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Sir,

We are told, and, if I remember right, it is also your
Opinion, that three of the finest sights in Nature, are
a rising Sun at Sea, a verdant Landskip with a Rain-
bow, and a clear Star-light Evening.

TraomAs WRIGHT, 1750
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PREFACE

This book is intended to present a general view of the
science of the stars, and to be suitable for the use of beginning
classes in Astronomy in colleges and universities. While
assuming the degree of mental maturity commonly expected
of college students and occasionally employing the principles
and methods of Algebra, Geometry, and elementary Trigo-
nometry, it avoids difficult mathematical discussions and
requires no previous study of science.

The development of Astronomy in recent years has been
rapid, and I have endeavored to bring the book up to date
by including in it accounts of the most important recent
contributions. Some of these, however, which are of a highly
abstruse nature or the validity of which has not yet been
universally accepted, are given but brief mention; examples
are the theory of relativity and recent hypotheses of cosmic
evolution. Particular care has been given to the selection of
illustrations.

The form of the text has been developed during sixteen
years of teaching, first at Harvard and Radcliffe Colleges and
later at Wellesley, the material having been presented in the
form of illustrated lectures which were supplemented by
numerous laboratory exercises and evening observations.
The writing of the manuscript was begun at Wellesley in
1924, but the greater part was written at the offices of the
Mount Wilson Observatory from February to June, 1926,
during a Sabbatical leave granted me by the Trustees of
Wellesley College.

In the preparation of the book, I have received assistance
from many sources. For the older, long-established facts of
Astronomy I have made free use of existing texts, particularly
those of Young and Moulton, while in the discussion of more
recent work I have had the help of many friends. Director
W. S. Adams of the Mount Wilson Observatory read all of
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the manuscript except Chapters 11 and 12 and made many
helpful suggestions, particularly on the chapters relating to
the Sun and the stars. Astronomers J. A. Anderson, E. P.
Hubble, A. H. Joy, P. W. Merrill, S. B. Nicholson, C. E.
St. John, and G. Strémberg of the Mount Wilson Observatory,
R. H. Curtiss of Detroit Observatory, and C. O. Lampland
of Lowell Observatory read parts of the manuscript dealing
with. subjects in which they were particularly interested, and
gave me the benefit of their expert knowledge. The Detroit,
Harvard, Lick, Lowell, Mount Wilson, Sproul, Van Vleck,
and Yerkes observatories contributed photographic illustra-
tions. Dr. E. G. Martin, Prcfessor of Physiology in Stanford
University, author of text books, made valuable suggestions
on the form of the manuscript. In the preparation of the
printer’s copy and in reading the proof I have had the assist-
ance of my wife, Katharine B. Duncan, and of my daughter
Eunice. The compilation of the Index was mainly the work
of Mrs. Duncan. Professor Leah B. Allen of Wellesley College
was at considerable pains to send material to me from Wellesley
to Pasadena. Misses Margaret Holbrook and Helen Mitchell,
Assistants in Astronomy at Wellesley College, contributed
Figure 106 and Plate 5-2 respectively. The star maps were
furnished by the Eastern Science Supply Company of Boston.
Most of the line drawings which appear in the text were made
under my direction by Mr. E. R. Hoge of Pasadena.

I am greatly indebted to Directors Hale and Adams of the
Mount Wilson Observatory for the privilege which I have
enjoyed during several years, both as a regular member of
their staff and as a visitor, of using the unrivalled equipment
of their Observatory in making many of the celestial photo-
graphs which are here reproduced as illustrations.

Joun C. Duncan
Pasadena, California
August, 1926
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ASTRONOMY

INTRODUCTION

Astronomy is the science of the heavenly bodies. Literally,
the word (dorpov, star, véuew, arrange) means mapping, clas-
sifying, or describing the stars.

From analogy with such words as Geology, Psychology, and Zobdlogy, it
might be expected that the science of the stars would be called Astrology
(‘Gorpov, Méyew, speaking about stars), and in fact this word was so used
centuries ago; but astrologers wandered from the paths of reality into the
realms of fancy and superstition, and the name astrology is now applied,
not to any science, but to fortune-telling by the stars.

The Heavenly Bodies are:

1. The Stars, which appear to us as tiny glittering points
in the night sky, and which are really vast globes of intensely
heated gas shining by their own light. They are the most
numerous of visible heavenly bodies. They are so far away
that their relative motions do not become appreciable to the
eye in centuries, and so they are sometimes referred to as
““the fixed stars.”

2. The Sun, one of the stars but much nearer than any
other; the source of light, heat, and life upon the Earth.

3. The Planets, which look like stars to the unaided eye,
but may be distinguished by the fact that their position among
the stars may be seen to change in the course of a few nights.
In reality, the planets are opaque spheres which shine by
reflected 'sunlight and revolve in nearly circular orbits around
the Sun. The Earth itself is a planet, and as such forms a
part of the domain of Astronomy. The names of the principal
Planets, in the order of distance from the Sun, are: Mercury,
Venus, Earth, Mars, Jupiter, Saturn, Uranus, and Neptune.

1



2 ASTRONOMY

4. Satellites, bodies resembling small planets, but revolving
around planets instead of around the Sun.

5. The Moon, the satellite of the Earth and the nearest of
the heavenly bodies.

6. Comets, flimsy bodies, some of great size, which revolve
around the Sun in elliptic or parabolic orbits. The brightest
comets are spectacular objects with long trains or tails that
extend over a large part of the sky.

7. Meteors, tiny solid objects which fly through space
around the Sun like the comets, but which are so small that
they cannot be seen until they encounter the Earth and become
entangled in its atmosphere, when the heat generated by the
stoppage of their swift motion makes them luminous.

8. Nebule, vast aggregations of matter at distances com-
parable to those of the stars, but so large as to have percep-
tible size and shape instead of appearing, like the stars, as mere
points. The nebulae are all faint, only a few of the many
thousand known being visible to the unaided eye.

The Sun, planets, satellites, comets, and meteors comprise
the solar system, which, vast though it is, forms but a speck
in the universe of stars and nebulz.

The Constellations.—In contemplating the stars, which at
first glance seem sprinkled at random over the sky, it is natural
to group them into geometric figures—triang’es, squares, and
winding rows; and the imagination can easily people the sky
with more elaborate forms. Star-groups to which definite
names have been given are called constellations. Forty-eight
were named by the ancients, mostly in prehistoric times, and
mostly for objects or heroes of mythology. Since A.p. 1600
the spaces between these ancient groups, spaces which for the
most part contain only inconspicuous stars, have also been
named, bringing the whole number of constellations up to
eighty-eight. Most of the groups bear little resemblance to
the objects for which they are named: for example, Pegasus,
the winged horse, is most easily recognized by a square of four
stars; Andromeda, the chained maiden, is represented chiefly
by a nearly straight row of three; and the most conspicuous
part of Ursa Major, the bear into which Callisto was trans-

INTRODUCTION 3

formed, is called in America the Great Dipper and in £urope
the Wain or the Plow.

In beginning the study of Astronomy, the stude.nt should
acquaint h'mself as soon as possible with the more nnpqrtant
constellations then visible, and should add others to his ac-
quaintance as they are brought to view in the progress of the
year. For this purpose it is well to use larger maps than could
pe printed in the pages of this book; a good Star Atlas, such
as Norton's, Schurig’s, or Upton’s will make the. matter easy,
especially if supplemented by the help of a friend who has
already made a start.

For one who lives within the latitudes of the United States it is probably
easiest to begin with the Great Dipper, since it is conspicuous, always above
the horizon, and almost universally known. A line dﬂ:lW‘l'l through the two
end stars of the Dipper bowl, which are called The Pointers, and prolopged
five times the distance between them, passes very near Polan_s, thc I\o.rth
Star. On the opposite side of Polaris from the Dipper is Cassmpe‘:a,‘whlch
has the form of a W. After these groups are located in the sky, it is easy
to find from the polar map in the atlas the remaining stars of Ursa Major,
also Ursa Minor, Draco, and Cepheus; and these groups will then serve,
with the help of the other maps, to identify constellations farther from the
Pole. -

Designations of Stars.—The most common method of desig-
nating the brighter stars is by a letter of the Greek alphabet
followed by the genitive form of the Latin name of the star’s
constellation. This method was introduced in A.p. 1601 by
Bayer, who generally applied the letters, beginning with «, in
the order of brightness (but there are notable exceptions). If
the number of stars in a constellation exceeds the.number of
Greek letters, Roman letters are used.

The Greek alphabet (small letters) is as follows:

a alpha +  iota P rllll:l

B beta x kappa ¢ sigma
y gamma A lambda T tau_

& delta w mu v upgllon
¢ epsilon v nu @ phi

t zeta £ X x chi

n eta o Omicron ¢ psi

8 theta r pi w omega

A few stars are well known by individual names, mostly
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e« alpha ¢ iota P rl:m
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Latin words such as Polaris (a Ursae Minoris), Pollux (8 Gemi-
norum), Spica (a Virginis), and Bellatrix (v Orionis) ; or words
taken from the Arabic, as Algenib (v Pegasi), Deneb Kaitos
(8 Ceti), and Mizar (¢ Ursa Majoris).

Most of the Arabic words are corrupted, perhaps the worst example being
Betelgeuse (a Orionis), a corruption of Tbt al Jauza, meaning Armpit of the
Giant. As authorities differ greatly on both the spelling and the pronunciation
of this name, it would seem better to use the three words which more nearly
reproduce the original.

For a few faint naked-eye stars which were not given letters
in the Bayer system, numbers are used. These were assigned
by Flamsteed in the seventeenth century in the order of the
right ascension (page 19) of the star within its constellation.

For the vast numbers of telescopic stars, to which no desig-
nation has been assigned in any of the above systems, it is
customary to give the star’s number in some well-known star
catalogue (page 292), or, if it is not listed in a catalogue, to
give its right ascension and declination at a designated epoch.

Star “Magnitudes.”—The brightness of a star is denoted by
a number known as its magnitude. This system has come
down from Ptolemy, who, about A.p. 150, classified the
brightest twenty stars as of the first magnitude, those just
visible to the naked eye as of the sixfh, and those of inter-
mediate brightness by intermediate numbers which increase as
the brightness grows less. The system has been greatly ex-
tended in modern times and is discussed in Chapter XIII.

E
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SOUTHERN CIRCUMPOLAR CONSTELLATIONS

CHAPTER 1
THE CELESTIAL SPHERE

The Celestial Sphere.—When we look upward from some
point where the view is unobstructed by roofs or trees, we
seem to see what we call the sky, which is like a great hollow
sphere with the observer at the center. The space between
the heavenly bodies is really empty and the light of the sky
is due to the air within less than a hundred miles of the Earth,
which reflects to our eyes a little of the light of the Sun and
stars, the blue more copiously than
the other colors; and yet this ce-
lestial sphere seems so real and of
so firm a construction that it is
sometimes called the firmament. If
we attempt to reach the sky or to
find out how far away it is, its
distance turns out to be greater
than that of any of the heavenly
bodies, prodigious as these distan-
ces are. For convenience in describ-

. ‘s o ke, R NT POSITION OF
ing the apparent positions of the e B ety Brby

stars, astronomers speak of the cel-

estial sphere as if it really existed, and conceive of it as having
mathematically infinite dimensions, in comparison with which
the observer and the whole Earth shrink to a mere point located

at the center of the sphere.

Apparent Position of a Heavenly Body.—The distances of
the stars, the planets, and even the Moon are so great that
they cannot be determined except by delicate and indirect
measurements, and so, to all ordinary appearances, these dis-
tances are also infinite and the heavenly bodies appear as if

set in the surface of the celestial sphere itself. Two bodies
5




6 ASTRONOMY

that are in reality separated by a vast space, as the star S
and the planet P (Fig. 1), will, if nearly in the same direction
from the observer O, appear close together, since S seems
attached to the celestial sphere at S’ and Pat P’. The apparent
position of a heavenly body is described by locating its pro-
jection upon the celestial sphere, and so only its direction from
the observer is taken into account, its distance from him being
disregarded.

Apparent, or Angular, Distance.—Distances laid out upon
the surface of the infinite celestial sphere, for example the ap-
parent separation P'S’ of two heavenly bodies, can evidently
not be expressed in such units as feet, miles, or kilometers,
and such statements as that two stars ‘“‘look to be about a
foot apart” are without meaning unless the distance of the
foot rule from the observer is specified. A foot rule would
cover the space between the two Pointers of the Big Dipper
if held about twelve feet from the eye; but if brought within
four feet, it would appear larger and could cover a side of the
Square of Pegasus. The apparent distance of P from S can
in fact be definitely stated only as the difference of direction
between the two objects as seen from O—that is, the angle
POS or its equivalent arc P’'S’.

The arc P'S’ is a portion of a circle whose center is O, the
center of the sphere. Such a circle is called a great circle,
since no larger circle can be drawn upon the surface of the
sphere, although any number of smaller circles can be drawn
parallel to it. A great circle divides the sphere into halves
and lies in a plane that passes through the center. Apparent
distances on the celestial sphere are always specified as arcs
of great circles.

Units of Angular Measurement.—The most familiar unit of
arc or of angular distance is the degree, the 36oth part of a
circumference or 1/9o of a right angle. It was chosen many
centuries ago because it represents very nearly the apparent
daily motion of the Sun among the stars. It is divided into
sixty equal parts called minutes, and these into sixty seconds
each, so that a degree contains 3,600 seconds. A side of the
Square of Pegasus is about fifteen degrees long, the Pointers
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are about five degrees apart, and the diameters of the Sun and
Moon are each about thirty minutes. The smallest a.ngula-r
distance that can easily be perceived by the unaided eye is
about 3%4’, which is the distance between the principal
components of the multiple star e Lyree. Two stars that are
only a second apart require a fairly good telescope to show
them separately, and yet the results of modern astronomical
measurements are reliable to the hundredth of a second—the
angle subtended by the diameter of a ten-cent piece at a dis-
tance of about two hundred miles.

Certain angular distances in the sky are conveniently meas-
ured by the angle through which the Earth rotates in a given
time. These are often expressed in hours, minutes, and sec-
onds, the hour being one twenty-fourth of a circumference, or
fifteen degrees. The subdivisions of the hour
are called minutes and seconds of time and
must be carefully distinguished from those
of the degree, which are only one-fifteenth as
long and are called minutes and seconds of
arc. The units of the ‘““time” system are
abbreviated by ® ™, ® while those of the
“arc” system are written °, /, /. Thus, 2‘2" g itk 208
18’ 44"'25 designates the same angular dis- el
tance as 1" 20™ 14:95.

A third unit of angular measurement, very useful in com-
putations, is called a radian, and is defined as the angle sub-
tended at the center of any circle by an arc equal in length
to the radius. In Fig. 2 the arc AB is laid off so that, meas-
ured along the curve, its length is equal to the radius, R, of the
circle; hence, the angle AOB, with vertex at the center of
the circle and sides extending to the extremities A and B of the
arc, is a radian. Any other angle BOC is the same frac-
tion of a radian that its arc BC is of AB, or of the radius R,
because angles are measured by their subtending arcs; hence,
in general, if we represent by R the radius of any circle and
by S the length of an arc subtending an angle at its center,

the value of that angle in radians is S/R.

There are 27 arcs of length R in the whole circumference,
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and hence 360° = 27 radians. The value of a radian is there-
fore 360/27 degrees, and we may easily obtain

1 radian = 57°%3,
1 radian = 3,438/,
1 radian = 206,263"".

These relations are so important that they should be memo-
rized. An example of their usefulness is found in the solution
of slender triangles without the use of trigonometric tables.

F16. 3 SoLuTioN OF A SLENDER TRIANGLE

Suppose the side OM (Fig. 3) of the triangle OMN is known
to be D miles and the angle at O, x seconds of arc; and that
the length of the side MN is desired. If S represents the length
of the arc MP, drawn with radius D and with center at O,
we have quite exactly

o x

sl 7% : A S

A MON in radians ook oo

But since the arc MP is short and its curvature slight, its
length is very nearly equal to that of the straight line MN

and also to that of the straight line PQ; hence, very approxi-
mately,

or
Dx

206,263

MN =pQ =

Thus, the apparent angular diameter, x, of Mars is 24"’ when

Mars is at a distance of 36,354,000 miles; hence, its real
diameter in miles is

24 X 36,354,000

= 4,230.

206,263
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: . PM
The error involved is that of putting the value of an angle in radians (F)

equal to that of its tangent (ybi) or its sine (%) For angles less than

it i i -place logarithmic tables, and even
?;,r jr:gsﬁoagr;f; :r.];a:of};ﬁz gfng??sg rfopgl:eaterg;a.n that of using 4-place
tables.

Practical Measurement of Angular Distance.—The actual
measurement of apparent distances in the sky del?ends' upon
two principles—the physical princiPIe tl?at a ray of light in free
space is straight and the geometric principle that the arcs of
concentric circles included be-
tween two straight lines that
meet at their common center
have each the same value in
degrees or other angular units
as the angle between the ]jne's.
One of the earliest of astronomic  Fic. 4. PRINE:?;.;B OF THE ASTRO-
instruments, the astrolabe,
which was used by the ancient Greek astronomers and for. many
centuries after them, consists in its simplest form of a circular
plate, graduated to degrees
around its circumference and
having a movable pointer,
called the alidade, pivoted
at its center. To measure
the angular distance between
the stars A and B (Fig. 4)
the circular plate is held in
the plane of the observer and

Fic. 5. PrincieLe oF THE Cross- the two stars, and the po-

T sition of the alidade is read
upon the graduated circle, first when the a]id?.de is pointed
to A and again when it is pointed to B. The difference of the
readings is the desired angular distance; for the ce:ntel.' of the
astrolabe, being on the Earth which is a mere point in com-
parison with the celestial sphere, is also the center of the
sphere; and so the angle AOB, between the straight rays of
light from the two stars, is measured by the arc ab between
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the two settings of the alidade, and this is equal to the arc
A'B’ of the great circle of the celestial sphere included between
the apparent places of the two stars.

A second type of instrument, called the cross-staff, was also
used by early astronomers and navigators. It consists of a
straight staff of wood, about a meter long, with a cross-piece
that slides upon it and is used as illustrated in Fig. 5. The
end of the staff is placed near the eye and the cross-piece is
adjusted so that it covers the arc in the sky which it is desired
to measure. The number of degrees in this arc is the same as
that in the angle formed at the eye by the rays of light that
just pass the ends of the cross-piece; and this angle increases
as the cross-piece is brought nearer the eye. Its value in
degrees is read from a scale engraved on the staff.

Both the astrolabe and the cross-staff were used by Vasco da Gama and
by Columbus. Measurements made with them can be relied upon to a
limit of perhaps a tenth of a degree. The instrument commonly used for
such measurements by modern navigators, which is accurate to less than a
minute, is known as a sextant. It will be described in Chapter III (page 75).

Systems of Co-ordinates.—The position of a point in a plane
may be completely described by two numbers which give the
distances of the point from two lines or axes that intersect at
right angles—a device familiar to every student of Algebra.
The two numbers are called co-ordinates, the horizontal dis-
tance being an abscissa and the vertical one an ordinate. A
practical example is found in the method often used for desig-
nating an address in a city, the streets of which intersect at
right angles. Thus, for a residence at 234 East 116th Street,
234 may be regarded as the abscissa and 116 as the ordinate,

For designating the positions of stars, astronomers conceive
of the celestial sphere as covered with imaginary circles which
intersect at right angles like the city streets. They are pre-
cisely analogous to the circles used for indicating the latitude
and longitude of places on the Earth, which appear on all
geographic maps. Four such systems of co-ordinates are in
common use in Astronomy; they are known as the horizon,
equator, ecliptic, and galactic systems.

Each system consists of a fundamental circle, which is a
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great circle of the sphere and for which the s.ystem is named;
the poles of this great circle, which are the Pomts Qf the s.phefe
go® from it; a set of secondary great circles, indefinite in
number, which pass through the poles and cut the fundamtantal
circle at right angles; and a set of parallels, small circles
parallel to the fundamental circle. A point on the fuqdamental_
circle is chosen as origin and one co-ordinate of a stz.tr is counted
from this point along the fundamental circle, while the other
co-ordinate is measured along a secondary from the fundamental
circle to the star. In the familiar geographic system the poles
are the points where the Earth’s axis intersects the surface of
the Earth; the fundamental circle is the Earth’s equator; the
secondaries are the meridians,! which are cut at right angles by
the parallels of latitude; the origin is the point where th.e
meridian of Greenwich intersects the equator; and the co-ordi-
nates of a place are its latitude and longitude. .

The Horizon System.—The fundamental circle in the horizon
system of co-ordinates is the horizon and its poles are the
zenith and nadir. _Their position is determined by the direc-
tion of gravity.

Suppose a weight is suspended by a string and aIlowed. to
come to rest. The string will take the direction of gravity,
and if prolonged indefinitely upward will meet the celestial
sphere at the zenith. The zenith is therefore defined as the
point where the direction of gravity produced upward meets
the celestial sphere. :

The nadir is the point of the celestial sphere exactly opposite
the zenith.

The true horizon is the great circle midway between the
zenith and nadir, go® from each. It may also be defined as the
great circle along which a level plane meets the celestial sphere.
The term horizon is loosely applied to the line where the sky
seems to meet the surface of the Earth; this may prc.)p?rly be
distinguished as the visible or apparent horizon. It is irregu-
lar in shape on land, and at sea it is a small circle lying below the
true horizon.

Vertical Circles are the secondaries of the system and are

! The meridians, however, are not circles, but nearly ellipses.
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defined as great circles passing through the zenith or at right
angles to the horizon. The vertical circle that extends north
and south is called the meridian, since it is the trace on the
celestial sphere of the planeof the observer’s geographic merid-
ian; a more precise definition will be given later (page 18).
The vertical circle that extends east and west is called the
prime vertical.

Almucantars are small circles parallel to the horizon.

The co-ordinates of a star in the horizon system are its
azimuth and altitude. As defined by the astronomer, azimuth
is the arc of the horizon measured in the clockwise direction
from the south point to the foot of the star’s vertical circle.
The south point of the horizon is thus chosen as the origin; its
exact definition must be post-
poned a little (page 18), but
the general idea is already
familiar to everyone. Sur-
veyors and navigators often
prefer to measure azimuth,
or “bearing,” as they often

call it, from the north point.

Fic. 6. '[(‘f:)":og?fffr‘;: SYSTEM OF  Azimuth is expressed in de-

it grees, and in Astronomy is
counted all the way around the horizon—i.c., from o° to
360°.

The altitude of a star is the arc of a vertical circle included
between the star and the horizon, and is reckoned in degrees.
The complement of the altitude is the zenith distance.

The base of Fig. 6 represents the horizon, O the observer,
and Z the zenith. The azimuth of the star A is the arc S X—
about 35°— and its altitude is A X or about 25°. The azi-
muth of B is reckoned through the west and north around to
Y and is about 250° while its altitude B Y is about 70°.

Practical Measurement of Altitude and Azimuth.—In the
most common form of the ancient astrolabe, the instrument
was supported by a ring held in the observer’s hand so that the
weight of the instrument caused it to hang vertically. The
graduations of the circle being so arranged that the alidade
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read zero when pointing horizontally, its reading whe'n p.ointed
to a star gave the star’s altitude—i.e., the angle which its ray
with a horizontal line.
méfemorc accurate measurement of altitude fzould ‘t.)e made
with the quadrant, which was highly developed in the sixteenth
century by the German Hevelius and the Dane, Tycho Brahe.
This instrument had the form of a
ninety-degree circular sector some-
times several feet in radius. It
was arranged to turn in a vertical
plane about a pivot at its center,
from which point was suspended
a fine plumb-line. Sights resem-
bling modern rifle sights were at-
tached to one edge and the arc was
graduated to degrees and minutes,
the zero being 9o° from the edge -
that bore the sights. The altitude Fie. 7. g‘f;ﬁ% MALL
to which the sights were directed
was read by using the plumb-line as an index on the graduated
arc.

Drimenfionis huius vy ex fibicta

PROPOSITIO SECVNDA

Alrsndaner quop il f
q wm' bperpmas

Fig. 4, from Regiomontanus’s De Trianguli, 1532, shows the use of a
small quadrant in measuring the altitude of the Sun for: the purpose of ca]-
culating the height of a tower. The latter can be obtained from the Sun_s
altitude together with the length of the tower’s s}flado"ci, since the Sun is
so far away that its rays are sensibly parallel, and its altitude is thus eqt{al
to the angle at the base of the right triangle formed by the tower and its
shadow. The height of the tower equals the length of the shadow multi-
plied by the tangent of this angle, and the value of the_ tangent may be
found in trigonometric tables when the value of the angle is known.

At sea, the altitude of a heavenly body is found by measuring
with a sextant the shortest distance of the body from the
visible horizon and correcting for the ‘“‘dip” (page 32), or
depression of the visible horizon below the true, which depends
on the observer's height above the water.

Altitude and azimuth may be determined from a single
pointing by means of the altazimuth instrument, of which the
modern surveyor’s transit or theodolite (Fig. 8) is an exam-
ple. It consists of a small telescope mounted on an axis which
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is in turn supported upon a second axis at right angles to the
first. Each axis bears a graduated circle. The base of the
instrument is provided with spirit
levels by means of which the second
axis may be made vertical; the circle
attached to the first axis then reads
the altitude of the point to which
the telescope is directed. If the base
is set with the zero of the horizontal
circle due south, this circle reads the
azimuth.

Geocentric Parallax.—A few of the
heavenly bodies are so near us that,
in accurate work, they cannot be re-
garded as infinitely distant; for,
when seen from dif-

- Wearad ferent places on the chg
Fic. 8. A SurvevOR's
TRANSIT Earth, such a body

is projected to per- ..
ceptibly different points of the celestial sphere.
The angular distance between these points, M
which is the difference of direction of the body
from the two observing stations, is called the
body’s parallax. In Fig. g, let O and M be
the centers of the Earth and Moon, respec-
tively, and let A and B be two observers. The
position of A is here chosen upon the line join-
ing O and M; hence, A sees the Moon at the
zenith and in the same direction as if he were

A
at the center of the Earth. The point a on
the celestial sphere, where the Moon'’s center c
appears to A, is therefore called the geo- -

centric position of the Moon, and the angle
AMB, or aMb, is the Moon"s geocentric paral- E‘;ﬁé%ﬁi‘f&'
lax as seen from B. This parallax grows
greater if the observer recedes from A until he reaches C , Where
the Moon appears upon the horizon. This maximum parallax,
AMC, is therefore called the Moon’s horizontal geocentric
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parallax. It may be defined as the apparent semi-diameter of
the Earth as seen from the Moon.

The geocentric parallax of a body varies with the body's
altitude from a maximum at the horizon to zero at the zenith,
being proportional to the cosine of the altitude; also, it is
greater for a body near the Earth than for a distant body.
The horizontal parallax of the Moon is about one degree, but
that of every other body of the Solar System is less than a
minute of arc, while the geocentric parallaxes of the stars and
nebule are far too small to detect.

The positions of the bodies of the Solar System that are given
in almanacs are geocentric positions, and so, to be strictly com-

F16. 10. THREE Positions oF OrioN (FroM McKRreapy: A
Beginner's Star Book)

parable with them, the observed positions of such bodies must
be corrected for parallax. When the distance and apparent
altitude of the body are known, the computation of this cor-
rection is a simple matter.

The Diurnal Motion.—If the Earth were flat and stationary,
no other system of co-ordinates than the horizon system W'guld
be needed for describing the positions of the stars; but since
the plane of the horizon is tangent to the Earth's surface, the
motions of the Earth and also any change in the observer’s
geographic position must move his horizon and all its asso-
ciated circles and so change the altitudes and azimuths of the
heavenly bodies. The rotation of the Earth on its axis, which
is completed each day, results in an apparent revolution of all
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the heavenly bodies around the Earth in the same time. This
apparent revolution' is called the diurnal motion.

One result of the diurnal motion is the most obvious of all
astronomical phenomena—the rising and setting of the Sun;
but the manner of this rising and setting is not so obvious.
At no place except the Equator does the Sun ever rise or set
vertically, and for no observer outside the Torrid Zone does it

IONS OF THE DIPPER

F1c. 11. Four Positions oF THE DipPeEr (FroM McKRreaDy:
A Beginner's Star Book)

ever reach the zenith. As seen within the latitudes of the
United States, the Sun follows in the forenoon a path that
slants upward toward the right, crosses the meridian south
of the zenith at midday, and descends toward the right in the
afternoon—moving like the hands of a watch that lies on a
sloping roof facing the north. Such stars as rise approximately

I Throughout this book the word rotation will be used to designate a turning

or spinning of a body around an axis that passes through the body itself, while
revolution will mean motion around an external point.

B
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in the east follow similar paths, and the constellation Orion, for
example, may be seen on a December night successively in the
positions shown in Fig. 10.

If one faces the north, he sees stars that do not descend
below the horizon, but follow diurnal circles centered upon a
point which, in the northern part of the United States, is about
Lalfway between the horizon and the zenith. Four successive
nositions occupied by the Great Dipper at intervals of six hours
:qre shown in Fig. 11. The stars far in the south, on the
other hand, are visible but a short time, following diurnal arcs
that extend but little above the horizon.

Fic, 12. Tue DiurnaL Motiox (After Todd)

The nature of the diurnal motion is readily made evident by
photographing the stars, using a fixed camera and exposing the
plate an hour or more, so that the star images trail upon the
plate. The three photographs reproduced in Plates 1.1 and 1.2
were obtained in this manner, the camera being pointed east,
west, and north, respectively, in latitude 42°3.

The diurnal motion is shown diagrammatically in Fig. 12.
It is as if the whole celestial sphere, with the heavenly bodies
attached to its inner surface, rotated each day around an axis
passing north and south and inclined to the plane of the horizon
—just what the Earth is really doing, but in the opposite direc-
tion. Evidently, the celestial sphere must contain stars that are
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south of us and that never rise; and this inference is confirmed
by the observations of people living farther south, to whom
these stars become visible. The boundary of the portion of
the celestial sphere containing stars that never rise is called the
circle of perpetual occultation; that of the region of stars that
never set, the circle of perpetual apparition.

The Equator System of Co-ordinates.—The diurnal motion
both limits the usefulness of the horizon system of co-ordinates
and affords a basis of another system, the equator system.
The fundamental circle of this system is the celestial equator
and its poles are known as the north and south poles of rota-
tion, or often simply the poles.

The poles of rotation are those points in the sky about which
the diurnal motion takes place, or, more accurately, those
points which have no diurnal motion. They may also be
defined as the points where the Earth’s axis, produced, inter-
sects the celestial sphere. The north pole is the one in the
constellation of Ursa Minor around which the diurnal motion
appears counter-clockwise.

The celestial equator is the great circle of the celestial sphere
that lies midway between the poles—go® from each.

Hour circles are great circles that pass through the poles.
Each hour circle in turn, as the diurnal motion proceeds, passes
through the zenith, when it coincides with the meridian, which
therefore is common to the two systems and may be defined
as the hour circle that passes through the zenith or as the ver-
tical circle that passes through the poles.

The cardinal points are the north, south, east, and west points of the
horizon. The north point is that one of the intersections of the meridian
with the horizon which is the nearer to the north pole. The cardinal points
are 9o°® apart, the south being opposite the north, and the east being at the
observer’s right when he faces the north.

Parallels of declination are circles parallel to the celestial
equator.

The declination of a star is the arc of an hour circle included
between the star and the celestial equator. It is reckoned in
degrees and is considered + if the star is north of the equator
and — if south. Declination is often abbreviated by the Greek
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letter 5. Since the diurnal motion takes place parallel to the
celestial equator, it does not change the declination of the star
as it does the altitude and azimuth.

The hour angle of a star is the arc of the celestial equator
included between the meridian and the star’s hour circle. It
is usually measured westward so that it continually increases
with the time. The rate of increase of hour angle is uniform,
and in fact can be measured by a clock, and so the hour angle
is usually expressed in hours.

It is very desirable to use co-ordinates which, unlike the
altitude, azimuth, and hour angle, are not changed by the
diurnal motion. We have seen that the declination is not

Fic. 13. How 10 Locate THE VERNAL EqQUINOX

changed, and we may obtain an equally permanent co-ordinate
to accompany it if, instead of measuring the arc of the equator
from the meridian, we measure it from a point that is carried
along by the diurnal motion. The point chosen by astronomers
for this purpose is called the vernal equinox, and is located on
the celestial equator in the comparatively starless region just
south of the Square of Pegasus, as shown in Fig. 13. Its
exact definition will be given on page 23.

The right ascension of a star is the arc of the celestial equator
included between the vernal equinox and the star’s hour circle.
It is reckoned eastward from the vernal equinox and is usually
expressed in hours. Its common abbreviation is the Greek
letter a.

The Equatorial Telescope.—Most large telescopes are sup-
ported on what is called an equatorial mounting, the principle
of which may be seen in Plate 1.3, which is a photograph of the
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great refractor of the Lick Observatory. A massive pier sup-
ports an axis of steel which is placed parallel to the Earth's axis
and therefore points to the pole of rotation and is called the
polar axis of the instrument. Attached to this is a steel sleeve
that holds the declination axis in a direction at right angles
to that of the polar axis; and the tube of the telescope is fixed
at right angles to this. Motion of the telescope around the
declination axis causes it to sweep.along an hour circle, and the
angle turned through from the equator is the declination of the
star to which the telescope is directed, which may be read upon
a graduated circle, called the declination circle, attached to the
declination axis. Motion around the polar axis is parallel to
the equator, and the hour angle may be read upon the gradu-
ated circle, called the hour circle (although not corresponding
to the hour circles in the sky) attached to the polar axis. To
follow a star in its diurnal motion, the instrument need only be
turned about the polar axis, the declination setting being kept
fixed; and, since the motion in hour angle is uniform, the tele-
scope is ordinarily provided with a clock which keeps a driving
wheel upon the polar axis turning westward at a uniform rate of
one revolution in twenty-four hours. When the telescope is
once set on an object the polar axis is clamped to the driving
wheel, which thus keeps the object in the field of view.

To set the equatorial telescope on a star, whether the star
is visible to the unaided eye or not, it is only necessary to know
the star’'s declination and its hour angle at the moment, and to
set the circles accordingly. On some modern equatorials, a
second circle is mounted on the polar axis in such a way that
its zero may be made to correspond with the vernal equinox
instead of the meridian. So long as the clock is kept running
correctly, this circle reads the right ascension.

Sidereal Time.—The period of one rotation of the Earth
relative to the stars, which is thé time interval occupied by one
complete apparent rotation of the celestial sphere, is called the
sidereal day. It is about four minutes shorter than the ordi-
nary solar day, and is divided into twenty-four sidereal hours,
each a little shorter than an ordinary solar hour. Sidereal
noon occurs at the moment when the vernal equinox is on the

Orion rising

PLATE 1.1,

PHOTOGRAPHIC STAR TRAILS

Venus setting
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meridian, which is at different times of the day or night at
different times of year. The sidereal time at any moment is
the hour angle of the vernal equinox, or, what is exactly the
same thing, the right ascension of the meridian. The sidereal
time is therefore the interval in sidereal hours, minutes, and
seconds since sidereal noon.

The hour angle and right ascension of a star are connected
very simply with the sidereal time; for, the hour angle being
measured westward from the meridian and the right ascension
eastward from the vernal equinox, each to the star’s hour circle,
their sum is the angular distance between the meridian and
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F16. 14. RicHT AsCENSION, HOUR ANGLE, AND SIDEREAL TIME

equinox (Fig. 14)—the hour angle of the vernal equinox, or
the right ascension of the meridian, which we have already
defined as the sidereal time. This is a relation that is often
used. In setting an equatorial telescope on a planet, for
example, the right ascension and declination for the date are
found in an almanac and the sidereal time is read from an
astronomical clock. Subtracting the right ascension from the
4 sidereal time gives the hour angle, which with the declination
gives the necessary settings.

Solar Time.—Sidereal time would be inconvenient for regu-
lating the affairs of life, since its noon occurs at all times of the
day and night. Apparent solar time is the hour angle of the
Sun, which differs from sidereal time by the Sun’s right
ascension, and is the time indicated by a properly erected sun

PLATE 1.2. PoLAR STAR-TRAILS
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dial. Many forms of this instrument are known, now valued
chiefly for ornamental purposes. In each,agnomon, orstraight
edge, placed parallel to the Earth’s axis, casts its shadow upon
a dial which is graduated to hours and subdivisions and which
is placed in such a way as to show the hour angle of the Sun.
The interval between two successive meridian passages of the
Sun is called the apparent solar day. Its length is not quite
the same throughout the year, and so our clocks are regulated
to mean solar time, which is the hour angle that the Sun would
have if the solar days were all of their average length. The
subject of Time is discussed more completely on pages 69 et
seq.

The Annual Apparent Motion of the Sun.—In the temperate
zones, a striking feature of the change of the seasons is the
difference of the length of day and night in summer and winter.
In midsummer in the northern hemisphere the Sun rises far to
the north of the east point, crosses the meridian high in the sky,
and sets far north of the west point, the part of its diurnal path
that is above the horizon being much greater than that which is
below, so that the day is longer than the night. In midwinter,
it rises and sets far south of the prime vertical, reaching but a
moderate altitude even at noon, so that the day is shorter than
the night (Fig. 15). Evidently, the Sun crosses the celestial
equator twice each year. A study of the constellations through-
out the year shows that the apparent motion of the Sun is
not directly northward or southward. In late September, for
example, the constellation Scorpius is low in the southwest
just after sunset, but by November this group cannot be seen
and its place in the evening sky is taken by Sagittarius, which
adjoins it on the east. By January, Sagittarius has disappeared
and an early observer may see Scorpius rising in the southeast
just before sunrise. During the four months, in fact, the Sun
seems to have passed eastward through these constellations,

and it may be traced in similar fashion until in the following *

September it will be found again at the starting point west of
Scorpius. Measurements of the Sun’s right ascension and
declination show accurately the nature of its path on the celes-
tial sphere, and it is found to be a great circle that is inclined to
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the equator at an angle of 2314°, in which the Sun moves always
toward the east, completing the circuit in one year. Of course
it is now known that this apparent motion is due to the revolu-
tion of the Earth, which, like all the other planets, moves in an
orbit around the Sun.

We might represent the celestial sphere by a hollow globe
with dots on it for the stars. The diurnal motion would be a
spinning of the globe upon its axis, and the Sun might be
represented by a trained firefly if it would accommodatingly
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F16. 15. DiurNAL PATHS OF THE SUN IN DIFFERE_;\'T SEASONS
(ArTER ToDD)

creep around the globe in a direction making an angle of 2314°
with the equator and opposite the diurnal motion, and at such
a rate as to complete the circuit in 36514 turns of the globe.
The firefly would then be carried around by the globe, but more
slowly than the dots of the star map, which it would pass on
its way.

The Ecliptic System of Co-ordinates.—The apparent path of
the Sun among the stars is called the ecliptic, the angle at which
it intersects the equator (2314°) the obliquity, and the points
of intersection the equinoxes. The equinox where the Sun
crosses from south to north of the equator, since it is passed
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by the Sun in the spring, is called the vernal equinox, and the
other is the autumnal equinox. Ninety degrees from the
equinoxes, as measured on the ecliptic, are the summer and
winter solstices. The hour circles that pass through the equi-
noxes and solstices are known as the equinoctial and solstitial
colures, respectively.

The belt of sky 18° wide which has the ecliptic as its central line is called
the zodiac (circle of animals) because, from the earliest recorded times, its
twelve constellations with the exception of Libra, the Balance (which was
probably formed at a later epoch from the claws of the Scorpion), were
given the names of living creatures. Within the zodiac are always to be
found not only the Sun, but also the Moon and all the principal planets.
It was divided into twelve parts of 30° each, which were called the signs
of the zodiac and were named for the twelve zodiacal constellations; and
the position of a planet was indicated by the sign in which it could be seen
—a practice still followed by many makers of almanacs.

Ninety degrees from the ecliptic are the north and south poles
of the ecliptic, and passing through them are the great circles
called secondaries to the ecliptic; while small circles parallel
to the ecliptic are called parallels of latitude.

The celestial longitude of a star is the arc of the ecliptic,
measured eastward from the vernal equinox to the secondary
that passes through the star. The star’s celestial latitude is
the arc of its secondary between the star and the ecliptic, + if
the star lies north of the ecliptic and — if south.

The Galactic System of Co-ordinates.—Every watcher of the
sky is familiar with the beautiful band of misty light that is
known as the Milky Way or Galaxy. It is composed of a vast
number of faint stars and a few nebule and is of great im-
portance in studies of the distribution of the stars. Its central
line is approximately a great circle of the celestial sphere which
makes an angle of 62°8 with the celestial equator. This circle is
called the galactic circle and is the fundamental circle of the
galactic system of co-ordinates. The nerth pole of the galaxy

is in the constellation Coma Berenices, in right ascension

12" 42™ and declination + 2792, and the opposite pole is in the
constellation Cetus. Galactic latitude and longitude are
related to the galactic circle exactly as celestial latitude and
longitude are related to the ecliptic. The origin from which
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galactic longitude is reckoned is the intersection of the galactic
circle with the celestial equator, in a = 18" 42™.

General Remarks on Astronomical Co-ordinates.—The co-
ordinates of the horizon system, altitude and azimuth, may be
said to depend on the personal outlook of the observer; they
are based on the direction of gravity, which is very nearly the
line joining the observer with the center of the Earth. Wher-
ever the observer goes, he takes his zenith and his entire horizon
system with him. Right ascension and declination depend on
the direction of the Earth’s rotational axis, and are the same
for every observer on the Earth, while an observer on another
planet would doubtless have a different set of equatorial
co-ordinates depending on the plane of that planet’s rotation.
Celestial latitude and longitude are also on a terrestrial basis,
but in this case it is the plane of the Earth’s revolution that is
the determining factor instead of the plane of its rotation. The
position of the circles of the galactic system of co-ordinates
depends on the structure of the visible universe of stars and
would be the same for an observer on any planet of the Solar
System or among its neighboring stars.

Probably the altitude and azimuth of stars are more easily
estimated by the eye than are any of the other co-ordinates,
since they are referred to the horizon, the position of which can
be easily noted; but the co-ordinates of the equator system can
be measured with greater precision than any of the others, and
it is usual to obtain the others from them by a“trigonometric
transformation.

A better understanding of the different systems of co-ordi-
nates may perhaps be obtained by a study of the comparison
shown in the following table.

Star Maps and Celestial Globes.—A star map is a chart that shows the
relative apparent positions of stars in the sky as an ordinary map shows
the relative positions of places on the Earth. Like the terrestrial map, it
represents on a flat surface bodies that lie upon a sphere; and as a result,
if a large area is shown on a single map, there is considerable distortion.
For this reason, in the best star atlases only a limited portion of the sky
is shown in each map.

As in the terrestrial map, it is customary to represent north at the top;
b_ut since the star map represents objects seen overhead, the right-hand
side of the equatorial maps is west instead of east. It must be understood
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CoMPARISON OF SYSTEMS OF Co-ORDINATES

System Geographic Horizon Equator Ecliptic Galactic
Basis Rotation of | Direction | Diurnal Earth’s or- | Structure of
Earth of gravity |motion of | bital visible
celestial motion universe
sphere
Funda- Terrestrial | True Celestial | Ecliptic Central line
mental equator horizon equator of Milky
Circle Way
Poles Terrestrial | Zenith and | Poles of Poles of Poles of
poles nadir rotation ecliptic galaxy
Secondary | Meridians | Vertical Hour Secondaries | Secondaries
Great circles circles to ecliptic | to galactic
Circles circle
Parallels | Parallels of | Almucan- | Parallels of | Parallels of | Parallels of
latitude tars declination | latitude gal, latitude
Co-. Latitude, ¢ | Altitude Declina- Latitude, 8 | Galacticlat.
ordinates | Longitude,\| Azimuth |tion, & Longitude,\| Galactic
Right as- longitude
cension, a
Hour angle
Origin for | Meridian of | South Vernal Vernal Intersection
second co- | Greenwich | point of equinox, equinox of galactic
ordinate horizon meridian circle and
equator
Circles Surface of | The The stars | The stars | The stars
fixed with | Earth observer
respect to

that “west” means the direction of the diurnal motion of the heavens, or
contrary to that of the Earth’s rotation; and hence it is really a circular
direction, and on the north polar map “west” follows the parallels of decli-
nation counter-clockwise around the pole. Astronomers often use the words
preceding and following instead of west and east in describing directions in
the sky. The star maps exhibit the celestial equator, the ecliptic and the
principal hour circles and parallels of declination; and the approximate right
ascension and declination of any object on the map may be read directly.

A celestial globe is a small model of the celestial sphere. It is only at
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great expense that a globe can be made large enough for the student to go

inside of it, and the usual type is only a few inches in diameter. The map
on the surface of the globe must therefore show the stars as they would
appear if we could go outside the celestial sphere. If the globe be viewed
from the north, “west” is the direction clockwise around the globe—the
réverse of the case of maps in star atlases.

The globe is mounted on an axis passing through the poles of rotation.
On its surface, in addition to the map of the stars, are printed the equator
and ecliptic, together with either the secondaries to the ecliptic and parallels
of latitude or the hour circles and parallels of declination. In either case,
the two points where each of the twelve principal hour circles intersects
the equator are indicated by numerals along the equator, reading from the
vernal equinox toward the east, from o to 24. Each arc of the equator
between these hour circles is usually divided into fifteen equal parts, which
represent 1° or 4™ each. The ecliptic is likewise divided into degrees and
on most globes there are printed along the ecliptic dates showing the position
of the Sun throughout the year. The globe is supported at the ends of its
axis by a vertical ring, usually made of brass and called the brass meridian.
The center of the globe lies in the plane of one side of this ring, and this
side is graduated to degrees reading from o° at the equator to go° at each
pole. This edge of the ring, being a vertical circle passing through the
poles, represents the observer’s meridian. The brass meridian is supported
in a frame, usually of wood, the upper part of which is a ring that repre-
sents the horizon, which is also graduated in degrees. A thin brass or paper
quadrant, graduated from o° to go°, when attached to the zenith, or highest
point of the brass meridian, represents a vertical circle.

Practical Determination of Sidereal Time, Right Ascension,
and Declination.—The declination and hour angle of a star may
be found with a considerable degree of accuracy from the circle
readings of an equatorially mounted telescope; and if the side-
real time be known, the right ascension is obtained by subtract-
ing from it the hour angle (page 21). Similarly, the sidereal
time is obtained by setting the equatorial on a star of known
right ascension, reading the hour angle, and adding hour angle
and right ascension together. The tube of the equatorial, how-
ever, when turned into different positions, bends by a small
amount that is difficult to determine, and the observed posi-
tions are affected by this and by the even more troublesome
effects of atmospheric refraction (page 57).

The most accurate determinations of star positions and of
sidereal time are made by observing the stars as they cross the
meridian. This method was used extensively by Tycho
Brahe before the invention of the telescope, and is practiced
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with the modern meridian circle and transit instrument, which
are often referred to as the fundamental instruments of practical
astronomy. The meridian circle is a small or moderate-sized
telescope attached firmly at right angles to a rigid axis which
is supported in a level, east-west direction on massive piers,
and on which is mounted concentrically a finely graduated
circle. The telescope and circle are thus free to swing in the
plane of the meridian, but in no other direction. The transit
instrument is like the meridian circle except that its circle
is not so finely graduated and is
used only for setting. Placed in
the tube of the telescope in such
a way as to appear to the observer
along with the star (page 37), is
a reticle which consists of threads
of the finest spider-web or of lines
ruled on a thin plate of optical
glass with a fine diamond, and
which is illuminated at night by a
small lamp. An odd number of
Fic. 16. TeHE FieLp oF View lines—five, seven, sometimes as
OF A TRANSIT INSTRUMENT
O MBUIDIAN CIRCLE many as fifteen—are placed at
equal intervals in the north-south
direction, and when the instrument is in perfect adjustment
the middle line of the group lies exactly on the meridian. At
right angles to these parallel lines are one or more similar lines
to mark the center of the field (Fig. 16).

Since no instrument can be made perfect, it is never assumed that the
middle wire follows the meridian with absolute precision. Its departure
from the meridian can be expressed in terms of the “errors of the instru-
ment,” of which there are three: (1) the collimation error, the angle which
the line joining the middle wire of the reticle with the center of the object
glass makes with a plane perpendicular to the axis; (2) the level error, the
angle made by the axis with the plane of the horizon; and (3) the azimuth
error, the angle made by the axis with the plane of the prime vertical. These
errors can all be determined and allowed for, as explained in works on Prac-
tical Astronomy, but their discussion is outside the scope of this book.

For determining sidereal time or the right ascension of a
star, the meridian circle or transit instrument is used by noting

PLATE 1.3. THE 36-INCH REFRACTOR OF THE LICK (BSERVATORY
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the reading of a clock at the instant the star is on the meridian.
Instead of noting the time when the star crosses the middle line
of the reticle only, a more accurate determination of the clock
time of meridian passage is obtained by taking the average of
the times of crossing the different lines. Since the star’s hour
angle at the moment of meridian passage is zero, its right ascen-
sion equals the sidereal time at that moment; and so, if the
clock gives the correct sidereal time, the right ascension of the
star is determined, or, vice versa, if the right ascension is known,
the error of the sidereal clock is found by subtracting from its
reading the star’s right ascension. No effort is ordinarily
made to set a sidereal clock ‘‘right”; it is better to leave it
undisturbed and to keep a record of its error.

Declination cannot be determined with the transit instru-
ment, but is measured with the meridian circle. For this, the
reading of the circle when the telescope is directed to the pole
must first be found by observing a circumpolar star as it crosses
the meridian above the pole (upper transit) and again at lower
transit, twelve hours later. When corrected for atmospheric
refraction (page 57), the mean of these two readings gives the
polar reading, which, so long as the meridian circle is undis-
turbed, remains unchanged. The angular distance of any star
from the pole may then be determined by observing it at
meridian passage and subtracting the reading of the circle
(corrected for refraction) from the polar reading. This polar
distance is the complement of the star’s declination.

The best meridian circles of the present day are graduated
with exquisite accuracy and are read by means of microscopes
to the tenth of a second of arc. With modern astronomical
clocks and transit instruments, sidereal time and the right
ascension of stars may be determined to the hundredth of a
second of time.

The positions of objects that cannot be conveniently observed
with the meridian circle, such as faint comets that cross the
meridian in daylight, are determined by measuring, with a
rmicrometer (page 45) or upon a photograph, the difference of
right ascension and of declination between the object and a
star whose position is already known.
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Locating the Equinox.—The meridian circle method of deter-
mining sidereal time requires a knowledge of the right ascension
of the stars observed, while the determination of right ascension
requires a knowledge of sidereal time. The reader may natu-
rally inquire how the astronomer makes a start. The fact is
that the right ascensions of hundreds of standard stars are
now known with great accuracy and that the methods we have
described are the ones actually used in practice; but since right
ascension is measured from the vernal equinox, the system must
rest ultimately upon a knowledge of the position of that point
among the stars. The vernal equinox being defined as the point
where the Sun crosses from the south to the north side of the
equator, the determination of its position must be made by
observations of the Sun. Observations of the Sun’s declination
throughout the year (but best near the times of the equinoxes)
give an accurate value of the obliquity of the ecliptic, which,
with the observed declination, gives by a trigonometric calcu-
lation the Sun’s right ascension independently of the sidereal
time or observations of the stars; hence, observations of the
clock time of the meridian passage of the Sun made with the
meridian circle simultaneously with those of the declination
give the error of the sidereal clock, and the possession of this
error provides for the determination of the right ascensions of
the standard stars.

CHAPTER II
THE OPTICS OF THE TELESCOPE

Invention of the Telescope; Its Importance to Astronomy.—
The first telescope of which we have any authoritative account
was made in 1608 by Jan Lippershey, a Dutch spectacle-maker.
He made no astronomical application of his invention, but in
1609 news of this wonderful instrument which could extend -
the power of the human eye reached Galileo Galilei, the great
Florentine physicist, who at once discovered the principle for
himself, made a number of telescopes, and
within a year had used them to make dis-
coveries that revolutionized the astronomy
of his time. With improvements in the
making of telescopes their usefulness has
increased, and at the present time almost
all observations that contribute to the ad-
vancement of astronomy are made with the
help of this instrument. FIG. 17. ANGLES OF

The telescope is essential for three chief NEHRES (A0
purposes: first, for revealing objects or their /
details that are too faint or too distant for study with the
unaided eye; second, to serve as the most accurate form of
pointer for determining the position of an object on the ce-
lestial sphere; and third, to gather and intensify the light of
faint bodies for study in other instruments such as spectro-
scopes and photometers.

Reflection and Refraction of Light—When light travels
through empty space, as between the Sun and the Earth, or
through a uniform transparent substance, it travels in straight
lines. 1If a ray of light, traveling in such a medium, encounter
the surface of a second medium, say a piece of glass, the ray
will be divided (Fig. 17); one part will be turned back into
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the first medium and the remainder will pass into the second.
If this second medium be homogeneous like the first, the pcr-
tion of the original ray that enters it will also travel in a
straight line, but not, in general, the same straight line as that
of the original ray. In other words, the light is bent abruptly
at the common surface of the two media. This bending is
called refraction, and the turning back of the light into the
first medium is called refiection.

The angle i, made with the normal to the common surface of the two
media by the original (incident) ray is called the angle of incidence; that
made by the reflected ray, the angle of reflection (/); and that made by the
refracted ray, the angle of refraction (). The law of reflection states that
the angles of incidence and reflection are equal. The law of refraction,
known as Snell’s law, states that the ratio of the sines of the angles of inci-
dence and refraction is a constant which depends on the color of the light
and the nature of the two media; that is,

sin i

. =
s r

This constant, u, is called the relative index of refraction of the two media.

Path of a Light Ray Through Glasses of Different Forms.—
When light enters glass from air or empty space, it is refracted
toward the normal, and when it passes
from glass to air it is refracted away
from the normal. In passing through
a plate of glass with plane, parallel sides
(Fig. 18), the two refractions are equal
and the emergent ray is parallel to the

Fic. 18. Pate or Liear , . :
rarovcH Prate wite incident ray. The total effect is thus to

Pasarzst, i shift the ray sidewise without changing

its direction.

The case is different if the two glass faces through which the
light passes are not parallel. This is true of the optical prism,
a block of glass with three plane faces that meet in parallel
edges (Fig. 19). Here the normal to the second face is not
parallel to that of the first, and the ray suffers a deviation,
which is always in a direction away from the edge in which the
two refracting faces meet. Light of different colors is deviated
by different amounts; foi the index of refraction of glass is
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greatest for violet light and least for red, the indices for the
different colors being in the order violet, blue, green, yellow,
orange, red. White light is in reality a mixture of all the
different colors, and so when white light
is passed through a prism, it is spread
out in a colored spectrum, red at the end
toward the refracting edge and violet at s
the other. This property of transparent gy 19, Pate oF
substances is called dispersion, and is LIGHT ~THROUGH
> AN OpTicAL PRISM
exceedingly useful to astronomers, al-
though somewhat troublesome to makers of telescopes.
Suppose that two prisms are placed with their bases together
(Fig. 20) and illuminated by a beam of parallel rays—say the
light of a star, which isalwaysso far away
that its rays that fall on the Earth are sen-
sibly parallel. If the rays through the ex-
treme parts of the combination could be
8 made to deviate more than those through
F16. 20. . .

16 20, e on the middle part, all the rays might be made
a  DounLe to meet. This is in fact accomplished by the
Prism % :

convex lens (Fig. 21). The point where
rays that were originally parallel are made to meet is called
the principal focus, and its distance from the center of the
lens, the latter’s focal length.

If the rays are not parallel, but diverge from a point within a finite dis-
tance from the lens, they are converged by the lens to a point more distant
than the principal focus. Thus light diverging from
the point A, Fig 22, is focused to the point B.
The points A and B are called conjugate foci. In

i

the use of a projecting

lantern, as in a mov- ——

ing-picture theater, ° E) e
Fic. 21. Patn or one of a pair of con-  Pjg 22. Conjucate Focr

LIGHT THROUGH  jugate foci of the
ACONVEXLENS  prodecting lens is occupied by the slide or film carry-
ing the photograph, and the other by the screen on which the audience sees
the picture.
Fig. 23 shows a concave lens, the effect of which upon par-
allel rays is to make them diverge from each other.
The Photographic Camera.—A photographic camera is, in
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its simplest form, a light-tight box with a convex lens in an
opening in one wall and means for holding a sensitive plate or
film in the opposite wall, at a distance from the lens equal to
its focal length. If the camera be directed

aﬁ// at night to the sky, the parallel rays from
i each star within its field are brought to a fo-
cus upon the plate, which registers a dot in

a position corresponding to that of the star.
Fic. . fﬂ*::ug: Each point of an extended object may be
A Concave similarly recorded, the aggregate of the
Lans point-images making up a picture of the
object. For “taking close-ups” of terrestrial objects, where
each point of the object sends a divergent pencil of light to
the lens, it is necessary to “focus” the camera by changing the
distance of the plate from the lens, so that the plate and the
object are at conjugate foci; and all except the simplest box
cameras are provided with means for doing this.

The Human Eye.—Physiologically considered, the eyeball
is a camera, in which light is focused by the crystalline lens
and cornea upon the retina, a
network of sensitive nerves which,
instead of photographing the light,
transmit to the brain the sensation
produced by its presence. In the
normal eye, when it is at rest, the
retina lies in the principal focus of
the lens-system. The near-sighted,
or myopic, eye is too long, and in
it the retina is behind the princi- >
pal focus; in the farsighted, or hy- Flg-', 24&5;2;?“1“;:‘.{;}3?
permetropic, eye it is in front. oty oprﬁg“‘:’q‘swf-

Light coming from a point less il
than a hundred feet from the observer, instead of being parallel,
is perceptibly divergent; the normal, relaxed eye converges it
to a point farther back than the retina, and for distinct vision
it is necessary that the focal length of the lens be changed. This
is accomplished by a muscular effort which causes the crystalline
lens, which is elastic. to change its curvature, a process that is

THE OPTICS OF THE TELESCOPE 35

called by physiologists accommodation. Young children can ac-
commodate their eyes to distinct vision at a distance of less than
three inches, but the power is gradually lost, the'‘near point” be-
ing on the average four inches from the eye at the age of twenty
and nine inches at forty, while in old age it recedes to infinity
and the power of accommodation is lost. This wonderful
ability of the lens of the eye to change it focal length is not
possessed by any artificial optical instrument.

The opening through which light enters the eye, which
appears as a black circular hole at the center, is called the
pupil; it is surrounded by the iris, the colored portion of the
eye, which has the power of contracting so as to change the size

}>&: .

Fi16. 25. SIMPLE REFRACTING TELESCOPE

of the pupil. In very bright light, the pupil is reduced to a
mere pin-point, while in darkness it is enlarged to its maximum
diameter, which averages about a third of an inch. In the
observation of faint stars, it is probable that the pupil has about
this diameter. This property of the eye is imitated in most
camera lenses by the iris diaphragm. /
Simple Refracting Telescope.—The action of an astronomical
refracting telescope, in its simplest form, is shown in Fig. 2s.
The large lens, which receives the rays from the star, is called
the objective, and the small lens the eyepiece. The objective
brings the originally parallel rays together at its principal
focus, forming an image of the star which can be seen as a
bright point on a white screen or registered as a fine dot on a
photographic plate held in the focal plane. In the photo-
graphic telescope, which is essentially a camera of great focal
length, the objective is thus the only optical part needed. If
not stopped by a screen or plate, the light proceeds through the
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focus in straight lines, which diverge beyond the focus. An eye
placed in this cone of diverging rays receives light from the
star, but in directions as if the star were a bright point situated
at its image, so that the observer seems to see the star in the
tube of the telescope, just before his eye—a rather interesting
observation. In order, however, to receive in the pupil (never
more than one-third inch in diameter) all the light that has come
through the objective, the eye must be placed very close to the
focus, closer than its power of accommodation could allow for.
To obviate this difficulty the eyepiece is added.

The astronomical eyepiece is essentially a short-focus convex
lens which, for normal vision, is placed at a distance from the
focal plane of the objective equal to its own focal length, so
that the distance between the two lenses is equal to the sum
of their focal lengths. The property of the lens by which it
converges parallel rays to its principal focus is thus reversed,
and the rays that diverge from the image of the star emerge
from the eyepiece in a parallel beam. If the focal length of
the eyepiece is small enough, so that the lens is placed near
the apex of the cone of rays, the emergent beam is narrower
than the pupil of the eye, which thus may receive all the light
transmitted through the large objective.

The eyepiece is ordinarily supported in a draw-tube that
slides within the tube supporting the objective so that the
instrument may be “focused” for the eyes of different observers
by changing the distance between the objective and the eye-
piece.

The Telescope as a Pointer.—One difficulty in using sights
or pointers for determining the direction of a star or other
object, as was done in the ancient astrolabes, arose from the
fact that the eye cannot be accommodated for clear vision of
the near-by sight and the distant object at the same time. This
difficulty is eliminated in the telescope by placing in the com-
mon focus of the objective and eyepiece a pair of crossed spider-
threads or other form of reticle and illuminating it with a lamp.
The light reflected from the threads, since it diverges from the
focus of the eyepiece, is made parallel by the latter, and so
the threads are seen, not in their real position just before the
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eye, but as exquisitely fine, bright lines drawn on the surface of
the sky, among the stars. By using the intersection of the
threads as a fiducial point the direction of the line of sight is
thus made definite.

Rays from Two Stars; Magnifying Power.—Suppose the
telescope directed to a close pair of stars, one above the other
and let the parallel rays AAA come from the upper of the
two stars and the rays BBB from the lower (Fig. 26). The
rays that pass through the center of the objective, like the
ray passing through the plane plate in Fig. 18, are undeviated,
and this central ray from the upper star meets all the others
from that star in the focal plane at a, while the rays from the
lower star are focused at b. After diverging from the image
the rays from each star are bent toward the thick, central
part of the eyepiece and emerge parallel to the line that joins

F16. 26. MAGNIFYING POWER OF A TELESCOPE

the image with the center of the lens. An eye placed behind
the eyepiece thus sees star A in the direction xa and star B in
the direction xb. One effect of the telescope is therefore to
invert the image, the upper star appearing below and the lower
one above. Though objectionable in viewing terrestrial
objects, this inversion causes no inconvenience in studying
heavenly bodies, whose position with respect to a vertical line
changes in any case with the hour angle.

