fig 155, from a photograph made at Greenwich, shows the
sixth, seventh, and eighth satellites — and how faint they are

The orbit of the eighth satellite 15 extremely remarkable Its
penod 1s a little more than two years, and 1ts motion retrograde,
—1n the opposite sense from that of the seven inner satellites
Its mean distance from the planet 1s 14,600,000 miles, but on
account of the great eccentriaity of the orbit the actual distance
ranges from 9,100,000 to
20,100,000 miles The
inchination of the orbit
15 high, about 32° to the
plane of the planet’s
orbit, or, more properly
speaking, 148°, since the
motion 1s retrograde
(§281), but, like all
the other orbital ele-
ments, 1t 15 subject to
great changes on ac-
count of the enormous
perturbations produced
by the sun The sun’s

Fic 155 Jupiter's Satellites VI, VII, and VIII disturbing force (§ 334)

Reproduced from the negalive (February 28, 1008, ex- 15 a| times as much
posure BO minutes) on which satellite VIIT was discov y
ered The telescope was made to [ollow Jupiler, thus as 1/9 of the PlﬂDEt 5

causing the stars to trad slightly The images of the  attraction, and the or-
satellites are small dats within the small circles A part b '
of the overexposed image of Jupiter appears m the 1t has so far been cal-

corner A réseau (§ 83) was photographed on the plate  culated by the method

for purposes ol measurement (I rom photograph at
Royal Observatory, Greenwich) of mechanical quadra—
tures (§ 323)

Durnng the four revolutions from 1908 to 1916 the penod
(measured from a given longitude back to the same longitude
again) varied from 713 to 768 days, the eccentncity, from 0 29
to 045, and the inclination to *he plane of the planet’s orbut,
from 28° to 34°, and 1t 1s improbable that the limits of vanation
of any of these quantities were reached in this short interval

The ninth satellite, discovered by S B Nicholson 1n July, 1914,
on photographs taken at the Lick Observatory, 1s still fainter than
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the eighth, and may be 25 miles in diameter Its motion 1s retro-
grade, like that of the exghth satellite, and its mean distance from
the planet a little greater (15,000,000 miles), with a penod of
two years and two months, eccentricity 0 25, and inchination
156°, according to the elements denived from the observations
of 1914 and 1915 Its perturbations are also very large

The average apparent distances of the eighth and ninth satel-
lites at elongation exceed 2° (when Jupiter 1s near opposition),
and under favorable crcumstances they may be greater, thus
the eighth satellite was 2° 47’ from the planet in July, 1913
When these satellites have been observed through half a dozen
revolutions, a study of their motions will mive a very prease
determination of the mass of Jupiter (and will present a laborious
and difficult problem to the mathematical investigator)

445 Are these Satellites Captured Asteroids? If, in the course of the
changes of its orbit, the eighth satellite should ever get about twice as far
from Jupiter as 1t did 1n 1913, and should do this near the time of 1ts opposi-
tion or conjunclion with the sun, the sun’s disturbing force upon 1t would
equal the whole attraction of the planet and counteract it almost completely,
so that the satellite would move away out of the range of the planet’s attrac-
tion altogether, and circulate in an independent orbit of its own about the
sun, becoming a faint asteroid It 15 equally conceivable that, reckoning
backwards, the reverse process may have occurred at some past time, —an
asterord approaching the planet so slowly and in such 2 manner that under
the commbmed attraction of the planet and sun (the planet’s attraction alone
could not do 1t) 1t was “captured,” and settled down to move around the
planet as a satellite

The question whether any of the distant satcllites of the planets have thus
been captured (and are therefore likely to be lost again in the future) 1s of
great mtcrest The problem has been solved mathematically in the case
where the mass of the satellite 1s neghgible and the planet’s orbit circular

Calculation shows that if the planetary orbits were circular, the moon,
Jupiter’s sixth and seventh satellites, and the minth satellite of Saturn (soon
to be described) would be rigorously confined to closed regions surrounding
their respective primaries  Since the actual orbits of the planets are elliptical,
the calculations do not prove that this 1s actually the case, but the “margmn
of safety ” 15 1n all cases great enough to make 1t exceedingly probable that
these satelhtes have been crculating about the plancts for an indefimte
period, and will continue to do so indefinitely

For the e.ghth and ninth satellites of Jupiter the calculations show that no
such necessary restrictions exust , but, with their retrograde motion, Moulton
considers it reasonable to believe that their motions are stable
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Moulton has also shown that a satelhite of Jupiter with direct motion, and
with a period as long as two years, would probably, though not 1n all possible
cases, be unstable, and would eventually be lost to the planet

SATURN

448 Saturn 1s the most remote of the planets which were
known to the ancients It 15 a conspicuous object of the first
magnitude, outshining all but the brightest stars, with a steady
yellowish radiance, not varying much 1n appearance from month
to month, though 1n the course of fifteen years 1t alternately gains
and loses about 70 per cent of its bnightness with the changing
phases of 1ts rings (§457) It 1s umque among the heavenly
bodies, —a great globe attended by nine, perhaps ten, satellites
and surrounded by a system of rings which has no known coun-
terpart elsewhere in the universe

447. Orbit Its mean distance from the sun 1s about mine and
one-half astronomical umts, or 885,900,000 miles, but the dis-
tance vanes nearly 100,000,000 miles on account of the con-
siderable eccentricaty of the orbit (0 056) Its nearest opposition
approach to the earth 1s about 745,000,000 miles, while at the
remotest conjunction 1t 15 1,027,000,000 miles away

The sidereal period of the planet 1s about 29} years, the syn-
odic perrod being 378 days The snclination of the orbit to the
ecliptic 1s about 23°

448 Diameter, Volume, and Surface The apparent mean
diameter of the planet varies from 20” to 14" according to the
distance The planet 1s more flattened at the poles than any
other, 1ts oblateness bemng fully 10 per cent Struve’s direct
measures and his study of the perturbations of the satellites
lead to the value 1/9 5, Lowell's recent measures, to 1/9 2

The equatonal diameter 1s about 17/ 25 at mean distance, or
74,100 miles, — the older observations, which give a value near
17" 5, being probably somewhat increased by irradiation  With
the ellipticity the polar diameter comes out 66,300 miles, and the
mean diameter 71,500 miles, — very shghtly more than 9 times
that of the earth Its surface 1s therefore about 81 times, and 1ts
volume 734 times, that of the earth, but owing to the difficulty
of correcting the measures for irradiation, the diameter 1s probably
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uncertain by 1 per cent, and the surface and volume by 2 and 3
per cent respectively

449, Mass, Density, and Gravity The planet’s mass is well de-
termuned both by the observations of its satellites and by the per-
turbations which 1t produces upon Jupiter, and may be taken as
1/3499 that of the sun, or 94 9 times the earth’s mass, with a
probable error of perhaps one part 1n a thousand

The remarkable fact follows that 1ts mean density 1s only 0 13
tumes that of the earth, or 0 715 times the density of water It1s by
far the least dense of all the planets The superficial gravity
averages 1 17 times that at the earth’s surface, but vanes by 30
per cent between the equator and the pole

450 Axal Rotation The surface of Saturn 1s marked by belts,
parallel to 1ts equator, as 1n the case of Jupiter, but it is only very
rarely that spots appear which are well enough defined to permit
a determmnation of the rotation period A white spot near the
equator, which suddenly appeared 1n 1876 and continued visible
for several weeks, gave a period of 10" 14™ 245, according to Hall,
1its discoverer One discovered by Barnard in 1903, 1n latitude
36° north of the planet’s equator, gave the much longer penod of
10k 38m It 1s evadent that on Saturn, as on Jupiter, the rotation
pertods must be different 1n different latitudes, and 1t 1s sigmficant
that in this case too the rotation 1s most rapid near the equator

The centnfugal force at the equator 1s 0 17 of the force of
gravity The ratio of the planet’s ellipticity to this quantity 1s
only 0 62, — so near to the theoretical limit (0 5) for a body whose
whole mass 15 concentrated at the center as to make 1t certain
that the superficial layers must be of very low density, much of
the mass being probably concentrated into a deep-lying nucleus

The posttion of the equatonal plane 1s accurately determined
by the perturbations which the planet’s ellipticity produces in
the planes of the satellites’ orbits It 1s inclined 28° 6’ to the
plane of the ecliptic, or 26° 45’ to that of the planet’s orbit

451 Surface Marlungs, Color, and Spectrum As 1n the case
of Jupiter, the edges of the disk are much less brlhant than
the center The belts are less sharply defined and less vanable
than those of Jupiter There 1s usually a brilliant yellowish zone
at the equator, and a darlush cap, of greemsh hue, at the pole
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Lowell has reported the discovery of delicate darkish *“wisps” or
“Jacings” crossing the bnght belts diagonally These are, how-
ever, too numerous and too similar to one another to be available
for determuning the exact rate of the planet’s rotation

R W Wood, n 1915, secured photographs with various kinds of plates
and colored screens, which show extraordinary differences in the reflecting

T'rc 156 Saturn

This photograph, as well 1s those of Tig 157 was taken with Lhe 80 inch reflector using

1sachromatic plates and a yellow screen It reproducts closely the relative visudl brightness

of the varous regions  The nings of Saturn were wide open when this photograph was taken

The shadow of baturn jalls on ring B, while the dark band yust above (he rings, 1n front 1s

an effect produced by the crape ring and the shadow of the rings (Photographed at Mt
Wilson Obscrvatory by E T Barnard)

power of the vanous regions for hight of different wave-lengths With deep
red light (of about 7500 angstroms) hardlyv any surface markings are visible
With yellow hight the equatonal belt 15 bright and the polar regions dark, but
with violet light (about 4250 angstroms) the equatonal belt 1s also very dark
and the polar cap almost black The uu.kening at the planet’s himb 15 much
less conspicuous 1n the violet, showing that the light from this region of the
planet 1s bluer than that coming from the middle of the disk The rings
compared with the planet, are famntest in the deep red and brightest 1n tht;
violet
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The planet’s spectrum shows bands in the orange and red, sumilar to those
1m Jupiter’s spectrum, but stronger These bands are absent 1n the spectrum
of the ning, which presumably has no atmosphere

452 Brightness and Albedo Saturn appears to the naked eye
to be comparable 1n bnghtness to the bnghter fixed stars In
addition to the changes 1n 1ts apparent brnghtness ansing from
the vanations due to 1ts distance from the earth and sun, there
are large vanations due to the different aspects under which we
seeits ings When these are edgewise toward the earth, and prac-
tically 1nvisible, the planet in opposition appears hike a star of
magnitude 0 9, — about as bright as Altair, — and 1n conjunction
one third fainter But when the nings are most widely displayed
they reflect to us about one and two-thirds times as much hght
as the ball of Saturn, and 1ts brnghtness 1s correspondingly
increased This phase accurs near the planet’s perthelion and
aphelion At opposition 1n the former case 1t appears of mag-
nitude — 0 4, — bnghter than any star vasible 1 the latitude of
New York, except Sinus, and 33 times as bright as at opposition
with ‘'nng invisible ”’ At aphehon 1t 1s about one third fainter

The albedo of the ball of Saturn 1s 042 (according to Schon-
berg), — a hittle less than that of Jupiter, and suggesting a similar
physical condition The photographic albedo 1s 25 per cent less,
m good accordance with the yellowish color which the planet
presents to the eye

When the ning 1s invisible, the planet’s hight shows a small
change with phase, which indicates that 1ts reflecting surface, hike
Jupiter's, 1s effectively a smooth one When a large part of the
hight comes from the rings, however, much greater vanation with
phase 1s revealed by the observations This leads to important
conclusions regarding the nature of the nngs (§ 459)

453 The physical constitution of the planet presents problems
similar to those offered by Jupiter, but more acute There can
be no doubt that the visible surface 1s gaseous and that the atmos-
phere 1s very deep, but how the mean density of the interior can
be so low 1s not yet fully understood Coblentz's observations
indicate that the temperature of the surface 1s about — 150° C
Even this is some 30° higher than the sum’s radiation could
keep 1t
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4564 The Rings The most remarkable peculiarity of the planet
18 its ring system The globe is surrounded by three thin, flat,
concentnic mngs in the plane of Saturn’s equator, hke arcular
disks of paper perforated through the center They are generally
referred to as 4, B, and C, A baing the exterior ring

Galileo kalf discovered them 1n 1610, that 1s, he saw with his
little telescope two appendages on each side of the planet, but he

Fic 157 Saturn

We are looking more obhiquely at the nng system here than in Tig 156 Saturn hides the
rings on the far side  The planet 15 1n opposition and its shadow extends directly away [rom
the earth (I'rom photograph by E E Barnard)

could make nothing of them, and after a while he lost them, to
regain them again some years later, greatly to his perplexity
The problem remained unsolv~d for nearly fifty years, until
Huygens explained the mystery in 1655 Twenty years later
D Cassim discovered that the nng s double, that 1s, composed of
two concentric nngs, with a dark hine of separation between them,
and in 1850 Bond. of Harvard, discavered the third " dusky”
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or “gauze” ring between the prinapal nng and the planet. (It
was discovered a fortmight later, and independently, by Dawes 1n
England)

465. Dimensions of the Rings. The outer nng, 4, has an ex-
terior diameter of 171,000 miles, according to Lowell’s recent
measures, and 1s a httle more than 10,000 miles wide '*Cassini’s
division”’ between 1t and ning B 1s probably about 3000 miles wide
{although, owing to irradiation, most measures make 1t narrower)
and appears to be perfectly umform all around Ring B 1s
145,000 miles 1n outer diameter, and a little less than 16,000 in
width It 1s much brighter than A, especially at its outer edge,
indeed, as Fig 156 shows, 1t 1s as bright as the bnghtest parts of
the planet’s surface According to Lowell i1t 1s separated by a
narrow gap, perhaps 1000 mules wide, from ning C, which 1s some-
times known as the crape rning, because 1t 1s only feebly luminous
and 1s semi-transparent, allowing the edge of the planet to be seen
through it This innermost nng 1s about 11,500 miles wide, mak-
ing the width of the whole ring system 41,500 miles, and leaving a
clear space of 7000 mules between 1ts inner edge and the planet’s
equator The thickness of the rings 1s very small indeed, probably
not exceeding 10 miles If we were to construct a model of them on
the scale of 10,000 miles to an 1nch, so that the outer one was fully
17 mnches 1n diameter, they would be thinner than the thinnest
tissue paper ‘This extreme thinness 1s proved by the appearance
presented when the plane of the nng 1s directed toward the earth,
as 1t 1s once 1n every {ifteen years At that time the ring becomes
invisible for several days even 1n the most powerful telescopes

468 The ouler nng, 4, 1s occasionally seen divided by a narrow
dark line known as “Encke’s division,” but more usually there 1s
only a darkish streak upon 1t

Lowell has seen and measured several divisions in nng B, —
fine hnear markings, concentric with the nng No markings, how-
ever, which would permit a determination of the rotation period
of the rings have ever been observed

The shadow of the planet on the rings 1s of course conspicuous,
except at opposition, when 1t 15 concealed behind the planet
That of the nng on the planet, also, can frequently be seen as a
narrow dark band bordenng the nng where 1t crosses the disk.
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The dark marking on the inner side of nng B 1n Fig 156 is the
crape nng, which, though invisible against the sky with the short
exposures employed, shows dark against the planet (where 1ts
own shadow and that of nng B are probably seen through1t, as it
1s semi-transparent)

467 Phases of the Rings The rings he exactly in the equatonal
plane of the planet, so far as can be determined by careful obser-
vation, and 1n the planet’s revolution around the sun the planc
of the cquator and of the rings keeps parallel to 1tself Twice,
therefore, 1 the planet’s revolution, when the plane of the nng
passes through tlie earth, we see 1t edgewise, and twice at its

Fi6 158 The Phases of Saturn’s Rings

maximum width, when 1t 1s at the points halfway between the
nodes (Fig 158) The former phases occur when the planet’s
longitude 1s 172° or 352° 1n the constellations Leo and Aquarnus,
the latter when 1ts longitude 1s near 82° (in Taurus and Gemim)
or 262° (in Sagittarius) The maxmum elevation of the earth
above the plane of the nngsis 27° so that the greatest apparent
width of the ning system 1+ a little lcss than half its length, and
about one sixth more than the polar diameter of the planet
Near the time of disappearance the ning appears hke a thin
needle of hight projecting on each side of the planet to a distance
nearly equal to its diameter On this the satellites are seen
threaded hike beads when they pass behind or 1n front of 1t
The plane of the nngs takes nearly a year to traverse the
earth’s orbit, and dunng this time the earth may cross 1t exther
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once or three times, according to circumstances In the former
case the disappearance of the mngs occurs when the planet 18
near conjunction, under unfavorable conditions for observation,
as 1 1878 and 1891 In the latter, two at least of the three
disappearances are well observable, as was the case 1n 1921

458. Appearance of the Dark Side of the Ruings When the
rngs are exactly edgewise toward us, they are invisible for a
day or two even with the great Yerkes telescope, but when the
earth and sun are on opposite sides of the plane of the nngs, so
that we see the dark side of the nngs (greatly foreshortened, of

South

Iic 159 Saturn

As seen with the 40 mch refraclor of the Yerkes Observatory December 12 1907, when the
earth and the sun were un vpposite sides of the plane of the rmgs  (From driwing by
E E Barnard)

course), they are visible, and present a very remarkable appear-
ance, first descnbed by Bond 1in 1849 and observed in great
detail by Barnard and others 1n 1907 (Fig 159)

The whole surface of the rings 1s visible, though very much
less brightly illuminated than the planet’s disk, so that where the
rings cross the disk they appear as a narrow dark band On the
faint hazy stnp outside the planet appear two brighter reglons,
or condensations, on each side, which are brighter but, according
to Barnard, no wider than the remainder of the nngs These are
permanent phenomena, having been seen by many observers
throughout the time when the dark side of the nngs was visible
Measures of their distances from the planet show that the mnner
ones coinade in position with the crape ring, while the outer ones
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include the Cassini division and also the bnight portion of ring B
just inside 1t

The observed illumination may be explained by the combina-
tion of two factors

(1) Sunhight reflected from Saturn lo the surface of the rings
Calculation shows that the Light received in this way at the
position of the outer condensations would be about 30 times our
full moonhght — strong enough to illuminate the nngs very
percepubly

(2) Sunlight transmtted through the thinner parts of the rings,
which, as 1s shown by direct observation 1n the case of the crape
nng, are partially transparent, or translucent

This must be the main factor 1n producing the condensations
which fall exactly upon those portions of the system (the crape
nng and the Cassim division) which, under full sunhight, reflect
the least light, but which, as these observations show, must
transmit the most The bnghter and denser portions of the
rings are probably very nearly, if not quite, opaque

469 Structure of the Rungs It 15 now umversally admitted
that the rings arc not continuous sheets of either sohd or hqud
matter, but a flock or swarm of separate parnicles, little *“moon-
lets,” each pursuing its own independent circular orbit around
the planet, though all moving almost exactly 1n the same plane

This theory 15 confirmed 1n a remarkable way by entirely
different lines of evidence

(1) Durect observatrons The transparency of the crape mng,
and the illumination of the dark side of this and of the Cassini
division by transmutted sunhght, can be reasonably accounted
for only on the hypothesis that they are composed of particles
so thinly scattered that the open sky 1s visible between them

Again, the distant satellite Iapetus was observed by Barnard
In 1889 while 1t was passing through the shadow of the system
It vanished entirely 1n the shadows of the ball and the bright
nng B, but remamed visible, though fainter than normal, when
immersed 1n that of the dusky ning Barnard’s estimates of its
brightness show that about 90 per cent of the sunlight passed
through this ning near 1ts inner edge, and nearly 50 per cent at
the outer edge, where 1t jons the bright nng At this time the
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sun's rays traversed the ring very obhiquely, at an angle of 11°
Ii they had gone through squarely, the loss of light would have
been less than one fourth as great, whence 1t appears that if
the crape ring could be viewed at nght angles to its own plane,
_the solid particles, even in its densest portion, would cover
only about one eighth of the background Ring B, which has an
apparent albedo fully as great as that of the planet, must be
much more closely packed and 1s probably quite opaque Ring 4,
which 1s fainter, 1s partially transparent This was proved 1n 1917
by the observations of Amslie and Kmght, who watched a star
of the seventh magmitude pass behund the outer nng and the
Cassimi division Behind the outer nng the star was much
fainter than normal, but 1t bnghtened up twice for a few sec-
onds, presumably while 1t was crossing two of the narrow divi-
stons sometimes observed in nng A The star apparently shone
with 1ts full brightness while crossing the Cassimi division

(2) Photometric observations of the planel’s brightness 1t has
already been mentioned that the bnghtness of the light reflected
from the rings falls off considerably as the phase angle 1ncreases,
though that of the planet’s ball does not When the mnngs are
widely open, the combined hight at quadrature (phase angle 6°) 1s
79 per cent of that at opposition (after correction for the effect of
changes m distance) This shows that the light from the nngs,
which forms rather more than half of the whole, has dimimshed
by 35 per cent

Seeliger has shown that this 1s a direct consequence of the
meteonc constitution of the nngs At different points our line of
sight penetrates to very different depths between the particles of
which the ring 1s composed, — rarely, however, getting clear
through without stnlung something The sun's rays do the same,
and the particles lying nearest the sunlit side of the nngs cast
shadows on those which lie deeper When the earth 1s exactly 1in
line between the sun and Saturn, each particle hedes uts own
shadow, and the whole surface of the nngs appears bnght But
when we are even a degree or two out of hne, the shadow of each
particle begins to come out from behind it, and the multitude of
tiny shadows dimirushes the total hight From the observed
behavior Seeliger concluded that, on the average, the particles
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occupy about 1/16 of the whole volume of nngs 4 and B Schon-
berg (1921) makes the fraction much less, and concludes that
the larger particles are accompanied by much fine dust

460 Keeler's Demonstration of the Meteoric Theory of Saturn's
Rings In 1895 Keeler, then at Allegheny, obtained spectroscopic
proof that the ouler edge of the ring revolves more slowly than the
wnner, as the theory requires, but as would not be true 1f the nng
were a continuous sheet The observations were delicate, involv-
ing the small shifts 1n the positions of the spectral hnes produced
by motions of approach or recession, according to Doppler’s
prnnaple (§ 564)

At the inner edge of the nng Keeler's observations (compare
Fig 188) indicated a velocity of 20 kilometers a second, at the
outer edge, only 16, — precisely the velocities that satellites of
Saturn ought to have at corresponding distances from the planet

It may be noted also that the lines 1n the spectrum of the ball of the
planet indicated a veloaity, at the edge of the planet, of 10 kilometers a
second, corresponding to a rotation period of 10} hours, almost exactly agree-

g with that deduced by Proiessor Hall from the observation of the spot
Keeler's results have since been fully confirmed by several other observers

461 Stability of the Rimngs Before the photometrnic and spec-
troscopic proofs of the constitution of the nngs became available,
it had been shown by Pierce and Cletk Maxwell that neither a
solid nor a hiquid nng could continue permanently to revolve
around a planet The least disturbance would cause a solid ring
to oscillate more and more wildly until 1t dashed 1tself to pieces
against the planet, and would cause a hiquid ring to break up 1nta
numerous parts Maxwell, 1n 1859, proved that a nng composed
of a vast number of small satellites would be stable, maintaimng
1ts general character even 1if subjected to moderate disturbances
from outside, such as would be produced by the attractions of
the large satellites, — provided that the aggregate mass of the
particles were sufficiently small 1n companson with that of the
planet

H Struve has since shown that the whole mass of the rings
cannot exceed 1/27,000 of that of Saturn (or about 1/4 of the
mass of the moon) and 1s probably much less This 1s determuned
from the perturbations of the satellhites produced by the attraction
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of the rings, — which are very similar to those arising from the
eliptiaty of the planet, but fall off more rapidly with distance

It 1s extremely probable that the nngs, as a whole, are stable
and form a permanent feature of the Saturruan system The
finer divisions may, and probably do, change somewhat from time
to bme

Kiurkwood has shown that the divisions 1n the nings are very
probably due to the perturbations produced by the satellites,
since they occur at distances from the planets where the penod of
a small body would be precisely commensurable with that of some
one of the inner satellites Thus, the distances at which the
peniod would be 1/2 that of Mimas, the innermost satellite, and
1/3 and 1/4 of those of the next two satelhtes, all fall within Cas-
sim’s division, the boundary between nngs B and C corresponds
to 1/3 of the period of Mimas, Encke’s division to 3/5 of 1t, and
the divisions recently observed by Lowell to vanous other values,
— 2/5,3/8, and so on

It will be remembered that there are similar gaps 1n the distri-
bution of the asteroids, in places where their periods would be
commensurable with that of Jupiter In both cases the gaps are
nearly but not quite bare of small bodies

In 1850 Roche proved that a hqud satellite of any planet, 1f at
a distance greater than a certain definite himit, would be merely
distorted by the tide-raising forces resulting from the planet’s
attraction, but that 1f 1t werc nearer than this lirmt, these forces
would overcome the mutual gravitation of 1ts parts, and actually
tear the satellite to prieces For a satellite of the same density as
the planet this limit 1s 2 44 times the planet’s radius Now the
distance of Mimas, the nearest satellite, 1s 3 11 tumes Saturn’s
radius, so that 1t lies well outside Roche’s himit, while the outer
radius of ring 4 1s 2 30 times that of the planet, placing the whole
nng system 1n the region 1n which any satellite-forming material
would, 1f iquud, have been torn to bits by the tidal forces, and
would, f composed of separate solid particles, have been pre-
vented by these forces from aggregating into larger masses

462 Satellites. Saturn has mine of these attendants, the larg-
est of which, named Titan, was discovered by Huygens 1n
1655. It 1s easily seen with a 3-inch telescope D Cassini,
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with hus long-focus telescope (§ 54), found four others before
1700, Sir Wilham Herschel, in 1789, discovered the two that
are nearest the planet, and an eighth was discovered 1n 1848 by
W C Bond, and independently by Lassell two days later The
mnth was discovered photographically, 1n 1898, by W H Pick-
enng As the order of discovery does mot agree with that of
increasing distance from the planet, 1l has been found con-
vement to adopt names for these satellites (of which those of
the first seven, 1 order of discovery, were assigned by Sir
John Herschel, and those of the last two by their discoverers)

I1c 160 Satellites of Saturn

Photographed March 2 1021 with the 24 inch refractor and wlor filter  From lelt to right

they are Titan, Rhea, Dione, Tethys, Mimas and Enceladus Thc image of the planet and

the nog system 15 much overexpostd (From photugruph by I C  Shipher, Lowell
Observatory)

The range of the system 15 very great (though exceeded by that
of Jupiter’s attendants, so far as our present knowledge goes).
Mimas, the nearest to Saturn of the satellites, coasts around the
edge of the nngs at a distance from them of only 30,000 miles
(115,300 from the planet’s center), 1n a peniod of 22" 37 The
next four, Enceladus, Tethys, Dione, and Rhea, follow closely
outside 1t, with periods ranging from 199" to 4¢ 12 and with
distances from 148,000 to 327,000 miles Farther out 1s Titan
(much the largest of the farmly as his name suggests), with a
period of 154 23" and a mean distance of 759,000 mules The faint
satelite Hyperion, with a penod of 219 7% comes next, then,
beyond a great gap, 1s Iapetus, with a penod of 799 8% and a
mean distance of 2,210,000 miles Finally, far outside the others,
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15 the tiny retrograde satellite Phaebe, at a mean distance of
8,034,000 miles, and with a penod of 550¢