The angular separation of the two stars, as seen by the naked
eye, is the angle AOB which is equal to aOb; as seen in the
telescope, their separation is axb, which is larger. In the figure,
the angles are much exaggerated—two stars to be visible at the
same time in a telescope must be more nearly in the same
direction than here represented; hence, in practice, the angle
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AOB (or a0b) is small, and its value in radians may be taken
as the distance ab divided by Oa or Ob. Similarly, the angle
axb may be taken as ab divided by xa or xb. But Oa is equal
to the focal length, F, of the objective and xa equals the focal
length, f, of the eyepiece; hence, the magnifying power, which
is the ratio of the apparent distance between the two stars as
seen in the telescope to their apparent distance as seen by the
unaided eye, is

M = ab/f + ab/F = F/f.

That is, the magnifying power of a telescope is equal to the
ratio of the focal length of the objective to that of the eyepiece.
Since the eyepiece is small and inexpensive compared to the
objective, most telescopes are provided with a number of eye-
pieces of different focal lengths and therefore of different
magnifying powers.

It may be seen in Fig. 25 that M is equal also the ratio of
the diameter of the beam of star-light that enters the objective
to that of the beam that emerges from the eyepiece; for these
diameters are the bases of similar triangles having a common
vertex at the principal focus and the focal lengths F and f as
their respective altitudes. The lower the magnifying power,
the larger is the emergent beam, and if too low a power is
used the beam will be too large to enter the pupil of the eye
and the full aperture of the objective will not be utilized.
Assuming the maximum diameter of the pupil as a third of an
inch, the minimum useful magnifying power is seen to be three
times the diameter of the objective in inches.

Resolving Power.—So far, we have assumed that the tele-
scopic image of a star is a geometric point and therefore without
size, but this is not quite true. Owing to the fact that light
consists of waves of sensible though exceedingly small length,
the rays that meet at the focus of a lens “interfere’” and pro-
duce a star image which is a small, bright disk surrounded
by a series of concentric dark and bright rings, theoretically
infinite in number, but growing fainter so rapidly with distance
from the center that usually only one or two are visible and
these only with a high magnifying power. The reason for
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this “diffraction pattern” is set forth in works on Physical
Optics, but its discussion is beyond the scope of this book.
If two stars are so close together that their images overlap,

hthey appear as a single object, although perhaps somewhat

elongated, and an increase of magnifying power serves only
to make the combined image larger without separating the
stars. If the images could be made smaller, the two stars
might be seen separated, or “‘resolved,” by the telescope. Now,
it is a fact that the larger the objective of the telescope the
smaller is its image of a star, the diameter of the image being
inversely proportional to that of the objective; hence, the
resolving power of a telescope, or its ability to separate close
stars, is directly proportional to the diameter of the objective.
The angular distance of the closest pair of stars that can be
resolved in a one-inch telescope is, according to Dawes, 4.5
seconds of arc; hence, in a telescope a inches in diameter, the
minimum resolvable distance is

4"s5/a.

One might infer that the naked eye could resolve a pair of stars
that were only 4”5 + 14 = 13”5 apart; actually, the minimum
distance for resolution by the eye is much greater than this,
the two stars of e Lyra, 314’ apart, being a pretty good test
for acute vision. The reason for this lies not in the lenses of
the eye, but in the structure of the retina, the sensitive ele-
ments of which are the microscopic “rods and cones.” If a
complete cone lies between the images of two stars, untouched
by either, the stars are seen separately; if the images are too
close for this to occur, the observer is conscious of but a single
point of light. The action of a photographic plate, which is
granular in structure, is in this respect analogous to that of
the retina.

The resolving power of a telescope sets a practical limit to
the magnifying power that can advantageously be applied to it;
for there is no advantage in enlarging the image of a star
beyond the point where it is easily perceived as a disk. Assum-
ing that the eye can perceive a disk 180" (a little less than the
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separation of e Lyre) in diameter, the maximum useful mag-
nification in a telescope would be found by

4"5/a -M = 180", whence M = 40a;

or, the greatest practicable magnifying power is forty times the
diameter of the objective in inches. Greater magnification
than this is in fact seldom used. It has already been shown,
on the other hand (page 38), that the minimum useful mag-
nifying power is 3a.

“Bad Seeing.”—One of the most obvious characteristics of
a star, and one which appeals to poets far more than to astron-
omers, is its twinkling. This is a rapid fluctuation in the star’s
brightness, accompanied by minute and equally rapid changes
of its apparent position and sometimes by variations of color. It
is caused by motions in the air above us and is analogous to
the effect that would be produced if we should view the star
from the bottom of a clear lake, the surface of which was
agitated by waves. The telescope magnifies the twinkling, so
that it is usually great enough to interfere with the observation
of fine detail or of stars that are close together. This condition
is called “‘bad seeing.” Its effects are worse in a large telescope
than in a small one because the larger objective receives light
from a wider air-path in which the total disturbance is greater.
It often happens that a great telescope is rendered practically
useless by bad seeing on a perfectly cloudless night. Fig. 27
shows two photographs of the “trapezium” of stars in the Orion
nebula, made with the 1oo0-inch Hooker telescope. The one on
the right, made in fairly good seeing, shows two faint stars
whose existence would hardly be suspected from the evidence
of the other picture, which was made in poor seeing.

To the unaided eye, a planet usually does not seem to twinkle.
This is because its angular diameter is appreciable, and while
one point of its surface increases in brightness, that of another
diminishes, keeping the total effect about constant. Bad see-
ing, however, is sufficiently evident in telescopic observation
of planets, causing the fine detail to run together and the whole
image to become blurred.

Since the aérial disturbances that cause bad seeing are worse
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in some localities than in others, this factor is very important
in choosing a site for an observatory. Other desiderata are
a large number of clear nights in the year and freedom of the
air from dust and haze. A high altitude, to place the ohser.ver
above a part of the air, a dry climate to assure cloud]e:‘;s‘ skies,
and distance from the smoke and artificial lights of cities are
all desirable.

Brightness of the Image.—The light-gathering power gf a
telescope may be defined as the ratio of the amount of light

F16. 27. Two PHOTOGRAPHS OF THE “TRAPEZIUM" IN ORION

from a given star entering the objective to thc‘ amount entering
the pupil of the unaided eye. The amount of light that can pass
through a given aperture is proportional to the. area of the
aperture, and therefore to the square of its diameter;,and
hence, calling the diameter of the objective a and that of the
pupil b, we have for the light-gathering power,

0

L =a%b*
If we let b = 14 inch, the maximum diameter of the pupil, we
have for the light-gathering power of a telescope of a inches
aperture,
L = ga®
The stars are all at such prodigious distances that, although

their real diameters are very great, their angular diameters are
less than that of the diffraction-image produced by the
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objective of any existing telescope; and, except when excessive
magnification is used, the image is too small to be seen as a
disk, and so the effective size of all star images on the retina is
the same. The apparent brightness of a star as seen in a tele-
scope as compared with its brightness as seen by the unaided
eye depends, therefore, only on the light-gathering power. A
ten-inch telescope makes a star appear goo times, and a
hundred-inch telescope go,000 times, as bright as it appears to
the unaided eye. Large telescopes thus disclose millions of
faint stars that without their aid would be quite invisible.

The brightness of the image of a planet, nebula, or other
object that presents a perceptible surface depends upon the
focal length of the objective as well as upon its diameter; for
the brightness is diminished by enlarging the image, and the
diameter of the latter is proportional to the focal length, as
may be seen in Fig. 26. The area of the image varies directly,
and its brightness inversely, as the square of the focal length.
Calling the focal length of the objective F and its linear
aperture a, the brightness of the image of a planet or nebula in
the focal plane is therefore proportional to a?/F2 The “‘speed”
of an objective for photographing nebulz and planets, or for
ordinary landscape and portrait photography, is proportional
to this ratio, while for photographing stars it is proportional
merely to a®. If the telescope is used visually, the area of the
image on the retina is proportional to the magnifying power,
and its brightness to a?/M?2.

It can be shown that the brightness of a widely extended
surface, which more than fills the field of view, cannot be
increased by any optical device. Such an object is the sunlit
sky. The reason we cannot ordinarily see the stars in the day-
time is that the background of sky is too bright to afford
sufficient contrast to the light of the star. The telescope, by
increasing the apparent brightness of the stars without chang-
ing that of the sky, enables us to see the brighter stars in day-
light without difficulty.

Chromatic Aberration.—It has already been pointed out
(page 33) that, when light is deviated by refraction, it is dis-
persed into its component colors, the red being deviated the
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feast and violet the most of the colors to which the eye is
sensitive. A prism thus produces a spectrum. The dispersion
that takes place in a simple convex lens produces a series of
colored images of a star as shown in Fig. 28, the violet one
being nearest the lens and the red one farthest removed. With
an eyepiece focused on any one of these images, an observer
sees a small bright point of the corresponding color surrounded
by a halo that is composed of the out-of-focus light of the
other colors. By thus enlarging the image of a star, the
colored halo greatly impairs
the resolving power of the
lens, and it also makes it im-
possible to judge correctly
the color of any object
viewed. This defect of the
simple lens, by which light of different colors fails to arrive
at the same focus, is called chromatic aberration.

Soon after Galileo's application of the telescope to the study .
of the sky, it was found that chromatic aberration could be
mitigated by making the focal length of the objective very
great in comparison with its diameter, and some telescopes of
the seventeenth century attained fantastic lengths, up to two
hundred feet. These long telescopes must have been exceed-
ingly unwieldy, and their use led to no results commensurate
with their size.

Achromatic Lenses.—In 1758 John Dollond, an English
optician, patented a method of reducing the effects of chromatic
aberration by combining two lenses made of different kinds of
glass. The glasses ordinarily used for this purpose are called
crown and flint glass, names derived from the manner in which
the glasses were formerly made. Their principal constituents
are silica (sand) and sodium sulphate or carbonate or potassium
carbonate, to which is added lime in making crown glass and
lead in making flint glass. Modern varieties of optical glass
intended for special purposes contain also a great variety of
other substances.

The refractive index of flint glass is greater than that of
crown, and its dispersive power—i.e., the difference of its

F16. 28. CHROMATIC ABERRATION
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refractive index for light of different colors—is also greater.
By properly combining a convex crown lens with a concave
flint one, a compound objective is formed which will bring to
the same focus rays of light of any fwo colors that may be
chosen. Such a lens is shown in Fig. 29. The colors to
which the eye is most sensitive are those near the red end of
the spectrum, and so objectives intended for visual use are

WHITE

Fi16. 29. AcHROMATIC OBJECTIVE

made to combine the red and green rays; but the ordinary
photographic plate is more sensitive to the blue end of the
spectrum, and so photographic objectives are made to combine
the blue and violet. Such compound lenses are called achro-
matic (color-free), but the images they produce are not wholly
free from color, since the light of
all colors except two is focused
at different points. However,
the colored halo around the im-
age of a star produced by such
a lens is not nearly so large or
troublesome as in the case of a single lens. With some of the
special modern glasses it is possible to produce a compound
lens that is very nearly achromatic over the whole range of
the visible spectrum, but these glasses have not yet been
produced in blocks large enough to make a lens of very great size.

P
20 DsJFCrrvz

F16. 30. NEGATIVE EYEPIECE

Eyepieces.—A simple convex lens used as an eyepiece introduces color
and distorts the image unless the object is at
the center of the field. The eyepieces of .,
modern telescopes are usually composed of i
two lenses, and are usually of either of two
forms, the negative, or Huyghenian, and
the positive, or Ramsden, illustrated in
Figs. 30 and 31, respectively. In the Huyghenian eyepiece, the rays
from the objective are intercepted by the first of the two lenses before

Fic. 31. Posimive EvEepIEcE
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reaching a focus, and cross between the lenses; in the Ramsden form they
reach their focus before encountering either lens. The Huyghenian eyepiece
gives better definition at the center of the field, but of course cannot be
used with a reticle; the Ramsden can be used with a reticle, and has a
wider field.

Galileo employed in the first telescopes a concave eyepiece, placed be-
tween the objective and its focus. Such an eyepiece gives an erect image,
but its field of view is very small if it is made of any considerable magni-
fying power. It is used in the modern opera glass, in which a high power
is undesirable and inversion of the image would be objectionable.

The Filar Micrometer.—An important accessory to a visual
telescope is the filar micrometer, an instrument used for meas-
uring small angular distances. A rectangular frame, A (Fig.
32), is made to slide over a larger
frame, B, by turning the fine-thread-
ed screw S, which has a graduated
head for reading small fractions of
a revolution. The springs P, P take
up the back-lash of the screw.
Across each frame is stretched a
fine thread of spider web, T, T, and
these lines are illuminated by the
little electric lamp L. The two
frames are arranged to rotate about the center of the circular
plate C, the edge of which is graduated to degrees read by the
index I for determining the ‘‘position angle” (page 327) of the
lines. A positive eyepiece is attached to the frame A and fo-
cused on the spider lines, and the plate C is attached to the
tube of the telescope so that the lines lie in the focus of the ob-
jective. The parallel spider lines then appear as if drawn in
light upon the sky, and the distance between the images of two
close stars may be measured by setting one line on each
star and reading the graduated head of the screw.

To reduce this distance to seconds of are, it must be multiplied by the
“micrometer constant,” which is the number of seconds that corresponds to
ope'oomplete turn of the screw. This constant may be determined by set-
fing the lines parallel to an hour circle, separating them by a known number
of turns, and finding the time required for a star on the equator to pass

from one line to the other. The number of seconds of time in this interval,
multiplied by fifteen, is the number of seconds of arc between the spider

Fi6. 32. Frm.ar MICROMETER
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Accessories for Celestial Photography.—For photographing
any celestial objects except the brightest ones, long exposures,
often of many hours’ duration, are necessary. To follow the
diurnal motion during this time, the photographic telescope or
camera must of course be equatorially mounted and clock-
driven, but even then the position of the image upon the plate
will be changed by the effects of atmospheric refraction, bad
seeing, and the imperfections of the clock unless these errors
are corrected by the observer. Short-focus cameras are often
attached rigidly to a guiding telescope provided with crossed
spider lines on which the image of the object being photographed
is kept by the observer, using the slow-motion devices of the
telescope. With long-focus instruments, a double-slide plate
carrier is used. The plate is clamped to a rigid frame which
may be moved parallel or perpendicular to the equator by fine
screws in the hands of the observer. A positive eyepiece fitted

F1G. 33. PARALLEL RAYS REFLECTED BY A PARABOLIC MIRROR

with a pair of crossed spider lines is clamped firmly beside the
plate, so that the intersection of the lines may be held upon
the image of a “guide-star” located just outside the limit of the
field that is being photographed. The difference in the use of
the guiding telescope and the double-slide plate carrier is this:
in the former the errors of following are corrected by moving
the whole instrument, while in the latter only the plate and
eyepiece, with their supporting frame, are moved.

Reflecting Telescopes.—Instead of a convex lens, it is
possible to use as the objective of a telescope a concave mirror.
In order to reflect parallel rays to a common focus, the cross-
section of the surface of the mirror must have the form of a
parabola (page 217). For a star situated on the axis of the
parabola, the path of the light is as shown in Fig. 33. To
receive the light from such an objective, the eyepiece or photo-
graphic plate would have to be placed inconveniently in the
middle of the tube unless an additional reflection is provided
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for. Different ways of doing this give diﬁeren.t types of tele-
scopes. In the Newtonian type, a plane mirror .set at an
angle of 45° to the axis of the parabola intercepts the light before
it reaches a focus and sends it to the side of the tube near the
top. The observer must then stand on a high platform, if the
instrument is large, and look in through the side of the_tube.
In the Herschelian form, the objective is inclined sufficiently
to focus the light at the side of the tube, and a second re-
flection is avoided; but the image then lies at a distance from
the axis of the parabola and is subject to considerable distortion.

\

F1G6. 34. 60-INCH REFLECTOR, Fic. 38. 60-INCH REFLECTOR,
"E\IEWTONL&-.\' Form ASSEGRAIN Form

This form was used by William Herschel late in the eighteenth
century, but is no longer employed. In the Cassegrain form a
convex, hyperboloidal mirror at the upper end of the tube sends
the rays back toward the objective, where they either pass
through a hole in the latter, as in the earlier Cassegrains and
in the great reflector of the Dominion Astrophysical Observa-
tory, or are reflected to the side by a plane mirror placed just
above the objective. Large modern reflectors are provided
with a number of secondary mirrors mounted in removable
sections of the tube, so that the type and equivalent focal
length of the telescope may be changed. The sixty-inch
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reflector of the Mount Wilson Observatory is shown in the
Newtonian form in Fig. 34 and in the Cassegrain form in Fig.
35.

Reflecting telescopes have been in use since the time of New-
ton, about 1670. During the first two hundred years the mirrors
were usually made of speculum metal, a hard, brittle alloy of
tin and coppér; but modern mirrors for astronomic purposes
are made of glass, covered on the front surface with a thin
coating of metallic silver. If they were silvered on the back
like an ordinary looking-glass, the image would be spoiled by
the faint reflection from the unsilvered front.

Relative Advantages of Refractors and Reflectors.—As com-
pared with the refracting telescope, the reflector has the great
advantage of perfect achromatism. For an instrument of given
size, the cost of a mirror is less than that of an achromatic lens,
since in the former there is only one surface to bring to an
accurate figure, while in the latter there are four, and the
glass of the mirror need not be of so high a quality since the
light does not enter it. On the other hand, the mirror is more
sensitive than the lens to changes of temperature and its sur-
face tarnishes after a few months, requiring resilvering, while
a lens, if well treated, is permanent. Also, unless mounted
with skill and at considerable expense, a large reflector is
more unwieldy than a large refractor.

The Largest Telescopes.—The largest telescope yet con-
structed (1926) is the Hooker reflector of the Mount Wilson
Observatory near Pasadena, California. It has a parabolic
mirror of roo inches diameter and 500 inches focal length,
which is 13 inches thick and weighs 5 tons. It is sometimes
used in the Newtonian form with its natural focal length, and
sometimes in the Cassegrain form with either of two hyper-
bolic secondary mirrors giving equivalent focal lengths of 135
and 250 feet. The moving parts of the telescope weigh 100
tons, and this weight is supported principally by two steel
drums attached to the polar axis, which float in troughs of
mercury. The instrument is of course too massive to be
moved by hand, and fifty electric motors, controlled by
switchboards near the eyepieces and at the assistant’s desk,

PLATE 2.1

YERKES OBSERVATORY FROM THE NORTHEAST
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are provided for operating the telescope, observing platforms,
and dome. A photograph of this magnificent instrument is
shown in Plate 2.2.

A six-foot reflector, with a speculum-metal mirror, was built
and used by the Earl of Rosse in Ireland in the middle of the
nineteenth century, but it is no longer in use. The second
largest telescope now employed is the 72-inch reflector of the
Dominion Astrophysical Observatory at Victoria, British
Columbia. The Mount Wilson Observatory, in addition to
the 100-inch, possesses a fine 6o-inch reflector.

Of refractors, the largest is that of the Yerkes Observatory
of the University of Chicago, situated at Williams Bay, Wiscon-
sin. The objective is 40 inches in diameter and of 64 feet focal
length. The second largest is the 36-inch refractor (Plate 1.3)
of the Lick Observatory of the University of California, situated
on the top of Mount Hamilton. Both these telescopes were
designed for visual observations, but are used also for photo-
graphic purposes by employing special plates. There are many
refractors, both visual and photographic, of 24 inches aperture
and larger.



CHAPTER III
THE EARTH

General Description of the Earth.—The Earth is one of the
smallest of the eight principal planets that revolve around the
Sun. In form it is almost a perfect sphere, 7,920 miles in mean
diameter (exclusive of the atmosphere); but the equatorial
diameter is about 27 miles longer than the polar, giving the
planet more nearly the form of an oblate spheroid. The mass
of the Earth is 6-10* (6 followed by twenty-one ciphers) tons.
Its mean density, as compared with water, is 5.53. This great
ball rotates on its axis in twenty-four sidereal hours, and
moves in its vast orbit around the Sun at an average speed of
eighteen miles, or thirty kilometers, a second.

The Earth acts as a huge, irregular, spherical magnet,
having in each hemisphere a magnetic pole situated about 20°
distant from the geographic pole.

The Earth possesses a lithosphere, which is the main body
of the planet; a hydrosphere, consisting of the water on its
surface; and an atmosphere, the gaseous envelope that sur-
rounds them both.

The outer portion of the lithosphere is a solid crust, on the
surface of which we live. It consists mainly of rocks, the
principal constituents of which are oxygen and silicon (always
in chemical combination), with smaller quantities of most of
the other chemical elements. The average density of the
crust is considerably less than that of the Earth as a who'e,
from which fact we may infer that the interior of the litho-
sphere is compressed by the great weight of the crust. This
compression, however, is regarded by geophysicists as in uf-

ficient to explain all the difference in density, and by many it
is believed that the central core of the Earth is composed of
solid nickel-iron having at the center a density of about 0.

This view is supported by several lines of evidence, including
50
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the magnetic properties of the Earth and the analogy of iron
meteorites which are believed by some to be fragments (i)f a
cosmic body. Such phenomena as volcanoes and hot springs
show that, at no great distance below the surface.. the tem-
perature is very high, and it is believed that the main bo.dy of
the lithosphere is at a temperature above the melting point of
rocks at ordinary pressures. It might be expecteq th.a.t the
interior of the Earth would in these circumstances be liquid, and
until late in the nineteenth century this was thought to be true;
but a study of the speed with which earthquake shoc]::s are
transmitted through the body of the Earth, and other e.VTder.lce
as well, show that the lithosphere is both elastic and rigid like
a solid, the rigidity being between that of glass and that of _steel.

The hydrosphere consists of all the oceans, lakes, ?.nd rivers,
and covers about four-fifths of the surface of the lithosphere.
As the molecules of a liquid are free to yield to whatever forces
are applied to them, the surface of the ocean is (except for the
slight effects produced by winds and tides) a Ie:fel surface,
everywhere normal to the direction of gravity. It is the form
of this surface that we mean when we speak of the shape of
the Earth.

Proofs of Approximate Sphericity; Dip of the Horizon.—To
the casual observer the surface of the Earth, especially that of
the sea, appears flat, and until its circumnavigatioq by the fleet
of Magellan in 1392 it was generally believed that it really was
flat; but well-informed thinkers of all times, beginning with
the ancient Greeks, have seen good reasons for believing the
Earth to be spherical. Some of the ways open to every careful
observer for confirming this belief are the following:

1. The shadow of the Earth, seen on the Moon during a
lunar eclipse, is always sensibly circular, whatever may be the
face of the Earth that is turned toward the Sun.

2. When a ship moves away from a stationary observer, the
first part to disappear is the hull and the last is the highest
point of the mast or funnel—showing that the surface of the
water is convex (Fig. 36).

3. The angular depression of the visible sea horizon below
the true horizon increases with the height of the observer and,
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for a given height, is sensibly the same in all azimuths, thus
spowmg that the curvature of the water is the same in all direc-
tions,—a proper'ty p_ossessed only by a spherical surface. This
angular depression is called the dip of the horizon and is a

F16. 36. Proor oF THE EArTH'S CONVEXITY

correction that must be subtracted from all measurements of
the altitude of a heavenly body above the visible horizon to
reduce them to the true horizon. It is the angle between a level

plane and a tangent to the Earth’s surface, both passin g through
the observer’s eye (Fig. 37).

Knowing from qther considerations, as we now do, the radius R of the
Earth, we may easily compute the dip if the height, %, of the observer above

o H

Fic. 37. Dir or tHE Horizon

the water is known. In Fig. 37, C represents the center of the Earth (con
sidered s',phencal), O the observer, and O H the direction of the true hor(izon
perpendicular to OC. The visible horizon lies in the direction of the tan-
g_e:Int 0A. The dip, A or the angle HOA, equals the angle OCA since their
Svlal es are respectively perpendicular. Since this angle is always small, its

ue in radians may be taken as OA/R or, since the triangle 0AC is right-

VI(R+ h)?:—R? VvV
angled at A, as —+ : But this is equal to —2};&@ or, since

h is very small compared to R, we have very nearly

A in radians = Y 2/ ;R]‘=,1/2'
R

A in minutes of arc = ﬁ X 3438.

or
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Now, it is known that R is about 20,000,000 feet, and hence, if we express
both R and 4 in feet,

e ik
R +/ 10,450,000

The square root of 10,450,000 is 3,233, not very different from the coefficient
3.438; and so we have a sufficiently close approximation for many practical
purposes if we follow the sailors’ rule: the value of the dip in minutes of
arc equals the square root of the observer’s height in feet.

The distance of the visible sea horizon from the observer is 04, or
RA/3,438. Its approximate value in miles is 114 times the square root of
the value of / in feet.

The Earth’s Atmosphere.—The atmosphere is a mixture
(not a chemical combination) of a number of different gases
held to the surface of the Earth by gravitational attraction.
The lower portion of the air is about three-fourths nitrogen
and one-fourth oxygen, with small quantities of water vapor,
carbon dioxide, and argon. Suspended in the lower air is a
considerable amount of solid material in the form of dust and
smoke, and usually also liquid water in the form of the droplets
that make up the haze and lower clouds; while the higher
clouds are often composed of ice crystals—particles of solid
water. The upper air is believed to be made up of the light
gases—mostly hydrogen and a small amount of helium.

"The distinction between solids, liquids, and gases has to do with the
arrangement of the molecules. In a solid, the molecules resist any force
that tends to change their relative positions or distances, so that the body
possesses incompressibility and rigidity. In a liquid, the molecules pass
freely over one another, but resist any tendency to change the distance
between adjacent molecules. A liquid thus possesses incompressibility, but
not rigidity. The molecules of a gas constantly move about among one
another, each one darting in a straight line until it encounters another
molecule or the wall of the containing vessel. The speed of a molecule of
gas is the greater the greater the temperature, and the length of its free
path is the greater the less the density. Increasing the pressure on a given
mass of gas both decreases its volume and increases its density by dimin-
ishing the free paths of the molecules. If the pressure is relieved, the mole-
cules at once spring apart and the volume increases, decreasing the density.
Most substances can be made to pass successively through the three states
by varying the temperature or the pressure. Thus, in air at ordinary atmos-
pheric pressure, at a temperature of o® Centigrade, solid water (ice) is trans-
fOrmed into liquid, and at 100° Centigrade liquid water boils—i.e., is rap-
idly transformed into an invisible gas called water vapor.
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The weight of each layer of air produces a pressure upon the
portion of the atmosphere that lies below it, and the total
pressure and density are therefore greatest at the level of the
sea and diminish with increasing height. The total weight of
the atmosphere is some 10% tons and the pressure at sea level
amounts to about fifteen pounds to every square inch of sur-
face; but we are not ordinarily conscious of this pressure
because it is the same in all directions. When a part of the
air in a vessel is artificially removed, the atmospheric pressure
forces other air to take its place. Philosophers before the
time of Galileo were unaware of the pressure produced by the
weight of the air, and attributed its effects to the false but
famous principle “Nature abhors a vacuum.”

Illumination and Color of the Sky; Twilight.—When light
passes through a medium which contains particles that are
small compared with the wave-length of the light, a part of
the light is scattered by the particles in all directions, and the
ratio of the intensities of the scattered and incident lights
varies inversely as the fourth power of the wave-length. The
molecules of the air, and also the particles of dust suspended
in it, have this effect upon sunlight and starlight; and so the
light that reaches the eye directly through the air has been
deprived of some of its shorter waves (composing the violet end

of the spectrum), and the heavenly bodies appear of a redder or
yellower hue than they would if the Earth had no atmosphere.
Just before sunset, the sunlight passes through a greater
depth of air than near the ‘'middle of the day, and its redness is
increased both by this cause and by the greater dustiness of the
air at that time of the day. The brilliant colors of sunset
clouds are due to their illumination by light that has passed
through different depths of air. On the other hand, when we
turn to directions nearly at right angles to that of the Sun, we
receive light that has been scattered by particles in the air, and
which is therefore blue or, in the pure air of lofty mountains, a
deep violet. The illumination and color of the sky are thus due
to the scattering of light by the small particles of the air. If

the Earth had no atmosphere, the sky would be black and the
stars could be seen at all times, day or night.
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Twilight and dawn are the names applied to the ill-umi.natmz;
:ven to the sky by the Sun when it is below.r the honzon.heitéz
ﬂter sunset, the Sun is still shining on the air a’bove 0:,}1' 5 .
and the entire sky is still bright; but thls.bnghtn}:asa. railf:nthjé
diminishes, especially near the eastern horlzo;]l, ;:r e::; s
sky be very clear, the dark shado“f of the Earth ( 1}110 it
twilight arc) may be seen mounting the sky as the invi
Sun descends. Twilight ends when the depTessmr-l of t}.le S;?
below the horizon, as measured on a vertical c1rcille, ;18 1 ai
For an observer at the Earth’s equato_r. where_ t ;: _mr:.l
motion takes place vertically, the duration of *I:vnhg. t (115 o ng
bout 1* 12™; but it varies with the obse-rver s latitude a.d
:he Sun’s declination, both of which mr.Jdlfy the ?.ngle made
by the Sun's diurnal path with 1‘:h.e horizon, ant_i 111111; summer,
in latitudes greater than 4875, tmhg‘ht lasts all night. I
The Depth of the Atmosphere.%upe Fhe pre.ssurlelz grot 1
by the weight of the air diminishes with increasing: dz.axfgh it ¥
density also diminishes in the same way, apd it d1$ i ;uﬁnite
locate the boundary of the atmosphere if indee any emXi-
boundary exists. It is possible, howeve::, to de‘?ennm;f.d;;p o
mately the height to which air of a certain densaty. ext = ; e
tops of the highest mountains are about five m‘11es a hw'a ; ”
level, and manned balloons and alrplane&:, have risen to heig .
somewhat greater than this. At t]'xese hei g]':lts the air c:ls Loo ra:;e
to support life for any length of time, and is very -col }; ecaua.:r
of the rapid loss of heat into spacelthrough t'he still t mrllfr. 11
above. Sounding balloons, carrying ref:ordlng mete.oro ogm:;.
instruments, have risen twenty-one miles and their re;slr s
have shown that, at heights greate1: than a.bqut seven miles,
the temperature ceases to change with the height and is con'-;
stant at about —33° C. Ordinary clouds and dust are fncn
detected at heights much greater thafl sev;an miles. T}l:e fact
that twilight persists until the Sun is 18 be-low the on%oln
shows that the air is dense enough to scatter light perceptibly
at heights above forty miles.
This result is obtained as follows: In Fig. 38 let the two concentric arcs

i reflecting layer of
rface of the Earth and that of the highest
::Erzmir?eguthe center of the Earth, O the observer, O H the plane of
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the observer’s horizon, and A.S the direction of the Sun at the end of twilight.
Tw:llghj; ends when the Sun ceases to shine at A, and observation shows
that t]:us. occurs when the angle HAS is 18°, This angle is equal to OCB
since their sides are respectively perpendicular, and OCB is bisected by the
line CA, whose length exceeds the radius R of the Earth by the height i of
the atmosphere. In the right triangle OCA we have

(R+ h)/R = sec ¢°
or
h= R (sec ¢° — 1).
Ti_1e secant of nine degrees is 1.0125 and the radius of the Earth is 3,060
miles, and so % by the above formula is 3,060 X 0.0125 = 49 miles. The

rays A0 and AS, however, are slightly curved downward by refraction, and

the actual depth of the reflecting atmosphere is less than that given by the
formula.

The light of “shooting stars” or meteors is due to the heat
generated by their swift passage through the air, and these

c
FiG. 38. DEPTH OF THE ATMOSPHERE

bodies are often seen at heights exceeding one hundred miles,
showing that the air extends to that height. Finally, the arcs
and streamers of the polar aurora, which is believed to be due
to the impact of free electrons from outer space upon the parti-
cles of the air, have been observed by Stérmer of Christiania
at heights as great as four hundred and fifty miles.
Atmospheric Refraction and Dispersion.—When a ray of
light from any heavenly body encounters the atmosphere it
obeys the law of refraction and is bent toward the normal to
the surface. The index of refraction of air increases with
the density, and so the bending increases as the light passes
downward, and the ray follows a curved path through the air
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as shown in Fig. 39, where a ray from the star S reaches the
observer at 0. We “see” an object in the direction from which
its light enters the eye, and so the star appears to be at S’ in
the direction of a tangent drawn to the curve at 0. The effect
of atmospheric refraction is thus to make the heavenly bodies
appear slightly higher in the sky than they really are, and 2
“refraction correction” must accordingly be applied to all
measured altitudes. y <

If the body is observed at the zenith, =

the incident ray coincides with the normal
and the refraction is zero. It is greatest /—
at the horizon, and varies nearly as the
tangent of the zenith distance, an approxi-

mate formula for the refraction correction [e)
being

FiG. 39. ATMOSPHERIC REFRAC-

r=60"7tan { o

where { is the zenith distance. This formula obviously breaks down at the
horizon, where it would give an infinite displacement of the star, and in fact
is of little value at altitudes below 25°. The exact calculation of atmos-
pheric refraction must take into account the barometric pressure and tem-
perature of the air, and is very complicated.

At the horizon, under average conditions, the refraction is
about 35, which is greater than the apparent diameter of the
Sun or Moon. The result is that we see these bodies while they
are still entirely below the true horizon, and refraction has the
effect of lengthening the day and shortening the night. Near
the horizon, the refraction changes very rapidly, and at an
altitude of half a degree it is about 6’ less than at the horizon.
For this reason, the upper limb of the rising or setting Sun
is elevated 6’ less than the lower, and the disk appears notice-
ably flattened on the under side.

Violet light is refracted more than red by air, just as by glass,
but the dispersion is much less. It is noticeable, however, in
the case of a star near the horizon, especially if viewed through
a telescope, when the image appears as a short spectrum. The
effect is not conspicuous in ordinary telescopes except at alti-
tudes of 5° or less, but in the modern giant reflectors it affects
the quality of star images when the star is as high as 30°.
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Experimental Evidence of the Earth’s Rotation.—That the
Earth rotates on an axis was taught as long ago as 3935 B.C.
by Herakleides of Pontus, but the doctrine was not accepted
by many of the early philosophers, and until after the work of
Copernicus (1543) it was generally believed that the Earth was
stationary and that the diurnal motion of the celestial sphere
was a real motion in which all the heavenly bodies took part.
With the expansion of ideas regarding the vast distances of
these bodies, especially the stars, the simplicity of the view of
Herakleides as opposed to the complexity of its alternative
became evident, and throughout the last three centuries the
rotation of the Earth has not, by intelligent persons, been seri-
ously questioned.

In 1851 Foucault performed a famous experiment which for
the first time demonstrated the Earth’s rotation without the
use of any point of reference outside the Earth itself. He
erected in the dome of the Pantheon at Paris a pendulum
consisting of a heavy iron ball attached to a slender wire more
than two hundred feet long, the upper end of which was pivoted
on a small round point under the top of the dome. The
pendulum was thus free to swing in any azimuth, and a rotation
of the support could not readily be transmitted to it. Such a
pendulum, if left undisturbed, continues to swing for several
hours very nearly in the same plane. At the bottom of the
ball was fixed a pin which, as the pendulum swun g, just touched
the surface of a circular ridge of sand heaped upon a table
beneath, thus showing by a mark in the sand the. direction
of the plane of vibration. If the Earth did not rotate the pin
would continue to cut the sand in the same place; but Foucault
found, and showed to a great crowd of spectators, that the sand
was cut in a fresh place at each swing, the floor of the building
visibly turning under the pendulum. The experiment has
been repeated many times and in many places, including some
in the southern hemisphere, where the apparent rotation is, as
wou'd be expected, in the direction opposite that observed in
the northern.

If the experiment were performed at the Earth’s pole, the rate of apparent
rotation of the plane of vibration would be the same as the real rate of the
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mplete turn in twenty-four hours. At .the equator, there
gﬁﬁn:oc:ppgrent rotation at all, because the rotation of the plane of
the pendulum must take place around a vertical axis, ar}d a bu§ld1:}g located
at the equator does not rotate in this way, but is carried bodily in a circle
around the center of the Earth. The motion of a building located l?etweeg
the pole and the equator may be regarded as a combination qf rotation ;:d .
revolution, the former predominating the more as the pole is approached;
and it may be shown by the principle of composition of angular velogtles
in Dynamics that the time of an apparent rotation at a place whose latitude
is ¢ is 24" + sin ¢. At the latitude of Paris the time of a complete apparent
rotation is about 32 hours.

There are a number of other ways in which the rota.1_;ion of
the Earth has been detected independently of observations of
the stars.! Perhaps the most im-
portant, certainly so from a prac-
tical point of view, is the action of
the gyroscopic compass which is

N
used on many large ships and which ] s - -
depends upon the directive effect of /

/’ la

the Earth’s spin upon the axis of a
rapidly rotating, massive wheel.
The explanation of this instrument © '
is too difficult to be entered upon F“fi 6119;“12;1-‘5?122 %ggns
ere.

i Effect of the Earth’s Rotation upon Its Form and upon
Gravity.—Owing to the rotation of the Earth, every pari-;lcle
of its substance (except those exactly on its axis) moves in a
circle in a plane parallel to the equator and centered on a pf)mt
on the axis. Thus, a particle at M, Fig. 40, revolves in a
circle of radius MN with center at N. Now, motion in a
circle results in a tendency of the moving body to fly away,
known in Mechanics as “‘centrifugal acceleration,” t1’1e formula
for which is

C = V?/R = 4x'R/T?,

where V is the velocity of the moving body, R the .ra,dius of
the circle, and 7T the time of a complete r(.evolutmfi. ’I:he
particle at M would have a tendency to fly out in the direction

i i i der is
! For an elementary discussion of several of these experiments the rea ;
referred to Young's General Astronomy or Barlow and Bryan's Mathematical
Astronomy.
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MS, a tendency proportional, according to the second part of
the above formula, to the radius M N, and therefore a maximum
for a body at the equator Q and zero at the pole P.

Although, because of the large value of T in the case of the
Earth, the centrifugal force acting on a body of ordinary mass
is small (force is equal to mass times acceleration), the Earth is
so enormous that the aggregate of the forces acting on all its
parts is greater than any known material could withstand,
and it would fly apart like an overstrained flywheel were it
not held together by the mutual gravitation of its parts.

Suppose the Earth were spherical and homogeneous. The
resultant gravitational attraction of all its parts upon M
would be directed to the center C. The centrifugal acceleration
MS is, according to the principle of the parallelogram of forces
(page 204), the equivalent of two accelerations, represented by
the sides MV and MH of a rectangle of which MS is the
diagonal. The first of these is directed away from C and is
overpowered by the gravitational attraction, its only effect
being to reduce the weight of the body M; but the component
MH acts at right angles to the gravitational attraction,
tending to make the body slide along the surface of the sphere
toward the equator, and has only the rigidity of the planet to
resist it. The result is that the Earth, instead of being an exact
sphere, is bulged at the equator and has approximately the
form of an oblate spheroid. .

An oblate spheroid is the solid figure generated when an ellipse (page 97)
is rotated about its minor axis. Rotation of an ellipse about its major axis
generates a prolate spheroid. The former is shaped somewhat like an orange
or pumpkin, the latter like a football or an airship.

The effect of the Earth’s rotation upon its form is illustrated by the simple
piece of apparatus shown in Fig. 41.

By gravitation is meant the universal attraction of all particles
of matter for each other, which will be discussed in Chapter
X. Gravity is the resultant effect of the Earth’s gravitation
and its centrifugal acceleration. Gravity is measured by
the acceleration produced in a freely falling body, which is about
thirty-two feet (981 cm.) per second per second—that is, a
body falling under the influence of gravity alone increases its
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velocity by thirty-two feet per second during each second of
its fall. This acceleration is commonly denoted by g. The
weight of a body is its mass multiplied by g. The value of g
is greater at the poles than at the equator by about 1/190 of
itself; hence, an object that weighs 1g9o pounds at the pole
would weigh only 189 at the equator (if weighed on a spring
balance). One pound in 289 of this difference is due to centri-
fugal force; the remainder, about one pound in 5535, is due to
the difference of the attractive power of the Earth, which
depends on the fact that the equator is farther from the center
of the planet than is the pole.

F1G, 41. A RoTATING SPHERE BEcoMEs OBLATE (From Young's Manual of
Astronomy)

Determination of the Earth’s Form by Pendulum Observa-
tions.—In the year 1672 Jean Richer, a French astronomer,
was sent by Louis XIV on an expedition to the island of
Cayenne and took with him a clock whose pendulum was
regulated to beat seconds in Paris. He found from time-
determinations by astronomical methods that in Cayenne this
clock lost about two and a half minutes a day, although the
length of the pendulum had not been altered. It is well known
that the time of swing of a pendulum depends only on its
length and the value of g, being for a simple pendulum,

T = gx+/ E,f’g,

where [ is the length of the pendulum. Since / had not changed,
the change in 7 must have been due to a variation in g; and
it was in this way that the difference in gravity at different
parts of the Earth’s surface was discovered.



62 ASTRONOMY

The part of this difference that is due to centrifugal force
can be calculated by the formula on page 59, so that from
pendulum observations the effect upon gravity of changing
distance from the center of the Earth can be ascertained, and
from this the form of the Earth deduced. The result is expressed
in terms of the oblateness of the Earth, which means the
fraction obtained by dividing the difference between the
equatorial and polar diameters by the equatorial. The most
reliable observations indicate for the Earth an oblateness of

Q= 1/2907.

Geographic Co-ordinates.—The position of any place on the
surface of the Earth is completely described by stating its
co-ordinates in the geographic system—that is, its longitude
and latitude. For example, if a ship in distress sends out a
radio SOS call accompanied by a statement of its longitude
and latitude, its distant rescuers know at once what course to
pursue in order to reach the spot. Since the Earthisnota sphere,
it is best not to attempt to define these co-ordinates as arcs of
circles as we defined the co-ordinates in the various celestial
systems in Chapter I, but rather as angles.

The points where the Earth’s axis pierces the surface of
the spheroid are called the north and south terrestrial poles.
The surface is cut along meridians by planes that intersect one
another along the axis, and on parallels of latitude by planes
perpendicular to the axis. The parallel of latitude that lies
midway between the poles is the terrestrial equator.

The longitude of a point on the Earth’s surface is the angle
between the plane of its meridian and the plane of the meridian
of some place chosen as a standard—called the prime meridian.
Civilized countries have now agreed to use as a standard the
meridian of the Royal Observatory at Greenwich, England.
Longitude is counted either in degrees or in hours, and either
east or west of Greenwich up to 180°.

It should be noted that longitude is defined as a dikedral, or wedge angle,

and that it is measured by the arc of either the terrestrial or the celestial
equator included between the two planes.

The astronomic latitude of a place is the angle between the
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plane of the equator and the direction of gravity at the place.
The geocentric latitude is the angle between the plane of the
equator and a straight line passing from the place to the center
of the Earth. The difference between them is caused by the
oblateness of the Earth, and amounts at its greatest to a.b01.1t
11’. The two kinds of latitude are illustrated in Fig. 42, in
which the departure of the Earth’s form from a sphere is (?f
course greatly exaggerated, and in which the astronomic lati-
tude is indicated by ¢ and the geocentric by ¢'.

Reference is sometimes made to a geographic latitude, defined as the angle
between the plane of the equator and a normal to the standard 'sppercnd.
It differs from astronomic latitude only by the effects of locgl deviations of
the direction of gravity caused by the attraction of mountains, etc.—never
by more than 30"’ or 40"".
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F16. 42.  AsTrRONOMIC AND F16. 43. EQuUALITY OF LATITUDE

GEOCENTRIC LATITUDE AND PoLe HEIGHT

The Astronomic Latitude of the Observer Equals the Alti-
tude of the Celestial Pole.—In Fig. 43 let O be the place of
an observer on the Earth’s surface, C the center of the Earth,
and CP the Earth’s axis. The plane of the paper will then be
the plane of the observer’s meridian, and this meridian may
itself be represented by a nearly circular ellipse passing through
O and with center at C. Draw CE perpendicular to CP; by defi-
nition, CE is then the intersection of the plane of the equator
with the plane of the meridian. Let ZO be the direction of grav-
ity at O and let it intersect CE at Q. By definition, the angle
ZQE, or ¢, is the astronomic latitude of 0, and OZ is directed to
the observer’s zenith. Draw OH perpendicular to OZ ; by defini-
tion it is directed to the observer’s horizon. Draw OP' parallel
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to CP; it meets the infinitely distant surface of the celestial
sphere at the same point as does CP, and is therefore directed
to the celestial pole!. The angle P’O H, or a, is subtended on
the celestial sphere by the arc of a vertical circle included
between the pole and the horizon, and is therefore the altitude
of the pole. But the sides of the angles @ and ¢ are, respectively,
perpendicular, and therefore the angles are equal; hence, we
have the important relation: The observer’s astronomic latitude
1s equal to the altitude of the celestial pole. Q. E. D.

Right, Parallel, and Oblique Spheres.—At the Earth's
equator, the latitude is zero and both celestial poles lie upon
the horizon. The celestial equator coincides with the prime
vertical, all diurnal circles intersect the horizon at right angles,
and each star is above the horizon just twelve sidereal hours
(neglecting refraction) and below for the same length of time.
This aspect of the heavens is called the right sphere. The
term right ascension of a star was originally defined as the
degree of the celestial equator, counted from the vernal
equinox, that rises with the star in a right sphere. A little
reflection will show that this is equivalent to the definitions
given in Chapter I.

At the Earth'’s pole the latitude is go° and the celestial pole
appears at the zenith. The celestial equator coincides with
the true horizon and each star sails around the sky on an
almucantar, parallel to the horizon. This appearance of the
sky is called the parallel sphere.

In intermediate latitudes, the diurnal motion is oblique to
the horizon as it was described in Chapter I, the celestial pole
being the more elevated the greater the latitude, and this state
of affairs is called the oblique sphere.

As the observer travels toward the pole, the circles of per-
petual occultation and apparition (page 18) enlarge, approach
each other, and become more nearly level until at the pole
itself they coincide with the equator and horizon. At the pole,

! Because the pole is the “vanishing point" of the two lines. Suppose a line
drawn from O to any point X of CP within a finite distance of 0; it would make
a certain angle § with OP'. Now let X recede along CP. As it does s0, 0 grows

smaller, approaching zero as a limit. Hence, when X reaches the surface of the
celestial sphere, @ = 0 and the line is parallel to CP, coinciding with OF",
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the stars of half the sky never set; and those of the other half
never rise.

As the observer approaches the equator, the circles of per-
petual occultation and apparition contract and move apart and
finally become mere points coinciding with the poles. If the
observer crosses the equator, they exchange places and the
direction of the diurnal motion becomes reversed with respect
to the horizon, being clockwise in the northern hemisphere and
counter-clockwise in the southern.

The Z PS Triangle.—As a plane triangle is made up of straight
lines, a spherical triangle is made up of arcs of great circles on
the surface of a sphere. The sides as well as the angles of a
spherical triangle are measured in degrees, and by the formule
developed in Spherical Trigonometry it is possible to compute
any of the six parts (three sides and three angles) when any
three are given.

i les of any spherical triangle by A4, B, and C and
tho? :ggzzget:i?i:? rbe; :,n %, and ¢, {heptriangle can %e cgmpletely solved by
the three fundamental formule

cos a¢ = cos b cos ¢ + sin b sin ¢ cos 4,

sin @ cos B = cos b sin ¢ — sin b cos ¢ cos 4,
sin a sin B = sin b sin 4.

In many cases, the computation is shortened by judicious transformation
of these formulee. Computation by logarithms is of course always employed.

Many important problems in Spherical Astronomy require
a transformation of co-ordinates in the horizon system to
co-ordinates in the equator system,
or vice versa, and involve the solu-
tion of the triangle whose vertices
are at the zenith, the pole, and
some star—commonly called the
ZPS triangle. Suppose the ob-
server is in the northern hemi- o =
sphere and that the star is north Fio. 44 Tae ZPS TmANGLE
of thé equator and west of the meridian, as in Fig. 44. Repre-
senting by ¢ the astronomic latitude of the observer and by
8, t, h, and A, respectively, the declination, hour angle, altitude,
and azimuth of the star, we have

Zz Mem”%u

HORIZON
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Side PZ = go° - ¢, Angle P = ¢
ZS =9o° - b, 2 = a8aC5a
PS = go° - 3,

I

The angle at S, between the vertical circle and hour circle of
the star, is known as the parallactic angle.

Determination of the Latitude of an Observatory.—The

geocentric latitude of a place cannot be determined by direct
observation, but is computed from the astronomic latitude by
means of a knowledge of the figure of the Earth. There are
many ways, of varying degrees of accuracy and convenience,
by which the astronomic latitude may be determined, each
depending upon a measurement of the altitude of the pole or
of its equivalent, the declination of the zenith. Of these, we
shall here describe only one, the method of circumpolar stars.

This method consists of determining the altitude of the pole
by observations with the meridian circle. In Chapter I we
described this instrument and also the method by which the
“polar reading” is found from observations of a circumpolar
star at its transits above and below the pole. In addition to
this, for finding the latitude the exact reading of the circle
must be obtained when the telescope is pointed to the horizon.
The altitude of the pole and hence the latitude is then found
at once by subtracting the two readings. It is not possible to
locate the horizon accurately by a direct observation, and so
recourse is had to the nadir reading, which is exactly 9o® from
the horizon reading, and which is obtained as follows: A dish
of mercury is placed below the axis of the meridian circle and
the telescope is directed downward toward it. The light
reflected from the lines of the reticle (which must be illuminated
from the side next the eye) and passing downward is made
parallel by the objective, reflected by the bright surface of
the mercury, and focused again by the objective in the plane
of the reticle. The *observer adjusts the instrument so that
the reticle coincides with its own reflected image, in which case
the line of sight is exactly vertical—i. e., the telescope is
directed exactly to the nadir; for, by the law of reflection, the
incident and reflected rays then both coincide with the normal
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to the mercury surface, and this surface is precisely level
because the mercury is a free liquid. X5 ' .
The polar and nadir readings of every meridian ('ferIe in
regular use are determined many times, so that the I?,tltude of
the instrument is well established. Latitudes det.ennmed from
a good series of observations of this kind are reliable to abotft
o’or—that is, to about one foot as measured on the Earth’s

surface.

As compared with other accurate methods, thg method of {_:ircumpqlat:s
has the advantage that it is independent of previous observations, as it is
not even necessary to identify the star usc.:d for determining the polar read-
ing; but it cannot be used at observatories near the equator and has the
further disadvantage of requiring two obse:rvatlons twelve hours apart. For
rapid and accurate determinations of latitude such as are needed, for_ ex-
ample, in boundary surveys, the method mtro_duced in 1845 by the _An}encan
engineer Talcott is extensively used. It requires the use of a s;_»ecaal instru-
ment known as a zenith telescope, and although simple in principle, will not
be discussed here.

Variation of Latitude.—It was shown by the Swiss mathe-
matician Euler in the latter part of the eighteenth century that
if a rigid oblate spheroid be set in rotation about its sho-rtest
axis, it will continue. to rotate uniformly about that ax.1$ as
long as it is not acted on by any external force; lzfut that if 1.:he
rotation be started about any other axis, its axis of rotation
will itself rotate about its axis of symmetry in a period that
depends on the form, mass, and speed of rotation .0‘f .the
spheroid. In the case of the Earth (assuming perfect rigidity)
this period should be 305 days. This does not mean that the
Earth’s axis of rotation should change its position with respect
to the stars (though it does this, too—see Precession and Nuta-
tion in Chapter IV), but that the Earth should so move tha\.t
its poles must wander slightly upon its surface. Since the lati-
tude of any place is reckoned from the plane of the equator
and the equator is fixed with respect to the poles, any such
wandering of the poles must result in a variation of latitude. .

A variation of latitude was actually detected about a century
after Euler’s work (1888) by Kistner and by Chandler.
Chandler found from a laborious investigation of a great
quantity of observations that the motion of the pole could b_e
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regarded as the resultant of two, one of these being in an ellipse

with a period
The actual motion (Fig. 45) is very complicated
but very slight, the greatest departure of the pole from its

with a period of a year and the other in a circle
of 428 days.

mean position being less than forty feet, and resulting in a total
variation of latitude of only about o”6.
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Fi16. 45. THE MOVEMENT oF THE EARTH'S PoLE, 1912.0-1920.0

070I=I FOOT ON EARTH'S SURFACE. POSITIVE X-AXIS 1S DIRECTED

TOWARD GREENWICH. (FroM JONES' General Astronomy.)

The annual component of this motion of the Earth is probably
due to meteorological causes such as the deposition of snow in
one hemisphere in one half of the year and in the other during
the other half. The other component may be due to the way
in which the Earth originally started rotating, or possibly to
some event in its past history that modified its rotation; if so,
the difference between the 428-day period and Euler’s theoreti-

cal 305 days is to be explained by the Earth’s not being perfectly
rigid.
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Time and Longitude.—As the sub?'ec't of longif.ude is mt:-
mately connected with that of .tixtne, it is appropriate }I.hela.tt:.e
review and extend what was said in (.31'fapter I about t % a ﬂfr
before discussing methods of determining the former. ks y the
word time is here meant the number o_f hom_"s and sub wasti(l)ins
that indicate the time of day, and no dlgcusslon 'of the recon t_e
subject of Time in the abstract or of its rt?latlons to ipa.;:le‘ is
intended. The time of day- is a.tlways equivalent to the hour
angle of some reference point in the sky. Astronomferstarg
accustomed to count the hours of the day from o to 24 instea
of dividing the day into twelve a.M. hours and twelve p.M.
ho;:z;:real time is the hour angle of .the vernal equmc{i,h o:
the right ascension of the meridian. ’I‘ht'a method by.w!'u i
is determ'ned by observations of sta.rs with the transit instru-
ment has already been described in Chapter I -(p'age .28).
This is the most accurate method known for detverrrnnmg1 t11rm.a.

True or apparent solar {ime is the l?om- angle of t_he Sun. Itis
the time shown by a correctly ad]usfed sun dial and differs
from sidereal time by the right ascension of th.e §un. 5

The apparent motion of the Sun in lh.e ecliptic, cause : 3;
the Earth's orbital revolution, is not umfon, and even 11
were, the Sun’s right ascension would not increase uniformly
because the right ascension is count.ed alongothe equator,
which makes an angle with the ecliptic of 2 31/'2 . The me.a:
sun is a fictitious sun that moves in the celest:a_l equatozl--m:t
the mean speed with which the true Sun moves in t]lue ecliptic.
Mean solar time is the hour angle of the mean sun. L

The equation of time is the diﬁerez.lce bet?veen mean bint
apparent solar time. It amounts, at' its maximum, to al ;:
sixteen minutes. The right ascension of the Sun and t. e
equation of time depend upon the posit1qn of the Earth in 11'is
orbit and can be computed for any given instant f.rom a knowl-
edge of the position, form, and si-ze of that orbit. They ;r(i
given for every day of the year in the almanacs and ephe=

! These definitions refer to astronomic time, \'vl-!iclg is rgclfoncd f::om nﬁn;d:if‘l::
civil day begins at midnight, and to obtain civil time it is necessary
hours to astronomic time.
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merides published by the principal governments, such as the
American Ephemeris and Nautical Almanac.

Since the celestia’ meridian, from which hour angles are
counted, is the trace on the celestial sphere of the plane of the
observer’s terrestrial meridian, observers in different longitudes
have different times at the same instant. Moreover, the dif-
ference of their times is the same number of hours as the
difference of their longitudes and the longitude of any place is
the difference between the time at that place and the time at

Greenwich. This may be seen in

Fig. 46, in which O represents

the center of the Earth, the inner

circle the terrestrial equator, and

A the outer circle the celestial equa-
v—--—- tor. - From the northern hemi-

sphere, the rotation of the Earth

appears counter clockwiseand that
of the heavens clockwise, as indi-
cated by the arrows. Let E rep-

Fic. 46. 'I‘;ﬁgnm Loner-  resent the vernal equinox, M the

mean sun, S the intersection of the
real Sun’s hour circle with the celestial equator, G the intersec-
tion of the meridian of Greenwich with the terrestrial equator,
and P the point corresponding to G for any place other than
Greenwich. By the definitions already given, we have

Angle GOP = the west longitude of P
GOS = Greenwich apparent solar time
POS = local apparent solar time at P
GOM = Greenwich mean solar time
POM = local mean solar time at P
GOE = Greenwich sidereal time
POE = local sidereal time at P

The angle GOP may be obtained by any one of the subtractions
GOS — POS, GOM — POM, or GOE — POE: hence, the longi-
tude of P from Greenwich is equal to Greenwich time minus
the time at the place, whether the time used be sidereal,
apparent solar, or mean solar.
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Standard Time.—Prior to the year 1883., the people_o_f t}'le

United States used the local mean solar time of the cmei u;
hich they lived, as was natural before the adv.en 0

“ ngar :ans of transportation. With such a systemuit. waﬁ
e for a traveler, in order always to have the n_ght
n'eczss?c?change his watch at the rate of about one minute
;:)T t;very ten miles traveled eas_tward or W?Stw:i:'iil t?;ﬁ;
railroad had its own arbitrary time system in Wit i
were scheduled throughout the length of a lmii;:g < timé
and in most of the towns along 1;‘1‘1e way tv\-ro i s
were recognized—*‘Sun time” ar_ld railroad t1rn% S

In November, 1883, the railroads of _the ni eh ey 24
agreed to adopt a system of stand.ard time by w 1c1 .
standard meridians were established in long1tt_1des exactly \1re,
six. seven, and eight hours west of Greenwich, msPect1v};3 y.
Th’e country was then divided into four belts having these

F16. 47. Stanparp TIME IN THE UNITED STATES

meridians approximately central, and the r.ailroads. of each’?}eil';
agreed to use the time of the correspond.xflg meridian. :1
system was legalized by Congress the followmg year, ar_ld stg.n -
ard time based similarly on Greenwich mean time has since been
adopted in all the important countries of the globe.
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The four standard times of the United States are:

Eastern time = Greenwich mean time — 5 hours
Central time = Greenwich mean time — 6 hours
Mountain time = Greenwich mean time — 7 hours
Pacific time = Greenwich mean time — 8 hours

The actual boundaries of the time belts are somewhat irregular,
the change from one standard to another being ordinarily
made at an important city or at the end of a railway division.
They are shown in Fig. 47, which is corrected for readjust-
ments made in 1919.
The Date Line.—Traveling westward from Greenwich, one
. Passes through regions where the time is increasingly less than
Greenwich mean time, and travelin g eastward he finds the time
increasingly greater than Greenwich. Just east of the 180th
meridian the standard time is twelve hours less than Green-
wich, and just west of that line it is twelve hours greater.
These two regions thus have times differing by a whole day,
and in passing from one to the other it is necessary to change
the date. Suppose a ship sailing eastward arrives at this date
line on the evening of December 2 5; the date in the log is
changed to December 24 and the next day the crew may claim
a second Christmas dinner. A ship that reaches the date line
on a westward voyage just before midnight on December 24
misses Christmas, for the date is changed to December 25 and
shortly after, at midnight, it becomes December 26. Were it
not for this change of date, a person traveling around the globe
would find upon his return that his reckoning differed by a day
from that of his friends at home. The date line does not follow
exactly the course of the 18oth meridian, but, like the bound-
aries of the time-belts in the United States, is somewhat
irregular. Its exact location depends upon the reckoning
adopted by the inhabitants of the adjacent lands, which are
mostly small islands.
Distribution of Time by Telegraph and Radio.—Time is
distributed telegraphically from a number of large observa-
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tories, of which the most important in the United States is the
Naval Observatory at Washington. Here the error of a very
accurate sidereal clock is determined reg.ularly by observations
of the stars with the six-inch meridian circle and a record kept
of both the error and the rate of its chai.nge. Shortly Pefore
noon every day, the Eastern standard time co_rrespondmg to
a certain reading of this clock is compute:d from its knt:-wn error
and from the data given in the Amefican Ephem-en.s, and a
mean-time “distributing clock” is adjusted to within a..few
hundredths of a second of the correct Eastern standard time.
The distributing clock is pro-
vided with a device for break-
ing an electric circuit at t:he
beginning of each second. Five
minutes before Eastern stand-
ard noon, this circuit is con-
nected through a relay with the
lines of the Western Union
telegraph system, on which all
other business is suspended, and
the sounders in all the stations
of this company are thus made ’
to tick in unison with the clock. g 48. DIAGRAM OF WASHINGTON

S : Si6NaLs (from Circular
The circuit-breaker omits from 'II\"I.':‘??: OF THE U.%. BUREAU OF
each minute the ticks corre- STANDARDS)

nding to the twenty-ninth . .
:ggond gnd to those from the fifty-fifth to t}{e ﬁft:}r-mnth: in-
clusive: and from the last minute before noon it omits the. ticks
of the fiftieth to fifty-ninth, inclusive, and gives a final t1c%c at
the instant of twelve o'clock. These signals may be received
on the west coast at 9 A.M. Pacific time, apparently 1_'.hree hours
before they were sent out in Washington. E.iy the mten.rals of
silence where ticks are omitted, any second 1n the ﬁve. minutes
can be easily identified, and many opportunities are given Qur-
ing the five minutes for comparing a watch or other timepiece
with the Washington clock. Similar signa!s are broadcast by
radio by a number of stations in the United States at noon
and at 10 p.M., and time signals of a different arrangement are
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broadcast from a number of foreign stations, the most famous
of which is the one at the Eiffel Tower in Paris.
Determination of Longitude.—To determine the longitude of
a place where the standard time signals can be received—and,
with a good radio receiving set, this includes practically every
place on the Earth—it is only necessary to determine from
observation of the heavenly bodies the local mean solar time
at the instant the signals are received. This usually involves
transit observations of stars and the use of a clock whose rate
can be relied upon for the interval between the observations
and the reception of the signals. The difference between the
local mean time of reception and the time indicated by the
signals is the difference between the longitude of the standard
meridian and that of the place of observation. The possible
sources of error are the error of the distributing clock, which is
seldom more than a tenth of a second; the time of transmission
of the signals which is exceedingly small since radio waves are

propagated with the speed of light; and the error of the local
time determination. '

When it is desired to obtain the longitude of a point with the utmost
accuracy, observers are stationed both at that point and at a point whose
longitude is already known, and the time of reception of signals from some
station is determined by local clocks whose errors are found from transit
observations of stars. The times of the stars’ crossing of the lines of the
reticles are recorded electrically on a chronograph and the “personal errors”
of the observers are eliminated, either by repeating the work after inter-
changing observers or by using some form of fransit micromeler. Space
does not permit of a description of these instruments here,

Before the adyent of radio telegraphy, telegraph wire lines
or cables were used, and before that, observations of celestial
phenomena such as the eclipses of Jupiter's satellites or, for
short distances, artificial signals such as flashes of gunpowder.
The difficulty in the use of eclipses as signals is that they are
not sufficiently sudden in their occurrence.

Instruments of Navigation.—Probably the most frequent
“practical” application of a knowledge of Astronomy is found
in the art of navigation. From a position out of sight of land,
the view from a ship is the same in every direction except for
the heavenly bodies, and so it is upon these that the navigator
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relies for knowing his position on the Earth and the direction
he must take to reach his destination.

i ition-findin wireless telegraphy has been to some
exgﬂf e;b;g;;g,li;lﬁ?sozot unhif?l? that this mghagd }r'nay supersede the
astronomic ones. .

The principal problems that confront the navigator are the
determination of the position of his ship—that is, her latitude
and longitude—and that of the direction and speed :of the
ship’s motion. The position is determined by observations of
the stars, or more often of the Sun. Up to the middle of the
eighteenth century, the instrument used for this purpose was
some form of the astrolabe or the cross-staff; since then the
sextant has been almost universally used. The direction of
the ship’s course is found by the
compass, and the speed by some
form of *log” or, in the case of
modern steamships, by counting
the revolutions of the screw.

The sextant is a small, light in-
strument that can easily be held ©
in the hand. It is represented in
Fig. 49. The circular arc, T,
about 60° long, is graduated to
half-degrees which are numbered
as whole degrees; the sextant can Pi. 49. THE SEXTANT
measure an angle as large as 120°. '
At the center of the circle is pivoted the index-arm M N, which
carries the index-mirror M and the index or vernier N which
reads usually to 10”. The horizon-mirror / is attached to the
frame in such a position that when the index reads. zero the
horizon-glass and index-glass are parallel. The horizon-glass
is of about twice the height of the index-glass, and only the
lower half is silvered, the upper half remaining transparent.
At E is a small telescore directed to the horizon-glass._

The sextant may be used for measuring any angular distance,
but its most common use is for finding the altitude of the Sun.
With the index near zero, the observer holds the instrument so
that the telescope points to the Sun, of which two images
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appear, one seen directly through the clear half of the horizon-
glass and the other by reflection, first from the index-mirror to
the horizon-mirror, and then from the latter to the eye. Then,
keeping the doubly reflected image in the field of view by
moving the index-arm with his left hand, the observer lowers
the line of sight of the telescope until he sees the horizon
through the horizon-glass and adjusts the index-arm until, as
the instrument is rotated slightly about the axis of the tele-
scope, the arc in which the Sun appears to swing comes tangent
to the horizon; the reading of the index is then the angular
distance of the Sun’s limb from the apparent horizon. To get
from this the true altitude of the
Sun’s center, corrections must be
...-a applied for dip of the horizon,
atmospheric refraction, parallax,
and the Sun’s semi-diameter.

That the measured altitude is twice the
angle HQ'M (Fig. s0) between the
mirrors, which is the angle passed over by
the index from zero, is demonstrated as

: follows:
FIiG. 50. PRINCIPLE OF THE Let PQ and HQ be the normals to the
SEXTANT index-glass and horizon-glass, respec-

: tively; O HE the line of sight
horizon; and SM HE the ray of sunligh::. reflected by the two ﬁnrroft;mtno tthh:
eye. By the l.aw of reflection the angles marked x are equal to each other,
and the same is true of those marked y. But 2x is exterior to the triangle
EM,E, ~and 'thenefore the angle E, which is the apparent altitude of the
Sun’s lhmb, is equal to 2x¢ — 2y. Similarly, since the lower x is exterior to
the tpangle HMQ, the angleQ = x — y. Hence E = 2Q0. ButQ = Q' since
the sides of Q are perpendicular to those of Q’; therefore E = 2Q0’. Q.E.D.

The magnetic compass consists of a steel bar, or set of bars,
strongly magnetized, and attached to a graduated circular card
which_ is pivoted at its center in a hemispherical bowl. The
b'owl 1s swung on gimbals so as to maintain a horizontal posi-
tion however the ship may roll or pitch, and on the inside are
painted two black lines that mark the direction of the ship’s
keel; the one toward the bow is called the lubber's line.
The magnetized bar being held in the magnetic meridian by
the force of the Earth's magnetism, the graduation of the card
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indicated by the lubber’s line is the magnetic bearing of the
ship’s course. As it is only in a few parts of the Earth’s surface
that the lines of magnetic force are due north and south, this
usually differs by some degrees from the true azimuth; but
the compass variation has now been determined in most parts
of the Earth, and is given for different localities by charts.
The gyroscopic compass, which depends for its action on the
directive effect of the Earth's rotation upon the axis of a rapidly
rotating, delicately balanced, massive wheel, gives directly the
true azimuth of the ship’s keel.

There are many types of log for measuring the speed of a
ship. The simplest and most primitive, which is still used on
some sailing vessels, consists essentially of a wooden “log chip”
with a knotted line attached to it, which is thrown overboard.
The chip being left behind, the line is drawn across the rail
and the speed is determined by counting the knots that pass
over in an interval of time that is measured by a sand-glass
resembling the fabled one carried by Father Time.

The unit of speed is the knot, which is a speed of one nautical mile per
hour. A nautical mile is the length of a minute of arc measured on the
Earth’s meridian; on account of the Earth’s oblateness this length- varies
from 6,046 feet at the equator to 6,108 feet at the poles. For practical
purposes it is taken as 6,080 feet. The distance between the knots tied in
the log-line is such that the number that pass the rail while the sand is run-
ning out equals the speed of the ship in knots.

Latitude by Meridian Altitude.—Latitude is determined at
sea most simply by measuring the meridian altitude of the Sun.
A few minutes before apparent noon, the navigating officer
brings the image of the Sun’s limb into coincidence with the
horizon in the field of his sextant, and keeps it there by slowly
moving the index-arm until the altitude ceases to increase.
This moment of maximum altitude is apparent noon and the
Sun is on the meridian. The reading of the sextant, corrected
for dip, refraction, parallax, and semi-diameter, is the Sun’s
true meridian altitude, and subtracting this from 9o° gives
its zenith distance. In Fig. 51, let the semicircle represent
the visible half of the meridian, O the observer, S the Sun, Z
the zenith, P the pole, E the intersection of the meridian and




78 ASTRONOMY

the celestial equator, and H and N the south and north points
of the horizon, respectively. The ship’s latitude, being equal
to the altitude of the pole, is represented by the arc PN the
zenith distance of the Sun is SZ; and its declination is ES.
The arc EZ, the declination of the zenith, is equal to PN and
therefore to the latitude; for each equals go° minus the arc
PZ, But EZ = ES + SZ or, in the customary symbols,

s k2 ¢ = g. + 5,
where ¢ denotes the ship’s latitude,
{ the zenith-distance of the Sun,
and & the Sun's declination. This

H N

5 latter quantity is given for ev
Fi16. 51. LATITUDE MEgR1- i ery
oias Atmrone | v day of the year in the nautical

almanacs published by the princi-
pal governments, having been computed from the elements of
tl'{e E:':lrth.'s orbit. If the Sun be south of the equator, its de-
clination is negative, and the equation still holds; and if we
agree that zenith distances shall be + when the Sun is south of
thf-z zenith and — when it is north, the equation becomes of
}mwersa.l application. A star or other object whose declination
is known may be and often is substituted for the Sun.

:I‘ime by Altitude Observation and Solution of the ZPS
Triangle.—The moment of noon cannot be sharply determined
by observing the Sun'’s altitude because the altitude is nearly
f.he same during several minutes before and after noon. Time
is determined at sea by observing the Sun or other heavenly
body when it is several hours east or west of the meridian. The
apparei-lt altitude is measured with the sextant and the usual
corrections applied, giving the quantity 4 in the ZPS triangle
(page 65). The declination & is given by the Nautical
Almanac and, if the latitude ¢ is known by a previous obser-
vation, the hour-angle ¢ may be computed. From the formulae

of page 65 may be obtained by a rather long transformation
the formula that is most convenient: '

sin 24 [{ + (¢ — 8)] sin J4 [{ — (¢ — 9)]
COS ¢ cos &

sin® Yt =
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The object usually observed for time is the Sun, and the
resulting hour-angle is the apparent solar time. Since the
latitude observation is made at noon and the time observation
several hours before or afterward, the change of the ship’s
latitude must be allowed for by the observations with log and
compass, a process known as dead reckoning. If a star is
observed for time, its right ascension must be added to the
hour-angle found, giving sidereal time.

Longitude by Chronometer.—Every sea-going vessel carries
one or more chronometers, large, accurately made watches
which are mounted on gimbals to prevent their partaking of the
rolling of the ship and which are regulated to mean solar time.
Before leaving port the error of the chronometer on Greenwich
mean time, and the rate of change of that error, are carefully
determined; and since the advent of wireless telegraphy it is
possible to keep account of the error throughout the voyage
by the time signals broadcast from various stations. To deter-
mine the longitude, the chronometer reading is noted at the
moment the time observation is made. The apparent solar
time found by the observation is reduced to mean solar time
by applying the equation of time given in the almanac; and
the difference between this local mean time and the Greenwich
mean time given by the chronometer is the required longitude.

In the early days of navigation, no portable timepiece that

could be depended on throughout a long voyage had been pro-
duced, and the accurate determination of longitude was
impracticable. Had Columbus been able to determine his
longitude, he would not have mistaken America for the East
Indies, but would have recognized it as a new land. Long
after Columbus’s time, a shipmaster sailing from Liverpool to
Rio de Janeiro, for instance, would sail in a generally south-
westerly direction until he reached the latitude of Rio, and then
sail westward until he sighted land, having in the meantime no
dependable knowledge of his distance from port.

Methods of Sumner and Marcq St. Hilaire.—The method of navigation
just described, in which the latitude and longitude are found from separate
observations, has been largely superseded by a method named for Captain
Sumner of Boston, who first used it in 1837. The Sun’s zenith distance,
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given by the sextant observation, determines a circle of position on the su -
face of the Earth, at some point of which the ship is situated. Observation
of a second heavenly body, or a later one of the Sun, gives a second circle
of position, and the intersection of the two circles, if the ship has not moved
between the two times of observation, is the position of the ship. If the
ship has moved, her motion may be allowed for by dead reckoning. A little
reflection will show that the center of the circle of position, called the sub-
solar point, is the point where the Sun is at the zenith; the longitude of the
sub-solar point is the Greenwich apparent time, which may be found from
the chronometer reading by applying the equation of time; and its latitude
is the Sun’s declination. From these data, the circles of position might Le
plotted on a terrestrial globe; but a globe of sufficient size would be incon-
venient, and a Mercator chart! is used instead, only a small portion of the

circle of position being plotted, and this portion being drawn as a straight
line.

Sumner’s method has been further improved by Marcq St. Hilaire, a cap-
tain in the French navy. For the details of the two methods the reader
must be referred to works on Navigation and Nautical Astronomy.

The Loxodrome or Rhumb Line; Great Circle Sailing.—It
might at first sight be supposed that, to sail from San Francisco
to Yokohama, which is in nearly the same latitude, the shortest
route would be straight westward, along a parallel of latitude.
This is not the case, because the shortest distance between two
points on the surface of a sphere is an arc of a great circle,
while the parallel of latitude passing through either of the above
cities is a small circle. A course which has throughout its
length the same azimuth (that is, makes the same angle with
every meridian crossed) is called a loxodrome or rhumb line.
On a Mercator chart it is represented by a straight line, but due
to the convergence of the meridians it is in reality a spiral, and
a ship that followed such a course indefinitely would (unless
the angle with the meridian were o or go°®) approach the pole
as a limit, making around it an infinite number of turns.
Modern vessels on voyages between distant ports usually
follow arcs of great circles. The great-circle course from San
Francisco to Yokohama leaves the former port in almost a
northwesterly direction, reaches a point as far north as Seattle,

1 A Mercator chart represents the meridians and parallels of latitude as straight
lines, the parallels intersecting the meridians at right angles. Since the terrestrial
meridians really converge to the poles, the map is badly distorted in the polar
regions. The name Mercator is the Latinized form of. the surname of Gerhard
Kramer, a Flemish mathematician employed by Charles V of Spain to make
maps for the use of his sailors,

THE EARTH 81

and bends southward again, arriving at Y:okoha:rna in a south-
westerly direction; but it is only 4,536 miles long, whereas the
tor course 1s 4,799. : <
Mel\jlc:asurement of the Size of the Earth.—The first intelligent
estimate of the size of the Earth of which we have any record
is that of Eratosthenes of Alexandria (c. 230 B.C.), the under-
lying principle of whose method is essentially that of the best
modern determinations. He found that, at Syene, a place
almost directly south of Alexandria, at noon of the day of the
summer solstice, the Sun cast no shadow in the bottom qf a
well and was therefore in the zenith; while at the sar:1e t:.me
its zenith distance as measured at Alexandri.a was 7° 15 Or
one-fiftieth of a circumference. Since the Sun is so distant that
its rays reaching the two places
are sensibly parallel, this angle,
9, is equal to the angle between
vertical lines drawn at the two
cities, as is evident in Fig. 52.
If the Earth is spherical, as
Eratosthenes believed it to be, .
these lines meet at its center F";I 3:-'.10?3:015-;:82355 3__31':-:;
and the angle is measured by EarTH
the arc SA, which is therefore ]
one-fiftieth of the circumference of the Earth. Us'rqg the value
5,000 stadia as the distance between the two cities, Eratos-
thenes calculated that the Earth’s circumference was 250,000
stadia, a value that we are not in position to dispute because
we do not know the length of his stadium. .

The angles made by the verticals CA and CS W‘l:l‘.h th.e
plane of the equator are, by definition, the astronomic lati-
tudes of the two places of observation and hence the angle ACS
is the difference of these latitudes. In modern mea.surem_ents
of the Earth, the latitudes of the two stations are determined
with the greatest possible precision, usually by the employmertt
of the zenith telescope; and the length of the arc of the'Earth s
meridian included between their parallels of latitude is deter-
mined by the process of triangulafion. ;

Suppose that the latitudes of the points A and B (Fig 53).

TO ZLmITH OF BTENE
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which may be several hundred miles apart, have been accurately
measured. To determine the length of a degree of the Earth's
surface, and from this the size of the Earth, it is necessary to
know the distance aB, in miles or kilometers, between the
parallels of latitude of the two stations. The direct measure-
ment of so great a distance would involve great difficulties, but
in the method of triangulation the only direct measurement of
: length that is necessary is that
of the comparatively short base
line, HK. This line is laid off
on carefully leveled ground, its
ends areindicated by permanent
marks on stone or concrete, and
its length is carefully measured.
In the recent work of the United
States Coast and Geodetic Sur-
vey, the measurement of the
base line is made with steel tape
of known temperature, and the
distance between two marks ten
miles apart is determined with
an error not exceeding a few
millimeters. In the remaining
operations, points C, D, F, etc.,
are chosen which are each visi-
ble from at least two other points
of the series and which are as
F16. 53. A TRIANGULATION ?{eﬁnl':[t?}.l]}e? r?zlré(sEdjca)sinzZ cha;::
points thus form a network of triangles joining A and B, the
angles of which, and also the azimuths of many of the lines, are
measured with accurate theodolites. For example, the theodo-
lite is set up over the point K and its telescope directed first to
H and then to C, when the difference of the readings of the
horizontal circle gives the angle HKC. The azimuth of KG
is 180° plus the difference of the circle readings when the tele-
scope is directed, first to C and then to Polaris at the time of
its meridian passage. Having the length HK and the angles
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of the triangle H KC, the sides HC and KC are compu'ted ‘r}:;y
trigonometry; these then serve as k:now_n lengths:. f(?r solving Zd e
triangles HAC and C KF, and so on until the cham is complet ; -
The desired length aB is the sum of the prOJectmns.af, ck, }_:’,
ete., of the lines AC, CK, KF, etc., upon the mendx.an, 1t‘ e
length of each projection being that of the c.x)rrespondm.g. éng
multiplied by the cosine of its azimu-th. The dlstar.lce aB divide
by the number of degrees in the difference of latitude bei_;weer}
A and B is the length of a degree; _a.n_d, on the z.lssumphon (?
a spherical Earth, this number multiplied by 360 is the Earth’s
circumference.

i i ied i by Snell, who made

thod of triangulation was first applied in 1617 Y g

s’?:iism:f measurements in the flat country of H9lland from which he d:d

Zuoed a length of the degree of about sixty-seven m;}es}a vac.llue later Ch'ann%he

i i i ITOT i
t sixty-nine miles by one of his pupils, who found an e ;

ot:;?'i a'ﬁl calcufations. In 1671 Picard, from measu.remcnts r_nade near Paps,

deti-;i]ved a length of about sixty-nine miles, apd it was this determination
that enabled Newton to verify the law of gravitation (page 209).

The Form of the Earth.—It was inferred by Newton from the
the fact of the Earth’s rotation and has been proved by pendu-
lum observations (page 61), that
the Earth is not spherical, but ob-
late. The mean surface of the
Earth (neglecting such minor ir- '
regularities as mountains and e
valleys) is a level surface, and so
the direction of gravity at any
place is normal to the surfa.ce of
the spheroid; hence, vertical lines ch; S ;} T OF A D:;ﬁ“:
at two places near the equator ol oo

must converge to a point C; (Fig. o
54) which lies between the surface and the Earth's center,

while verticals near the pole meet at C: beyond the f:enter.
For a difference of latitude of one degree, therefore, the distance
between two stations near the pole must be g.re:ater thfm tha;
between two stations near the equator; and thisis what is foun
by actual measurement.

i ini f the opinion
rt of the eighteenth century, Cassini was o pinior
th:lt:'.1 :11:: :;ggsxi was true and that the Earth was prolate; but Picard’s
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arc was extended to ¢° in France, and other ares were measured by French
astronomers in Peru and Lapland, and by 1745 these measures had estab-
lished beyond a doubt that the degree of latitude increases in length from
the equator to the pole. In the last century extensive arcs have been meas-
ured in many different countries and the form and size of the Earth deter-
mined with great accuracy.

From the way in which the length of a degree varies in
different parts of the Earth'’s surface the precise form and size
of the Earth is computed, but the process is too complicated
to be described here. The most reliable measurements do not
fit exactly into any mathematical figure. The equator at sea
level is almost, but not quite, a circle, and each meridian is
very nearly, but not quite, an ellipse, the departures from these
curves being much less than a mile. The results of the very
extensive measurements of the United States Coast and
Geodetic Survey are summed up in Hayford's Spheroid of
1909, from which are derived the following dimensions of the
Earth:

Equatorial Radius, a = 6,378.388 km. = 3,063.34 mi.
Polar radius, b= 6,356.909 km. = 3,040.99 mi.
Flattening, (a — b)/a = 1/297

and the following values of the length of a degree in various
latitudes:

Tatitude Length of a Degree
o° 68.708 miles
13 68.757
30 68.882
Rk 69.056
6o 69.231
9o 69.407

The Theory of Isostasy.—It was suggested by British
geodesists in the middle of the nineteenth century, and has
been established by Hayford from measurements in the United
States, that the departures of the figure of the Earth from a
perfect oblate spheroid are due to the fact that the outer
portion of the body of the Earth is not homogeneous, and that
the higher portions, such as the continents, are composed of
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and underlaid by material of lesser density, while the depressed
portions, such as the floors of oceans, are composed qf denser
stuff. In other words, the continents rise ab-o.ve Fhe level of
the ocean because they are floated. This condition is known as
one of isostasy or isostatic adjustment.



CHAPTER 1V

THE ORBITAL MOTION OF THE EARTH

The Sun’s Apparent Motion Explained by a Real Motion of

. the Earth.—In Chapter I (page 22) we described the apparent

annual .motion of the Sun among the stars, and remarked
that this apparent motion is really due to an orbital motion
of .the Earth. This view was held as long ago as 280 B.c. by
Aristarchus of Samos, but his successors, Apollonius, Hippar-
chus, and Ptolemy rejected it in favor of the stationary Earth
and the'ir ideas were held almost universally until the time 0%
Copernicus (1473-1543), and pretty generally until at least a
century later.

Tl}at it is at least possible that the apparent motion of the
.Sun is produced by a real motion of the Earth around the Sun
is s.hown in Fig. 55. Late in September, for example, the Earth
is in such a position that the Sun appears in the direction of
the stars of the constellation Virgo; Libra, on one side, and
L<?o. on the other, are too nearly in the Sun’s direction t{; per-
mit their stars to be easily seen; Scorpius is visible only in the
early-evening, being judt east of the Sun, and Cancer may be
seen just before dawn, west of the Sun; while at midnight, the
star§ 91’ Pisces, near the vernal equinox, are on the obser\,rer’s
rr_lendlan. As the Earth moves in its orbit, with perfect
silence and smoothness so that we are unaware of its motion
except by observation of the heavenly bodies, the direction of
the _Sun .from us changes, and by January it hides the stars of
S_a.glttanus, Scorpius has apparently emerged upon the west
_sxde of the Sun and can be seen before dawn, Aquarius is low
in the west at twilight, and Gemini is on the meridian at mid-
night. The ecliptic, or Sun’s apparent path, is thus explained
as the projection of the Earth'’s orbit upon the celestial sphere
as seen from the Sun, and, if we are to adopt the belief that

the Earth moves, since the ecliptic is known to be a great circle
38 L]
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we must admit that the Earth moves always in the same plane
and that this plane passes through the Sun.

The arc of the ecliptic, measured eastward from the vernal
equinox to the apparent position of the Sun as seen from the
Earth, is, according to the definition in Chapter I (page 24),
the geocentric longitude of the Sun. Since, for an observer on .
the Sun, the Earth would appear exactly at the opposite point
of the celestial sphere, the heliocentric longitude of the Earth
differs from the geocentric longitude of the Sun by just 180°.
About March 21, for example, the Sun appears at the vernal
equinox and its geocentric longitude is therefore o°, while at
the same time the Earth's heliocentric longitude is 180°.

Proofs of the Earth’s Motion.—That, relative to landmarks
among the stars, it is the Earth and not the Sun that moves in
a great orbit is shown by three different phenomena, the dis-
covery of which required exact measurement with instruments
that were not available until long after the time of Copernicus.
These are the aberration of light, discovered by the English
astronomer Bradley in 1727; the annual parallactic displace-
ment of the nearer stars, first detected by Bessel in Germany
in 1837; and the annually periodic variation in the radial
velocities of stars, which has been observed since the first work
of Sir William Huggins on stellar spectra in 1864. It will be
convenient to consider these proofs in the reverse order of
their discovery.

The Annual Variation in the Radial Velocities of Stars.—By
the radial velocity of a star or other object is meant the rate
at which the distance between the object and the observer is
changing. If this distance is increasing, the radial velocity is
said to be positive; if diminishing, negative. In such remote
objects as the stars, the change of distance produced even in
many centuries by any known velocity is not sufficient to make
any perceptible change of brightness or appearance; but the
radial velocity can be readily detected and measured by obser-
vations on the stars’ spectra, as explained in the discussion of
the Doppler-Fizeau principle in Chapter VII (page 158). In

this way, the radial velocities of many stars and nebule are
determined to within a small fraction of a kilometer per second.
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From a consideration of Fig. 55 it may be seen that, if the
Earth revolves around the Sun, it will at some time of the year
be traveling directly toward any given star on the ecliptic,
while six months later it will be moving directly away from the
same star. In October, for example, the orbital motion must
carry us toward the stars of Gemini and away from those of
Sagittarius, while in April the case must be reversed. Obser-
vation shows that, although the stars have motions of their own
in various directions, the radial velocity of those in Gemini is
about sixty km./sec. greater, and of those in Sagittarius about
sixty km./sec. less (having due regard to sign) in October than
in April and that similarly, in other parts of the zodiac, there
is a variation of radial velocity in harmony with the idea that
the Earth revolves yearly in a nearly circular orbit and with a
velocity of about thirty kilometers (eighteen miles) a second.

This annual variation of radial velocity is of course less for stars that are
not on the ecliptic, since they are not directly in the plane of the Earth’s
motion. It is strictly proportional to the cosine of the star’s latitude, and
vanishes at the ecliptic poles. Among the stars are many spectroscopic
binaries (page 330), which have orbital motions of their own around com-
panion stars and so periodically recede from and approach the Earth; but
in every such case the radial velocity due to this motion of the star is super-
posed upon that due to the orbital motion of the Earth, and the two effects
can readily be disentangled.

The Annual Parallactic Displacement of the Stars.—It was -

remarked by Aristotle that, if the Earth traveled in a great
crbit as Aristarchus believed it to do, we should be brought
into different regions of the stars at different times of year, and
this would change the appearance of the constellations. Not
being able to perceive any such changes, Aristotle concluded
that the Earth was immovable. His fallacy lay in his failure
to appreciate the enormous distances of the stars. The fact is
that the Earth’s motion does produce changes of apparent posi-
tion, but the stars are so remote that these changes are too minute
tobe detected except by careful measurementswith the telescope.

Suppose for a moment that a star were fixed at the point A
in Fig. 55 and that the other stars were all much more remote.
If the Earth did not move, the star A would remain always in
the same direction from us and would appear fixed among the
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constellations; but if the Earth revolves in the orbit shown,
the star A must, in October, appear among those of the con-
stellation Gemini and in April among those of Taurus. This
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FiG. 55. ANNUAL APPARENT MOTION OF THE SUN

apparent annual shift of a near star among its remote fellows
is called its parallactic displacement.

EANIH'S

\eﬁ” —__srn

F16. 56. HELIOCENTRIC PARALLAX

The heliocentric parallax is the maximum value of .the
parallactic displacement, counted from the star’s mean position,

and is the angle subtended at the star by the sernidiamet.er_of
the Earth’s orbit (Fig. 56). The heliocentric parallax is in-
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versely proportional to the distance of the star and its measure-
ment affords the most direct means of determining that distance
(page 299). Instead of being at the order of distance suggested
in the figures, even the nearest star is so remote that its helio-
centric parallax is very minute—only o”75—and to draw Fig.
56 in correct proportion would necessitate drawing a triangle
more than a mile long, the diameter of the circle representing
the Earth’s orbit being a half-inch. All other known stars have
still smaller parallaxes, and the vast majority of stellar paral-
laxes are too small for measurement even by the most modern
methods. Enough, however, have been accurately measured to
leave no doubt of their existence or of the motion of the Earth.
The Aberration of Light.—Suppose that rain is falling
vertically and that it is desired to catch a raindrop in a narrow,
straight tube in such a manner that the drop will enter the
center of the top and fall upon the center of the bottom with-
out touching the side. If the tube be stationary, this can be
accomplished by simply holding it in an upright position, as
at A in Fig. 57. But suppose the tube to be held by a person
who is walking toward our right. It is now necessary to incline
| the tube forward, as at B, at an
angle «, such that, while the rain-
drop is falling through the height V
of the tube, the bottom moves a dis-
tance # to the point vertically be-
low the position that was occupied
by the top of the tube at the mo-
ment the raindrop entered it. The
tube must thus form the diagonal
of a rectangle of which the vertical and horizontal sides V and
u are proportional to the velocities of the raindrop and tube
respectively. The relation connecting the three quantities is

F1G. 57. ABERRATION

U
tan a = —

|4

or, if the person be walking very slowly so that % is minute
compared with V,

= % X 206,265".
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A similar effect, called aberration, is produced by the
orbital motion of the Earth upon the apparent direction of tl_le
light that comes to us from a star. The place of the tubfe in
the above illustration is supplied by a telescope in which it is
desired to_catch the light-waves from a star in order that an
image of the star may be formed upon the cross-wires or seen
in the eyepiece. It is, in fact, necessary to direct the telescope
ahead of the star’s true position by an angle a which is equal to
u/V X 206,265", where u is the velocity of the Earth in its orbit
and V is the velocity of light. If the Earth were fixed among
the stars, this would not be the case, and if it moved forever
uniformly in a straight line we should be unaware of the
existence of aberration, since the displacement would be con-
stant and we should be ignorant of the star’s true position. If,
on the other hand, the Earth revolves in a closed orbit, the
amount and direction of the effect of aberration on any given
star must be different at different times of the year, and obser-
vation shows this actually to be the case.

The effect of aberration upon the apparent positions of stars in diﬂereqt
parts of the sky may be studied in Fig. 58, which represents the Earth’s
orbit as if seen from a point outside the plane of the ecliptic, with the Ea!-th
in four positions, 4, B, C, and D. Rays of light are represented as coming
from two stars: Si, at the pole of the s &
ecliptic, and Ss, on the ecliptic itself.
When the Earth is at 4, S, is displaced
toward the left to S/, but S: is not dis-
placed at all because, as the Earth is go-
ing straight to meet its light, the effect is
the same as if the tube, in the raindrop
analogy, were carried endwise upward.
At B, the Earth is moving at right angles
to both light rays, and both stars are )
displaced, by the same amount, in the Fic. 58. ABER_RATIUN usé Dir-
direction of the imaginary onlooker. At  FERENT PARTS OF : R T
C, the conditions are the reverse of those at A: § 1 s displaced
toward the right, and S: not at all. At D, the conditions at B are
reversed. A little thought will show that a star on the _eghptxc, as S,,
seems to oscillate in a straight line through its true position, and that
one at the pole of the ecliptic, as Sy, is always displaced, but in an ever-
changing direction, so that, in the course of a year, it appears to describe a
small, closed orbit on the surface of the celestial sphere. Stars bet.w_een the
ecliptic and its poles describe closed aberrational orbits which vary-in form
with the celestial latitude, as shown in Fig. 59.
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The apparent displacement of a star, produced by aberration
when the Earth, traveling at its mean speed, is moving at
right angles to the star’s light, is called the constant of aber-
ration. Observation shows that its value is very nearly 20s.
The mean orbital velocity of the Earth is therefore

20.5% V
200,265

;)-rhslightly less than one ten-thousandth of the velocity of
1ght.

Determination of the Velocity of Light—To find out the
Earth’s orbital velocity in miles or kilometers per second
from the observed value of the constant of aberration, it is
necessary to know V in similar units; and, as will be shown in

Chapter VII (page 160), the velocity of light is

needed also for the determination of the radial

90’ velocities of stars by spectroscopic observations.
That light does not travel instantaneously was

demonstrated in 1675 by Olaus Rémer in Denmark

by a careful study of the times of the eclipses of

60" Jupiter’s satellites. Three of the bright satellites
discovered by Galileo in 1610 are eclipsed (Fig.

138) regularly at every revolution, and so by ob-

3@@ serving the interval between eclipses during a given
season Romer could predict the times of future

o . eclipses. He found that, if the predictions were

Fio. 5 based upon observations made when the Earth
Amgpxs: WS on the side of its orbit nearest Jupiter, the

gLuipses  eclipses that occurred during the succeeding

; months came increasingly later than the predicted

times until the Earth was on the opposite side of its
orbit; then, as the Earth overtook Jupiter again, the error
of the prediction diminished, and when the two planets
were again at their shortest distance the eclipses were once
more on time. Rémer correctly attributed this apparent delay
of the eclipses to the time required for the light reflected by the
satellites to overtake the Earth, and concluded from his observa-
tions that light requires about 600 seconds to travel the dis-
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tance from the Sun to the Earth, a figure that has been changed
by subsequent investigations to 499 seconds.

This study is complicated by the fact that the motions of the satellites
are disturbed by their mutual attractions, and is also rendered inaccurate
by the slowness with which the disappearance and reappearance of the satel-
lites take place which makes it impossible to observe the exact times of the
eclipses. Moreover, to determine the velocity of light in this way one must
know the distance from the Earth to the Sun in miles or kilometers, and
this distance is not known so accurately as is the velocity of light as deter-
mined by modern experimental methods; and so the problem is now reversed
and the times of the Jovian eclipses are used for finding with greater accuracy
the distance of the Sun.

The experimental methods of determining V are based upon
two devices, known as the methods of Fizeau and of Foucault,
having been first used by those French physicists in 1849 and
1850. The essential element in the former is a toothed wheel,

and in the latter a rotating mirror. The principle of Fizeau's

L

T B I M

F16. 60. Fizeauv's METHOD OF DETERMINING THE VELOCITY OF LIGHT

method is illustrated in Fig. 6o. Light from a bright lamp at
L is partly reflected and partly transmitted by the thinly
silvered glass plate P. The reflected portion proceeds between
two teeth of the wheel W to a distant mirror M, is returned to
P, where it is again divided, and the transmitted portion of the
returning ray is received by the observer’s eye at E. When
the wheel is rotated, the light is interrupted and proceeds in
flashes which, however, unless the speed of the wheel is very
low, are too brief to be perceived, and the eye has the impression
of a continuous beam. This is seen until the speed of the wheel
becomes so great that, while the light travels from W to M
and back, a tooth has moved to the position of the space
through which the light passed and so stops it on its return, in
which case no light is seen. If the speed is made twice as great,
the flash that escaped through one space returns through the
next and the light reappears. Knowing the number of teeth
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on the wh-eel and also the speed when the light first disappears
the experimenter computes the time taken by a tooth in re:
PIac:mg a space, which is the same as the time taken by light
in traveling the double distance between W and M.

.In Foucault’s method, light from L (Fig. 61) falls upon a
Tmrror AOB, which may be rotated about an axis parallel to
its own plane, and is reflected to the distant mirror M which
returns it to 0. Unless the rotating mirror occupies the position
A‘OB,‘the light will not be reflected by it to M, but in some other
dl}'ectlon; if it does occupy that position, the returning beam
will be reflected back to L. Suppose the mirror to be rotated
slowly. A flash will be sent to M at each rotation, and will
return to O and be reflected very nearly to L. Suppose the

s
\ M

e

a
Fic. 61. Foucaurt's METHOD OF DETERMINING THE VELOCITY OF LIGHT

speed to be increased so that, while the flash has traveled from
O to M and back, the mirror’s position has changed to A’OB’.
:l‘he returning beam will then be reflected to S, and by measur-
ing the angle LOS, the angle AOA’ through which the mirror
has turned (which is, by the law of reflection, just half as great
as the angle LOS) can be determined; and then, knowing the
speed of the mirror in rotations per second, the experimenter
can determine the time taken by it to turn through the angle
AOA' and hence the time taken by light to traverse twice the
distance OM.

; In the best determinations, the distance WM (Fig. 6o i

is seyerai miles, elmd the strength of the beam is réin.firoec)i b(;: g;lafnglt;%og:i
densing ?.nd collimating lenses or mirrors. During the summers of 1921 to
1926, Michelson used a rotating octagonal mirror on Mount Wilson, which
reﬂecte.d a beam of light from a powerful arc lamp to Mount San .P:ntonio
22.5 miles away, whence it was returned by a mirror and caught by the
adjaae.nt face of the octagon to be reflected to the eye. The distance between
the mirrors was determined by triangulation by the United States Coast
and Geodet.xc_Survey with an error not exceeding one part in two million
(about a centimeter). The octagonal mirror, mounted on jeweled bearings,
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was made to rotate by blasts of air which played upon metal vanes attached
to its upper surface, and the speed was such (about five hundred rotations
per second) that the impact of the air produced a shrill scream that could
be heard over a distance of a quarter of a mile; and yet the speed of light
is so great that it traveled forty-five miles while this mirror made one-eighth

of a turn!

Michelson's result, which he believes to be correct within one

part in 20,000 (14 km./sec.), is

V = 299,706 kilometers per second,
or

V = 186,284 miles per second.

The Orbital Velocity of the Earth and the Distance and
Dimensions of the Sun.—Calculations of the Earth’s orbital
velocity from the constant of aberration by the formula u =
V tan «, and from the observed annual variation in the radial
velocities of stars, agree on a mean value of 29.8 kilometers per
second (18.5 miles per second).

The circumference of the orbit may be obtained by multi-
plying this number by the number of seconds required for the
Earth to complete one revolution—that is, the number of
seconds in the sidereal year, which is 31,558,150. Assuming
the orbit to be circular, which is very near the truth, its radius,
or the distance from the Sun to the Earth, may be found by
dividing by 2x. The result is

R = 149,500,000 kilometers = 92,900,000 miles.

This number, which is exceedingly important in Astronomy,
has been confirmed to about one part in a thousand by many
independent methods of measurement. The distance is so
great that to traverse it an aviator, flying at a speed of 150
miles an hour, would have to fly continuously for seventy
years. Sound travels in air at a speed of a fifth of a mile a
second: but, if interplanetary space were filled with air and
an explosion occurred on the Sun that was loud enough for the
sound to reach the Earth, it would be fifteen years before we
could hear it. Light, which has the greatest of known veloci-
_ties, travels the distance in a little over eight minutes. The
Sun's mean equatorial horizontal parallax (page 14) is 8"'80.

The mean apparent diameter of the Sun being half a degree,
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1920 X 140,500,000
200,263
kilometers = 1,392,000 kilometers or 865,000 miles. This is
109.5 times the diameter of the Earth, and since the volumes
of spheres are proportional to the cubes of their diameters,
the volume of the Sun is 109.5% or about 1,300,000, times that
of the Earth. Thus, great though the Earth is, it fills less than

a millionth of the space occupied by the Sun.

The Form of the Earth’s Orbit.—As long ago as 120 B.C. it
was noticed by Hipparchus that the time occupied by the Sun in
its apparent motion from the vernal to the autumnal equinox
was 186 days, whereas to go from the autumnal to the vernal
required only 179; and, as it was contrary to his sense of the
fitness of things that a heavenly body should move other-

wise than with uniform speed in a perfect

ek ed curve (i.e., a circle) he inferred that the
Earth was placed eccentrically within the or-
bit of the Sun. The unequal division of the

c
€ circle by the straight line passing through
the Earth and the equinoxes explained sat-
N isfactorily the observed difference of seven
FiG. 62. OrmiT OF . .
tHE Sux ac- days, as may be seen in Fig. 62.
fﬁﬁ}\i‘fznusm The investigations of Kepler, seventeen cen-
turies after Hipparchus, showed that the or-
bit of each of the planets was an ellipse instead of a circle,
that the Sun occupied the focus of the ellipse, and that the
motion of the planet was not uniform; and Newton proved
that these facts were necessary consequences of the attrac-
tion of the Sun according to the Law of Gravitation. Ob-
servational evidence of the form of the Earth’s orbit may
be obtained by measuring the apparent diameter of the
Sun in different longitudes, for, there being no reason to suppose
that the Sun’s real diameter changes with the position of the
Earth, any apparent change in its diameter must be attributed
to a variation of the distance of the Earth.
The form of the Earth's orbit is shown in Fig. 63, which
was constructed as follows: The Sun’s center is represented by
the black dot S, and the line S 7 is taken as the direction of

or, more exactly, 1920”, its real diameter is
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the vernal equinox. From S are drawn lines whic}a make
with the line S T angles equal to the heliocentric longitude of
the Earth at the first of each month, which is just 180° different
from the geocentric longitude of the Sun given in C?lumn 2
of Table 4.1 (page 98). Column 3 of the table gives the
apparent semidiameter of the Sun for the same dat_e, apd
Column 4 gives the result of dividing 10,000, an arjmtran]y
chosen number, by the numbers in Column 3. Since the
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F16. 63. TruE Form oF THE EARTH'S ORBIT

apparent diameter increases as the distance diminish?s, the
numbers in Column 4 are therefore proportional to the distance
from the Sun to the Earth. The radiating lines of Fig. 63 are
cut off to lengths proportional to the numbers of Column 4,
and the curve drawn through their extremities therefore has
the form of the Earth’s orbit. It is so nearly circular that t:,he
eye can not distinguish it from a circle, but its center, which
is at the point C, is very obviously not at the Sun. The
appropriate mathematical treatment of the relation between
the Earth’s distance and its heliocentric longitude shows that
the orbit is an ellipse having the Sun at one focus.

Definitions Relating to the Earth’s Orbit.—An ellipse may
be defined as a curve, every point of which is so situated that
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TABLE 4.1

Date Sun’s long., A Ap -“ﬁ;:f’;’b l 10,000/
e Tty TS S (MR 280° 978" 10.20
TEBMRRINE | 2h o 311 975 10.25
h-IaJ:ch Xy e i e e 340 970 10.30
April T s e e e 8 1T 962 10.38
May R e e L 40 054 10.47
June I dmp el AL | 70 048 10.54
July L5 sleto opwra’s piwsia o 99 945 10.58
August R o s e e 128 047 10.55
September x............... 158 053 10.48
QCtober T o R 187 96o 10.41
NOVember T. . ..0vvivevees 218 060 10.31
DEcember T, oiveisvansis 248 975 10.25

the sum of its distances from two points within, called the
foci, is a constant. This definition affords a simple means of
drawing an ellipse, which is illustrated in Fig. 64. Two pins
are thrust through the drawing paper into a board, a loop of
thread is tied loosely around them, and the thread is then kept
stretched tight by a pencil, while the pencil is drawn around
the pins. The sum of the distances of the pencil from the
pins is thus kept constant, being equal to the whole length of
the loop minus the distance between the pins, and so the pencil
traces an ellipse which has the pins as foci.
In Fig. 65, the curve represents an ellipse of which the foci
are at /¥ and S. The point C, mid-
|] way between them, is called the
center. The longest diameter, AP,
which is theonethat passes through
the foci, is the major axis, and
the shortest diameter, BD, which
is at right angles to the major axis,
is the minor axis. The semi-major
axis, CP, is often denoted by the
letter a, the semi-minor axis by b, and the distance, CS, from
center to focus, by ¢. The eccentricity of an ellipse is defined
as the ratio

- = ey
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or the ratio of the distance between the foci to the major axis.
The eccentricity of an ellipse is never greater than 1, and the
less the eccentricity the more nearly circular is the ellipse. A
circle is an ellipse of eccentricity zero. The eccentricity of
the Earth’s orbit is 0.016.

Definitions relating to the Earth’s orbit may perhaps be

better illustrated in Fig. 65, in which the eccentricity is -

exaggerated, than in the more accurate Fig. 63. Since the
Sun is at one focus, let it be represented by S. The point of
the orbit nearest the Sun, which
is the end P of the major axis,
is called the perihelion; the most
distant point, A, the aphelion.
As may be seen in Fig. 63, the
Earth is at its perihelion about
January 1 and at its aphelion
about July 1.

Either the perihelion or the
aphelion is sometimes referred to
as an apse, and the line of indefinite length that passes through
them and through the foci, of which the major axis is a segment,
is known as the line of apsides.

The line SE, connecting the Sun with the Earth at any point
of its orbit, is called the Earth’s radius vector, and the angle
PSE, made by the radius vector with the line of apsides, is its
true anomaly.

Variation of the Earth’s Speed.
The Law of Areas.—The orbit-
/) al speed of the Earth is not
A uniform, but varies in accord-
ance with a famous principle which
was discovered by Kepler and
which is known as the law of
areas. This law is: The radius
vector of the Earth passes over
equal areas in equal intervals of time. If the Earth move

>
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"from A to B (Fig. 66) in a given length of time, say

a week, then the distances CD and EF, over which it
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passes in a week when in other parts of its orbit, are
such that the areas ASB, CSD, and ESF are all equal. Thus,
the orbital speed is greatest at perihelion and least at aphelion.

The angular velocity of the Earth, which is the rate of increase of its
heliocentric longitude or of its true anomaly, is related in a simple manner
to the length of the radius vector. The area described by the radius vector
in a short interval of time is very nearly equal to that of the triangle bounded
by the two limiting radii vectores and their chord. Let 6 be the angle CSD
in the slender triangle formed by the radii vectores CS and DS. Taking
DS as the base of this triangle, its altitude is CS sin 0 and its area is 14
DS x CS sin 0. If the interval be very short, say one second (the Earth
will have traveled only eighteen miles in that time), the sine of @ will be
practically equal to the value of ¢ in radians, and the two radii vectores
will be practically equal in length. Call their length r. The area passed
over in a second is then equal to }4 r%8. Since, according to the law of areas,
this quantity is constant for all parts of the orbit, we have the general prin-
ciple, The product of the square of the radius vector by the angular velocity is
a constant.

The law of areas makes it possible to compute the length of the radius
vector and the value of the true anomaly when the time that has elapsed
since perihelion passage is known; but the rigorous solution of this problem,
which is known as Kepler’s problem, involves mathematical principles of
some difficulty.

The Seasons and the Climatic Zones.—With the exception
of the internal heat of the Earth, which has but slight effect
at the surface, our sole appreciable source of heat and light is
the Sun. If this supply were permanently cut off from the whole
Earth, as on the rare occasions of total eclipses of the Sun it is cut
off for a few minutes from a small region, the temperature would
fall very rapidly and all activity and life would cease within a few
days. The question is sometimes asked, Why do we not have the
warmest weather in January, when the Earth is nearest the
Sun? The fact is that the Earth as a whole does receive the
most heat in January, but its orbit is so nearly circular that
the difference between the perihelion and aphelion distances
is too small—about 3,000,000 miles—compared with the mean
distance of 02,000,000 miles to make any obvious difference
in the temperature.

The changes of season which the Earth experiences are due
mainly to the fact that the axis about which the planet rotates
is not placed at right angles to the plane in which it revolves.
It will be remembered that the ecliptic and celestial equator
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are the traces upon the celestial sphere of the planes of the
Earth’s orbit and equator, respectively, and that the angle
between these circles is 23°5; therefore, since the Earth's

Fi1G. 67. THE SEASONS

axis makes a right angle with the plane of the equator, it must
make an angle of 66°5 with the plane of the orbit. Since the
equinoxes are, throughout the year, practically fixed among

FiG. 68. TuE EARTH IN JUNE F16. 69. TuE EartH IN DE-
CEMBER

the stars, the axis must remain practically parallel to the
position that it had at the beginning of the year. These
relations are shown in Fig. 67.
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The position of the Earth in relation to the rays of the Sun
in June is shown in Fig. 68, and in December in Fig. 69.
In the northern hemisphere, the weather is warmer in June
than in December for two main reasons. These may be under-
stood by considering the point O, which may represent a locality
somewhere in the United States. The first reason is that in
June the rotation of the Earth keeps O a longer time in the
sunlight than in the shadow, while in December these con-
ditions are reversed. In summer, therefore, more heat is
received from the Sun every twenty-four hours than can be
radiated away, and so the temperature continues to rise until
some weeks after the summer solstice, when the loss of heat
equals the inflow. The second reason is that, in June, the
rays of sunlight fall more nearly normally upon the surface
and a beam of sunlight of a given cross-section is spread over a
smaller area of the soil than the same beam can cover in Decem-
ber, when it falls more obliquely. This may readily be seen
by noting the arc of the Earth’s surface near O that is included
between two of the parallel sun rays in the two figures. A
point in the southern hemisphere, at the same distance from
the equator as that of O, has similar changes of season, but at
opposite times of year, the warm weather occurring in January
and the cold in July.

The existence of climatic zones is due to the same cause as
the change of seasons. The circles A and D, which are the
parallels of latitude 66°5 from the equator, are known respec-
tively as the arctic and antarctic circles, and inclose the frigid
zones, at every point of which, on at least one day of the year,
the Sun does not set and at the opposite time of year does not
rise. The parallels B and C, 23°%5 from the equator, are the
tropics of Cancer and Capricorn, between which lies the
torrid zone, where, at some time of the year, the Sun may be
seen at the zenith. Between the torrid and the frigid zones
are the temperate zones.

The Calendar.—The solar day as a unit of time has already
been discussed, and it was seen that this unit was divided
artificially into hours, minutes, and seconds, subdivisions that
are commensurable with the day. For the designation of long
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periods of time, however, the day is inconveniently short, and
for a longer unit we naturally adopt the interval between suc-
cessive recurrences of a given season. Since the seasons are
determined by the position of the Earth’s axis with reference
to the Sun, which also determines the position of the equinoxes,
the natural unit thus forced upon us is the tropical year,
defined as the interval between successive arrivals of the Sun
at the vernal equinox. Itslength is very nearly 365.24219 mean
solar days, but the fraction is not exactly known, and probably
the exact value could not be expressed by a finite number of
digits following the decimal point. This circumstance, the
incommensurability of the day and the year, makes the
measurement of time more complicated than other kinds of
measurement, such as that of length, weight, or value, in which
the larger units are defined arbitrarily so as to contain an exact
number of the smaller; a foot, for example, being exactly
twelve inches, and a dollar exactly one hundred cents.

The calendar, or system of keeping account of time over long
intervals, is in most nations involved with the celebration of
religious festivals. In Christian countries, the calendar now
used is that known as the Gregorian, having been made the
official calendar of the Roman Catholic Church by Pope
Gregory XIII in 1582. This calendar superseded the Julian
calendar, instituted in Rome by Julius Caesar. The ancient
Romans had used a system of time-reckoning in which the
principal unit was the lunar month, and, since the year does
not contain an integral number of months, they were obliged
frequently to insert an “intercalary” month to keep the seasons
in their places. By the advice of the astronomer Sosigenes,
Casar decreed that the Roman year should consist ordinarily
of 365 days, but that every fourth year should contain 366, an
arrangement which would work perfectly if the tropical year
contained exactly 3635.25 days, since the quarter of a day would
accumulate to exactly one day in four years. The tropical
year, however, is really nearly o.008 of a day shorter than this,
and so in the course of a thousand years the Julian calendar
falls into error by nearly eight days. In 1582 the accumulated
error was about thirteen days; but instead of shifting back
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to the time of Julius Caesar (45 B.c.), Gregory made the date
cf the vernal equinox the same as in the year A.D. 323, the year
of the celebrated Council of Nicaa which decided upon the
method of reckoning Easter as well as many other abstruse
matters. He accordingly dropped only ten days from the
Julian reckoning, and decreed that the rule of adding an
extra day every fourth year should be followed except in the
case of those century years whose number is not divisible by
400. Thus, A.D. 2000 will be a leap year, but the years 1700,
1800, and 1900 were not. In four hundred years, the Julian
calendar had one hundred leap years, but the Gregorian has
only ninety-seven. The error of the Gregorian calendar
amounts to only about a day in 3,000 years.

The.change to the Gregorian calendar was not immediately accepted in
countnes'wh_ere the Pope’s authority was not recognized. In England and
her colonies it was made in 1752. We celebrate George Washington's birth-
day on February 22, but he was born on February 11, 1732 (Old Style).
Russia, Greece, and other countries in which the Eastern orthodox church
held sway adhered to the Julian calendar until 1923, when they adopted a
leap-year rule which is even more accurate than the Gregorian, namely,
tl?aF century years shall be leap-years only in case their numbers when
divided by ¢ give a remainder of 2 or 6. The average length of the year
thus dete'n'nined is within three seconds of the true length of the tropical
year, while the average Gregorian year is about twenty-four seconds in
error. The Eastern and Gregorian calendars will agree, however, until A.p.
2800, when the difference will be one day, the Gregorian year being a leap
year and the Eastern an ordinary one.

an—Christian peoples have calendars of their own, some of which, as the
Jewish and Mohammedan calendars, are based on the lunar montl;. The
years are numberedl from some historical or legendary event. The Moham-
medan era began with the Hegira, or flight of Mohammed, in A.D. 622, the
Jews reckqn from the traditional date of the creation of the world, v;hich
they put in the year 3761 B.C., and the ancient Romans numbered their
years from the legendary date of the founding of Rome (a.v.c.). The
Chnsi.nan era began with the date of the birth of Jesus as determined in
the sixth century by Dionysius Exiguus, but subsequent investigations,
based on the computed date of an eclipse that occurred at the time of King
Herod’_s death, show that this is in error, and that, according to our adopted
reckoning, Jesus was born in the year 4 B.C.

'I:he Julian period, which is often used in astronomic calculations, is a
period of 7,?80 years, the least common multiple of three cycles that were
much used in Roman chronology, and are called the Roman Indiction, the
Solar Cycle, and the Lunar Cycle. The current Julian period began ’Jan-
uary I, 4713 B.C., on which date all three cycles began together. The name
of the period has nothing to do with Julius Caesar, but was applied in 1582
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by its inventor, Joseph Scaliger, in honor of his father. In using this device,
it is customary to indicate dates by the total number of days that have
elapsed since the beginning of the period, making no reference to years at
all. The Julian Day (abbreviated by ]J.D.) thus determined is understood
by every astronomer, regardless of his nationality or religion, and the system
is especially useful for obtaining the interval in days between two obser-
vations, such as those of the brightness of a variable star. :

The Months and the Days of the Week.—Two serious faults of both the
Julian and the Gregorian calendar are the irregularity of the lengths of the
months and their absurd nomenclature. Both may be traced directly to
the changes made by the Caesars. Julius Caesar, in his reform of the Roman
calendar, changed the beginning of the year from March to January, and
established the simple system by which the odd months should each have
thirty-one days and the even ones thirty, except the second, which was to
have thirty in leap years only and twenty-nine in common years. How-
ever, he introduced confusion in the names of the months by appropriating
the month Quintilis to himself, for which reason we call it July, and retain-
ing for the months to which they no longer applied, the numerical names
Sextilis, September, etc., so that the name September, for instance, which
means seventh, has for two thousand years been applied to the ninth month.
After Julius came Augustus, who, in correcting an error that had been made
by the pontiffs in carrying out the Julian decree, named the month Sextilis
for himself and, to make it as long as that of Julius, stole another day from
February and added it to August. Many proposals have been made for
correcting the resulting muddle, but so far without success.

The origin of the week is not known with certainty, but the names of
the days are almost certainly of astronomic origin. The ancient Chaldeans
named the hours of the day for the seven heavenly bodies which they noticed
moving in the zodiac, in what was then supposed to be the order of their
distance from the Earth, viz.: Saturn, Jupiter, Mars, the Sun, Venus, Mer-
cury, the Moon. The day was then named identically with its first hour.
Since in naming the twenty-four hours the seven names were used three
times with three names over, the order of the days became that of Saturn,
the Sun, the Moon, Mars, Mercury, Jupiter, Venus. These names, or the
names of corresponding local deities, came to be used by the Jews and
Romans, and, after them, by other European nations, as the following table
shows:

NAMES OF THE DAYS OF THE WEEK

Celestial
origin Latin Saxon English French German
Sun Dies Solis Sunnan-daeg Sunday Dimanche Sonntag

Moon “  Lunae Monan-daeg Monday Lundi Montag
Mars “« Martis  Tues-daeg  Tuesday Mardi Dienstag
Mercury “ Mercurii Wodens-daeg Wednesday Mercredi Mittwoche

(mid-week)
Jupiter “ Jovis ° Thors-daeg Thursday  Jeudi Donnerstag
Venus  “ Veneris Friga-daeg  Friday Vendredi Freitag
Saturn  “ Saturni  Saeter-daeg Saturday  Samedi Samstag,

Sonnabend
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Precession.—While it is true that, during a year, the Earth’s
axis remains very nearly parallel to its initial position, thus
causing the seasons, its direction does change slowly and in
the course of many years the change becomes conspicuous.
The motion of the Earth is somewhat like that of a boy’s top,
which, set spinning with its axis inclined to the vertical, moves
so that the axis slowly describes a vertical cone. So the Earth’s
axis gyrates in a cone while keeping its inclination to the ecliptic
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practically unchanged, but the gyration is so slow that one
complete circuit occupies 25,800 years. This motion of the
Earth is called precession.

Since the celestial poles are the points where the Earth’s
axis meets the celestial sphere, this conical motion of the axis
results in a circular motion of the poles of rotation around the
poles of the ecliptic, which for the north pole is illustrated in
Fig. 70. The radius of the circle is equal to the obliquity of
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the ecliptic, 23%5. At present, the north “‘pole star’’ is « Ursa
Minoris, but some 4,000 years ago it was « Draconis, and in
about 3,000 years more it will be « Cephei. Since the circles of
perpetual apparition and occultation are at a distance from the
poles equal to the observer’s latitude, precession makes a very
marked difference in the constellations that are visible at a
given place. For example, in the year 3000 B.c. the Southern
Cross, which is now invisible throughout the United States,
could be seen north of the site of Quebec.

Since the celestial equator and the other circles of the

Fie. 71. PrEcEssioN

equator system of co-ordinates are fixed with respect to the poles
of rotation, precession causes them all to move with respect to
the stars. As the equator is a great circle, the equinoxes, or
points where it cuts the ecliptic, must remain opposite one
another, and any motion of the equator necessitates a motion
of the equinoxes. They move westward along the ecliptic, at
a nearly uniform rate of 50”2 a year. Right ascension and longi-
tude being reckoned from the vernal equinox and declination
from the equator, these three co-ordinates of a star are all
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affected by precession, but latitude, which is counted from the
ecliptic, is not so affected. The longitudes of all stars con-
tinually increase, while the right ascensions and declinations
are affected differently in different parts of the sky. The
results of precession are illustrated in Fig. 71. As the pole of
rotation moves through the short distance from PR, to PRy,
the equator tilts about the points midway between the equinoxes
so that the vernal equinox moves from V, to V, and the autum-
nal from A, to As. The right ascension, declination, and longi-
tude of the star shown are thus increased. The declination of a
star at the opposite point of the sphere would be diminished
but the other two co-ordinates would still be increased.

Precession was discovered in 125 B.c. by Hipparchus by comparing the
length of the year determined by the dates of the heliacal risings of certain
stars (when the stars could first be seen in the dawn after the Sun had passed
them in its annual motion) with its length determined by the dates when
the shadow of a vertical post or gnomon was at its average length. The
former is the sidereal year, or interval between successive arrivals of the
Sun at a given place among the stars, and has a length, as we now know,
of 365.25636 mean solar days; the latter is the tropical year, already defined
(page 103), with a length of 365.24210 days. The relative shortness of the
tropical year is due to the motion of the equinoxes, which go to meet the
Sun. The origin of the word precession, which is perhaps a little far-fetched,
is found in the fact that the position of the equinox at any epoch precedes
its positions of earlier epochs as the celestial sphere is carried westward by
the diurnal motion.

Since the time when the signs of the zodiac (page 24) were named for the
twelve zodiacal constellations, the equinoxes have moved more than the
length of a sign; and so the vernal equinox, which is even yet called the
“first point of Aries” by some writers, lies actually in the constellation of
Pisces.

Nutation.—The cause of precession, as will be explained in
Chapter X, (page 223), lies in the attraction of the Sun and
Moon for the protruding material at the Earth's equator.
The Moon's share of this would, if acting alone, cause a conical
motion of the Earth’s axis around the pole of the Moon's
orbit instead of the pole of the ecliptic; but, due to the
regression of the Moon’s nodes (page 114), the pole of its orbit
itself moves around the pole of the ecliptic in a small circle
with a period of nineteen years. The result is that, superposed
upon the precessional motion, there is a small oscillation of
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the pole of rotation to a distance of about 9" from the position
that it would occupy if precession acted alone. This motion
is called nutation (nodding) since it causes the pole of rotation
to “nod” toward and from the pole of the ecliptic.

Reduction of Star Places.—Many star catalogues have been
published which give the right ascension and declination of
extended lists of stars. For the sake of convenience, these
co-ordinates are always given as reckoned for some fixed and
designated epoch, for example, the beginning of the year 1goo.
As the observations could not all have been made at that time,
it was necessary for the authors of the catalogue to correct
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the observed apparent place of each star for the changes due
to precession, nutation, and aberration that took place between
the time of observation and the epoch of the catalogue. More-
over, the astronomer who uses the catalogue must make similar
corrections in order to obtain accurately the place of the star
at any subsequent date.

Fig. 72 shows graphically the change in the declination of
the star a Persei during a period of twenty years. Precession
alone would cause the declination to increase at a nearly uniform
rate; but superposed upon the straight line that designates
this change are the nineteen-year sinuosity of nutation and
the annual wave of aberration. For the nearest stars, a slight
further complication is added by parallactic motion, and most
stars have a small proper motion (page 316) of their own
besides.

Cause of the Change of the Equation of Time.—The equation
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of time has been defined (page 69) as the difference between
mean and apparent solar time, the latter being the hour angle
of the true Sun and the former the hour angle of the mean
sun, which moves with uniform angular speed in the celestial
equator. It may equally well be defined as the difference of
the right ascensions of the mean and the true suns, for

mean time = sidereal time — «,,,
app. time = sidereal time — ay,

where a, and «, signify the right ascension of the mean and
the true Sun, respectively; and subtracting the second equa-
tion from the first gives

equation of time = a; — am.

The equation of time varies throughout the year from the
combined effect of two principal causes: the varying speed of
I s, the Earth due to the eccentricity of
its orbit, and the obliquity of the
ecliptic. To make the action of the
* first cause clear, let us define an
g A intermediary sun as an imaginary
A i3: body which moves in the ecliptic
§) with the mean speed of the true
o . Sun, and which coincides with the
F16. 73. Equamion oF TmE true Sun when the Earthis at peri-
Due 1o ECCENTRICITY 2 g
helion. The apparent motion of the
true Sun is as if it moved in an ellipse and obeyed the law of
areas with respect to the Earth situated at the focus E (Fig.
73). Let its position at different times of year be denoted by S,,
Ss, .. . S3. Since, near perihelion, its angular velocity is greater
than the mean, the true Sun forges ahead of the intermediary, and
when the true Sun isat S, the intermediary is at I, the right as-
cension of the former is greater, and the equation of time is posi-
tive. The angular distance between the two “‘suns’’ increases until
the speed of the true Sun has fallen to its mean value, which
occurs near the end of the minor axis of the orbit, when the
equation of time is a maximum; then the true Sun slows up,
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and at aphelion A, where half the circumference and also half
the area of the ellipse have been described, the two are together.
From aphelion to perihelion the true Sun lags behind the
intermediary. The portion of the equation of time which is
due to eccentricity is thus zero at perihelion and aphelion, is
positive during the first half of the year, and is negative during
the second half. Its maximum value is about seven minutes,
and its changes are as shown in the dotted curve of Fig. 75.

To explain the action of the second cause, let the intermediary
sun, moving uniformly in the eclip-
tic, coincide with the mean sun,
moving with equal angular speed in
the celestial equator, when they are
at the vernal equinox (Fig. 74).
After a brief interval, the interme- - “:
diary sun will have moved'to Iand Frc. i E’.?li')\;:,?gm?f TIME
the mean sun an equal distance to
M,: the longitude of the former will equal the right ascension of
the latter; but the right ascension of the intermediary sun, being
the projection of its longitude upon the equator, will bf’ less
than that of the mean sun, and so the portion of the equation of
time that is due to this cause will be positive. At the summer sol-
stice each will have traveled go® and their right ascensions will
again be equal since the sixth hour circle passes through the.sol-
stice. Between the summer solstice and the autumnal equinox
the intermediary sun will have the greater right ascension be-
cause of the convergence of the hour circles as they recede from
the equator, but the two will coincide again at the autumnal
equinox, each having traveled 180°, though by different routes;
and the changes will be repeated in the second half-year. (A
celestial globe will be of great assistance in visualizing these
relations.) The equation of time due to obliquity thus passes
through zero four times a year—at the equinoxes and solstices.
Its maximum numerical value, which is twice positive and twice
negative during the year, is about ten minutes, and its changes
are as exhibited in the broken curve of Fig 75. >

To obtain the combined effect of the two causes for any
date, it is necessary simply to add together the ordinates of
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the two curves. The actual value of the equation of time,
obtained in this way, is shown in the continuous curve of Fig.
75. It is zero about April 16, June 15, September 1, and
December 25, and reaches a maximum positive value of
+ 14™ 28 on February 11 and a maximum negative value of
— 16™ 21* on November 3.