The five mnner satellites move 1n nearly arcular orbits, and
nearly 1n the plane of the nngs, the orbit of Mimas 15 inclined
13° to that plane, and that of Tethys 1° The orbit planes of
Titan and Hypenion deviate shghtly from the plane of the rings,
in the direction of the orbit-plane of the planet, and that of
Iapetus 1s not far from halfway between the two

Pheebe, the faint and distant satellite which was discovered by
W H Pickenng 1n 1898, has a refrograde motion, unprecedented
at the time of 1ts discovery, but later matched by the eighth
and mnth satellites of Jupiter The orhital eccentnaty (0 17)
and 1nchination (5° 3, or, more properly, 174° 7) are considerable,
but not so great as in the case of Jupiter’s outer satellites

Pickering, 1n 1905, reported the discovery of another very
faint satelite with a peniod of 2085 days, which he named
Thems, but the discovery has not been confirmed It may be
that one or more faint satellites of about that period exist

463 Diameters, Albedo, Rotation Titan shows a distinct disk
in large telescopes, and the measures of Barnard and Lowell
make 1ts diameter, at mean distance, about 0’’ 60, or 2600 mles,
Tts bnghtness 1s a lhittle more than 1/1000 that of the planet
(not including the rings), from which 1t follows that 1ts albedo 1s
about four fifths of the average for the planet’s disk This agrees
well with observauons of its transits by Struve, who finds that
near the middle of the disk Titan appears as a dark spot, while
1t 15 indistinguishable near the limb

The remaining satellites are too small to show perceptible
disks Rhea, the bnightest after Titan, takes about four mnutes
to enter or leave the planet’s shadow dunng an eclipse, which
shows that 1ts diameter must be about 1100 miles and 1ts albedo
about equal to that of the planet Its shadow on the planet has
been seen at the Lowell Observatory

The diameters of the munor satellites can be estimated only
from their measured bnghtness If they are comparable in
albedo with the planet and the denser part of the rings (as seems
probable), Dione and Tethys must be 700 or 800 miles 1n diam-
eter, Enceladus about 500, and Mimas perhaps 400
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For the outer satellites the estimates are more uncertain,
Tapetus 15 probably about 1000 muiles 1n diameter, Hypenon
about 300, and Pheebe perhaps 150

1t 15 worth remarking that Hypernon and even Pheebe, 1if they
could be brought to the same distance from the sun as the aster-
oids, would rank among the bnghtest asteroids

Several of the satellites show regular changes in brightness,
which are repeated when the satellite returns to the same point in
its orbit In the case of Iapetus the range of varation 1s extraor-
dinary Near 1ts western elongation 1t 1s almost as bnght as
Rhea, but at eastern elongation 1t 1s less than one fifth as brght,
and fainter than Enceladus The average albedo of the side which
precedes 1n the orbital motion, and faces us at eastern elongation,
must be less than one fifth of that of the opposite face Measures
by Guthmick and Wendell show that Titan and Rhea likewise
vary 1n brightness, but only by 25 or 30 per cent Similar vana-
tions 1n Mimas and Enceladus have been reported by Lowell, and
in Phaebe by W H Pickenng Itisprobable that all the satellites,
Like our moon, always keep the same face Loward their pnmary

464 Masses and Densities From the perturbations the masses
of several of the satellites have been accuralely determined, and
rough estimates or superior limits obtained for the others The
mass of Tatan1s 1/4150 of Saturn’s or 1 86 times that of our moon,
which, with the diameter given above, makes the satellite’s den-
sity shghtly greater than the moon’s, or 33 times that of water

The masses of Dione, Tethys, and Mimas come out respectively
1/70, 1/120, and 1/2100 of the moon’s mass These are by far
the smallest celestial masses which have ever been measured by
their gravitational effects

Struve has pointed out that the masses of the mnner satellites
are very much smaller, in companson with that of Titan, than
might have been expected from their bnghtness Mimas, i par-
ticular, has 1/33 of Titan's bnghtness but only 1/4000 of 1ts
mass Even 1f 1ts albedo were double that of Titan (which 1s
improbable, since the latter 1s aready high), 1ts density would
be only 1/8 that of the larger satellite, or 2/5 that of water It
is clear that the inner satellites must, at the same time, be of
very high albedo and of low density
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URANTUS

486 Discovery of Uranus Uranus was the first planet ever
‘discovered,” and the discovery created great excitement and
brought high honors to the astronomer 1t was found acd-
dentally by the elder Herschel on March 13, 1781, while
“sweeping’’ the heavens for interesting objects with a 7-inch
reflector of lus own construction He recognized it at once by 1ts
disk as something different from a star, but, never dreaming of a
new planet, supposed 1t to be 2 peculiar kind of comet, 1ts plan-
etary character was not demonstrated until nearly a year had
passed, when Lexell showed by his calculations that 1t was doubt-
less a planet beyond Saturn, moving in a nearly arcular orbit

It 15 distinctly visible to a good eye on a dark might as a faint
star, almost exactly of the sixth magmtude, but 1s very far from
being conspicuous

The name " Uranus,” suggested by Bode, finally prevailed over
other appellations that werc proposed (Herschel had called 1t
Georghum Sidus, 1n honor of the king)

It was found, on reckoming backward, that the planet had been
many times observed as a star and had barely missed discovery on
several previous occasions Twelve observations of 1t had been
made by Lemonnzer alone, and later they proved extremely valu-
able 1n connection with the investigations which led to the dis-
covery of Neptune

466 Orbit Themean distance of Uranus from the sun is 19 19
astronomical umits, or 1,782,300,000 rmles The actual distance
vanes 84,000,000 miles on each side of this, owing to the eccen-
tnaty of the orbit (0 047) The inchnation of the orbit plane to
the echiptic 1s small, only 46° The planet’s penodic time 1s 84 01
years, and the synodic period 369 16 days The orbital veloaty
15 4% mules per second

Tt 15 so remote that 1ts apparent brightness varies by only 20 per
cent from opposition to conjunction, and there 1s no perceptible
difference 1m 1ts appearance at opposition and quadrature

467 Dimensions, Mass, Density. Uranus, under sufficient
telescopic power, shows a sea-green disk about 3”.75 in diameter
(at mean distance), corresponding to a real diameter of some
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32,400 mules, but 1ts small and rather faintly illuminated disk is
a very difficult object to measure, and the results of different ob-
servers range through 10 per cent on erther side of this mean value

The disk, under favorable circumstances, shows a decided ellip-
tiaty, — about 1/12 according to the measures of Schiaparelli,
Young, Barnard, and Lowell, which are all in geod agreement

Bergstrand’s study of the motion of the line of apsides of the
nnermost satellite leads to a smaller elhptiaty, 1/18  As both
types of observation are delicate, the discrepancy 1s not surprs-
g With 1/14 as a compromise, the planet’s mean diameter
comes out almost exactly 4 times, 1ts surface 16 times, and 1ts
volume €4 times that of the earth

The planet's mass 1s much more accurately determined than 1ts
diameter (by the motion of 1ts satellites and by the perturbations
which 1t produces on Saturn), and 1s 14 7 times that of the earth
(w1ith a probable error of less than 1 per cent) With the diameter
adopted above, the density comes out 0 23 of the earth’s, or 1 27
times that of water, and the mean surface gravity 092 of the
earth’s

468 Albedo and Spectrum. The albedo 1s about equal to that
of Saturn or Jupiter The change of brightness with phase cannot
be found by observation, as the earth never gets more than 3°
out of ine between the planet and the sun If 1t 15 assumed to
be simular to that found for Jupiter and Saturn, the albedo comes
out 045 Tt should be remembered, however, that sunhght at
Uranus 1s only 1/14 as intense as at Jupiter’s distance, so that
the disk of the planet appears in the telescope to be less than
one tenth as bnght as a portion of Tupiter’s disk of the same
apparent size

The planet’s spectrum exhibits heavy bands 1n the red, orange, and green,
simular to those found 1n Jupiter and Saturn, but far more intense (Fig 208),

doubtless owing to some umdentified substance 1n 1ts atmosphere These
bands explain, at least 1n part, the greerush tinge of the planet’s light

1t 1s probable that the physical condition of the planet is gener-
ally simmular to that of Jupiter and Saturn  The low density raises
the same problems (§433) The high albedo indicates that the
visible surface 1s covered with clouds, and the heavy bands 1n the
spectrum, that the overlying atmosphere 1s extensive and dense.
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4689, Rotation The planet’s eliptiaty shows that 1t must be 1n
rapid rotation, but the period remained undetermined until 1912,
when Lowell and Shipher, by the spectroscopic method (compare
§ 579) denved the value 107 hours Though the planet’s spectrum
was necessanly narrow, the inclination of the lines was unmistak-
able, and the penod given, though possibly uncertain by half an
hour or more, must be substantially correct The direction of
rotation agrees with that of the motion of the satellites, and the
equatonial plane must coinade almost exactly with that of their
orbits, for otherwise the planes of their orbits would undergo
considerable perturbations, and such have not been observed

A stnlung confirmahon of the spectroscopic period was fur-
nished 1n 1917 by the photometnc observations of Leon Campbell,
which showed a vanation in the brightness of Uranus amounting
to 0 15 magnitude 1n a period of 10 hours and 49 munutes It 1s
probable that an accurate value of the pertod of rotation can be
obtained by continuing the observations

Several observers have reported extremely faint bands or belts
upon the planet, much like the belts of Jupiter seen with a very
small telescope The earlier observers found that these belts
were 1nclined to the satellites’ orbit plane at a considerable angle
(though they were so faint that 1t was difficult to be sure about 1t),
but Lowell’s later observations make the directions of the two
practically coinaident. No distinct markings, permitting a direct
determination of the rotation penod, have ever been observed

470. Satelhites The planet has four satelhites, — Arel, Umbnrel,
Titama, and Oberon, — Anel being the nearest to the planet The
two brightest, Oberon and Titania, were discovered a few years
after the discovery of the planet, by Sir Wilham Herschel, who
thought he had discovered four others also, he may have
ghmpsed Anel and Umbnel, but it 1s very doubtful They were
first certainly discovered and observed by Lassell in 1851

These satellites are telescopically the faintest bodies 1n the
solar system and the most difficult to see (excepting some of the
recently discovered satellites of Jupiter and Saturn) Oberon
and Titama are of about the fourteenth magmtude, the latter
being a httle the brighter, and they can be just ghmpsed under
the best condibions, with a telescope of ten or twelve inches
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aperture Anel 1s much famnter, and Umbriel fainter still, and
they are observable only with the very largest telescopes

In real size they are probably comparable with the inner satel-
lites of Saturn, which they would closely match in brightness 1f
placed at the same distance from the sun Titama may perhaps
be 1000 miles in diameter, and Umbnel 400

Their orbits are very nearly arcular, and all he 1n one plane,
which, as has been said above, must be comncident with that of the
planet’s equator They
are very close-packed
also, Oberon having
a distance of 364,000
miles, with a period of
13¢ 118 and Anel a
distance of 119,000
miles and a penod of
2d 12k

471 Plane of Revo-
lution The most re-
markable thing about
the system remains to be
mentioned The plane
of their orbits 1s 1n-
chned 82°2 to that
Artel and Umbnd (which 1s the Lunter) are dowe to the 01 the ecliptic, and 1n
planet and bilow 1t Tatama a httle farther out in almost  that plane they re-
esame it v Obeon o b o MOl volve backward, these

planct s disk 13 much enlarged by overcxposure  (The two statements may be

photograph was maae on September 6 1915 by ¢ O
Lampland, at Lowell Obscrvatory ) combined (s 231) by

)

N
Fic 161 Uranus and tts 1 our Satelliles

saymg that the inch-
nation 1s 97°8 to the plane of the echptic, or 98°0 to that
of the planet’s orbit
When the line of nodes of the orbit plane passes through the
earth, as 1t did 1n 1882 and again 1 1924, the orbits of the sat-
ellites are seen edgewise and consequently appear as straight
lines On the other hand, 1n 1861 and 1903 these orbits were
seen almost #z plan as nearly perfect crcles Near the latter
dates the planet’s pole was about 1n the center of the disk, which
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appeared perfectly round, while the former epochs were best
for determining the inchination of the orbits, the position of the
nodes, and the polar compression of the planet

NEPTUNE

472. Discovery of Neptune This 1s reckoned as the greatest
tnumph of mathematical astronomy since the days of Newton
After Uranus was discovered, 1t was very soon found 1mpossible
to reconale the old observations of that planet, by Lemonnier
and others, with any orbit that would fit the observations made
1n the early part of the mineteenth century, and, what was worse,
the planet almost immediately began to deviate {rom the orbit
computed from the new observations, even after allowing for the
disturbances due to Saturn and Jupiter It was misguided by
some unknown 1nfluence to an amount almost perceptible by the
naked eye, the difference between the actual and computed
places of the planet amounted, in 1845, to the "intolerable
quantity” of nearly two minutes of arc

By modifying the elements of the planet's orbit, on which the
computations were based, 1t proved possible to represent the
observations from 1782 to 1845 with errors nowhere exceed-
g 20”7 One mght think that such a discrepancy between
observation and theory was hardly worth minding, but the way
1in which observations by different astronomers, in successive
years, agreed with one another and disagreed with theory made
1t certain that some unknown force must be acting on the planet
In exact science such unexplained but unquestionably real *re-
siduals’’ are often the seeds from which new knowledge springs,
and 1n this case the discrepancies suppled the data which sufficed
to determine the position of a great world, therctofore unknown

As a result of a most skillful and labonous investigation,
Leverner, a young French astronomer, wrote in substance to
Galle, then an assistant in the Observatory at Berhn

" Durect your telescope io a pownt on the ecliptic wn the constella-
twon of Aquarius, wn longiiude 326°, and you will find within a
degree of that place a new planet, looking Like a star of about the
mnth magnitude, and having a perceptible disk ”’
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The planet was found at Berlin on the mght of September 23,
1846, 1n accordance with this prediction, within half an hour
after the astronomers began looking for 1t and within 52’ of the
precise point that Leverner had indicated

An Enghishman,J C Adams, fairly divides with Leverner the honors for
the mathematical discovery of the planet, having solved the problem and
deduced the planet’s approximate place even earlier than his competitor
Before Galle found the planet, Challs, at Cambndge,— to whom Adams
had communicated hs discovery,— was searching for 1t by the laborious
method of observing the nght ascensions and dechinations of all the stars
in the suspected region, and 1dentifying the planet by 1ts motion He had
actually secured two obscrvations of 1t, and would have anticipated Galle
by several weeks 1f he had mapped his observations as {ast as they were
made The Berlin astronomers had the great advantage of a new star chart
covenng that region of the sky, so that they recogmzed the planet as an
mterloper at once, and confirmed 1ts character by 1ts sensible disk, and,
within twenty-four hours, by 1ts motion

After the first approximate orbit of the new planet had been
computed from a few weeks’ observations, 1t was found, on
reckoning backward, that 1t had been observed as a star several
times by different astronomers 1n previous years, just as Uranus
had been (Neptune’s disk 1s so small that 1ts planetary appear-
ance 1s revealed only by keen scrutiny ) These old observations
were of use 1n determimng the planet's orhit with accuracy

Both Adams and Leverrner, besides calculating the planet’s position m
the heavens, had deduced elements of 1ts orbit and a value for 1ts mass, both
of which turned out to be seriously incorrect The reason was that they
assumed that the new planct’s mcan distance [rom the sun would follow
Bode’s law, a supposition quite warranted by all the facts then known, but
which, nevertheless, 1s not even roughly true As a consequence their
computed elemenis were erroneous, and that to an extent which has led
some critics to declare that the mathematically computed planet was not
Neptune at all, and that the discovery was merely a “happy accident "
But this 1s not so The methods of solution of the problem were not suffi-
cient to denive, from the available data, elements of the planet’s orbit which
would give even roughly correct positinns for all past and future time, but
they were sufficient to give, with a .cry good degree of approximation, its
distance and directzon from the sun duning the time covered by the bulk of the
observations, and hence to inform observers where to point their telescopes,
and this was all that was necessary for finding the planet In a similar case
the same thing could be done agan



THE MAJOR PLANETS 401

473 The Planet and 1ts Orbit. The planet’s mean distance from
the sun is 30 07 astronomucal umts, or 2,792,700,000 rmles (instead
of 3,600,000,000 as predicted by Bode’s law) The orbit 1s very
nearly circular, 1ts eccentricety being only 0 0086 Even this, how-
ever, corresponds to a variation of 48,000,000 miles in the
planet’s distance from the sun The perzod 1s 164 8 years (instead
of 217, as indicated by Leverner's computed orbit), and the
orbutal velocity 1s about 3% mules per second The nchination of
the orbit 1s 1° 47’

Neptune 1s invisible to the naked eye but can easily be seen
with a good field-glass, appeanng as a faint star of magmitude 7 7.

With a small telescope 1t can only be distinguished from the
neighborning stars by means of 1ts motion from mght to mght, but
with larger instruments 1t shows a greenish disk a little more than
2" 1 diameter As in the case of Uranus the older measures made
the diameter 1oo large Abetti, from a discussion of all the obser-
vations up to 1912, concludes that the diameter 1s 2" 3, corre-
sponding to 31,000 miles, or 3 92 times the earth’s diameter.

The planet's mass 1s known with far greater percentage accu-
racy, both from 1its satellite and from 1ts action on Uranus, and
15 1/19,350 of the sun’s mass, or 17 16 times that of the earth
With the diameter given above, the density comes out 0 29 times
the earth’s, or 1 6 times that of water, and the superficial gravity
112 times our own The albedo, calculated from the observed
brightness and this diameter, 1s 0 52, — a high value, and some-
what uncertain on account of the difficulty of measuring the
diameter

The spectrum shows the same bands which appear 1n the case of the other
major planets, but much stronger (Fig 208), indicating a very extensive
atmosphcre

Menzel has suggested that the unknown substance responsible for these
bands may be some compound which 1s completely decomposed at ordinary
temperatures and can exist in quantity only where the atmosphere 15 very
cold This would account for the steady increase in the strength of the bands
from Jupiter to Neptune, and might perhaps also explain why they have not
been found in the laboratory

The planet’s disk is sensibly arcular and shows no markings,
so that there 1s no direct evidence concermng its rotation It
will be noticed that Uranus and Neptune form a **pair of twins,”
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being remarkably alike in size, mass, density, and all other char-
actenstics, and doubtless 1n physical constitution as well They
resemble each other much more closely than do the earth and
Venus, — the other twins 1n the sun’s family
474 Satelute. Neptune has one satellite, discovered by Lassell
within 2 month after the discovery of the planet itself It moves
1n a sensibly arcular orbit with a radws of 220,000 rules and a
pertod of 5% 21" 2= 38¢ Its orbit 1s inclined about 40° to that of
the planct, and 1ts motion 1s retrograde It 1s a very faint object
(between the thirteenth
and fourteenth magm-
tudes), though some-
what bnighter than any
of the satellites of
Uranus Its real size,
however, must be con-
siderable, for 1f brought
to the distance of Sat-
urn or Jupiter it would
be nearly as bnight as
Titan, or as the first
I'ic 162 Ncptune and its Salellite or second satellite of
Photographed with the 40 inch rdfractor The satelhite ]uplter Itis probable,
15 shown beneath the planct  (From photograph by
E L Buarnard, Yerhes Observatory) thereforev that 1t 1s
comparable with these
bodies both 1n diameter and 1n mass, which would make 1t fairly
similar 1n both respects to our own moon Neptune's satellite
has not been given a proper name
The plane of the salellite’s orbit shows a steady and remarkable
motion, 1ts posttion 1n 1900 making an angle of fully 10° with that
which 1t occupied 1n 1850 The only known force that could cause
so great a perturbation (in the absence of other satellites of any
size) 1s the attraciron of an equatorial protuberance upon the planet
That this explanation 1s correct is confirmed by the fact that the
pole of the orbit plane 1s evidently describing a small arcle 1n the
heavens, that s, that the plane itself always makes the same angle
with a fixed plane, on which 1ts nodes move umformly 1n the
opposite direction to the satellite’s motion Ths fixed plane must
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be the plane of the planet’s equator (§ 342) From the observa-
tions so far available 1t appears that the satellite’s orbit 1s inclined
about 20° to the planet’s equator, and the latter about 29° to
Neptune’s orbit, while a revolution of the nodes takes about 580
years (Eichelberger and Newton, 1926)

From these data 1t 1s possible to calculate the planet’s oblateness, and 1its
period of rotation, by making various assumptions regarding the ratio of the
ellipticity to the centrifugal force at the equator This ratio depends on the
planet's internal constitution (§ 341)

If the internal constitution 1s assumed to be like that of Saturn, the oblate-
ness comes out 1/32 and the rotation period 12 hours, 1if it 1s Likke Jupiter’s,
the results are 1/57 and 171 hours

J H Moore and D H Menzel, in the year 1928, obtained direct spec-
troscopic evidence of the planet’s rotation Their provisional value of the
period 15 158 4 1 0 hours (which 15 1n good agreement with prediction)

The rotation 1s direct, — opposite to the motion of the satellite, — which was
quite unexpected '

475 The Solar System as seen from Neptune At Neptune'’s
distance the sun 1tself would have an apparent diameter of a httle
more than 1’ of arc, — only about the diameter of Venus when 1t
1s nearest to us, and too small to be seen as a disk by the unaided
eye (if there were cyes like ours on Neptune) The hght and heat
recerved from the sun by Neptune are only 1/900 of what the
earth reccives Even so, the mtensity of sunhght at Neptune
would be 520 times that of full moonlight on the earth, or equal
to that of a thousand-candle-power electric lamp at a distance of
about ten feet, and hence abundant for all visual purposes In
fact, as seen from Neptune, the sun would look very much hke an
electric arc-lamp at a distance of a few yards

As a source of heat, however, the sun would not amount to
much If the planet’s surface were a good ahsorber and radator,
the solar rachation would only suffice to keep 1t at a mean temper-
ature of about 51° absolute, or — 222° centigrade, and under these
circumstances mtrogen would be 2 sohd and oxygen a sold or a
dense liquid (§ 612) The actual temperature of the planet’s sur-
face may be considerably raised by the escape of heat from the
ntenor, but nevertheless 1s probably very low

None of the other planets of the system could be seen nearly as
well from Neptune as from the earth To eyes like ours Jupiter
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and Saturn, near elongation, would perhaps be visible as stars of
the thurd and fifth magmtudes 10° and 17° from the sun Venus
and the earth would be almost as bright, but since they could at
most get only 13° and 2° from the sun, they would be invisible
except during a total echipse of the sun by Neptune's satellite
Mercury, Mars, and Uranus would never be visible to the naked
eye, but the first two might be detected on photographs made
dunng such an echpse, and the last would be observable telescop-
1cally, since 1its greatest elongation would be 40°

476 Possible Ultra-Neptunian Planets A planet farther from
the sun than Neptune, if of any size, would surely be found sooner
or later, either by means of the disturbances that 1t would pro-
duce 1n the motions of Uranus and Neptune or by the methods
of the asteroid hunters, —modified by companng photographs
taken on difierent days, since the trail dunng a single exposure
would be very short

Several attempts have been made to locate such a planet by study of the
perturbations of Uranus Neptune 1s unfortunately yet unavailable for such
an nvestigation, for it has completed lhittle more than a third of the cirewt
of 1ts orbit since its discavery Whatever might be the perturbations due to
an unknown body, 1t 1s possible to modify the elements of the orbit in such
a way that the motions of an imaginary planet, following the modified orbit
without perturbations other than those due to the known planets, and of the
real Neptune affected 1in addition by the attraction of the unknown body,
will be almost exactly the same aver the relatively short arc of the orbit
covered by the observations, though the two may dewviate widely from one
another a revolution or two earlier or later

Since the elements of a planet’s orbit are determined so as to represent the
existing observations as closely as possible, after allowing for the perturba-
tions of known ongin, the deduced results, if any unknown disturbing force
exists in the case of Neptune, will be the modified elements just described,,
and the true character, and even the existence, of the perturbations may be
concealed until the observations cover a complete revolution or more

Uranus has been observed over nearly 23 revolutions, and there
appear to be small unexplained irregularities 1n 1ts motion, not
exceeding 5, but probably real From these Gaillot, Lowell, and
others have been led to suspect the existence of a planet distant
from the sun about 1} times the distance of Neptune Lowell
finds that 1n this case there are two possible positions for the un-
known body, almost 180° apart 1n longitude, showing that the
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solution of the problem is not always unique, as 1t was in the case
of the discovery of Neptune The mass of the hypothetical planet
comes out less than half that of Neptune, but, even on the most
unfavorable assumptions regarding 1its density and albedo, 1t
ought to be of about the twelfth magnitude, and a conspicuous
object on long-exposure photographs, so that, if it really ensts,
1t 1s rather surpnsing that 1t has escaped discovery so long

Gaillot suspects another and larger planet, rather more than
twice as far from the sun as Neptune

One thing, at least, 1s defimitely proved by these investigations
If there were a planet as large as Neptune within twice the dis-
tance of Uranus, or one as large as Jupiter within 21 times the
distance of Neptune, 1t would produce much larger disturbances
1n the motion of Uranus than have been observed, and hence no
unknown planets exist unless they are considerably smaller

EXERCISES

1 When Jupiter 15 visible 1n the ecvening, do the shadows of his satellites
precede or follow the satellites as they cross the planet’s disk ?

2 On which hmb, the eastern or the western, do the satellites appear to
enter upon the disk?

3 How would the brightness of sunhght at the distance of Saturn com-
pare with sunlight on the earth?

4 What would be the greatest elongation of the earth from the sun as
seen from Jupiter? from Saturn? from Uranus?

6 What would be the apparent angular diameter of the earth when
transiting the sun as seen from Jupiter?

6 What 1s the rate 1n miles per hour at which a white spot on the equator
of Jupiter, showing a rotation period of 9" 50™, would pass a spot with a
period of 9" 557

7 Find the diameter, volume, density, and surface gravity of Neptune,
taking the apparent diameter of the planet as 2" 3, the planet’s mass as
17 times that of the earth, the solar parallax as 8’ 80, and the mean distance
of Neptune from the sun as 30 07
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COMETS AND METEORS, ORIGIN OF THE SOLAR SYSTEM

COMETS NUMBER AND DESIGNATION ORBITS AND ORIGIN CONSTITUENT
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PLANETESIMAL AND TIDAL THEORIES ORIGIN OF THE MOON

477 Comets are very different from the slars and planets
They appear from time to time mn the heavens, remain visible
for some weeks or months, pursue a longer or shorter path, and
then fade away in the distance They are called comets (from
coma, "'hair”’) because when one of them 1s brnght enough to be
seen by the naked eye, 1t looks like a star surrounded by a
luminous fog and usually carnies with 1t a large stream, or tail,
of hazy light

Large comets are magnificent objects, sometimes as bnght as
Venus and visible by day, with a dazzling nucleus and a nebulous
head as large as the moon, accompanied by a train which extends
perhaps halfway from the honzon to the zemth and sometimes 1s
really long enough to reach from the earth to the sun Such
comets are rare, however, the majority are faint wisps of light,
visible only with the telescope

In ancient times comets werc always regarded with terror, either as
actually exerting malignant influences or, at least, as ominous of evil, and
the notion still survives in certain quarters, although the most careful
research fails to show, or even suggest, the shghtest physical reason for 1t

478 Number of Comets Up to 1925 we have on our lists nearly
900 comets, mcluding the different returns of the perodic ones

About 400 of these were recorded before the introduction of the
406
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telescope in 1609, and therefore must have been bright With
the improvement of telescopes and the multiphcation of observers

Fic 163 Donati’s Comet
A naked eye view, October 4, 1858 (From a drawing by Bond)

the rate of discovery has steadily increased Dunng the last half
of the eighteenth century 1t averaged about one comet per year
Since 1880 the average rate has been a hittle over five per year, of
which 70 per cent were "“new’’ and 30 per cent were returns of
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comets previously known The greatest number detected in a
single year was eleven, 1n 1925 Most of these later discoveries
are fant objects, often visible only with large telescopes

The total number of comets must be enormous, for, even with
the telescope, we can see only those which are favorably situated
for observation, and many of the fainter ones certainly escape
ciscovery It may be estimated that at least a thousand, and
probably more, visit the neighborhood of the sun every century
There is scldom a might when one 1s not telescopically visible
somewhere 1n the sky, often there are several

479 Designation of Comets A remarkable comet generally
bears the name of 1ts discoverer or of someone who has acquired
ownership of 1t, so to speak, by some important research
respecting 1t Thus, we have Halley’s, Encke’s, and Donati's
comets The common herd of comets are distinguished only by
the year of discovery with a letter indicating the order of dzscovery
1n that year, as comet 1895¢, b, ¢, or, again, by the year with a
Roman numeral denoting the order of perzhelion passage Thus,
Donati’s comet, which 1s ** comet 1858f” 1s also  comet 1858 VI ”
The latter 1s the more useful designation and 1s generally used
in catalogues of comets

Comet a 15 not always comet I, for comet 5 may outrun 1t n reaching
the perthehon It often happens that a comet’s perihelion passage does not
occur 1 the same year as 1ts discovery

In some cases a comct bears a double name as, for instance, the

Pons-Brooks comet, which was first discovered by Pons i 1812, and on
1ts return in 1883 by Brooks

480 Discovery of Comets. As arule these bodies are first found
by observers who make a business of searching for them For
this purpose they usually employ a telescope (known as a ** comet-
secker”’) carrying an eyepiece of low power, with a large field of
view, with which they "'sweep” backward and forward across
the sky 1n such a way that each stnp of sky overlaps a little
upon that last reviewed When first seen, a comet 1s usually a
mere roundish patch of famntly luminous doud, resembling the
nebulz with which the heavens are strewn (§2) If really a
comet, 1t will reveal its true character within an hour or two by
1ts motion
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Some observers have found a great number of these bodies,
the record being 27, by Pons Many have been found by ama-
teurs with small telescopes Occastonally a bnight comet 1s picked
up with the naked eye by someone not an astronomer at all, a
notable instance being the great comet of January, 1910, which
was first seen by three South African railroad workmen

Recently several have been discovered by photography, — the
first by Barnard at the Lick Observatory in 1892, — and 1n more
than one case, upon searching in the position calculated alter
the orbit became known, 1mages of a comet have been found on
photographs taken before 1ts discovery Halley’s comet was
photographed 1n 1909 before 1t could be observed visually

481 Duration of Visibility and Brightness The great comet of
1811 was observed for seventeen months, and that of 1861 for
nearly a year With the more powerful telescopes of the present
day, comets can be followed longer Comet 1889 T was followed
for more than {wo years and a half, up to a distance of more than
eight astronomical umts from the sun, and the observations of
comet 1905 IV, including photographs taken more than a year
before 1ts discovery, extend over three years and a half In most
cases, however, comets are lost to sight after a few months,
and when one 1s not discovered until 1t 1s receding from the
earth or the sun, 1t 1s sometimes observable for only a few weeks
or days

On two occasions a comet near the sun has been photographed
during a total eclipse, and never seen before or after the few
minutes of totality

As to brightness, comets differ widely Some are barely visible
with large telescopes The majority known are observable with
smaller instruments, — which might be expected, since most of the
discoverers have worked with relatively small telescopes About
one in five (to judge by the experience of the past thirty years)
becomes visible to the naked eye for at least a few days Fifteen
or twenty 1n a century become so conspicuous that a casual star-
gazer could hardly fail to notice them, and a very few (perhaps
two in a century, on the average) are visible even 1n broad day-
hght when near the sun The last comets so observed were
18431, 188211, 1910 I, and 1927 IX
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Eighteen comets are recorded as having been visible to the
naked eye during the first twenty-five years of the twentieth
century, and at least six of these were conspicuous Three of
them were magmficent objects 1901 I (visible only in the southern
hemisphere), 1910 I, the great ‘‘daylight comet,” and Halley’s
comet 1n 1910

ORBITS OF THE COMETS

482 The 1deas of the anuents as to the motions of these bodies
were very vague Anstotle and hus school considered them to be
merely exhalations from the earth, inflamed 1n the upper air, and
therefore meteorological bodies and not astronomical at all
Seneca, indeed, held a more correct opimon, but 1t was shared
by few, and Ptolemy, in his Almagest, fails to recognze them
as heavenly bodies

Tycho was the first to establish their rank as truly celestial by
companng the observations of the comet of 1577, made 1n dif-
ferent parts of Europe, and showing that 1ls parallax was less,
and 1ts distance therefore greater, than that of the moon

Kepler supposed that they moved 1n straight hines, and seems
to have been more than half disposed to consider them as iving
beings, travehng through space with will and purpose, “hke
fishes 1n the sea ”’

Hevelius 1n 1675 was the first to suggest that their orbits might
be parabolas, and his pupil Doerfel proved this to be true for the
comet of 1681 The theory of gravitation had now appeared,
and Newton soon worked out and published a method by which
the elements of a comet's orbit can be determined from the
observations

483 Character of the Orbits A large majority of comets move
mn orbits which are very nearly parabolas Out of nearly four
hundred orbits computed up to 1910 almost three hundred are of
this sort About a hundred are distinctly elliplical, and some
twenty are perceptibly Zyperbolic, though all the latter differ only
very shghtly from parabolas This statement, however, 1s likely
to lead to misconceptions unless two things are borne 1n mind

Furst, the orbits hsted as parabolic are not exactly so All that
can be said 1s that the comet did not deviate from motion 1n
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the computed parabola by an amount sensible to observation
dunng the time that it was visible Now most comets are vis-
1ible only in those very small portions of their orbits which e
near the earth and the sun, and 1n this portion of the orbit a
parabola, an elongated ellipse, and a hyperbola may almost
coincide (Fig 164)

When an “observed arc” 1s short, it 1s therefore usually
possible to satisfy the observations, within reasonable limits, by
means of a variety
of orbits, — ellip-
tical, parabolic, or p
hyperbolic In this paahold ——
case the parabolic -
orbit, which 1s the
easlest to compute,
1s adopted An or-
bit 1s descrnibed as
elliptical or hyper-
boliconly when the
observations can-
not be satisfied by
a parabola Ew-
dently, the longer
the observed arci1s,
the more favorable
15 the opportumity F1ic 164 The Close Comnaidence of Different Species of
of finding the real Cometary Orbits within the Earth’s Orbit

characterof the or- The earth’s orbit 1s indicated by the sign @
bit, and this 1s

fully confirmed by eiperience Among the best-observed comets
elliptic or hyperbolic orbits are found to be the rule, and those
indistinguishable from a parabola the exception

Second, the orbits given by the computers are what are called
“osculating’’ orbits, that 1s, they are the orbits that each comet
would pursue 1if, at some specified date near the muddle of the
observations, all the planels should cease to attract the comel,
leaving 1t free to move under the influence of the sun’s attrac-
tion alone
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As things actually are, the attraction of the planets is con.
tinually altering the comet’s motion, — perhaps even changing
the orbit from an ellipse 1nto a hyperbala, or vice versa.

The orbit along which a comet approached the sun will there-
fore always be somewhat different from the osculating orbit near
penhelion, and may be very deadedly different as regards the
major axis, eccentricity, and pertod  The other orbital elements

are usually httle changed The orbit along which it finally leaves
the sun will again be different from either of the others

Unless the calculations to determine these differences have been
made (which has been done 1n very few cases), conclusions drawn
from the tabulated aphehon distances or periods of comets whose
calculated pertods are more than a few thousand years are hable
to grave uncertainty

Thus, for example, the osculating orbit of Cogga’s comet,
1874 111, ;ves a period of 13,700 years, but according to Fayet’s
calculations the orbit 1n which 1t approached the solar system
corresponded to a period of 5100 years

The exact determmnation of the pertod, and the discrimuination between a
parabola, an elongated ellipse, and a hyperbola, require a careful and very
laborious discusston of all the available observations, with praper consider-
ation of all the perturbations (§ 332) The calculation of such a defimtive
orbit 1s a heavy piece of work, which 1s not undertaken till the comet has
disappeared and all the observations of it have been pubhshed

484 The Eliptic Comets. Comets which leave the neighbor-
hood of the sun and planets in parabolic or hyperbolic orbits
return no more to the solar system Of the comets that have
distinctly elliptical orbits, about fifty have been found to have
periods less than a hundred years, and twenty-five of these
have actually been observed (up to 1925) at two or more returns
to perthelion, — two of them at 25 and 36 returns, respectively
There are about twenty other comets with calculated penods
ranging from 100 to 1000 years, and thirty more with periods
between 1000 and 10,000 years.

These longer penods are, of course, very uncertain When a
comet has been well observed with modern instruments over a
peniod of two or three months, 1t 1s possible to determine its
period If the petiod is short, —say six or eight years, — the
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uncertainty 15 a week or two, for a penod of fifty or a hundred
years 1t 15 a year or more; and for a thousand-year peniod it is
likely to be a century It is therefore not surpnising that most of
the penodic comets observed at a second appearance have been
imdependently discovered, as new objects, and only recognized
later as returns of known ones The recogmtion often takes some
time, for a comet has no individual identity by which it may
be recognized merely by looking at it —no stnking mdividual
pecubianties hike those
of the planets Jupiter
and Saturn It 1s 1den-
tifiable only by 1ts path

486 The Short-Penod
Comets Of the 54 comets
of penod less than a cen-
tury which were known
in 1925, 41 have penods
between three and nine
years 1n length, and the
periods of 36 fall 1n the
much narrower 1nterval
between five and seven
and one-half years These
short-period comets form
a distinct group Ther
mobions are all direct,
and the mchnations of their orbits small, — only three exceeding
30° and the average bemg 14° They are all relatively faint ob-
jects, few of them being visible to the naked eye, and that only
when they come unusually near the earth A few have at times
developed short tails, but most of them have no tails at all

Fig 165 shows the orbits of several of these comets (1t would
cause confusion to insert all of them) It will be seen that mn
every case (except Halley’s comet) the comet’s aphelion is not
far from Jupiter's orbit, and that one of the nodes (which are
marked on the orbits by short cross-lines) 1s still nearer It fol-
lows that the orbit of each of these comets comes close to that of
Jupiter 1n space, so that if the two bodies pass near the point of

Fic 165 Orbits of Short-Penod Comets whose
Apheha and Nodes are near the Orbit of Jupiter
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closest approach at the same time, they will be very near one
another This relation holds good not merely for the orbits shown
m the figure but for all comets with peniod less than nine years
No less than twenty-four of these have orbits which pass wathin
15,000,000 rmles of Jupiter’s orbit Eleven others come within
50,000,000 miles For the remaiming six the mimmum distances
are frpm 51,000,000 to 85,000,000 miles The average distance
for all 15 22,000,000 miles

486 The Capture Theory There must clearly be some reason
why there should be so many comets with perods of about this
length, and why their orbits should show such distinctive char-
actenstics Tupiter must be responsible 1n some fashion, for the
relations between their orbits and his cannot be due to chance
(If the orbits were distributed at random 1n space, only one in
ten would pass within 25,000,000 miles of Jupiter’s orbit )

Laplace was the first to suggest that these comets have been
“captured ” by Jupiter, that 1s, that they were onginally moving
in parabolic or nearly parabolic orhils, and have been diverted into
their present paths by the effects of an encounter with the planet

If a comet, moving 1n a sensibly parabolic orbit, passes very
near to Jupiter, 1ts velocity, relative to the sun, will be con-
siderably altered by the planet’s attraction If it 15 actelerated,
1t will go off 1n a hyperbola, but if 1t 15 retarded, the orbit will
become elliptical, and the comet will return at regular intervals,
moving 1n a path which, of course, passes through the point where
the disturbance took place (§ 322)

H A Newton has shown that a parabolic orbit might in this way be
transformed, at a single encounter, mnto an clliptical orbit with a perod as
short as five years, if only the cumet passed within about 200,000 mles of
Jupiter Such close approaches would obviously be rare The change might
take place, however, 1n two or more stages, a comet might first be diverted
into an ellipse of long period, and later, at a subsequent encounter, agan
retarded, with a further shortemng of the period Newton has shown that
a parabohic comet having direct motion 15 much more likely to be captured
than 1s a retrograde comet This would explain why the short-period comets
have direct motion, as a sort of survival of the fittest, parabolic comets with
retrograde motion usually escaping

There are several groups of two or more short-period comets
whose orbits are so situated that it would be possible for all the
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comets of one group to be simultaneously very near one another
and near Jupiter also It 1s not unlikely that each of these groups
has been produced by the disruption of a single comet at some
past epoch

487 Capture of Brooks’s Comet. Several instances of the pro-
found alteration of a comet’s orbit by an encounter with Jupiter
have actnally occurred Brooks’s comet (1889 V) was a faint
but well-observed telescopic comet, and was seen again 1n 1896,
1903, 1910, and 1925, 1ts pentod being 7 10 years The calcula-
tions of Chandler and C L Poor show that on July 20, 1886, the
comet made an exceedingly close approach to Jupiter, — pass-
ing 1nside the orbit of the fifth satellite and only 55,000 miles
from the planet’s surface DBefore this encounter its period was
29 2 years and i1ts pernthelion distance 55 astronomucal units,
— almost exactly the same as the aphelion distance afterwards.
A faint (but remarkable) comet discovered by Schwassmann and
Wachmann 1n 1927 has a period of 16 3 years, a perthelion dis-
tance of 5 54, and an eccentricity of only 017 Its inchnation
is 99, and it 1s probably related to the short-period comets

It 1s clear from the foregoing that most of the short-period
comets can hardly be regarded as permanent members of that
group

488 Accelerahon of Enclie’s Comet. The motions of almost all
the comets appear to be just what would be expected of masses
moving 1n free space under the laws of gravitation But there 1s
one remarkable exception Encke’s comet, a rather fant object,
just visible to the naked eye under the most favorable condi-
tions, 1s noteworthy for 1ts very short penod of 3 30 years, — the
least so far known It was seen 1n 1786, and agan 1n 1795 and
1805, but 1ts penodicity was first recogmized by Encke 1n 1819
Since that date 1t has been observed at every one of the thirty-
three succeeding returns (up to and including 1928) Encke found
that after exact allowance was made for the perturbations due to
the attraction of the planets (which sometimes alter the peniod by
as much as a week) there remained outstanding a steady shorten-
ing of the period, which could not be explained by the attraction
of any known body, and this has been fully confirmed by later
researches Between 1819 and 1914 the period has shortened by
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almost two days and a half, corresponding to a diminution of
the mean distance by 275,000 mules The only reasonable expla-
nation of this change 1s that the comet does not move freely
through interplanetary space, but meets with resistance of some
sort which retards 1ts motion

At first sight 1t seems almost paradoxical that a resistance
shoulg shorten the comet’s penod, but any diminution of the
Nurth veloaty must necessa-
nly diminish the major
axis (§315), and ths
leads to 2 duminution
of the period Indeed,
the percentage change
1n the period 1s greater
than that in the ar-
cumference of the or-
bit, so that, over most
of the orbit, 1ts speed
1s actually 1increased
It gamns more speed
by falling nearer the
sun than 1t loses by
the direct effect of the
resistance

Backlund, from a

very careful study of
Fic 166 Encke’s Comet v Y

all the appanhbons of
Exposure, 1h 53m with the 10-inch Bruce doublct Octo
ber 29, 1014 It1s difficult to guide ona comct, — to keep the ComEt: finds that
Lthe patch of nebulous light accurately bisected by the the resistance to 1ts

cross-wires, — and the star trails, thercfore, are some- N h d d
times ragged The stars trail, of course, because of the motlon has decrease ’

oriital motion of the comct (}rom photograph by apparently d,lmost ab-
E E Barnard, Yerhes Observatory) ruptly, several times,
and he has also shown that the retardation does not take place
umformly all around the orbit, but occurs 1n a relatively narrow
region not far from penithelion
The comet’s aphelion 1s at present 0 9 astronomical umt inside
Jupiter’s orbit, so that 1t cannot now come near enough to Jupiter
to undergo any very great perturbations But Backlund has
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shown that (f the resistance to its motion was the same in the
past as at the time of discovery) the comet’s aphchon was close
to Jupiter’s orbit about 6000 years ago It may have been cap-
tured by Jupiter at that tume, and then saved, by the slow
shnnkage of 1ts orbit, from the danger of being sent away into
space by another encounter

489. The comets of longer period differ in several respects from
the group just discussed Many of them have been consprcuous
objects, far brighter than any short-penod comet Their orbital
wnclinations are Jugh, and the eccentricures are large Several of
them are retrograde, including Halley’s comet

Not one of the thirty-six comets whose periods lie between
10 and 1000 ycars comes nearer than 19,000,000 mules to Jupiter’s
orbit, and only eight approach 1t within 50,000,000 miles The
situation with respect to the other major planets is simlar

There appears, therefore, to be little or no evidence that these
comets of longer period owe the elliptical character of their
orhits to encounters with the planets, unless, indeed, they were
captured so long ago that the gradual accumulation of minor
perturbations in the interval has shifted their orbits clear away
from the onginal points of encounter They are probably much
more nearly permanent membets of our system than are the
short-peniod comets

490 Halley's Comet This, in many respects the most famous
of all comets, deserves special description

It was the first pertodic comet whose return was predicted.
Halley based his prediction upon the fact that he found 1ts orbit
in 1682 to be nearly 1dentical with those of the comets of 1607
and 1531, which had been carefully observed by Kepler and
Apian, and he also found records of the appearance of bright
comets at similar intervals in 1456, 1301, 1145, and 1066 He
noticed, of course, that the two mtervals between 1531 and 1607,
and between 1607 and 1682 were not qute equal, but he had
sagacity enough to see that the differences were no greater than
might be accounted for by the attractions of Jupiter and Saturn

Though 1t was not then possible to compute just what the
effect of these attractions would be upon the return of the
comet, he saw that Jupiter’s action would retard 1t, and he
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accordingly fixed upon the early part of 1759 as the time at
which the comet might be expected Before that date, however,
mathematics had so advanced that the necessary calculations

Fic 167 Halley’s Comet

Photographed May 13, 1010, with Cooke lens of 8 inches focal length, exposure, 35 minutes

This photograph shows the planct Venus (on the right) and a faint meteor trail across the

comet's tail about 7° fram the head The long trals 1n the right hand corner are from
artifiaal hghts Length of comet, 52° (From photograph at Lowell Observatory)
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could be made Clairaut, after a most labonious 1nvestigation,
fixed upon Aprl 13 for the perhehon passage, but remarked
that this result might easily be a month out of the way on
account of the uncertainty of the masses of the planets (Uranus
and Neptune were then unknown) The comet actually came
to penthehon on March 13 At this return 1t was best seen 1n the
southern hemisphere, and had at one time a tail 50° long At 1ts
next return 1n 1835 1t came within two days of the predicted time
It did not appear extremely brilliant but was fairly conspicuous,
with a tail about 10° 1n length

Its latest return to perhelion occurred on Apnl 20, 1910
Astronomers knew beforehand exactly where to look for the
comet, and it was detected photographically by Wolf, at Heidel-
berg, on September 11, 1909, while still 310,000,000 miles from
the sun and a httle farther from the earth It was found later
that 1t appeared on a photograph taken at Helwan, Egypt, on
August 24 On its return journey i1t was followed photographi-
cally t1ill July 1, 1911, when 1t was 520,000 000 miles from the
sun It was lost to sight visually about a month earlier

On May 19, 1910, a month after the perthehion passage, the
comet passed directly between the earth and the sun, transit-
ing the sun’s disk (§506) Its mmmum distance from the earth,
14,300,000 mmules, was reached on the following day During
the early part of May 1t was a magnificent object in the morming
sky, growmng larger and brighter day by day as it approached
the earth, until, a week before the transit, 1ts head was as bright
as the brightest stars, and 1ts tail 60° long After the sixteenth
the head was too near the sun to be seen, but the tail continued
to be wvisible 1n the morming sky, before the head had risen as a
great band of light, almost as broad and bright as the Milky Way,
extending clear across the heavens to a distance of more than
120° from thc head For two days after the comet’s head had
passed to the opposite side of the line joining the earth and sun
the tail remained visible 1n the east, showing that 1t must have
been strongly curved and must have lagged far behind the comet’s
radius vector (Fig 169)

It 1s probable that the earth grazed the edge of the tail, or
perhaps passed through 1t, on May 21, 1910



420 ASTRONOMY

After thus the comet appeared 1n the evening sky (as a con-
spicuous object but not nearly so fine as 1t was when wisible 1n
the morning), but rapidly grew smaller and fainter as it receded
from the earth

491. Past Returns and Varations of Period. The motion of
Halley’s comet 1n the past has been made the subject of exten-
sive theoretical researches by Cowell and Crommehn of Green-
wich They computed the return of 1910 with great accuracy
Dy starting with the known position 1n 1835 and working for-
ward to 1910 and badkward to 1759, to connect with the older
observations of that year They have deterrmned the time of
every perthelion passage of the comet back to 240 B ¢

For every one of the twenty-seven returns between 87 B ¢ and
A D 1910 there 1s 2 defimte record, 1n the ancient chronicles, of
the appearance of a comet at the proper season and 1n the nght
quarter of the sky In some cases the records are detailed, and
suffice to prove that the comet not only appeared at the nght
time but followed an orbit very similar to that of Halley’s comet

Some of the observations and records were made 1n Europe,
others mn China, and an account of the one missing appantion
(A D 912) has been found 1n an old Japanese manuscrnipt

It 1s therefore evident that this comet must have been a
conspicuous object at every one of its returns, and also that the
old chromicles of the appearance of comets are surpnsingly
accurate and complete

The period from one perhelion passage to the next has vaned
by nearly five years on account of perturbations, the interval
ending A D 530 being the longest, and that ending 1n 1910 the
shortest The difference between the lengths of successive penods
averages a year and a half, and 1n one case reaches three years,
but the actual intervals are never more than two and a half years
on erther side of the mean period of 77 years

492. Comet Families The short-period comets aie often de-
scribed as belonging to “Jupiter’s family’” The statement
appears in most textbooks that Saturn, Uranus, and Neptune
also have less numerous families of comets with periods about
half their own But only one, out of the three comets assigned
to Saturn and the two attmbuted to Uranus, comes within
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50,000,000 miles of the orbit of either planet, and not one of
the eight comets supposed to belong to Neptune can ever get
within 350,000,000 mles of 1t if they follow their present orbits
It seems, therefore, very unlikely that any of these eight comets
has ever been captured by Neptune Saturn and Uranus may
be responsible for & comet or two, but very few in companson
with Jupiter

According to the capture theory the great majority of the comets cap-
tured by any planet should undergo much less than the maximum possible
retardation If theirr orbits were omginally parabolic, their periods after
capture would usually be longer than that of the planet, the very short
periods representing exceptional cases Since Jupiter's family appears actu-
ally to consist almost entirely of comets of very short period, it 15 not
unlikely that the material of which they were composed was moving, be-
fore 1ts capture, not 1n parabobic orbits but n elliptical orbits within the
solar system

493 Comet Groups. There have been several instances in
which a number of comets, certamnly distinct, have followed one
another along almost exactly the same path, at intervals varying
from a few months to many years The existence of such groups
was first pointed out by Hoek, of Utrecht, in 1865

The most remarkable group of the sort 15 composed of the great
comets of 1668, 1843, 1880, 1882, and 1887 These are noteworthy
for their very small penhelion distances, — 510,000 to 720,000
miles They passed within 300 000 mules of the sun’s surface and
through the corona with a veloaty of about 500 lilometers per
second (Only one other comet, that of 1680, has ever come any-
thing hke so near the sun, and 1ts orbit 15 entirely different from
the others ) Their orbits are exceedingly elongated, so that the
comets enter the solar system along nearly straight lines, and all
from almost exactly the same direction in space, though therr
orbit planes are inclined a few degrees to one another

Yet, although the elements of these five comets are almost
1dentical, they cannot possibly all be appearances of the same
body The comets of 1843 and 1882 were very bnlliant and were
accurately observed In both cases the orbits are unquestionably
eliptical but of long period, that of the first being probably
between 400 and 800 years, and that of the second, before 1t broke
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up (see below), between 800 and 1000 years Neither of them can
possibly have been a return of the comet of 1668 The comets of
1880 and 1887 were much fainter, with enormous tails but incon-
spicuous heads, and the computed orbits are less accurate Even
if one of them should prove to be a return of the comet of 1668
(which cannot be definitely decided, 1in view of the mmaccuracy of
the garly observations), there must be at least four different
somets 1n the group Kreutz, who has studied this group with
great care, has shown that a bright comet seen, but never ac-
curately observed, 1n 1702 may belong to 1it, and also the httle
comet photographed at the solar eclipse of May 16, 1882, but
never seen again

The comet of 1882 (by far the greatest of the group) showed,
before the penhelion passage, a single nucleus, this afterwards
split up 1nto four parts, which gradually drew away from one
another along the hne of the orbit Kreutz has computed orbits
for each of these portions, and finds pertods of 664, 769, 875, and
959 years It appears, therefore, that this comet will return as
four great comets, about a century apart This suggests that the
existing comets of the group have been similarly formed 1n the
past by the division of a single huge comet

Many other groups of comets with more or less similar elements
have been noticed, and 1n eight or ten cases the hkeness 1s really
stnking, but no other group 1s as remarkable as that already
descnibed

The distinction between comet families and comet groups must
be carefully noted In the former the orbits agree only 1n passing
close to that of the capturing planet, 1n the latter the orbits are
nearly 1dentical, at lcast in the part near the sun

494 The Parabolic Comets Coming now to the majonty of
those comets with orbits which differ httle, and often imper-
ceptibly, from parabolas, it 1s found that their orbit planes are
distnibuted almost at random, and that their penhelion distances
vary greatly Of the comets for which good orbits have been com-
puted, 63 per cent have penhelion distances less than 1 astro-
nomucal unit, 32 per cent, perthehon distances hetween 1 and
2 astronomical umts, 4 per cent, between 2 and 3, and only
1 per cent, greater than 3 For bodies moving at random the
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numbers 1n the first three intervals should be equal The ob-
served differences probably mean that remote comets are not
hkely to be discovered If allowance 1s made for the fact that
comets of smaller penthelion distances may be unfavorably placed
and so miss discovery, 1t 1s probable that nol more than 1/8 of
those which come within 5 astronomical umts of the sun are
picked up The greatest observed pernthelion distances are 4 05
for the comet of 1729, 4 18 for 19254, and 5 51 for 1927;