Reckoned by apparent time, the length of the morning—i.e., from sun-
rise to noon, is, neglecting the slight daily change of the Sun’s declination,

equal to that of the afternoon; but reckoned by mean time, noon does not
generally thus occur midway between sunrise and sunset, and the change
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of the equation of time renders the resulting inequality of morning and
afternoon different at different times of year. Let r and s be the mean times
of sunrise and sunset, and let E be the equation of time. Then E is also the
mean time of apparent noon, and the interval from sunrise to apparent
noon is 12" — r 4 E, while the interval from apparent noon to sunset is
s — E. In December, some time before the winter solstice, the length of
the day changes very slowly, and so either half-length, s — Eor 12% — r + E,
may be regarded as constant; but, as shown by Fig. 75, E is increasing
rapidly, and so s must also increase and r diminish. That is, the time of
sunset grows later (if reckoned by mean time) before the whole day reaches
its minimum length, the increase in the length of the afternoon being more
than compensated by the decrease in the morning.

Note. Authorities differ as to the sign used for the equation of time.
The American Ephemeris defines it as apparent time minus mean time, thus
giving it the opposite sign to that used in this chapter.

CHAPTER V

THE MOON

General Remarks.—The Moon is the satellite of the Earth
and accompanies the latter on its journey around the Sun, at
the same time revolving around the planet as a gull may
circle about a moving ship. Because it is our nearest neighbor,
it is given perhaps an undue amount of attention by mankind,
for as seen from any other body than the Earth it would seem
insignificant. It resembles the Earth in its spherical shape and
solid body and in having its surface diversified by mountains,
valleys, and plains, but its diameter is only about a fourth
that of the Earth and it has very little, if any, atmosphere or
water. Some of the important facts about the Moon are:

Mean distance from Earth, 6o Earth-radii, or 239,000 miles

Greatest distance, 253,000 miles

Least distance, 222,000 miles
Diameter, 2,163 miles

Mass, 1/81.5 of Earth’s mass
Mean density, 3.30 X that of water
Surface gravity, 1/6 that of Earth
Mean albedo, 0.07

Period of revolution (sidereal), 27 1/3 days
Period of rotation, Exactly the same as that of
revolution

Apparent Motion of the Moon.—Even the most inattentive
observer of the Moon must notice that it rises and sets a little
later each day than on the preceding day. The average delay
is about fifty-one minutes. This means that it does not keep
up with the general diurnal motion of the celestial sphere,
but, relative to the stars, has a motion of its own of about
half a degree an hour (13° a day) toward the east. By carefully

noting the Moon's position among the stars on successive nights,
138
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its apparent path may be determined, and it is found to be
very nearly a great circle that lies near the ecliptic, intersecting
the latter at an angle of about 5°. This angle is called the incli-
nation of the Moon’s orbit, and the points of intersection are
known as the Moon’s nodes; the one where the Moon crosses
from the south side of the ecliptic to the north being called the
ascending node and the other the descending node.
Observations of the Moon’s path among the stars in different
years show that it changes markedly, the nodes moving west-
ward along the ecliptic, while the inclination remains about the
same. This change, known as the regression of the nodes,

i« WoONE_PATH
SPATETwa A gouaton v > i A___gouater Vv
%, i e i
Fi16. 76. Moox's PatH BETWEEN F16. 77. ASCENDING NODE AT
Ecriptic AND EQUATOR VerNaL EquiNox

carries each node completely around the sky in about nineteen
years. It is very similar to the precessional change of the
celestial equator, but takes place much more rapidly.

The regression of the nodes produces a very noticeable change in the
diurnal path of the Moon in different parts of the nineteen-year cycle; for,
when the descending node coincides with the vernal equinox (Fig. 76), the
Moon's path lies entirely between the ecliptic and the equator, and the
maximum declination is only 23%5 — 5° = 18%5; but nine years later the
Moon’s orbit is shifted halfway around so that the nodes are interchanged
(Fig. 77), the Moon’s path lies entirely outside the space bounded by the
ecliptic and the equator, and the declination reaches 23°5 4+ 5° = 28%;.
The total range of declination, and therefore of meridian altitude, is in the
one case from — 18%5 to + 18%5, or 37°, while in the other it is from — 2873
to 4 28%, or 57°.

The difference of longitude between the Sun and the Moon
is called the Moon’s elongation. Since the Moon moves among
the stars about 13° a day while the Sun moves only 1° the
Moon overtakes the Sun about thirteen times a year. When
this occurs, the elongation is zero and the Moon is said to be in
conjunction; when the elongation is go° east or west, the Moon
is said to be in quadrature; when 180°, in opposition. Either
conjunction or opposition is sometimes referred to as syzygy.
At syzygy, the Sun, Moon, and Earth are nearly in the same
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straight line and would be exactly so if the inclination of the
Moon'’s orbit were zero. Actually, the three bodies are in the
same straight line only on the rare occasions when syzygy
occurs at one of the nodes.

The Month.—The word month is etymologically related to
the word moon, and the month as a unit of time had its origin
in the use of the Moon as a timekeeper. The months of the
calendar, although arbitrarily made unequal in length, are
approximately the time of a revolution of the Moon. Astrono-
mers recognize a number of different kinds of month. The
sidereal month is the interval between two successive arrivals
of the Moon at a given apparent place among the stars and
averages 27.32166 mean solar days, but varies about three
hours because of the perturbations of the Moon’s motion
(page 224). The synodic month is the time of a revolution with
respect to the apparent place of the Sun—that is, from con-
junction to conjunction. Suppose the Sun, Moon, and a star
at a given moment to be in the same direction from the center
of the Earth. After a sidereal .month the Moon will have
arrived again at the star, but the Sun will in the meantime
have moved forward about 27°, and the Moon must travel two
days longer to overtake it. The average length of the synodic
month is, in fact, 29.53050 days.

If we let M be the number of days in'the sidereal month, then 360/M
will be the average number of degrees passed over by the Moon (relatively
to the stars) in a day—its meaa daily motion. Similarly, if £ be the number
of days in a year, 360°/E will be the mean daily motion of the Earth, or,
apparently, of the Sun; and if S be the number of days in the synodic month, ,
360°/S will be the mean daily gain of the Moon upon the Sun. = Hence,

360/M — 360/ E = 360/S,
or, more simply,
1/M - 1/E = 1/S,
a relation which expresses the length of the synodic month in terms of the
sidereal or vice versa. The synodic month is the more natural as a unit of
time, for in this period the Moon passes through its cycle of phases (page 119).

In computations relating to eclipses of the Sun and Moon,
the nodical month is useful. It is the time of the Moon’s
revolution with respect to either nede, and averages 27.2122
days in length.
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The Form of the Moon’'s Geocentric Orbit.—The Moon’s
apparent diameter varies from 1764"" when it is farthest from
the Earth to 2013” when it is nearest.

These numbers represent the geoceniric diameter—that is, the diameter
the Moon would appear to have if viewed from the distance of the center
of the Earth. From the surface of the Earth, the distance is a little less, the
observer being brought nearer the Moon as the Moon approaches
the zenith. The resulting increase of the Moon’s apparent diam-
cter, called the augmentation, may easily be computed and
allowed for. When the Moon is rising or setting, the distance
of the observer (MR or MS, Fig. 78) is very nearly the same
as that of the Earth’s center C; but when the Moon is at the
zenith, the observer O is nearer it by one Earth-radius, or 1/60
of the whole distance, than is the Earth’s center. The maxi-
mum augmentation therefore amounts to 1/60 of the whole
apparent diameter, or about 30",

M

By following the method that has already been
described (page ¢6) for determining the form of
the Earth’s orbit around the Sun, and drawing a
“spider,” the legs of which have lengths proportional
to the reciprocal of the measured diameter and make
angles with a fixed line equal to the Moon’s longi-
tude, the form of the Moon’s geocentric orbit may
be determined. Like the Earth’s orbit, it turns out
S\ ¢ J® to be a nearly circular ellipse, but of greater eccén-

tricity—averaging about 0.056. The Earthisat the
Fic. 8. THE focus, and the Moon's radius vector describes equal
TATION areas in equal intervals of time.
Moowe The point of the lunar orbit that is nearest the
?;t ¥ Earth is called the perigee and the point most re-
mote is called the apogee. Other terms relating to
the orbit have the same significance as in the case of the Earth’s
orbit.

Distance and Dimensions of the Moon.—Of many methods
which may be used to measure the Moon’s distance, one of
the simplest consists of a triangulation from two points of
observation on the Earth. Suppose that two observers A
and B (Fig. 79), situated on the same terrestrial meridian but
widely separated in latitude, observe the zenith distance of the
Moon with meridian circles. Neglecting for simplicity the

(&
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oblateness of the Earth (it can be accurately allowed for),
these observations give the angles ZAM and Z'BM. The
angle ACB is the algebraic difference of the latitudes of the
observers. In the triangle ABC, the sides CA and CB are
radii of the Earth, and from these and the angle ACB may be
computed trigonometrically the angles CAB and CBA and
the distance AB. In the triangle
A BM the base AB is now known,
and the angles BAM and ABM
may be found by subtracting
ZAM + CAB and Z'BM + CBA
from 180°; hence AM and BM
may be computed. Finally, in the
triangle CAM, the sides CA and
AM are known, and the angle CAM is the supplement of
ZAM, hence CM, the geocentric distance, may be computed
in terms of the radius CA or CB. The Moon's mean distance
is thus found to be 6o Earth-radii, or about 239,000 miles. Its
distance at perigee is 222,000 miles, and at apogee 253,000
miles.

From the Moon’s distance and
its apparent diameter its real
diameter may be found at once
(page 8), and it turns out to be
2,163 miles, a little over a quarter
of the Earth'’s.

Form of the Moon’s Heliocen-
tric Orbit.—Since the Earth moves
continually in its orbit around the
Sun while the Moon circles around
Fro, So. C;_[;‘.‘T’Lchi,‘;‘;“;“ Heuio- the Earth., the Moon's path around

the Sun is a sinuous line as sug-
gested in Fig. 8o, where the continuous circle represents the
path of the Earth and the dotted line that of the Moon. The
proportions of the figure, however, are far from correct, and it
would not be practicable to represent them correctly for, the
Moon’s distance being only about 1/400 of the Sun’s, if we re-
present the Earth’s orbit by a circle having a radius as great as

2
Fi1G. 72. DETERMINING THE
Moox's DisTaxNcE

BUN
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two feet, the departures of the Moon from that circle would be
only about 1/16 of an inch. These departures are so small
that the Moon'’s orbit is everywhere concave to the Sun.
Mass, Density, and Surface Gravity of the Moon.—As the
Moon revolves, its gravitational attraction sways the Earth
slightly from the position it would otherwise occupy, the two
bodies revolving around their common center of mass (page
216). This monthly motion of the Earth causes a slight but
observable parallactic displacement of the nearer planets, from
which the distance of the center of the Earth from the center
of mass may be computed.

o . O

o 2 The center of mass of two homogeneous
FIG. 81. CENTER oF Mass SPheres is a point on the line joining their
" oF Two Spugres  centers such that the product obtained by

multiplying its distance from the center of
either sphere by the mass of that sphere is the same as the corresponding

product relating to the other sphere. For example, if m and M be the masses
of the two spheres 4 and B (Fig. 81), then their center of mass, C, is such
a point that m X AC = M X BC. The center of mass of two bodies near
the surface of the Earth may be determined as the point about which they
balance when joined by a light, straight rod.

The distance of the Earth’s center from the center of mass
is found to be 2,880 miles, so that the latter is about a thousand
miles within the surface of the Earth. This distance is about
1/82.5 of the distance from the Earth to the Moon, and there-
fore the Earth's mass must be about 81.5 times the Moon’s.

Since the volumes of spheres are as the cubes of their diam-
eters, the Earth’s volume is (§33%)? or about 49 times the
Moon’s. The mean density of a body is its mass divided by
its volume, and so the Moon's density is 49/81.5 times the
Earth’s or, since the Earth’s density as compared to water is
5.53, that of the Moon is about 3.4.

By the surface gravity of a heavenly body is meant its attrac-
tion for bodies at its surface. It can easily be computed when
the body’s mass and radius are known (page 214), and in the
case of the Moon turns out to be about one-sixth that of the
Earth. This means that a body that weighs six pounds on the
Earth would weigh but one on the Moon. A given upward
force would shoot a projectile six times as high there as here.
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A ballet dancer who weighs 120 pounds on the Earth would
weigh only 20 on the Moon, and could leap six times as high.
The Phases of the Moon.—The most obvious phenomenon
shown by the Moon, and one which must have excited the
admiration of mankind from the earliest times, is its apparent
change of shape from a narrow crescent to a full circle and
back to the crescent form. This change of shape, or of phase,

Fic. 82. ExrLaNaTioN OF THE MoOx's PHASES (FROM
Youxc's General Aslrononty)

is due to two circumstances: first, the Moon shines only by
reflected sunlight, and second, as it revolves around the Earth,
different portions of its sunlit side are presented to our view.
This may be understood by a study of Fig. 82, or, better, by
holding a tennis ball at arm’s length in the light of a single
lamp and turning slowly on one’s heel. When the Moon is
at conjunction, its unilluminated side 1s turned toward us and
for this reason and also because of the dazzling light of the Sun,
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the Moon is invisible. The phase is then that of new moon.
Two or three days later, it has moved several degrees east of
the Sun and is visible in the western sky soon after sunset, but
still only a little of the illuminated side is presented to us and
it appears as a thin crescent. The crescent grows wider on
succeeding nights until east quadrature is reached!, when we
see half of the illuminated half, the Moon appears as a semi-
circle, and the phase is called first quarter. From east quadra-
ture to west quadrature more than a quarter of the surface is
visible, and the Moon is said to be gibbous, except at opposition,
when the illuminated half is turned full upon the Earth, and

Fi6. 83. Tue Younc Moon
(From Dante and the Early Asironomers, by M. A, Org)
we have full moon. After full moon the succession of phases
is reversed, passing through last quarter at west quadrature to
new moon again at the next conjunction. )

The line which separates the dark half of the Moon from the
sunlit half—the sunrise or sunset line—is called the terminator,
and always has the form of a semi-ellipse because it is a circle
seen edgewise. At its termini, the cusps of the Moon, it is
tangent to the Moon’s circular outline, or limb.

From Fig. 82 it may be easily seen that the cusps, or “horns” of the
crescent Moon are always turned away from the Sun, and that therefore
they are never pointed downward when the Sun is below the horizon—a
fact sometimes disregarded by artists. In northern latitudes, moreover, the
visible half of the ecliptic lies south of the zenith, and so the horns of the
young Moon, when it is visible after sunset, are always turned upward and
toward the left, as in Fig. 83.

! More precisely, until the angle Sun-Moon-Earth is just 90°; but this occurs
only a few minutes before quadrature.

PLATE 5.1 PHOTOGRAPHS OF 1

First quarter; sunrise on Tycho and Sunset or
the Apennines. 40-inch Refractor
(Ritchey)

HE Moon

1 Northern Mountains. 100-
inch Reflector (Pease)

Copernicus, Kepler, and Aristarchus in full sunlight.

100-inch Reflector (Pease)
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Earthshine.—When the Moon is near conjunction and so
appears to us as a crescent, an observer on the Moon would see
the Earth as a great bright body, about two degrees in dia-
meter, in the gibbous phase. The Earth at that time thus

PLATE 5.2, Mar ofF tae Mooy : lights up the side of the Moon that is turned away from the
Sun, and it is often easy to see this earthlit lunar landscape,
which is fancifully called the “old Moon in the new Moon's

ams-!'
| Rotation and Librations of the Moon.—Observations of the
\ markings on the Moon's surface show that the Moon rotates
on an axis which is so placed that the plane of its equator
w makes with the plane of its orbit an angle of 6°5. The inter-

section of the two planes always coincides with the line of
nodes, and the plane of the ecliptic lies between them, so that

F16. 84. REVOLUTION WITHOUT Fic. 85. REVOLUTION AND
RotaTioN ROTATION IN THE SAME
PeriOD

the Moon's equator makes an angle of only 1°5 (6°5 — 5°)
‘ with the plane of the ecliptic. Very remarkably, the rotation

g—gam ?I;’ectag's E—g[arc Imbrium I l and revolution take place in the same direction, from west to

—Mare Fecunditatis F— s Procell . : : ; i

C—Mare Tran quili.tz:tis il : I east, and in precisely the same period, so that one side of t_he

D—DMare Serenitatis B H—Mare Humorum Moon is always turned toward the Earth, while the opposite
T risium

side, although nearer us than are any of the planets, is an
undiscovered country wholly inaccessible to observation.

At first thought this may not seem to be a rotation at all, but a consider-
\ 1 ation of Figs. 84 and 85 will show that it is. Suppose the orbit to be cir-
cular and that an arrow is erected perpendicularly upon the Moon's surface.
If there were no rotation, the arrow would be directed always to the same

»
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point among the stars, as in Fig. 84; whereas, if it point always to the center
of the orbit, as in Fig. 85, its direction must sweep over a whole circle
and coincide again with its initial direction at the end of one revolution,
thus completing a rotation and a revolution in the same time.

The motion of the Moon is not, however, asif it were attached
to the Earth by a rigid bar, for it has apparent balancing
movements, or librations, which render about 18 per cent of
its surface alternately visible and invisible. These are three
in number, and are known as the librations in latitude and in
longitude, and the diurnal libration.

The cause of the libration in latitude is the inclination of
the Moon's equator to the plane of its orbit, and is exactly
analogous to the cause of the Earth’s
change of season. Just as the Sun
shines alternately over the Earth’s
north and south poles in the course
of a year, so we on the Earth may
look over the Moon's poles alter-
nately in the course of a month.

The libration in longitude is due
to the fact that, while the Moon’s
rate of rotation is uniform, that of
FiG. 86. LImRATION in LONGI- jts reyolution is variable, obeying the

law of areas. Suppose an arrow
erected perpendicularly on the Moon on the line that joins the
centers of the Earth and Moon when the latter is at perigee (Fi g.
86). From the direction of the Earth’s center, it will be seen at
the center of the Moon’s disk. Aftera quarterof asiderealmonth,
the Moon's rotation will have changed the direction of the arrow
just go°, but the Moon’s direction from the Earth will have
changed 96°, so that the arrow will appear a little toward the
east of the center of the disk, and we may see a little of the
western side of that portion of the Moon which, at perigee,
was concealed. After half a month, the radius vector has
described half the area of the orbit, the Moon’s direction has
changed just 180° and, as the arrow has been turned
through an equal angle by the uniform rotation, it again points
to the center of the Earth. At the end of the third quarter,
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the rotation has proceeded 270° and the revolution only 264°,
and we then see a little of the eastern rim of the back sidfe of
the Moon. At the end of the month, the initial conditions
are restored.

The diurnal libration is due to the change of the point of
view of the observer as he is carried around by the Earth’s
rotation. When the Moon is on the horizon, the observer’s line
of sight makes an angle of about 1° with the line of centers,
and this enables him to see about 1° beyond what would be
the limb if the Moon were in the zenith.

Because of the small inclination of the Moon’s equator to
the ecliptic, it can have no perceptible change of season, and
over the whole surface of the
Moon the day is always very
nearly equal to the night, each
being about two weeks long.

Absence of an Atmosphere.—
It is certain that the Moon does
not possess an atmosphere which
is at all comparable to that of
the Earth. No clouds float over
its surface, and the mountai?; | !
and craters show no erosion enrreANCE DD st msTEnGD
weather. More conclusive still, Fio- 87. Breecr of a Luxaw
when the Moon passes between
us and a star, or occults it, the star disappears and reappears
with extreme suddenness and there is no evidence of any re-
fraction of light at the Moon's limb. The refraction of the
Earth’s atmosphere deviates a horizontal ray by more than half
a degree (page 57), and if the Moon were surrounded by gases
of equal density a ray of starlight which passed the sprface
tangentially would be deviated by twice this amount, being re-
fracted both on entering and on leaving the lunar atmosphere.

Even a rare atmosphere should bend starlight slightly, delaying
the disappearance and hastening the reappearance of the star
as illustrated in Fig. 87; but the observed duration of an
occultation is always equal within a fraction of a second to
that which may be computed from the known diameter of the

E *
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Moon and its rate of motion. From this fact it is certain that
the Moon’s atmosphere, if any exists, has a refractive effect less
than 1/2000 that of air. Since gases consist of molecules in
rapid motion, it is doubtful that the Moon, with its low super-
ficial gravity, could retain an atmosphere if it ever had one.

If there is no atmosphere on the Moon, no liquid water can
be there, for it would evaporate in the sunshine of the long
lunar day and form an atmosphere of water vapor. Water
might, perhaps, exist there in the form of ice or snow in crevices
where sunshine enters but little.

Lunar Topography.—To the unaided eye there appear upon
the bright surface of the Moon only certain vague, dark areas
which suggest to the fancy such objects as the round face of a
man, the profile of a lady, or a very long-eared donkey. In a
telescope of low magnifying power these dark areas appear as
smooth plains, so uniform that Galileo and his contemporaries
thought that they might be seas and accordingly called them
maria, a name still used by selenographers. Other parts of the
lunar surface, even in Galileo’s telescope with its power of only
thirty diameters, appear to be very rugged, with numerous
mountains and other formations which, under favorable illumi-
nation by the Sun, cast long black shadows. With larger
telescopes it is found that the smoothness of the maria is only
relative, and that they too present a wealth of detail.

The principal features of the lunar surface are the maria,
mountains, craters, ‘rills,”” and “rays.”” The nomenclature
used on lunar maps is that of the Italian astronomer Riccioli,
who mapped the Moon in the seventeenth century, naming
the craters for astronomers or other men of science and giving
the maria fanciful names, such as Mare Tranquillitatis, Sinus
Iridum, and Oceanus Procellarum. A few of the mountain
ranges retain names given earlier by the German Hevelius,
who took them from terrestrial ranges. The most prominent
are the Apennines, Caucasus, and Alps, which are situated
north of the center of the visible disk.

The mountains are seen mostly in chains or groups, although
on the surface of the Mare Imbrium are several isolated peaks
of which a conspicuous one is Pico, about 8.000 feet high. The

THE MOON 125

Apennine range consists of about 3,000 peaks and extends
about 400 miles. Its loftiest peaks rise about 18,000 feet above
the Mare Imbrium. The Alps are noteworthy for a great gorge,
8o miles long and 4 to 6 miles wide. All these features are best
seen near the time of the first or last quarter. The highest
lunar mountains, which rise to 235,000 feet or more, are situated
in ranges near the limit of the visible side of the Moon, where
they are seen in profile when the conditions of libration are
favorable.

The heights of lunar mountains are determined from the length of their
shadows and a knowledge of the altitude of the Sun as it would appear
from that point of the Moon, which can be obtained from the Moon’s helio-
centric position; also by a method used by Galileo, which
depends upon the fact that the Sun rises earlier and sets
later on a high peak than on lower mountains or the
surrounding valleys. This may be understood by refer-
ence to Fig. 88. Suppose the Moon were perfectly
smooth except for a mountain of which the base is at B
and peak at P, and suppose the Sun were just shining
on the peak. To an observer on the Earth, the Moon’s
terminator would appear at 7. where the sunlight is
tangent to the lunar surface, while the illuminated peak N
would appear as a detached point of light on the dark p . oo i
side of the Moon—not an unusual appearance. The dis- ~ X6 tag Hgicar
tance T'P may be found with the micrometer in terms or A  Lunar
of the Moon’s apparent diameter, which gives two sides, = MOUNTAIN
TP and the radius T'C, of a right triangle, whence the
hypotenuse, which is the sum of the Moon’s radius and the height of the
mountain, may be computed.

The rills (German Rille, a ditch or furrow) are narrow
crevices from ten to over three hundred miles long and less
than two miles wide. Their bottoms are generally invisible
and their depth consequently unknown. They are incon-
spicuous because of their narrowness, but over a thousand have
been mapped. A remarkable example is the great Serpentine
Cleft near the crater Herodotus.

The rays are narrow streaks which are lighter in color than
their surroundings, and which radiate from certain prominent
craters, notably Tycho, Copernicus, and Kepler. They are
inconspicuous or invisible under a low Sun, but stand out very
prominently near the time of full Moon. They can be neither
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ridges nor furrows, for they cast no shadows. The rays that
center upon Tycho extend many hundreds of miles across the
surface of the Moon, regardless of craters, mountains, and seas.

The craters are by far the most numerous of the lunar
formations. Upward of 32,000 are shown on a map published
in 1878 by Schmidt of Athens, and many others may be seen
with present-day telescopes and on photographs made with
them. The craters range in size from such “walled plains” as
Maurolycus and Schickard, each of which is 1 50 miles in dia-
meter and of greater area than the state of Maryland, down
to the smallest dot discernible in the greatest telescope, which
is about a tenth of a mile across. Several are so large that,

from the centers of their floors, their walls would be concealed
by the spherical surface of the Moon. They are depressions,

the floor being usually lower than the surrounding plain, and
are roughly circular in shape. Many contain lofty mountains
which rise from their floors, and many large craters have
numerous smaller ones superposed upon their floors or walls.

Some of the more important craters, with their diameters in
miles, are listed below:

Proclus, 18; very bright, at edge of
Mare Crisium

Linné, 6; has been suspected of
change

Aristotle, 6o

Eudoxus, 40

Eratosthenes, 38; at east end of
Apennine range

Copernicus, 56; very conspicuous,
surrounded by rays. Group of
peaks in center

Archimedes, 50

Piazzi Smyth, 6

Plato, 60; floor very dark in color

Kepler, 22; surrounded by rays

Aristarchus, 29; brightest object on
the Moon

Ptolemy, 115; near center of visible
disk

Alphonsus, 83; Arzachel, 66; linked
together

Tycho, 54; center of great ray system

Gassendi, 53

Schickard, 134

Wargentin, s54; floor level with brim

Grimaldi, 150

Langrenus, go; Vendelinus, g0; Pe-
tavius, 100; Furnerius, 8o—form=
ing chain near W limb

Catherina, 70; Cyrillus, 60; Theoph-
ilus, 64—forming three links of a
chain

Maurolycus, 150

The Best Time to Observe the Moon.—For observing the

mountains, craters, and all other elevations or depressions on
the Moon, the most favorable conditions are obtained when the
object is near the terminator, for then it is brought into strong
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relief by the shadows. The maria and the ray systems are seen
to their best advantage near full Moon.

Theories Regarding the Origin of Lunar Craters.—The
craters on the Moon bear some resemblance to extinct vol-
canoes, and a theory which has been very generally held attrib-
utes their origin to volcanic action. An objection is found in
the enormous size of some of the craters. Owing to the small
superficial gravity of the Moon, a given eruptive force would
have much greater effect there than on the Earth, but this fact
is not sufficient to explain so great a difference in size as exists
between the largest terrestrial volcano and Maurolycus or
Schickard. Moreover, there are no lava flows on the Moon,
and most of the lunar craters differ from terrestrial volcanoes
in having their floors lower than the surrounding plain.

An alternative theory supposes the craters to have been
made by the impact of huge meteorites upon the Moon, possibly
at an exceedingly remote time when the Moon's surface was
plastic. To explain the lack of similar craters on the Earth, it
is recalled that the Earth’s atmosphere protects it from all
but the largest meteorites (page 261), and greatly diminishes
the speed of even these; and it is further argued that, during
many millions of years, the surface of the Earth has been
eroded by the weather and the ancient scars may thus have
been obliterated, while no such action has taken place on the
airless Moon. The meteoric explanation derives some support
from the appearance of Meteor Crater in Arizona (page 261).
The circularity of the lunar craters, however, would seem to
require us to suppose that the meteors all fell nearly vertically,
which is highly improbable. Recent airplane photographs of
holes that were formed by the explosion of bombs dropped
upon the ground from airplanes resemble lunar craters, and
lend some support to a view suggested by Ives, that the craters
were formed by explosions due to the heat generated by the
impact of meteors rather than to the splash made by the impact
directly.

The Light Received by the Earth from the Moon.—Com-
parisons of the brightness of the Moon with that of the Sun
are difficult and uncertain. Probably the most reliable value is
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that deduced by Russell from the work of Herschel, Bond,
Zobllner, and others, which makes the light given the Earth by
the full Moon 1/4635,000 that given by the Sun (stellar magni-
tude of full Moon, —12.55). The brightness is much less at
other phases, partly because of the smaller area of the visible
illuminated surface, and partly on account of the presence of
shadows; and it is less after full Moon than at the correspond-
ing phase before full. The photographic brightness is less than
the visual, showing that moonlight is yellow. It is, in fact,
known to be somewhat yellower than sunlight, although this
would not be suspected from the work of certain artists, who
paint moonlight scenes in blue.

The mean albedo, or reflecting power of the Moon, is given
by Russell as o.07; which means that the Moon reflects this
fraction of the sunlight which falls upon it, absorbing the
remainder.

Temperature of the Moon.—Since the surface of the Moon
is exposed to the rays of the Sun continuously for two weeks
without the protection of an atmosphere, and then deprived of
sunlight for an equal length of time, a great range of tempera-
ture is to be expected. The measurements of Very indicate a
maximum temperature of about 100° C. The minimum must
be near the absolute zero, which is —273° C.

The Question of Changes on the Moon.—If any changes have
occurred on the Moon since it was first accurately mapped, they
have been very slight. In the absence of any perceptible
amount of air or water, no extensive erosion could take place,
but the expansion and contraction of the rocks with the
changing temperatures might indeed cause landslips on some
of the many steep slopes. Unless such a change affected an
area of a square mile or more, it would be extremely difficult
to detect, and he would be dogmatic indeed who would say that
no such changes occur; but we have no certain evidence of
them. The little crater Linné has been suspected of change,
for its present appearance is distinctly different from that
shown by drawings and descriptions made by Madler early in
the nineteenth century; but the evidence has failed to be
universally convincing. A few observers, chief among whom is
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W. H. Pickering, whose long experience and keen sight cannot
be denied, have reported temporary greenish patches in
Eratosthenes and some other craters which Pickering attri-
butes to a low form of vegetation that passes through its life
history in a synodic month. This would imply the presence
in these craters of a slight amount of moisture and of some kind
of atmosphere. Any observational evidence of changes on
the Moon, however, must be accepted with caution because
the appearance of certain parts changes strikingly with the
direction of the Sun’s rays and it is extremely difficult to secure
two photographs or drawings under identical conditions of
lighting.

If air and water are really totally lacking, life as we know it,
either animal or vegetable, is of course impossible; and in
the opinion of most astronomers the Moon is an arid, barren
waste without life or sound or any change.



CHAPTER VI
ECLIPSES OF THE SUN AND MOON

Shadows of the Earth and the Moon.—Since the Earth and
the Moon are opaque and are illuminated by sunlight, each is
accompanied on its orbital motion by a shadow which is ordi-
narily invisible and which extends into space in a direction
opposite that of the Sun. Occasionally the Moon passes into
the Earth’s shadow and is darkened by a lunar eclipse; at
certain other times, its shadow falls upon the Earth, darkening
the Sun for favorably situated observers, and so producing a
solar eclipse. Evidently, a lunar eclipse can occur only at full
Moon and a solar eclipse only at new Moon.

In Fig. 89 the formation of the shadows of the Earth and
the Moon is illustrated diagrammatically, but it is impracticable
to present the figure in correct proportion. For an Earth of
the size depicted,the Sun should be nearly two feet in diameter,
and about twohundred feet away, while the length of the
shadows and the diameter of the Moon'’s orbit should be about
six times as great as shown. The actual dimensions of the
shadows may be found from geometric considerations as follows:

Let L be the length of the Earth’s shadow, R the distance
from the Earth to the Sun, d and D the respective diameters
of the Earth and the Sun. The Earth’s shadow is a cone, of
which the cross-section HCK is bounded by the common
tangents BK and A H drawn to the Earth and the Sun. On
account of the Earth’s great distance from the Sun as compared
with the size of either body, these lines are nearly parallel (the
angle between them is about half a degree, being slightly less
than the apparent diameter of the Sun as seen from the Earth);
hence the lines AB and H K, which join the points of tangency,
very nearly coincide with the diameters D and d. In the

similar triangles ABC and HKC we have R L=5d,
130
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whence LD — d(R+ L) = o, and L= Dd_Rd
seen (page 96) that the Sun’s diameter D is
about 109.5 times that of the Earth, and so
d/(D—- d) = 1/108.5. Therefore, since R is about
93,000,000 miles, the length L of the Earth’s
shadow is 1/108.5 X 93,000,000, or 857,000 miles.
This length varies by about 28,000 miles with
the changing value of R, but always far ex-
ceeds the distance of the Moon.

The length of the Moon’s shadow, as found
by a similar calculation, is about 232,000 miles
on the average, and varies about 4,000 miles
either way. Since the Moon's distance ranges
from 222,000 miles at perigee to 253,000 at
apogee (page 117), its shadow is sometimes long
enough to reach the Earth, but more often falls
short. In the former case, an observer situated
on the line of centers of the Moon and the Sun
may see a total solar eclipse; in the latter, the
apparent diameter of the Moon is less than
that of the Sun, and an observer on the line of
centers may see a bright ring, or annulus of the
Sun surrounding the black Moon; the eclipse is
then said to be annular.

The diameter, M N, of the Earth’s shadow at
the place where the Moon crosses it may be
computed from the similar triangles HC K and
MCN. Thus, if A represents the Moon's dis-
tance from the Earth when it crosses the shadow,

MN d
L-A L
miles, this gives for M N about 3,700 miles; but
its actual value varies by about 600 miles with
the varying distance of the Moon from the
Earth and of the Earth from the Sun. At its
greatest, M N is about three times the diameter
of the Moon, and, as the Moon travels a distance

The mean value of A being 239,000

Now we have
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about equal to its own diameter in an hour, it may be wholly
within the shadow (total lunar eclipse) about three hours,
while the time from its first contact with the shadow until it
finally leaves it may be as long as four hours.

The shadow cast by a luminous body of appreciable angular
size, such as the Sun, consists of two parts: the shadow proper,
or umbra, which is the part discussed above, and the penumbra,
which is the region included between the prolongations of the
tangents AK and BH (Fig. ¢o). Within the umbra, the
direct rays of the Sun are completely excluded, although some
sunlight, refracted by the air, is bent into the umbra of the
Earth. Within the penumbra, there is direct illumination from
a part of the Sun’s face, but not the whole of it.

F16. go. SHADOW AND PENUMBRA

Effect of the Inclination of the Moon’s Orbit.—If the Mocn
moved always in the plane of the ecliptic, there would be two
eclipses, one of the Moon and one of the Sun, every month;
but the plane of its orbit is inclined 5° to the ecliptic plane,
and so the Moon usually passes either north or south of the
line joining the Earth and Sun, and it is only when the Earth'’s
radius vector nearly coincides with the Moon’s line of nodes
that an eclipse can occur. Fig. or represents the terrestrial
orbit with the Earth and the lunar orbit in two positions, as
seen from a point about 45° north of the plane of the ecliptic.
The dotted portion of the Moon’s orbit is south of the plane
of the ecliptic, and must be thought of as lying behind the page
on which the figure is drawn; while the remainder is north of
the ecliptic, or above the page. In Position 1, the Moon passes
above the Earth’s shadow at full Moon (B) and below the
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Earth’s radius vector at new Moon (A), so that no eclipse
occurs. In Position 2, the radius vector coincides with the line
of nodes, the points A and B lie in the plane of the ecliptic,
and, if the Moon is in the proper phase, an eclipse is inevitable.

Ecliptic Limits; Frequency of Eclipses.—For an eclipse to
occur, the Earth’s radius vector must be near the line of nodes,
but the two lines need not coincide exactly. The greatest

?N_:_o.‘—;

RADIUS vecToR

THE RADIUS VECTOR

F1c. 91. Wny EcripsEs po NoT Occur EVERY MONTH

angular distance of the Sun (or of the Earth’s shadow) from
the nearer node which is compatible with an eclipse is called
the ecliptic limit—lunar or solar, according to the kind c_;f
eclipse concerned. Fig. 92 represents a portion of the ecliptic
and of the Moon’s apparent path with the Earth’s shadow and
the full Moon in four positions. At A, both the Moon and the
shadow are centered on the descending node. At D, the Moon
just touches the shadow, and the distance AD, measured
along the ecliptic, is the lunar ecliptic limit. Its value varies
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somewhat with the distance of the Moon, the dimensions of
the shadow, and the inclination of the Moon’s orbit. When
the Moon crosses the shadow at the point where its diameter
is three times that of the Moon (1°5), the distance between
their centers is about 1°, and, as the inclination is always near
5°, or one-twelfth of a radian, the distance AD is then about
12°.  The maximum value of the lunar ecliptic limit is in fact
12?3, while the minimum is ¢°s.

There is thus, under even the most favorable conditions, an
arc of the ecliptic less than 25° long, extending to the major
limit on either side of the node, within which the Sun must
be situated at the time of full Moon if a lunar eclipse is to
occur. The Sun moves along the ecliptic about a degree a

A

F16. 92. LunNar EcrLietic Lot

day, and so will cross this region in twenty-five days; but
the synodic month is more than twenty-nine days long, and
so it is possible for the Sun to pass the node without our having
a lunar eclipse at all. If a lunar eclipse does occur, even if it
be just within the limit so that it is only a small partial one,
before the Moon can be full again the Sun will have moved
beyond the limit, and so only one eclipse of the Moon can
occur at a given node passage. If the Sun pass one of the
nodes early in January, it will pass the other in June and return
to the first in December; for, on account of the regression
of the nodes of about 18° a year, the interval between successive
arrivals of the Sun at the same node, which is called the
eclipse year, is only 346.62 days. The greatest possible number
of lunar eclipses in a calendar year is therefore three, and a
year may pass without any.

An eclipse of the Sun will be visible somewhere on the Earth if the Moon
touches the boundary of the region 4 K HB (Fig. 89 or 93) which incloses
the Earth and the Sun. The geocentric distance of its center from the

Earth’s radius vector is then the angle SEM (Fig. 93), which is the sum
of the semidiameters REM and AES of the Moon and Sun, respectively,
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J is last angle is equal to the difference between the
ﬁgo:l}'l: mﬁg paraliﬁx, KREg, a.ndeqthe Sun’s parallax, KAE. The
semidiameters of the Moon and Sun being each about 0?25, while the nf-laalc:
mum (horizontal) parallax of the Moon is ?.bout a degree al:d that o tl e
Sun only 8”8, the angle SEM has a maximum value of 1%5. The solar
ecliptic limit is therefore about 5o per cent greater than the lunar.

The solar ecliptic limit ranges from 1574 to 18%5. T here is
thus a region at least 31° long in which the Suf‘l may be situated
at the time of a solar eclipse, and, as it requires }ongt?r E:han. a
synodic month to traverse this arc, one solar eclipse is mew.nt-
able and two are possible at a single node passage. ;f a (p_a.rtla.l)
eclipse occur early in January near the solar ecliptic limit west
of the node, a second will occur in the same mon:ch; two §01ar
eclipses may likewise happen at the other node in the middle

F16. 93. SoLar Ecurpric Livit

of the year, and a fifth may occur in December ; but a sixth is
impossible in that year, for it must take place, .1f at all, about
346.6 + 29.5 = 376 days later than the first, which would pl.ace
it in January of the following year. The greatest possible
number of solar eclipses in a single year is therefore five, and
the least is two.

i i lunar eclipse

When two solar eclipses occur at a given node passage, a 1
always takes place between them. The greatest possible number of eclipses
in a single year is seven, either two of the Moon and five of the §un or three
of the Moon and four of the Sun. The least possible number is two, both

of the Sun.

Recurrence of Eclipses; the Saros.—As the two conditions
necessary for an eclipse are the appropriate phase of I:.he Moon
and proximity of the Sun to the Moon's ncu?e, an eclipse .rnust
repeat itself after an interval that contains without a remainder
both the synodic month and the eclipse year. The smallest
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interval which even approximately does this is that which
consists of 223 synodic months, being 6,585.32 days (18 years,

FI1G. 94. Patns oF Torar SoLar ECLIPSES AT INTERVALS OF A SAROs
94

11}5 days), which is only 0.46 day less than 19 eclipse years.
The recurrence of eclipses in this interval was discovered in
prehistoric times by the Chaldeans, who named the interval

Fi1G6. 95. PATHs oF TOTAL SoLAR EcCLIPSES AT INTERVALS OF THREE Sarosgs
the saros, signifying repetition. During the course of a saros
there occur about twenty-nine lunar eclipses and forty-one solar
ones, ten of the latter being total, and these eclipses are repeated
approximately in the next saros, but are then visible in longi-

PLATE 6.1

! . . aphed by R. W. Bristol,
The Total Solar Eclipse of 1925 January 24, photographed by
The Total Soge TR = \';311 Vleck Observatory

3 “TOBE a pastel drawing by
‘e Lunar EcLipsi oF 1874 OCTOBER 24, from a pa §
i = E. L. Trouvelot




THE SoLAr EcLipsE oF 1925

PLATE 6.2,

Copyrighted b the Edivon Electiie Hluminating Company of Roston

graphs made with graded exposures in both partial and total phases

Photo
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tude 120° farther west, the Earth having made in the mean-
time 6,585 rotations and a third of a rotation over.

Fig. 04 shows the paths of three total solar eclipses occurring
at intervals of a saros. After three saroses, or fifty-four years,
one month, the eclipses return to nearly the same longitude,
but, owing to the slight difference between the saros and an
integral number of eclipse years, the Sun has then a position
a little farther west with respect to the node and the eclipses of
the new set occur a little farther north if at the descending node
or farther south if at the ascending. Fig. 95 shows the paths
of a number of central solar eclipses occurring at intervals of
three saroses. These eclipses take place at the descending node,
and so the series began at the north pole of the Earth and is
sweeping slowly southward.

Eclipses of the Moon.—The entrance of the Moon into the
Earth's penumbra makes no perceptible change whatever in
its brightness, but as it approaches the edge of the umbra a
darkening becomes noticeable at its eastern limb. This dark-

FROM SUN

2

—— oW SOR
Fi1G. g6. REFRACTION OF SUNLIGHT BY THE EARTH'S ATMOSPHERE

ening is so slight, however, that the edge of the umbra, when
the Moon encroaches upon it, seems black by comparison. In
a telescope, even the deepest part of the shadow may usually
be seen to contain some light, and when the Moon is completely
immersed so that the eclipse is total it ordinarily remains easily
visible to the naked eye; for it shines dimly with a dull reddish
light which is sunlight, refracted inte the shadow by the
Earth’s atmosphere as illustrated in Fig. 96, and tinged with
sunset colors by selective absorption.

The angles C HV and .C KV, between the limits of the geometric shadow-
cone and the extreme refracted rays, are each somewhat over 1°, being twice

the atmospheric refraction of sunlight at the horizon (page 57); hence the
angle at V, which may easily be shown to be the sum of the angles HCK,




138 ASTRONOMY

CHYV, and CKV, is about 2%, or five times the angle at C. The length
of the cone HV K, from which sunlight is entirely excluded, is therefore
about a fifth of the length of the geometric shadow or 170,000 miles—much
less than the least distance of the Moon from the Earth. As seen from the
Moon during a total lunar eclipse, the Earth would usually appear sur-
rounded by a ring of brightly illuminated air; but if, as sometimes happens,
the air throughout this ring contains dense clouds, most of this light is cut
off. Under these circumstances, the Moon may, for a terrestrial observer,
completely disappear.

Eclipses of the Sun.—A lunar eclipse, whether total or par-
tial, can be observed simultaneously from every place on the
terrestrial hemisphere that is turned toward the Moon. It is
quite otherwise with eclipses of the Sun. A total solar eclipse
can be seen only within the umbra of the Moon's shadow,
which, at the point where the Earth’s surface cuts it, is at
most’ only 168 miles in diameter: an annular eclipse can be
seen within a region which may be 230 miles wide: and a solar
eclipse is partial anywhere within the Moon's penumbra, which
at the Earth’s distance is some 4,000 miles in diameter—
sufficient to include about half of the exposed hemisphere. As
the Moon moves in its orbit its shadow, like that of a vast
bird, passes over the Earth's surface; and the solar eclipse is
visible successively from all the points in its path.

The Moon and its shadow move eastward at a rate of about
2,000 miles an hour. A point on the Earth’s equator is carried
by the Earth’s rotation, also eastward, at about half that speed.
Hence, the Moon's shadow passes an observer at the equator
with a velocity of about 1,000 miles an hour. In higher lati-
tudes, where the observer’s velocity is less, the shadow passes
more rapidly, and if it falls obliquely, as it does when the eclipse
occurs near sunrise or sunset, the relative velocity of the shadow
and the observer may be as great as 5,000 miles an hour. The
greatest possible duration of a total solar eclipse for a single
observer is 7™ 58%; of -an annular eclipse, 12™ 24°; and of the
whole eclipse, from the first contact of the Moon’s disk with
the Sun until the last, a little over four hours. This maximum
duration is achieved very rarely indeed, and a total solar
eclipse that lasts five minutes is unusually favorable.

Because of its brief duration and the very limited area
within which it is visible, a total eclipse of the Sun is a phenom-
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enon which many persons never see, although, taki.n.g the
Earth as a whole, such eclipses are not rare. According to
Rigge, only two such events could be seen at London and only
three at Rome in the twelve centuries between A. D. 6oo

and 1800.
Astronomers go to remote parts of the Earth to observe

i i after travel-
them, often to be disappointed by cloudy weat.l.ler ’
ing thousands of miles. Probably no one has viewed the Sun’s

TR, g . P S R
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FiG. 97. Pata oF SoLAR ECLIPSE OF 1925

corona, which can be seen only while the eclipse is total, during
f thirty minutes.

auF?ig.grzga;;c?ws thi area within which thfa eclipse (.)f 1925,

January 24, was visible. It is thought that this total <.ecl1p'se was

observed by the greatest number of people of any in hlstor)_r,

probably 20,000,000 having seen it in a clear sky in Connecti-

cut and eastern New York. :

Total Solar Eclipses.—Many excellent writers and compe-
tent observers havedescribed total solar eclipses, giving accounts
which are fascinating and memorable; but any one who has
intelligently observed this most sublime of natural phenomena
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knows that all descriptions fail to convey an adequate impres-
sion of the reality.

A moment after “first contact” the eastern limb of the black
Moon may, with the protection of a smoked glass or overex-
posed photographic film, be seen on the western limb of the
Sun. As the Moon moves steadily eastward the black area
grows, but for some time the only effect apparent on the
Earth is in the images of the Sun formed by such small apertures
as the interstices between the leaves of trees, which change
from their usual circular shape to narrowing crescents—an
effect which may of course be seen at any partial eclipse.
About half an hour before totality, the landscape becomes
perceptibly darkened and both the Earth and the sky assume
an indescribably weird color due to the light coming from near
the Sun’s limb which is of a different quality from the stronger
radiance of the center of the disk. As the light fades and its
unusual color becomes relatively stronger, it is noticed not
only by men, but by other creatures; birds fly about and twitter
excitedly, roosters crow, and dogs bark. Before the beginning
of totality, fowls go to roost, dew or frost may form, and many
flowers close their blossoms. Several minutes before “‘second
contact” (the beginning of totality), ghostly shadow bands
may be seen flitting along upon any exposed white surface.
These are the shadows of waves in the Earth’s atmosphere, ren-
dered distinct by the narrowness of the remaining crescent
of the Sun.

All this is but preliminary to the great spectacle of the total
eclipse. Just before second contact a favorably situated
observer may see the Moon’s shadow in the air, looking like
a vast thundercloud, but not so definitely limited, approaching
from the west with a speed far exceeding that of any storm,
being twenty miles a minute or greater. The thin crescent of
the Sun’s eastern limb breaks up into ‘“‘Baily’s beads,” which
are due to the Sun shining between irregularities at the limb
of the Moon; while at the western limb there appears already
the glow of light from the inner corona, the wonderful pale
envelope of the Sun which can be seen only when the main
body is covered by the Moon. In the eclipse of 1925 one of
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the “beads” persisted after the corona was distinctly .visible
all around the Moon, giving an appearance that was likened
by thousands of delighted spectators to_ a diamond ring. The
majesty of the spectacle at this point is such that it seldom
fails to silence the chattering crowds of spectators.

The “beads” last but an instant, and then the full glory of
the corona presents itself. Its form is never 1Ehe same at two
different eclipses, but it always consists of a bright ring around
the Sun (and Moon), with irregular streamers e‘xtendmg' se}reral
solar diameters away. In color it is pearly wh1te.- At its inner
edge it is very brilliant, contrasting sharp}y with tl.le de.:ad-
black Moon, while its outer streamers fade 1mpercept1b1y. into
the sky, which, if clear, is of a deeper blue than at other times,
and on which are visible the brighter stars and planets. Often
to the unaided eye and usually with a telescope, there may.be
seen rosy, flame-like prominences or protuberances_. extendfng
from the red chromosphere which is visible at the disappearing
or the reappearing limb of the Sun. Strangely enough, no
account of the prominences was ever given before the eclipse of
1842, although they have been seen or .photographed at most
total eclipses that have been observed since. .

The only changes to be noted during total_aty are those due
to the motion of the Moon as it covers the inner corona and
prominences at the eastern limb of the Sun and uncovers those
at the western limb. From third contact, the end of the tota:.l
phase, to fourth contact, when the Moon finally leaves the Sun's
disk, the events of the earlier part of the eclipse are repeated
in reverse order. . :

The spectacular features of the eclipse are sc?metunes
heightened by the presence of a few cloyds, and even if the sky
is completely overcast the sudden coming of darkness af. rmc}—
day is exceedingly impressive. The darkness of an echps.e is
never very deep, for the corona gives about half as much hght
as the full Moon, and the air and clouds forty or .ﬁfty'rm]es
away, where the Sun is only partially eclipsed, are still brightly
illuminated. .

A total solar eclipse affords a unique opportunity for many
important investigations, such as:
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(1) The study of the corona; visually, with long-focus
camera, and with the spectrograph, the photometer, and the
polariscope.

(z).Photography of the spectra of the chromosphere and
prominences and the “flash spectrum” (page 166).

5 (3) The search for new planets and other bodies near the
un.

(4) Determination of the exact relative position of the Moon
and Sun by observation of the contact times.

(s) Photography of the field of stars around the Sun to
detect and measure the “Einstein displacement” due to the
Sun’s gravitational effect on light (page 226).

Prediction of Eclipses.—From a knowledge of the elements
of the orbits of the Earth and the Moon and of the changes of
these elements such as the regression of the line of nodes, it is
possible to predict far in advance the circumstances of any
eclipse and the time, within a few seconds, when it will oceur.
The calculation of a lunar eclipse is simpler than that of a
solar one since the circumstances of the former are the same
for all points from which it is visible. In a great work named
Canon der Finsternisse, Oppolzer of Vienna has given the
a.pproximate data concerning all the eclipses that have occurred
since 1207 B. C. or that will occur up to A. p. 2162, with maps

showing, for central solar eclipses, the paths of the Moon's
shadow on the surface of the Earth.

CHAPTER VII
SPECTROSCOPY

The Analysis of White Light.—Although in ordinary speech
the words white and colorless are often used as synonyms, it
is a fact that white light, such as the light of the Sun, is in
reality a mixture of light of all the different colors. This was
first proved in 1666 by Sir Isaac Newton, who placed a tri-
angular glass prism in the path of a beam of sunlight that he
had admitted to a dark room through a hole in a window
shutter, and found that the beam was not only deviated from
its original path by the refraction of the prism, but that it
was spread out into a band of light, red at the least refracted
end and violet at the other. This band of light is called a
spectrum and the separation of the colors by the prism is
called dispersion. To show that the colors were not bestowed
upon the light by the prism, Newton isolated from the spectrum
a ray of a single color by passing it through a hole in a second
screen, and placed in its path a second prism, when he found
that, although the ray was further deviated, its color was no
further changed; and he also recombined the colors of the spec-
trum by reversing the second prism, when the light again
appeared white.

The branch of physical science that deals with the analysis
of light, of which Newton's simple experiments were the begin-
ning, is called spectroscopy. In the form into which it has been
developed in the nineteenth and twentieth centuries, it has
made possible the study of the chemical constitution, tempera-
ture, and motion of any source of light, whether it be a flame
or electric spark in the laboratory or a distant body like the
Sun or a star; and it is to spectroscopy that we owe much of
the advance of astronomy since about 1860.

The Rainbow.—The rainbow, one of the most beautiful of
natural phenomena, is a natural spectrum produced by the
dispersion of sunlight by spherical raindrops. It appears as

148
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an arch of colored light having its center on the'prolongation
of the line from the Sun through the observer’s eye, and there-
fore seems to move over the landscape if the observer moves.
Most of the light of the rainbow is contained in the primary
bow, which has a radius of about 42°; but there is also often
seen a fainter secondary bow, of radius 51° and sometimes
certain very faint supernumerary bows near the inner edge of
the primary and the outer edge of the secondary.

The complete explanation of these appearances cannot be entered upon
here, but that of the primary bow is briefly as follows: A ray of sunlight,
S4, falls upon a spherical drop of water at A, and is refracted and dispersed
as at the surface of a prism. One ray, say the yellow, proceeds to B, where
it is reflected at the inner surface of the drop, is refracted a second time at
C, and emerges in the direction Co. It
may be shown from the refractive index
of water and the geometric relations in-
volved that the direction, CO, along
which yellow light emerges most copi-
ously, makes an angle of 42° with the
incident ray S4. An observer at O,
therefore, receives yellow light from all
raindrops that are situated upon a cone

F16. 98. Oerics oF THE Rainpow ation of the line from the Sun through

his eye as axis, and a semi-angle of
42°. In a shower of rain, as each drop falls, its place is taken by an-
other and the observer has the impression of a continuous arch of light
which would be a complete circle but that the supply of raindrops ends at
the horizon. It is obviously impossible to see a rainbow produced by the
Sun when its altitude is more than 42°, and rainbows are most commonly
seen in early morning or late afternoon. In both refractions at the surface

in the luminous arch, the red at the outer edge and violet at the inner. The
secondary bow is formed of light that enters the drop at the lower instead
of the upper side, is twice reflected, and emerges from the upper side. In
it, the order of the colors is reversed so that red is at the inner edge.

The Prism Spectroscope.—When the source of light is a
body of large angular size like the Sun, as in Newton’s experi-
ment and in the rainbow, the rays from different parts of the
source strike the prism (or raindrop) at different angles and
emerge at different angles, so that the colors in the resulting

i having his eye for vertex, the prolong- _
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are mixed, the green light, for e':xa.mple, from one
Siz:ieﬁ:;rffnthe source falling upon the red light from anot?;eir;
’pi‘o obtain a pure spectrum with a prism ilrom such ;': i?:r;?;c s
necessary to pass the light first throug a narg}ven ca-.
parallel to the refracting edge of the prism. i
1 i ss all the rays of a given color
Eglgis“:ﬂrilghif: prism parallel to one another and to meet
er leaving it. . .

b .:nf?nc:tsniﬁent for s%udying the spectnm} visually is cai.lleg
a spectroscope; if arranged for photographing the spgc;n: ket
is called a spectrograph. In the most usual -type of pris ectl:u =
troscope the conditions necessary for produc1.ng a.p]t;.rf(:i spF s
are met as follows: The light from the luminous bo fy inc};
09) first enters the slit'S (only a few thousandths o an .
wide), the rays from different parts ?f the source crcfolsismgua.l
the slit and diverging beyond. Ata d1sta..nce f_rom the ec.: t eg .
to its own focal length is placed the collimating lens C, W
renders the rays parallel. This ( s
broad beam of parallel rays s

then passes through the pﬁm

P, which disperses the light F

into its component colors. f()n

all the rays of a i
;rii;gigf;’_ are parallel to one py. g9. TuE Prism SPECTROSCOPE
not parallel to

:: ?:hzlf.. 2‘:}";;"900101.81? The light then passes through the
ob}j:ective 0, which focuses the red light at R and the woti:l ::lt

V, the other colors being arranged betvfeen to for:jn.a spelc:ate ir;

which may be photographed l::jy eé)la(i:;zgn '; S:;']t:n:s gyepiece

or may be studied v :

;?I?iclz,az:tfg: would ¥orm the .view telescope. For'stufd?nr;g_

the spectra of the heavenly bodies, the spectros;oge iso Lo

rily attached to an astronumical- telescope, the s it ]_-fm'gi e

in the focal plane of the objective, so t;nat a bright uno 51 o

the heavenly body is formed at the slit. T!le astrT?n o

telescope thus becomes merely a collector of light. Se;) i

high dispersion, the light is in some spectrographs passed s

sively through two or more prisms.

R
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For a general inspection of the spectrum, a convenient form of spectro-
scope is one provided with a direct vision prism, which consists of a com-
bination of prisms of flint and crown glass, usually arranged as in Fig. 100.
A wide-angle prism of flint glass producing considerable dispersion is placed
between two inverted crown-glass prisms. Since crown glass has a smaller

dispersive power than flint, these rectify the devia-
tion of the central ray of the spectrum without en-

% tirely destroying the dispersion. In small pocket

spectroscopes intended for laboratory work, a di-

Fi6. 100. A Direcr- rect-vision prism is used without a view telescope,

Vision Prisum since the emergent beam is already small enough to
enter the pupil of the eye.

Many other modifications of the form of the spectroscope are made for
special purposes.

Development of Spectroscopy.—In 1802 Wollaston, in
England, improved upon Newton’s experiment by admitting
the light to his prism through a narrow crevice (one-twentieth
inch wide), thus obtaining a spectrum of greater purity, and
noticed that the spectrum of sunlight was crossed in a number
of places by dark lines which did not appear in the spectrum of
a candle flame. A few years later, the great German optician
Fraunhofer further improved the spectroscope by using a
narrow slit and a collimating lens and viewing the spectrum
through the small telescope of a theodolite. He thus observed
about seven hundred of the dark lines, which have since been
known as Fraunhofer lines. He found that the dark lines
occupied a fixed place in the spectrum, and, although he was
unable to explain their meaning, he realized their importance
as points of reference and made a careful map of their position,
denoting the more prominent ones with the letters of the
alphabet, beginning in the red with A.

In 1822, Sir John Herschel observed that a flame impregnated
with certain metallic salts exhibited a spectrum consisting of
isolated bright lines (each being an image of the slit), whose
position was characteristic of the substance with which the
flame was fed. Fraunhofer and others further noticed that the
position of the single yellow line of which the spectrum of
sodium seemed to consist was identical with that of the dark
line in the spectrum of the Sun which Fraunhofer had lettered
D. In 1859 Kirchhoff, by a brilliant series of investigations,
showed that the spectra of different chemijcal substances which
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were brought to incandescence in a gaseous form were charac_ter-
istic of the substances, no two being ali%{e. and that dark lines
were produced by the absorption of light by gases !;hrough
which it passed. The work of Kirchhoff gave a great impetus
to the study of spectroscopy and formed the basis of much of
its application to Astronomy. - .

The Production of Spectra.—Astronomical spectra are inter-
preted by comparing them with the spectr_a of sources of light
artificially produced. These sources are principally flames, the
electric arc, the electric spark, and vacuum tubes. On.ly a few
elements, among which are sodium, lithium, and strontium, can
be volatilized at so low a temperature as that of a.-i?ame.
Their spectra may be obtained by placing small quantities of
their salts in the flame of a Bunsen burner. All metals are
sufficiently heated to yield their characteristic spectra when an
electric arc is made between terminals composed of the metal,
or when a spark from an induction coil is passed between such
terminals. The spectra of permanent gases, such as hydrogr_en,
helium, or argon, are best studied by causing the gas to z?‘hme
in a vacuum tube. This is a tube of glass or quartz with a
slender middle portion, in the ends of which are sealed meta!h.c
terminals for leading in an electric current. : The tube is
exhausted of air and a very little of the gas is }ntroduc¢=:d, of
course at very low pressure, after which the tube is hermef:lca.lly
sealed. When the metal terminals are connected to an induc-
tion coil or static electric machine, the gas glows with a soft
light that fills the tube. '

gKinds’. of Spectra.—Spectra are generally classified as }mght—
line, continuous, and dark-line spectra. In the ﬁrsf: hnq, all
the light of the spectrum is contained in separate br;ght lm-es,
each an image of the slit, the spaces between_ the 11rfes bez.ng
completely vacant. A continuous spectrum is one in Yvhmh
the light is spread out in a continuous band without m-ter-
ruptions. A dark-line spectrum consists of separate dark lines
which, to be detected, must be seen against a background of
continuous spectrum. Such a spectrum is the reverse of a
bright-line spectrum. Examples of these different types of
spectrum are shown in Plate 7.1.
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The. Principles of Spectral Analysis.— The work of Kirchhoff
estabh.shed the following principles, which, although there are
e.xcephons, form a general basis for the analysis of sources of
light by means of their spectra.

T An incandescent solid, liquid, or compressed gas gives a
contimuous spectrum. Examples are found in the spectrum of
red-hot or molten iron and in that of the glowing filament of
an e}ectnc lamp. A rarefied gas also is known to yield a
continuous spectrum under certain circumstances, as in the
depths of some of the giant stars. '

2 An incandescent gas under low pressure gives a bright-
line spectrum, the positions of the lines being characteristic of
the chemical nature of the gas. Every known chemical element
has more than one line in its spectrum, although in many cases
two lines, as the two visible lines of sodium, which are vellow
are so close together that they appear as one in small Spectro:
scopes. The spectra of many of the metals contain hundreds
or thousands of lines. No two elements are known to have
spectra with even a single line in common. Lines of man
elements occur in what seems to the eye to be the same coloi
but'Fhey'always differ, though perhaps but slightly, in their
position in t:he spectrum. For example, the spec':trum of
helium contains a prominent yellow line, the color of which
t.he eye could not possibly distinguish from that of the sodium
:;me;t but when the two spectra are confronted in the same
pectroscope, it is found t i ine li
A Py sviolet_ hat the helium line lies the farther

3. When light from a source that gives a continuous spectrum
shines through a gas whose temperature is lower than that of the
source, dark lines appear in the spectrum in the positions character-

istic of the bright lines belonging to the gas. In other words, a gas -

absorbs from a beam of light just those rays that it emits, and
no others. Dark-line spectra are often referred to as absor,ption
spectra. The lines in such spectra are never totally black, but
appear dark by contrast with the luminous background of Icon-
tlIll:lOl..IS spectrum; the gas through which the light shines is
emitting as much light as ever.