495 The Hyperbolic Comets There are about twenty comets
whose orbits appear to be more or less certainly hyperbolic, and
this number 1s steadily increasing as more comets are accurately
observed

With regard to therr inchnations, penhehon distances, and
the like, they resemble the majority of parabolic comets The
greatest deviation from a parabola occurs 1n the case of comet
1886 I1I, which has an eccentncty of 1 0130, but this comet was
observed for only 33 days, and 1ts orbit cannot therefore be
determined with the highest degree of precision According to
Stromgren there are only eight cases (up to 1914) in which the
deviation from a parabola 1¢ so great, 1n comparison with the
observational uncertainty, as to be unquestionably real These
hyperbolic orbits are, however, osculating orbits (§ 332), and
the computations of Stromgren and Fayet show that in every
one of the eight cases the comet’s velocity had been increased
by the attlraction of Jupiter and Saturn while 1t was approaching
the sun, and that the hyperbolic character of the observed
orbits was due to this cause alone In most cases the original
orhits at a great distance from the sun were distinctly elliptical,
and 1n the others the assumption that the original orbit was an
ellipse of very long peniod was consistent with the observations,
though not demanded by them There remains, therefore, no
conclusive evidence that any comet has ever approached the sun
along a hyperbolic orbit The observed hyperbolas have all
been produced by planetary perturbations within a very few
years before the penhelion passage Unless, however, the attrac-
tion of the planets retards the motions of these comets, while
they are retreating from the sun, to almost the same extent
that they have previously been accelerated, they will leave the
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solar system in really hyperbolic orbits, and depart into inter-
stellar space, never to return Fayet's calculations indicate
that on the outward journey they are more likely to be retarded
than to be accelerated (on the inward journey the reverse 1s the
case) But nevertheless 1t seems probable that many of the
hyperbolic comets will never be seen again

49§. Comets are Members of our System There has been
much discussion of the question whether comets have onginated
1n our system or have come as visitors from interstellar space Re-
cent 1nvestigations point very strongly to the former conclusion

The solar system 1s traveling through space at the rate of
about twenty kilometers per second (§740) A body moving
independently 1n space, 1f 1t came near the sun, would usually
have a conspicuously hyperbolic orbit, quite unhke that of any
known comet

Stromgren’s work, showing that there 1s not a single unques-
tionable case of appreack along a hyperbolic orbit, leads to the
conclusion that the comcts so far observed have always been
associated with our system and are not visitors from the depths
of space

The period between successive returns of the average comet
must be many thousands ol ycars, although, owing to perturba-
tions, the successive revolutions will not be even roughly of equal
length The present rate of discovery of “"'new’’ comets 1s about
300 per century Probably 2500 per century come to perithelion
at distances less than that of Jupiter The total number of comets
in the solar system must be extremely great, — probably several
hundred thousand

Our system must, however, be gradually but steadily losing
its comets, for 1n every century some are diverted into hyper-
bolic orbits by perturbations, and never return The chances
that such a wandening comet would pass near another star, or,
converscly that a comet, escaped from some other system, would
pass near enough to the sun to be seen, are vamshingly small
If this exceedingly unbkely thing should happen, the time of
passage from one star to another would probably be many
milhons of years,
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THE COMETS THEMSELLVES

497 Physical Charactenstics of Comets The orbits of these
bodies are now thoroughly understood, and therr motions are
calculable with as much
accuracy as the nature of
the observations of these
hazy bodies permits, but
we find 1n their physical
constitution and behavior
some problems whichhave
not yet received a satis-
factory explanation

While comets are ewvi-
dently subject to the at-
traction of gravitation,
as shown by their orbits,
they also exhubit evidence
of bemng acted upon by
powerful repulsive forces
emanating from the sun
While they shine partly
by reflected hght, they
are also certainly self-
luminous, their hght being
generated 1n a way not
yet thoroughly explained
They are the bulkiest bodies
known, except the nebula,
1n some cages thousands of
times larger than the sun Photographed January 26 1910 txposure, ten min-

or stars, but 1n mass they utes The sharp curvature and mtricate structure
are airy nothlngs,” and  of the outer part of the Lail are unusual The dark

objects 1n the lower part of Lhe piclure are pme trees,
one of the smaller aster- blurred by the motion of the camera mn following

oids probably nvals the thecomet (From photograph by C O Lampland,
Lowell Observatory)
largest of them in weight
408 Photography of Comets Much of our recent advance 1n
knowledge regarding the physical charactenstics of comets 1s due

Fic 168 Comct 1910z
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to the application of photography, which often reveals details
wholly invisible to the eye

The first photograph of a comet was obtained by Bond 1n
1858 The next was 1n 1881, and the great comet of 1882 was well
photographed by Gill in South Africa Since then every comet of
any account has been extensively photographed Doublet lenses,
giving a wide ficld, must be used, and the comet’s head kept
rrear one corner of the plate, to give room for the tail Since
the guiding telescope attached to the camera 1s kept pointed
at the comet’s head, which 1s moving more or less rapidly among
the stars; the star images dunng a long exposure are drawn out
into streaks parallel to the direction of the comet’s motion
(Fig 166) The great comet of 1927 was photographed 1n day-
hght at the Lowell Observatory

In the study of the spectra of comets, photography has a
great advantage over visual observations

499 The Constituent Parts of a Comet (1) The essential part
of a comet (that which 1s always present and gives 1t 1ts name)
1s the coma, or nebulosity, —a hazy cloud of faintly luminous
transparent matter, which is usually roughly arcular or oval in
outline, but not always so (Fig 166)

(2) There 1s often a nucleus, — a bright, more or less star-
like point near the center of the coma, which, when present, is
the object pointed upon in determiming the comet’s place by
observation

Some comets, however, show no nucleus, and in others 1its
place is taken by a more or less diffuse " condensation” of the
light of the coma

In most cases the nucleus makes 1ts appearance only when the
comet 1s near the sun, though some recently discovered comets
have shown sharp nuclet when at great distances In a few rare
cases the nucleus 1s double, or even multiple as 1n the great comet
of 1882

(3) The tadl 1s a stream of hight which ordinanly accompanies
a bnght comet and 1s often found even in connection with a
telescopic one The tail follows the comet as 1t approaches the
sun, but precedes the comet as 1t recedes from the sun The
broad statement may be made that the tail 1s always directed
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away from the sun, although 1its precise form and position are
determined partly by the comet’s motion It 1s practically cer-
tain that the tail consists of extremely rarefied matter, whch 1s
thrown off by the comet and then powerfully repelled by the sun
Thus the taill may make any angle whatever with the di-
rection of the comet's motion, just as the smoke-trail of a
slow steamer at sea, consisting of fine sooty particles emitted
from the funnels and carmed by the wind, stretches always
to leeward but may make any angle with the vessel's course

Fi1c 169 The Tail of a Comet 1s directed away [rom the Sun

There 1s no sharp distinction between the coma and the part
of the tail nearest the comet, one forms the continuation of the
other

(4) The head of a bnlhant comet 15 often veined by jsefs of
light, which appear to be continually emitted by the nucleus,
and sometimes it throws off a senes of concentnc envelopes hke
hollow shells, one within the other (Fig 173) These phenomena,
however, are seldom observed 1n any but bright comets

500 Dimensions of Comets The volume of a comet 1s often
enormous As a general rule the kead, or coma, 1s from 30,000 to
150,000 miles in diameter The average diameter of a large
number tabulated by Holetschek 1s 80,000 miles

A comet less than 10,000 miles in diameter is very unusual,
mn fact, such a comet would be almost sure to escape observa-
tion Some are much larger than 150,000 rules The head of
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the great comet of 1811 was at one time fully a mllion miles in
diameter, — considerably larger than the sun 1itself

The faint outer nebulosity surrounding the head of Halley’s
comet 1n December, 1909, was 550,000 miles 1n diameter, and
that accompanying Holmes's comet of 1892 was at one time no
less than 1,400,000 miles across

503 Vanation n Size of Coma It is a remarkable fact that
the head of a comet continually changes in diameter Usually
these changes bear some relation to the comet’s distance from
the sun, the coma being smaller near perthelion than at a moder-
ately greater distance on erther side At great distances from
the sun the diameter of the visible portion 1s usually small

Thus, Halley’s comet, when first seen 1n September, 1909,
at a distance of 290,000,000 miles from the sun, was about
14,000 mules mn diameter, with a diffuse nucleus and no tail
In December, when 180,000,000 miles from the sun, the diam-
eter of the head was 220,000 miles At penihelion, 1n Apnl, 1910,
55,000,000 mules from the sun, the diameter was 120,000 mles,
while 1n June, at double the distance, 1t had increased to 320,000
miles In Aprl, 1911, when 400,000,000 mles from the sun, the
diameter had decreased again to 30,000 rules

502 Dimensions of the Nucleus. The nuclel, even of great
comets, when sharply defined, are small, often appearnng as
mere starlike points of hght 1n very powerful telescopes The
nucleus of Halley’s comet when near perthelion was only 500 miles
in diameter, that ot Brooks’s comet of 1911, 750 miles, that of
Donati’s comet of 1858, about 900 mles The great comet of
1882, one of the largest on record, had a nucleus 1800 mules 1n
diameter

503 Dimensions of a Comet’s Tall The tail of a comet, as
regards magmtude, 1s by far the most imposing feature A
tall visible Lo the naked eye 1s seldom less than 5,000,000 or
10,000,000 mules long, lengths of from 30,000,000 to 50,000,000
miles are not uncommon among brnight comets, and there are
several cases in which the observed length has been nearly if
not quite 100,000,000 miles The tail 1s usually more or less
fan-shaped, so that at the outer extremity 1t 15 millions of mules
across, shaped and bent like a horn (Fig 168).
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504. Changes in Size and Form. Certain comets have changed
in diameter, as well as 1n bnghtness, 1n an extraordinary fashion

Holmes’s comet (1892 III), when discovered, on November 6
of that year, was visible to the naked eye and about 200,000 miles
1n diameter, with an outer nebulosity 700,000 miles across, and
with a central condensation but no nucleus A month later 1t had
doubled in diameter, but then 1t grew so faint and transparent
that 1t could hardly be observed even with large telescopes In
the middle of January it suddenly contracted into a mere hazy
star, with a strong nucleus, and with a coma 30,000 mules across
(greatly increasing in brightness at the same time), and then
gradually expanded to a diameter of 300,000 miles and faded out.
At 1ts returns 1n 1899 and 1906 1t was barely visible 1p the most
powerful telescopes The cause of these remarkable changes 1s
quite unknown

Biela's comet, which has a period of 6 years, was observed 1n
1772, 1806, 1826, and 1832, and presented no unusual features
In 1846, while under observation, it became pear-shaped and
divided 1nto two parts The twin comets traveled along side by
side for more than three months at a distance of about 160,000
miles Each developed a nudeus, and a tail about half a degree
in length When the comet returned 1n 1852 the twins were both
seen, separated by about 1,500,000 miles, and were observed fora
month, sometimes one and sometimes the other being the brighter

Nether of them has ever been seem egamm, although they must
have returned to perthelion ten times, and more than once under
favorable conditions for visibility Their invisibility cannot be
accounted for by perturbations, for they did not come near
Jupiter till 1889, and not very near 1t then They must simply
have stopped shimang, — not partially, like Holmes’s comet, but
completely

Taylor's comet (1916 I) also divided into two parts while
under observation The component which was brighter at first
faded out some time before the other This comet, like Biela’s,
has a short pertod, — about 63 years

505 Masses of Comets While the volumes of comets are enor-
mous, theirr masses are apparently insignificant, —1n no case
comparable with those of the smallest of the planets



430 ASTRONOMY

The evidence on this point, however, 1s almost entirely nega-
tive, that s, while in several cases we are able to say positively
that the mass of a particular comet cannot have exceeded a
limit which can be named, there 1s no case in which we can with
certainty fix a lower limit which we know 1t must have reached

Comets have frequently come so near the earth or some other
planeg that their orbits have been considerably altered, or even
eptirely transformed, by the effects of the planet’s attraction,
yet no perceptible alteration of the motion of these planets has
been produced by the attraction of the comets

For example, Lexell's comet of 1770 came so near the earth
that the comet's peniod was shortened by more than 2% days by
the earth’s attraction, but the length of the year was not altered
by so much as a single second, and 1t would have been changed by
this amount if the comet’s mass had been 1/13,000 that of the
earth

Again, Brooks's comet, 1n 1886, had 1ts period changed from
29 years to 7 years by an encounter with Jupiter, but the penod
of the planet was certainly not altered by more than two or three
minutes, and probably by much less, and from this 1t follows
agam that the mass of the comet could not have been more than
1/10,000 that of the earth

All that can be said with certainty at present 1s that 1t appears
probable that the mass of even a large comet 15 less than a
mullionth part of the earth’s mass It should be remembered,
however, that if 1ts mass were still a milhon times less than
this, a comet would nevertheless weigh 6000 milhons of tons
The quantity of matter 1n a comet, therefore, while vamishingly
small by planetary standards, may be, and 1n all probability 1s,
large from the standpoint of ordinary terrestnal affairs (§ 520)

506. Density of Comets. The mean density of a comet 15 cer-
tainly extremely low, the mass being so0 small and the volume so
great If a comet of average size (80,000 miles in diameter) had
a mass equal to a millionth of that of the earth, its mean density
would be 1/230,000 of that of the air at the earth’s surface, —a
degree of rarefaction reached only by good air-pumps

The extremely low density of comets 1s shown also by their
transparency Small stars are often seen through the head of a
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comet 100,000 miles 1n diameter, and even very near its nucleus,
with no perceptible diminution of their luster, and in at least
one case this fact has been confirmed by exact photometric
measurements

Stll more conclusive 1s the fact that the great comet of 1882,
and Halley’s comet 1n 1910, transited over the face of the sun,
and that dunng the transits both comets were absolutely invisible
Even the nucleus was so transparent that no trace of 1t could be
found, 1n spite of careful searching, —in the latter case by pho-
tography and with the spectroheliograph, as well as visually

As for comets’ tails, their density presumably 1s vastly less
than that of the heads, and far below the best vacuum that we
can yet produce by any artificial means It 1s nearer to an airy
nothing than anything else we know of Schwarzschild, from the
observed brightness of the tail of Halley’s comet 1n 1910, has cal-
culated that there could not have been more matenal in 2000
cubic miles of the tail than in a single cubic inch of ordinary air,
and there may have been very much less!

We must bear 1n mind, however that the low mean density of
the comet does not necessanly 1mply that the density of 1ts con-
stituent parts is small A comet may be in the main composed
of small heavy bodies, and still have a very low mean density,
provided they are widely enough separated There i1s much
reason, as we shall see later (§ 520) for supposing that this 1s
really the case

Another point should be referred to Students often find 1t
hard to concerve how such impalpable * dust clouds” can move
1 orbits like sohd masses and with such enormous veloaties,
they forget that in a vacuum a feather falls as swiftly as a stone
Interplanetary space 1s a vacuum, far more perfect than any-
thing we can produce by artificial means, and 1n 1t the Lightest
bodies move as freely and swiftly as the densest, since there is
nothing to resist their motion If the moon, and all the earth,
were suddenly anmihilated, except a single feather, the feather
would keep on and pursue the same orbit, with the unchanged
speed of 18% miles a second

507. The Bnghtness of Comets No other heavenly bodies
differ so enormously in brightness as do comets Some are barely
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visible 1n great telescopes, others have been the most bnlhant
celestial objects ever observed, excepting only the sun and moon

The great comet of 1882, just after 1ts perthehon passage, was
so bnght that there was not the least difficulty 1n seeing 1t by
simply shutting off the sun with the hand held at arm’s length,
though 1t was only three or four degrees from the sun Yet, five
months later, this great comet became invisible to the naked
eye, and a year after 1ts penthehon passage 1t could not be seen
with powerlul telescopes, though the observers knew just where
to look for it At this later date it could not have been as
murh as one-thousand-milhonth part as bright as at perihelion
Vanations in the distance of a comet from the earth account
for a part of the change 1n bnghtness, but much the larger
portion of the change 1s usually due to a real alteration in
the amount of light emitted by the comet, which grows a great
deal brighter as 1t draws near the sun, and famter agamn as
1t recedes

508 Law of Variation of Brightness If a comct shone, like a planet, by
reflected sunlight, its brightness, as seen from the earth (disregarding pos-
sible effects of phase), would be proportional to 1/R?A?, where R 1s 1ts dis-
tance from the sun and A from the earth (§ 292)

For a few faint comets, and for some others at great distances from the
sun, the actual vanations 1n brightness apprommately follow this law, but
for the great majority, including all the brighter comets, the increase
bnghtness as the comet approaches the sun 1s far more rapid than is indi-
cated by this assumption

The hght actually vanes approximately as 1/R#A?, where the exponent 7
ranges from 3 to 5 or even 6, and averages abuout 4

In some cases, however, the light of a comet changes greatly and almost
caprnaously, bnghteming or fading without apparent cause within a few
days or even a few hours

It 15 often the case, too, that a comet 15 deadedly brighter after its
perthelion passage than 1t was at the same distance from the sun before
penthelion This was very conspicuous at the recent return of Halley’s comet

In spite of these irregularities the assumption that the brightness of a
comet varies as 1/R4A? will usually give a good general 1dea of 1ts behavior
For purposes of prediction 1t 1s certainly far better than the assumption of
varnation proportional to 1/R?A?, which 1s still generally adopted by com-
puters This rapid falling off 1n a comet’s brightness as 1t recedes from the
sun explains why so few have been followed to great distances, and why the
periodic comets can be seen only m the neighborhood of their periheha
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509 Relative Bnightness of Different Comets From what has just
been said 1t 1s evident that 1f we wish to obtain a real measure of
the relative bnghtness of different comets, we must compare their
brightness when at the same distances irom the sun and the earth
When this 1s done, 1t 1s found that the differences are very great.

The most noteworthy comets of the last four centunes, meas-
ured by this standard, were those of 1577, 1744, 18111, and
1882 IT It may reasonably be estimated that each of these, at
umt diwistance from the sun and earth, would have appeared

M215 ¢ 4737 F 5165 5635 b cs

Fic 170 4 Spectrum of Halley’s Comet, May 6, 1910

Photographed wilh a one prism spectrograph attached to the 24-mch Lowell refractor, and on
a speaadly sensitized plate  Shows visual hydrocarbon emission bands (wave-lengths (§ 549)
AN4737, 5105, 5835) sodium hnght hines () and also a strong solar spectrum (C, G, etc ) The
releliv e strength of the solar hines proves that this comet’s brightness 1s due more to reflected
sunhght than to emitted light of its own (From photograph by Lowell Observatary)

about as bnght as the brightest stars, such as Arcturus or Vega
Few other comets, at the same distances, would have been one
tenth as bnght as these

The greatest comet yet recorded, however, was undoubtedly
that of 1729, which was faintly visible to the naked eye, although
its pennhehon distance was more than four astronomical umts
The four comets mentioned above would have appeared, on the
average, only about one twentieth as bright at such a distance
as the comet of 1729, and 1t seems certain that 1f the perihelion
distance of this comet had been small, its brilhancy would have
surpassed anything on record

Most of the conspicuous comets owe their brightness to a rela-
tively close approach to the sun or the earth

510. Ongin of the Light of a Comet Spectroscopic study shows
that the light of a comet’s head anses partly from reflected sun-
hght, which gives a continuous spectrum, crossed by the familar
Fraunhofer lines (§ 570), and partly from the hght emitted by
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luminous gas (§ 558), which shows bright bands in the spectrum
(identifying the presence of mtrogen and of vanous gaseous
compounds of carbon, — carbon monoxide, hydrocarbons, and
cyanogen)

The spectrum of the tail, when bright enough to be observed,
shows reflected sunlight, and also includes bands which are
given in the laboratory by
carbon monoxide at an ex-
ceedingly low pressure

When a comet comes
closer than 50,000,000 or
60,000,000 mmules to the
sun, light emitted by so-
dium vapor appears, and
the emission of the other
gases weakens The great
comet of 1882, when 1n-
tensely heated near pen-
helion, gave ewvidence of
the vapors of other metals,
probably including 1ron
The proportion of reflected
light 15 decidedly vanable,
both from one comet to
another and 1n the same

Fic 170 B Halley’s Comet comet {from time to time
Photographed May 6, 1010 with a prismatic cam-  The nucleus usually shines
era, which spread the various colors out to night
and left (The tail runs up ) Carbon monamde tail ma“lnly by reflected hght’
streamers are shown The brightest image of the but most of the llght of
head 1s due tDLE)v,,aglog)?wn(,:g:;)phnmgmph by the coma and tail comes

from the luminous gas

What stirs the gases up to shine 1s not fully understood The
latest work (Zanstra, 1926) makes 1t seem likely that the energy
1s denved from the absorption of sunhght by the gas At any
rate, there is no doubt that 1L comes onginally from the sun and
1s only transformmed by the cometary gases into the radiations
that are observed Stnctly speaking, therefore, a comet is not
self-luminous
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It is well to remark that while the bnght bands 1n the spectrum
prove the presence in the comet of carbon monoxide and mtrogen,

Fic 171 Spectrum of Mellish’s Comet (above), May 9, 1915, and of Zlatinsky’s
Comet, May 25, 1914

The cyanogen bands \ 3883 and N 4215 are very different in these comets The carbon
band at A 4737 15 nearly the same

and often of hydrocarbons, they do not at all prove that the
comet 15 mainly composed of these substances, or even that
such gases constitute a considerable portion of 1ts mass It 1s
much more likely that sohd or
hiquid particles of vanous sizes
form an overwhelmingly pre-
ponderant part of the whole
511 Development of a Comet
as it approaches the Sun. Even
a large comet, if first seen at a
great distance from the sun, ap-
pears as a mere roundish nebu-
losity, bnghter 1n the mddle
but usually without a definite
nucleus As 1t approaches the
sun 1t brightens rapidly, and
the nudeus appears The coma — g
expands, and the tail begns to Fic 172 Gale’s Comet, May 5, 1884
form, often at the start as
a narrow streamer (Fig 172) For great comets the distance
from the sun at which the tail begins to form averages about
200,000,000 miles As the activity increases, the nucleus, on 1ts
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sunward side, sends out jets of matter which spread out into a
diffused, fan-shaped mass, from which the lurmnosity sweeps
outward and backward into the tail Usually these jets and
streamers are wregular and subject to rapid changes, but 1n
some cases the nucleus appears to throw off more or less sym-
metrical envelopes, several of which are sometimes wisible at
once {Fig 173) The activity of the nucleus 1s usually greatest

Fic 179 Head of Donatr’s Comct

The envelopes of this comet were unusually symmetrical (From drawing by Bond)

shortly after the penhelion passage, and then gradually dies
down, the comet reversing the senes of changes previously de-
scribed, and appearing at last once more as a lttle patch of
nebulosity before 1t fades wholly from sight

Smaller comets (or larger ones which do not come so near the
sun) run through only a part of the changes just sketched, and
may reverse their development at any stage

612. Formation of the Head and Envelopes In Donati's comet
of 1858 (Fig 173) the envelopes were formed at intervals of from
four to seven days, and remained visible for a fortmght or more,
so that several concentric sheets of hight were in sight at once.
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In Morehouse’s comet of 1908, however, the envelopes lasted
but a few hours, and contracted as they grew older, but in this
case also several of them were visible at the same time

The envelopes appear to be formed by matenal projected
from the nucleus on the sunward side, and repelled by the sun
i the manner illustrated 1n Fig 174 (in which, however, the
downward curvature of the paths of the outer particles is greatly
exaggerated)

It seems clear that such an envelope, like the jet of a fountain,
must be continually composed of new materal, though retain-
g 1ts form unaltered The only difficulty about this **fountain
theory’ of the formation of the
envelopes is that 1n certain cases,
notably in Morehouse’s comet (as
Eddington has shown), very ligh
mitial velocities and very great
repulsive forces are demanded, to
account for the rapid formation
and changes of the envelopes,
but no other theory thus far sug-
gested appears to fit the facts
nearly so well

513 Formation of the Tail. It

Fig 174 Farmation of a Comet’s Tail
may be supposed that the ma- by Matter expelled from the Head
tenal ejected from the nucleus
and repelled by the sun sweeps backward to form the tail, along
which 1t streams, still luminous, until 1t becomes so widely
diffused and so rarefied that 1t is no longer visible

Comets’ tails, therefore, are simply streams of repelled partscles,
each moving 1n 1ts own hyperbolic orbit around the sun, the
separate particles exerting no sensible influence upon one another,
and (except perhaps at the very beginning of their course) being
quite emancipated from the control of the comet’s head.

This view of their nature accounts for the observed shapes
and changes of the talls of different comets, and has been con-
clusively confirmed by direct observation since photography has
made 1t possible to study details visible with difficulty, if at all,
to the eye

To Sun
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514 Shape of Comets’ Tails Since the imitial velocity of pro-
jection of these particles from the comet 1s usually small, the
extent to which they spread out laterally 1s usually small 1n
companson with the distance to which they are dniven by the
sun’s repulsive action mn the same interval of time The tail,
therefore, 1s 1n most cases a sort of flat, hollow, curved, horn-
shaped cone, open at the large end
The edges of the tail, near the comet at
least, appear, as a rule, much bnghter
than the central part

The tail 1s curved, because the re- )
pelled particles, after leaving the com-
et’s head and receding from the sun,
follow the law of areas, and hence
lag behind the comet’s radius vector,
which, at their greater distance, would
sweep out too large an area (Fig 175)
The stronger the repulsion, the less
will be the curvature

It should he noticed that this curva-
Fic 175 Shape of Comets’ ture 1s entirely wn the plane of the orbst

Tails A tail which, when seen from a direc-
Parucles emitted from the comet tion at rlght angles to the orbit plaHCJ
at Cy, and repellen by thesun S, appears strongly curved, like the long-
will travil in hyperbolic paths and -
reach T or T/ when the romer €St OR€ 1IN F1g 169, would appear to
reaches C; The lines Jommg all  an observer situated 1n or close to the
e ey ouep ot edu4l  orbit plane to be straight, and much
dently demands that T must lag  narrower because seen edgewise
belund the h}’:rii;' and [ stll The theory of the forms of comets’

tails was first worked out by Bessel,

and has been greatly developed by Bredichin, who finds that
the tails of almost all comets may be classified under three fairly
distinct types

In the first the repulsive force 1s 15 or 20 times as great as the
sun’s attraction, and the tail is almost straight, 1n the second the
repulsion 1s only about twice the attraction, and the tail is de-
adedly curved, 1n the third the two forces are neatly equal, and
the tail 1s short and stubby

S
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In some cases even greater repulsive forces appear to have
existed, notably 1n Morehouse’s comet, where detached masses
the tail themselves emutted subsidiary tails evidently composed
of matter driven away from them even more rapidly than they
themselves were moving

The low-pressure spectrum of carbon monovide has been found
to be especially charactenstic of the narrow, straight streamers,
while the more featureless part of the tail, in Halley’s comet at
least, gave a nearly continuous spectrum

515 Direct Evidence of Motion mn the Tail The most conclu-
sive evidence that the tails of comets are composed of matter
streaming away from the head is given by photography In
about half the brighter comets of the past twenty-five years,
luminous knots, or condensations, have at times been observed
mn the taill Whenever such an object has been photographed at
intervals of even a few hours, 1t was found to be rapidly receding
from the comet’s head, and when the observations extended
over a longer interval, they showed that 1ts rate of reccssion was
steadily increasing

Thus, a detached mass 1n the tail of Halley's comet photo-
graphed by Curtis was receding from the head at an average
rate of 70 kilometers per second between June 6 and 7, 1910, and
at the rate of 91 kilometers per second on the following day

Velocities of the same order of magmtude have been observed
in other comets They indicate the exastence of repulsive jorces
emanating from the sun (since the acceleration 1s almost entirely
independent of the distance from the comet’s head) and of mag-
mtude varying in different cases between 30 and 100 times the
sun’s gravitalional attraction

In some cases, as 1n Morchouse’s comet, the changes are very
rapid (Fig 176) Companson of the motions of details at dif-
ferent distances from the head shows that the material 1s ejected
from the nucleus with a relatively low velocity, and develops 1ts
high speed later under the action of the sun’s repulsion The
end of a tail, many millions of miles long, would be reached
by the outgoing matenal within a week

From measures of the brightness of the tail of Halley’s comet,
Schwarzschild and Kron have shown that the gradual fading out
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of the tail as it recedes from the head 1s not due to loss of light-
emitting power by the luminous particles, but to the fact that
they become spread out more and more widely as they proceed,
— both laterally by the divergence of their paths and longitudi-
nally by the steady increase of therr speed
516 Nature of the Repulsive Force. Various hypotheses have
been proposed, from time to time, regarding the nature of the
«force which dnives the matenal along the tail of a comet, but

170 16 GM T 200 57M GM T
Fic 176 Changes in Morehouse’s Comet

The two pictures were Laken thrce and a half hours apart, September 30, 1008 (From
photographs by £ E Barnard, Yerkes Observatory)

it 1s now very generally believed that the principal agency 1s
the radiation pressure (§ 320) of sunhght This must exert,
upon dust particles of the order of 1/100,000 inch in diameter,
a repulsive force more than ten times as great as the sun’s
attraction It 1s probably much more effective on 1solated
luminous molecules of gas which are absorbing energy from
sunlght

The particles, whatever their size, are so sparsely scattered 1n
the tail that almost all the sunlight traversing i1t goes through
between them, and no perceptible fraction of the whole beam
suffers absorption of any kind
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Though the forces which cause the motion of the luminous
matter along the tail appear now to be well understood, those
which occasion 1its ejection from the nucleus are still obscure
The 1nitial velocity 15 often several kilometers per second, — too
great to be ascribed to the mere expansion of liberated gases into
a vacuum, — and the appearance of the short-lived envelopes in
Morehouse’s comet suggests the occurrence of almost explosive
emissions of gas, with velocities at first very high but dying down
in the course of a few hours The energy demanded by the emms-
slon may either be denived from the incident solar radiation or
be latent in the maternal of the head and hberated 1n some way
by sunlight

517 Anomalous Phenomena A number of comets have at tunes pos-
sessed anomalous tails (usually in addition to the normal tail, but sometimes
substituted for it), sometimes directed straight toward the sun and some-
times nearly at right angles to that direction Bredichin has shown that
taus of the latter sort may be accounted for by changes n the veloaty of
projection of the particles from the nucleus, while those directed toward
the sun may be composed of relatively large particles, emmtted at low
velocity, for which the hight pressure 1s small 1n companson with the gravi-
tational attraction

The great comet of 1882 also carned with 1t for a time a faintly luminous
sheath, which secmned to envelop the comet itself and that portion of the
tail near the head, projecting 2° or 3° toward the sun For some days,
moreover, 1t was accompanied by little clouds of cometary matter, which
left the main comet, like smoke puffs from a bursting bomb, and traveled off
at an angle until they faded away It s natural to associate these unusual
phenomena with the profound disturbances which the outer parts of the
comet must have suffered during 1ts precipitate flight around the sun at pen-
hehion, when 1t went through 180° of orbatal longitude 1n less than four hours

518 Dissipation of the Cometary Matenal There 15 not the
shighiest reason to suppose that the matter driven off to form the tail
15 ever recovered by the come! The minute particles must fly off
mto space at very high velocities A very small fraction of
them may ultimately be picked up by dark bodies in space
(though not by bright stars, whose light-pressure would repel
them), but the overwhelming majonty must wander alone in
interstellar space indefiutely

It follows that such comets as have tails lose a portion of their
substance every time they visit the neighborhood of the sun It
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1s qute conceivable also that the processes by which light 1s
excited in the head of a comet may use up and render unfit for
future shining a portion of 1ts matenal, so that, as a penodic
comet grows old, 1t may become both smaller and less lum-
nous, until finally 1t ceases to be observable

Some such process may account for the disappearance of
Biel’s comet (§ 504) and the probable loss of two or three other

*faint periodic comets which have not been seen at recent returns

On the other hand, Halley’s comet, according to Holetschek, has
lost very little, 1f at all, in bnghtness and length of tail in the
past thiee centuries, nor has Encke’s comet suffered senous
diminution of brightness in the past century, 1n spite of thirty-one
returns to perithelion In these cases at least the disintegration
has been slow

519 Nature of Comets The accepted view of the nature of
comets (based partly on the phenomena already described and
partly on those connected with meteors, described below) 1s that
they are loose swarms of separate particles (probably of very
different sizes) separated by distances great in companson with
their own diameters and accompanted by more or less dust and
gas The greater part of the mass 1s probably concentrated near
the center of the cluster, but even here the open spaces must be
exceedingly large in companson with the particles The whole
swarm, though of very low mean density, moves freely through the
perfect vacuum of interplanetary space, the shight mutual gravita-
tion of 1ts parts bemg just sufficient to keep the swarm together

The phenomena attending a comet’s appantion may then be
explained as follows

A comet ke Halley’s, when first seen at a great distance from
the sun, 1s apparently little more than a cluster of meteoric par-
ticles shining by reflected light As it approaches the sun and
begins to be warmed by 1its rays, gases ooze out of the sohd par-
ticles, carrying with them quantities of fine dust These diffuse
mto space 1n all directions, and the coma expands. The dust
reflects the sunlhight and the gases are set shimng by absorption of
solar energy, so that the brightness of the comet grows very
rapidly As the activity increases, the finer particles, repelled by
the sun’s light-pressure, stream away wisibly to form the tail,
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which grows longer and brighter as the comet approaches peri-
helion The emssions from the nucleus sometimes take the form
of jets, or streams, and sometimes the outflow is more regular,
resulting i the formation of envelopes

As the comet withdraws from the sun, 1ts history 1s reversed,
except that the development of the activity lags a little behind
the exatation which produced 1it, so that the maxamum bnght-
ness 1s reached a little after the penhelion passage and the comet
1s brighter, at the same distance from the sun, after perihehon
than before Finally, as 1t recedes into the asteroid zone, the
mternal activity ceases, the remnants of gases and fine dust are
blown away 1nto space by radiation pressure, the coarser dust
perhaps settles down or agglomerates to some degree, and the
comet 1s left nearly in its onginal state during the long interval
before the next penhelion passage

520 Photometric Estimate of a Comet’s Mass and Density On
this theory of a comet’s constitution it sometimes becomes pos-
sible to make an estimate of the order of magmtude of its mass
from measures of 1ts brightness

Take for example, Halley’s comet In September, 1909, it was
still apparently inactive, and probably shone by reflected sun-
light Its measured light was about equal to that which would
have been reflected from a single body, 1in the same position, of
the albedo of the moon and 40 kilometers in diameter, but the
comet 1tself was 22,000 kilometers in diameter and presented
300,000 times as large an area

It follows that if we could have magmfied the comet suffi-
aently to see the separate particles of which it was composed,
we should have found them to be scattered very sparsely over
the dark background of the sky, covenng probably not more than
1/300,000 of the whole area within the comet’s apparent bound-
ary Itisno wonder that the comet was transparent

We can do hittle more than guess what the size of the particles
may be, but it 1s not at all probable that they average less thana
centimeter in diameter, for 1f they were smaller the radiation pres-
sure upon them would be a sensible, though small, fraction of the
sun’s attraction, and would produce perceptible modifications in
the comet’s orbital motion.
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If the particles were all 1 centimeter 1n diameter and had the
same albedo as the moon, 1t would require 16 X 10" of them to
reflect the observed amount of ight This 1s a large number,
but the volume of the comet 1s 5% X 10'* cubic kilometers, so
that 1if the particles were umformly distnbuted, there would be
three of them per cubic kilometer In more famibar terms, the
observed bnghtness of the comet at this time can be explained

-by supposing that in every cubic male of 1ts volume there were a
dozen bodies about as big as small marbles, and nolhing else

If the density of these particles was sumilar to that of ordi-
nary rack, the average mass per cubic mile would be a little over
half an ounce The total mass of the comet would be about
25,000,000 tons, and the bulk of the particles, 1f collected 1n
one heap, about 11,000,000 cubic yards,— only 5 per cent of
the amount excavated 1n constructing the Panama Canal With
particles 100 times as large the calculated mass would be 100
times as great

All these calculations are of course merely illustrative, for
it 1s probable that the actual particles which compose the
comet are of very different sizes, but the condlusion that the
mass of the comet must be very small seems to be unescapable
The comet of 1729, which probably also shone by reflected sun-
bght and was 10,000 times as brnght as Halley's comet would
have been at the same distance, may possibly have had a mass
as great as a millionth of that of the earth The fainter comets,
like Biela’s and Encke’s, are probably much less massive than
Halley’s comet

The mass and density of the tail of a comet must be far
smaller Schwarzschild has calculated that if the tail of Halley’s
comet was composed of fine dust particles, there may have been
a million tons of dust in the whole tail, but 1f the particles were
gaseous molecules, the whole mass may have been no more than
a hundred tons The great difference of these results illustrates
the outstanding uncertainty If the estimate of the total mass
which has just been made 1s anywhere near the truth, the lower
figure for the mass of the tail appears the better.

+ B21 Collsions with Comets. It is probable that the earth has
undergone many collisions with comets dunng geological time
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It may readily be computed that a small, rapidly moving body
which approaches the sun within one astronomical unit stands
about one chance in 400,000,000 of itting the earth As about
five comets come within this distance every year, the nucleus of
a comet should hit the earth, on the average, once 1 about
80,000,000 years Colhisions with the outer parts of the head
should be many times more frequent

As to the consequences of such a collsion 1t 15 1mpossible to
speak positively for want of sure knowledge of the constitution
of the comet If the theory which has been presented 1s true,
everything depends on the size of the separate particles which
form the main portion of the comet’s mass If they weigh tons,
the bombardment expenienced by the earth when struck by the
comet would be a senous matter, although 1t would probably
fall very far short of producing a wholesale destruction of
terrestnal ife If, as seems more Likely 1n the case of the outer
portions, they are for the most part as small as pinheads, the
result would be simply a splendid shower of shooting stars

A danger of a different sort has been suggested, —that if a
comet were to hit the earth, our atmosphere would be poisoned
by muxture with the gaseous components of the comet Here
again the probability 1s that on account of the low density of
the cometary matter no suficient amount would remain in the
air to do any mmuschief at the earth’s surface Moreover, combi-
nation with the oxygen of our atmosphere would render gquite
harmless any of the gases whose presence has been detected 1n
comets

As for encounters with comets’ tails, they are probably of ire-
quent occurrence It is certain that the earth passed through
the tail of the great comet of 1861, and 1t is probable that it at
least grazed that of Halley’s comet 1n 1910 1In neither case was
any perceptible effect produced

522. Effect of the Fall of a Comet nto the Sun  As to this 1t
may be stated that except in the case of Encke's comet there 1s
no evidence of any action guing on that might cause a periodic
comet to strnke the sun’s surface, 1t 15 doubtless possible, how-
ever, that a comet may sometimes enter the system from a dis-
tance, so accurately aimed as to lnt the sun
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It 1s not likely, however, that the least mischief would be
done If a great comet, with 2 mass equal to one millionth of
the earth’s mass, were to strike the sun’s surface with the
parabolic velocity of nearly 400 miles a second, the energy of
impact would generate a little less heat than the sun radiates 1o
an hour If this were all instantly effective 1n producing in-
creased radiation at the sun’s surface, trouble would follow, of
eourse, but 1t seems certain that nothing of the sort would
happen The density and quantity of the solar atmosphere are
so small (§662) that the cometary particles would pierce the
photosphere and hiberate their kinetic energy as heat well below
the sun’s surface, adding to the sun’s store of internal energy
about as much as 1t ordinanly expends 1n an hour There mght
be a brilhant flash at the solar surface as the shower of cometary
particles struck 1it, but probably nothing that the astronomer
would not take delight 1n watching

If the directions of motion of the comets were absolutely at
random, about one 1n two hundred of those which come 1nside
the earth’s orbit (§ 521) would strike the sun, that is, such colli-
sions would occur, on the average, rather more than twice 1n a
century But no event of this kind has ever been observed, prob-
ably because, as we have seen, all known comets are returns of
bodies which have passed perithelion before, and hence necessanly
have orbits which take them clear of the sun If comets with
penthelion distances less than the sun’s radius ever existed, they
must have been eliminated at their first perihelion passages, and
by this time 1t 1s not surprising that we find none

METEORS

523 On any clear evening, starhke objects may frequently be
seen which appear suddenly, dart swiftly across the sky, and
vamsh They are known as meteors The fainter ones, which
are much the more frequent, and which usually disappear 1n less
than a second, are commonly called skootsng stars The bnghter
ones are known as fire-balls (or bolides) They are sometimes
bnght enough to hight up the landscape and cast strong shadows,
and they are often in sight for several seconds A bnght meteor
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15 generally followed by a luminous train, which sometimes re-
mains visible for many minutes after the meteor 1tself has dis-
appeared The motion 1s sometimes 1rregular, and here and there
along 1ts path the fire-ball throws off sparks and fragments
Sometimes it vamshes by simply fading out in the distance,
sometimes by bursting like a rocket By day the luminous
appearances are mainly wanting, though sometimes a white
cloud 1s seen, and even the train may be visible

6524 Nature of Meteors. The large apparent veloaty with
which meteors move indicates at once that they must be rela-
tively very near us This 1s fully confirmed when the same meteor
has been observed at different stations and its parallax found It
thus 1s shown that visible meteors are within 2 hundred miles or
so of the earth’s surface

They are small bodies which approach the earth from inter-
planetary space at high veloaty, and shine only when they enter
the upper atmosphere and become heated by friction m fiying
through the air Most of them are soon consumed, burming com-
pletely away Those which get through to the earth’s surface
are called meteorstes A number have been recovered which were
actually seen to fall, and others have been 1dentified by therr
resemblance to these

525. Number Meteors come from all parts of the sky, as well
as 1n showers from small areas The number of sporadic shooting
stars 1s enormous A single observer averages from four to eight
an hour, 1if accustomed to such observation and well situated,
he may sce twice as many on a moonless night

Estimated on the basis of individual counts, the total number
which enter our atmosphere 1n twenty-four hours and are bright
enough to be visible to the naked eye must be several millions,
and 1n addition there 1s probably a still larger number so small
as to be observable only with the telescope

The average hourly number after midmght 1s about double the
hourly number 1n the eveming In the morning we are on the
front of the earth 1n respect to its orbital motion We see at
that time meteors which the earth overtakes, as well as those
coming to meeti1t The apparent velocity of the morning meteors
averages high for the same reason In the eveming we see only
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such as overtake us There 1s also an annual vanation in the
number They are most numerous, 1n the northern hemisphere,
1 autumn, when the point toward which the earth 1s moving 1s
highest above the hornizon at mght

5268 Observation of Meteors The object of the observer should
be to obtain as accurate a record as possible of the path of the
metebr (including direction of flight and the points of appear-
ance and disappearance) and the length of time 1t 1s visible If
other observers several miles away are known to be on the watch,

Frc 177 Trail of 2 Meteor

The trail was caught while this star-ficld was being photographed The brightness of the
meteor obviously varied rapudly  (From photograph at Harvard College Observatory)

too, the time of appearance also should be noted When a
meteor can be identified as having been observed at two or more
stations, its path with reference to the surface of the earth can
be computed (a problem of parallax)

If seen by might thc path should be drawn among the stars on
a chart or globe It 1s usually of assistance to hold up a stick 1
line with the fight and notice what stars lie on or near this ine
The observer must, of course, be familiar with the constellations
and bnghter stars By day he must take advantage of natural
objects and buildings to define the path of the meteor, noting
carefully the exact spot where he stood By taking a surveyor’s
transit to the place afterwards 1t 1s easy to translate such data
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into altitude and azzmuth The time of flight is hard to estimate
with any approach to accuracy Some observers begin to repeat
rapidly some famihar verse of doggerel when the meteor 1s first
seen, reiterating it until the meteor disappears

Sometimes trails of bnght meteors are caught accidentally
on photographic plates, and spectal apparatus has been devised
and successfully used m photographing meteors Such observa-
tions are of course much more accurate than visual ones

627. Paths of Meteors Visual observations are necessanly of
low accuracy, but when several competent observers have seen
the same meteor, 1t 1s possible to find the position of 1ts path and
the heights of appearance and disappearance within a few males

Such data show a dependence of the heights of appearance and
disappearance, and of the length of flight, upon the apparent
size of the body and its velocity The smaller ones, or skooting
stars, appear at an average height of about 70 miles and disappear
about 50 mules from the earth’s surface, after an average fhight
of 35 miles For certain groups, of high velocity, the altitudes of
appearance and disappearance are greater The corresponding
heights for fire-balls are 85 and 30 miles, and the length of path
averages sometlung like 200 mules Some of them travel much
farther

Since large masses must suffer relatively less resistance from
the air and be completely consumed less rapidly than small
masses, 1t 15 reasonable to conclude that fire-balls and meteorntes
are much more massive than shooting stars

The fhght of an average shooting star occupies so brief a
tume that direct veloaty deterrmnations are dafficult and in-
accurate The apparent paths of fire-balls and meteorites are
usually much longer and the observations better Velocities as
low as 15km /sec, and as lmgh as 75km /sec, have been
observed The veloaties with which meteors enter the atmos-
phere must be rapidly reduced as they penetrate deeper into the
denser layers No appreaable slowing up toward the end of
flight of shooting stars is observed (largely owing 1o the bnefness
of their visibility), but 1t 15 often distinctly apparent 1n the case
of meteorites By the time these come within a few miles or
so of the earth’s surface the air resistance 1s so great that they are



450 ASTRONOMY

slowed down to velocities no greater than that of a spent cannon
ball, and they do httle harm when they land In one case
(a meteonite that fell near Upsala, Sweden, in January, 1869)
several of the stones struck upon the ice of a lake and rebounded
without breaking the ice or damaging themselves

528 Explanation of Heat and Light As the meteor enters the
atmasphere the kinetic energy of 1ts bodily motion 1s transformed
into kinetic energy of the gas molecules which 1t hits and of the
molecules of 1ts surface In other words, both the air and the
surface of the meteor are very greatly heated by the friction
The surface layers hquefy and vaponze, and an envelope of
incandescent gas and vapor many times as large as the meteor
1tself spreads around and 1s swept belund 1t This process con-
tinues until the wholc 15 vaponized or until the velocity falls
below a certain value It is from this envelope and not from the
sohd surface that most of the light comes The spectra of a few
meteors have been photographed by acadent during observa-
tions of the stars, and show bnght lines due to luminous gas

There 1s not time for the heat to be conducted into the intenor
of the mass to any notable extent As a general rule, therefore,
meteonites are superficially hot 1f found soon after their fall, but
the interior may still be cold It 1s recorded that one of the
fragments of the Dhurmsala (India) meteorite, which fell 1n
1860, was found 1n moist earth, half an hour or so after the fall,
coated with ice

The disturbance of the air by a large meteonte produces sounds
like violent thunder, which are often heard at great distances As
sound travels only about 12 miles a minute, there 1s often an 1n-
terval of several minutes between the flash of the meteor and the
noise Observations of this interval help to deterrmine the path

The hot vapors along the meteor’s track expand laterally and form the
meteoric traan Such trains often remain luminous for several seconds or
minutes, sometimes as much as half an hour, and are carned by the wind
like clouds They usually appear at a certain mean altitude, often starting
to form after the meteor has gone some distance, and sometimes ceasing to
form before the meteor becomes invisible The rarefied gas cannot, of course,
remain hot for anything like this time It 1s probable that part of the energy
1s stored up n the molecules (possibly by 1onization, § 637) and 1s gradually
released with emission of hght
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520. Masses of Meteors The luminous energy radiated by a
meteor may be calculated from observations of 1ts apparent
brightness at a known distance and the duration of 1ts visibility.
If we knew what fraction of the kinetic energy of the meteor was
transformed 1nto luminous energy, we could find the kinetic
energy and, knowing the veloaty, the mass of the meteor Only
a rough guess at this fraction can be made, but, unless it 1s very
much smaller than for other hight sources of the same color, the
mass of a typical shooting star 1s only a few milligrams

In the case of large meteontes, which weigh many kilograms
when found, in spite of the losses which they sustain 1n the
atmosphere, sufficient energy 1s available to make the hight radi-
ated millions of times greater than from the average shooting
star. This 1s entirely consistent with reports that large fire-balls
have appeared much brighter than the full moon

But while meteors are, on the average, very small, they are
almost countless The total annual amount of meteoric matter
which falls on the earth, measured 1n tons, must be large, but
as an addition to the earth’s mass it 1s trivial, and 1ts effects on
the revolution and the rotation of the earth are too small to be
measurable

530 Meteonites. The number of instances 1n which meteontes
have actually been seen to fall, and have been recovered, has
averaged about four per year since 1850 But for one that is
found, even of the fire-balls whose fight has been observed, a
dozen are mussed, and if we include all that presumably were
not seen, or that fell unobserved into the ocean or in regions
from which no report could come, the sum total must be very
great. Therr number 15 small, however, compared with that of
shooting stars

The mass that falls 1s sometimes a single piece, but more
usually there are many pieces, sometimes to be counted by thou-
sands At the Pultusk fall, in 1869, the number of meteontes
was estimated to exceed 100,000, most of them very small The
largest masses known were found at Melville Bay, Greenland
(brought to New York by Peary), and near Grootfontein, South
Afnca Bothare of iron The first weighs 36 tons and the second
perhaps more



452 ASTRONOMY

Up to 1923 about 850 specimens from separate falls had been
collected, 1n all

531. Appearance and Consttution of Meteorites. The most
charactenstic external feature of these celestial 1mmigrants s a
thin black crust, usually, but not always, glossy ke varmsh It
is formed by the fusion of the surface, 1n the meteor’s swift
motign through the air, and in some cases penetrates deep into

F1c 178 Willamette Meteorite

Fic 179 Modoc Metcorite

This specimen of a stony meteorite <hows
the characterishic piting and crust A

The cavities 1n this ron meteonte were
produced by oxidation while it lay n

maist ground for an unknown time Its

present weight 1s 153 tons and its length

15 a httle over 10 feet (By courtesy of

American Museum of Natural History,
New York)

patch af the crust has been artificially

broken away toshow theinterior A scale

of inches shows the size  (By courtesy of

Amenican Museum of Natural History,
New York)

the mass through veins and fissures The crusted surface usually
exhibits pits and hollows called thumb marks because they look
hike prints produced by thrusting the thumb into a piece of
putty These cavaties are formed by the burming out of certain
more fusible substances

A large majonty of meteontes are stones, — masses of crys-
talline rock Some, however, are masses of metallic 1ron alloyed
with nickel and cobalt, others are mixtures of stone and iron
Only 10 out of about 350 meteontes which were seen to fall
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(up to 1915) and were recovered for study were composed of
iron About half the specimens 1 museums, however, are iron
meteorites, since these, even though they may have fallen cen-
turies ago, are recognizable at once as remarkable objects, while
stony meteorites, except to the tramned observer, look like any
other stones

About thirty of the chemical elements, including argon and
helium, have been found in meteorites Some of the elements
are combned to form mnerals not found in terrestrial rocks, but
no otherwise unknown chemical elements have been found m
meteorites Of those present, iron, oxygen, nickel, silicon, and
magnesium are by far the most abundant, in the order given,
then sulphur, calcium, cobalt, aluminum, and sodium

When heated, mcteonites give out gases, including hydrogen,
nitrogen, carbon monoxide, and hydrocarbons Some meteonc
minerals, notably a phosphide of 1ron and mckel, could not have
been formed in presence of free oxygen The 1ron meteorites
usually show a crystalline structure, and the stone meteontes a
structure of rounded crystalline grains, both of which are dis-
tinctive of these bodies These structures indicate that the ma-
tenal must once have cooled from a melted condition, —rapidly
for most stone meteontes and slowly for most of the irons

532 Groups of Meteontes Meteorites are small comnared
with their apparent size when rushing through the air Then the
surrounding luminous shells of intensely heated vapor and air
contribute to the apparent size But this is perhaps not all.
Sometimes the pieces picked up near the same locality show fresh,
unfused fracture surfaces, evidently resulting from the bursting
of a single body More often, and especially in cases where a
great many stones fall, they all have the same charactenstic
surface resulting from fusion, showing that they entered the
atmosphere as a group of separate bodies In such a case the
detonation heard at the end of the visible fight 1s not the result
of explosive bursting of the meteonte, but rather of the sudden
equalization of air pressure

An extraordinary meteoric fall occurred in the Yenisei valley,
Sibena, on June 30, 1908, but was not visited by scientists till
1927 Dozens of funnel-shaped depressions were made in the
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ground, some of them 50 feet 1n diameter The forest was laid
flat and scorched for miles around, and the heat was felt fifty
miles away No human hives were lost but hundreds of reindeer
were killed

533 The Meteor Crater m Anzona In northeastern Anzona,
near Cafion Diablo, 1s a remarkable crater in the desert (Fig 181),
abowt 4000 feet in diameter, with walls nsing 150 feet above the
surrounding plamn and descending 600 feet precipitously to the

Fic 1804 Rose City Metcorite

F1c 1808 A Brenham Meteorite

This won meteorite ha: been cut through The surface of a section has been etched

and the surface polished to show the mter-
esting 1uternal structure (This photo-
graph, as well as that of Fig 180 B, was
furmshed by the American Museum of
Natural Histary, New York)

tu bring vut the crystalline structure of

the metallic portion of the mass A por-

tion of this meteonte 15 almost entirely

metallic, in the redt the metal surrounds
large masses of stone

floor There 1s no evidence of volcamic activity within many
mules The walls are formed of tumbled masses of limestone and
sandstone ejected from the interior

Within five miles of the crater thousands of iron meteorites
have been picked up on the surface, and a few have been found
buried 1n the ejected matenal of the walls Artificial borings
show that the rocks of the crater’s bottom have been crushed
to a depth of several hundred feet These rocks show also signs
of great heating and reveal many specks of mixed oxdes of
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iron and nickel, 2 combination that i1s rarely found elsewhere
than 1n meteoric material

The evidence appears very strong that this crater has been
produced within modern times, geologically spealing, by the
impact of a great mass of meteonic matenal, perhaps a swarm
and not a single body, which, too heavy to be stopped by air
resistance, carned energy enough to excavate a hole more than
half a mile across and a thousand feet deep (counting to the
undisturbed rocks below the crushed matenal) Trees growing
on the nms are as much as seven hundred years old, and 1t 15
probable that the impact occurred a few thousand years ago