Selective absorption is sometimes produced also by liquids
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and solids, as for example the Crookes glass used for special
kinds of spectacle lenses, or a solution of chlorophyll, the
coloring matter of green leaves. This kind of absorption is
manifested by dark bands that are broad and hazy, and not
made up of fine lines. :

The three principles may be illustrated as follows: Before
the slit of a spectroscope is placed an incandescent electric lamp;
the glowing filament is an incandescent solid, and a contintious
spectrum is seen in the spectroscope, illustrating the first
principle. The spectrum is brightest if an image of the fila-
ment is thrown upon the slit by means of a convex lens of
which the ratio of aperture to focal length is about the same
as that of the collimator, so that the collimator and prism are
filled with light. Let an alcohol lamp be placed between the
slit and the electric lamp, and let the latter be turned off.
The blue alcohol flame is so nearly transparent that probably
no light will be seen in the spectroscope, but if a little common
salt (sodium chloride) be inserted on a wire at the base of the
flame the sodium will be vaporized and the flame will be colored
yellow by incandescent sodium gas; and in the spectroscope
will be seen the two bright yellow lines of the sodium spectrum,
exemplifying the second principle. Now let the electric lamp
be turned on again, so that its light passes through the sodium
flame: the continuous spectrum again appears, but this time
it is crossed by a pair of dark lines in the yellow in the position
that was occupied just before by the bright sodium lines.
This illustrates the third principle.

The Solar Spectrum.—In Plate 7.1, the colored dark-line
spectrum represents that of the Sun as it appears in a grating
spectroscope of moderate dispersion. The most prominent
lines are marked with their Fraunhofer letters. From the
third principle of spectral analysis, since the solar spectrum is
a dark-line one, we may infer at once that the Sun consists of a
central core of highly heated material in such a state as to give
a continuous spectrum, and that this core shines out through
an envelope or atmosphere of less intensely heated gases.
Moreover, by comparing the solar spectrum with the spectra
of terrestrial substances, the presence of many familiar elements
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in this gaseous envelope may be established. Plate 7.1 (below)
shows a portion of the violet end of the spectrum of an electric
arc that was formed between rods of iron and, on either side
of this, the corresponding part of the spectrum of the Sun.
In making the photograph, the middle of the slit of the spectro-
graph was illuminated by the arc while the ends were covered;
then the middle was covered and the ends were illuminated by
sunlight. The spectra are thus made to correspond exactly,
and it is seen that each of the bright iron lines has a dark
counterpart in the spectrum of the Sun. Some two thousand
of these coincidences have been established, giving two-
thousand-fold evidence that the atmosphere of the Sun con-
tains iron. Since, in order to produce spectral lines, the iron
must be so hot as to be not only melted, but vaporized, and
since the core must be hotter still, this feature of the spectrum
is alone sufficient to inform us that the Sun is intensely hot.
The principal Fraunhofer lines are as follows:

A. A band in the extreme red, sharply defined on the side toward the violet,
due to oxygen, but belonging to the Earth’s atmosphere instead of the

Sun’s as shown by its intensification when the Sun’s altitude is low.!

A rather narrow band in the red, due to terrestrial water vapor.

. Band in the red, similar to A, due to terrestrial oxygen.

. Line in the red due to solar hydrogen; identical with Ha.

. Double line in orange-yellow, due to sodium in the Sun.

Close group of lines in green, due to iron and calcium.

Close group in green, due mainly to magnesium.

Hydrogen line in blue-green, identical with Hg.

. Composite band in blue-violet.

. Very broad calcium line in extreme violet.

- Very broad calcium line, similar to H, in very extreme violet. K was
not lettered by Fraunhofer, and can be seen only when very bright sun-
light is used; but on photographs, H and K are the most prominent of all.

The Spectra of the Stars.—The great majority of the stars,
like the Sun, show dark-line spectra, suggesting that their
general architecture is the same as that of the Sun. Many
star spectra are in fact practically identical with the solar
spectrum, and it is certain that the stars are distant suns; but
there is a very great variety in the arrangement and relative

! Also by the absence of a Doppler-Fizeau displacement when the spectra of
the receding and approaching limbs of the Sun are compared (page 176).

REQ@EBUOWS
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i ities of the lines in stellar spectra, correspondipg to a
1‘:1:;11?::1:2 in the constitution o;( ;;ilf stars. - This subject will
i further in Chapter ’
berl:s:ugsﬁctra of Nebu.laf—Most of th'e nebule that are
located in the Milky Way show bright-line spectra and_are
believed to be vast masses of luminous, ter'nuous gas. The lines
shown include those of hydrogen and helium an<-i also others
that have never been identified with any terrestrial substa..ncti
and are sometimes spoken of as belonging to a hypothetica
ed “nebulium.”
deﬁzﬁ gfa]:he extra-galactic nebulz that are bright enough for
ic study exhibit dark-line spectra.

sm;::;esi:gn by ayGrating.—A di.ffracti9n grating .is made by
ruling fine, equidistant lines with a dsamon.d p-omt ‘upon a
polished surface of glass or metal. When “tl'ui.:e 11.ght is trans-
mitted or reflected by such a ruled surface it is dJs.persec:l, n(?t
into a single spectrum, but into many, _and the_d;spermon is
the greater the closer the ruling. Gratings having 15,000 or
more lines to the inch are often used in powerful spectrogf'aphs
in place of prisms; but in astronomic spectroscopy their use
is confined almost entirely to the study of the @ectgun of the
Sun, since only a fraction of the light is contained in any one
spectrum and the light of the stars is too feeble 150 permit the
use of such a wasteful instrument. In the gratmg spfactrut:n
the order of the colors is the reverse of that in .t,he prismatic
spectrum, the red being deviated most and the violet least.

.2 is shown the great tower telescope of the Mount Wilson Observy-
atcliry?la';‘eh: :ol:ver is madegrcf‘c;uble, each upright and cross-piece shown Tl;n
the photograph inclosing a similar one that belongs to the inner tower. ’ de:
outer tower supports the dome and protects the inner tower from the wind;
the inner one supports at the top a coelostat, an arrange_ment of nun'oﬂris
driven by clockwork so as to reflect the Sun’s light vertically dqv;n;va :
and, just below this, a twelve-inch lens of 150 feet focal length, whic or;ns
a se’vent.een-inch image of the Sun at the foot of the tower. In.the seven ﬂ):-
five-foot well beneath is placed a grating spectrograph having 1t.Ss slit in b:
focal plane of the lens so that the spectrum of any part of the Sun m}gh °
photographed with enormous dispersion. It was with this spectrograp P‘!a:e
the photograph of the solar spectrum reproduced in the lower part of e
7.1 was made. The movements of the dome, coelostat, and spectrograp
are, of course, controlled electrically.
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Wave Theory of Light.—The action of the grating upon | Boarn 2 k. - DA on Clisring Bonivsi
i 1S X > ly i e ‘f'l' i' SIOWS ll at i”}]l C ‘Il"‘-i'[ 5
light is extremely important, for it shows th consists MRS A NN s e Fb DI el SO
i of waves, the length of which is different in light of different
, colors, and enables the experimenter to measure the length of
|

these waves.

A complete discussion of the grating is far beyond the scope of the present
book, and for this the reader is referred to advanced works on phy
some idea of the theory may be given as follows: In a homogeneous medium,
waves spread out from a point-source with equal velocity in all directions,
| so that the wave-front is a sphere with the source at the center and the light
is propagated in straight lines radially from the source. If the light en
counters an obstacle, the waves bend slightly around the edge, and the limit

of the shadow cast by the obstacle is not
perfectly definite. This bending is called
diffraction. The shorter the wave, the less

the bending, and light-waves are so short
that the diffraction is difficult to detect

K unless the source of light is very small and
H the edge of the obstacle ver ¥ irp. Inthe
grating, the diamond-lines are effective
obstacles with very sharp edges, the light
H' being transmitted or reflected by the
 narrow spaces of polished glass between
them. Let A and B, Fig. ro1, be the upper
edges of two a

c

jacent spaces of a "lullij 4 |

'

1d highly magnified, and
D let the grating be illuminated from

seen L:f!;;(-\':ixt: :

F16. 101. Actiox or tae left side with light of a single wave-length. I 4000 4400 4800 5200 5600 6000 6400 6800 7200 7600
MFFRACTION GRATING raves of liol g » diffracted a i 8
HISRRACEION. Caativ W “L"‘.‘“. h".'.!l',.“'“ be SUSSRcuad and vl 1. A continuous spectrum
proceed in all directions from 4 and from 2. The visible part of the Hydrogen spectrum
B. Let the light be focused upon a screen CD by means of a convex lens. 3. The visible part of the Sodium spectrum .
Waves that proceed from 4 arlti B in a direction normal to the grating 4. The solar spectrum showing the lettered F raunhofer lines

will meet at E, after having traveled equal distances. Hence. the ¢ rest of Below: The spectrum of Iron with solar spectrum on either side. P hotographed

a wave arriving from A will meet the crest of one arriving from B, and the with high-dispersion spectrograph at Mt. Wilson Observatory
two will reinforce n-:u-h other—there will be constructive interference. At
a certain point H above E, and at another H’ the same distance below E,
the wave from one o' the apertures w il have traveled farther than the one

from the other by a distance equal to half the wave length: there a crest ‘ ‘ l '”WI ‘l" HI )lml"ll “J“]l"}
from A will meet a trough from B, and the waves will neutralize each other
—there will be destructive interference. At K and K’ the differe nce of
path, BX, is one whole wave-length, constructive interference again occurs

and a bright point like that at E is prnril ced; and there will be a succession I !
of these bright points where the difference of path from adjacent apertures ' I" II Iﬂ' Elll”m" Iml ”ll ”H 1'” I "I l‘

150 5 HE T R b . , where X is the wave-length of the light. If light of a

l]li erent wave- ll’.‘I‘!l{il be used to illuminate the grating, its bright points

fall between those that we have established. and so light of different wave-
1.L!:):J!]!~< is sorted out and a spectrum is formed. The greater the wave-

4171 4200
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length BX, the greater will be-the distance E K, and from the distance EK
and the distance of the screen from the grating it is easy to calculate the
wave-length.

The grating thus sorts out the light according to wave-
length, producing a series of bands, in each of which the light
of greatest wave-length is deviated the most. What we actually
see is a series of spectra, in which the red is deviated most;
hence, color must be a matter of wave-length, and red waves
must be the longest of those that impress the eye. It is
customary to express the wave-length of light, which is always
very small, in terms of what is called the Angstrém unit,
which is one ten-millionth of a millimeter (10-* cm). Measure-
ment with the diffraction grating shows the wave-length of
the reddest visible light to be about 7,800 Angstréom units,
while that of extreme violet light is about half as great.

It may be noted that in grating spectra, the distance between
any two lines is proportional to their difference of wave-length.
This is not true of spectra produced by prisms; there the dis-
persion is greater in the blue end than in the red.

Comparison of Light and Sound.—It is well known that sound consists
of waves in the air and that the length of the waves determines the pitch
of the sound, a high note being due to a short wave-length. The wave-
length of middle C of the scale is about four feet, enormously greater than
that of visible light. Ascending the scale one octave divides the wave-
length by two, ascending two octaves divides it by four, and so on. Since
the wave-length of violet light is about half that of red, it is evident that
the eye is sensitive to but a single octave of light, while the ear detects
sound over a range of some ten octaves.

The velocity of sound is about 1,000 feet per second, while that of light

is, as we have seen, about 186,000 miles per second. The frequency of middle
C is 256 waves per second. That of yellow light, having the wave-length

‘of the D line of sodium, is about 500,000,000,000,000 (5 X 10} per second.

Sound-waves are longitudinal—that is, the motion of the particles of air
is backward and forward along the line of advance of the wave. Light-
waves are transverse. In ordinary light the wave-motion, or vibration,
while always at right angles to the direction of propagation, takes place in
all possible azimuths; but by certain means, as by passing the light through
a Nicol prism made of a crystal of Iceland spar, the light may be plane
polarized, when the vibrations all take place in the same plane.

The ear is provided with a special organ, called the organ of Corti, by
which we recognize sounds of different pitch, even when they are produced
simultaneously, as by an orchestra or a choir; but the eye has no such mech-
anism, and its place may be said to be taken by the spectroscope.
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Light certainly does not consist, as sound does, of waves in the air; for
it is transmitted freely through interstellar space and through artificial
vacua. This fact has led physicists to postulate the existence of a medium
called the luminiferous ether, a highly elastic, perfectly incompressible sub-
stance of great density which pervades all space and yet which is so impon-
derable that it offers no resistance to the motion of such material bodies
as the planets and the stars. This is about equivalent to saying that empty
space has properties other than those attributed to it in ordinary geometry,
which enable it to transmit energy-carrying waves, the passage of which
requires finite time.

Invisible Radiation.—Although the eye is not_sensitive to
light of wave-length shorter than about 3900 Angstroms, a
photographic plate placed beyond the violet of the spectrum
shows the existence of much shorter waves which are called
ultra-violet. Light from the heavenly bodies und from terres-
trial sources may be photographed down to about 2900
Angstroms, but the Earth’s atmosphere is almost perfectly
opaque to waves shorter than this, so that the extreme ultra-
violet is of no consequence astronomically. Using reflection
gratings inclosed with their sources of light in vacua, Millikan
has detected lines in the spectra of certain elements due to
waves as short as 200 Angstroms.

The wave-length of X-rays is of the order of one ﬁngstrém. The finest
artificial gratings are much too coarse to use in the study of X-ray spectra,
and recourse is had to crystals, in which the natural orderly arrangement
of molecules replaces that of the ruled lines of the artificial grating.

A delicate thermometer, or, better, a thermopile, shows that
beyond the red of the visible spectrum lies a great range of
wave-lengths belonging to what is called infra-red light. There
is, in fact, no break in the series between these waves and the
long waves produced at radio broadcasting stations, which are
in some cases several miles long. The longest ether wave is
thus some 100,000,000,000,000 times as long as the shortest, a
range of nearly fifty octaves, to only one octave of which
the human eye is sensitive. Ultra-violet, visible, and infra-red
waves are all included in the physicist’s term radiation.

The Pressure of Radiation.—It was shown theoretically by Maxwell in
1873, and experimentally by Nichols and Hull and by Lebedew in 1900,

that radiation exerts a pressure upon any surface on which it falls. This
pressure is so feeble that it is very difficult to detect by experiment, but
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it is important in the study of the motion of fine particles near the Sun or
the stars, such as occur in comets and in stellar atmospheres; for the radi-
ation presstire upon a body is proportional to the body’s area or (for a sphere)
to the square of its radius. The Sun’s gravitational attraction for the body
is proportional to its mass or, for a given density, to the cube of its radius.
Both are inversely proportional to the square of its distance from the Sur}.
Therefore, whatever the distance, the ratio of radiation pressure to gravi-
tational attraction is inversely proportional to the first power of the radius;
hence, there must be a certain critical diameter for a body of given c.lensuy,
for which the light-pressure equals the attraction. Bodies having a diameter
less than this critical value (which, for unit density, is about o.co1s mm)
will be repelled instead of attracted by the Sun. The pressure of radiation
affords an adequate explanation of the behavior of the tails of comets and
is of importance in considerations of the equilibrium of gases in the solar
chromosphere and in the hotter stars.

Series of Lines in Spectra.—In the spectra of many elements,
the lines are so placed as to form a series, in which the wave-
lengths of the different lines fall into a simple formula. The
most obvious of these series is that of hydrogen (Plates 7.1 and
7.3). A wide gap intervenes between the red line, Ha, and the
green one, HB; a shorter gap between HB and the blue line,
Hv; and as we proceed into the ultra-violet the gaps become
shorter and shorter until the lines are found to crowd closely
together at about A3646. The Swiss physicist Balmer showed
in 1885 that the wave-lengths of the hydrogen lines could be
expressed by the formula

2
A= 3646 —

n®— 4

by giving to » the successive values 3, 4, 5, ete. Thus, if n = 3,
we get N = 6563, the wave-length of He; if n = 4, A = 4862,
the wave-length of HB; and so on. The hydrogen spectrum
contains another series of lines in the far ultra-violet, and still
another in the infra-red. Many other elements besides hydro-
gen exhibit series of spectral lines, but the hydregen series is
the simplest.

The Structure of the Atom and the Production of Light.—
The investigations of many physicists, chief among whom is
Bohr of Denmark, have shown that many phenomena, including
those of spectral series, are best explained by supposing that
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the atoms of matter are miniature solar systems, the Sun being
represented by the nucleus of the atom which consists of a
number of indivisible units of positive electricity called protons
sometimes combined with a smaller number of negative units
called electrons, while other electrons revolve around the nu-
cleus like planets around the Sun. Although the quantity of
electricity in the electron is exactly equal to that in the proton,
the mass of the proton is some 1,800 times that of the electron,
and so the mass of an atom is concentrated principally in its
nucleus. The diameter of either the electron or the proton
is estimated at 107" cm., while that of the average electronic
orbit is about 10™® cm.—a hundred thousand times as large as
the proton and of the order of the
wave-length of X-rays. The
atom is thus conceived to be

mostly empty space.
The simplest atom, according
e“ 4 to the Bohr theory, is the atom
of hydrogen, and it consists of a
single proton and a single revolv-
ing electron. The electron may
revolve in any one of many orbits,
at distances from the proton that
FiG. 102. ORBITS OF THE HYDRO- 56 ropnortional to the squares of
the natural numbers—+that is, to
1, 4,9, 16, etc. The orbits are usually elliptic, but may be circu-
lar, and the four inner orbits are so represented in Fig. 102. So
long as the electron continues to revolve in any one of these
orbits the atom neither emits nor absorbs light; but, contrary to
the state of things in the Solar System, it is capable of jumping
suddenly from one orbit to another. If it falls from an outer
orbit to an inner one, the atom loses energy by a definite
amount, which is called a quantum, and an ether disturbance
of a definite wave-length is sent out. The length of this wave
depends upon the distance fallen through by the electron; if it
falls from the third to the second orbit, Ha-light is emitted; if
from the fourth to the second, Hpg-light; if from the fifth to
the second, Hy-light; and so on. If the electron falls from any
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outer orbit to the first, a line of the ultra-violet series is emitted;
if to the third, a line of the infra-red series.

The quantum of energy is proportional inversely to the ?\rave-len_gth and
therefore directly to the frequency of the light-waves, and is equal in every

case to hw where » is the frequency and % is a constant known as Planck’s
constant.

When energy is imparted to the atom, as by the absorption
of radiation passing through the body of gas, an electron is
expelled from an inner orbit to an outer.

According to the Bohr theory, the atom of any chemical
element in its normal state contains just as many electrons as
protons; all the protons are in the nucleus, and if the latter
contains electrons also, as in many elements it does, the pro-
tons must exceed the nuclear electrons by a number equal to
that of the revolving electrons. The chemical elements differ
from one another by the number of excess protons in the
nucleus, and this is known as the atomic number. The helium
nucleus is believed to consist of four protons and two electrons,
while in the normal helium atom two additional electrons
revolve in orbits that are mutually inclined at an angle of
120°. The atomic number of helium is thus 4 — 2 = 2. The
atomic number of lithium is three, that of sodium is eleven,
that of iron is twenty-six, and that of uranium, the most com-
plicated atom, is ninety-two.

When an atom is acted upon by a powerful electric current
or a very high temperature, one or more of the revolving
electrons may be not only expelled to an outer orbit, but may
be entirely lost to the atom, which is then left with a super-
fluous positive charge and is said to be ionized. Ionization is
promoted by a decrease in the pressure of the gas. The
spectrum of an ionized atom is entirely different from that of
a non-ionized atom, and so, as a mass of gas is subjected to higher
and higher temperatures and more and more atoms become
ionized, the spectrum is modified by the emergence or strength-
ening of certain lines which are referred to as enhanced lines.
The temperatures and pressures at which different elements
become ionized are very different, and the relative intensity of
the enhanced and ordinary lines of the various elements in the
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spectra of the stars gives a key to their temperatures, a fact
first pointed out by Saha of Calcutta in rg21.

The ionized helium atom, like the hydrogen atom, has but
one revolving electron, but its nucleus, as we have seen, is
very different from the hydrogen nucleus. It might be expected
that the spectrum of ionized helium would be similar to, but
not identical with, that of hydrogen. It does, in fact, contain a
series of lines very similar to the Balmer hydrogen series, which
was first observed by E. C. Pickering of Harvard in 1896 in
the spectrum of the star { Puppis and was long attributed to
hydrogen and known as the Pickering series.

Wien’s Law.—The intensity of the radiation emitted by a
hot body is not the same at all wave-lengths, but is a maximum
at a certain point of the spectrum, the position of which depends
upon the temperature of the body. For temperatures below
3,000° C. this point of maximum intensity lies in the infra-red,
but as the temperature rises above this value it shifts over into
the visible spectrum. It may therefore be inferred that a blue-
white star like Rigel is hotter than a red star like Antares. It
was shown by Wien that, if the body be ‘“‘black’ '—that is,
capable of absorbing all wave-lengths completely—the wave-
length of the point of maximum intensity of its spectrum is
inversely proportional to its absolute temperature (tempera-
ture counted from the “absolute zero,” which represents com-
plete absence of heat). Although the stars probably do not
radiate exactly like ‘“‘black” bodies, this relation affords a
second valuable means of estimating their temperatures.

The Doppler-Fizeau Principle.—An observer who stands near
a railroad track while a locomotive with a sounding bell passes
may notice that the pitch of the sound drops suddenly at the
moment when the engine is nearest. The reason of this may
be seen from Fig. 103. Let the engine move along the straight
line from right to left, and let the positions of the bell at the
moments of emitting successive wavecrests be A, B, . . . F.
The wave emitted at A spreads in the air in all directions with

! This technical use of the word black does not agree with the ordinary use
unless the body is so cool as not to emit visible light. If heated to incandescence,
the technically “black” body would appear white-hot.
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the velocity of 1,090 feet a second, and when the engiru? has
arrived at F this wave is represented by the largest a:':lrcle.
which is centered at A. The crest emitted at B spreads in the
next circle, which is centered at B, and so on. Hence,
when the bell has arrived at F, the successive waves have the
positions shown by the five circles in the figure, and. are'crowded
together in front of the bell and drawn apart behind it. T}}at
is, the sound received by an observer in front of the locomotive
must be of shorter wave-length, and hence of highe.-r f.requency
and pitch than the sound received in the rear. A suml.ar .effect
may be noticed by passengers on a rapidly moving train in the
pitch of the sound of warning bells at grade crossings. Here th-e
bell is stationary and the observer moves. The wave-length is
not modified, but the frequency
with which the waves are re-
ceived by the observer is greater
as he approaches the bell than
as he recedes, and the effect on
the pitch is the same as if the
wave-length were changed.
The effect of motion on the
itch of sound was first ex-
g;ained in 1842 by Dop;l):er of FiG. 103 'I};l;fNCPPE;PLEn-FmBW
who realized that a
:)i::iﬁﬁ, effect would take place in waves of light, and inferf-ed
that a rapidly approaching star would be blue and a receding
one red. This inference, however, is incorrect, for the st.?\.r
differs from the bell in emitting waves having a great range in
length and the effect of recession is to lengthen all the waves,
so that the whole spectrum is shifted, a little of the v1§1b1e
portion being lost in the infra-red and a little of the ultra-violet
being shifted over into the visible. Moreover, th_e change of
wave-length due to any velocity as yet detected in the stars
would not be sufficient to make a change in color that could be
noticed by the eye. cxf Tt s
The correct astronomic application of Doppler’s prmc.zple
was given by Fizeau in a paper read beffore a learned society
in Paris in 1848 but not published until’ 1870. Although all
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wave-lengths are represented in the spectrum of a star, each
line of the spectrum represents but a single wave-length, and
so the effect of motion along the line of sight is to modify the
wave-length of each line, and so to displace the line in the
spectrum. The Doppler-Fizeau principle, which is one of incal-
culable importance in Astronomy, may be stated as follows:
When the distance between an observer and a source of light is
increasing, the lines of the spectrum lie farther to the red than
their normal positions, and when the distance is diminishing they
lie farther 1o the violet, the displacement being proportional to the
relative velocity of recession or approach. The formula for the
change of wave-length of a spectral line is

v
AN= —,
V

where v is the relative velocity of the source and the observer
along the line of sight (called the radial velocity; page 87), V
is the velocity of light, and X\ is the wave-length of the line.
The highest velocity of any celestial object so far measured is
less than 2,000 kilometers a second, or 1/1350 of the velocity of
light; and so the observed change of wave-length is always
small. The Doppler-Fizeau effect in the spectra of different
parts of the Sun is illustrated in Plate 7.3. The Sun’s rotation
causes its west limb to move away from us and its east limb
toward us, the relative velocity being about four kilometers per
second. The lines of the spectrum of a point near the west
limb are accordingly shifted to the red and those of a point
near the east limb toward the violet, while the spectra of
points near the north and south poles of the Sun are unmod-
ified by its motion.

: AND 75-FOOT SPECTROGRAPH ON
PLATE 7.2. THE 150-F0OT TOWER 'l‘ELEscopF_ 7
g = Mount WiLsox
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Photographed by R. H. Curtiss, Detroit Observatory

4294

4283

4275

=
™-
e
-
el
o
i

=a
—
-
-
———
i
-
-
-

! NSt eNE I InEm

SpeCTRA OF NORTH, SouTH, EAsT, AND WEST PoINTS OF THE SUN'S L1MB

Lower pair shows displacement due to the Doppler-Fizeau effect.

Photographed by Adams, Mt. Wilson Observatory

CHAPTER VIII
THE SUN

Importance of the Sun.—From three main points of view the
Sun is, to us inhabitants of the Earth, the most important of
astronomic bodies. First, it is the ruler of the Solar System,
controlling the motions of the Earth and all the other planets,
the comets, and the streams of meteoric bodies, and influencing
the motions of the satellites. This aspect of the Sun will appear
in succeeding chapters.

Second, the Sun is a star; not by any means the largest or
brightest or hottest star, but important to us because it is by far
the nearest, our next stellar neighbor being some 275,000 times
as far away and the great majority of visible stars many times
farther still. The Sun is the only star whose features we can
study in detail.

Third, the radiation of the Sun is almost the sole source of
power, warmth, activity, and life upon the surface of the Earth,
the only exceptions worth mentioning being the tides and the
activity of volcanoes and geysers which orginates in the internal
heat of the Earth.

Consider, for example, the manifestations of life on a city street, at night
when it might seem that the Sun had no influence. The street is lighted
and cars are being propelled upon it by the energy of electric current which
is generated, perhaps, at a distant waterfall. The generators are run by
turbines which are driven by the weight of falling water; but in order to
fall, the water must have been raised to a higher level than that of the sea,
and this was done by the radiation of the Sun which warmed the water of
the ocean, causing it to evaporate and rise to form clouds, which were wafted
over the land by Sun-generated winds to fall as rain. If the Sun’s radiation
were cut off, the cataract would cease even before the existing supply of
water was exhausted, for the temperature would speedily fall so low that
the water would all be converted to immobile ice. Or perhaps the current
is generated by the burning of coal. The energy then comes from the com-
bination with the oxygen of the air of carbon which was stored in plants
ages ago under the mysterious action of the Sun’s rays known as photosyn-
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thesis, and we are thus making use of “‘canned sunlight.” The energy which
drives the gasoline engines of automobiles may be traced to a similar ancient
source, while that of our own bodies is solar energy, stored not so long ago
by photosynthesis in the plants that form our food or the food of animals
of whose flesh we have eaten. ;

General Description of the Sun.—The distance and diameter
of the Sun have already been given (page 95). It is impressive
to compare the Sun’s diameter with that of the Moon’s orbit
for, if the Earth were placed at the Sun’s center, the Moon’s
orbit would lie only a little more than halfway out toward the
surface. The distance is so great that, to subtend an angle of
1""—which is pretty small to observe with an ordinary telescope
in the poor seeing that usually prevails in the daytime—a
marking on the Sun must be 450 miles in diameter.

The mass of the Sun (page 221) is about 333,000 times that
of the Earth, and its surface gravity about 27.6 times the
Earth’s (a person who weighs one hundred pounds here would
weigh nearly a ton and a half if transported to the Sun). Its
form is that of a sphere. Its average density is about 1.4
times that of water. The temperature of its visible surface is
about 6,000° C., while that of the interior is certainly much
higher, and is estimated at 40,000,000° C.

The Sun rotates in the same direction as the Earth upon an
axis which is inclined 83° to the plane of the ecliptic and is
directed to a point about halfway between Polaris and Vega,
in @ = 18" 44™, § = 4+64°. The rotation is not uniform all over
the Sun, for a point at the equator turns faster than points in
higher latitudes, the sidereal rotation period being 25 days at
the equator, 27.5 days at latitude #+45° and about 33 days at
latitude =4=80°. This shows, of course, that the surface of the
Sun cannot be solid, for its parts move past one another; and
its high temperature and other facts prove it to be gaseous
throughout in spite of its high average density.

Upon the intensely brilliant visible surface of the Sun, which
is called the photosphere, are often seen relatively dark spots
called sun spots, some of which are many times larger than the
Earth. Above the photosphere is the red chromosphere from
which rise the vast flame-like prominences (page 141); while
beyond all extends the tenuous corona which can be seen only
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at the time of a total solar eclipse. The abundance and size
of the spots and prominences, the form of the corona, and the
magnetism of the Earth (which is thus shown to be connected
with the Sun) all vary, for some unknown reason, in an irregular
period which averages 11.1 years.

Asshown by the spectrum, the layer of the Sunwhich produces
the Fraunhofer lines contains, in a state of vapor, some sixty
of the chemical elements which are known upon the Earth;
and there is reason to believe that, except for the effects of
high temperature, the chemical constitution of the Sun is not
essentially different from that of the Earth.

Methods of Observing the Features of the Sun.—To look
directly at the Sun through a telescope would be disastrous, for
a piece of paper or other inflammable object placed in the usual
position of the eye at a telescope directed to the Sun is quickly
set ‘'on fire. For visual observations, one may make use of
various devices known as helioscopes, which reflect away the
greater part of the light after it has entered the telescope. (To
reduce the aperture of the objective by a perforated cap would
decrease the light but would also diminish the resolving power.)
Another method is to project upon a white cardboard screen an
enlarged image of the Sun formed by racking the eyepiece out-
ward until the screen and the focal plane of the objective are
at the conjugate foci (page 33) of the ocular. The image may
then be seen by a number of observers simultaneously.

For photographic observation, which for serious work has
now almost entirely superseded the visual, the intensity of the
light is an advantage rather than a drawback, for it makes pos-
sible the use of slow plates, which are of finer grain than fast
plates, and of very short exposures—one one-thousandth of a
second or less. The photograph is usually made in the focal
plane of a long-focus objective, the telescope often being
mounted permanently in a horizontal or a vertical position
and ‘“fed” by a coelostat, a clock-driven arrangement of
mirrors which reflects the light in a constant direction.

It was discovered in 1868 by Lockyer in England and
Janssen in France that the solar prominences, which up until
then had been seen only during eclipses, could be observed in full
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sunlight by the aid of the spectroscope. Prominences cannot be
seen directly without an eclipse for the same reason that stars
cannot be seen in daylight—the background of sky is too bright.
The effect of the spectroscope is to spread the light of the sky
(which isreflected sunlight) into a long spectrum and so to reduce
its intensity ; but the spectrum of the prominences is a bright-line
one, and the spectroscope separates the bright lines without
widening them and hence without weakening them, so that they
may be seen against the weakened background of the sky. To
observe the prominences, therefore, a spectroscope of high
dispersion—having a fine grating or a train of prisms—is
attached to the tube of a telescope with its slit in the focal
plane of the objective. The telescope is so directed that the
slit is at one point nearly tangent to the image of the Sun, but
does not quite touch it; if a prominence is situated at the cor-
responding point of the Sun’s limb, the bright lines of its spec-
trum may be seen against the continuous sky-spectrum. Since
an image of the prominence is formed on the slit-plate by
the objective, the prominence-light entering the spectroscope
comes from a narrow strip only of the prominence, and the
bright lines of the spectrum are themselves images of the tele- |
scopic image of this strip, showing interruptions, for example,

corresponding to any rifts that exist in that strip of the promi-

nence. By widening the slit, a wider strip may be seen, and it is

often possible thus to view the whole prominence if the sky be

very clear. Widening the slit, howeveér, admits more sky light

without brightening the image of the prominence, and a slight

haze, which has the effect of both dimming the prominence

and brightening the sky, will make the observation of a whole PLATE 8.1. DIRECT PHOTOGRAPHS OF THE SUN (LEFT) AND SPECTROHELIOGRAMS
: o z 2 T s - (rIGHT) MADE AT MouNT WILsON OBSERVATORY
- - impossible. - : : ; ; :
PROERNIA0S of 90y 5:12(3. p ssible The &I)E.?Ctral, line most y Above—1906 July 30; the Spectroheliogram was made in the light of the H line
frequently used for this kind of observation is the red of Calcium _
! Below—1917 August 12; Spectroheliogram made in the light of the « line of

(C or Ha) line of hydrogen, because it is the brightest in
the prominence spectrum.
About 1890, Hale in America and Deslandres in France inven-
ted the spectroheliograph, by means of which the entire Sun
is photographed in the light of a single spectral line. This .
instrument consists of a spectrograph of high dispersion which,
in addition to the slit through which the light enters (and which

Hydregen. Small white dot shows comparative size of the Earth
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_Spectra photographed with an Objective Prism by Anderson at Middletown,
(.om!urln‘u_l, at the Total Solar Eclipse of 1925 January 24. (a) beginning of
totality, (b) middle of totality, (c) end of totality. '

“Flash Spectrum"” photographed without an eclipse with the 75-foot Spectro-
graph and great tower telescope at Mount Wilson. Region of Fraunhofer's b
group.

| %
slar QLorona June 8

Spectrum U.f the Eclipsed Sun, photographed by V. M. Slipher with slit spec-
f.ruj..{f:]l'[lh at :‘1_\'!1'."15[_'11.%?.1 ]?:L'I'I\‘lﬂ, 1918 June 8. The light of the corona and chro-
mosphere was diffused by a hazy sky so that the bright lines cross > image
O the B i : g s cross the image
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we shall here call the first slit) is provided with a second slit
placed in the focal plane of the camera objective and adjusted
to the width of a line of the spectrum. The spectroheliograph is
attached to a large telescope, the objective of which we shall
call the main objective. The first slit is placed in the focal
plane of the main objective, which is directed to the Sun. A
narrow strip of the Sun’s image is thus admitted by the first slit
and a spectrum formed, each line of which is an image of that
narrow strip. The second slit is so placed that the light' of a
single line passes through it, and behind the second slit is placed
the photographic plate. Upon the plate there is thus formed
a monochromatic image of the strip of the Sun’s surface showing
the distribution of the particular element, say hydrogen, which
is responsible for the spectral line. A complete picture of the
Sun, or rather of that portion of a certain layer which is com-
posed of a single element, is then built up on the plate in one of
two ways: either the main telescope is moved slowly so that
the Sun’s image travels at right angles to the first slit while at
the same time the photographic plate is moved across the
second slit, causing successive strips of the Sun to fall upon
successive strips of the plate; or the plate and the main tele-
scope are both kept stationary while the spectroheliograph
with its two slits is moved slowly between them.

In 1925 Hale perfected the spectrohelioscope, which makes perceptible
to the eye the solar features which before had been detected only by
the spectroheliograph. It is arranged precisely like the spectroheliograph
except that the photographic plate is replaced by an eyepiece and the two
slits are given a vibratory motion so rapid that the eye receives the im-
pression of a persistent imege. The range of the vibration is sufficient to
admit a field of view covering a considerable portion of the Sun’s surface.

The Sun's Appearance.—As observed visually or on direct
photographs, the Sun presents a clear-cut, circular disk which
is brighter at the center than at the limb, and which has a
granular surface, the “‘granules” being some hundreds of miles
in diameter. Photographs made in rapid succession have
shown that the granules are short-lived, the majority lasting

11t should be recalled that the Fraunhofer lines are dark only by contrast

with the continuous spectrum which lies betweéen them, and are not really with-
out light,
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but about half a minute. They perhaps represent something
similar to the crests of waves on a storm-tossed sea. The dark-
ening at the limb, which is due to general absorption of light
by the overlying layers of gas, is more pronounced on photo-
graphs than in visual observation, the blue and violet hght
being absorbed more strongly than the light to which the eye is
sensitive. Large, irregular bright areas called facule may
usually be seen in various positions, but especially near the
limb, where they appear the more plainly against the less
brilliant background. Their spectra show enhanced lines,
indicating higher temperature or lower pressure, or both, than
in the surrounding photosphere, and it is probable that the
facule are somewhat elevated above their surroundings. The
sun spots, which, when present, are the most prominent
feature of all, will be discussed in later sections.

On spectroheliograms, the granules do not appear and the
faculz can seldom be identified, but the whole surface of the
Sun appears covered with a multitude of light and dark mark-
ings to which Hale has given the name of flocculi. Spectro-
heliograms are made usually in one of the strong lines (H or K)
of ionized calcium or in the Hy or Ha line of hydrogen (the Ha
line, being in the red, requires the use of specially sensitized
plates). The calcium flocculi are bright over extensive areas,
especially in the neighborhood of sun spots. The hydrogen
flocculi, especially those which appear on Ha spectroheliograms,
are usually more clearly defined than the calcium flocculi, and
the largest ones are dark (Plate 8.1).

Although the flocculi have somewhat the appearance of
clouds, they are not at all like the clouds in the Earth’s atmos-
phere, but are composed of highly heated gases which absorb
light of certain wave-lengths only, and are transparent to much
the greater part of the Sun’s light, so that they are invisible
when the Sun is observed directly. The great dark hydrogen
flocculi are in many cases prominences projected upon the
photosphere, and may be seen as prominences when they have
been carried by the Sun’s rotation to the limb.

The Flash Spectrum; Layers of Different Height.—Since,
according to the third principle of spectral analysis, the Fraun-
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hofer lines are due to the absorption of certainwave-lengths from
the light of the photosphere, it is possible, during a few seconds
at the beginning or end of a total solar eclipse, to observe these
lines as bright or emission lines; for at that time the bright
photosphere is hidden by the Moon while the chromosphere,
which produces the lines, is still exposed. This phenomenon
was looked for and discovered at the eclipse of 1870 by Young
of Dartmouth, who named it the flash spectrum. It is vividly
described in the discoverer’s own words® as follows:

. . . At the moment when the advancing Moon has just covered the
Sun’s disk, the solar atmosphere of course projects somewhat at thie point
where the last ray of sunlight has disappeared. If the spectroscope be then
adjusted with its slit tangent to the Sun’s image at the point of contact, a
most beautiful phenomenon is seen. As the Moon advances, making nar-
rower and narrower the remaining sickle of the solar disk, the dark lines of
the spectrum remain for the most part sensibly unchanged, though becom-
ing somewhat more intense. A few, however, begin to fade out, and some
even turn palely bright a minute or two before the totality begins. But
the moment the Sun is hidden, through the whole length of the spectrum,
in the red, the green, the violet, the bright lines flash out by hundreds and

thousands, almost startlingly, as suddenly as stars from a bursting rocket-
head.”

A slender source of light, such as the crescent-shaped layer
of gas here studied, may itself serve as a slit, and the slit and
collimator of the spectroscope may be dispensed with. The
flash spectrum may be thus seen or photographed by simply
using a prism placed over the objective of a telescope. Such
a combination is called an objective prism or sometimes, if
used photographically, a prismatic camera. The lines of a
spectrum thus produced are of course curved like their sickle-
shaped source. The bright lines of the chromospheric spectrum
have been photographed by Adams at Mount Wilson without.
an eclipse by means of the 150-foot tower telescope (page 151),
the scale of the image of the Sun being so great as to permit the
slit of the great spectrograph to be placed within a very short
angular distance of the limb (Plate 8.2).

The bright lines of the flash spectrum have their sources at
different levels of the chromosphere, and so do not all flash out

simultaneously; and by a study of their duration or of the
' Young, The Sun, p. 82.
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length of their arcs on an objective-prism spectrogram, it is
possible to acquire information concerning the heights at which
they are formed. Mitchell of Virginia finds in this way that
ionized calcium (producing H and K) extends 14,000 kilometers
above the Sun’s limb; hydrogen produces Ha at 10,000 km.
and the other Balmer lines at about 8,000 km ; helium (which
was so named because it was discovered in the chromosphere
long before it was known to exist on the Earth) at about 7,500
km.; non-ionized calcium (spectral line at 4227 Angstréms) at
5,000 km.; and other elements, chiefly metallic, at lower levels.
The region below 6oo km., in which the majority of Fraunhofer
lines have their origin, is often referred to as the reversing layer,
but there is no definite limit between it and the chromosphere
above it. :

Double Reversal.—Young found in 1880 that in the spectrum of the chro-
mosphere observed without an eclipse certain lines, notably those of hydro-
gen, helium, calcium (H and K), sodium and magnesium, occasionally
showed an appearance which he called double reversal. The broad dark
line of the solar spectrum has superposed upon it a bright line, and this,
in turn, a fine dark line through its center; the three parts probably repre-
senting successive levels of vapor. At the base of prominences and over
bright flocculi, the H and K lines of calcium and the more prominent lines
of hydrogen are always thus doubly reversed. Hale has denoted by sub-
scripts the successive parts of the doubly reversed line; thus, K, is the broad.,
dark K line of the Fraunhofer spectrum; K, is the double bright part in
its center; and Kj is the fine dark line separating the components of K..
K, is due to the absorption of the Sun’s white light by the dense calcium
lying at the lowest levels, K, to incandescent calcium above this, and K
to cooler, rarer calcium vapor at still higher levels. It is K. which is most
frequently used for photographing the bright calcium flocculi with the spec-
troheliograph. With the use of spectrographs of higher dispersion, double
reversal appears in many other of the Fraunhofer lines. By placing the
second slit of the spectroheliograph in different portions of the line, photo-
graphs are made which show the distribution of flocculi at different levels
(see Plate 8.3.)

Pressures in the Solar Envelopes.—Recent investigations by St. John and
by Russell, into which we cannot enter here, lead to the conclusion that the
pressure of the gases of the chromosphere, down to about 200 kilometers
above the photosphere, is very low, about one ten-millionth that of the
Earth’s atmosphere at sea level; and that in the reversing layer the pressure
rises rapidly and may be as great as one one-hundredth of an “atmosphere”
(terrestrial) at the photosphere, at which pressure and at the temperatures
there prevailing the gases become sufficiently opaque to give the observed
appearance of the Sun’s sharply defined limb. The production of a con-

-
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tinuous spectrum at this pressure is explained by the presence of a high
pr?rp};mgngpilmefiﬁrgrﬁ'ch act upon a particle of gas at the surface of
the Sun are (1) gravity, nearly twenty-eight times as great as on the I*%a.rth,
acting toward the Sun’s center, (2) gaseous expansion, the r:esplt of collisions
among the molecules, and (3) the pressure of the Sun’s radiation (page 154}.
which acts principally outward. It is believed that the cprqmosphere is
held up against the action of gravity almost entirely by radiation pressure,
the gaseous pressure in that region being very low.

Sun Spots.—While there is a great variety in the size and
shape of sun spots, the well-developed spot is roughly circular
in outline and consists of two parts, an inner, darker part called
the umbra and an outer, less dark border called the penumbra.
In contrast to the photosphere, the umbra seems perfectly
black, but in reality it gives at least ten per cent as much light
per unit area as does the photosphere. The penumbra consists of
filaments which converge toward the center of the umbra. The
umbra is sometimes as much as 50,000 miles, and the penumbra
as much as 200,000 miles, in diameter. Large spots are often
seen with no other optical aid than a dark glass, or with the
unaided eye when the Sun shines through mists near the
horizon, and the Chinese have records of sun spots seen centuries
before Galileo applied the telescope to the sky in 1610. Sun
spots develop rapidly from small points, persist a few weeks or
months, and disappear by breaking up into a number of
smaller spots or by contracting in size. (Plate 8.4.)

The spectrum of a sun spot differs from that of the photo-
sphere in the presence of bands due to chemical compounds,
notably titanium oxide, which can exist only at lower tempera-
tures than the 6,000° C of the photosphere, and also in the
relative strengthening of the furnace-lines (lines which are
more prominent in the spectrum of the electric furnace than in
that of the hotter arc or spark); from which it is evident that
the spots are cooler than their surroundings.

Evershed, in India, by measuring the Doppler-Fizeau di5placement.(page
160) of lines in the spectra of spots near the limb, showed that the incan-
descent gases near the photosphere were flowing outward from the umbra,

and that the gases of the chromosphere, at higher levels, were flowing inward;
a result which was abundantly confirmed by St. John at Mount Wilson.

Sun spots are found in definite zones upon the Sun, chiefly
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between latitudes 10° and 30° on either side of the equator,
though occasionally near the equator itself and in latitudes up
to 45°; but never near the poles.

Prominences.—Solar prominences are vast eruptions which
rise from the chromosphere to heights sometimes as great as
500,000 miles—greater than the radius of the Sun. They have
been divided into two classes: quiescent prominences, which
appear like great clouds floating in the solar atmosphere and
remain unchanged for days at a time; and eruptive promi-
nences, which appear more like flames and move with velocities
as great as 200 miles a second so that their form may change
completely in a few minutes (Plate 8.5). The spectra of quies-
cent prominences consist of the bright lines of hydrogen,
helium, and ionized calcium; those of eruptive prominences
sometimes contain the enhanced lines of metals as well. Prom-
inences of both types are most numerous in the spot zones, but
are also seen outside these zones and sometimes even at the
poles. Eruptive prominences are often found over active sun
spots. When situated over the disk of the Sun instead of at
the limb, prominences are often photographed as He flocculi.

Vortical Motion in the Gases Surrounding Sun Spots.—
Visual observations have sometimes shown a vortical or
cyclonic motion in the neighborhood of sun spots, and after
his invention of the spectroheliograph Hale hoped to find
similar currents in the flocculi. The calcium flocculi gave no
indications of such currents, but the hydrogen flocculi, photo-
graphed in the light of Hg, Hy, and Hs, showed in many cases
a structure consisting of curving lines like those formed by
iron filings in the vicinity of a magnet. In 1908, photographic
plates which were sensitive to red light became available, and
upon applying these (at Mount Wilson) to the photography of
the Sun in the light of He, Hale found that the vortical structure
of the Ha flocculi was very marked. By comparing successive
photographs of a series, rapid motion along the curved lines
could in some cases be detected; for example, on a series of
plates extending from May 29 to June 4, 1908, a dark hydrogen
flocculus, many thousands of miles long, was seen to be sucked
into a neighboring spot (Plate 8.6). Just before its disappear-
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ance in the spot its velocity exceeded 100 kilometers a second.
Deslandres, at Meudon, by applying a very narrow second slit
to the exact center (Kj) of the calcium line, has since shown
a structure in the calcium flocculi similar to that of He flocculi,
and so it appears that the observed vortices exist at high levels,
thousands of miles above the spots. In general, the direction
of whirl is opposite for two vortices situated in the northern
and southern hemispheres of the Sun.

These phenomena led Hale to the conclusion “that a sun
spot is a solar storm, resembling a terrestrial tornado, in which
the hot vapors, whirling at high velocity, are cooled by expan-
sion, thus accounting for the observed changes of the spectrum
lines and the presence of chemical compounds.”!

Magnetic Properties of Sun Spots.—Immediately after the
discovery of solar vortices, Hale found that a sun spot has the
properties of a bar magnet, as if a magnetized steel bar were
thrust radially into the Sun through the center of the spot.

The reasoning by which he was led to this qisoover}:' and the .me?:hod of
making it are of great interest to one acquainted w:i‘-.h the prmmples. of
Physics. In 1876 Rowland had found that an elect{':cally charged disk,
when rapidly rotated, produced a magnetic field, showing that:., as Ms:xwgll
had previously predicted, a moving electric charge was equivalent in its
magnetic effects to a current flowing along a wire. For some years previous
to Hale's discovery it had been known that hot carbon and hot metals
emit negatively charged particles (electrons). It 'occurred to Hale that
there might be a preponderance of positive or negative charges in the gases
forming a solar vortex, and that, if so, the rapid whirling of.these gases
would produce magnetic effects similar to those of a current in a colossal
helix, making the vortex into a gigantic electromagnet.

In 1896 Zeeman, in Holland, had found that when a flame or other source
of light is placed in a magnetic field, the lines of its spectrum are each doubled,
trebled, or even further multiplied, and that, when the source is \'rlewe.d
from a direction at right angles to the lines of magnetic force, the light is
plane-polarized while if viewed along the lines of force—through a hole
bored in the pole-piece of the magnet—the light is c:rct_:lnrly p_ola.nzed, the
polarization conforming to a simple theory which was given a little later by
Lorentz. As early as 1892, Young had noticed that certain lines were doubled
in the spectra of sun spots, and Hale suspected that this doubling was a
Zeeman effect due to the magnetic field of the vortex. Using the tower
telescope and spectrograph in connection with the appropriate Nicol prisms
and Fresnel rhombs for studying polarized light, he found that, when the
sun spot was near the center of the disk so that the light reaching the spec-

1 Hale, Ten Years' Work of @ Mountain Observalory, p. 27.
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trograph emerged radially from the Sun, the components of the double lines
were circularly polarized, while plane polarization appeared when the spot
was near the limb, the light then emerging nearly at right angles to the lines
of magnetic force.

A large proportion of the sun spots which have been recorded,
from the time of Galileo to the present, are arranged in pairs,
or in streams which are nearly parallel to the solar equator.
Observations made at Mount Wilson of the Zeeman effect in
several thousand spot-groups have shown that in the majority of
cases the two spots of a pair, or the clusters at opposité ends
of a stream, are of opposite magnetic polarity. Many spots
‘which occur singly are preceded or followed in the solar rotation
by groups of facule or flocculi, in which magnetic effects con-
forming to this rule have been detected; to these regions Hale
has given the name of “invisible spots.”” The arrangement of
polarities is opposite in the northern and southern solar hemi-
spheres; that is, when the preceding spot of a pair lying north
of the Sun’s equator exhibits ‘“‘south polarity’—i. e., like the
south-seeking pole of a magnetic needle on the Earth—the
preceding spot of a southern pair shows “north polarity,” and
vice versa.

The Eleven-year Cycle.—In 1843 Schwabe, a German ama-
teur astronomer, showed from a record of observations of sun
spots which he had kept during the preceding twenty-seven years
that the spottedness of the Sun was variable in a period which
he placed at ten years. A most laborious search by Wolf of
Zarich through all available records made since Galileo’s
discovery of the spots in 1610 confirmed Schwabe’s discovery,
and systematic observations made since at Greenwich and
elsewhere have placed the fact of the periodicity beyond all
doubt. At a time of minimum spottedness the face of the Sun
may be wholly unspotted for months at a time, while at
maximum it is almost never without spots. The interval
between times of minimum spottedness averages 11.2 years
instead of 10, but the ‘“regularity is very irregular,” the
actual observed interval having had a range of at least four
years. The time of descent from maximum to minimum is
longer than that of the rise from mimimum to maximum, the

PLATE 8.3. SPECTROHELIOGRAMS TAKEN AT DIFFERENT LEVELS

Left, Calcium H line, Yerkes Observatory, 1919 August 22
Right, Hydrogen « line, Mount Wilson Observatory, 1916 May 29.
g levels are at the top of the page
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Prate 8.4. DIReECT PHOTOGRAPHS OF SUN SPoTS MADE AT MounT WiLsON
ORBSERVATORY
Upper, Great Spot Group of 1917 August 8; Lower, 24-hour development
of Sun Spot of 1917 August 18-19. Round black dots
show comparative size of Earth.
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former averaging 0.5 years and the latter 4.6. In this important
respect the sun-spot curve resembles the light-curves of vari-
able stars of the Cepheid and long-period types (Chapter XVI).
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F1G6. 104. THE NUMBER, LATITUDE, AND POLARITY OF SUN SPOTS
(NICHOLSON)

The upper curves give the number of spot groups observed yearly. The lower
curves show that the sun-spots of a new cycle appear in high latitudes during
the time of minimum solar activity with opposite magnetic polarities in the
northern and southern hemispheres. As the cycle progresses, the mean latitude
of the spots in each hemisphere decreases continuously while the distribution of
magnetic polarities remains unchanged. In the high-latitude spots of the next
cycle, which begin to develop more than a year before the last low-latitude spots
of the precedinicycie have ceased to appear, the polarities are reversed. The
letters N and S printed on the curve indicate the polarity of the preceding
(western) spots of each group.

It has already been remarked (page 16¢9) that the spots are
confined to certain zones. A peculiar relation between their
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latitude and the time of their occurrence was brought out by
Carrington and Spoerer about the middle of the nineteenth
century and has become as clearly established as the perio-
dicity. The spots belonging to a new eleven-year cycle appear
at the outer limits of the spot-zones, and as the cycle progresses
they are found farther and farther toward the solar equator.
At spot maximum they are seen mostly about latitude =14°,
while at minimum a few spots of the expiring cycle are seen near
the equator and at the same time a few of the beginning cycle
appear at high latitudes. It has been found at Mount Wilson
that the magnetic polarities of bi-polar spot-groups are reversed
at the end of a cycle, and thus the whole interval required for
the changes in the spots, including magnetic properties, appears
to be 22.2 years instead of 11.1. These relations are illustrated
in Fig. 104.

In addition to the number, latitude, and magnetic properties
of sun spots, several other phenomena, both solar and terres-
trial, are certainly known to fluctuate in the eleven-year period.
These are the numbers of facula and of prominences; the form
of the solar corona; the intensity of the Sun’s radiation as
measured by the solar “constant” (page 179); the number and
brilliance of polar aurora observed on the Earth; the range of
variation of the Earth’s magnetism; and the frequency of
magnetic storms. No satisfactory explanation of the eleven-
year period or of the interdependence of these solar and
terrestrial phenomena has yet been found.

The polar aurora, often referred to in our hemisphere as the Northern
Lights, is one of the most mysteriously beautiful of terrestrial phenomena.
As seen in North America and Europe, its most common form is that of
an arch of soft light which appears above the northern horizon, usually
early in the night, and from which extend needle-like streamers toward the
zenith (Plate 8.7). These streamers are not for a moment still, but pul-
sate and quiver, at the same time varying in brightness. Sometimes the
aurora assumes the appearance of beautifully folded curtains which wave as
if in a gentle wind. On rare occasions, the auroral light fills the entire visible
sky, in which case the streamers usually converge toward the magnetic zenith
(not the true zenith), where they curve spirally to form an auroral corona,
which may persist for hours while the streamers continue their mystic pul-
sations. The color of the light is usually apple-green, but rose, lavender,
and violet tints are not uncommon. The spectrum (Plate 8.7) consists of
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bright lines, the brightest of which, in the green (wave-length 5577 :l_ng-
stroms) can usually be detected on a clear night whether an aurora is visible
or not. Several of the bright lines belong to the spectrum of nitrogen, and
the green line has recently been produced at the University of Toronto from
a mixture of oxygen with helium and also with neon. ;

Aurore are most frequently seen at the time of sun-spot maximum, and
the most brilliant aurora appear on occasions when the largest spots are
turned toward the Earth. It is probable that the aurora is dt}e to the im-
pact of streams of electrons arriving from the _Sun and impinging upon the
upper regions of the air, having been directed in the last few hundred miles
of their journey by the magnetic field of the Earth. :

It is well known that the needle of the magnetic compass does not, in
general, point due north; in the eastern part of the Umt.ed States, for ex-
ample, it points several degrees west of north, while in the western part it
points east of north. Moreover, its direction continually changes through a
range of a few minutes of arc, the most conspicuous change being a dlumnl
oscillation. Soon after the discovery of the periodicity of sun spots, it was
found that a similar—in fact, almost identical—periodicity existed in the
range of the compass variation and also in the strength of the Earth's mag-

netic field. ! ,

A magnetic storm is a sudden violent disturbance of the Earth’s mag-
netism, in which the compass needle oscillates, sometimes through an arc
of several degrees within an hour or two, and in which the ﬂuctuatlons_m
the strength of the Earth’s field are so great as to induce currents which
interfere seriously with the operation of telegraph lines. Magnetic storms
are most frequent at the time of spot maximum, and usually oomclgle: in
time with the presence of very large spots near the center of the visible
disk of the Sun.

The Rotation of the Sun.—Immediately after the telescopic
discovery of the sun spots by Galileo in 1610, it was noticed
that they moved across the disk of the Sun, and they were
thought by some to be planets seen in transit (the idea of spots
on a celestial body being obnoxious); but Galileo refuted this
opinion by pointing out that they remained behind the Sun
the same length of time as in front of it, and were, therefore,
on the solar surface. Galileo’s German contemporary, Chris-
topher Scheiner, made a fair determination of the rotation
period from a record of the position of sun spots obtained by
projecting the Sun’s image on a screen; but the first accurate
determinations were made by Carrington and by Spoerer about
1850. The work of these observers not only gave an accurate
description of the position of the Sun’s axis, but brought out
the remarkable fact that spots near the equator travel around
the Sun in a shorter time than spots in higher latitudes. They



= N

-

176 ASTRONOMY

found that the Sun rotates in the same direction as the Earth
about an axis whose north pole is in « = 18" 44™, § = 464°, or
midway between Polaris and Vega; that the plane of the solar
equator is therefore inclined 7° to the plane of the ecliptic; that
spots near the equator indicate on an average a sidereal rotation
in about twenty-five days; and that 30° on either side of the
equator the period is twenty-six and one-half days and at 45°
about twenty-seven and one-half. They found also that, in
general, each individual spot had a motion of its own in both
latitude and longitude, the periods mentioned above being
averages only,

The path of a sun spot across the disk appears slightly concave north-
ward in summer and autumn, and convex northward in winter and spring.
This is because of the inclination of the axis, the north pole leaning 7° toward
the point occupied by the Earth on September 7. On June 3 and December
5 the spot-paths are straight, for then the Earth is in the plane of the Sun’s
equator.

The synodic, or apparent rotation period of the Sun is a little longer than
the sidereal, being twenty-seven and a quarter days for a spot at the equator.
This is because the Earth advances, during a sidereal rotation of the Sun,
nearly a twelfth of the way around its orbit, so that the spot must turn
through more than 360° to come back to the same apparent position. The
relation between the sidereal and synodic rotation periods is similar to that
between the sidereal and synodic months (page 115).

Since sun spots are found only in limited zones of the Sun's
surface, they cannot be used to study the rotation of all parts of
the solar globe. Facule offer no advantage over spots, for
their distribution is about the same and they cannot be well
observed except near the limb. There are, however, two other
methods of approach to the problem: by the motions of the
spectroheliographic flocculi, and by Doppler-Fizeau displace-
ments of lines in the spectrum of the limb. The results obtained
by Hale and Fox from calcium flocculi agree well with those
given by spots; but those derived from hydrogen flocculi, while
indicating about the same rate of rotation at the equator as
that shown by spots, give no evidence of a retardation at
higher latitudes.

When high-dispersion spectra of the east and west limbs of
the Sun are confronted, a relative shift of the lines is immedi-
ately evident, the lines belonging to thé west limb being shifted

5h.33m
2z h. 57 m.
I h. 41 m.
PLATE 8.5. THE GREAT SoLAR PROMINENCE OF 1919 MAY 29
Photographed by Edison Pettit at Yerkes Observatory



PLATE 8.7

The Aurora Borealis of 1878 March 1, from a pastel drawing by Trouvelot
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PLATE 8.6. SPECTROHELIOGRAMS MADE IN THE LIGHT OF He BY HALE AT
Mouxt Wi.soN, 1908 June 2 and 3, showing great dark Hydrogen Flocculus
drawn into Sun Spot

Spectrum of the Aurora of 1921 May 14, photographed by V. M. Slipher at
Lowell Observatory




PLATE 8.8. THE SorLAr CORONA

Above—Inner Corona and” Prominences, photographed 1926 January 14, with
63-foot camera by Swarthmore College Expedition to Sumatra, Professor John
A. Miller in charge :

I 2 3
1. Spot Maximum. Lick Expedition to Chile, 1893
2. Intermediate type. Slocum, Middletown, Connecticut, 1925
3. Spot Minimum. Barnard and Ritchey, North Carolina, 1900
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toward the red (Plate 7.3). This displacement was first used
for studying the solar rotation in 1893 by Duner in Sweden,
who observed visually. More accurate observations have been
made photographically by a number of observers. Probably
the most exhaustive study is that of Adams at Mount Wilson,
who finds an average period of 24.6 days at the equator, and
33.3 days at latitude +=80°. Different spectral lines give dis-
tinctly different velocities; the lines of lanthanum, titanium,
and iron give smaller velocities than the calcium line at 4227,
while Ha indicates a higher velocity. These differences are
probably due to differences of level of the sources of light, the
hydrogen that emits Ha being higher, and the metals lower,
than the non-ionized calcium which emits 4227.

The rate of rotation in different heliographic latitudes may be conveni-
ently represented by a formula. Representing by & the daily heliocentric
angular motion and by ¢ the heliographic latitude, the results of Carrington,

as reduced by Faye, give

5 o s g /'/ E =
£ = 14%37 — 3%°108in® @, Vs : \
: s ! / .

while Adams’ results give L . .
. o o e X /
£E= 14701 — 3.00 SI0° e y
\ . /

The effect of the unequal SR

rotation periods in different. F16 105. }‘::')}:._-",':.-:I}]'fik\;'l' \"\“‘m'm'\“”'\-
latitudes is illustrated in Fig. g
103, which is constructed according to the formula of Adams.
Suppose a row of fifteen spots, one for every tenth degree of
latitude from —70° to +70°, arranged upon the same meridian
of the Sun as in the left-hand drawing. After one rotation
they will have arranged themselves as in the right-hand drawing.
The Solar Corona.—The Sun’s corona is a pearly-white atmos-
phere which extends at least 300,000 miles all around the Sun,
and some of its streamers have been known to reach to a
distance of 35,000,000 miles. Although its total light, as
measured at the 19235 eclipse, is about half that of the full
Moon, the light per unit area is so small that all attempts to
observe the corona without an eclipse have so far failed. Its
extreme tenuity is shown by the fact that the great comet of
1882 passed directly through it without any perceptible change
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in its speed. Arrhenius estimates its average density as the
equivalent of one dust-particle to every fourteen cubic yards.

The form of the corona varies with the progress of the eleven-
year cycle (Plate 8.8). At spot minimum, fine rays arranged
like the straws in a sheaf of wheat cluster about the Sun's
poles, while from the spot belts and equatorial regions extend
broad streamers to enormous distances. At spot maximum, the
distribution of the corona around the Sun is more uniform, few
pronounced rays are seen, and no portion of the corona extends
so far from the limb as at spot minimum. The inner part of the
corona is much the’ brightest, more than half the total light
coming from the region within about 3’ of the limb of the Sun.

The spectrum of the corona (Plate 8.2) consists of three
superposed parts. First, there is a continuous spectrum, due
possibly to the incandescence of fine solid or liquid particles.
Second, the dark lines of the solar spectrum appear, but only
faintly, as if partly obliterated by the continuous spectrum
first mentioned. These are probably due to reflected sunlight
for they are more conspicuous in the light coming from points
considerably distant from the Sun, where the light of incandes-
cence would be feebler in proportion to reflected light. Third,
there is a spectrum of bright lines, which must be due to lumi-
nous gases within the corona.

The brightest line in the visible part of the coronal spectrum
was first seen by Young in 1869. It is in the green, at wave-
length 5303 Angstroms, and does not belong to the spectrum
of any known terrestrial substance; the substance which pro-
duces it is accordingly called coronium. About thirty other
non-terrestrial bright lines have been found in the visible and
ultra-violet parts of the coronal spectrum, two of which, in the
ultra-violet, have a greater intensity than that of the green line.

J. W. Nicholson, in England, has found that the bright coronal lines form
two series such that the cube roots of the wave-lengths in either series form
an arithmetic progression, while those of lines in one series bear a constant

ratio to those of corresponding lines in the other. These series are not similar
to any spectral series so far produced in the laboratory,

The Rate of the Sun’s Outpour of Energy.—The rate at
which the Sun radiates energy into space is indicated by the
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quantity known as the solar constant of radiation, whichis
defined as the number of calories which would be received fror}n
the Sun each minute upon a surface one centimeter square, if
the surface were exposed perpendicularly to the Sun’s rays
outside the Earth’s atmosphere, at the Earth’s mean distance
from the Sun. Its value, according to the most generally
accepted determinations, averages 1.94, but varies by about
five or six per cent.

The word calorie, as here used, denotes the amount of energy requ:red
to raise the temperature of one gram of pure water from 15° C. to 16 C.
It is equal to 4.18 X 10" ergs. The energy of the Sun comes to us in the form
of waves of a great range in length, the greater part residing in the infra-
red or “heat” waves. This energy has not the form of heat as it passes
through space, and assumes that form only w.hen it ‘is absorbed by some
non-transparent material. This may be strikingly demonstrated by con-
verging sunlight upon a piece of dark cloth by means of a convex lens made
of ice. The Sun’s rays heat the ice very little—if it were perfectljf trans-
parent to all of them, they would heat it not at all—nor does th!a ice cool
the rays; but they are absorbed by the cloth and so transformed into l}eat,
which is a motion of the molecules, and the cloth is set afire. Dark objects
absorb radiation and transform it into heat more readily than d? light-
colored objects, and this is why, in summer, light-colored clothing is more
comfortable than black. Neither a perfectly transparent body nor a per-
fect reflector, if either existed, would absorb radiation or be warmed by
sunlight. _

The determination of the solar constant involves two different problems:
the measurement of the rate at which energy is received at the surface of
the Earth after it has passed through the air, and the detennination' of the
amount absorbed by the air during passage. The first is solved with tl:xe
instrument known as a pyrheliometer, invented by Pouillet about 1838, in
which the Sun’s radiation is allowed to fall upon a body of k:}own mass
and absorbing power, and the rise of temperature in a known 13'1tenra.1 of
time is noted. Corrections must be made for imperfect absprptlon of the
Sun's energy and for radiation of energy from the pyrhehorpeter. 'I‘h:e
absorption of the air is more difficult to determine. Information about- it
is obtained by comparing pyrheliometer readings made at sea level with
those made on the tops of mountains, above a part of the a.tr_nosphere. and
also from readings made at different times of day, with “high Sun” and
“low Sun.” Since the absorption is different for different wa\_.re-lengths, it
is necessary also to compare the intensity of the radiation in'dlfferent parts
of the spectrum, particularly in the infra-red; for this, use is made of the
bolometer, an exquisitely delicate instrument invented by Langley at Alle-
gheny about 1880, the operation of which depends upon the charfge. of elec-
trical resistance produced in a thin strip of platinum when radiation falls
upon it.
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The value 1.94, given above for the solar constant, is that
determined by the Smithsonian Astrophysical Observatory of
Washington from a vast quantity of observations made at
stations in différent parts of the Earth, many in the clear air
of desert regions, and at different altitudes. According to
Abbot, the Director of that Observatory, the solar constant
varies by about five per cent in an irregular interval of a few
days, and is about three per cent higher at the time of sun-
spot maximum than at spot minimum; but a low value often
occurs the day after the passage of a large spot-group across
the center of the solar disk.

To put the Sun’s radiation in more familiar terms, we may
compute the rate at which it could melt ice. The appropriate
computation shows that the Sun’s radiation would, at the
Earth’s distance, melt in one minute a sheet of ice 0.0267 cm.
thick if placed perpendicular to the Sun’s rays and if all the
energy were absorbed by the ice. Since the intensity of radi-
ation varies inversely as the square of the distance, to obtain
the intensity at the Sun's surface, we must multiply the in-
tensity at the Earth’s distance by the square of the ratio of the
distance from the Earth to the Sun (149,500,000 km.) to the
radius of the Sun (696,000 km.). The square of this ratio is
about 46,000. Therefore, at the photosphere, the solar radi-
ation would melt in one minute a shell of ice 46,000 X 0.0267
cm., or about 12 meters (39 feet) thick!

One horse-power is the equivalent of ro7 calories per minute;
hence, at the Earth’s distance each square centimeter receives
1.94 + 107 = o.018 horse-power, or the radiation falling on a
square meter, if utilized in a perfect engine (existing engines
are far from perfect) would yield 1.8 horse-power. At the
surface of the Sun, each square centimeter develops over 8
horse-power continuously.

The above computation involves the assumption that the Sun radiates
at the same rate in all directions, just as other luminous bodies do—an
assumption against which there is not the slightest evidence. On the same

assumption, the Earth receives only about 3 xlwo part of the whole amount
of energy produ'ced by the Sun, and only about 1/108 is received by all the
bodies of the Solar System combined. A very small amount must be ab-
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sorbed by the stars, and the remainder of this vast output of energy, to the
best of our knowledge, travels forever outward into space.

The Effective Temperature of the Sun.—The value of the

" solar constant affords a means of determining the Sun'’s tem-

perature by the Stefan-Boltzmann law, which states that the
radiation of a black body (page 158, footmote) Yan:f. as t"11‘.1h§
fourth power of the absolute temperature. Abpot s value thu
results in an effective temperature of the Sun—i. e., tljne awtr;rag_i
temperature of its radiating surface on the assurnptlon' at i
is “black’’—of 5,800° C., which is in good agreement with %hat
obtained by Wien's law (page 158) and by other methods into
which we shall not enter here. -

The Source of the Sun’s Energy.—Calculations based on
the laws of Physics show conclusively that the Sun's .vast pro-
duction of energy cannot be explained by combust}on Gf it
were composed of pure coal and oxygen its consumption at t.h;
present rate of outpour would last onl-y about a thousaﬁ
years), nor by the cooling of matter previously heated, nor by
the fall of meteoric bodies into the Sun.

At the end of the nineteenth century, it was generally ::Oncetlied th;t cotl;e_
contraction theory of Helmholtz afforded an adequate ex.planat.lon. 1
traction of the Sun is the equivalent of a fall 10f each famcleq:é 11::5 &;.;: - D:

i i 1 ers at.
toward the center, and in falling thc_a particles mus gel-l g
's value of the solar constant, it may be shown that a .
ﬁlt;bgii‘: radius of 37 meters annually would account for the energy ?gll
ated, while the change in the Sun’s diameter would n:l:n; l:}c;c;n& g;am r;d.if
‘ Sarth in several thousand years. Lane proved tu : _
;l;?zt?fceﬁ;:y ;Jnroducod by this contraction would notldbe Cz:;s :;{lllpld l.a::.)s “:tl.:s gen-
ation, and that, therefore, paradoxically, the Sun would actually g otte.r-
3?;‘103.51:ontraction proceeded so far that it was no longer gaseous. bHc:;re
ever, if the Sun has been contracting in the past at the rate requ:{ed l¥t.
He]r;‘lholtz hypothesis, it must have been as lall;ge as the Eacztsh tsh:r Ela ;—fhs
SUC . 1
recently as 20,000,000 years ago, and unc%er suc urrjmmsta‘. .
ife if i 1d have existed. Geologi
1d not have supported life if indeed it cou
g::i cvnidenoe of life on the Earth as much as 300,000,000 years old,‘ 223
place the age of the Earth’s crust at not less thap 1,000,000,000 Y€Aars;
hence the Helmholtz theory must be regarded as inadequate.

The source of the energy of the Sun and of the other stars
is now believed to lie within their atoms. Mode;n atomic
theory shows that the electrons and protons of wh}ch atorlr:s
consist are themselves particles of energy. According to the
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theory of relativity, the mass of a body is only the total quantity
of energy which it contains divided by the square of the velocity
of light, so that the mass of the Sun, 2 X 10% grams, is the equiv-
alent of 1.8 X 10™ ergs of energy. From Abbot’s value of the
solar constant, it may be computed that the Sun is pouring out
energy at the rate of 1.2 X 10" ergs per year, or, if all this
energy comes from the annihilation of matter, the Sun’s mass
is diminishing at the rate of 1.4 X 10" tons per year. This is of
the order of a millionth of the Earth’s mass and is so small a
fraction of the Sun’s mass that the radiation could continue at
its present rate for 1.5 X 10" (fifteen million million) years
before the sub-atomic supply of energy is exhausted. Surely
this period is long enough to satisfy the most exacting demands
of Geology and the theory of evolution.

Man has not learned to experiment with the vast quantities
of energy stored within the atom, and we can only guess as to
the way in which the transformation occurs in the interior
of a star. Two possible methods have been suggested: first,
by the coalescence and mutual destruction of a positive proton
and a negative electron; and second, by the transmutation of
simple elements into more complex elements—for example, if
four atoms of hydrogen, whose atomic weight is 1.008, were
transmuted into helium, of atomic weight 4.000, the dis-
appearance of 0.032 of the mass of the hydrogen could be
accounted for only by its transformation into radiative energy.

CHAPTER IX

THE PATHS OF THE PLANETS

The Planets.—A planet may be distinguished from a star in
three ways: First, the stars twinkle and thf: planets usually do
not: this rule, however, is far from infa.lhb%e. Second, wpen
magnified by a telescope, the planets sho?v disks of pe:rc?phjole
area, while the stars appear as glittering points. This distinction
holds for all the principal planets, but fails for m?st of the many
minor planets, or asteroids. Third, and most -J.rpportant. the
stars maintain practically the same relative positions -for years
while a planet changes its position among them perceptibly from
night to night or, seen in a telescope, in the course of a few
hours or even minutes. .

" The word planet is derived from a Greek word meaning
wanderer, and is so applied because of the third characteristic
just mentioned. The ancients recognized seven planets: the
Sun, the Moon, Mercury, Venus, Mars, Jupiter, and Saturn.
The Sun and Moon are not now so classed, but moden'.l Astron-
omy places the Earth among the planets and has discovered
two others, Uranus and Neptune, of a size much greater than
the Earth's, and besides these more than a thousand little
bodies called minor planets, or asteroids. The word as now
applied means an opaque body that shirfes by reﬂectefi sun-
light and that moves around the Sun in a nearly circular
orbit.

Apparent Motions of the Planets upon the Celestial. Sphere.
—The apparent motions of the planets are not so sunple_as
those of the Sun or Moon. The Sun seems to move with
nearly constant speed and always toward the east in the great
circle called the ecliptic, which is practically fixed among.the
stars. The Moon's apparent motion is also eastward and in a
great circle that is slightly inclined to the ecliptic. Although

the apparent path of each of the planets (some of the asteroids
183
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excepted) lies near the ecliptic, their motion is very different
from that of the Sun or Moon, being zigzag or looped—toward
the east for a considerable period, then toward the west for a
shorter time, and then eastward again. The long, eastward

motion is called direct and the short, westward motion
retrograde. The apparent motion of Mars from 1928 Augus;.
1 to 1929 May 1, through the constellations Taurus and Gemini
is shown in Fig. 106. From 1926, December 8, until 1928’
November 10, this planet will move directly, but its motior;

10

-10 i i MKH
F16. 106. APPARENT PATH OF MARS IN 1928-1929

bec.omes reversed on the latter date, and remains retrograde
until 1929, February.r 1, when it again becomes direct. The
pl:?.net w11.1 then continue to move directly for about two years
Sghcung gnt;-ely around the sky and again passing the region'
own in Fig. 106, and will traverse another loop i i
rrh i p in the winter
Sl‘nce the Sun also appears to move among the stars, the
motions of a planet relative to the Sun and relative to the
stars are necessarily different. The direct motion of all but
two of the planets is always slower than that of the Sun. so
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that they drop relatively westward and cross the meridian of
any given place earlier each night as counted by solar time.
The two exceptions are Mercury and Venus, which drop
rapidly west of the Sun during their retrograde motion and
then slowly overtake it as they move directly, thus appearing
at one time as “morning stars” on the west side of the Sun and
then as “‘evening stars’ on the east.

The difference of the longitudes of a planet and the Sun is
called the planet’s elongation, and this may be either east or
west elongation. If the elongation is zero, the planet is said
to be in conjunction; if go°, it is in quadrature; and if 180°, it
is in opposition. Mercury and Venus never reach quadrature
or opposition, the greatest elongation ever reached by the
former being 28° and by the latter 47°. The conjunction
reached by either of these planets during its retrograde motion
is called inferior conjunction, while that reached during direct
motion is called superior. Opposition is reached by each of
the other planets about the middle of its retrograde motion.
The time taken by a planet to go from opposition to opposition
or from conjunction to conjunction is called its synodic period.

Apparent Geocentric Motion in Space.—The motions just
described are the apparent motions on the celestial sphere and
take no account of the changing distance of the planets from
the Barth. In the cases of some of the planets, especially Mars,
the brightness changes greatly with the planet’s position,
being greatest for this planet near opposition and least near
conjunction. Mercury and Venus are brightest when a short
distance from inferior conjunction and faintest near superior con-
junction. This was interpreted centuries ago as being due to
change of distance, and the correctness of this interpretation is
proved by the telescope, which shows that the apparent diam-
eter is greatest when the planet is near opposition or inferior
conjunction.

We have seen (page 97) how the apparent geocentric path
of the Sun in space can be pictured by drawing radiating lines
from a point to represent the Sun’s direction from the Earth
at different times, and cutting off the lines to a length inversely
proportional to the Sun’s apparent diameter; and that the
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curve so indicated is a nearly circular ellipse with the Earth
at one focus. The Moon’s geocentric path is also an ellipse and

THE PATHS OF THE PLANETS 187

appears as an intricate series of loops, as shown in Figs. 107 and
108.

The Ptolemaic System of Planetary Motions.—Many
philosophers among the ancient Greeks attempted a logical
description of the motions of the heavenly bodies. Most of
them assumed the Earth to be stationary, but some, among
whom was Aristarchus of Samos (310-250 B.C.), taught
that both the Earth and the bodies now classed as planets
revolved around the Sun. After Aristarchus the principal
promoters of theoretical astronomy were the Alexandrians
Apollonius (c. 230 B.c.), Hipparchus (190-120 B.c.), and Claud-
jus Ptolemy (A.D. 100-170). Probably they did not intend
their theories to be accepted unquestioningly as the true
physical description of the world, but rather to be used as
mathematical tools for computing the positions of the planets
at any time.

Ptolemy composed a thorough compendium of the astronomy
of his time, which he called the Mathematical System of Astron-
omy, but which came to be known as Meyiory Swwrats, the Great
System. During the centuries of semi-barbarism that stifled
Europe after the decline of the great school at Alexandria, this
work was honored and preserved by the Arabs, who prefixed
their article al to the title and corrupted it to Almagest, the
name the book bears to this day. The description of the
planetary system given in Ptolemy’s Almagest, known as the
Ptolemaic system, exercised a profound influence on literature,
science, and religion, which is abundantly evident, for example,

“in the great epic poems of Dante and Milton.

According to the Ptolemaic system, the Earth is fixed at
the center of the universe. (Ptolemy argued that, if the Earth
moved, falcons and other birds would be left behind when they
flew into the sky.) Around it revolves the Sun in a period of
a year in a slightly eccentric circle. Each of the planets re-
volves, in a small circle called an epicycle, around a point which
in turn revolves around the Earth in a large circle called a
deferent. The deferents of Mercury and Venus lie within the
orbit of the Sun, and the centers of their epicycles lie always on
a straight line joining Sun and Earth, thus explaining their

F1G. 107. GEOCENTRIC PATHS OF MARS, JUPITER 0CTO
! s, » AND SATURN !
Old and New Astronomy) TR =7

F1G. 108. GEOCENTRIC PATHS OF MERCURY AND V.
] ENUS (FROM PrOCTOR’
and New Astronomy) o RO

has only a slightly greater eccentricity. If a curve be similarly
constructed to represent the geocentric path of a planet, it
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apparent oscillations relative to the Sun, The deferents of the
other planets lie outside the Sun's orbit. Within all the other
orbits revolves the Moon in an epicycle, backward, in a period
of one sidereal month, while its epicycle revolves forward in
the same period, in a deferent that surrounds the Earth eccen-
trically. Outside all the orbits Ptolemy places the sphere of
the fixed stars, and beyond this is the Primum Mobile, which
furnishes the motive power that keeps the whole intricate
machine turning westward in the diurnal motion while the
planetary motions go on inside. The general principles of the

F1G. 109. THE ProLEmAlc SysTEM
(Adapted from Dante and the Early Astronomers, by M. A. Orr)

system, and the way in which it explained the observed motions,
can be readily seen in Fig. 109.

The Copernican System.—The Ptolemaic system was vir-
tually undisputed for thirteen centuries, until the Polish monk
Nikolaus Kopernik (1473-1545), or Copernicus (the Latin form
of his name), published his book De Revolutionibus Orbium
Celestium, in which he showed that the observed motions of
the celestial bodies could be explained more simply and reason-
ably by placing the Sun at the center of the system and suppos-
ing the Earth to be merely one of the planets revolving around
it. The looped geocentric orbits of the planets are easily
explained on the Copernican theory in this way: In Fig. 110
(left side) let S represent the Sun, the small circle the orbit
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of the Earth, and the large arc a part of the orbit of .afzother
planet, say Jupiter. The Earth would occupy the Posﬂ:mns ]
2, 3, etc., at intervals of two months, and Jupiter, whose
angular velocity is only a twelfth that ‘of th’e ]i.la.r:ch, would
at the corresponding times occupy the points 1°, 2/, 3, etc. To
us who live on the smoothly-moving Earth, it seems that we
are stationary while Jupiter is seen in the directions and at
the distances represented by the lines 11’, 22/, 33, etc. .Hence.
if we construct a drawing like that at the right .in Fig. 110,
making the Earth stationary at E and drawing lines parallel
to the lines 11’, etc., and of the same length, the locus of the

FiG. 110. COPERNICAN EXPLANATION OF THE LOOPED PATH OF A PLANET

ends of these lines will represent the apparent geocentric path
of Jupiter, which thus turns out to be looped like the observed
ath.

i It is to be noted that Copernicus’s theory explains the obser-
vations that had been made up to his time as well as does
Ptolemy's, but no better; but it has the advant?.ge of greater
simplicity and is free from the difficulty of mal::mg the stars,
which were by that time known to be very distant, revolve
rapidly in enormous orbits.

Tycho Brahe (1546-1601).—Three years after the death of
Copernicus there was born a Danish nobleman, Tyghe Brahe
whose name is usually given in the Latin form of Tycho.
Although learning of any kind was then considered beneath
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the dignity of the nobility, Tycho was attracted to astronomy
at .the age of fourteen by the fulfillment of a prediction of an
eclipse, and, overcoming his aristocratic scruples, became so
great an astronomer (and astrologer) that the king of Denmark
established for him a great observatory on the island of Hven
near Elsinore, which Tycho furnished with the most accuratt;
instruments ever made before the introduction of the tele-
scope. Tycho took a backward step in theoretical astronomy
by rejecting the Copernican system, partly on theological
grounds and partly because his most careful observations failed
to show any parallactic displacement in the stars. Instead
he substituted a “Tychonic” system in which the Sun revolveci
around the immovable Earth while the planets revolved around
t.he Sun. This system was not generally accepted, and so did
little harm, and Tycho made a great contribution to the progress
of astro.nomy by his long and accurate series of observations of
the positions of the planets. Upon these observations Kepler
ba.s:ed his great discovery of the laws of planetary motion
which firmly established the Copernican system. ,
Galileo (1564-1642).—The heliocentric theory received sup-
port ffom the brilliant discoveries of the great Italian, Galileo
Galilei, when he applied the telescope to the observation of the
sk?'. One of the first discoveries he made was that of the four
bright satellites of Jupiter, which in their orbital motion around
that planet exemplify almost exactly the Copernican motions
of the planets around the Sun.

The news of the discovery soon spread and excited the test i

and astonishment. Many, of course, refused to believe it. gz:‘;e thart:::vr:f:
who, having been shown them, refused to believe their eyes, and asserted
that although the telescope acted well enough for terrestrial objects, it was
altogether false and illusory when applied to the heavens. Others tt.)ok the
safer ground of refusing to look through the glass. One of these who would
not'look at the satellites happened to die soon afterwards. I hope,” sa;

Galileo, “that he saw them on his way to heaven.”* e

Thc? most powe.rful blow to the geocentric theory of Ptolemy
was given by Galileo’s observation of Venus. According to the
Ptolemaic system, as we have seen, both Venus and Mercury

1 Lodge, Pioneers of Science, p. 104.
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were always nearly between the Earth and Sun, and so could
never present to the Earth so much as half of their illuminated
hemispheres—in other words, could never exhibit the gibbous
phase. Copernicus had predicted that, if human sight could
ever be sufficiently enhanced, these two planets would show
the same phases as the Moon. Galileo observed Venus in the
gibbous phase, and, having learned caution, announced the fact
in an anagram which, after he had followed the planet until it
took the crescent form, he translated by interchanging the
letters. The original sentence read ‘“ Haec immatura a me iam
frustra leguntur. o y" (‘“These unripe things are now read by
me in vain.”) The translation was “Cynthiae figuras aemulatur
mater amorum”’ (““The mother of the loves imitates the form of
Cynthia™); or, Venus goes through the same phases as the Moon.

In his old age Galileo was tried by an ecclesiastic court composed of men
who, no doubt, were pious and conscientious, but to whom the idea of the
Earth’s not being the immovable center of the universe was so repugnant
that they convicted Galileo of heresy, and he escaped severe punishment
only by publicly abjuring the belief that he knew to be true. Forty years
earlier, Giordano Bruno had been burned alive for similar heresies.

Kepler (1571-1630) and the Laws of Planetary Motion.—
The great German mathematical astronomer, Johannes Kepler,
was a pupil of Tycho Brahe and held friendly correspondence
with Galileo. Impressed with the rationality of the Copernican
theory, he concerned himself with numerical questions relating
to the planets, such as, Why are there just six planets? What
law determines their distances from the Sun? Why do the outer
‘planets move more slowly than the inner? and Why does the
speed of any given planet vary? :

At one time he thought he had solved the first two questions, and it was
this solution which attracted the attention of Tycho and brought Kepler
into contact with that great man. It is shown in Solid Geometry that there
are just five possible regular solids: those having four, six, eight, twelve, and
twenty sides. Kepler found that, if the heliocentric orbit of Saturn were
imagined to lie on the surface of a sphere, and a cube were inscribed in this
sphere, the sphere inscribed in the cube would nearly fit the orbit of Jupiter;
if a regular tetrahedron were inscribed in the sphere of Jupiter it would
about contain the sphere of Mars; and, with fair approximation, a dodeca-
hedron might be inserted between the spheres of Mars and the Earth, an
icosahedron between those of the Earth and Venus, and an octahedron be-
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tween those of Venus and Mercury. Fig. 111, copied from the frontispiece
to Vol. I of K.epler’s Collected Works, illustrates this idea. -
These relal':tons, however, were not sufficiently exact to satisfy Kepler,
and so, following the ancient Pythagorean notion of the Music of the Spheres,
he imagined that the pitch of the note
sung by a planet might depend upon
the planet’s velocity. He thus made
many attempts to discover the celestial
harmonies, but found nothing better
than the example shown in Fig. 112.
Finally, after years of in-
credible labor and many wrong
guesses, by using the extensive
series of observations of the
planets recorded by Tycho, he
arrived at the following impor-
tant conclusions, which are
known as Kepler's laws of
Fic. 111. KEPLER'S THEORY OF THE ion:
GEOMETRIC SOLIDS planetary motion: .
I. Each planet moves in an
ellipse which has the Sun at one of its foci.
II. The radius vector of each planet passes over equal areas
in equal intervals of time. This is known as the law of areas.
III. The cubes of the mean distances of any two planets
from the Sun are to each other as the squares of their periodic
times;
or, a®: ab: : P2 P,

where the a’s denote the mean

distances and the P’s the side- T e

ral periods of any two plancts.  onfateea CUEFAERr
The third law, which he called the *~ . ... —

Harmonic Law, especially delighted tepan N

Kepler, and he wrote of it, “The die is .S;;::;;'ms L (I:I;TER Ti';:z(;-:\'g;) i

cast, the book is written, to be read

either now or by posterity, I care not which; it can await its reader; has

not God waited six thousand years for an observer?”

Elements of a Planet’s Orbit.—The orbit of a body that
revolves around the Sun is most conveniently and accurately
described by means of certain numbers known as the elements
of the orbit. Those most commonly used are the following:

\ u.-.-:m.,‘k__’im

TR
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1. The longitude of the ascending node, Q
2. The inclination to the ecliptic, 2
3. The longitude of perihelion, =; or else the “argument of
the latitude of perihelion,” «

4. The semi-major axis, a

5. The eccentricity, ¢

6. The mean heliocentric longitude, L, or the mean anomaly
M, of the planet at a specified epoch; or else the time of peri-
helion passage, T
7. The sidereal period, P, or mean daily motion, u

R
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F1G6. 113. ELEMENTS OF AN ORBIT

The definition of these elements will be assisted by reference
to Fig. 113. The plane EKLI represents the plane of the
Earth’s orbit (or of the ecliptic), and ORBT the plane of the
orbit of the planet in question. Their line of intersection N N’,
which always passes through the center of the Sun, is the line
of nodes. The planet passes from the south to the north side
of the ecliptic at the point #, which is the ascending node.
Let the line S be drawn from the Sun toward the position
of the vernal equinox on the celestial sphere. The angle between
this line and the line of nodes, measured from the vernal equinox
toward the ascending node, is ©, the longitude of the ascending
node. The angle between the two planes is 7, the inclination.
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These two elements define completely the position of the orbit

plane.

The orientation of the orbit within its plane may be described
by the angle », measured in the plane of the orbit and in the
direction of the body’s motion (eastward in the case of each
planet, but often westward in the case of a comet) between S N
and SP, P being the perihelion. For the principal planets,
however, it is customary to substitute for this element the
“longitude of perihelion,” r, which (strictly speaking not a
longitude at all) is the sum of the two angles @ + w.

The semi-major axis, a, or mean distance of the planet
from the Sun, defines the size of the orbit. It may be expressed
in miles or kilometers, but for most purposes it is better to
use the “astronomical unit” of distance, which is the semi-
major axis of the Earth’s orbit, 92,900,000 miles, or 149,500,000
kilometers.

The eccentricity, ¢, defines the shape of the orbit. It isa
pure number, defined as the ratio of ¢, the Sun's distance from
the center of the orbit (or half the distance between the foci)
to g, the semi-major axis; that is, e = ¢/a.

The above five elements completely describe the orbit itself :
but to determine the position of the planet at any time it
is necessary to know its position at some specified time, which
is given by the sixth element; and also the time of revolution,
P, or, what is usually more convenient in computation, the
mean daily motion, u, which is simply 360° divided by the
number of days in P. In the case of a planet which is so small
that its mass may be neglected, this last element is superfluous,
since it can be computed from a by Kepler's harmonic law;
but where the mass is appreciable as compared to that of the
Sun, the harmonic law is not quite exact.

The position of a planet in its orbit is described by two co-ordinates: r,
the length of the radius vector, or line joining the planet and the Sun; and
v, the true anomaly, the angle made by the radius vector with the line of
apsides, counted from the perihelion in the direction of the planet’s motion.
In a circular orbit, the calculation of these two co-ordinates is extremely
simple, for r is constant and v changes uniformly with the time; but in an

elliptic orbit both 7 and v change in conformity with the law of areas, and

the problem of their calculation, known as Kepler's problem, is a matter
of some difficulty,
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Tse i i inary mean et which, coinciding with the true
1:;:*_ I:tm;;?hzfﬁg, u:;%rlwa%th a ul:ln'afgnn angular ve’lucity equal to the
?nean angular velocity of the true planet. The pla:nets nw.'m.'x‘anomal{1 is
the anomaly of this fictitious body, and its mean _longx}-:xde is the ‘longitu tﬁ
of the fictitious planet, counted, like the “longitude” of pfanhchOn, md he
plane of the ecliptic from the vernal equinox to the ascending mdti; and in
the plane of the orbit from the ascending node to the place of the mean

planet.

Orbital Elements of the Principal Planets.—The elements
of the orbits of the principal planets for the year 1925 are
given in Table 9.1. They are subject to slow cl'fanges due to
perturbations, but the effect of these will be unimportant for
many years.

TABLE 9.1
Name of Planet Mercury Venus Earth Mars  Jupiter Snt:rn Urag-lus Neptune
g ? D d A
s\,{Y;::o‘Distamc a 0.387 o0.723 1.000 1.524 5.203 ©.539 190.19I 30.07r
i-)coentricity 3 ©0.206 ©0.007 0.017 0.003 06048 oéosé 06:47 c:é:og
ination § 4 & 1.9 1.3 2.5 0. :
Inclination § 7.0 3.4 f o3 : i |zie
Long. of Asc. Node @ 47%4 76%0 g 4970 9957 1 :35: l;;;o L"g
Long. of Perihelion » 76?3 130°5 101.7 334.7 13.1 o1. 0.4 5
Mean Heliocentric
& -]
l:‘oz‘;s_‘[a:f opoln o 10527  212%2 99%  39%0 a77°1 21204 350'.’_3 140%0
Sid:ren] Pe;-io;l P 88d 2257 3659 1’9 1ty 2073 842 o :64,,,3
Mean Daily Motiong  4%00 1960 0S99 ofs2 200” 120" 42 22

of the planets given in the second line of the table, wi!itfh
areTl;?tesr}:T:gclaintered ilrj1 astronglomic literature, are mos}ly of ancient origin
and are supposed to be conventionalized pictures of objects associated with
the deities for whom the planets are named. The syp'lbol for Merf:u:y rep-
resents the Caduceus, a wand with two serpents twined around it, which
was carried by the messenger of the gods. Venus, the planet of love :imd
beauty, is symbolized by a hand mirror; I\-_Iars, planet of war, 'by a shield
and spear; and Saturn, slowest of the ancient planets, by a mcl::le, corre-
sponding to the scythe of Father Time. The symbol of ]uplter' is perhaps
a thunderbolt or the letter Z, initial of Zeus. That of the Earth is probably
a globe showing the equator and central meridian, and is of more recent
origin. The symbol of Uranus is said to represent the heavens (Uranus was
god of the sky), and Neptune is represented by his familiar trident. These
last two are of course modern.

It will be noted that 4 is in every case small, being g'reatest
for Mercury, seven degrees. The orbits of all the_pm}mpal
planets are thus seen to lie close to the ecliptic. Except_m the
case of Mercury, ¢ is also small, showing that the orbits are
nearly circular.
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I?erhaps the most interesting elements are @ and P. The
periods range from three months in the case of Merc:tu'y to
165 years for Neptune; the age of an earthly octogenarian is
:Il&ss than half of a Neptunian “year.” The mean distance of

ercury 1s some 38,000,000 miles, while that of Neptune is
roughly 3,000,000,000. Light, which reaches the Earth from
the Sun in 499 seconds, requires more than four hours to make

-
- -
e —— - il

Fi6. 114. ORsis OoF THE Four INNER PLANETS

the journey to Neptune. The range of distances is so t
@at it is impracticable to represent all the planet orbitsggea
single diagram. The four inner orbits are pictured in ff‘l "
1 rg, anfi those of Mars and the four outer planets in Fig. 1 11%'
¥ téde s Law.—The approximate distances of the planets.fror:;';
e Sun may be conveniently remembered by a relation first
pomte:d out by Titius, but commonly known as Bode’s law r;f
we write a series of 4's and add to them the numbers c;
3X23X2X23X2X2X 2, etc., thus: o
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Al S T A S SR S S
o 3 6 12 24 48 96 192 384

4 7 10 16 28 52 7100 196 388

we get a series of numbers which are approximately ten times
the distances of the planets in astronomic units. Except for the
gap between Mars and Jupiter, which is now known to be

Fic. 115. ORmits oF THE FIVE OUTER PLANETS

occupied by most of the asteroids, the relation holds pretty
well for all the planets except Neptune, but there it fails com-
pletely. There is no known theoretical reason for the “law,”
and it may be merely a coincidence.

Kepler's Method of Determining the Form and Size of an
Orbit.—Since the discovery of the law of gravitation and the
development of modern mathematical methods, all the elements
of the orbit of a planet can be very approximately determined,
by a computation that in skilled hands requires less than a day,
from three observations of the planet’s right ascension and
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declination made on different dates. This method was not
available to Kepler, who investigated the planetary orbits and
discovered his three great laws by a much more laborious pro-
cess.

As we have seen, there were available to Kepler the numerous
observations of the apparent positions of the planets recorded
during many years by Tycho Brahe and his assistants at the
great observatory on the island of Hven. The first step was
to determine accurately the planet’s sidereal period, which
could be done in two ways: (1) by observations of the time of
conjunction or opposition, and (2) by observations of the time
of node passage.

The sidereal period is the time of one complete orbital revo-
lution, from a given direction among the stars to the same
direction again, as seen from the Sun; the synodic period is
the time from opposition to opposition or from conjunction to
conjunction as seen from the Earth. The synodic periods are
variable because of the varying speed of the planets in different
parts of their orbits; but if we represent by S the mean synodic
period of a planet in days, by P its sidereal period, and by E
the sidereal period of the Earth (365.25), then

1/S=1/P-1/E if E>P,or
1/S=1/E-1/P if E<P;

for each side of the equation represents the average daily gain
of the Sun upon the planet in their apparent eastward motion,
expressed in fractions of a circumference. Oppositions, quadra-
tures, and conjunctions of the planets played an important
part in astrology, and hence records of such observations made
long before the time of Tycho were available; from these S
could be found, and P could then be determined from one of
the above equations.

When a planet is at its node, its latitude is zero as seen from
either the Earth or the Sun, since it is then exactly in the plane
of the ecliptic. One sidereal period later, it will again be at the
node and, although its longitude as seen from the Earth will be
different because the Earth occupies a different point of its
orbit, the planet’s latitude will again be zero. Hence, the
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interval between two successive times when .the Planet is s'eeél
crossing the ecliptic in the same direction is its sidereal period.

Having the sidereal period, Kepler determined the planet’s

distance from the Sun at different points of its orbit by m%nfu;
lation. His first thorough investigation was that of the orbit o

Mars, the period of which is 687 days. Suppose that Mars is at

the point C of its orbit (Fig. 116) when the Earth is at A.

After 687 days Mars will be back at C, while the Earth vslrlﬂl ]:1a.v::31
made one complete revolution and a !arge part of another, ag .
be at B. In the triangle ASB the sides SA and SB are ra1.; ht

of the Earth’s orbit, and the angle ASB can be found from the

NA

BIT OF A PLANET
Fic. 116. KEPLER'S METHOD OF DETERMINING THE Or

i al of time; hence it is possible to compute trlgonometr}-
:cr;i?;vthe side AB and the angles SAB and SBA. lechtz'z
" observations furnished the angles SAC and SBC, the p z?,nel .
elongations when the Earth was at A and B, respe;tg; ,{'
from these, by subtracting the computed angles SABan é.

he obtained the angles CAB and ABC; and from theSf} :m1
the side AB he computed the sides AC and BC of tl-ie triang ;
ABC, giving the distances of Mars frorfx the Earth m-term; (o:
the Earth’s distance from the Sun. Fm.a.lly, he obtained 35'
the radius vector of Mars, from the triangle SAC or CBS,
having given two sides and the includc.?d angle. From rnar;ly
pairs of observations separated by the interval of 687 days, i
was thus enabled to find the distance of Mars from the Sun a
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many points, and thus to deduce the size and form of the orbit
and the speed with which the planet moved, and so to discover
his first two laws. The third law resulted later from a com-
parison of the distances and periods of different planets.

The Sun as Seen from Different Planets.—As an observer
recedes from the Sun, both its apparent diameter and the
intensity of its light and heat become less, the apparent diam-
eter being inversely proportional to the first power of the
distance and the intensity to the square. Asseen from Mercury
the Sun’s diameter is about two and one-half times as
great as it appears from the Earth; as seen from Neptune
its diameter is only a little more than a minute of arc, and to
the naked eye it would appear as an intensely bright star
without perceptible disk.

Taking the intensity of the Sun's light and heat at the Earth’s
distance as unity, we have the following values of the intensi ty
at the distances of the various planets:

g Q & g 2 b 6} v
6.7 1.9 1.00 043 0.04 o.01 0.003 0.001

It may well be imagined that there exists a great diversity of
climate.

The Earth as Seen from Other Planets.—The Earth, being
an opaque body, must shine by reflected sunlight and, to an
observer on one of its nearest neighbors, must present much
the same appearance as the other planets do to us. The most
favorable view would be obtained from Venus. When the
Earth and Venus are nearest together, at a distance of some
26,000,000 miles, the latter planet is at inferior conjunction,
nearly or (on rare occasions) quite directly between us and the
Sun, so that her dark side is turned toward us and at the same
time the eye is dazzled by the light of the Sun. For an ob-
server on Venus at the same time, the conditions for viewing
the Earth would be the reverse of these: the Earth would be
at opposition with its illuminated side turned full upon the ob-
server and would appear as a star about six times as bright as
Venus appears to us. The Moon would also be plainly seen
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as a fainter star passing from side to side of the Earth in the
course of a month to a distance of about half a deg'ree.

From Mars the view would be less favorable, since for the
Martians the Earth, like Venus and Mercury, Would“seem to
oscillate from side to side of the Sun and would reach a “greatest
elongation” of 48°, or about the same as that of Venus as seen
from the Earth. When Mars and_ the I'.)arth_ are nearest
together, the Earth would be at inferior con]upctron, and near
that time a Martian with a good telescope might see both the
Earth and the Moon in the crescent phase. .

As seen from Jupiter, the Earth is never more thafn 12
distant from the Sun, and it is likely 'thgt a race of ]oma.ns,btf
equipped with eyes and telescopes similar to ours, would bIe
unaware of the existence of this little glob_e. This deplora t;
state of ignorance is of course still more likely to be trm;1 o

any possible inhabitants of Saturn, Uranus, Neptune, or their

satellites.




CHAPTER X
THE LAW OF GRAVITATION

Isaac Newton (1643-1727).—Kepler's laws o
motion were simply descriptive statements of thefber.‘:::ie;rm;
the pIan:ets. Neither Kepler nor any one else had given an
t-axplam}tlon of the force that causes the planets to move in
just this way and no other. It was generally supposed that
to keep a planet moving, some “projectile force,” acting along’
a tangent to the orbit, was required, and Kepler seems to have
been somewhat inclined to attribute this force to the will of a
supernatural being—perhaps an angel that had the charge of
each planet—or to invisible spokes that radiated from the
Sun Emd pushed the planets along. It remained for the great
English mathematical philosopher Sir Isaac Newton to show
‘t’l;ar;;althp(;gla}nftaryd motions were but manifestations of a uni-
ciple and to deri i izati
iyises g cﬂ‘ Graﬁtat?ive the mighty generalization known
The co.ntributions of Newton to astronomy, mathematics
and ;thysu:s are numerous and exceedingly important Befon;
reaching the age of twenty-four he had discovered the .binomia.l
theorem, f_orrned his theory of colors, founded the branch of
fnathematlcs which he called “fluxions” and which has grown
1{1to the modern Calculus, and laid the basis of the law of gravita-
j:aon. It was not, however, until 1687 that he published his
immortal work Philosophiae Naturalis Principia Mathematica
?ﬂonlybk:lown as Newton’s Principia, the appearance o%
k73 a;;roscinc);marks the greatest forward step ever made in
; Newton's Laws of Motion.—The science of mechanics con-
sists of the_:orems built upon certain laws or principles just as
geometry is l?uilt upon its familiar axioms. The motions of
bodies as ordinarily observed, whether they be the planets or
202
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familiar bodies at the surface of the Earth, may be calculated
precisely by the system of mechanics built up by Newton. He
used as a basis the axioms of Euclidian geometry together
with three principles that are known as Newton’s laws of motion
because they were first definitely stated by Newton, although
they were at least partly understood by Galileo and, before him,
by the great artist-inventor Leonardo da Vinci. These laws of
motion are:

Everybodyconﬁnuesinnstateotrest,orofuniformmoﬁonina straight
line, unless it is compelled to change that state by a force impressed upon it.

II. The rate of change of motion is proportional to the impressed force,
andthechangetakesplaceinthedirecﬁonofthestmightlineinwhich
the force acts.

IIL. To every action there is an equal and opposite reaction.

Comment on the First Law.—If a block of wood resting on a level floor
be given a sufficient impulse, it will slide along the floor, but if then left to
itself it will come quickly to a stop because of the friction between it and
the floor. If the floor be made very smooth, the block will slide farther
before coming to a stop because the friction is less. If the block be placed
on smooth ice, a given impulse will carry it farther still. We cannot remove
from a body all forces such as friction, gravity, etc., and so cannot com-
pletely verify the law experimentally; but experiment shows that, the more
nearly we eliminate the forces acting on a body, the more nearly does its
motion conform to the law; and Newton assumed that a body moving in
free space, unacted upon by any force whatever, would travel forever uni-
formly in a straight line. Simply to keep moving, then, a planet or any
other body needs no force such as the “projectile force” of Aristotle. That
which requires an explanation is the curvature of the planet’s path and the
variation of its speed.

Comment on the Second Law.—By “‘the rate of change of motion” Newton
meant what many later writers call the rate of change of momentum, mo-
mentum being the product of mass times velocity. The rate of change of
motion of a body whose mass remains constant is thus the mass times the
rate of change of velocity, or mass times acceleration.

Up to the time of Galileo it had generally been supposed, in agreement
with Aristotle, that a ten-pound weight would fall ten times as fast as a
one-pound weight. Galileo, by a famous experiment at the leaning tower
of Pisa, showed that spheres of different masses fell from the tower to the
ground in the same time. The reason is that, while the weight, or force
of gravity, acting on a ten-pound ball is ten times as great as that acting
on a one-pound ball, and it therefore produces in the former ten times the

“quantity of motion,” the mass of the ten-pound ball is also ten times as
great and so the acceleration, or rate of change of velocity, is the same.
The fact that all bodies, such, for example, as a bullet and a feather, do
notfalla.givendistanceinairinthesametimeisduetothediﬁerenceof
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the resistance of the air caused b ir di
t y their different shape or density. If
in a tube from which the ai usted B
Pl s ity e air has been exha , the feather and the bullet
In the statement of the second law, nothing is sai
: : ing is said about th diti
?é rzt t?;; le;og;n bl;f at(}:;; bod:r :I:' the time the force is applied, n?:roz? c:':;:::
¢ ng at the same time. It is therefore impli
:-'rhether th; body is at rest or in motion, and whether other 1}(:):;23 ]ljzozdact?iit!
mr:lot, aifg'len force produces the same change of momentum that it wou]g
produce 1f 1t alone acted on the body at rest. Thus, if a body at 4 (Fig. 117)
2 be acted upon simultaneously by a force which would

® cause it to move in one second to

Z which would send it in one second ia(r;d iliymatfs?h::
4 / the er}d of one second, arrive at a point b which i's at
Bis sibe.. Tim the distance 4B from A as measured in the direction'
ParaLLeLo- Of the first force and at the distance AC from A as

fr g ;c;:" OF meg.sured in the t_:!irection of the second force; that is

s D is at the opposite corner of a parallelogram ;)f which,

the lines AB and AC are adjacent sides. The impor-

tant principle of the :
168 o motli)on. parallelogram of forces is thus a corollary to the second

in still w::etro;u]?sn:m a-mpifﬁzgptzse g n?]an ?:fa i o
. : a similar raft that is heavi
:aﬁ; \:::1; :c:;tp ;2;; B?;.h t}t;:}.ff,s will move, and the mor:'.l liigslltf;‘;lt::dﬁdr;.?{
¢ £ ere were no friction or other forces
pull on the rope, the product of the mass of each raft (plus Ets k:!r.txc‘i);3 l?)t t?t:
rate lt:f change of velocity would be the same—the “action” of the mgn i
ir:ga; yAalili :ttl:l;.tarle;.nélt opposite “reaction” on the part of the inanimate scrai;
appl.ied. ection will disclose a similar balance wherever forces are
The first two laws are sufficient for a di i
; scussion of the results of i
various forces to body; ird i i g
b e bodje:ne y; the third is needed for studying the motions of

Ttﬁe Theorem of Areas.—As an example of Newton's
methods and the important results to which they led we
may prove the following theorem:

To Prove—If a body move subj

Pro ject to no forces except

{hc.zt s d;:c;ec; always toward the same fixed point O t}fe Z:{:z
jomming the body to O wmust pass over " ;
g g 2 equal areas in equal in-

}f’roof.—Suppose, first, that the body is subject to no forces
w ‘a.tever, 50 that,. by the first law of motion, it will move
u;}fomly in a stra}ght line. Let the line of its motion be AC
(Fig. 118) and lfat 1t move the distance AB in one second. In
the nex.t seconfl it will travel an equal distance BC. Let O be
any point not in the line AC and draw OA, OB and OC. The
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triangles OA B and OBC, having equal bases AB and BC and
the common altitude O K, are equal in area.

Suppose, however, that upon arriving at B at the end of the
first second, the body is acted on by an instantaneous force—
like a blow from a hammer, say—acting along the line BO,
and that this force is of such magnitude that, had the body
been at rest, it would have been sent to D (Fig. 119) in one
second. ~ According to Newton’s second law, this instantaneous
force will produce a change of motion parallel to the line BO,
causing the body to be displaced in one second a distance BD
in the direction of that line; but it will not cause it to lose its
original motion which, acting alone, would carry the body in

- Ip—

A B
Fic. 118

one second from B to C. The actual path is therefore BE, the
diagonal of the parallelogram of which BD and BC are adjacent
sides. Draw OC and OE. The triangles OBC and OBE have
.the common base OB and equal altitudes CL and EM, the
distance between the parallel lines BD and CE. Therefore
triangle OBE is equal in area to triangle OBC, which we have
already shown to be equal to OAB.

In the third second, if the body were left to itself, it would
according to the first law of motion, move from E to G where
EG = BE (Fig. 120); but let it again be acted upon, when at
E, by an instantaneous force directed toward O and of such
magnitude as to carry it to F had it been at rest at E. It will
travel to H, the opposite corner of the parallelogram whose
sides are EG and EF. The triangles OE H and OEG are equal
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in area since they have the common b .
GP and HQ. on base OF and equal altitudes

We now have (Fig. 121)
AOAB= AOBE = AOEH;

!:hat is, if the body be subject to no forces except one which acts
:'.n'stz.a,ntaneously toward O at the end of each second, the lines
joining O to the positions occupied by the body at th'e instants
of. action of the force form triangles of equal area. Our proof
will hold as well if we suppose the force to act at intervals of
half a second, or a millionth of a second, or at intervals that
are s_me‘ll.ler than any assignable quantity, however small. In
the limit, the intermittent, instantaneous forces are replace'd by

FiG. 121

a continuously acting force (still supposed to be alwa i
along the line joining the body to 0), and the path of ffleaggctllg
bec.omes a smooth curve of a form depending on the way in
whfch the force varies. Yet, however small the interval at
wh_lch th.e force be supposed to act, the area described in an
}xmt of time, as one second, will be the same as that describeg
in any equal unit since it is the sum of the same number of
efqual areas; and hence, however the force may vary in inten-
s1ty: so long as it acts always along the line joining the body to
(? (it may be directed away from O as well as toward O), that
line will pass over equal areas in equal intervals of time. Q’. E.D
We have placed no limitations upon the force except that.: it.:
shall always act along the line joining the body to O. It may
be of constant or variable intensity, or it may be intermittent
or alternately attractive and repulsive; it may vary in mten:
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sity directly as the distance, or inversely as the square of the
distance, or according to any other law, or even capriciously ;
and the law of areas proved above must still hold.

This theorem illustrates one application—the only one that
we shall attempt to give in detail—that Newton made of his
laws of motion to the study of Mechanics. He proved also
that the converse is true: If a body be found moving in such
a way that the line joining it to any point passes over equal
areas in equal intervals of time, then the only force (or the
resultant of all the forces) acting on the body must be directed
toward (or away from) the point. Kepler had, as we have
seen, already shown that each planet moves in that way in
regard to the Sun—i. e., that its radius vector describes equal
areas in equal times. The conclusion was therefore obvious
that the only force required to explain the motion of any one of
the planets is a force directed toward the Sun.

Newton’s Inferences from Kepler’'s Laws.—By mathemati-
cal processes based upon the laws of motion as in the above
example, Newton made an important inference from each of
the laws of Kepler. These inferences, including the one just
stated, are:

1. From Kepler's law of areas: The force that controls the
motion of each planet is directed toward the Sun.

2. From Kepler's first law: The Sun's attraction for a given
planet varies inversely as the square of the planet’s distance from
the Sun.

3. From the harmonic law: The Sun's attraction varies from
one planet to another inversely as the square of the distance.

The second statement means that, as a planet approaches
perihelion, the intensity of the attraction rapidly increases; if
the distance be halved, the attraction is increased fourfold. It
depends both on the fact that the orbit is an ellipse and on the
fact that the Sun occupies its focus; if, for instance, Kepler
had found that the Sun was in the center of the planetary
ellipses, Newton must have concluded that the attraction
varied directly as the first power of the distance instead of
inversely as the square.

The third statement means that the attraction for a planet
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of given mass depends only on the distance and not on an
other' prqperties of the planets such as temperature, c:hernicaly
constitution, etc. If Mars were placed at the Earth:s distan
from the Sun, the Sun's attraction for it, except for the diﬁer.::f
ence of mass, would be the same that it is in the case of the
Earth. Newton showed, however, that for planets of appreci-

able mass, the harmonic law is i
; s only approxim :
precise relation is s s

ai’: as*: 1 P2 (M + my) : Po* (M + m)
Erlltlfere M is the mass of the Sun and the subscripts refer to the
S;-lent planets. In every case in the Solar System, M is so
:_m greater than m (tl-le mass of the Sun is about a thousand
S:;tzsm t;l;it (;f tﬁvelz; Jupiter, the greatest planet) that Kepler's
of the law, in which the masses i i
gy are omitted, is very
Thdz ng o? Gravitation.—It is related that Newton was sitting
o;le y in his gax.'den, reflecting upon the force that bends the
11.:4 anets_ frt'Jm strayght paths and upon the force that holds the
X oon in its orbit around the Earth, when his attention was
1ve.rted by an apple falling from a near-by tree. It occurred
to him that the fall of the apple and the divergence of the Moon
and planets from str.aight lines might be manifestations of the
same force. Becoming convinced that this was true, he was
eventually Iefi to the Law of Gravitation, which is:
EY:Iry pfxrhcle of matter in the universe attracts every other
m e w;th t‘: forc;;e11 that varies inversely as the square of the
ce between them and directl, i
ot y as the product of their
This great law may be expressed very simply in symbols if
:ve let t;n; and mghbe the masses of any two particles, d the dis
ance between them, F the force of i . ’
i bt o’ their attraction, and G a
myns
ar
Newton did not state the law of gravitation in just these words in the

Principia, nor does it appear that he explici
a, plicitly extended i
System; but the whole of Celestial Mechanics, including t&mg zlzfnsc?olgr

F=G
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tribution, is in harmony with the law as above stated, and the elliptical
motion of double stars shows that the law holds between them as between
the Sun and planets.

Test of the Law of Gravitation by the Motion of the Moon.—
By means of his principles of “fluxions” Newton was able to
prove the difficult proposition that, if the law of gravitation be
true, a homogeneous sphere of any size attracts an exterior
particle (or sphere) inversely as the square of the distance from
its center; that is, as if the whole mass of the sphere were con-
centrated at its center. He was then in a position to test the
law of gravitation by comparing the distance which an apple
falls in the first second with the distance that the Moon “falls”
toward the Earth, or in other words deviates from a straight
line, in the same time.

At a given distance from the Earth the Moon and the apple
would, according to the second law A
of motion, fall at the same speed just N|
as did Galileo’s unequal weights at
the leaning tower of Pisa; but, as
Newton knew, the Moon is about
sixty times as far from the center c
of the Earth as is the apple, and
hence, if they are both controlled by
an attraction that varies inversely
as the square of their distances from

the center of the Earth, the fall of 5
z T16. 122. VERIFICATION OF THE
the apple in the first second should 1S R OF GRAVITATION

be 602, or 3,600, times the Moon's

departure from a straight path in an equal time. The apple
falls in the first second 16.1 feet, or 193 inches; hence the Moon
should depart in one second from a straight line 1/3600 of this

distance, or 0.0535 inch.

The actual deviation may be easily determined from a knowledge of the
Moon’s distance from the Earth and the time of its revolution. In Fig. 122
let the circle, of radius R, represent the orbit of the Moon, and let the Moon
move from A to B in one second. Draw the diameter AP and the chord
BP, and draw BN at right angles to AP. The fall of the Moon toward
the Earth in one second is the distance BM or its equivalent AN. The
arc A B is in reality so short that it may be taken as a straight line, being
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one sidPT of a right triangle whose hypotenuse is A P, and therefore a mean
proportional between AN and A P; that is,

AN::ﬁ'

But AB, the distance traveled along the orbit in one second, is 27R/T,
where T is the number of seconds in a month; and, as AP = 2R,

2mR

AN = T

To compare the fall of the Moon with that of the apple, we must have T'
in seconds and R in inches. Although Newton knew that R was sixty times
the Earth’s radius, he at first used an incorrect value of the Earth’s radius
in inches, and so the computation failed to verify the law. He then reluc-
tantly laid aside that part of his work until six years later, when a new deter-
mination of the size of the Earth was made by Picard (page 83). Newton
then applied this value and found the Moon’s deviation from the tangent
to coincide with the fall of the apple within one ten-thousandth of an inch.

In Newton’s day modern methods of mathematical analysis
were unknown and he developed his theorems by the compara-
tively cumbrous processes of elementary Geometry, aided by his
principles of “fluxions.” Celestial Mechanics was brought to a
high state of perfection in the latter half of the eighteenth
century by the French mathematicians Lagrange and Laplace
by applying to Newton’s laws the methods of the Calculus.

Detection of Gravitation between Small Bodies.—A number
of experiments have been performed whereby the attraction
between two bodies of much smaller mass than that of the
Moon or planets has been detected and measured. In 1740
Bouguer detected the deviation of the plumb-line caused by
the attraction of Mount Chimborazo in South America, and in
1774 Maskelyne made a similar observation of greater accuracy
at Mount Schiehallien in Scotland, from which he deduced the
mass of the Earth by comparing its attraction with that of the
mountain. A more accurate experiment fulfilling the same
purpose is that of the torsion balance; it was first performed
by Lord Cavendish in 1798 and is known as the Cavendish
experiment.

Cavendish's torsion balance is shown in Fig. 123. The
balance consisted of a light rod about six feet long which was
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supported in a horizontal position by a slenf:ler wiref, a.nd which
carried at each end a lead ball about two inches in d;ametfer.
Suspended at the same level with these balls and on opposite
sides of the rod were two r2-inch balls, also of lead. Any
rotation of the rod around the supporting }wire could be observed
by small telescopes directed to small mirrors a.tta.che:d to the
ends of the rod. The whole apparatus was inclosed in a case

to prevent disturbance by air currents.

hii, TORSION ROD HUNG BY
s ENDS; W, W, ATTRACT-

e y ANCE.

F1G. 123. CAVENDISH'S TORSION Bat._
wm:?n: lg; x,x, ATTRACTED BALLS HUNG FROM T
ING MASSES. (FRrOM JONES' General Astronomy)

Suppose the normal position of the rod was x%, Fig. 124.
With the large balls in the posi’uons. W,W,, their attra,ct19n,
which was resisted only by the twist of the slender wlllre,
brought the rod into position X% The large balls were t ;n
turned to WaWs, and their attraction brought the rod into the
line xsx. The total angle moved through by the rod from
position 1 to position 2, which is observed by the telescope, }:S
four times the angle through which it would be moved by thie
attraction between_one small ball and one‘la.rge one. This
angle is proportional to the force of attraction and therefore
torsion of the wire, and the factor .

to the resistance due to the . _
of proportionality can be determined by observing the time of
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swing when the balance is disturbed sli i
ng Wi ghtly from its position
equilibrium and then released, the large balls IV beirl:g for th(i):

purpose removed. The stiffer the wire the more rapid are the

vibrations of the balance.

Cavendish was able with this apparatus to detect and
Eeasure the attraction between the balls, but the accuracym-lof
s 1-?1' rll:easurements was _1mpair(?d _by the effect of air currents

¢ coul.d not be entirely eliminated by the inclosing ca
The experiment has been repeated a number of timegs. SI(;
1.895 Boys used gold balls 5 mm. in
filanileter, attracted by lead balls 1o em.
in diameter. The rod of his torsion bal-
ance was a mirror 24 mm. long, which
was suspended by an exceedingly fine
fiber of spun quartz. The gold balls were
suspended from the mirror at different
!evels so that the lead balls might not
interfere with one another, and the bal-
ance was inclosed in an air-tight
from which the air was part?a.lly C:JS:'
hausted. Boys’s results are probably
e the most accurate yet obtained.

gsmq i e Dej:erminaﬁon of the Constant of

: dchhon. . a(lFP;‘lo:l- Gravnta‘tiOn.—If we let f represent the

ironomy) attraction between the large and the

small ball, d the distance bet i
centers, and B and b their respecti o
o el pective masses, we have by the

Bb
dnb
or, solving for G,
Gmit.
Bb

;I‘he masses B and b can be determined by weighing the balls
can be measured, and f is determined by the experim t"
hence t.he ?quation gives the numerical value of G, the co 9,
of gravitation, which is believed to have the same \;a.lue th:ostt:?lt
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out the universe. The value determined by Boys is 6658-107"
C.G.S. units, which means that two spheres, each having a
mass of one gram, if placed with their centers one centimeter
apart, attract each other with a force of 6658/100,000,000,000
of a dyne.

The dyne is the C.G.S. unit of force, and is defined as the force required
to give a mass of one gram an acceleration of one centimeter per second
per second. The weight of a body at the Earth’s surface, which is the force
of attraction between the Earth and the body, gives it an acceleration, com-

monly denoted by g, of 32.2 feet, or about 981 cm., per second per second;
hence, the weight of a body whose mass is one gram is 981 dynes.

The force of gravitation acting between bodies of ordinary
size is exceedingly small when compared, for instance, with the
attraction between two magnets. An illustration involving
larger masses will perhaps make this clearer. Suppose two
spheres, of mass 10'' grams each (iron balls 100 feet in diameter
would have about this mass), placed with their centers one
kilometer (10° cm., 0.62 mile) apart. No matter what buildings
or other obstacles intervene, the two spheres will attract each
other, but the attraction will be only 66,580 dynes, a force
equal to the weight of a body whose mass is 68 grams, Or less
than three ounces. Even if all friction and other forces that
might affect their motion were climinated, either ball could be
kept from moving by a slight pressure of the finger. If per-
fectly free from other forces, the balls will begin to approach
each other, but so slowly that a microscope will be required to
detect the motion. At the end of an hour, each ball will have
moved only about 4.4 centimeters, and will then be moving
at the rate of a fortieth of a millimeter per second. This speed
will be accelerated at a slowly increasing rate, and at the end
of eighty-four hours the two balls will come together at a rela-
tive velocity of 2.1 cm/sec.

Determination of the Mass of the Earth.—Let E be the mass
of the Earth, and w the weight of the small ball used in the
Cavendish experiment. The centers of the Earth and the ball
are a distance r apart, where 7 is the radius of the Earth. The
weight w is simply the force of the attraction between the ball
and the Earth, and is found by multiplying the mass b of the
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ball by th; ity g: ek 0 n
iy y the quantity g; also, it is given by the law of gravita-

7
?’2
Solving for E,
E = wr?/Gb,
or, substituting the value of G found in the preceding section
E = wrt B/fd>.

From this equation, ex i

_ , expressing the forces w and f in dynes
;;ftzsmass :;I;Im grams, and the distances r and d in centimgters,
possible to compute E in grams. i '
grams, or 6-10% tons. g
The Earth's mass and that of the vastly larger Sun are so
great tl.mt, _desp1te .the smallness of G, the force of their mutual
at:iractmn is suﬂicu?ntly strong to pull asunder a solid steel
o n?arly 3,000 miles in diameter; and yet, because of the
Earth_s mt inertia, this force causes the Earth to deviate from

a straight I.me only about one-ninth of an inch while travelin
eighteen miles along its orbit. >
5 Calculation of the Superficial Gravity of a Heavenly Body.—
ince a sphgre attracts an external body as if its mass were all
.51tua.t(.;d at its center, if m represent the mass of the Earth.

its radius, and g its attraction for unit mass at i |

t it

law of gravitation gives e

g= Km/r?
vs:here K is a factor of proportionality. Similarly, if #’, #/, and
g’ represent the corresponding quantities for any other' spilere,
g=Km'/r3,
Hence, dividing the second equation by the first,
g'/g = m'r*/mr'?,
The quantity on th
superqﬁcial gr:;vity of :h;f;hzraes (ir;: ?; Sﬁt i?a?mytgz

computed by the last equation when the body’s mass
radius are known in terms of the Earth’s. v "

THE LAW OF GRAVITATION 215

The Problem of Two Bodies.—The following problem has
been completely solved, first by Newton and later by other
mathematicians who used modern and more powerful methods:

Given the masses of two particles or spheres which are subject
to their mutual gravitational attraction and to no other force;
given also their positions and velocities at any moment; to deter-
mine the orbils which they will follow and their positions at any
other time.