F1c 181 Meteor Crater, Anzona
From photograph by D M Barringer

A great meteoric fall occurred in Siberia on June 30, 1908
The heat was felt 1n settlements fifty miles away, windows were
broken and houses damaged Explorers in 1927 found that the
forest had been leveled and scorched for miles, the trees all point-
ing away [rom the central region, where numerous pits, yards in
diameter, probably mark the place of bunied meteontes

534. Meteoric Showers, Radiants There are occasions when
the shooting stars, instead of appearing here and there mn the
slcy at intervals of several minutes, appear in showers of thou-
sands Members of such showers do not move at random, but
all their paths diverge, or radiate, from a single point 1n the sky,
known as the radiant, that is, therr paths produced backward
all pass through or near that point, though they do not usually
start there (Fig 182)
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The radiant keeps 1ts place among the stars almost unchanged
dunng the whole continuance of the shower, — for hours or days,
1t may be, — and the shower 1s named according to the place of
the radiant among the constellations Thus, we have the Leomds,
or meteors whose radiant 1s in the constellation of Leo, the
Andromedes, the Perseids, the Lynds, etc

THe radiant 15 an effect of perspective The meteors are all
smoving 1n nearly parallel lines when encountered by the earth,

Fic 182 Meteonc Radiant in Leo, November 13, 1866

All the tracks excupt four (which do not belong to the shower) appear to radiate from a small
area near § Leoms

and the radiant is simply the perspective vamisking pownt of
this system of parallels, their paths all appear to converge,
like the rails of a railway track for an observer looking upon 1t
from abndge Meteors which appear near the radiant, and whach,
therefore, are coming almost directly toward the observer, flash
out for a few seconds as starlike points of hight, or descnbe paths
which are very short Those 1n the more distant regions of the
sky describe longer apparent paths

The direction of the radiant 1s the apparent direction from
which the meteors approach the earth This is affected by the
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orbital motion of the earth, but if the velocity of the meteors 1s
known, thetr motion relative to the sun can be deduced

Owing not only to errors of observation but also to the effect
of the earth’s attraction i changing the paths of the meteors, and
probably also to lack of exact parallelism of the paths, the observed
rachant 1s usually a small area of the sky rather than a pont

Probably the most remarkable of all the meteoric showers
that have been recorded was that of the Leoruds, on Novem-
ber 12, 1833 The pumber seen at some stations was estimated
as high as 200,000 an hour for five or six hours “The sky was
as full of them as it ever 1s of snowflakes 1n a storm,” and, as an
old lady described it, looked *‘like a gigantic umbrella ”

5356 Dates of Meteoric Showers. Meteoric showers from the
same racdiant habitually recur on or about the same day of the
year Some of the radiants, notably that of the Perseids, are
about equally active every year Irom other radiants come a
big shower one year and a rapidly dirumshing number 1n the
immediately preceding and following years, hut always on the
same date This proves that the meteoric swarms pursue regular
orhits around the sun, and that the annual shower occurs at the
point where the earth’s orbit cuts the path of the particular
swarm The earth reaches this pont at the same date every
year (Fig 183)

In some cases the meteors are distnbuted 1n a nearly umform
ring along the whole orbit, for such, as in the case of the Perseids,
the shower recurs every year with about the same vigor On the
other hand, the flock may have a distinct concentration with only
a few stragplers scattered along the orbit, then a notable shower
will occur only 1n the year when the earth meets this aggrega-
tion at the orbit crossing This 1s the case both with the Leomds
and with the Andromedes, though the latter are already getting
widely scattered

Ohvier hsts, up to 1920, over 1200 tadiants, and expresses confidence 1
the reality of at least half of these The most conspicuous of them are the
Dracomds, January 2, the Lynds, Apnl 20, the Aquarnds I, May 8, the
Aquarnds IT, July 28, the Perseids, August 12, the Oriomds, October 20,
the Leomds, November 14, the Andromedes, November 24, the Germinids,
December 10
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Some of the swarms are of small diameter—so small that it
takes the earth but a few hours to pass through them. Other
showers persist for days or even for weeks, as do the Perseids
In such a case 1t 1s to be expected that the radiant will gradu-
ally shift 1ts position among the stars on account of the change
1n the direction of the earth’s motion, and such shifts have in-
deed Ween observed In other cases they are probably masked by
errors of observation and by the activity of neighboning radiants
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Fic 183 Orbits of Meteoric Swarms

The meteors which belong to the same group have certain
famuly resemblances The Perseids are yellow and move with
medium velocity The Leomids are very swift (the earth meets
them), they are of a bluish-green tint, with vivid trains The
Andromedes are sluggish (they overtake the earth), they are
reddish, being less intensely heated than the others, and usually
have anly feeble trains

538 Penodicity. In 1864 H. A Newton showed by an exami-
nation of the old records that there had been a number of great
meteoric showers in November, at intervals of thirty-three or
thirty-four years, and he confidently predicted a repetition of the
shower on November 13 or 14, 1866 The shower occurred as
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predicted and was observed in Europe, and 1t was followed
in 1867 by another, which was wisible 1n Amenca, the meteoric
swarm being extended in so long a procession as to Tequire
more than two years to cross the earth’s orbit Nether of these
showers, however, was equal to the shower of 1833 The re-
searches of H A Newton, supplemented by those of J] C Adams,
the discoverer of Neptune, showed that the swarm moves m a
long ellipse with a thirty-three-year period

A return of the shower was expected in 1899 or 1900, but
failed to appear, although on November 14-15, 1898, a consid-
erable number of meteors were seen, and n the early morning
of November 14-15, 1901, a well-marked shower occurred, vis-
1ble over the whole extent of the United States, but best seen
west of the Mississippl, and especially on the Pacific coast At
a number of stations several hundred Leomids were observed by
the eye or by photography, and the total number that fell must
be estimated by tens of thousands The display, however, seems
nowhere to have rivaled the showers of 1866-1867, and these
were not to be compared with that of 1833 Very few meteors
were seen 1n 1902, but 1n 1903 a large number were observed 1n
Greece and 1n England

The calculations of Downing and Stoney show that the failure
of the Leomds to appear in 1900 was probably due to perturba-
tions of the meteors by the action of Jupiter, Saturn, and Uranus,
causing the main condensation to pass at a distance of nearly
2,000,000 miles from the orbit of the earth The dates of some
other showers have shown a gradual change, which 1s doubtless
due to perturbations of the longitude of the node

6537 Identificattion of Meteoric Orbits with Cometary Orbits
The researches of H A Newton and J C Adams had awakened
Lively mterest in the subject, and Schiaparelli, a few weeks after
the Leonid shower, published a paper on the Perseids, or August
meteors, 1n which he brought out the remarkable fact that they
are moving 1n the same orbit as that of the bright comet of 1862,
known as Tuttle’s comet Shortly after this Levernier pubhished
his orbit of the Leonid meteors, denved from the observed posi-
tion of the radiant in connection with the periodic time assigned
by Adams Almost simuitaneously, but without any idea of a
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connection between the orbits, Oppolzer published his orbit of
Tempel’s comet of 1866, which was at once seen to be almost
identical with that of the Leomids A single such coincadence
might be acadental, but hardly two

Five years later came the shower of the Andromedes, follow-
g in the track of Biela’s comet, and careful companson has
showh three other simular relations between meteor swarms and
eomets The Aquarnds I of early May are connected with Halley’s
comet, moving 1n parallel paths, though several million mles dis-
tant from 1ts orbit, and a shower 1in 1916, with Winnecke’s comet
This shower, and likewise the Andromedes, are lost again, their
orbits having been shifted away by perturbations

538. The Ongin of Meteors. The high velocity with which
nearly all meteors enter our atmosphere shows that they must
previously hdave been moving around the sun in independent
orbits The regularly recurring showers must anse from swarms
moving 1n elliptical orbits, for one moving 1n a parabolic or a
hyperbolic orbit would go by and never return A swarm moving
i an elliptical orbit would tend to spread out, in the course
of time, 1nto a continuous nng along the orbit, since the penods
of the various members of the swarm would not be quite 1den-
tical It 1s probable that swarms which are almost uruformly
distributed along their tracks have been pursuing their present
orbits longest

In several cases, as mentioned in the previous section, there
15 an obvious connection between a meteoric swarm and a known
comet Although a comet’s density 1s very low, 1t 1s probably
much greater than that of a meteoric swarm (Even 1n the great
shower of 1833 there was probably not more than one meteor
per thousand cubic miles ) It appears almost certain that these
swarms have been formed by the partial disintegration of the
comets How many of the other swarms are thus related to
comets 15 unknown It 1s of course by no means necessary that
a meteor swarm should ever have been dense enough or have
had enough gas and dust associated with 1t to form a wisible
comet

Whether the sporadic meteors are members of the solar system
or come 1n from stellar regions can only be settled by a considera-
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tion of their velocities relative to the sun The best way of get-
ting at this 1s by studying the daily vanation in the number
observed The greater the average veloaity of the meteors, the
less, evidently, will be the difference between the number that
the earth overtakes and the number that overtake the earth
The weight of the evidence, and espeaally that recently pre-
sented by Hoffmeister, favors an average veloaty which 1s strongly
hyperbolic

Meteonte falls and great fire-balls are more often observed
tween noon and midmght than 1n the morming hours, and more
often 1n the spring than in the autumn  This 1s cxactly opposite to
the behavior of shooting stars, and indicates that most met(ontes
overtake the earth and arc moving in direct orbits about the
sun Bodies moving 1n retrograde orbits would have a much
higher relative velocity and would be much more likely to be
consumed 1n the earth's upper atmosphere This may suffice to
explain the observed facts

Direct observations of veloaty, which are notonously hard to
make with accuracy, indicate decidedly hyperbolic paths for
most fire-balls and meteorites On the other hand, fire-balls
have often been observed during meteoric showers, coming from
the same racdiant What proportion of shooting stars and meteor-
ites belong to the solar system, and what proportion aie visitors
from nterstellar space, can only be decisively settled by turther
study, and mm particular by some more accurate method of
measunng veloaty, if such can be devised

THE ORIGIN OF THE SOLAR SYSTEM

539 Regulanties m the Solar System The solar system 1s
clearly no accdental aggregation of bodies The remotest planet
1s hardly more than one ten-thousandth part as far away as the
nearest known star, and all the planets share the rapid motion
of the sun through interstellar space (§740) It 1s obwvious,
therefore, that the sun, the planets, and their satellites — together,
probably, with the comets — must have had a common ongn.
Moreover, the planetary system presents numerous regulanties
of arrangement, for which the mind demands an explanation,
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and which are not, ke Kepler's laws, necessary conseguences
of gravitation The most noteworthy of these are as follows

As regards the orbits of the planets,

(1) The direction of revolution of all the planets about the
sun 15 the same

(2) Therr orbits all Le nearly in the same plane (except those
of sogme of the asteroids)

« (3) Therr orbits are nearly crcular (except, agan, for some
asteroids)

(4) There 1s a cunous and regular progression of their distances,
expressed roughly by Bode’s law (§ 269)

(5) The sun rotates 1 the direction 1n which the planets re-
volve, and 1ts equator 1s but httle inclined to their orbits

As regards the planets themselves,

(6) The more massive planets (as a group) are of lower density

(7) The larger planets rotate more rapidly

(8) Among the four major planets the inchination of the
equator to the orbit decreases with decreasing distance from
the sun

As regards the satellites,

(9) The satellites revolve about the planets in the direction n
which the planets themselves rotate

(10) Their orbits are nearly arcular and nearly 1n the plane
of the planet’s equator (These last two propositions are not
true of the remote outer satellites of Jupiter and Saturn )

It 1s not reasonable to suppose that such relations as these are
due to chance, and 1t 1s 1n accordance with the whole trend of
saence to believe that they have onginated by some orderly
process

540 The Nebular Hypothesis The earliest attempt to explain these
facts oniginated in the eighteenth century with Swedenborg and Kant, and
was put into scienbific form by Laplace Brefly stated, this theory assumes
that, at a remote epoch 1n the past, the matter which now forms the solar
system composed one vast, rarefied, slowly rotating mass —a nebula—
which gradually cooled, and contracted under the mfluence of its own
gravitation As 1t contracted, 1its rotation became more rapid (since
angular momentum had to be conserved), in time the centnfugal force at
the equator became equal to gravity, and a nng of diffuse matter was
detached from the perphery
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This happened several times, leaving the shrinking nebula surrounded
by rings, the smaller of which revolved more rapidly Finally, the matenal
of each ring somehow collected into a single bedy, formung a planet, and
the central mass condensed to form the sun

This theory accounts for many of the facts and can be modified to explam
more, but 1t meets with two fatal difficulties Furst, 1t can be proved that
an extended tenuous ring would not condense into a single bedy, but 1nto
many bodies, like the asteroids or the rings of Saturn Second, almost all
the angular momentum of the solar system — 98 per cent of the total — 15
at present assoclated with the orbital motions of the major planets The
sun’s rotation provides almost all the rest, the four terrestnal planets con-
tnbuting less than 01 per cent of the whole The total angular momen-
tum cannot be altered by any internal changes within the system, and no
process has ever been imagned by which 98 per cent of it could have
been segregated 1n less than 1/700 of the total mass Furthermore, it has
been proved that if the outer parts of the nebula had had so much angular
momentum, they could not have condensed at all — even into asteroids

It appears, indeed, that no orderly process of evolution under the action
of internal forces could have produced the existing distribution of angular mo-
mentum , and it follows that the angular momentum of the planets must have
been put into the sysiem from outs:de Here, therefore, 1t seems necessary,
for once, to abandon the “uniformitanian’ hypothesis of gradual evolution
and to adopt a *catastrophic’’ hypothesis of sudden change

541 The Hypothesis of Dynamuc Encounter An alternative
theory, which appears at present to be much more satisfactory
than the “nebular hypothesis,”” was proposed about twenty years
ago by Chamberlhn and Moulton, of Chicago According to this
theory the sun was once an isolated star, without planets At
some remote epoch another star, in 1ts motion through space,
happened to pass very near the sun The two bodies swung
about one another in hyperbohc orbits, and separated again
Their mimnmum distance was so small that the tide-raising forces
due to the star’s attraction of the sun — aided by the expansive
force of the solar gases — became great enough to counteract
the sun’s attraction at some points, so that great quantities of
matter were ejected from the sun

The imtial motion of the ejected masses was straight away
from the sun, and 1 the absence of disturbing forces they
would all have fallen back again into 1t, but (as Moulton has
shown) the disturbing force due to the star’s attraction would,
m general, tend to impart to these masses a lateral motion, and
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set them revolving about the sun 1n the same direction in which
the star was moving After the star receded, some of the ejected
matter must have fallen back into the sun, other parts may have
flown ofl into space 1n parabolic or hyperbohc orbits, but the
remaining portions were left circulating about the sun 1n elliptic
orbits, all 1n the same direction and 1n planes not much inclined
to tHht of the star’s orbit about the sun From this circulating
matenal the planetary system was formed

This hypothesis has the great advantage that it accounts
for the angular momentum of the planetary motions, which
15 not supposed to have been primitive but to have been i1m-
parted to the ejected matter by the attraction of the passing
star at the expense of a small diminution of the far greater
angular momentum of the star’'s motion about the sun

It also accounts for the sun’s rotation The matenal which
fell back upon the sun would 1tself have acquired a certain,
though small, angular momentum 1n the same direction as that
of the planets, and this, commumecated to the general mass of
the sun, would set 1t rotating 1n this direction Whatever rota-
tion the sun previously possessed would have been **drowned
out” by this effect, leaving perhaps a trace in the fact that
the sun’s equator is inchned 7° to the invanable plane of the
solar system Most of the ejected matenal would fall back near
the sun’s equator, setting this part of 1ts surface into more rapd
rotation than the rest (The present equatonal acceleration
(§ 225) may perhaps be a survival of this effect, which flud
friction has not yet been able to eliminate entircly )

542. The Planetesimal and Tidal Theories. With respect to
the further development of the solar system, the onginal views
of Chamberlin and Moulton differ somewhat from those more
recently propounded by Jeans and Jeffreys All agree that the
ejected matenial cooled down rapidly, and that it then con-
tained (1) large masses, great enough to form at least the
nucler of the present planets, (2) numerous smaller sohd particles,
and (3) uncondensed gas

According to the older, or “planetesimal,” form of the theory
most of the matter was in the form of small sohd particles,
revolving about the sun, hke infimtesimal planets (whence the
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name), and the present planets have grown from much smaller
original nucler by gradual accretion of these small bodies The
newer, or “‘tidal,” form of the theory concludes that the planets
must have possessed nearly their present masses from the begin-
mng and that the diffuse material was largely gaseous The dif-
ference 15 thus rather onc of degree than of kind, and the two
forms of the theory of dynamic encounter may well be discussed
together

543 Formation of the Planets The cjected matenal must ong-
mally have been gaseous and exceedingly hot, and would have
hquefied and solidified only after 1t had cooled by expansion and
radiation During this process the lighter and more volatile
constituents would escape from all but the larger masses — just
as the moon's atmosphere has escaped from the moon The dif-
ference 1n density between the terrestrial and major planets
may be due to differences 1n composition which have arisen 1n
this way

Chamberlin believes that the planets, except perhaps the
largest, were sohid throughout practically from the start
Jeffireys concludes that they must have passed through an
intermediate liquid phase, but that the earth, for example, must
have sohdified within about 15,000 years of 1ts birth  After this
the surface began to cool, an ocean formed upon 1t, and geological
history commenced

544 Eccentricity of the Orbits The dispersed material which
did not condense 1nto the primeval planets plays an important
role in both forms of the theory The particles, whether meteor-
1tes or molecules, must have been arculating about the sun in
the same direction as the planets Such a revolving swarm, or
atmosphere, would have little influence upon the forward orbital
motion of a planet (which must have been mowving at about
the same rate as the swarm 1n 1ts neighborhood) but would 1n
the long run slow down, as if by frictional resistance, the out-
ward and mward motions ansing from the eccentncty of the
planet’s orbit The planetary orbits, which were probably at
first highly eccentnic, would thus become more nearly arcular

The dispersed matter would gradually tend to disappear The
separate planetesimals would be picked up by the planets or
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(much more probably) collide with one another and be reduced
to fine dust or to gas The gaseous matter, as Jeffreys has
shown, would either slowly diffuse away into space or settle back
into the sun, leaving interplanetary space clear The zodiacal
light (§ 424) may represent the last remnants of 1t, while meteors
may be surviving stray planetesimals

THNe time required for thuis process would be very long Jefireys
estimates it roughly as 7000 milhon years He suggests that the
asteroids, which have highly eccentric orbits, may have been
produced by the disruption of a larger body or bodies, rather
late 1 the histary of the system (Compare §422)

b45. Rotation of the Planets A planet formed by the infall of
planetesimals upon a non-rotating nucleus might be set into
ether direct or retrograde rotation, according to the particular
circumstances of accumulation, but in either case the rotation
would probably be much slower than that of the major planets
or even of the earth It appears very probable, therefore, that
most of the rotational momentum of the planets was possessed
by their onginal nuclel immediately after their eruption from
the sun Dunng this eruption, which was doubtless exceedingly
turbulent, 1t may well have been imparted to them

The regular progression of the inchnations of the equators of the majar
planets, 151° for Neptune, 98° for Uranus, 27° for Saturn, and 3° for Jupiter,
suggests that the rotations of all were ongnally retrograde and that therr
equatoral planes have in some way been tipped over, fastest for the planets
nemrest the sun Stratton has shown that the combined influence of the
tades due to the sun and the satelhtes rught, under certam circumstances,
produce such an effect, but 1t 1s doubtful 1f the solar system 1s old enough
to allow time for such exceedingly slow changes to act.

546 Ongin of Satelites The satellite systems of the great
planets are solar systems in mimature, so similar 1n consti-
tution as to suggest that they had a similar ongin, but the
details of their development are obscure The satellites may
have accompanied the planets at the time of the onginal erup-
tion or may have been produced shortly afterwards, at the first
penhelion passage of the planet, by the sun’s tidal action The
frictional influence of the dispersed sold and gaseous matter
would slowly modify the ongimal orbits of the satellites, making
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them more nearly circular and probably dimimshing therr size,
but how they became so very neatly arcular and so close to
the planets’ equatonal planes 1s not yet clear The outer,
retrograde satelbites of Jupiter and Saturn may once have
been asteroids, and may have been captured with the aid of
the "‘resisting medium,” but this 1s uncertain

547. Ongm of the Moon The moon presents a special prob-
lem, bemng far larger, in proportion to its pnmary, than any
other satellite, or than any planet cumpared with the sun If
the earth and moon ever formed one mass, 1t must have rotated
in about four hours and have been greatly flattened at the poles.
This rapid rotation would not, by itself, have been sufficient to
cause the mass to break up, but if, as Darwin suggested, the
natural penod of free vibration of the mass was, at some stage
1n 1ts contraction, the same as that of the tides produced by the
sun, these tides would gradually nse to enormous heights, dis-
torting the body and ultimately causing 1t to divide into two
parts It 15 not mmprobable (as Jeffreys has shown) that ths
may have happened, but the alternative hypothests that the
earth and moon were produced together at the time of the great
catastrophe cannot be disproved

There is a good deal 1 favor of the theory that some, if not
all, of the lunar craters have been produced by the impact of
planetesimal bodies of moderate size, relatively late in the moon's
career, — though long ago, even as geological tume 1s measured
Simuilar craters, 1f produced on the earth, would have been gradu-
ally destroyed by denudation, and this may suffice to explain
their absence

548 Present State of the Problem. The cosmogonic hypotheses
which have here been summarily sketched are far from resting
upon the secure bases of exact calculation which support most
of the conclusions of astronomy The mathematical difficul-
ties of a detaled or precise treatment of problems like these
much exceed those of the relatively sumple “‘problem of three
bodies” (§ 321), and only rough, quahtative conclusions are
possible.

The hypothesis that the planetary system owes its origin to
an encounter between the sun and a passing star appears to be
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much the best that has yet been suggested, but considerzble
difficulties still remain It 15 hard to see how matter erupted
from a sun smaller than Mercury’s orbit could be left traveling
with such angular momentum as belongs to Uranus or Neptune
Furthermore, the satellite systems are imperfectly accounted for,
and comets practically not at all Future researches may clear
up these problems

It 15 noteworthy that the rough estimates of the time re-
quured for the suggested process of evolution (§544) are not
far from those given by radioactive evidence for the age of the
earth (§ 155), and the belief that the great catastrophe out of
whuch the planetary system was born occurred five or ten billions
of years ago stands on a fairly good foundation In a very small
fraction of this interval the star which caused the disturbance
would have been lost 1n the depths of space, and would now be
indistinguishable among the mullions of others

The stars are so far apart that such close encounters between
them must be extremely rare, and, so far as it 1s possible to
estimate, planetary systems, even 1f produced by every such
encounter, should be infrequent among the stars The mult)-
tude of stars 1s, however, so great that the actual number of
such systems may nevertheless be large Whether, among them,
other planets are habitable by forms of life such as we know,
and whether, 1f so, life actually exists upon them, are at present
malters of pure speculation

EXERCISES

1 What would be the mean density of the head of Halley’s comet, on
the assumption of § 520, if the particles were of density 27 times that of
water? Ans 42 grams per cubic kilometer, or 4 2 X

10— gm /cm ?, which 15 33 x 10— 12
that of air under standard conditions

2 Can the dimensions of 2 comet's Lail be deterrmned with much accu-
racy? If not, why not?

3 How can 1t happen that comets whose orbits nearly comcde withimn a
distance of 100,001,000 miles from the sun may have peniods differing by
hundreds of years? For example, the comets of 1880 and 1882, of which
the first has a computed period of only 33 years, and the other of more
tkan 600
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4. The penhehion distance of the great comet of 1882 was 0 00775 astro-

nomical umt What was the veloaty V at penhelion of the co;
mponent
which had a period of 760 years? pone

Ans For this component, o= (769) = 83 b astronomical umts By
equation (7), p 271, and § 315, ,
V2= (20 76)% X (2/0 00775 — 1/83 9) = (29 76)* X (258 — 0 012)
Hence V = 20 76V257 99 = 477 km /sec
5. How much greater was the velocity at penihelion for the component
with 2 period of 875 years 1if the perthelion distance was exactly the same?
Ans For this component, a= (875)¥ =914 If V, 15 the veloaty of
this component and ¥, that of the other, then
Vi = (29 78)% x (2/r — 1/83 9),
Va2 = (20 76)* X (2/r — 1/91 4),
whence V.,2— V2= (29 76)% X (1/83 9 — 1/91 4) = 886,/83 9 — 886/91 4
= 1057 — 971 =086,
or (V1 + VZ)(VI - Vﬁ) =016
But Vi+ V,=1954, V,— V=0 0009 km /sec , or 90 centimeters per second

8 Will a given comet (say Encke’s) have precisely the same orbit on
successive returns?

%Y Why can we not mfer with certainty that two comets which have
orbits practically 1dentical are themselves 1dentical?

8 Can we, from spectroscopic observations of a comet, infer the relative
proportions of the lJuminous and non-luminous substances present i the
comet ?

9 Is it probable that a comet can continue permanently in the solar
system as a comet? If not, why not, and what will become of 1t?

10. If a compact swarm of meteors were now to enter the solar system
and be deflected by the atiraction of some planet into an elliptical orbit
around the sun, would the swarm continue to be compact? If not, what
would be the ultimate distribution of the meteors?