Strictly speaking, the conditions of this problem are never
fulfilled in nature, since every particle is attracted by all others

F1G. 125. ORBITS OF SIRIUS AND ITS COMPANION

instead of by a single one; but they are fulfilled approximately
in the case of each planet and the Sun, since the attraction of
the latter vastly preponderates over that of the other planets
and the stars; and probably still more nearly in the cases of
some double stars. The details of the solution of the problem
cannot be given here, but some of the important results may be
mentioned as follows:

1. The position of the center of mass (page 118) of the two
bodies is unaffected by their attraction, and it remains at rest
or in uniform rectilinear motion.

». The two bodies will follow orbits around their common
center of mass which are similar in form but of size inversely
proportional to their masses, the more massive body moving
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in the s.maller orbit. The orbit of each body relative to the
other will be a curve similar to its orbit relative to the center

of mass, but of a size proportional to the sum of
the two bodies. sy o

Observations of the right ascension and declination of Siri i
meridian circles before 1844 showed that this brightest of mswr::?:o?&?;g
slowly in a little orbit upon the celes-
tial sphere, and the motion was attrib-
uted by Bessel to the attraction of an
unseen companion. In 1862, during a
test of the new eighteen-inch objec-
tive of the Dearborn telescope, the
companion was seen by Clark, and it
has since been observed in different
parts of its orbit which it requires fifty-
two years to circumvolve. Fig. 125
sh_ows the orbits of the two stars, the
f.funter_of which is exceeded about four
times in mass by the brighter. C is
the center of mass, and the continuous
curves are the absolute orbits of the
two bodies, the smaller ellipse belong-
ing to the larger star, 4. The orbit of
the small star relative to the bright
one, as determined by micrometer
measures of distance and position an-
gle, is shown by the dotted ellipse.

3. The orbits of the two bodies
will not necessarily be ellipses,
but must in every case be one of
the species of curves known as
conic sections, of which the el-
lipse is a member; and the cen-
ter of mass will be at the focus
of the conic.

Fi6. 126. Tue Conic SEcTIONS
(FrouM Youna's Manual of Astronomy)

The c;:l}:ﬁc sections are so called be-

. _ . _ cause each may be defined inter-

?emctr:lor(:ﬁgir:;n;:l;no:‘ t\;nrlt,h af r::ght circular cone, the different fonis;str}:;;}tﬁ;
! itions of the cutting plane. A right circula i

;Izvl:; is t%eﬁned as the sur_face generated by a straight line ‘:‘rh?:lrxlepz(x?si

i ﬁavelms amgh u?;dﬁ?d' pc]nnt hV called the vertex, while one point of the
. circle whose center C is at the point of intersecti

sf ci]a perpfndilcu]ar drawn from I to the plane of the Eiorcfl]e. OTlhnis perpenton

icular, VC, is called the axis of the cone. If this surface is cut by a p]anf;
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passing at right angles to the axis, as at NM, the curve of intersection is a
circle of a size depending on the angle of the cone and the distance of the
cutting plane from the vertex. If the plane is gradually inclined from
this position the curve of intersection becomes an ellipse, as at FE; and
the eccentricity of the ellipse increases until the plane makes an angle with the
axis equal to half the vertical angle of the cone as at DP, when the ellipse
becomes a parabola. If the cutting plane is still further inclined, as at
YHH'Y', it cuts the cone above the vertex as well as below, and the
curve becomes a hyperbola. The circle and parabola are thus seen to be
limiting cases of the ellipse. Parabolas as well as circles are all of the same
shape, though of different sizes; ellipses and hyperbolas have various shapes
as well as sizes. If the cutting plane passes through the vertex of the cone
the circle and ellipse each degenerate to a point, while the parabola narrows
to a line and the hyperbola becomes a pair of crossed lines.

The properties of conics were worked out from the above point of view
by Apollonius of Perga about 230 B.C. In modern analytic geometry the
curves are treated by means of their equations in rectangular co-ordinates.
The equation of a conic is always a quadratic.

The ellipse is a closed curve, returning into itself as does the circle. The
parabola does not return into itself, but extends to infinity. A body moving
around the Sun on a parabola, as many comets appear o do, makes but
one visit to the Sun in all eternity. The parabola may be regarded as an
ellipse with its second focus infinitely removed from the first; the distance
between its foci is therefore infinite and so is its major axis, and its eccen-
tricity is exactly 1. The hyperbola consists of two infinite branches. The
second focus is behind the first, and the eccentricity is greater than 1. In
the case of an attractive force varying inversely as the square of the dis-
tance, the body will move on the branch of the hyperbola that is concave

e v

FiG. 127. ConrocaL Conics

to the center of attraction; if the force were repulsive, it would move on
the convex branch. The ellipse is the locus of points the sum of whose dis-
tances from the foci is constant; the hyperbola is the locus of points the
difference of whose distances from the foci is constant. In Fig. 127 are
shown an ellipse, a parabola, and a hyperbola which have a common focus

at S.

Speed in the Relative Orbit.—In the solution of the two-
body problem it is shown that the speed of one of the bodies
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in its orbit around the other is always the same at a given dis-

tance 7, irrespective of the direction of on
espe e body from th
other, and is given by the formula 3 ;

V2= k2 (my + my) (3 % E)

a

where a is the semi-major axis of the orbit and k a constant.

For a given pair of bodies
, y and m, are al
we may write 1 2 also constant, and

V= u(2/r-1/a).

If the orbit be circular, @ = » and V2 = w/7; if it be parabolic
@= o and V2= 2y4/r. The velocity of a body in a parabola at':
a given distance from the Sun is therefore /2 times that of a
body moving in a circle at the same distance. Meteors are
observed to enter the Earth’s atmosphere at an average speed
of about twenty-six miles a second, which is /2 times eigh?;een
_m:les per second, the orbital speed of the Earth. It is therefore
inferred that these bodies travel on orbits that are eith
parabolas or very long ellipses. e
Representing the velocity +/ 2u/r, which is called the para-

bolic velocity, by U, the equati :
h ) quation for the vel : .
of semi-major axis a becomes elocity in an orbit

Vi=U?—u/a,
from which

o e
U= e

a=

Therefore, if a planet were launched in an i i
d:st'ance r from the Sun, the length of the nf;})(;: :;i: o%l:;n
orbit wquld be the greater the greater the speed of project.ione
for an increase in V decreases the denominator and heno;,
increases a. .If V = U, the orbit is of course parabolic; if
V < U, it is elliptic, and if V > U it is hyperbolic. F
128 shows a number of orbits described by planets prt.a' tlegd
from the same point in the same direction, but with diéec
speeds. If projected in different directions with the :2::
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speed, the bodies would move in orbits of the same length but
of different eccentricities and lines of apsides, as shown in Fig.
129.

Projectiles Near the Earth; Escape of Atmospheres.—
When a ball is tossed into the air, it forms with the Earth a
two-body system, and, if there
were no friction, the ball would
move along an ellipse having
the center of the Earth as its
distant focus and the highest
point to which it is thrown as
its apogee. Since the ball is
stopped by the Earth's surface
after describing only a short arc,
the orbit is sensibly a parabola.
If the speed of projection is in-
creased, the major axis of the

Fi1c. 128. OrpITS OF BODIES
ProjeECTED IN THE SaME Di-
RECTION WITH DIFFERENT SPEEDS

orbit is also increased, and the
“ ball rises higher. The greatest
speed yet attained by a projec-
tile from a gun (the German
“Big Bertha') is less than a
mile a second, and the greatest
height of projection about
Fi6. 129. Orsrts oF Bopies Pro- FWenty-fm.u- mﬂt.es—very _small

ECTED WITH THE SAME SPEED IN in comparison with the dimen-

DFsERET DIRACIONs sions of the Earth. If the speed
were increased until it equaled the parabolic velocity due to
the Earth’s attraction, the projectile would move on a parabola
and depart an infinite distance from the Earth, never to return.
The parabolic velocity at the surface of a planet is therefore
sometimes called the velocity of escape. It is equal to v/2u/p
where p is the radius of the planet ané p is to be computed
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from its mass. The velocities of esca i
A pe for various bodi
the Solar System are given in Table 10.2. s

TABLE 10.2
(From Moulton’s Celestial Mechanics, p. 48)

Body Velocity of Escape

Basth. . .ouviii,
B e 11,180 meters, or  6.95 miles, per sec.
it NI 2,306 ¢ O 377 S ®o.
Mer;:ﬁ;-_-;r ........................ 618,200 ¢ " 38420, " %o
s e S R I 3,106 ¢ * xon & na
R 30478 ¢ S 7 g
i 1te|- ......................... mxdn; - © £ g w8 L Ay
'Smf.’urn R R T R A e 61,120 ¢ T Ao ans .
s B T 37,850 : € agea L& o

......................... 23,160 SRR T o
L T N S 20,830 ¢ L o

We are assured by physicists that any body of gas, such as
the.atmos?here of a planet, consists of molecules whiéh are in
ram.d m01510n, each molecule moving in a straight line until it
collides with another molecule or with the wall of the containin
vessel. The mean velocity of the molecules depends on th§
temperatt.tre and pressure of the gas, but that of any individual
may be indefinitely increased or lessened by collisions with
others. A molecule near the upper limit of an atmosphere
may thus- attain a velocity exceeding the velocity of escape, and
it is possible that the absence of an atmosphere on the M’oon
and on other bodies for which the velocity of escape is sm 11,
may be explained on this basis. 2
mI:;termi_nation of the Mass of a Heavenly Body.—In the
shi “;T;;;cal treatment of the problem of two bodies, it is

my+ mp = a*/P?,

where the masses "y and m; are expressed in terms of the Sun's
gla.ss, the mean .dlsta.nce a in astronomic units, and the period

- in years. Thl.S formul_a gives at once the combined masses
of a planet and its satellite, or of the components of a double
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star, when the period and mean distance have been determined
by observation. As the planets Mercury and Venus have no
known satellites, their masses can be determined only by their
attractions for other planets or for occasional comets that pass
near them, and are not very accurately known.

The mass of the Sun is found in terms of that of the Earth-
Moon system by a simple application of Kepler’s third law as
modified by Newton; for, if M be the sum of the masses of
the Earth and Sun, m of those of the Earth and Moon, Aanda
the semi-major axes of the orbits of the Earth and Moon, and
P and p the lengths of the sidereal year and the sidereal month,
then
A a?

Pt ot

The Problem of Three Bodies.—The problem of the motion
of three mutually attracting bodies is just as determinate as
that of two—that is, a given set of initial conditions leads as
certainly to a definite result; but the problem is of such
difficulty and complexity that only in special cases is even the
most powerful of modern analysis capable of producing formule
by which this result can be computed. The simplest two of
these special cases were solved by Lagrange; in one, the three
bodies remain always in a rotating straight line; and in the
other they remain at the vertices of an equilateral triangle.

If an infinitesimal body were launched with the proper velocity at a point
about a million miles from the Earth on the side directly opposite the Sun,
and then not disturbed by any outside force, it would remain in that relative
position and, like the Earth, revolve around the Sun in a period of one year.
The motion, however, would be wnstable, and if the body were disturbed
ever so slightly—and it certainly would be disturbed by the attraction of
the other planets and the Moon—it would depart from the position indefi-
nitely. The dim light known as the Gegenschein (page 248) may, as sug-
gested by Moulton, be due to sunlight reflected from tiny bodies which,
moving through interplanetary space, are caught temporarily at the anti-
solar point by a sort of “dynamic whirlpool.”

The equilateral-triangle solution is stable, and examples are found in the
motion of certain of the asteroids known as the Trojan group (page 247).
Each of these asteroids revolves at the mean distance of Jupiter from the
Sun and at the same time oscillates slowly about a point equally distant

from the Sun and Jupiter.

M:m::
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Perturbations.—The practical problem of calculating the
positions of bodies in the Solar System is the problem of u
bodies, and would be entirely unmanageable were it not for
the fortunate circumstance that one of the bodies, the Sun, so
far exceeds the others in mass that, in a first approximation
to the orbit of any one of the planets, the attraction of the
others may be neglected. This first approximation, which, as
we have seen, is an ellipse, may then be corrected by com-
puting the effects of the attractions of the other planets at as
many points of the orbit as desired. The deviations of the
planets from exact elliptic motion are called perturbations.

The perturbing effect of a third body upon the relative
motion of two depends upon the difference of the acceleration
produced in the two bodies by its attraction—difference in
direction as well as in amount; for,
4 if the third body moved both the

“--..__ _ others in the same direction and
at the same rate, it could produce
no change in their relative position.
To make this clear, let S, Fig. 130,
represent the Sun and P a planet
revolving around it, and let a third body, say another planet,
be at P’. P’ will attract both S and P, producing in them
accelerations inversely proportional to the squares of their
distances. Let the lines PA and S K represent, in magnitude
and direction, the acceleration produced by P’ in P and S,
respectively. Both will be directed toward P’, and PA will
be the greater. The acceleration PA is, by the second law of
motion, equivalent to two accelerations that may be repre-
sented by the sides of a parallelogram of which PA is the
diagonal, and we are at liberty to choose the length and direc-
tion of one of these sides. Let it be PB, equal and parallel to
SK. If PB alone acted on P, it would change the relative
position of P and S not at all, for the two bodies would then
be pulled in the same direction and by the same amount; hence,
the perturbative action of P’ upon P is represented by PC, the
other side of the parallelogram; and this component is what

F1G. 130. PERTURBATIONS

S S

— = .
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is meant by the difference of the accelerations produced by P

in P and S.

As may be inferred from the above discussion, it is not a
difficult problem to compute the perturbations produced by a
third body in a given relative position of the three bodies;
but, as the bodies move in their orbits, the perturbations con-
tinually change in both direction and amount, and to determine
accurately the path of P they must be found for every position.
What is worse, P’ is perturbed by the attraction of P so that
it also departs from an elliptic orbit, and these perturbations of
P’ produce perturbations of the second order in P, and so on
ad infinitum. Since, however, the perturbations of the planets
are small because of the small masses and great distances of
the perturbing bodies, their positions may, over long periods
of time, be computed as accurately as they can be observed.

The Regression of the Moon’s Nodes ; Precession.—The regression of the
Moon’s nodes (page 114) is a perturbation of the Moon’s motion produced
by the Sun. It has just been shown
that the perturbative action of P’ on
the motion of P is directed toward a
point of the line SP’, and it may be
shown that this is the case whatever
the position of P on its orbit around
S (cf. page 227 and Fig. 132). In the
problem we are now considering, S
is the Earth, P the Moon, and P’ the Sun, and the perturbative action of
the Sun is always directed to the plane of the ecliptic. Consider the Moon’s
motion as it approaches the node, as in Fig. 131 at 4. If unperturbed,
it would cross the plane of the ecliptic at IV, which would thus be the ascend-
ing node; but the Sun’s perturbative action causes it to move more nearly
at right angles to the ecliptic and so to cross at N !, farther west, and the
node is thus moved backward. After node passage, the action is again
toward the ecliptic and the inclination is restored after undergoing a slight
temporary disturbance.

Precession may similarly be explained by the perturbative action of the
Moon (and Sun) on the protuberant matter at the Earth’s equator. If the
Earth were a homogeneous sphere there would be no precession. Suppose
it were such a sphere except for a single mountain at its equator. The per-
turbative action of the Moon upon this mountain would be directed toward
the plane of the Moon’s orbit, and as the Earth’s rotation brought the moun-
tain across this plane the crossing point (the equinox) would be moved back-
ward as in the regression of the Moon’s nodes. Instead of a single mountain,
the spherical core of the Earth is surrounded by a ring of matter constituting

Fic. 131. THE REGRESSION OF
THE Moox's NobDEs
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[;h:t e(cj:luatgrial bulge, and every particle of this ring is affected in the way
Jf;x hesm_-lbed. Since the particles are fastened together to form the rigid
Zarth, this means a precessional motion such as was described in Chapter IV.

Pettuxbaf:ions of the Earth.—The perturbations of a planet
are conveniently classed as periodic and secular. The former
set the planet forward or back or sidewise by slight amounts
and run through their changes in a century or less. The secula;~
perturbations are more conveniently regarded as changes in
th'e .orbit itself, and operate in one direction for thousands or
millions of years, or indefinitely. The periodic perturbations
of the Earth never exceed about 1’ as seen from the Sun—about
30,000 miles. Its principal secular perturbations are as follows:

1. The line of apsides is revolving eastward at a rate tha£
would, if continued, carry it entirely around in about 108,000
years; but it will not continue always at the same rate. :

2. The eccentricity of the orbit, which is now o.016, is
d1m1m§hjng and will continue to do so for some 24,000 ye.;trs
when it will be about o.003; then it will increase for somé
40,000 years, but will never exceed about o.07.

3 '_I‘he plane of the orbit is slowly changing its position
resulting in a change of the obliquity of the ecliptic. Thé
value of the obliquity is now 23° 27’, and is diminishing at the
rate of o5 a year. This decrease will continue about 15,000
years, after which the obliquity will increase. It oscillate:s in
this manner about 1°5 on either side of the mean.

The perturbations of the Moon, produced principall i
of tl:le Sun, are much greater than those of thepEartlf, ar{dl::%et?ﬁezttrz?;gn
motion of the Moon forms a whole branch of mathematical Astro;yom in
itself, We have already noted two of the most important of these lu}.rnm
perturbations, the regression of the nodes and the advance of the lin a;
apsides. Another famous one is the evection, which was known in the t?n?
of Hipparchus and is so large that it may set the Moon forward or bacl‘:
about a degree and a quarter. This is a periodic perturbation with a period
of one and one-eighth years, the time required for the Earth to revol
from the direction of the Moon’s perigee to the same direction again N

The rﬂost farr'lous of planetary perturbations is perhaps the “1;:m in
equality” of Jupiter and Saturn. Five of Jupiter’s periods are nearl s ai
to two of Saturn’fs, so that these planets are repeatedly brought tl:)etal-:;r
nearest ar_)proach in nearly the same part of their orbits and their mutual
perturbations repeated, Since, however, the commensurability of their
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periods is not exact, the perturbation is periodic, having a period of about
Qo0 years.
The Discovery of Neptune.—One of the most dramatic
events in the history of Astronomy was the discovery of the
planet Neptune. Uranus was discovered in 1781 and its orbit
was computed from observations made during the next few
years; but it refused to follow the orbit computed for it,
even when the perturbations of all the known planets were
taken into account. By 1843 the difference between computa-
tion and observation amounted to the “intolerable quantity”
of nearly two minutes of arc—almost enough to perceive with-
out a telescope—and it had by that time long been suspected
that Uranus was perturbed by an unknown planet. Two young
mathematicians, Adams in England and Leverrier in France,
undertook the difficult and laborious task of locating the dis-
turber by solving the problem of perturbations inversely. Each
assumed a distance from the Sun of about 38 astronomic
units, in accordance with Bode’s law, and this turned out to be
incorrect; but the orbits calculated by them were sufficiently
in accordance with the true path of the new planet to deter-
mine its direction from the Earth, and that was all that was
needed to find it in the sky. Adams secured his result first,
but was unable to awaken much interest among En glish astron-
omers, and Neptune was first recognized in 1846 by Galle, a
German astronomer to whom Leverrier had communicated his
result, and who found the planet within half an hour, less than
a degree from the exact point that Leverrier had indicated.
The Theory of Relativity.—It is the great triumph of the
law of gravitation that it explains not only the regularities of
the motions of the planets, as described by Kepler’s laws, but
also their minute and irregular departures from elliptic motion,
so that calculation is abundantly confirmed by observation. In
only one case is an exception to this known, and that is the
case of the line of apsides of Mercury, which advances at the
rate of 574"’ per century, 43" faster than it should according to
the law of gravitation and the positions of known planets. On
this account it was at one time proposed to amend the Newton-
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ian law by substituting the exponent 2.00000016 for 2; but
t.hls.; would introduce perturbations in the other planets for
which we have no observational evidence, notably in the motion
of the line of apsides of Venus.

. What many regard as the greatest advance in physical theory
since Newton is the Theory of Relativity, developed principally
by the German physicist Einstein in papers published in 1903
and 1915. The failure of an experiment by Michelson and
N.Iorley to detect the difference in the velocity of light in
dlﬁe_rent directions that was expected to result from the Earth’s
motion through the ether had been attributed to a change in
the length of their measuring apparatus when placed along or
across the line of the Earth’s motion. The principle of relativ-
ity goes much farther than this, and assumes that mass, length
ar}d tunfa are all relative, their value depending on the speeci
with ?v}uch the observer is moving, but changing very little for
velf)cmes that are small compared with the velocity of light—
'f.vhwh even planetary velocities are. Newton's law is expressed
in terms of mass, distance, and time (time being included in
the conception of force), and hence, in the light of the principle
of relativity, it is ambiguous. Einstein derived a new law of
gravitation (which cannot be stated in simple terms, but which
for the bodies of the Solar System, differs but minutely fron':
the Newtonian law), and showed that, if it be true, the orbit

of a p-Ianet at Mercury’s distance must revolve 43" per century
even if unperturbed.

Most surprising results flow from the theory of relativity, A i
Einstein, the universe is four-dimensional, l?r.s dimensior{s befr?;rclhegt;o
breadth, thickness, and time; and this “space-time” is curved in a fifth dimen-
sion, the curvature being greatest in the neighborhood of bodies of greatest
mass. A]t.hough the human mind cannot picture such a state of affairs, it
can treat it adequately by mathematical methods, and the theory has .as
far as it can be tested, received striking confirmation. Einstein shm,ved
that, according to the principle of relativity, a ray of light which passes
near a body of the mass and dimensions of the Sun should be deviated by
1774. At the total eclipse that was visible in Africa and Brazil in 1919
an u.nusua.llyl fine opportunity existed for testing this prediction, for tbl;
S'un at the time was among the bright stars of the Hyades, so that their
light had to pass near the Sun to reach the Earth. These stars were
photographed during the eclipse by Eddington and Davidson, who later photo-
graphed the same star field with the same instruments when the Sun was
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in another part of the sky. A comparison of the plates revealed the fact
that, during the eclipse, the stars were apparently shifted in a direction
and by an amount to fulfill very nearly Einstein's prediction. This result
was abundantly confirmed at the Australian eclipse of 1922 by Campbell.

The relativity theory is further confirmed by the fine structure of the
lines in the spectra of the elements, which under very high dispersion are
found to consist of groups of lines. This is explained by relativists by a
revolution of the orbits of the electrons within the atom somewhat analo-
gous to the motion of Mercury’s line of apsides. Only one other observable
effect of the theory has so far been announced—a slight redward shift in
the spectral lines of a massive, luminous body like the Sun. Many of the
Fraunhofer lines certainly are so shifted, but the Einstein effect is so com-
plicated with effects of pressure, radial velocity, etc., that observers are
not yet agreed as to its detection. (See also pages 310 and 325.)

Elementary Theory of the Tides.—The cause of the periodic
rise and fall of the water of the ocean, known as the tides,
may be regarded as a case of perturbations due to the action
“of the Moon and the Sun. The connection of the tides with
the Moon is evident from the fact
that the average interval between
successive high waters is 12" 25™,
which is exactly half the average in-
terval between successive upper %
culminations of the Moon. Their Fic. 132. TIDE-RAISING FORCES

connection with the Sun is shown AT ORPOREE; RUSNTS

by the occurrence of spring tides, the highest tides of the month,
near the time when the Moon is in syzygy—that is, in the
line joining the Earth and the Sun.

In Fig. 132, let the center of the Earth be at C and that
of the Moon at M, and consider the perturbative action of the
Moon on drops of water situated at A and B. The tide problem
can be considered in the same way as the problem of the per-
turbations of a planet, which was treated in Fig. 131. Since
the lithosphere of the Earth is rigid,' it moves as a single body
and the Moon’s effect on it is the same as if its mass were
concentrated at C; but each drop of the ocean being free to
move independently, the drops at A and B may be moved
relatively to the lithosphere and to the other drops. Let CK
represent the acceleration produced by the Moon's attraction

1 It is not absolutely rigid, and the Moon creates in it minute “Earth-tides”
which have been detected and measured by Michelson.
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in the solid Earth, and let AS and BT be the accelerations
produced in A and B. Since A is nearer the Moon than is
C ) while B is farther away, AS will be longer than CK and BT
will be shorter. Resolve AS and BT as was done with the
planet’s attraction in Fig. 131, taking in each case one side
of the parallelogram equal and parallel to CK. The other side
AR or BQ, will represent the Moon’s perturbing acceleratior;
on the drop of water, or what is called the tide-raising accelera-
tion. It is important to note that, since the diagonal of
the lower parallelogram is shorter than its horizontal side
tzhe other side is here directed toward the left—that is tht;
tide-raising force is directed away from the Moon. The ’tide-
N raising acceleration in different parts of the

Earth’s circumference is shown by the arrows

4 in Fig. 133, by which it is seen that the

tidal forces of the Moon tend to heap the water

up in two places on the Earth’s surface situ-

Fm'i‘z'n‘?&: g‘!ﬁig:vo a.ch at opposite ends of a diameter—one
: directly under the Moon and the other on

the opposite side of the Earth. In fact, the tendency of the
Moon’s attraction is to deform the spherical Earth into a
prolate spheroid with its longest axis directed toward the Moon

MThe maximum tide-raising acceleration, which is effective just under the
Toon, is the defe:rence of the accelerations produced by the Moon at th
dist_ances, respectively, of the center and the surface of the Earth anc?
varies very nearly as the inverse cube of the Moon’s distance To § rov
this, let the Moon’s distance from the Earth’s center be D anél the rlz.diui
of the Earth r. Then the two accelerations just mentioned are proportional to

I
1/D* and ————— and therefore their difference is proportional to -

(D—r)? T

D—r)

= or to Dg“—-————_ (B r)z- This last i v 2Dr — r’( "
e D2 (D— ) st expression 1s equal to ‘52—(1')—_—’_)—5: or, since

B and : 2Dr constant .
compared with D, nearly to i oF to e Since the Moon

1S some 400 tim?s nearer to us than is the Sun, its tide-raisin. i 3
Or 64,000,000, times as great as the tide-raising force of an iéﬂﬁer;fa:sozf
the Sun; and, as the Sun is only about 27,000,000 times as massive as the
Moon, the latter has about 64/27, or more than twice, the tide-raising effect
of the .fo.rmer. T!le Moon’s tide-raising acceleration at the point where the
Moon is in the zenith is about 1/8,500,000 of g, the acceleration due to gravity

When the Moon is in syzygy, its tidal bulges are added to those of the:

THE LAW OF GRAVITATION 229

Sun, and we have spring tides; when it is at quadrature, the solar tides oceur
between the lunar ones, resulting in a smaller difference between high and

low water (neap tide).

Suppose that the Earth consisted of a spherical, rigid
lithosphere entirely covered by a frictionless fluid, each particle
of which yielded immediately to the tide-raising force of the
Moon. This covering would take the form of a prolate spheroid,
the longest axis of which would pass always through the Moon’s
center as suggested above. Let the lithosphere rotate every
twenty-four hours about an axis as in Fig. 134. A point O on
its surface will be brought successively under the two tidal
bulges and so will experience high water twice in each interval

o

&

F16. 134. THE SEMI-DrurNaL Tipe

=)
L=

between upper culminations of the Moon—that is, one in every
12" 25m  In general, the heights of the two daily tides will
be unequal, but twice a month, when the Mcon is in the plane
of the equator, this diurnal inequality will vanish.

In the actual case, the water of the ocean is not frictionless,
and so the tidal bulge is partly carried forward by the Earth’s
rotation. Moreover, when a protuberance is once formed it
has a tendency to travel as a wave with a velocity which
depends upon the depth, and the progress of the tidal wave
around the Earth is vastly complicated by the varying depth
of the sea, the presence of continents and islands, and the
irregularity of coast lines. While in most localities the two
daily tides and their diurnal inequality are recognizable, as
are also the spring and neap tides, the actual prediction of the
time and height of high water cannot be made from astronomic
data alone, but depends also upon local observations of the
tides.

Effect of the Tides on the Rotation of the Earth and of the
Moon.—The friction of the tides, slight though it is in com-
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parison with the momentum of the Earth, must act as a brake
upon the Eaf‘th s rotation, and, continuing through millions of
years, must inevitably tend to lengthen the day.

This tendency is reinforced b i i

the' Ealrt,h, and opposed by the zh;l:l:k:l;: O?i%zﬂéﬁrihmgm :22 t:ae:li:trign
of its internal heat; but both these effects are very slight indeed. A r:«:omrj
?:;:o::a Oc:ifegeoxl;e;ordeg times of ancietltt eclipses with their times computed
g e actua}l;‘;(ai skl):: g-(t)zi etr:i motions of the Earth and h-lqon indicate

: : g at a rate of about one second in 7,000,000
fears It is believed that most of this change is due to the friction of,th

ides in shallow seas such as Bering Sea, the friction in mid-ocean bei 6
practically negligible. =

, Unless the Moon is perfectly rigid, the Earth must create
tidal bulges upon it, and the tide-raising effect of the Earth
must be greater than that of the Moon because of the Earth’s
greater mass. If in the past the Moon was in a liquid condi-
tion, and rotated more rapidly than it revolved, the friction
of thf: Earth’s tides upon it must have tended to lengthen its
rotation period, and this tendency must have persisted until
the Moon presented always the same face to the Earth as it
does now. It is, in fact, believed that the Moon is slightly
prolate, the tidal protuberances having become solid and per-
manent, gnd that a minute physical libration which has been
qbsewed is due to the oscillation of its longest axis about the
line of centers of the Earth and Moon.

_ Effec? of the Tides on the Revolution of the Moon.—The
tides raised upon the Earth must affect not only the rotation
ot: the Ea.rth, but also the revolution of the Moon. Censider
Fig. 135, in which the lithosphere of the Earth is represented
as a sphef'e rotating within a hydrosphere which completel
covers it, its equator and also the center of the Moon being n}:
the plat'le of the paper. The tidal friction of the Moon creates
bulges' in the hydrosphere which are carried forward by the
I.Eart.h s.rotation. As soon as their deepest points are no longer
in the line of centers of the Earth and Moon, a componentgof
t.he Moon's attraction will pull back upon them toward that
lu.le, as may be shown by the reasoning that was applied to
Figs. 131 and 132. This force will resist the tendency of
the Earth’s rotation to carry the bulges forward, and they will
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therefore be carried only to certain points A and B, where they
will be in equilibrium between the frictional forward pull of
the Earth and the gravitational backward pull of the
Moon:; and they will remain just so far in advance of the
Moon while the body of the Earth turns under them and, as
pointed out in the last section, their friction acts as a brake
on the Earth’s rotation. (This does not mean that the separate
particles of water would remain stationary with respect to the
Moon; each drop would be carried along by the Earth’s
rotation, but would rise gently to the crest of a wave at A and
at B and would sink to a trough at the points midway between.)

The protuberance whose sum-
mit is at A will attract the
Moon approximately along the
line MA and more strongly,
mass for mass, than does the
lithosphere which is centered at

E: while the other bulge will Fie. 135, ErrEct oF THE TIDES ON
E

THE REVOLUTION OF THE MoOON -

attract the Moon along MB,
more feebly than does the lithosphere. But the attraction at
A pulls forward on the Moon, and makes a greater angle with
the line of centers than does the weaker attraction of B, which
pulls backward; hence, the net effect is to hasten the Moon
in its eastward orbital motion. Paradoxical as it may seem,
this does not shorten the month, but lengthens it; for it
increases the centrifugal force due to the Moon’s orbital
motion, causing the Moon to move farther from the Earth
and actually to move more slowly in a larger orbit.

Evolution of the Earth-Moon System.—At present, the
change in the Moon’s revolution, like that in the Earth's
rotation, must proceed with extreme slowness; but in the
remote past, when the Moon was nearer the Earth, the tidal
action must have been much greater than now, since the tide-
raising force varies inversely as the cube of the distance; and
the tides must have been especially potent when both bodies
were plastic throughout, as they are believed once to have
been. Upon this line of thought is based the famous theory of
tidal evolution, which was first elaborated by the English
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mathematician Sir George Darwin late in the nineteenth
century.

According to this theory, the Earth and Moon evolved from
a single liquid body which rotated on its axis in a little less
than five hours. Owing to its rapid rotation, this body was
very oblate, and the motion of its particles was continually
disturbed by tides raised upon it by the Sun, which of course
had half this period. Darwin showed that, granted certain
reasonable assumptions, the free period of vibration of this
body must have been the same as that of the tides, in which
case a vibration of very large amplitude must have been set
up, and, according to the theory, this vibration caused a
portion of the body to be separated from the remainder.
Probably the smaller portion was not originally all in one
piece, but for some unknown reason it became consolidated
into a single body; we know this body as the Moon, while the
remainder of the original sphercid is the Earth. The two bodies
then had the form of prolate spheroids with their long axes in
the same line, and this line was rotating in a period of five
hours. But this condition was unstable and the disturbance
of the solar tide caused the Moon to fall back a little, where-
upon the friction of their enormous mutual tides came into
play, and their periods, both of rotation and of revolution,
were lengthened, the latter the faster. This process, at first
rapid, has continued with diminishing speed until the present,
when the Earth's rotation period has reached twenty-four
hours, while both the rotation and revolution of the Moon
are twenty-seven times as slow.

According to Darwin, the lengthening of the month was
more rapid than that of the day until the former attained a
length of about twenty-nine days, when the day came to be
lengthened faster than the month; and the process will con-
tinue (unless the oceans freeze and the whole Earth becomes
rigid) until both the day and the month have a length-of
about fifty-five of our present days. The Earth will then turn
always the same face to the Moon as the Moon now does to
the Earth.

PLATE 11.1

Photographs of Venus in Different Phases, showing relative

sizes of the Disk. E. C. Slipher, Lowell Observatory

Jupiter

Spectrogram of Jupiter, showing inclinat jon of lines due to the planet’s rotation.

By V. M. Slipher, Lowell Observatory




PLATE 11.2.  MaP oF Magrs, by Flammarion and Antoniadi

CHAPTER XI

THE PLANETS

Mercury and Venus.—The principal numerical facts con-
cerning the two planets whose orbits lie within that of the

Earth are given in Table 11.1:

TABLE I11.1
Mercury Venus

Mean distance from Sun ©0.39 astron. unit 0.72 astron. unit
Intensity of solar radia-

tion received......... 6.7 1.0
Orbital velocity........ 23 to 36 mi./sec. 22 mi./sec.
Eccentricity of orbit. ... 0.20 0.007
Inclination of orbit. . ... 7% 3%
Sidereal period......... 88 days 225 days
Mean synodic period 116 days 584 days
TREWIBRAL . . o vsvv 00 050 5" to 13" = 3,000 miles | 11" t0 67" = 7,575 miles
Greatest elongation. . ... 18° to 28° a7®
Distance frgm Earth in

TR e 57,000,000 10 120,000,000{26,000,000 t0 160,000,000
Mass (Earth’s mass = 1) 0.05 0.82
Density (water = 1) 4.5 4.8
Surface gravity......... 0.318 0.85¢8
Albedo 0.06 o.60

................

Mercury, of all the planets, is nearest the Sun, and so it has
the swiftest motion and receives the greatest intensity of
radiation. With the exception of some of the asteroids,
Mercury has the most highly inclined and most eccentric
orbit and the least diameter and mass. Venus has the most
nearly circular orbit and a diameter most like that of the Earth,
only about 400 miles smaller.
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At his brightest, Mercury appears to the unaided eye as a
star ne:arly as bright as Sirius, but so near the Sun that it is
never in the unilluminated part of the sky and so is never
conspicuous. Venus is very much brighter and can be easily
seen at midday if the sky is very clear; and, besides, attains
so great an elongation that she is at times visible, from points
in the United States, more than three hours after sunset or
before sunrise. Of all the planets (one or two asteroids
excepted) Venus approaches nearest to the Earth, and with
the exception of the Sun and Moon and very rare comets she
appears the brightest of all the heavenly bodies.

Telescopic observation of these planets is best carried on in
the daytime because at night, when visible at all, they are at
too low an altitude for good seeing. They reveal very little
Sl.lrface detail; each presents a nearly uniformly illuminated
disk, and the few markings that have been reported are vague
fmd exceedingly difficult of detection. The surface of Venus is
intensely white, contrasting beautifully with the blue of the
sky. That of Mercury is, as would be inferred from its low
albedo, much duller.

.T’he most striking feature of the telescopic appearance of
e1.ther Venus or Mercury is its change of phase and of apparent
diameter as the planet changes position with respect to the
Earth and the Sun. The change of apparent diameter is
especially noticeable in Venus (Plate 11.1), her maximum diam-
et(_ar_being about six times the minimum. Venus's greatest
bnl!lancy occurs at thirty-six days before and after inferior
conjunction, when about one-fourth of her earthward hemi-
sphere is illuminated.

The Atmosphere of Venus.—That Venus has a fairly dense
?tmosphere is certain, for it is plainly visible when the planet
is near inferior conjunction, between the Earth and the Sun.
The illuminated disk then appears as a very thin crescent
w}-lich is extended beyond the ends of a diameter by thin
bright arcs. When the apparent distance of the planet from
the Sun is about two degrees or less, these arcs are prolonged
until they meet and form a complete ring of light; an appear-

—

'
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ance due to sunlight illuminating the planet’s atmosphere from
behind.

It would be reasonable to suppose that the light of Venus,
being reflected sunlight, must have passed twice through her
atmosphere before reaching the Earth. Since the oxygen and
water-vapor of the Earth’s atmosphere produce absorption
bands in the spectra of celestial bodies (page 1 50), it is to be
expected that the atmosphere of Venus would have a similar
offect and that these bands would be more intense in the spec-
trum of Venus than in that, for example, of the airless Moon.
No such effect has been observed, however, although looked for
assiduously at the Lowell and Mount Wilson observatories,
and we must infer either that Venus's atmosphere is lacking in
water-vapor and oxygen or else that these gases lie wholly in
the lower layers to which the sunlight does not directly pene-
trate.

It is probable that the visible surface of Venus consists of
a dense layer of white clouds which prevent our seeing the
solid surface, and which also, probably, prevent direct sun-
light from reaching that surface. It is not impossible to
imagine that Venus is inhabited by beings who, because of
this impenetrable mantle of clouds, are ignorant of the
existence of the Sun and of all other bodies exterior to their
own planet.

No evidence of any atmosphere on Mercury has ever been
found, and it is believed that this planet, like the Moon, is
without air.

Evidence on the Rotation of Venus and Mercury.—Until
1880 the impression prevailed very generally among astron-
omers that both Venus and Mercury rotated in about twenty-
four hours. This impression was based upon the apparent
motion of markings which various observers had detected or
thought they had detected, mostly with very small telescopes in
unfavorable climates and when the planets were at low altitudes.

In 1880 Schiaparelli, observing in the daytime under favorable
conditions in Italy, found for each of these planets a rotation
period identical with its revolution period, indicating that,
except for the effect of librations (page 122), it keeps always
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the same face toward the Sun just as the Moon k
face towards the Earth. Schiaparelli’s results w:?ESc::}rl;;ts'ranrzg
by a number of observers, especially Lowell, but are disputed b
otherfs. Tht? markings on both planets are too indefinite tz
EE:::aii ;ﬁ%mble value of the period to be obtained by direct
Wl?en the image of a rapidly rotating planet is formed so
that its equator falls on the slit of a spectrograph, one end of
the slit is illuminated by that part of the planet which is
.:;.pproa.clfing the Earth and the other end by the part which
is re.cedmg. Therefore, according to the Doppler-Fizeau
pf'lnmple (page 160), one end of each line of the spectrum is
displaced toward the violet, and the other end toward the red
so that the lines are inclined. This effect is very marked m,
the case of Jupiter (Plate 11.1) and is noticeable in the case
of Mars, whose period is slightly more than twenty-four hours
Cr?'.reful observations of the spectrum of Venus by V M'
Slipher at the Lowell Observatory, which have been a;nply;
confirmed by St. John and Nicholson at Mount Wilson, dis-
close no inclination of the lines whatever, and make it cérta.in
tha.t the rotation period is at least several days. So long a
pe.nod as Schiaparelli’s 225 days could not be detected b
this method. Spectrographic evidence on the rotation 03;
Mercury has not been obtained, and the small disk of this
planet and its proximity to the Sun would make the securin
of such evidence very difficult. .
Nicholson and Pettit have made measurements with the
t%iermopile (page 288) which show that the dark side of
f:lther Venus or Mercury, which would surely be perfectly cold
if t%1e same locality were turned always away from the Sun
rad:a;.te§ a.l per:eptible amount of heat, thus proving prett;
conclusively that the rotation i
the revolution period. R s i i

To sum up the results of observation, it ma: i

o su . - y be said that i i
pﬁll-god tlsl er;e;talrdyrilonger than five days and that Mercir;{:n:lssos :;t;:lo?
ably a several days; but th i inci i i
o Srdogpedioig ys; at neither can coincide exactly with the
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Transits of Venus and Mercury.—On rare occasions, one of
these planets passes directly between the Earth and the Sur
and appears as a black dot upon the photosphere. Such ar
occurrence is called a transit. The conditions necessary for a
transit are analogous to those for an eclipse of the Sun: the
planet must be at inferior conjunction (corresponding to new
Moon) and must be near the node; that is, both the planet
and the Earth must be nearly on the planet’s line of nodes
and on the same side of the Sun.

Transits of Mercury can occur only in May and November,
when the Earth crosses Mercury’s line of nodes; those of
Venus occur only in June and December. The relations of
the year and the synodic period of Mercury are such that
transits at a given node occur usually at intervals of thirteen
or sometimes of seven years, with transits at the other node
between. The November transits are much more frequent than
the May transits because Mercury's perihelion is nearly in
the direction of the November node and its orbit is so eccentric
that its perihelion distance is only about two-thirds its aphelion
distance.

Transits of Venus at a given node occur either in pairs
eight years apart or singly; the interval between single
transits or the midway dates of pairs is 243 years; and transits
occur at the other node about halfway between.

The first authentically observed transit was one of Venus, which occurred
in 1630. It was predicted by Jeremiah Horrocks, a young English clergy-
man, and as it occurred on a Sunday his ministerial duties prevented him
from seeing the beginning of the transit; but his friend Crabtree, whom he
had informed of the impending phenomenon, witnessed the entrance of the
planet on the solar disk, and both young amateurs saw it before the end.
It was seen by no other observers. Four later transits of Venus have been
observed, the last one in 1882; but the next will not occur until the year 2004.

Transits of Mercury will occur during the second quarter of the twen-
tieth century on November 8, 1927, May 10, 1037, and November 12, 1040.

From observations of the times of beginning and ending of a transit of
Venus, made at two widely separated stations on the Earth, it is possible
to determine the parallax of the Sun, and the transits of the nineteenth
century were very thoroughly observed for this purpose; but other methods
of determining the solar parallax have proved more accurate. Transits of
either planet are of value for determining the planet’s position on its orbit
at a known time and thus for improving the accuracy of the orbital elements.
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Facts Concerning Mars.—

TABLE 11.2
Mean distance from Sun....... ic uni
(I_Jr;t;l:;ity of solar radiation received. .............. w Mtl‘?‘:;mlc T
O SR e iles per secon

Boperbnioiby of OHBEb. ot .. vosnss sesessunis 5 mtlesol:;er n
Igdmation 9f orbit to ecliptic.. . """" 1;‘89
T R A e 1.88" gars
Mea.nsynodlcpenod .... z.r : ars
Distance from Barth in mles. . . ... +os0e0roson. g L
LT e ey G
I\D{ass, Earth = 10011056

T R I B iles= 3/ ;
e O R S e '
e R R Ao, g
N > - |
Inclination of plane of equator to planeof orbit ........... 23%s A 1

l}fIa!.rs is no_table among the planets and stars for its red color.
It is inconspicuous during the greater part of its synodic period

F16. 136. THE OrBITS OF MARS AND THE EARTH

and invisible for several months near conjunction', when it is
beyond the Sun; but at opposition, when it is relatively near
the Earth and is above the horizon all night, rising at sunset
a.nd reaching its greatest altitude at midnight, it is very
bright and _conspicuous. The relation cf its orbit to that of
the Earth is shown in Fig. 136. Owing to its rather high
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eccentricity, its distance from the Sun varies by about 26,000,-
ooo miles from perihelion to aphelion. The longitude of its
perihelion is 333°, which is the heliocentric longitude of the
Earth about August 25; hence, when opposition occurs on this
date the two planets are at their least possible distance, about
35,000,000 miles. At the next opposition, which occurs in
October or early November two and one-seventh years later,
the distance is about 43,000,000 miles; and opposition then
continues to occur at greater distances for about seven and
one-half years, when it takes place in February with Mars at
aphelion, more than 61,000,000 miles from the Earth. After
this the opposition distance decreases for seven and one-half
years more, when it is again a minimum. The last August
opposition occurred in 1924.

Rotation and Seasons of Mars.—The first known telescopic
drawing of Mars, which was made by Huyghens in 1659, shows
the dark marking which is now called the Syrtis Major (see
map, Plate 11.2). It soon became evident that this and many
other markings were of a permanent nature and that they were
being carried around by the planet’s axial rotation in the direc-
tion of the rotation of the Earth and of the Sun. In 1666
Cassini determined the rotation period as forty minutes longer
than that of the Earth. The long interval over which obser-
vations of the markings have now been made, and especially
the definite and permanent character of the markings them-
selves, have made it possible to determine Mars's rotation
period more exactly than that of any other planet. The period
given in the table above is that determined by Lowell.

The north pole of rotation of Mars is in a«= 21 10™, 4=
+54°.5, close to the bright star Deneb (« Cygni) which is
therefore the Martian Polaris. The inclination of the planes of
Mars’s equator and orbit is almost exactly the same as the
obliquity of the ecliptic, which is the corresponding angle in
the case of the Earth; and hence the Martian climatic zones
are similar to those of the Earth, but the Martian seasons are
nearly twice as long as the terrestrial and must be less pro-
nounced because of the diminished intensity of the Sun’s
rays. Moreover, the greater eccentricity of Mars’s orbit must
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result in a greater difference between the seasons of the
two hemispheres; those of the southern hemisphere are the
more extreme since Mars passes perihelion in the southern
summer.

Telescopic Appearance of Mars.—Since its orbit lies outside
that of the Earth, Mars cannot present to us the crescent
phase, but at quadrature it is distinctly gibbous and at con-
junction and opposition it is full. Because it is full at opposi-
tion, when nearest the Earth, it is a more favorable object for
study than Venus, whose dark side is turned toward us at infer-
ior conjunction, the occasion of her nearest approach. Although
Mars certainly possesses an atmosphere, it is probably of
low density as compared with our air and is never filled with
clouds; and so, when the planet is favorably placed, its surface
is plainly visible and is seen to be covered with fine detail.

About three-fifths of the surface is of a reddish-ocher color
and upon this are darker regions of permanent form which,
seen under the best conditions of instrument and atmosphere,
appear dark green. Around the poles are areas of pure white
which are known as the polar caps. Usually only one is visible,
the other pole being turned away from the Earth. The reddish
areas were called ‘‘continents’ by the early observers of Mars,
and the dark areas ‘“seas’ or ‘‘lakes’; but it is now certain
that the “‘seas’’ are not water and that there is in fact but little
water on the planet.

In 1877 Schiaparelli of Milan discovered in the “continents"’
a network of exceedingly fine lines which he called canali. This
word was translated “‘canals,” and as the Canals of Mars they
have ever since been known. Their reality was at first uni-
versally doubted, as they were so difficult that they were not
seen by other observers. In 1888, however, they were detected
by Perrotin at Nice and later by many others, although a few
good observers, as Barnard and Antoniadi, have been able to
see them only as broad, indefinite shadings or as interrupted
lines. In 1892 W. H. Pickering at Arequipa, and in 1894
Lowell and Douglass at Flagstaff, found that the canals were
present in the ‘“seas’ as well as the continents, thus showing
that the former are not bodies of water.

PLATE 11.3. MARS

Photographs by E. C. Slipher, showing seasonal change in south polar cap
and southern dark areas from Martian date May 10 to July 19

Spectrograms of Mars

- Water
LL = Moon cemparison spectra

and the Moon by V. M. Slipher, 1908, January 135



PLATE 11.4.

PHOTOGRAPHS OF JUPITER

By F. G. Pease with Hooker Telescope, Mt. Wilson, 1921 March 15
Shows Ganymede and its Shadow 7

By E. C. Slipher with 24-inch Lowell Refractor.

Upper, 1920 March 7. Lower, 1920
March 19, Note change in
belt above eguator

Right, 1915 October 19. Note Great Red
Spot Hollow
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The most complete study of Mars and its canals is probably that carried
on at the Lowell Observatory, which was founded in 1804 by Percival Lowell
of Boston for the express purpose of studying the planets and their satel-
lites, particularly Mars. It is situated at Flagstaff, Arizona, in an excep-
tionally fine climate for astronomical observing, and at an altitude of 7,000
feet. Lowell observed Mars assiduously at every opposition from the time
of the founding of his observatory until his death in 1916, and his work has
been supplemented by that of other members of his staff, past and present,
particularly Douglass, W. H. Pickering, and E. C. Slipher. The canals of
Mars were first photographed in 1905 by Lampland, using the twenty-four-
inch Lowell refractor. But photographs have failed to show all the fine
details of the best drawings and are useful chiefly in confirmation of the
latter. In recent years, observations of Mars have been carried on system-
atically by W. H. Pickering at Mandeville, Jamaica, using an eleven-inch
refractor. Since 1go7, M. Jarry Desloges has maintained observatories in
France and Algeria which have been devoted entirely to the study of plane-
tary surfaces. '

Although, if perfect seeing could be secured, the power of a telescope for
showing fine detail on a planet would be proportional to its aperture, such
seeing is never actually known; and it is found that, in such conditions as
really exist, a moderate-sized telescope is often better for the purpose than
a large one, since the larger light-beam must traverse a greater area of dis-
turbance in the terrestrial atmosphere. It is the practice of most observers
who use large telescopes.for observing the planets to stop down. the aper-
tures except when the seeing is at its best.

The nomenclature most commonly used for the features of
Mars is that founded by Schiaparelli, in which the names are
taken from ancient or mythological geography. The surface
of the planet is laid off by meridians and parallels, the origin
of longitudes being the Fastigium Aryn between the branches
of the forked Sabaeus Sinus. The most prominent markings
are perhaps the Solis Lacus, the dark “eye” of Mars in longi-
tude ¢o0°, latitude 30° south; and the Syrtis Major and
Margaritifer Sinus, dark horn-shaped markings which extend
from the southern hemisphere to middle latitudes in the north-
ern. The most easily detected canal is usually the Nilosyrtis,
which forms a sort of tail to the Syrtis Major. Maps of Mars
are ordinarily printed with south at the top, since the planet is
most frequently observed with inverting telescopes (Plate 11.2

Changes in the Features of Mars.—Each of the white polar
caps changes very markedly, increasing in size when turned
away from the Sun and shrinking as it is turned sunward—a
behavior first noted by Sir William Herschel, who attributed
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the caps to snow which formed in winter and melted in summer.
The southern cap, which is turned sunward when the planet is
near perihelion, disappears completely, but the northern one
has not been observed to do so.

Careful, systematic observation discloses seasonal change
also in other parts of the planet. From the great quantity of
observations that have been made during the last half-century
it has become apparent that, in general, the change is as
follows: Just after the Martian solstice, when the sunward
polar cap has grown small, the hue of the dark areas in its
vicinity begins to deepen. The deepening spreads slowly
toward the equator, pervading both ‘“seas” and canals, and
finally crosses the equator and may be detected in the low
latitudes of the opposite ‘hemisphere. Then, as the planet
moves around its orbit and approaches the other solstice, the
dark areas of the hemisphere which is turning away from the
Sun begin to fade, first near the pole and later in lower lati-
tudes. These changes are very suggestive of the vernal
quickening and autumnal fading of vegetation.

On occasions at almost every opposition, bright spots appear
at various points of the planet’s surface, move across it with
speeds large enough to be detected in a few hours’ observation,
and disappear after a few days. Some of these are white and
resemble clouds, while others are yellowish and may be dust
storms. Sometimes when Mars is in the gibbous phase one of
these clouds is seen in projection beyond the terminator, like
a high peak on the Moon (Fig. 88), showing that it lies high
above the general surface.

Frequently, large white areas appear at the eastern or sunrise
limb, dwindle rapidly, and disappear before reaching the
middle, or noon point, of the disk. Their behavior is very
suggestive of hoar-frost which, having formed during the Mar-
tian night, melts when carried by the planet’s rotation into the
morning sunlight.

Climatic Conditions on Mars.—The existence of an atmos-
phere on Mars is proved beyond a doubt by the occasional
presence of floating clouds and the melting and re-forming of
the polar caps. That it is much rarer than the Earth’s air

|
|
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is almost equally certain because of the low surface gravity of
Mars and the clearness with which the solid surface is seen.
The appearance and behavior of the polar caps suggests
strongly that they are frozen water, but the absence of oceans
indicates that the total quantity of water on the planet is
small.

The presence of water-vapor and of oxygen in the planet’s atmosphere
has been detected spectroscopically, but the observation is rendered difficult
by the fact that these substances exist in our own air and produce bands
which tend to mask those produced by the planet. The inquiry has been
conducted in two different ways: (1) By comparing spectrograms of Mars
and the Moon, taken at equal altitudes so that their light passes through
equal depths of the Earth’s atmosphere; since the Moon is airless, any water
or oxygen on Mars must produce a relative strengthening of the bands which
may be perceptible. (2) By taking advantage of the Doppler-Fizeau effect
(page 160), which, when the radial velocity of Mars is considerable, should
displace the bands of the planet’s spectrum, separating them from the tel-
luric bands or at least producing a widening of the composite band.

Spectrograms of Mars and the Moon (Plate 11.3), secured
by V. M. Slipher at Flagstaff in 1908 on nights when the air
above his telescope was very dry, show a distinct intensifica-
tion of the “a” band in the spectrum of Mars, thus indicating
the presence of water-vapor in the planet’s atmosphere.
Adams and St. John, applying the Doppler-Fizeau principle
in 1923, found that the quantity of water-vapor in Mars's
atmosphere, area for area, was 6 per cent, and the quantity of
oxygen 16 per cent, of that over Mount Wilson. This indicates,
for the date of their observation, extreme desert conditions on
Mars and an atmosphere less dense than that at the tops of the
highest terrestrial mountains.

As the intensity of solar radiation at the distance of Mars is
only four-ninths that received by the Earth, it is to be expected
that the temperature of the planet would be low, and this has
been considered a serious drawback to the belief that the polar
caps and other white areas which melt are frozen water.
However, ice and snow evaporate at temperatures far below
zero when the air above them is very dry, as the Martian
atmosphere appears to be.

Direct evidence in regard to the temperature of the planet’s
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surface was obtained in 1924 when measures of its radiation
were made with the thermocouple (page 288) at Flagstaff by
Lampland and Coblentz, and at Mount Wilson by Pettit and
Nicholson. At both observatories it was found that the
temperature rose several degreesabove the Centigrade zero near
the center of the illuminated disk, but was usually low near
the limb. At Flagstaff it was found that the temperature.
of the south polar cap was —100° C. about two months before
the southern summer solstice, and that it gradually increased
to about o° C. a few days after the solstice; and that the tem-
perature of the east limb (where the surface had just emerged
from darkness into morning sunlight) was as low as —85° C.,
giving evidence of an enormous diurnal fluctuation. It
appeared also that the bright areas were at a lower tempera-
ture than the dark areas.

Mars as the Abode of Life.—Life as we know it on the Earth,
both animal and vegetable, depends on a number of special
conditions, among which are a favorable temperature and a
supply of water and, for animals, of oxygen. Oxygen and
water appear to be very scarce on Mars, and the temperature
far from salubrious; yet the seasonal changes of the dark areas
are best interpreted as due to vegetation, and where vegetation
flourishes, at least on the Earth, animal life is likely to exist
also.

The great protagonist of the theory of the habitability of
Mars was Lowell. He believed the reddish-ocher areas which
compose most of the planet’s surface to be deserts and the
“seas” to be wooded or grass-covered plains. He pointed out
that the canals intersect one another at large angles, often
three or more crossing at the same point, quite differently
from rivers; that to be seen at all they must be at least several
miles wide; and, in particular, that they are of too straight
and geometric a character (though their straightness is dis-
puted by some observers) to be natural lines such as rivers or
cracks. He therefore interpreted them as strips of vegetation
along the sides of artificial lines of irrigation which have been
built by intelligent beings in order to make the best use of
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the limited supply of water. He explained the wave of deep-
ening color which sweeps from pole to equator in the Martian
summer by the quickening of vegetation in the dark areas and
along the canals by water from the melting polar cap.

Lowell's theory accounts for all the observed facts and
encounters no really insurmountable obstacles, but there are
yet few astronomers who regard it as proved; while there
are many who do not agree with Lowell in his statement,
“That Mars is inhabited by beings of some sort or other we
may consider as certain as it is uncertain what those beings
may be.””?

Deimos and Phobos.—Mars has two tiny satellites, each
probably less than twenty miles in diameter, which were dis-
covered by Asaph Hall at Washington in 1877. They revolve
in circular orbits in the plane of the planet’s equator. The
nearer one, Phobos, is only 5,800 miles from the center of the
planet and therefore less than 4,000 miles from its surface.
Although, like the Moon, it revolves in the direction of its
planet’s rotation, its period is only 7" 40™, about a quarter of
Mars’s day, and so it moves faster than the surface and, to a
Martian observer, must rise in the west and set in the east.

_ The other satellite, Deimos, revolves at a distance of 14,600

miles in a period of 30" 18, which is so little greater than the
Martian day that the satellite remains above the horizon more
than sixty hours or two of its months, so that it must go twice
through all its changes of phase between rising and setting.

The Asteroids.—Between the orbits of Mars and Jupiter
revolve more than a thousand bodies known as asteroids,
planetoids, or minor planets. Most of them are tiny telescopic
specks which can be distinguished from faint stars by their
motion only. The four which were first discovered, and
which are among the largest and brightest, show perceptible
disks when nearest the Earth, and their diameters were meas-
ured by Barnard at the Yerkes Observatory. His results and
the albedos computed from them by Russell are contained in
Table 11.3.

1 Percival Lowell, Mars and Its Canals, ». 376.
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TABLE 11.3. THE LARGEST ASTEROIDS
Name Diameter Albedo
Ceres i
..................... 488 miles 0.06
T e AR S A PO N 304 “ 0.07
T e 248 ¢ 0.26
Juno. CREE SRS 128 * 0.12

Vesta, although not the largest, is the brightest asteroid, and
when nearest the Earth is sometimes visible to the naked eye.
Most of the others are probably less than fifty miles in diam-
eter. According to Crommelin, the combined volume of
;III the asteroids known is less than one-twentieth that of the
oon. :

Discovery of the Asteroids.—About the end of the eighteenth
after ’the discovery of Uranus (page 256), whose distanoegﬁtted meﬁm
_Bode s law (page 196), it was suspected that an undiscovered planet revolved
in the space corresponding to the fifth term of Bode’s series and a number
of_ astronomers planned to search for it. On the first of January, 1801
P;azzl', who was observing on the island of Sicily and was not one,of thé
. organized searchers, found a little planet which he named Ceres. After
obsenrmg.lt a short time, Piazzi became ill, and before he recovered or the
news qf l_us discovery had reached other astronomers the Earth had moved
so far in its orbit as to leave Ceres in a position unfavorable for rediscovery.
The elements of the orbit of the little planet were unknown and there was-
great danger that it could never be identified among the multitude of stars:
but the German mathematician Gauss, then twenty-four years old discov:
ered a method of determining the elements of the orbit of a plarlet from
three observations, calculated the orbit of Ceres, and predicted its apparent
position in which it was rediscovered on the last day of the same year

Ceres was so small that it was thought by the German astronomer blbers
that other planets like it might exist, and the search was continued. Pallas
was found by Olbers in 1802, Juno by Harding in 1804, and Vesta by Olbers
in 1807. No more asteroids were then discovered until 18435, when Hencke
found A_straea; but beginning with 1847 at least one has been found every
year. _Smee-1891 most of the discoveries have been made by photograph:
a field in which Wolf of Heidelberg and Palisa of Vienna have led. 2

Orbits of the Asteroids.—The mean distances of the asteroids
range from 1.46, which is that of Eros, to more than 5 astro-
nomic units; their periods from two to more than twelve
years; the inclinations of their orbit planes from o up to 48°;
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and their eccentricities from o to 0.65; but most of the orbits
are fairly round, lie rather near the plane of the ecliptic, and
have semi-major axes averaging about 2.8, the number in
Bode’s series between Mars and Jupiter.

It was noticed by Kirkwood of Indiana in 1866 (when only
eighty-eight asteroids were known), and has been abundantly
verified since their numbers have so greatly increased, that
no asteroids have periods which are simple fractions of that of
Jupiter. When the mean distances of the asteroids are plotted
as in Fig. 137, conspicuous gaps are found at the distances at
which, if an asteroid did revolve, its period would be 4, 1,
24, etc., of Jupiter's period. Although the fact has not been

ne

6
F1G. 137. Kirkwoop's GAPS IN THE ASTEROID BELT
demonstrated mathematically, it is probable that the perturba-
tions of Jupiter have cleared the asteroids from Kirkwood’s
gaps or else prevented their ever entering them.

At first, the names applied to the asteroids were chosen from
Greek mythology; but as they became more numerous other
mythologies were invoked, the works of Wagner, Shakespeare,
and lesser writers were pressed into service, and many strange
new names were invented. All the names are supposedly
feminine except those of a few asteroids which have extraor-
dinary orbits. The masculine ones include Eros, Albert,
and Ganymede, whose perihelia lie within the orbit of Mars
and which therefore at times approach closely to the Earth
(Alinda, though bearing a feminine name, belongs to this group
also); Hidalgo, whose perihelion lies near Mars’s orbit and
aphelion near Saturn’s; and the “Trojan group” Hektor,
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Nestor, Achilles, Patroclus, Priamus, and Agamemnon, each
of which, with Jupiter and the Sun, fulfills the equilateral
triangular solution of the problem of three bodies (page 221).

Eros is of particular interest for its value in determining the
distance of the Sun and the scale of the Solar System. It
approaches at times within about 13,000,000 miles of the
Earth, which is closer than any other planet. Its geccentric
parallax is then correspondingly large and for this reason,
and also because the little asteroid presents a point-image, its
parallax and distance in miles can be determined with consider-
able accuracy. From the elements of its orbit its distance in
astronomic units can be accurately computed, and from this
and the distance in miles the number of miles in the astronomic
unit is found.