11 Assuming that the earth encounters 20,000,000 meteors every 24
hours, what 1s the average number 1n a cubic space of 1,000,000,000 cubic
mules (that 1s, a cube 1000 mules on each edge)? Ans About 250

12 If space were occupied by meteors uniformly distnibuted 100 miles
apart on three sets of hnes perpendicular to each other, how many would
be encountered by the earth 1n a day? Ans 78,700,000

Note In this cubical arrangement the average distance between the
meteors much exceeds 100 mles If they were packed as closely as possible,
consistently with the condition that the distance between two neighbors
showld nowhere be less than 100 miles, the number would he increased by
nearly 40 per cent
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APPENDIX
Tasie I DmuENsioNs oF THE TERRESTRIAL SPHEROID
(Hayford's Spheroid of 1908)

Equatonal radius 2 = 6378 385 km = 3963 34 miles
Polar radus b = 6356 809 krn = 3949 99 miles
Mean semidiameter, § (2 ¢ +b), =6 37123 X 10%cm = 6371 23 km = 3958 89 miles
ea—bh 1

z 2070
1° of latitude, ¢, (1n statute miles) = 69 D569 — 0 3494 cos 2 @ + 0 0007 cos 4 ¢
1° of longitude (in statute mules) = 69 2316 cos ¢ — 0 0584 cos 3 ¢ + 0 0001 cos 5 ¢

Oblateness (See section 138)

TanrE III AsTRoNomicAL CONSTANTS

Length of the day

Siderea] = 23" 56™ 4" 091 of mean solar me

Mean solar = 24" 3™ 56' 555 of sidereal time

(For conversion of tume-mtervals see section 44 )
Length of the year (in mean solar units), 1900, Newcomb

Tropical = 365" 24219879 = 365" 5 48™ 45' 98

Sidereal = 365" 25636042 = 365" €" 9™ 9* 54

Anomalistic = 365 25964134 = 365 6" 13™ 53" 01

The length of the sidereal year 1s 31,558,149 5 sec = 3 1558 X 107 sec
Length of the month (in mean solar umts), according to Brown

Synodical = 29° 530588 = 29° 12" 44™ 2' 8

Sidereal = 27" 321661 = 27° 743" 11' §

Nodical = 27* 212220 = 27 5" 5" 35' 8
Obliquity of the echptic = 23° 27" 8" 26 — 0" 4684 (¢ — 1900)
General precession = 50’/ 2564 <+ 0 000222 (¢ — 1900)
Canstant of nutation = 9" 21 }

} Newcomb

Constant of aberration = 20" 47 Adopted for ephemeris purposes, Pans Confer-

Solar parallax = 8" 80 ence (1911)
Velocity of light = 299,796 km /sec = 186,285 m1 /sec (Michelson, 1976 )
Constant of gravitation G=6664+0001 X 10~ *cgs umts (Heyl, 1926)

2h
Acceleration of gravity ¢ (in meters) = 9 8060 — 0 0260 cos 2 ¢ — Tt (Helmert),

10 which ¥ 1s the elevation above sea-level m meters, and log R = 6 80416
Earth’s mass = (5 966 & 0 001) X 107 grams
Sun’s mass =1 983 X 109 grams
Sun’s mean radius = 6 953 X 10" cm
1 astronomical umt (A U) = 14845 X 108km =9 2870 X 107 mules
1 bght-year = 63310 X 10 AU =9 463 X 102km =5 B8 X 109 mules, (§714)
1 parsec = 3 258 light-years = 2 06265 X 10° AU =3 084 X 10" km

=192 10" miles (§714, ani m)
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s
TasirE IV PrincrpAL ELEMENTS
(For the Epoch 1020,
Sesa Major MEaN Dist SIDEREAL Pewrop W
NAME SymBoL Axis ur OJ‘ Brr (MiLLiONS Peuiop (MEaN SIDEREAL
or Ku ) Soram Davs) YEARE
-7.;:‘ Mercury 3 0387009 57 85 87 96926 0.2408
=
B | Venus g 0723331 108 10 224 7008 06132
=]
% Earth 5] 1 000000 149 45 365 2564 1 0000
(E Mars a 1523688 22772 686 9797 1 KO8
o|Ceres O] 2 767303 413 58 16881 49 4 6035
Eros (1) 1458206 217 94 643 230 17610
1 | Juptter Y 5202803 7778 4332 588 11 862
o
8 | seturn 7] 9 538843 14256 10 758 201 20 457
B
g | Uranus 4 19 100978 2868.1 30 685 03 B4 013
=
ﬂ Neptune W 30 070672 44041 60 157 64 164 783
= L
APPARENT Mean Mass
Nawe SvuBoL ANGULAX Diaumerer VoLoMe
DIAMETER H=1
(EQUATORIAL) m D=1 O=1 Bw=1
Sun O 3150 3 (mean) |1380600 | 1091 1000 | @31950 |1300000
;g _1 | _1
Muan T |3’ 5 (mean) 3478 027 | o060 | a1 00203
2 " —1_
E Mercury =] 4”7 1p12”9 5000 039 5950000 004 008
o) 1 " __.1
% Venus g 978 toB4” 0 12400 0973 | o D81 002
y 1
E Earth 2] 12742 1000 | 1000 | 1000
& | Mars & 35 o251 6770 0581 | g 0108 | 0130
I ¢ -1 .|
Ceres o) 0”27to 0”60 770 0060 |57 oo 00002
Eros (+33) | 0”027 to 0" 257 25?| DOO02? B 10-27
7 v -—l
g Jupater Y 3075 tods”B | 139560 | 1005 | oo | 31804 1312
& | saturn b 1477 w2075 | ns1w0!| w02 L 840 734
Ry B4DD
B s ” _——1
g Uranus 3 374 to 472 51 000 400 22008 14 66 84
2 | Neptune W |2zt 27 | s0000| 392 | o | 1716 60
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Januery *OGM T)

APPENDIX

Mean OrsITAL INcimaTiON | LoNGITUDE ar | Low(iTupe Mean
VELOCTTY ECCENTRICITY T0O ASCENDING OF Loncrrune
(Ku /5EC) EcLipTIC None PruiacLion ar Erocn
47 B3 0 20562 7° 00’ 12" 47 22’ 59" 76" 12" 30" 165° 14/ 43"
3409 0 00881 3 23 38 75 B7 35 130 26 44 166 36 24
2078 001874 0 00 00 101 33 53 89 51
411 008333 1 51 01 48 30 25 334 35 12 182 05 13
S — R | — — _— N
17 89 007653 10 36 0 80 45 39 119 28 12 223 19 21
2484 022297 10 49 40 303 35 09 121 25 32 28 36 43
13 Qs 0 04R37 1 18 28 99 38 24 13 02 01 125 1B 37
e64 0 05382 2 20 29 112 57 29 e1 28 50 151 168 01
6 80 004710 0 46 22 73 35 27 160 22 07 829 20 35
543 U 00855 1 46 38 130 53 56 43 b5 50 128 59 54
MEAN INCLINA SI:;I‘:‘:“ Srectar Mac | Vroock
DeNsITY AAL TION OF |OBLATE G“‘:I ALBr NITUDF AT | TY OF
ROTATION EquaTnn NESS o DO Mgean Orro | Escare
@ =1|Water=1 To OmBIT B=1 SITION Ku /Sec
0258 141 241 @85 (equatorial)| 7 10 & 00000 |27 B9 —2872 817 0
0604 a3 27070 43m 110 5 6°40’'7 00008 | 0165 | 007 — 1255 24
070 aa RS Q a00 a27 aa7 o168 * a6
088 | 486 000 |o085 |o0%e —4074 102
1ooo| 582 | 2¢semsrop |zaveese| 4 | 100 |029 | —asof 1z
oz | 3pe | 2era7mz2:38 |23 107 o, |038 o1 —185 50
oe? | 3ar 00377| 006 715 057
06? 337 5h 18m 0001? 27 002?
oz42| 13¢ | osomiomss= | svee | ), |264 o4 | 223 60
1
013 071 100 14w 10 10v38= 5|  26°44°7 3 117 042 |4+0R0—018| 36
023 | ne 1007 9870 L ooz |oas 574 21
1
020 158 1587 151° 0 112 LU 527 7 66 23

* A} elongation

t As seen from sun



ASTRONOMY

1\4
TaBLE V THE SATELLITES OF
MEeaN Dist | ArraR
v Equa |rnt Dis-| MEAN DISTANCE SIDEREAL
Naur DIscovERY TORIAL TANCE PEmiop
RaDI OF | AS SEEN
PLANET |rmoMSun| KEm Mules
Moon 60 2673 530" A A84 403 238857 | 274 Th43m 11t 5
L ]

- SATELLITES OF
1 l;hubus Hall, 1877 279 852 Lk )] 5826 ( 04 7h3po 13+ 851
2|Deimos Hall, 1877 6 0o 21’25 23460 14580 (1 @ 17 54 0

N - SATELLITES OF
5 |Nameless | Barnard, 1892 2 340 48 Df 121 200 112 600 11t 57224 70
1|1a Galleo, 1810 5 B0a 111 78 421 300 281800 | 1918 27 33 51
2 |Europa Galilea, 1610 9 401 177 B8 670 500 416600 | 3 13 19 42 05
A |Ganymede| Galileo, 1610 14 995 283 70| 1069 300 664200 | 7 3 42 A3 35
4 |Calhsto Galileo, 1810 26 37D 408 99| 1881000 | 1188700 (16 18 32 11 21
6 |Nameless | Pernne, 1904 160 6 3037 11450000 | 7114000 2501 68
7 |Nameless | Pernine, 1805 1848 1113 11730000 | 7 292 000 260 06
8 [Nameless | Melotte, 1908 330 1 44’ (23500000 |14 600000 738 B
9 |Nameless | Nicholson, 1814 333 1°46’ |24 100000 |15 000000 745 0

SATELLITES OF
7 Mimas W Herschel, 1768 311 26’ 83 1K5 700 115 300 22v37m B 25
6 |Enceledus| W Herschel, 1789 499 34 42| 237800 147800 | 11 B 53 6 B2
§|Tethys |J D Cassim, 1684 404 42 80| 294500 | 183000 | 1 21 18 26 14
4 |Drane J D Cassim, 1884 ad3 54 57| 377200 234400 | 2 17 41 9 53
2 |Rhea J D Cassim, 1872 B B4 76 20| 526700 327300 | 4 12 25 12 23
1 rTlun Huygens, 1455 20 48 176 67| 1220000 758 800 {15 22 41 24 82
8 [Hyperion | G P Bond, 1848 24 "2 214 13 1480000 918700 121 6 38 24 0
3 |Iapetus J D Cassini, 1671 o8 68 514 73| 4558000 | 2210000 |79 7 68 24 4
9 |Phoebe W Pickering, 1898 218 8 1870 4 |12930000 | B 034 00O 5504 44

SATELLITES OF

1|Ariel Lassell, 1851 735 13’78 191700 119100 | 2912b29m 204 B
2|/Umbnel | Lassell, 1851 102 19 20| 267000 165800 | 4 327 38 7
3 Titame | W Herschel, 1787 16 8 31 50| 4383000 272200 | R 18 58 26 7
4|Oberon W Herschel, 1787 224 42 12 BR@ 000 364000 13 11 7 3.5

SATELLITE OF
UNumeleas | Lassell, 1848 | 141 | 16723 353700 | 219800 | sagn pase1




APPENDIX

v
THE SOLAR SYSTEM
MEeAN INc oF
INc or OrpIT TO 5
Oxer TELLAR Ma
Praner's Equa P.nm;;;:m: ErceN MaG AT | DIAMETER 58
TOR OE TO P . TRICITY | MEaN Op- Ku __
“PropEx Prang”*| 10 FLANET'S —_—
Onurr POSITION Pnmary =1| Moon =1
28306 to 18° 10" ¥ E” B33’ 0 05400 —1258 B 478 “1,6 100
5
MARS
0°57' 5 25°10° 6 ao17 us 152 ‘
140 24 147 0003 130 87
JUPITER
0°27'3 = w9 00028 130 1607 ’
0 16 Jd 87 0 0000 55 3730 0 000042 109
0281 3 58 00003 57 2150 0 000025 065
oo a 23 00015 51 5150 0 000081 210
015 2 2427 00075 6.3 5180 0 000022 058
180 B33 28 45 (1800)| 0155 137 1307 Pertue
{ batians
243 0t 27 58 (1800) © 207 16 10? farge
2081 148 4 (1910)| 0378 18 257  [(1610-1016) {Pﬂturbﬂ-
tions
alg 158 (1814)] 025 18 257 | (1814-1918)| L enormous
SATURN
o 1
1°36' 5 26 M7 0ui%0 121 6307 ) jamngoo | 2150
1 1
0 14 26 4 7 0 0001 114 8007 2000008 520 ?
1 1
1 414 26 44 7 00000 105 13007 a7 6 &
1 1
0 40 268 44 7 0 0020 107 12007 Fa8 090 b
1 1
010 8 26 11 9 00000 100 17507 Zooo? !
1
018 D 71 00288 B3 4 200 oo 186
1 1
17’ to 58’ 28 00 01043 10 5007 | < e | <o
1
13503 16 19 1 oo |1011a| 1m00? | <o <}
1487 9 ¢ 174 7 0 1659 145 2507
URANUS
T e 97 5 vouT 1527 4007
0 b7 58 0008 1587 7007
oo 97 59 00023 140 17007
Do 97 59 00010 142 15007
NEPTUNE
20°t 130 49’ (100) | 0000 138 50007

* Sce note at top of page vi

4 To planet's equator 1 Longitude of ascending node
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NOTE TO TABLE V

The first and second columns on page v require some explanation For
most of the satellites the orbit plane 1s inchned at substantially a fixed
angle to a “proper plane’ on winch the nodes regress In these cases the
inchnations of the orbit plane to this plane, and of this plane to that of
the planet’s orbit, are given 1n the first and second columns For the moon,
the four outer satellites of Jupiter, Phaebe, and the satellite of Neptune the
secoffd column gives the inchnation of the orhit plane to the planet’s orbit,

+at the pven date, while the first column 1s used to give other data, as indi-
cated by the footnotes

TasLe VI MEAN REFRACTION

(Currespo;ldmg to temperature of 50° F , and to a barometric pressure of 29 6 1nches)

ALTITUDE REFRACTION ALTITUDE REFFRACTION ALTITUDE REFRACTION
0° 34’ 50" 11° 447717 30° 139”7 5
1 24 22 12 424 5 35 1221
2 18 06 13 404 4 40 108 6
3 14 13 14 347 0 45 57 8
4 11 37 16 318 2 50 48 3
5 9 45 18 255 5 55 40 3
[i] 823 20 2370 60 33 2
7 719 22 221 6 65 26 8
8 6 29 24 208 6 70 20 9
9 5 49 26 157 6 80 10 2
10 516 28 148 0 90 00

For every 5° F by which the temperature 1s less than 50° F | add 1 per
cent 1o the tabular refraction, and decrease 1t 1n the same ratio for tempera-
tures above 50° F

Increase the tabular refraction by 84 per cent for every inch of barometric
pressure above 28 6 inches, and decrease 1t 1n the same ratio below that
pomnt These corrections for temperature and pressure, though only approx-
unate, will give a result correct within 2", except 1n extreme cases

COMSTOCK’S FORMULA FOR REFRACTION

o 983D oy

TR i

# 1s the barometer reading in nckes, ¢, the temperature in degrees Fapren-
hewt, {, the apparent zemth distance The error of the formula 1s less than
1” for zemith distances under 75°, except 1n extreme conditions of tempera-
ture and pressure
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SUBJECT INDEX

Aberration ol hght, defined, 138, law of,
139, constant of, 140, determination of
distance of sun by, 140

Aberration, planetary, 249

Aberrations of lenses, spherical and chro-
matic, 41

Acceleration, of gravity, 127, equalomal, of
sun’s surface, 12, defined 201, secular,
ol moon and sun, 289, of Encke's comct,
415

Accidental errors, 105

Achromatic telescope, 42

Age, of the earth, 133,
tem, 468

Aurplanes, observations [rom 72, 108

Albedo, defined, 174, of asteroids, 352, of
satellites of Jupiter, 471, of satellits of
Saturn, 393, of plancts and moon,
Table IV, Appendix

Almugest, 243

Almanacs, Nautical, 32

Almucantar, defined, 11

Altazimuth mstrument, 66

Alstude  defined, 11, parallels of 11,
mecasurement of, with sextant, 71

Angular momentum defined, 264

Annual equation of the moan, 288

Anomalistic year, 151

Anomaly, true, defined, 137, 270

Aphehon, defined, 137

Apogee dcfined 163

Apparent, and real, size 8%

Apprommatiens, solution by successive, 280

Apsides, hn¢ of, dchined, 147, perturba-
tions of, 282, of earth, 283, of moon,
287, of satellites, 201

Arctic airule, the, 24

Areal veloaty, defimtion of 263, propor
tional to square root of semi-parameter,
273

Areas, equal, law of, 138, 282

Artificial horizon, 72

Asteroids, 347, place of, i solar system,
233, method of search for, 348, desig-
nation of, 349, orbital elements of, 350,
diameter and albedo of, 351, largest
(Ceres, Pallas, Juno, Vesta), 351, esti-

of the solar sys-

mated densily and mass of, 352, ruta-
tion of, evidrnced by change in brightness,
353, the Trojan group of, 354, excep-
tional orbits of (Hidalgo, Albert, Eras),
354, 355, angin of, 357, famulhes of,
357, perturbations of, 283, tables of, 354

Astrolabe A prisme 66

Astrology, a haseless delusion, 8

Astrometry, defined, 3

Astronomical Jatitude, defined 122

Astronomical triangle, 30, Jormulz for
solution of, 30, use of, 1n navigation, 88

Astronomical umit  dcfined, 186, methods
of determuning, 187, accepted value of,
188

Aslronomy, defined 1, relation of Lo other
sciences 3, value of, 4, branches of 3,
practical, 3, desunptive, 4, nautical 4

Astrophysics, defined, 4

Atmusphere, absenr from moon, 171, of
sun, 196, of Venus, 318, of Mars, 337,
of Jupter, 367

Atmospheres, escape of, 171

Augmentation af moon’s sermdiameter, 97

Aurora, conncction of, with sun-spots, 210

Armnuth, defined, 12, determination of, 85

Baily’s beads 223

Bodd's law 235

Bolides, 448

Brightness of tclescopic image (pomnt and
surface), 39

Calendar, 151, Juhan, 152, Gregorian, 152

Canals, of Mars See Mars

Capture of satelhtes possible, 379, of
comets by Jupiter, 414

Carbon monuxide, 1n comels, 434

Cardinal points, defined, 11

Cassegrain [orm of reflector, 45

Cassim’s division, 355 387-38P

Cassiopeia, 4 constellation, 13

Celesual globe, 33

Celestizl mechamcs, defined, 4, dwscussed,
Chapter X

Celestial sphere, of infimite size, 8, apparent
rotation of, 12, 21-24
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Central force, 262

Centnfugal force, 127

Ceres, first asteroid discovered, 347, diam-
eter of, 351

Chicago, tide at, 206

Chromosphere, part of solar atmosphere,
197, visible duning echipse, 223

Chronograph, 38

Chronnmeter, 57, use of, on shipboard, 88

Circle of posihion, Sumner Line, 92

Circula® motion, 264
ircular orbit, calculation of, 274
ircumpolar constellations, 13

Cuvil time, 26

Clock, dnving, 48, astronomical, 55, cor-
rection and rate of, 57

Cclustat, 53~ -

Collumation, hine of, defined, 61

Collision of comet, with earth, 445, with
sun, 446

Colures, defined, 17

Comets, noteworthy Halley’s, 417-420,
428, 439, 442, Biela's, 429, Encke’s,
415-417, 1882 II, 421

Comets, number of, 408, 424, discovery of,
408, designation of, 408, duration of
visibility of, 408, dimensions of, 427,
changes 1n size of, 428429, brghtness
of, 408, law of its vanation, 432, rela-
tive brightness of different, 433, visible
by daylght, 408, 432, photography of
425, orhts of, 275, 411, 412, 422, 423
perturbationz of, 414, 415, 420, 423,
424, short-peniod, 413, long-period 417,
vanability of penod of, 420, 424, cap-
ture of, by planets, 414, families of, 420,
groups of, 421, division of, inta [rag-
ments, 415, 422, 429, as members of
solar system, 424, danger from, 445, con-
nection with meteors, 459, parts of, and
therr development, 426428, 435437,
tails of, 421, 430, 438, 439, masses of, 429,
443, densities of, 430, 443, nature of,
442, spectra of 433, ongn of light of,
433

Comets, parts of, coma, nucleus, tail —
appearance and dimensions of 42@8-428,
head and envelopes, 427, 436, develop-
ment of, as comet approaches sun, 435-
437

Comets’ orhits, calculation of, 275, osculat-
ng, 411, uncertainty of, when deter-
mined from short arc, 411, elliptic 412,
parabolic, 422, hyperbolic, 428 per-
turbations of, 414—415, 420, 423424

Comets' tails, directed away from sun, 427,
shape of, 438, motion of particles in,
439, nature of dnving force, 440

Comet-seeker, 408

Compensation pendulums, 58

Computations n astronomy, 107

Conirs, defimtions of, 268

Con)unction, defimtion, 167, types of, 237

Conservation, of angular momentum, 264,
of energy, 271

Constants, astronomcal, Table III, Appen-
dix

Conversion of hime, mean and apparent, 31,
sdereal and avil, 32

Coorcinates, celestial, defined Chapter I,
summary of, 10, 20, transformation of,
20, galactic, 19, planctocentnic and
selenographic, 21

Coordinates, rectangular, on photographs, 88

Copernican system 244

Corona, salar, 187, change of, with sun-
spot period, 209, visible during echpse,
223, observation of, 225

Cosmogony, defined, 4

Coudé mounting, 4

Crape or gauze nng, 384

Crescent moon, position 1n sky, 159 163

Crescent phase, of moon, 158, of infernor
planets, 310

Cyanaogen, in camets, 434

Cydlones, influenced by earth’s rotation, 118

Darkening at the lmb, of sun, 180, of
Jupiter, 383, of Saturn, 381

Date-hne, the, 20

Day, sidereal and solar, 25, 26, avil and
astronomical, 26, drepping or adding, 1n
longitude 180°, 2B, secular increase of,
114, 300

Daylight-saving time, 28

Dead reckoning, B9

Dechnation, defined, 15, parallels of, 15,
fundamental determination of, 76, dif-
ferential determination of, B&

Declination axis and crcle of telescope, 48

Deflection of hght rays mn gravitational
ficld, 306

Deflection of vertical 128

Degrees, length of, on the earth, 120, for-
mule for, Table IT, Appendix

Density, defined, 123, mean, of earth, 128,
of earth’s mtenor, 131, of heavenly hody,
how calculated, 255, increase foward
center, 201, numencal values, Table IV,
Appendix
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Departure, 89

Diameter, apparent, an angle, 8, relation
to hnear diameter and distance, 85

Dhameter, hinear, of earth, 112, of heavenly
body, determination of, 263, of asteroids
and satellites, estimated from bnghtness,
344, 362, 493

Differentisl methods m astronomical meas-
urement, definition of, 75, discussion,
709, 86

Difiraction, efect upon telescopic defini-
tion, 40

Dip of horizon, 104

Disappearance of Saturn’s rings, 386

Dispersion, 1n lenses, 42, in atmosphere,
101

Distance, apparent, between two stars, B

Distance, determination of, of moon, 164
268, of sun, 140, 187, ol planets,
252

Disturbing force, on moon, 288

Diurnal arcles, or parallels of declination,
14, 15

Diurnal mequakty of tides 283

Diurnal rotation of the heavens, 12, ap-
pearance of, m different latitudes, 21-24

Doublet, photographic, 44

Driving-clock, 49

Dynamic encounter hypothesis of, 443

Dyne, defiution, 267

Earth, age of, 144, as a planet, 321, albedo
of, from earth-shine, 321, probable tele-
scopic appearance 322, 323, frontispiece,
form of 112, 119, 120 128, 144, 202,
size of, 111, 112, 120, 123, evidence of
rotation of, 15, 114, 116, vanabion of
latitude, 117, accepted dumensions of,
120, oblateness of 120 surface and vol-
ume of, 123, gravity, 124, mass and
density, 125, the gemd, 128, stabion-
errors, 121, 1sostasy, 129, constitutron
of imnterior, 130, ngdity of, 131, 299,
arhit of, 136, orhtal veloaty of, 140,
heat received from sun by, 149

Earth’s form apprommate, 112, prablem
of finding, 119, numencal values for, 120,
by the geodetic method, 120, by meas-
urement of furce of gravity, 128, [rom
precession and nutation, 119, 144, from
motion of moon, 292

Earth’s intenor, constitution of, 130

Earth’s mass and density, determined, hy
method of von Jolly 125, numerical
values, 126

xiia

Earth's orbit, definition, 136, determna-
tion of form of, 136, eccentnaty, 137,
size of, from aberration, 140, curvature
of, 100, perturbations of, 283, unafected
by tidal evolution, 302

Earth'’s rotation, cause of diurnal motion of
heavens, 15, 114, mechamcal proofs of,
114, 116, effects of, on clmate, 118,
changes in rate of, 116, centrifugal force
produced by, 127, effects on gravity and
form, 119, 128

Earth’s shadow, 213, 217

Earth’s size  approxmate diameter, 111,
112, numerical results, 120 and Table II,
Appendix, by the geodetic method, 130,
surface and volume, 123, mean radius, 123

Earth-shine, 159

Easter, date of, 160

Eccentnaty, defined, 246, 260, of earth’s
orbit, 137, secular changes of, 282

Eclipses, defined, 214, Junar —total and par-
tial 216-219, solar — total, annular, and
partial, 220-232, duration of 217, 221,
phenomena of, 218, 222, observation of,
218, 225, calculation of 219, 220, num-
ber of, 1n a year 228, relative frequency
of lunar and solar, 227, recurrence of,
228, recent and coming, 229

Echpses and tranats, of Jupiter’s satellites,
372 photomeltric observation of, 374, of
Saturn's satellites, 393

Echpse year, defined, 226

Ecliptic, defined, 16, 18, poles of, 1B,
oblhiquity of, 17, distinction from earth's
orhut, 136, motion of, 142

Echptic lmits, lunar, 217, solar, 222

Elements, of an orbit, defined, 246, of the
planets, Table IV, Appendux, of satellites,
Table V, Appendix

Ellipse, defined, 137, a conic, 268

Elbptic terms, in moon’s longitude, 288

Elliptiaty of planets, theory of, 280 Ser
also Oblateness

Elongation, defined, 157, _greatest, 237

Encke’s comet, 415

Encke’s division, 385, 391

Energy, equation af, 271, possesses mass,
304

Enlargement,
honizon, 8

Ephemens, defined, 248, calculation of,
273 See also Nautiwal Almanacs

Epicycle, 244

Epoch defined 248

Equation of the equinoz, 145

apparent, of objects near
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Equation of light, 376

Equation of tume, defined, 24, applications
of, 31, 91, explanation of, 145

Equator, celestial, defined, 15, galactic, de-
fined, 19, terrestrial, aspect of heavens
at, 21

Equatanal acceleration of sun, 182

Equatonial mounting, described, 48, ad-
vantages of, 48, fgures of, 47-52, obser-
vations with, 87

Equunoxes, defined, 17, precession of, 141,
equation of, 145

Eros, asteroid of shortest penod, 350, rota-
ton, 853, close approach to earth, 355,
used to find solar parallax, 368, figure
of orbit, 238, of path m 1831, 242

Errors, of observation, 105, systematic,
105, acadental, 105, probable, 106, law
of, 108

Escape, veloaty of, 171, 271

Escapement, of clock, 58, 57

Estabhishment of a port, 293

Evection, 288

Evolution, tidal, 302

Extra-mendian observations, 85

Eye-and-ear method of observalion, AR

Eyepiece, positive and negative 44

Facule, 189

Falling bodies, law of, 127

Famihies, of asteroids, 357, of comets, 420

Filar micrometer, descrniption, 66, use of,
87

Finder, the, 49

Fire-balls, 448, paths of, 449

Facal, length, 38, plane, 38

Focus of a conic, defined, 269

Focus of telescope, 37

Force, centnfugal, 127, central, 262, and
acceleration, 261, disturbing, 286, tide-
raising, 203

Foucault’s pendulum, 114, 115

Friction, tidal, 299

Frigid zone, 140

Fundamental methods 1n astronomical ob-
servation, defined, 76, discussed, 76-78

Galactic coéirdinates, 19
Galilean satellites of Jupiter, 389
Galilean telescope, 37
Gegenschein, 359

General relativity, 304
Geocentric latitude, defined, 122
Geocentnic parallax, 97

Geodetic survey, 112

ASTRONOMY

Geographical latitude, defined, 122

Geod, 120

Globe, celestial, description and use of, 33

Gnomon, use of, 78

Gravitatwon, law of, 123, 286, constant of,
124, 267, Newton'’s tests of, 266—288

Gravity, terrestnal, 128, anomalies of, 130,
numerical formula, Table ITI, Appendix

Gravity, on sphencal planet, 256, on sphe-
rowdal planet, 201, variations on Jupiter,
362, on Saturn, 381, on suan, moon, and
planets, Table IV, Appendix

Green flash, 101

Greenwich, standard mendian, 27,
28, 32, 91, 02, B5

Gregonan calendar, 152

Gyro-compass, 145

Gyroscope, llustrating precession, 144

time,

Harmonic law, Kepler's, 235, 2865, modified
by perturbations, 283

Harvest moon, 162

Heat, recerved at earth’s surface from sun,
149 nternal, of earth, 132

Heavenly badies, classificatian of, 2

Htihacal nsing and sething, defined 141

Helioeuntric parallan, defined, 87 See also
Parallax

Horizon, defined, 10, dip of, 104, arhifi-
cual, 72

Horizon-glass, of sextant, 89

Hour angle, defined, 15, relation of, te
right ascension and sidereal time, 28

Hour circle, of equatornal, 48

Hour crcle, defined, 15

Hunter’s moon, 162

Hydrocarbons, 1n comets, 434

Hyperbola, defined, 268

Hyperbolic orbit, conditien for, 272, of
comets, 423, due to perturbations, 424,
of meteors, 461

Image, telescopic, 838, brnghiness of, 39,
distinctness of, 40

Inchnation, of an orbit, defined, 246, per-
turbations of, 282, of a satellite’s orbit,
281, of a planet’s eguator, 255

Index-arm, index-mirror, 68, index cor-
rection, 71

Inferior conyunction, 237

Inferior planets, 235

Insolation, 149

Internal constitution, of earth, 130, of
Jupiter, 387, of Saturn, 381, effect on
eliptiaty of a planet, 280
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Interpalation of positions, from ohserva-
tions, 250

Intervals, sidereal and mean solar, conver-
Blon, 1

Intra-Mercunial planet, absence of, 358

Invar, 56

Invanahle plane, 284

Iron, probably in core of earth, 131, m
meteorites, 452

Isostasy, 129

Juhan, calendar, 182, day, 163

Juputer, orbit of, 3861, dimensions of, 361,
mass and density of, 362, phases and
albedo of, 362, rotation of, 383, tele-
scopic appearance of, 364, the great red
spot, 3656, atmosphure and spectrum of,
367, temperature and physical condi-
tion of, 367, Gablean satellites of, 369,
echpses, and tranats of satellites of
372-374, the Afth satellite of, 376, the
outer satellites of, 377, satellites of, as
captured asteroids (?), 379, capture of
comets by, 414

Kepler's laws, stated, 285, Newton’s In-
ferences from, 266, harmonic law, 235,
modified by perturbations, 283

Kepler’s problem, 273

Lakes, tides n, 208

Latitude, astronomucal, defined, 21, rela-
tion of, to position of zenith and pole, 21,
determunation of, by fundamental meth-
ods, 78, hy mendian altitude, 79, 89, by
zenith telescope, 80, by albtude near
mendan, 91, by single altilude, v1

Latitude, celestial, defined, 18, galachic, 18

Latitude, solar, of sun-spots, 207 208

Latitude, 'terrestrial  astronomucal, geo-
graphical, and geocentnc 122

Latitude, variation of, 117, explanation,
182

Law, of errors, 108, of areas, 138, 262, of
gravitation, 266, Bade’s, 235

Laws, of motion, 2d1, Kepler's, 265

Least squares, method of 107

Length of degrees on the earth, 120, nu-
merical values, Table IT, Appendix

Level, stnding, 81, latitude, 81

Librations, of moon, 189

Life on the planets, improbable on Venus,
319, prabable on Mars, 344

Laght, equation of, 375, aberration of, 138,
veloaty of, 140

Light-gathening power, of telescopes, 80

Limts, echiptic, 217, 222

Line of apsides Sez Apudes

Local time, 28

Longitude, of the ascending node, 248, of
perthelion 247

Longitude, celestial, defined, 18, gelactic, 10

Longitude, mean, of moon, 287

Longitude, terrestrinl, defined, 27, dif-
ference of, equal to diffierence of time,
27, 81, determinations of, by telegraph,
83, by radio, 84, at sea, Bl

Lunar distances, 92

Lunar, echpses, 218-219, eciptic huts, 217

Lunar equation, in motion of earth, 167

Lunar theory, 280

Magnetic  storms, no
thunderstorms, 211
Magnetism, terrestrial, connection with sun-
spats, 208

Magmfying power, 30

Magnitude equation, 63 '

Magnitudes, stellar, of sun, moon, planets,
and satellites, Tables 1V, V, Appendix

Maria, plains on moon, 17p

Mars, canals, thewr observation, 333, per-
sonal equation 1n theirr oheervation,’ 335,
photography «of, 337, prohable nature of,
343

Mars, orbit of, 325 bnghtness of, 325,
size, mass, and density of, 326, phases
of 326, albedo and phase effect, 328,
rotation of, 327, presentation of regions
of 327, inchnabion of equator, and sea-
sons of, 327, ohlateness of, 328, tele-
scopic appearance of, 328, (he polar caps
of, and therr nature 330, 341, seasonal
changes on, 310, 3932, reddish and white
areas on, 320, 331, darkiregions on, 329,
332, 343, photographs of, 436, atmos-
phere of, 237, clouds on, 339, oxygen
and water vaper un, 341, temperature of,
341, satelites of, 345, vegetation and
Life on, 343, 344

Mags, defined 123, determmnahon of, of
earth 124, of moon, 168, of sun, 189, of
a planet, 254, of an asteroid, estimated,
as2, of a comet, estunalrd, 429, 443, of
a meteor, estimated 451, relation of, to
energy content, 304

Mean daily motion, 248

Mean distance, defined, 137, of sun, sre
Astronomical unit

Mean solar time  Se¢ Solar time, mean

wnnection  with
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Mercury, orbit of, 309, bnghtness of, 309,
penod of, 310, pgreatest elongation of,
310, size, mass, and density of, 310,
albedo and phase effect, 312, telescopic
appearance of, 311, rotation of, 312,
atmosphere of, 312, temperature o, 312,
trunsits of, 312, motion of perhelion of,
306

Mendian, celestial, defined, 11, as an hour-
argle, 15, standard (Greenwidch), 27

Mendian crrele instrument, 84, zoro points
of, 65, vbservation with, 78, 86

Maondian, terrestnal, measurement of arcs
aof, 112

Meteor crater, Anizona, 454455

Meteonc constitution of Saturn’s rings, 388,
o

Meteoric showers, radiants of, 456, Lst of
prmaopal, 457, penodiaty of, 458, and
connection with comets, 459

Meteorites, number, ohserved and total,
451, appearance and constitution of,
462, stony and iron, 452, pecular
munerals m, 453, great Sibenan, 453

Meteors, appearance ol 446, classification
of, as fire-balls ana shooting slars, 447,
number of, 447, nature of, 447, observa-
tion of, 448, apparent and real paths of,
448, velocities of, 448, source of Light
and heat of 450, probable mass of, 451,
trains of, 450, origin of, 460

Metonic cycle, 160

Micrometer, filar, description and use of, 68,
transit, 63

Midmught sun, 24, 148

Milky Way, [undamental plane for galactic
coordinates, 19

Mirage, 101

Mirrar, of reflecting telescope, 45, second-
ary, 47, speculum metal, 46, slver on
glass, 46, perfect achromatism of, 46,
distortion of, 54

Momentum, angular, defined, 204, con-
servation of, 264

Momentum, defined, 261

Month, relation of, to calendar, 151, sidereal
and synodic, 157, 150, nodical, 161,
length of, affected by sun's disturbing
force, 287, 288, affected by tidal evolu-
tion, 302, numerncal values, Table ITE,
Appendix

Moon, appatent motion of, 156, phases of,
157, terminator, 168, earth-shine on,
190, retardation of transit and nsing of,
181, hervest and hunter’s moon, 162,

orbit, form and size of, 183, 185, nodes
of, 181, form of orbit of, with reference to
sun, 1656, parallax, distance, 164, mass
and density of, 166, rotation of, 168,
udal evolution, 170, 302, .dimensions of,
166, hbrations of, 180, absence of at-
mosphere on, 170, absence of water on,
172, albedo of, 174, change of bnghtness
with phase, 173, temperature of, 174,
surface detals of, 175, mountams and
craters, 177, heights of, 178, mara, nlls,
clefts, and rays, 179, maps of, 180, 183,
nomenclature, 183, photography of, 181,
wn difierent colors, 183, changes, 182,
ongn of, 4687

Moon's orbit, form and size, 163, 184, in-
chination to celestial equator, 161, per-
turbations of, 286, motions of perigee and
node of, 287, peniodic perturbations of,
287, planetary perturbations of, 288
lunar theory, 289, efiects on, of tidal fric-
tion, 301

Moon's shadow, 219-223

Motion, Newton's laws of, 261, Kepler's
laws of planetary, 245, crcular, 264,
mean daily, 248, of Mercury's perihelion,
305, of sun-spots, 204

Nadir, defined, 10

Nadir point, of mendan arde, 85

Nautical Almanacs, 32

Nautical astronomy, 4

Navigation, 88

Neap tides, defined, 292

Nebuls, nature of, 2

Nebular hypothesis, 462

Neptune, discovery of, 398, orbit of, 401,
size, mass, and albedo of, 401, satellite
of, 402, rotation of 403, solar system
as seen from, 403

Newtoman form of telescope, 45, 47

Newlon’s, laws of motion, 261, tests of
gravitation, 206—288

Nickel, 1n meteorites, 432, 455

Nitrogen 1n comets, 434

Nodes, defined, 161, longitude of, 248, regres-
sion of, of moon, 287 of satellites, 201

Nodical month, definition, 161, length,
Table III, Appcndix

Noon-merk, 83

North star (Polans), 12

Nucleus, of 2 comet, 426

Nutation, defined, 141, 145, correction of
star’s position for, 105, used to deter-
mne moon’s mass, 167
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Object-glass, 83, achromatic, 42, apla-
natic, 43, wide-angle, 44
Oblateness, defined, 118, of earth, 120,

due to rotation, 110, effects of, on lati-
tude, 122, determination of, for planet,
256, and nternal constitution, 201, and
perturbations of satellites, 201, observed
values, Table 1V, Appendix

Obligue sphere, 23

Obhiquity of the ecliptic, defined, 17, change
of, 142, effect of, on equation of time,
148, determmed by the ancents with
gnomon, 78

Observations, reduction of, 85, errors of,
105

Observatory, construction of dome and
mounting, 51, location of, 103

Occultation, defined, 214, of stars by moon,
228, of Jupiter's satellites, 373

Opposition, defined 157, 238, favorable,
of Mars, 325, of Eros, 355

Orhit, of earth See Earth’s orbit, and simi-
larly for other bodies

Orhital veloaty, equation for, 271

Orbits, deturmination by geomt trical meth-
ods, 251, by analytical methods, 249,
274, defimtive, 285, osculating and
mean, 285, 411, clements of, defined,
248, numerical data, for planets, Table
IV Appendix, for satellites, Table V,
Appendix

Orgin, probable, of solar system, 461-488,
of planets, 485, of satellites, 468, of
the moon, 467, of asteroids, 357, 466,
of comets, 424, of meteors, 460

Osculating orbits 285, 411

Oxygen, apparently absent on Venus, 311,
present on Mars, 341, probable onigmn
on earth, 320

Parabola, defined, 268

Parahobc veloaty, 271

Parallactic inequality, 288

Parallax, annual or heliocentric, defined,
97, as proof of earth’s orbital motion,
135, not observable by Tvcho, 245

Parallax, dwurnal or geocentne, defined, 97,
honzantal, 97, equatonal, 88, varation
of, with altitude, 88, of the moon, deter-
mination, 164, 268, numerical value of,
185, of the sun, 187, numerical values
of, by varnious methods, 187

Parallel sphere 22

Parameter of u conic, defined, 270, rela-
tion to areal veloaty, 273

vn

Paths of meteors, 449

Pendulums, compensation, 88, used m de-
terminations of gravity, 128

Penumbra, of shadow, 216, of sun-spots,
200

Perigee, defined, 163, motion of, 287, lugh
tides at, 283, 205

Peribelion, defined, 137, longitude of, 247,
motion of Mercury's, 308

Perihelion distance, 270

Period of rotntion  See Rotation

Penodic perturbations, 281, of the planets,
282, of the moon, 287

Perodic time, 248, unchanged by secular
perturbations, 282

Penodicity of sun-spots, 205,
hility, 205

Penods, sidereal and synodic, defined, 158,
235, relation between them, 160, 181,
235, 453

Personal equation, 1 transit observations,
63, 1n longitude work, B4, m observing
Mars, 333

Perturbations, 281, general and special,
281, penodic and secular, 281, of
planets, 281, of astermids, 284, of Eros,
used to find carth’s mas:, 284, of the
moon, 288, of Uranus leading to dis-
covery of Neptune, 308, of cometary
orbits, 414 415, 420, 423, 424, of meteor
swarms 459, planet's mass determined
by, 282

Phase angle, 234

Phases, of moon, 157, of Mercury and
Venus, 410, of Mars, 326, of Jupiter,
382, of Saturn’s rings, 386, varatwon
of brnightness with phase, 173, 312, 3186,
326, 352, 363, 372, 389

Photographic albedo, 174, 326

Photographic telescopes, 54, 55

Phatographs, measurement of, 87

Photography, astronomical, guiding during,
54, determination of stellar positions, 88,
of moon, 181, with light of different
colors, 183, sun, 198, of echpses, 225,
of planets 257, of Mars, 337, 40, of
astcroids, 348, of Saturn, 382, of comets,
425, of meteors, 449

Photometric determination of rotation, of
Mars, 327, of asterods, 353, 3566, of
Uranus, 367

Photometry, a division of astrophysics, 4

Photosphere, defined, 184, appearance of,
197, sharpness of, 198

Physical hbration of moon, 168

1ts vana-
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Place, epparent, of o heavenly body, de-
fined, ®, methods of determining, 8688

Plane, invanable, 284

Plane sathng, B9

Planetary aberration, 248

Planetary orbits, elements defined, 246, map
of, 236, determination of elements, 249,
data, Table IV, Appendix

Planetary perturbations, of other planets,
281 ,%f moon, 288
lanetary precession, 141
lanetary system, stability of, 284, ongn
of, 461

Planetary tables, 285

Planetesimal theory, 464

Pldnets, defined, 233, table of distances and
penods of, 234, apparent motion of,
238~240, orbital elements of, 246, deter-
mination of size, 253, of mass, 254, of
density, 266, of rotation period, 265, of
inchination of equator, 255, of Light and
heat, 258, of oblateness, 258, classifica-
tion of, 257, satellite systems of, 257,
ongin of, 465, ongin of rotation, 466,
data on, Table IV, Appendix

Poimnters, the, 12

Poalar axis, of a telescope, 48

Polar caps of Mars, 330, 341

Polar compression  See Oblateness

Polar distance, defined, 16

Polar point, of the mendian instrument, 65

Polans (o Urse Minons), the polestar, 12,
observed for azimuth, 85

Pole, terrestrial, aspect of the heavens at,
22, wandering of, 117, 118

Poles, celestial, defined, 14, of ecliptic, 18,
galacnic, 19

Porto Rico,«ieflections of verficai n, 120

Power, light-gathenng, 38, magnifyng, 39,
resolving 40

Power, obtained from tides, 300

Precession of the equinuxes, luni-solar, plan-
etary, and general, 141, physical cause of,
143, correction of star’s position for, 105,
numerical valuecof, Table ITI, Appendix

Prime vertical, defined, 11

Probable error, 108

Problem, uof two bodies, 270, Kepler’s, 273,
of three bodies, 278, 279

Projectiles, deviation by earth's rotation
1168, trajectories calculated by quad-
ratures, 280

Prominences, solar, 197;
eclipse, 223

Ptolemaic system, 289, 243

visible dunng

Quadrature, defined, 157, 288
Quadratures, solution by, 280

Radian, value in seconds of arc, 86

Radiants, of meteors, 455

Radiation pressure, 275, on comet's tails,
440, 443

Radio, bearings in navigation, 84, signals
n longitude work, 84

Radius vector, defined, 137, 262, equation
for, in conic, 270

Rate, of clock, defined, 57

Red spot, great, on Jupiter, 385

Reduction, of ubservations, 95,
meridian, B1

Reflecting telescopes, 45, advantages of, 48

Refracting telescope, mmple, 38, achro-
matic, 42, advantages of, 46

Refraction, atmosphenic, 99, table of mean
refraction, Table VI, Appendix

Regression of nodes, moon, 287, planets,
282, satellites, 201

Relativity, principle of, 303, specal and
gencral, 304, evidences of, 305-308

Repulsive force acting on comets' tals,
437440

Réscau, 68, 378

Resolving power, 41

Retardation of moon’s transit, nsng and
setting, 161

to the

Reticle, 44
Retrograde motion, apparent, of planets,
240-242, real, of meteors, 461, of

comets, 417, 422, of satellites of Jupiter
(8 and 9), 378, Saturn (Pheebe), 353,
Uranus, 388, Neptune, 402

Retrograde orbits, elements of, 247

Reversing layer, 106

Rught ascension, defined 17, relation of, to
hour angle and sidereal time, 20

Right sphere, 21

Rigidity of earth, shown by earthquakes,
131, by vanation of latitude, 132, by
tidal phenomena, 209

Rings of Saturn  See Saturn’s rings

Ruvers, tides in, 208

Ruche's Limit, 391

Rotation, apparent, of celestial sphere, 12,
21-24

Rotation, defined, 188, of earth, 114 (phys.-
cal proofs, 115, effects on chmate, 116,
secular changes, 117), of moon, 168,
of sum, 191, of planet, how determned,
265, of Mercury, 312, of Venus, 317-
810, of Mars, 327, of Jupiter, and
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Saturn, dfferent in different latitudes,
869, 881, of Uranus, 387, of Neptune,
403, of asterods, 353, 356, of satellites,
273, 304

St Hulawre method, 03

Saros, 228

Satelites, determination of elements, 257,
planet’s mass determined by, 254, pertur-
bations, 201, origm, 466, for mdividual,
see Table IV, Appendix

Saturn, orbit of, 360, size of, 380, mass
and density of, 381, rotation of, 381,
marhings on, 381, albedo and brightness
of, 383, physical constitution of, 383,
satellites of, 391

Saturn's rings, 384, dumensions of, 385,
Cassim’s snd Encke’s divisions, 3865, 388,
380, 391, phases of, 388, appearance of
dark mde of, 387, rotation of, 390, me-
teonc structure of, 388-300, stability
of, 391

Search, method of, for asteraids, 348, for
comets, 408, for intra-Mercural planet,
unsuccessful, 358, for ultra-Neptuman
planet, 404

Seasonal changes, an Mars, 330-332, 335,
342

Seasons, 147, 1n northern and southern
hemspheres, 150

Secondary circles, 20

Sccondary spectrum of object-glass, 43

Secular accelerabon, of moon and sun, 289

Secular perturbations, 281, 282, hmited
range, 282, of earth’s orbt, 283, of
moon’s, 287

Seeing, telescopic, 103

Selenography, defined, 257, selenographic
coordinates, 21

Sermdiameter, correction to observed alti-
tude, 86, augmentation of 97

Sermidiameter, mean of an oblate spherotd,

defined, 123, of the earth, numercal
value, 123

Sextant, described, 69, observation with,
71, B9

Shadow, of earth, of moon, 214, umbra
gnd penumbra of, 216, dimensibns of, of
earth, 215, 217, dimensions of of moon
219, velority of, 221, seen before total
eclipse, 223

Shadow bands, 223, 226

Shooling stars, defined, 446, paths of, 448,
massas of, 461, showers of, 455458

Showers, meteonc, 433

Sidereal day, defined, 25, variation of, 25,
shorter than solar, 35

Sidereal month, definition and length, 150

Sidereal period, of u planet, 235, relation
te synodic period, 235, determmatian of,
250, general formula for, 272

Sidereal time, defined, 25, gam of, on salar
tume, 31, conversion of, into solar tume,
B2, wtervals of, transformed mto mean
wmtervals, 81, relation of, to hour angle
and rght ascension, 28, equal to right
ascension of star on mendjan, 30

Sidereal year, 150

Sight, hne of, 81

Signs of zodiac, 18, 1n relation to preces-
sion, 142

Sodium, n comets, 434

Solar, echipse, 220~232 echiptic hmits, 222

Solar eyepiece, 106

Solar system, as seen from Neptune, 403,
regulanties 1 481, hypotheses regard-
g ongm of, 463—407

Solar time, apparent, defined, 25, conver-
ston of, into mean time, 31

Selar time, mean, defined, 28, cowil, 26,
local &nd standard, 28, conversion, into
apparent time, 31, converaon, nto side-
real time, 32, ntervals of, transformed
mto sidereal intervals, 31

Solstices, defined, 17

Southern Cross, once wisible m England,
142

Spectral lmes, displacement of, predicted
by theory of relativity, 308

Srectroscopic determination of rotstion, for
sun, 193, for Venus, 317, for Jupster,
367, for Saturn and its rings, 380, for
Uranus, 397

Spectroscopy, 3 division of astrophysics, 4

Spectrum, of moonlight, 172, of Venus,
310, of Mars 341 of Jupter, 387 of
Saturn and rmngs, 383, of Uranus, 308,
of Neptune, 401, of comets, 433435,
of meteots, 450

Sphere, celeshal, of mfnite mze B

Sphere, the nght, 21, perallel, 22
23

Spheroid, defined, 119
mean radius of, 123

Spheraidal planet satellites of, 291

Spoerer’s law of sun-spot latitedes, 208

Spring tides, defined, 292

Stabihty of planctary system, 284

Standard time, 28

Stars, nature of, 2, occultations of, 228

obhque,

oblateness of, 119
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Station errors, 121
Stationary pomt in planet’s apparent mo-
tion, 240
Stellar magnitudes, of sun, moon, and plan-
ets, Table IV, Appendix, of satellites,
Table V, Appendix
Sumuoer line, ardle of position, 92, 93
Sun, distance from earth, 188-188, size of,
18R, mass of, 189, gravity of, 180, den-
sity of, 191, rotation of, 181, position
of ams of, 192, eguatonal acceleration,
*192, obsérvation of, 185, telescopic ap-
pearance of, 196-201, darkening at the
hmb of, 199, sun-spots, 200-213, echpses
of, 219-2a2
Surs midrught, 24, 148
Sundial, ndrcating apparent solar time, 25
Sun-spot numbers, 205
Sun-spots, umbra and penumbra of, 200,
dimensions of, 201, duration of, 201
develnpment of, 202, proper motions
of, 204, distribution of, 204, periodicity
of, 205, law of latitudes, 206, connec-
tion of, with other solar phenomena, 209,
connection of, with terrestrial magnetism
and auroras, 209
Supernior, conjunction, 247, planet, 235
Surface gravilty See Gravity
Synodic month, 157, 159
Synodic motion, equation of, 160, 235
Synodic period, of planet, 235, of rotation
of sun, 191, of asteroids, 353
System, Ptolemaic, 243, Copermcan, 244,
Tychonic, 245 -
Systematic errors, 105
Syzygy, defined, 157

Tables, planetary, 285, of the moon, 289,
of asteroids, 354

Tables, 1n this volume, list of, Contents, m

Tals See Comets

Telegraphic comparisons 1 longitude work,
83

Telescope, principal uses, 37, simple re
fracting, 38, magnifying power, 39, light-
gathering power, 39, achromatic, 42,
resolving power, 40 photographic, 43,
reflecting, 45, refracting and reflecting,
compared, 46, mounting of, 48, guiding,
for photography, 54

Telescopes, special types, Gallean, 37,
doublet, 44, Cassegrain, 45, Newtoman,
45, tower, 53, coudé, 54, great telescopes,
47, engineering details of, 51, cost of, 53

Temperate zone, 140

Temperature, of earth’s interor, 132, at
surface of earth, dependence of, on insola-
tion, 148, bime of highest, 150, Bt sur-
face of moon, 174, Mercury, 312, Venus,
318, Mars, 341, Jupiter, 367, of meteor-
1tes, 450

Terminator, defined, 158

Theodolite, 88, observation with, 76, 85

Three bodies, problem of, 278

Tidal dissipatian of energy, 300

Tidal evolution, 301, 302

Tidal friction, 2689

Tidal theory of origin of sclar system 484

Thde-raising force, 203, experimental meas-
urement of, 209

Tides, phenomena of, 202, mterval be-
tween, 292, spring and neap, 292, pen-
gee, 293, diurnal inequality of, 293, ex-
planation of, 204, 1n lakes and oceans,
296, height of, 296, 208, analysis and
prediction of, 207, affected by wind and
barometric pressure, 298, 1n solid earth,
299, as a sourcc of power, 300

Time, measurement of, by hour angle of
some objict 24, wdereal, 25, apparent
solar, 26 mean solar, 26, cnvil, 27, local
and slandard, 28, dayhghtsaving, 28,
difference of, at two places, 27, 31, rela-
tion between different kinds of 31, 32,
equation of, 26, 31, 145, fundamental
determination, 77, by transit instrument,
82

Time signals by radio, 84

Tornd zene, 149

Torsion balance, 126

Transformation of coordinates, 29, 30

Transit, defined, 214, of Mercury, 312, of
Venus, 320, of Jupter’s satelliles and
their shadows, 372-374

Transit instrument, description, 59, ad-
Justments of, 61, determwnation of time
with, 82

Transit micrometer, 63

Transmission time of signals, by telegraph,
84, by radio, B3

Traverse tables, 89

Tnangle, astronomical, 30

Trojan group, of asteroids, 354

Tropical year, defined, 151, basis of calen-
dar, 151

True anomaly, defined, 270

Twilight, 103

Twinkling of stars, 102

Two bodies, problem of, 270

Tychonic system, 245
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Ultra-Neptunian planets, possible, 404

Umbra, of ehadow, 216, of sun-spot, 200

Uranus, discovery of, 395, orbit of, 395,
s1ze, mass, and density of, 385, albedo and
spectrum of, 386, rotation of, 397, satel-
hites of, 307

Ursa Major, a constellation, 12

Vanation of latitude, 117, physical cause
of, 118, 132

Vanation, perturbatien of moon, 2588

Vegetation, and Lerrestrial oxygen, 320, on
Mars, 343, 344

Velacity, areal, linear, angular, 283

Veloaty, of escape, 171, 271, mdlecular, of
various gases, 171

Veloaity of light, an abvolute constant 304,
and aberration, 140 from echipses of
Jupiter's satellites, 376

Venus, orbit of, 314, size, mass, and den-
sity of, 314, brightness and albedo of,
4915, vanation of brightness with phase
of, 3168, surface markings on, 317, rota-
tion of, 317, temperature of, 318, atmos-
phere of, 318, absence of oxygen and
water vapor on, 318, physical condition

of, 318, transits of, 830, lack of matel-
lites of, 320

Vernal equinox, ar first of Anes, defined, 17,
approxumate position of, 17, determma-
tion of, 77

Verner, of sextant, 69

Vernier time signals, 84
Vertical circles, defined, 11
Vertical, deflection of, 122, 129

Water, absent from maon, 172

‘Water vapor, test for presence of, on Venus,
319, on Mars, 341

Weight, defined, 123, at earth’s surface, 124

Year, sidereal, tropical, and anomalistic, 160
Table III, Appendix

Zenith, astronormcal and geocentrnic, de-
fined, 10

Zenith distance, defined, 12

Zenith telescope, 80

Zodiac, the, 18, n relation to precession,
142

Zodiacal hght, 358

Zone observahion of stars, B7