The Zodiacal Light and the Gegenschein.—The region of
the zodiac on either side of the Sun is illuminated by a faint,
soft light of triangular or lenticular shape which somewhat
resembles the Milky Way, but lacks the sparkle of the latter’s
millions of distant stars. This zodiacal light is most easily
seen in our latitudes on spring evenings or autumn mornings
when the portion of the ecliptic above the horizon is most
nearly vertical. Its spectrum, as observed by Fath at the
Lick Observatory in 1908, seems identical with that of sun-
light, and there is little doubt that the illumination is caused
by the reflection of sunlight by a belt of small bodies revolving
in orbits which lie mostly within that of Venus, but some of
which may extend beyond the Earth. The size of the bodies
is unknown, but they are certainly smaller than the asteroids
and are very probably mere dust-particles.

Far more difficult to see, and quite imperceptible when there
is the least haze or artificial light, is the Gegenschein, a dim,
oval spot of light which lies exactly opposite the Sun, sharing
its annual motion as does the zodiacal light. Moulton’s
explanation of the Gegenschein is mentioned on page 221.

The Giant Planets.—The four outer planets of the Solar
System are so much larger than those nearer the Sun that
they may well be called the giant planets. The principal
numerical facts regarding them are contained in Table 11.4.
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TABLE 11.4. THE GIANT PLANETS

Jupiter | Saturn | Uranus | Neptune
Mean distance from Sun, astro-

NOTHE MOIE, . s mimics woine s 5.20 0.54 10.10 30.07
Sidereal period, years.......... 11.86 20.46 84.02 164.79
Mean synodic period, days. . . .. 399 378 360 367.5
Eccentricity of orbit........... 0.048 0.055 0.047 o.c.;oo
Inclination of orbit plane....... 1°3 2%3 b o".:S x’.’S
Apparent diameter............ 32" to 50”|14" to 20”|  3V8 2''s
Equatorial diameter in miles....| 88,700 | 75000 | 30,900 | 32,000
(] 5 1 e S S e 0.06 0.11 0.00 ?
Mass, Earth=1......cc00000: 318 05 15 17
Mean density, water = 1....... 1.32 0.72 1.22 150
Surface gravity, g=I.......... 2.65 1.18 0.90 0.89
Mean aihBto. ... .orovvnnno s .56 0.63 0.63 0.73
Mean rotation period. ......... oh gsm | 1ob 14™ |10P 45™ % ?
Inclination of equator to orbit...| 31 26°8 82°7 ?

The spectra of all four giant planets, as discovered by V.
M. Slipher, contain broad dark bands of greater wave-length
than HB, the intensity of which is greatest for Neptune, less
for Uranus, and least for Jupiter. These bands prove the
existence of dense atmospheres, but give no interpretable
evidence as to their constitution, since the bands have no
known counterpart in any other spectra.

No distinct phases are perceptible on any of these outer
planets because the angle Sun-planci-Earth is always small;
but when Jupiter is at quadrature his eastern and western
limbs are perceptibly of unequal brightness.

On each giant planet, the teiescope reveals light and dark
belts arranged parallel to the equator, which are very con-
spicuous on Jupiter (Plate 11.4), faint on Saturn, and almost
imperceptible on Uranus and Neptune. Great changes are
observed in the details of the markings on Jupiter and Saturn,
and the rotation periods determined from spots in different
latitudes are different, as in the case of the Sun (page 162),
so that it is evident that their surfaces are in a state of great
disturbance. Until recently it was supposed that these planets
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were at a high temperature, but in 1923 Jeffreys, in England,
showed on theoretical grounds that the contrary is more
probably true, and radiometer measures made in 1924 by
Lampland and Coblentz resulted in a mean temperature for
the surface of Jupiter of —130° C., for Saturn of —150° C.,
and for Uranus of —170° C.

Jupiter.—To the unaided eye Jupiter appears as a star five
or six times as bright as Sirius. It is the largest of the planets,
larger than all the others combined, with a diameter 11 times,
a volume 1,300 times, and a mass over 300 times the Earth’s.
Its rotation is so rapid that it may be noticed in less than an
hour by observation at the telescope under good conditions,
and has produced a very noticeable equatorial bulge. With
even a very small telescope the belts are easily seen, and
with a large instrument and good seeing the markings show a
wealth of detail. The colors are delicate and beautiful, con-
sisting mainly of red, yellow, tan, and brown tints, but excel-
lent conditions are required to show them, since a little atmos-
pheric disturbance blurs the details.

The chief markings are of a durable, but not permanent, character. The
most famous one is the great red spot which has been observed in the
Jovian southern hemisphere since 1857 and was “startlingly conspicuous”
from 1878 to 1881. In its prime it was about 30,000 miles long and 7,000
wide. It has disappeared and reappeared at times, but in its absence its
place has been marked by the great red spot hollow (Plate 11.4). It can-
not be permanently attached to a solid nucleus for its rotational speed,
which is usually slower than that of its surroundings, is perceptibly but
temporarily accelerated when the spot is overtaken by the south tropical
disturbance, another salient feature which has been known since 1gor.
Other markings sometimes change their appearance much more rapidly
(Plate 11.4). The visible surface appears to be composed of clouds, but
they must ke clouds, not of water, but of some substance which vaporizes
at a much lower temperature.

The Satellites of Jupiter.—Jupiter's system of nine satellites
is described in Table 11.5. The four large satellites, which were
discovered by Galileo, are numbered in the order of their dis-
tance from. Jupiter; the others in the order of discovery. The
names of the Galilean satellites were given them by Simon
Marius, who claimed priority of discovery; as his claim was

i
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TABLE 11.5. THE SATELLITES OF JUPITER
Diam- :
. Distance, : Density
No.| Name Discovery - Period ::.Tr. S IAlhedo
1les

0 e Barnard, 1892| 112,500 | 11t 57| small |l
1 | Io Galileo, 1610 261,000 14 18h | 2,450 2.7 0.69
2 | Europa Galileo, 1610 415,000 34 138 | 2,050 2.6 0.76
3 | Ganymede| Galileo, 1610 664,000 7¢ 4" | 3,560 18 0.45
4 | Callisto | Galileo, 1610 | 1,167,000 16¢ 17" | 3,350 1.0 0.16
M R Perrine, 1905 | 7,300,000 2664 & |v. smalll.........0......
| e S T Perrine, 1905 | 7,500,000[2774 |v.smallf.........f.. ...
L ke O Melotte, 1908(14,000,000=%|740= T | R, ()
| PR Nicholson, '14]15,400,000nearly 3¥|v. smallf.........f......

W A,

believed fraudulent, the names have never been extensively
used, and the fainter satellites have never been named.

The five small satellites are exceedingly faint and all but the inmqst were
discovered by photography. The eighth was discovered at anmch; the
four others at the Lick Observatory. The four outer satglhtes are so far
from Jupiter that they are subject to enormous perturbations by the Sun,
and for some time after their discovery there was doubt as to w_hethef they
were really satellites to Jupiter or asteroids. The planes of their 0rb11;§ are
highly inclined to the plane of Jupiter’s equator, whereas those of the inner
five sensibly coincide with it. Numbers 8 and ¢ revolve in the retrograde
direction.

Phenomena of the Galilean Satellites.—The four great
satellites, which are so bright as to be visible in the smallest
telescope—or even to the naked eye were it not for their proxim-
ity to the planet—present most interesting phenomena. The
plane of their orbits (and that of Jupiter’s equator) so nearly
coincides with that of the planet’s orbit, and also with that of
the ecliptic, that their orbits are presented almost edgewise to
both the Sun and the Earth. The satellites, therefore, appear
always in a nearly straight line passing through the planet, and
all but Callisto are eclipsed at every revolution. Callisto
escapes eclipse when Jupiter is far from his equinoxes.

When Jupiter is not at opposition, four distinct phenomena



252 ASTRONOMY

present themselves, which may be understood from a considera-
tion of the orbit of Ganymede in Fig. 138. When the satellite
arrives at A, it is occulted behind the planet; it emerges from
occultation at B to disappear in eclipse at C, reappearing at D).
On arriving at H it passes in front of Jupiter and a transit of
the satellite occurs, during which it may be seen against the
planet as a dot of nearly the same brilliancy as the planet
itself. From M to N the satellite’s shadow falls upon the
planet and may be easily seen as a black dot (transit of the
shadow). At opposition, eclipses take place simultaneously
with occultations, and the shadows are concealed behind the
satellites which cast them (Fig. 139).

Fn_‘:.. 138. PHENOMENA OF JUPITER'S FIG. 139. PHENOMENA OF JUPITER'S
SATELLITES; JUPITER AT East SATELLITES; JUPITER AT OPPOSITION
QUADRATURE

Callisto has a much lower albedo than the other large satel-
lites, one of which, Europa, is about as white as snow. When
in transit across Jupiter, Callisto appears dark. All four,
especially Callisto, are variable in brightness in periods coin-
ciding with their revolution periods, probably because one side
is brighter than the other and because the satellites behave
like the Moon and keep always the same face toward Jupiter.

Saturn and its Rings.—To the naked eye, Saturn appears as
a star of the first magnitude, but not eminent in any way above
several other stars. By a good telescope, it is revealed as a
delicately banded globe poised within a shining ring—a
spectacle which, once seen, can never be forgotten. So far as
is known, no other body in the universe is like it (Plate r1.3).
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Galileo’s telescope was not quite good enough to show the details of this
planetary spectacle, but he perceived that Saturn was not like an ordinary
star, and sent a mysterious anagram to Kepler, later transposing it into the
sentence Ultimum planetam tergeminum observavi (“I have observed the
farthest planet triple”). Subsequent observers drew Saturn as triple or as
having a pair of anse, or “ears,” of various types; and it was not until
1655 that Huyghens perceived the planet’s true form which he announced,
first in an anagram and later in its translation, Annulo cingitur, tenui, plano,
nusquam cohaerente, ad eclipticam incinato (“It is surrounded by a ring,
thin, flat, nowhere touching, inclined to the ecliptic”). In 1675 D. Cassini
found that the ring was divided in two by the space since known as Cassini’s
division. In 1850 G. P. Bond of Harvard discovered, within the two bright
rings, a faint, semi-transparent crépe ring.

The rings lie in the plane of the planet’s equator, which is
inclined about 27° to the plane of its orbit. Twice in the
sidereal period of nearly thirty years this plane passes through
the Sun just as does the plane of the Earth’s equator in March
and September (Fig. 67); the Sun then shines only on the
thin edge of the ring, and at about the same time the ring is
presented edgewise to the Earth. At such times it disappears
in small telescopes, while in large ones it seems a fine needle
thrust through the ball. About seven and one-half years
later, the Saturnian solstice occurs, and the Earth and Sun
have an elevation of about 27° above the plane of the ring,
which then appears as an ellipse with a minor axis nearly half
the major axis. When not presented edgewise to the Sun, the
ring casts a shadow on Saturn which may usually be seen as a
dark band outlining the edge of the ring. At the same time
the shadow of the ball extends across the ring and may be
seen, except when directly behind the planet, as a black band
outlining one limb of the globe against the ring.

Saturn’s oblateness is greater than that of any other known
planet, and its equatorial bulge is conspicuous; but its rotation
period is slightly longer, and its diameter considerably less,
than Jupiter's. Its mean density is very low, much less than
that of water and less than that of any known solid except
the rare element lithium; and yet it has been shown by the
motion of the satellites that the inner core of the planet is
denser than the outer layers, which must be very light indeed.
Both the ball and the rings, and also some of the satellites,
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have high albedos, and the English astronomer Hepburn has
suggested that they may be composed of ice or loosely packed
snow.

Dimensions and Constitution of the Rings.—The dimensions
of the rings are given in Table 11.6. The middle ring, B,
which is much the widest, is also much the brightest. None
of the rings is quite opaque; the outline of the ball is easily
seen through the crépe ring and is visible, though less easily,
through Ring A; and stars have been seen even through Ring
B. Moreover, when the Earth and Sun are on opposite sides

TABLE 11.6. THE RINGS OF SATURN

Radius of outer limit of ring system...........covvvvvenn.. 86,300 miles
IIEEOE aREar AIe (CAY) . (oo v avss s st WEE e b Tr.100 O
W O A anstrl’S CHVISION . « v v oot s 0inie onmeivis uosansnessons 2,200 *¢
e T e L S e N e e 18,000
WRAEIOE CPRRETINE () . . o\ o fv v vvnvsin s sonins s sisins oisls 11,000 “
Distance from inner edge of Ring C to surface of Saturn..... 6,000
A BaENEEa DETINP 5 ivss v v e mssvaas vass e by less than 100 *

of the plane of the rings, as happens for a short time every
fifteen years, the rings do not completely disappear but are
visible in large telescopes by sunlight that has passed through
them.

It was shown theoretically by Laplace that, if the rings were
solid, they must collapse like an overloaded bridge under the
force of Saturn’s attraction; and in 1857 by Clerk-Maxwell
that they could be neither solid nor fluid and must therefore
consist of a swarm of independent bodies like meteors.

In 1895 Keeler verified the meteoric constitution of the rings
by a beautiful application of the spectroscope and of Kepler's
laws. He photographed the spectrum of Saturn by forming.an
image in such a way that the slit of the spectrograph cut
through both ansz and through the center of the disk as in
Fig. 140. Each spectral line was thus divided in three parts,
consisting of the image of an east-west strip of the planet in the
middle and of a strip of the ring at each end. The middle
portion was inclined because of the rotation of the planet (page
236), the west end being displaced toward the red; but the
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end portions, though shifted bodily, were inclined the other
way (Plate 11.6), showing that the inner particles of the ring
were moving faster than the outer ones. Keeler found that
the velocities of the different parts were in accordance with
Kepler’s harmonic law (page 192).

Cassini’s division lies at a distance from Saturn where, if
a particle revolved, its period would be half that of Mimas, the
nearest satellite, and commensurable with the periods of three
others, and is thus analogous to Kirkwood’s gaps in the asteroid
belt (page 247). In Ring A is a much less prominent division,
known as Encke’s, where a revolving particle would have a
period one-third that of Mimas, and Lowell reported a number

[
[
[}
i
I
i
]
L}

!

i

L}

1

| r !

! ousERVED LiNE
]

L

NORMA] iTioN
) ]

COSTRVEDLINE | H }
v i [

' : ' | i

VICLET | RED

F16. 140. SpECTROscOPIC Proor OF THE METEORIC CONSTITUTION OF
SATURN'S RINGS
of other divisions, mostly in Ring B, where the period would be
simply commensurable with those of various satellites.

The Satellites of Saturn.—Saturn has nine satellites, which
are described in Table 11.7. They are not so conspicuous as
the Galilean satellites of Jupiter, being more distant and mostly
smaller, but several of them, particularly Titan, may usually be
seen with a moderate-sized telescope. The orbits of the five
inner ones are circular and lie in the plane of the planet’s
equator and of the rings. Titan and Hyperion also revolve
nearly in that plane, but the orbit of Japetus is inclined about
10°, while Pheebe revolves backward almost in the plane of
Saturn’s orbit. Eclipses and occultations can occur only when
the rings are placed nearly edgewise to the Sun and the Earth.

Uranus and its Satellites.—The discovery of Uranus, by
William Herschel in 1781, caused great excitement, since the
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TABLE 11.7, THE SATELLITES OF SATURN

. o o Distance, e Diameter,

Name Discovery Miles Period Miles
Miraae. ) o oo | W. Herschel, 1789 117,000 2246 600 =
Enceladus. ..... | W. Herschel, 1789 157,000 11 ob | 8oo=
Tethys. icy.u.es | J. Cassini, 1684 186,000 I 21 | 1,200
Paone. =Y . !_l, Cassini, 1684 238,000 2 18 ]' 1,100 =
Rhea..........| ] Cassini, 1672 332,000 | 4 I2 ; 1,500 =
s RO Huyghens, 1655 771,000 15 22 | 3,000z
Hyperion....... G. P. Bond, 1848 034,000 | 21 7 | 500+
Japetus. - ...~ "\.| J. Cassini, 1671. .. ... 2,225,000 794 2,000 ==
Pheebe......... W. H. Pickering, 1808| 8,000,000 | 5464 200 =+

discovery of a new planet was then a thing unheard of.
Hersc as knighted, : ras yvide r the king of
Herschel was knighted, and was provided by the king of
England with means for building great telescopes with which
he subsequently did much important work.

The discovery did not take place in quite the way which might be inferred
from Keats's lines, written years later:

“Then felt I like some watcher of the skies

When a new planet swims into his ken.”
Herschel was “sweeping” the sky in the constellation Gemini with a seven-
inch reflector of his own construction when he perceived an object which
he distinguished from the stars by its disk. He thought it was a comet
and so reported it, and the fact that it was a planet did not become known
until nearly a year later, when Lexell, in Russia, computed its orbit, which
he found to be nearly circular and to lie beyond Saturn. Herschel wished
to call the planet “Georgium Sidus” in honor - of King George III, while
many other astronomers called it Herschel; but the name Uranus, proposed
by Bode, was finally adopted.

Uranus is barely perceptible to the naked eye on a moonless
night. In the telescope it presents a little apple-green disk.
It is only under the best conditions that vague belts can be
perceived upon it, and there are no markings from which a
rotation period can be found.
period spectroscopically as about ten and two-thirds hours, and
.. Campbell, at Harvard, has found that the planet’s bright-
ness varies in this period, suggesting that it is unequally
bright in different longitudes. The rotation appears to take
place in the plane of the satellite orbits, which is inclined at

Slipher has determined the

1 Lowell, 1912 February 6
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PLATE 11.6. SATURN

Left—Spectrum by V. M. Slipher, Lowell Observatory, showing distortion
of lines due to motion. See Figure 140
Upper right—Drawing by Proctor
Middle—Photograph by E. C. Slipher, 1916 February 11
Lower—Photograph by E. C. Slipher, 1922 May 24
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the extraordinary angle of 82° to the plane of the planet’s
orbit, and the motion, like that of the satellites, is retrograde.
The satellite system is described in Table 11.8.

TaBLE 11.8. THE SATELLITES OF URANUS

; . Distance, : Diameter
Name Discovery : A Period z :
! ’ Miles | (?), Miles
| | |
B AN E . R £ i i
p . | 1
Ariel..........| Lassell, 1851 | 120,000 24 12b5 500
Umbriel. . .....| Lassell, 1851 | 167,000 4 ausd | 400
Titania........| W. Herschel, 1787 273,000 8 17 1,000
Oberon........ W. Herschel, 1787 363,000 L Soo

Neptune and Its Satellite.—The discovery of Neptune has
already been discussed (page 225). This distant body
appears of the eighth stellar magnitude, quite invisible to
the unaided eye. In the telescope it shows a little greenish
disk without any markings except, under the finest conditions,
vague belts. Its rotation is unknown. It has one satellite,
discovered by Lassell in 1846. Though the diameter of this
satellite is estimated at 2,000 miles, it is so faint as to be very
difficult to see. It revolves in the retrograde direction at a
distance of 222,000 miles in five days twenty-one hours, in a
to the ecliptic.

plane inclined about 35

Ilustration of Dimensions in the Solar System.—In order to obtain a
clear idea of the relative dimensions and distances of the planets, it is useful
to imagine the model of the Solar System described by Sir John Herschel
in his Qutlines of Asironomy and widely quoted elsewhere, particularly by
Young in his excellent tex

“Choose any well-leveled field. On it place a globe, two feet in diameter;
this will represent the Sun; Mercury will be represented by a grain of mus-
tard-seed, on the circumference of a circle 164 feet in diameter for its orbit;
Venus a pea, on a circle 284 feet in diameter; the Earth also a pea, on a circle
[ 430 feet; Mars a rather large pin’s head, on a circle of 654 feet; Juno,
‘eres, Vesta, and Pallas, grains of sand, in orbits of from 1,000 to 1,200
feet; Jupiter a moderate-sized orange, in a circle nearly half a mile across;
Saturn a small orange, on a circle of four-fifths of a mile; Uranus a full-
sized cherry, or small plum, upon the circumference of a circle more than a
mile and a half, and Neptune a good-sized plum on a circle about two miles
and a half in diameter.”

The reader may readily apply these distances to familiar objects in his
own neighborhood.

00ks:




CHAPTER XII
METEORS AND COMETS

_General Description of Meteors and Comets.—A few
n}mutes’ watch of any part of the sky on a clear, moonless
night is sufficient to detect a number of the sudden, brief
flashes which are popularly called falling stars. Occasionally
one of these appears as bright as Jupiter or Venus, and perhaps
leaves behind it a phosphorescent train which may float slowly
over the sky, remaining visible for minutes. Very rarely, a
blinding flash occurs, accompanied by a loud noise, and a
heavy body falls to the ground. Such a body, after its fall, is
call'ed a meteorite, but while moving through space the bodies
which cause the flashes are called by astronomers meteors.

'_l"he word meteor, in its older and more general sense, means any natural
object or phenomenon seen high in the air—a flash of lightning, a hailstorm,
anda ra:mbow are all “meteors” in this sense—and the science of Meteorology
fleaJs with phenomena of the weather, but has nothing to do with meteors
in the astronomic sense. Until near the end of the eighteenth century, the
study of meteors was not considered to belong properly to Astronomy at
a]];' their flashes were believed to be atmospheric phenomena, while the
falling of stones from the sky was regarded as a miracle or discredited as

impossible.

A well-developed comet (aoryp kouhris, long-haired star)
consists of a small bright nucleus which appears star-like
except with high magnification, surrounded by a diffuse, misty
envelope or coma, which is greatly extended on the side
opposite the Sun to form the tail. The tails of some comets
attain an apparent length of many degrees and a real length of
many millions of miles. Many comets, however, lack both
nuclei and tails and are visible only in the telescope, appearing
merely as little hazy patches of light which are distinguishable
from faint nebule only by their motion. Comets appear
usually at unpredicted times and positions, cross the sky with

a motion which is perceptible from night to night, and fade
258
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from view after a few weeks or months. On the average
about four or five comets are seen each year; the greatest
number yet recorded for any year is eleven, in 1923.

Bright comets have throughout human history attracted a great deal of
attention because of their sudden and extraordinary appearance, and have
been regarded by the ignorant and the superstitious as omens of “famine,
pestilence, and war.” Like meteors, they were supposed to be situated in
the Earth’s atmosphere until Tycho Brahe proved that the parallax of a
great comet which appeared in 1577 was less than that of the Moon and
that therefore the comet could not be “sublunary.”

The study of comets shows that although, like the planets,
they move under the control of the Sun’s gravitation, they are
contrasted with the planets in almost every other respect.
The planets are compact, opaque, and nearly spherical bodies
moving all in the same direction in orbits which are regularly
spaced, almost circular, and nearly in the same plane. The
comets move on highly eccentric orbits most of which are
either parabolas, or ellipses of such size and eccentricity that
their observed portions appear parabolic. The planes of their
orbits are inclined to the ecliptic at angles ranging from o to
9o°, and a large proportion of the comets move in the retro-
grade direction. The comets themselves are bodies of strange
form, immense size, and insignificant mass which change
shape and dimensions greatly and rapidly (Plates 12.4, 12.5),
which shine partly by reflected sunlight and partly by light of
their own, and which exhibit evidence of repulsive as well as
of attractive forces.

The study of meteors proves that they are tiny solid bodies
which move around the Sun like the comets but are never seen
by man until they enter the Earth’s atmosphere and become
luminous by the transformation of the energy of their rapid
motion into heat. It is known certainly that many meteors,
possibly all, are connected with comets, and many are probably
in fact the remains of comets which have disintegrated.

Determination of the Path and Speed of a Meteor Through
the Air.—For the observation of meteors the telescope is of
little use because of its narrow field. Observations are best
made with the naked eye by plotting the apparent path on a
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star-map or with a wide-field camera which records photo-
graphically the trails of bright meteors among the stars. The
time of the flash should be noted and the duration of visibility
estimated or timed with a stop-watch.

Observation of a meteor from a single place is not sufficient
to determine its real position, but if the same meteor be seen
simultaneously by two observers stationed a few miles apart a
difference of apparent place results from parallax (Plate 12.1),
and from the two observations the actual height and location
of the meteor may be found. The positions of meteors were
first thus determined by triangulation in 1708, by two young
students, Brandes and Benzenberg, at Gottingen.

The plot of the apparent path on the star-map (or the photographic trail)
gives the right ascension and declination of each point on the meteor's vis.
ible path. From the recorded time and the right ascension, the hour angle
may be found, and the hour angle and declination may be transformed into
altitude and azimuth, either by trigonometric calculation or by the use of a
celestial globe. Neglecting the curvature of the Earth,
let A and B (Fig. 141) be the two observers, M a point
of the meteor’s path, say the point of first appearance,
and P the point of the Earth’s surface vertically beneath
M. In the horizontal triangle A BP, the side A B is the
distance between the observers, and each of the ad jacent
angles PAB and PBA is the difference of azimuth of

- the meteor and one observer as seen by the other.

F1G. 141. DETER- These three quantities being known, the triangle may

MINATION = OF be solved and the sides AP and BP computed. In the

e D{;gigg; vertical right triangles A PM and BPM the side PM is

oF A MeTeor the vertical height of the meteor and the angles M AP

and M BP are its apparent altitudes at the two stations;

hence, in either triangle, the base and its adjacent angle are known and the

height can be computed. From the distances A ” and BP the point P may

be directly located on a terrestrial map. Having these data for both the

beginning and the end of the path, and the time during which the meteor

was visible, its entire path and the velocity with which it traveled may be
determined.

P

Meteors seldom appear at heights exceeding one hundred
miles, and most of them disappear before descending lower than
a height of thirty miles. Their velocities average about
twenty-six miles (forty-two kilometers) a second, which is the
parabolic velocity due to the Sun’s attraction at the distance of
the Earth (page 218). - This velocity is what would be expected

PLATE 12.1

i i . Klepesta at
/ d polar star trails photographed stsnultancous!y_'by] ! :
Mﬁ:;?g z(tl?:ft}p(:md J. S¥kora at Ondfejov Czechoslovakia, 1925 August 9.
In the Ondiejov plate the meteor is nca_t]' the top, almost parallel to the star
trails

| . .
| I R g

Etched surface of a meteorite, showing the Widmann-
statten figures



. ‘ PLATE 12.2. DoNaTl's COMET OF 1858
Drawings by G. P. Bond, 1858 October 6. From Aunnals of Harvard College

Observatory, Volume 3

Appearance to the unaided eye

Appearance of the head in the 15-inch Harvard refractor
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if meteors, like most comets, move around the Sun on parabolas
or highly eccentric ellipses. The actual observed velocity,
which is the resultant of the velocities of the meteor and the
observer, ranges between wide limits.

Source of the Light of Meteors; Their Size.—The luminosity
of meteors is readily explained by the high temperature which
must be produced by the conversion of their kinetic energy
into heat. The kinetic energy of a body of mass m moving with
a velocity of v centimeters per second is equal to }2muv* ergs.
In free space, the velocity of a meteor is many hundreds of
thousands of centimeters per second, vastly greater than that
of any terrestrial projectile, and, as the energy is proportional
to the square of the velocity, it is inconceivably great. When
the meteor encounters the atmosphere, its motion is checked
and its kinetic energy is transformed into heat. From the
observed brightness and velocity of meteors their mass can be
estimated, and it turns out that the ordinary shooting star is
a mere speck, having a mass of only a few milligrams. The
temperature produced by the meteor’s vialent rush through
the air is enormous—several thousand degrees—and this
explains the surprising brilliancy of the light, and also the fact
that none of these tiny meteors are ever seen to reach the
ground; they are vaporized by the intense heat, and upon
cooling condense into impalpable dust.

Meteorites.—Thousands of meteorites, many of which were
actually seen to fall, are preserved in museums. They are
classified roughly as stone and iron meteorites. The iron
meteorites contained in museums are the more numerous, but
this is because they are the more easily identified; many more
stone ones are seen to fall. The largest one in any collection is
an iron meteorite weighing about thirty-six tons, which was
brought by Peary from Greenland to the Museum of Natural
History in New York City.

Near Cafion Diablo, in northern Arizona, is a crater known as Coon
_’.L:lw. about three-fourths of a mile in diameter and with walls about 6oo feet
high, of which the floor is lower than the surrounding plain as in the lunar
craters. On the plain around the crater great quantities of meteoric iron
have been found, the largest pieces weighing several hundred pounds each,
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and competent authorities are of the opinion that the crater was made by
the impact of an enormous meteorite, of which these are fragments.

Iron meteorites are nearly pure iron with usually a small
admixture of nickel. Very often the iron is crystallized in a
peculiar fashion so that when cut, polished, and etched it
exhibits characteristic markings which are known as Widmann-
statten figures (Plate 12.1). Stone meteorites also contain
some iron, and about thirty other elements have been identi-
fied in them, but none not already
known in terrestrial substances.
Many meteorites contain large
quantities of occluded hydrogen,
helium, and other gases.

If discovered soon after its
FiG.142. We can see Har e fall, before the surface has be-

ﬁiﬁsfﬂnggé%% BUT NOT come weathered, a meteorite is

usually found to be covered with

a thin black crust formed by the melting of its surface during
its passage through the air.

Number of Meteors.—Although an observer may, from a
single point of view, see half the celestial sphere, he can see
only a small fraction of the meteors in it, because of the
relative shallowness of the air (Fig. 142). Moreover, as
every telescopic observer knows, there are many meteors too
faint to be perceived by the
naked eye. Taking these facts
into account, it has been esti-
mated from the number of
meteors actually seen that the Fic. S5 nﬁ}ﬂs‘f*pﬁgiﬂﬁﬁ ;\:EEHTMORB
total number which enter the  °
air daily must be many millions. Their dust, settling through
the air, is slowly—but very slowly—adding to the mass of the
Earth.

It may be noticed, by anyone who takes the trouble to
watch the sky all night, that the meteors seen after midnight
are about twice as numerous as those seen before. This is
because, in the latter half of the night, we are riding on the
front side of the Earth as it moves along its orbit (Fig. 143)

(=] HOMZON
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and receive meteors from all directions, whereas in‘ ‘the ea.rhe’r;
half we see none of those which the Earth me'etS head on.
For the same reason, the meteors of the morning hours have
a greater apparent velocity and are bluer because of the greater
intensity of heat generated.

Meteor Swarms and Showers.—When the apparent paths of
all the meteors observed on a given night are Plotted on a star-
map, it is often found that many of them radiate from a single

J 1. DoLE
CvyGNIDS OF 1922 AUGUST 15-26, OBSERVED BY R. N
T (FR(?H Popular Astronomy)

small spot in the sky; that is, if the lines representing the
observed paths are extended backward, many of f:her.n inter-
sect at nearly the same point (Fig. 144). This point is called
the radiant of those particular meteors. The:, meteors seem to
fly in all directions from the radiant, and it is not unusual for
a “falling star’’ to move apparently upward instead of down-
ward. Those seen nearest the radiant have th‘e shortest
apparent paths, and a meteor exactly at the: radiant seems
stationary, simply appearing and vanishing without apparent
motion.

The radiant has the same place among the stars for observers
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at different stations, and therefore must be infinitely distant
while the apparent divergence of the meteor paths is an effect
of perspective, the meteors concerned moving, in fact, along
parallel lines as in Fig. 145. Meteors which move in this way
are said to belong to a meteor swarm, which is named for the
constellation in which the radiant appears; thus, the swarm
of Perseids has a radiant in Perseus, the Leonids one in Leo,
etc. Sometimes the Earth encounters a swarm so dense that
thousands of meteors are seen in a single night, as happened
with the Leonids in 1833 and 1866, and the Andromids in
1872. A display of many meteors from the same swarm is
called a meteoric shower.

The words “swarm” and “dense” are
far from applicable if taken with their
usual connotation. Even when meteors
appear on the same path at the rate of
--4 four or five a second, they must still
! be several miles apart, and it is only
FI6. 145. THE RADIANT oF A METEOR DY hyperbole Lh:_u: pin-heads or dust-

SHOWER 1s AN ErFrECcT OF PER- specks several miles apart can be said
SPECTIVE to constitute a dense swarm.

If the swarm be large, the Earth may require several days to
cross it, so that a shower may last several nights; but, since
the Earth can encounter a given swarm at only one place in
its orbit, the shower cannot be repeated oftener than once a
year.

Orbits of Meteor Swarms.—The position of the radiant is
determined by the direction and magnitude of the relative
velocity of the meteors and the observer, and this depends
both upon the orbital and diurnal motions of the Earth and
upon the orbital motion of the meteors. The motions of the
Earth can be readily allowed for, and from the resulting
motion of the meteors the elements of their orbits can be
computed. Meteor swarms have thus been found to move
around the Sun in elliptic orbits, and many of these have been
proved to be identical with the orbits of known comets, thus
establishing a close connection between the two classes of
bodies.

PLATE 12.3. SpecTrRA oF CoMmETs, Photographed by V. M. Slipher, Lowell
Observatory

Halley's Comet, 1910 May 6. Objective prism spectrogram, in which each 1magt§

of the double-tailed comet corresponds to a spectral line. The tailless image o

the head at the left end of the spectrum is due to cyanogen. The horizontal
streaks across the tail are the spectra of stars,
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Slit spectrograms of Mellish’s Comet a 1915 (M) and Zlatinsky's Comet b 1914 (Z)



PLATE 12.4. PHOTOGRAPHS OF MOREHOUSE'S COMET, ¢ 1908 METEORS AND COMETS 265

The first such identification was made by Schiaparelli in 1866, between
the Perseids and Tuttle's comet of 1862. A famous case is that of Biela’s
comet and the Andromids. The comet, discovered in 1826 by Biela, was
shown to move on an elliptic orbit with a period of about 6.6 years, and
was identified with a comet seen as early as 1772 by Montaigne and in
1805 by Pons. There was nothing especially remarkable about it until 1846,
when it divided in two. When next seen in 1852 the two components had
moved farther apart, and they have not been seen since; but in several
years when the comet was due to appear, particularly in 1872, there have
been notable showers of Andromids. Here the meteors seem to be products
of the comet’s disintegration; in some
other cases the comet seems to be accom-
panied by the meteors, being the most
conspicuous body of the aggregation.

The most important meteor
swarms are listed in Table r2.1.
The Perseids are evidently dis-
tributed fairly equally in a ring

October 15, by Barnard, Yerkes Observatory. The long star trails are due to which extends all the way around
the comet’s motion during the exposure of 9o minutes. The enlargement ,‘ o A ey e X

in the tail was receding from the head at 3!3 an hour. their orbit, for a nm’me‘fh}c shower

occurs every year. While a few

stragglers of the other swarms also
are seen each year, the main shower
generally occurs only once in the
meteors’ period, showing that
these swarms are more compact.
Discovery and Demgnatlon.of F1G6. 146. TuHe ORBITS OF THE
Comets.—lLarge comets which EARTH AND THE PERSEID ME-
come near the Sun and the Earth e ():_)T;flij\TI':‘_:r,’rR(:;NORT::]f:f
are spectacular objects, some of
which have been visible in broad daylight and readily command
attention. Records exist of about four hundred which appeared
' before the invention of the telescope. The number discovered
' since that event is greater, but most of these later comets have
been faint. In most cases neither the time nor the place of
their first appearance can be predicted, and they are usually
found by searchers with small, wide-field telescopes, or, in recent
decades, upon celestial photographs.

//

The news of such discoveries is communicated to the principal observa-
tories by telegraph and cable through central stations at Harvard and Copen-
hagen. When a comet is found, its right ascension and declination at a

November 17 (upper) and November 28 (lower) by E. C. Slipher,
Lowell Observatory
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TABLE 12.1
METEOR SWARMS

Approximate . Associ-
Name Date of Shower Period | Appearance of Meteors ated
Comet
Lyrids. . . .| April 20 415 years| Swift
: 861 I
Perseids. . .| August 10 120 Swit, bright, with trains| 1
Orionids. . .| October 19 Selk . e
Leonids. . .| November 14-15 | 33.3 Very swift, blue
. > 1866 1
And::orp:ds November 17-27 6.6 Slow, with,trains Biela's
Geminids. .| December 11-12 Swift, white, short

designated time on the night of discovery are telegraphed
station, which relays the news to the suegcn‘bing ogfvatong.thidgig
ments of the comet’s position are then made and communicated by various
qbsgrvers, and as soon as positions on three nights are made known a pre-
liminary orbit is computed and the elements and a short ephemeris sent in
This prompt ?rt?cedure has probably saved many comets from being “lost ”
In the preliminary computation the orbit is assumed to be parabolic, as
this assumption simplifies the work and is usually at least accurate enoixgh
to provide a “finding ephemeris” good for several days. When more obser-
vations have a'ccumulated, they are used for correcting the preliminary ele-
ments to obtain a more accurate orbit. For the determination of a para-
bolic orbit the method developed by Olbers in the early part of the nine-
teenth century is probably the most convenient; but for an elliptic orbit
and espec:allgf for modifying a preliminary parabolic orbit to agree with
later observgtmns. the method developed by Leuschner from the older method
of I'aaplace is often shorter and better. Much of the computation of the
orb_lts o.f comets and asteroids is done at the Students’ Observatory of the
University of California, of which Leuschner is Director.

Comets are temporarily designated by a letter and year
number in the order of their discovery; later, when the elements
of the orbit have been well determined, the letter is superseded
by a Roman numeral following the year number, the order
being that of perihelion passage. A comet is often known
also.by the name of its discoverer or of a person who has made
an important research upon it. Thus Morehouse’s comet,
Comet ¢ 1908, and Comet 1908 III are identical.

_The Orbits of Comets,—After Tycho had proved that comets are more
d;stz_mt .than the Moon (page 250), Kepler made observations of two comets
of his time, and came to the conclusion that they moved freely through the
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planetary orbits, with a motion not far from rectilinear. Hevelius (“a noble
emulator of Tycho Brahe,” as Halley calls him), supposing that Kepler was
right, “complained that his calculations did not agree perfectly with the
matter of fact in the heavens,” and became aware that the path of a comet
was curved toward the Sun. In 1680 appeared a great comet whose orbit
was shown by ‘Doerfel and by Newton to be a parabola.

Later, by using the gravitational principles developed by Newton, and
“by a prodigious deal of calculation,” Halley determined parabolic orbits
for twenty-four bright comets which had appeared from 1337 to 1698.
Noticing that the orbits of the comets uf 1531, 1607, and 1682 were very
similar, he concluded that these comets were the same, and that the orbit
was really a long ellipse with a period of about seventy-five years. He
accordingly predicted the return of this comet in 1758 and, although Halley
did not live to see it, his prediction was fulfilled; and the comet, which has

Fic. 147. THE OrsiT OF HALLEY'S COMET

ever since been famous as Halley’s Comet, was seen again promptly in 1835
and 1910. By taking account of planetary perturbations, Cowell and Crom-
melin have been able to determine its path with such accuracy as to identify
it with recorded comets at every appearance save one since 240 B.C. Fig.
147 isa diagram of its orbit with the distances of the planets shown for
comparison.

About three-fourths of all the cometary orbits which have
ever been computed appear to be parabolic. If they are
strictly so, the mathematical significance is that these comets
fall from rest at an infinite distance from the Sun, pass around
it once, and recede again to infinity. Since, however, the
parabola is the limiting case between the ellipse and the
hyperbola, it is highly probable that the orbits which seem
parabolic are either slightly elliptic or slightly hyperbolic;
and since no distinctly hyperbolic orbits have been found,
astronomers are mostly of the opinion that the orbits of these
comets are really long, eccentric ellipses with periods of many
centuries or millenniums.
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Some of these comets have very close perihelia; for instance,
the great comets of 1668, 1843, 1880, 1882, and 1887, the
orbits of which were quite similar to one another, passed
within a few hundred thousand miles of the Sun’s surface and
must have gone right through the corona. Their periods are
at least several centuries, but they swung through 180° of their
orbits near perihelion in a few hours, moving at a speed of 300
miles a second or over. Near aphelion, where such comets
spend most of their time, their motion is quite slow. The
majority of observed comets have perihelia within the orbit of
the Earth, and none are known which do not approach more
closely to the Sun than the orbit of Jupiter; but it is very
likely that many comets have greater perihelion distances and
escape detection for this reason, for in general comets are very
inconspicuous objects until they are well within the orbit of
Mars.

Many comets are known definitely to move in elliptic orbits
with periods less than a century. Most of these are faint,
Halley's comet being the only “great comet” among them.
The shortest known period is that of Encke’s comet, about
3.3 years. About fifty periodic comets have their aphelia at
about the distance of Jupiter from the Sun, and are said to
belong to Jupiter’s comet family. Saturn and Uranus have
families of two comets each, much less certainly established,
and Neptune has a family of seven, one of which is Halley's
comet. Halley’s comet, the comet of 1827 (which also belongs to
Neptune’s family), Tempel’s comet of the Leonid meteors, and
Tuttle’s comet of the Perseids all have retrograde motion: all
the other short-period comets move directly. This is in con-
trast to the case of the parabolic comets, about as many of
which have retrograde motion as direct.

The existence of so numerous a family of comets as that of Jupiter could
not well have come about by chance. According to the capture theory,

o i i bi : 5 OF :v's COMET IN 1910
these comets moved originally in parabolic orbits which were changed to PLATE 12.5. PHOTOGRAPHS OF H.\Ll,i,‘-ﬂs CoMET IN 19
. 3 . - . . . . - N a1 an e SCTVE TY
ellipses by the perturbative action of Jupiter. This would happen if Jupiter By C. O. l-"*'ul;']'i"{!l' 11-‘"“1} :_L;ﬂ ’;‘:}:E\_ L-ll:s:\'cd carbon monoxide
= . 1 1 . ! e CFRETY T 3 av = neth tail 30°, Spectrum o 4 : 3o " ;
and the comet approached each other in such a way that Jupiter’s attraction Left—May 5. Length of tail 30 pe Eensth of tail 5o°.

TP s - : Falit May 113.
bands, that of left fork was continuous. Righ lay 13 O e i

caused the comet to lose about half of its velocity. It was shown by Chandler Venus appears at lower right edge, meteor trail about 7

by computations on the orbit of Comet 1889 V that in 1886 it had passed
within the orbit of Jupiter’s closest satellite, and that the action of Jupiter
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: PLATE 12.6. TaIL oF THE GrEAT COMET a 1910
'l‘lmfu;.:rup}u-d by Lampland at Lowell Observatory, January 27
I'he head was concealed by the pine forest west of the O hservatory.
Length of tail about 20° or 40,000,000 miles.
brightest comet of the first quarter of the twentieth century. It
had passed its perihelion on January 17 i

f the Observatory.
I'his was by far the

METEORS AND COMETS 269

was such as to have reduced the comet’s period from twenty-seven to six
years. Barnard ol served in 1889 that this comet was double, and that the
two parts were separating at such a rate that they must have been together
in 1886, at the time of the encounter. However, an approach to Jupiter is
as likely to result in acceleration as in retardation of a comet, and acceler-
ation of parabolic velocity would change the orbit o a hyperbola. Crom-
melin shows on the theory of probability that only one comet in half a mil-
lion would pass close enough to Jupiter to have its velocity reduced by
half. and is inclined to agree with a theory proposed by Proctor, who sug-
gested that the Jupiter comets originated in the planet, having been emitted
by volcanic or analogous action.

Dimensions, Mass, and Density of Comets.—Comets are
the bulkiest objects in the Solar System. The nucleus, when
one is present, may have any diameter up to ten thousand
miles: the coma, a diameter from ten thousand to several
hundred thousand miles; and the tail, a length of many million
miles. The tail of the great comet of 1843 was said to be more
than five hundred million miles long—longer than the radius of
the orbit of Jupiter.

The mass of comets, on the other hand, is so small that it
has never been detected at all, for comets have no perceptible
perturbative action on other bodies. Even when Comet 1889
V went through Jupiter's satellite system it produced no
appreciable derangement of the satellites. It is pretty certain
that no comet's mass exceeds one one-hundred-thousandth
the mass of the Earth.

The mean density of a comet must, therefore, be exceedingly
low—certainly thousands of times lower than that of air at
sea-level. It is therefore not surprising that comets are trans-
parent. Faint stars are often seen through the heads of comets
thousands of miles in diameter. This low mean density does
not signify, however, that a comet is a tenuous gas throughout;
it is more likely that the head, at least, contains much solid
matter in the form of small bodies like meteors, separated by
distances which are large compared to the diameters of the
bodies, probably with highly rarefied gas between.

The Spectra of Comets.—The spectrum of a comet which is
faint and distant from the Sun appears to be continuous and
is probably due wholly to reflected sunlight. As the comet
nears the Sun, bright bands make their appearance and increase
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in intensity as the distance diminishes. These bands are
certainly due to light emitted by the comet itself. With
increasing brightness of the spectrum, the Fraunhofer lines of
the solar spectrum may also be discerned upon the continuous
background. The brightest bands belong to the spectrum
which was first studied by the English physicist Swan and is
called the Swan spectrum. It is due to compounds of carbon
and may be seen in the blue light of a Bunsen gas flame. The
principal Swan bands have sharply defined edges or “heads”
at wave-lengths 4737, 5165, and 5635 Angstr()ms, and each
fades out gradually on the side toward the violet. Cyanogen,
a compound of carbon and nitrogen, is also indicated in the
spectra of comets’ heads, principally by a band at 3883.
Bright comets which approach near the Sun show bright D
lines of sodium. The great comet a 1910 when about a million
miles from the Sun was distinctly yellow in color, due to the
predominating brilliancy of this line. When near perihelion
the great comet of 1882 showed, in addition to the Swan bands
and the D lines, bright lines of iron.

The spectra of the tails of several comets, notably comets d
1907 (Daniel), ¢ 1908 (Morehouse), and Halley’s comet in
1910, did not show the Swan bands, but contained bright
bands of carbon monoxide which, like the bright bands of
the comet’s head, were often superposed on a continuous
spectrum, probably due to reflected sunlight.

The emission (bright-band) spectra of comets appear at a distance from
the Sun far too great to be caused by incandescence due directly to the
Sun’s heat, and the variation of their intensity with distance is also out of
accordance with such an effect. Apparently the energy of the Sun’s radi-
ation is absorbed by the cometary material, to be re-emitted wholly in the
particular wave-lengths of the comet spectra. The problem resembles that
of the luminescence of nebule which seems to be derived from the radiation
of neighboring stars (page 338).

The Nature of a Comet’s Tail.—The tail of a comet does not
trail behind it all the way, but extends always in a direction
nearly opposite that of the Sun, lagging a little behind the
prolongation of the radius vector (Fig. 148). It cannot be a
fixed appendage, for if so the tail of the comet of 1843, for
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example, must have traveled with a velocity comparable w:lth
that of light as the comet swept around the Sun. Photographic
studies of numerous comets since 18go have shown coudgn-
sations in the tail which moved away from_ the head mt?m
velocities of several miles a second, thus proving that the tail
is a flowing stream of matter. It is evident that the.Sun exerts
upon this matter a repulsion which is stronger than its gravita-
tional attraction.

is repulsion is due to the pressure of the Sun’s t:adxatlon
(p:gr: Eﬁi}y aﬁ:‘l thr:%articlw of the tail must be very small. Radiation pres-
sure, however, is not sufficient to ex-
plain all the motions of the matter within
a comet. The nuclei of some great
comets—for example, Donati’s comet of
1858 (Plate 12.2) and Morehouse’s of
1908—have been surrounded at times by
a number of envelopes of approximately
parabolic form which were observed to
dilate as if composed of matter expelled
in all directions from the nuf:leus, _the
particles sent toward the Sun being driven
back by the Sun’s repulsion. The pres- Fi1G. 148. POSITIONS OF THE TAEL
sure due to the radiation of the nucleus oF A COMET IN DIFFERENT
is certainly not powerful enough to ﬁep]d PARTS OF 1TS ORBIT

, and it is more likely _ )l e

:g::eth?:;zlpgfve force here is electrical, the particles being ionized by the
action of the Sun.

The Disintegration of Comets.—The mateﬁgl_which flows
outward in the tail of a comet can never rejoin the head.
Being repelled by the Sun, each particle must tr'aﬂ.rell1 og a
hyperbolic orbit which is convex to the Sur} and -ha.s the Sun
in its outer focus, while the main body continues in 1ts elhpt'lc
or parabolic path which is concave to the Sun. The tail-
forming material of a comet must .therefor.e waste aw:g,
although there is no certain observat.lona.l te:il;nce that the

i w smaller or fainter at successive returns.
tm;i g::gdition to this wastage, a comet which approaches near
to the Sun or to a large planet is subjected 'Eo enormous c.hs-
ruptive tidal forces which must be very effective in separating
its loosely connected parts. Biela's co_met and thfe fifth comet
of 1889 are known to have divided in two, while the great
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comet of 1882, after its close perihelion passage, was attended
by a number of smaller cometary bodies and its nucleus was
divided into five. There is evidence also that comets have
been disarranged by encounters with invisible obstacles,
probably meteor swarms, as was the case of Brooks’s comet of
1893, photographed by Barnard. This disintegration of comets
affords a plausible explanation of the origin of meteor swarms.
Encounters of the Earth with Comets.—A direct collision of
the Earth with a comet is not at all impossible, since many
comets cross its orbit. The necessary condition is that the
comet and the Earth arrive at the node at the same time. It
has been computed from the theory of probability that such a
collision is likely to happen about once in 135,000,000 years.
Passages of the Earth through the tails of comets should be
much more frequent since the tails are of such immense size.
On May 18, 1910, the head of Halley’s comet crossed the
plane of the Earth’s orbit directly between the Earth and the
Sun, thus performing a transit like the transits of Venus and
Mercury and changing from a morning to an evening object.
Its distance from the Earth was about 15,000,000 miles, and the
tail is known to have been considerably longer than this and
to have extended nearly in the Earth’s direction. On the
mornings of May 17 and 18 the tail, though faint, was a
magnificent object which extended like the beam of a search-
light across the sky a distance of about 120°. A broader and
fainter secondary tail involved a long arc of the ecliptic, and
there is little doubt that the Earth passed through this second-
ary tail soon after the transit of the head. Nobody was incon-
venienced, although certain newspapers had caused some
apprehension by describing the possible dire effects of the
poisonous gases of the tail. It is, in fact, inconceivable that
so rare a gas could do any harm. The only effect observed
near that time which might be attributed to the comet was a
slight iridescence of the sky noticed by Barnard and others
during daylight on May 19. A similar encounter with a comet
took place on June 3o, 1861. An aurora was observed, but
there is no special reason for connecting it with the comet.

CHAPTER XIII
THE LIGHT OF THE STARS

The Study of Star Light.—It is a noteworthy fact that our
knowledge of the heavenly bodies has come to us entirely by
way of a single sense—the sense of sight. We cannot touch
them, or hear them, or taste or smell them. In the case of the
stars, even the sense of sight is limited as compared with the
case of the bodies of the Solar System, for the latter are near
enough to be observed in detail by means of the telescope, while
the stars are so distant as to appear only as
points. The stars, however, afford an advan-
tage in being self-luminous; and the study of
the quality and quantity of their light reveals
many facts concerning their nature. The pre- =f T
sent chapter is devoted partly to the analysis FiG. 149. TuE Oc-

ULAR SPECTROSCOPE
of star light by means of the spectroscope, and
partly to the classification of stars according to the intensity of
their light.

Instruments of Stellar Spectroscopy.—On account of the
faintness of the stars, a spectroscope to be used for their study
must be attached to an astronomical telescope, the objective of
which serves to concentrate the light into a small, bright
image. Probably the simplest form of stellar spectroscope is
the ocular spectroscope, which is simply a small prism, or
more usually a direct-vision combination of prisms (page 146),
that may be attached to the eyepiece of a telescope. The one
shown in Fig. 149, a common form, is only a little more than
an inch long. No slit is necessary for this instrument; the
diminutive image of a star, formed by the telescope objective,
takes the place of the slit, the eyepiece forms the collimator,
and no view-telescope is needed since the pencil of light that
emerges from the prism is small enough already to enter the

pupil of the eye. The resulting spectrum is as narrow as the
278

Frr i
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image of the star—a mere line of colored light—and in order
that dark lines may be seen it is necessary to broaden the
spectrum by means of a small concave cylindric lens placed
with the axis of the cylinder at right angles to the refracting
edge of the prism. This, of course, diminishes the intensity of
the spectrum, and so cannot be applied to very faint stars. If
the spectrum contains bright lines, these can be well seen with-
out the cylindric lens as bright dots which are monochromatic
images of the star. The only advantage of the ocular spectro-
scope over the types next to be discussed lies in the smallness
of the prism, which renders the instrument light and inexpen-
sive.

The oldest form of star Spectroscope is the objective prism,
which was first used in 1823 by Fraunhofer. It is simply a
prism placed in front of the objective of an astronomical
telescope, the latter taking the place of the view telescope of
an ordinary spectroscope. No slit or collimator is needed, since

the star is only a point of light and is so distant that its rays

are already parallel. When the instrument is used visually, as
Fraunhofer used it, the spectrum is broadened by a cylindric
lens placed over the eyepiece. Much more commonly, it is used
photographically, in which case the refracting edge of the prism
is placed parallel to the equator (the telescope being mounted
equatorially) and the driving clock is given a rate differing
slightly from the sidereal rate, so that the spectrum is trailed
upon the plate in a direction parallel to its lines. This broadens
the photograph by any desired amount. When used with a
photographic objective covering a large field, this type of
spectrograph is extremely useful, as it records the spectra of
many stars together on the same plate, so that they may be
conveniently and rapidly classified (Plate 1 3.2).

The chief drawback in the use of the objective prism is the
fact that, as in the ocular spectroscope, no comparison spectrum
can be employed. For the accurate observation of star spectra
for the purpose of determining the wave-length of lines or the
displacement due to radial velocity, a complete star spectro-
graph, with a slit, is used in connection with an astronomical
telescope. This instrument is similar to the prism spectro-
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graph described in Chapter VII, 't.:ut must be const:c'lue::ited :ir:lt::,
great rigidity to prevent flexure of its parts and guar :;E e
changes of temperature during th.e long exposure necissal Si -
photographing the spectra of. fa.mt stars, and mus e
provided with a device for 1gmd.mg the telescope so as
’s light within the slit.

th?rit:I a:r;.ﬁgement of the optical parts of a_star spec;clz:ogr:ﬂ:
and of the telescope to which it is atFach_ed is shown diagr -
matically in Fig. 150. 7T is the objective of the astrono >
telescope, S the slit, C the collimatm:, P the prism (tv;(? o:.‘r:-; i
prisms are sometimes used in a train), and O the ;)1 jecti .
the camera which focuses the spectrum upon the photograp

F1G. 150. THE STELLAR SPECTROGRAPH

plate at F. The objective T forms no part of t}.le spelct:oé
graph, but performs the importa:;cl c}uty of gfﬁhz?c?e%- 31.: h:tga
amount of star light into a sm Il image. gty

i nt of the star’s light may pass t}.mroug the
ﬁli??s!?le?:messaryou that the slit be ke.pt accurately in tﬁe focal
pla.;le of the objective 7. The slit mlg%lt at first thoug tts;enl
to be unnecessary, since the star image is so small; but wi b g;d
the slit-jaws the wandering of the star image due to b
seeing”’ and imperfect guiding would, during an expt‘)rit; £
any length, blur the lines of t!le spectrum. Moreo ect,mm
slit is necessary for photographing the cornpansc;(ril sp e a:.
A change of temperature during an exposure wou r&s;a s
change of the refractive index of the prism, and in ;:lozlh .
or expansion of the parts of the spectrograph, w 1; i
cause the spectrum to move on the plate and blur the sp
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lines; and so the instrument is ordinarily inclosed in a felt-
lined case which is provided with an electric thermostat that
holds the temperature constant within a small fraction of a
degree. For “guiding” the telescope, the jaws of the slit are
made of polished metal and are so placed as to reflect into a
small observing telescope placed just above them any part of
the star’s light that does not enter the slit. It is the observer’s
duty so to control the main telescope as to keep this unused
light a minimum throughout the exposure of the plate.

Light for the comparison spectrum is produced by an electric
arc or spark between metallic terminals, or by a vacuum tube.,
The source of light is placed beside the slit, and its light is
reflected into the spectrograph by diminutive prisms placed
over the ends of the slit. The star's light falls upon the middle
of the slit, between the prisms, and in the resulting photograph
the star spectrum appears between two identical impressions
of the comparison spectrum. Measurement of the relative
position of star and comparison lines is made with a high degree
of accuracy upon the finished photograph under a microscope.
The great advantage of the slit spectrograph over all other
forms of instrument for studying star spectra lies in the fact
that it provides a comparison spectrum.

In Plate 13.1 is shown the star spectrograph of the Lick
Observatory, and, beneath it, a spectrogram of the star
Arcturus made with this instrument, with the titanium spark
as comparison, enlarged to four times its original dimensions,

Historical Outline of Stellar Spectroscopy.— Fraunhofer
observed the spectra of a few of the brightest stars, and
recognized that some of them, as Arcturus and Capella, were
like the spectrum of the Sun, while others, such as Sirius and
Castor, showed only a few dark lines. In 1804, soon after
Kirchhoff and Bunsen had identified the spectra’of many of
the chemical elements, the study of stellar spectra was taken
up extensively by Sir William Huggins in England and by
Father Angelo Secchi in Italy. Huggins used the slit spectro-
scope in a detailed study of about a hundred stars, identifying
in their spectra the lines of many known terrestrial elements,
and so established the fact that these substances were widely

PLATE 13.1

The Mills Spectrograph attached to the 36-inch Lick Refractor

o B0 R L A

h titani MDAris ade with the
5 t) f « Bootis (Arcturus) with titanium vq.n.:.t)ﬂ..un. Made
TR Mills Spectrograph (enlarged 4 times




PLATE 13.2. OBJECTIVE-P
2R -PRISM SPECTROGRAM OF A STAR y
Phetographed at Harvard College Observatory (Areqlt::!;;z:;l;t‘:u.!:ic.v(;‘;ImM

THE LIGHT OF THE STARS 277

distributed throughout the visible universe. Secchi, using an
ocular spectroscope, examined the spectra of about four
thousand stars in less detail, and divided them into four
classes according to spectral type, a classification which is
otill found useful. In 1874, Vogel of Potsdam formed a new
classification from the standpoint that the type of the star’s
spectrum indicated its stage of development—in other words,
its age. Although Vogel's classification is no longer used, his
idea that the spectral type indicates a period in the life-
history of the star lies at the basis of all the other classifications
that have been seriously proposed. In 1883, the photographic
study of star spectra with the objective prism was begun by E.
C. Pickering at the Harvard College Observatory, where it has
been pursued assiduously ever since. A classification based on
this study was formed by Miss Antonia Maury, and has since
been superseded by one due chiefly to Miss Annie Cannon, who
is responsible for the classification of about a quarter of a
million stars.

The Doppler-Fizeau principle was first applied to stars in
1866 by Huggins, who derived an approximation to the radial
velocity of Sirius by visual measurements of the lines of its
spectrum. In 1888 Vogel began making measurements of
much greater accuracy by photography, and a few years
later the photographic method was developed and applied
extensively by Campbell at the Lick Observatory. Since 19oo
the study of stellar spectra in its different branches has been
carried on vigorously by a number of large observatories in
America and Europe.

Secchi's Classification.—Secchi’s four spectral types may be
briefly described as follows:

Type. I. Spectra continuous (as seen in Secchi's instrument)
except for four prominent dark lines, which have since been
identified with hydrogen. Red part of spectrum relatively
faint, so that the stars appear bluish or greenish. About half
the stars examined by Secchi belong to this type, including
Sirius, Rigel, Vega, and Castor.

Type I1. Spectra very similar to that of the Sun, containing
many fine dark lines due mostly to metals. Stars of this type
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are yellow in color and very numerous, embracing almost the
other half of the stars examined. Capella and Arcturus are
examples.

Type III. Orange or reddish stars, having spectra in which
the hydrogen lines are inconspicuous and the metallic lines
stronger than in Type II, while superposed upon these lines
are a number (at least eight) dark bands, each of which is
strong on the edge toward the violet end of the spectrum and
fades out gradually toward the red. Secchi observed twenty-
five of these stars, of which « Herculis and Betelgeuse are

Type IV. Very red stars, showing the metallic spectrum with
three dark bands superposed (in the visible part of the spec-
trum); these bands, unlike those of Type III, are sharp on the
redward side and fade out toward the violet. Secchi catalogued
seventeen examples, of which the brightest is only barely
visible to the unaided eye; it is a blood-red star in the constel-
lation of Ursa Major which, on account of its color, Secchi called
Superba; but it is more commonly known by the less romantic
name of 152 Schjellerup from its number in the catalogue of
red stars prepared by the Danish astronomer.

To these four classes Pickering, in 1891, suggested the addi-
tion of Type V, to include the bright-line nebul and the stars
which, after Secchi’s time, were discovered to exhibit bright
lines.

The Harvard Classification.—In the system evolved at
Harvard, which is the one most commonly used by astronomers,
the principal classes are designated by the letters O, B, A, F,
G, K, M, N, R, S, which were originally arranged in alphabetic
order, but which, as ideas of stellar evolution were modified,
were transposed to the order given above. Each division
contains a number of subdivisions designated by small letters

or numbers, as Ob and F2, and the complete description of the
System as published in the Annals of the Harvard Observatory
covers nearly thirty quarto pages. It may be outlined as follows :

Class O. All subdivisions except one (Oes) show faint con-
tinuous spectra upon which are superposed bright bands.
The hydrogen and helium lines are bright at the beginning of
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the class, but dark in the later subdivisio-ns. .'I‘o?’varq‘;h; endiso’f‘
the lass ’appear the dark lines of the “P1ck_er.'1ng or upp :
e':s due to ionized helium. The bright line stars of this ty;; ;
::'2 rare and are found only in the Milky Way. They are som
i erred to as Wolf-Rayet stars. :
tuzelsa::fB Sometimes called Orion or helium stars. The ]1?1051-:
minenf: features are the dark lines of hydrogen and he 1uanl'1{ :
It?hr: H and K lines of ionized calcium are present but -v}e:;y wsi ar;
Prominent examples are Rigel, and many of the brighter
ion, Scorpius, and Perseus. .
Ofg;:z;‘ A ;{pydrogen dark lines very strong, 1:1e11un; r:;s:::é
. ic li i ing in pr
K and the metallic lines increasing
Htmszghout the class. Examples: Sirius, Vega, Fomalhatﬁzes
Class F. H and K grow stronger th‘an the h)I;)drogzr:l ] an
and the metallic lines increase in prominence. Frocy
le. ; z
exg:;s G. The solar type of spectrulr{n, c;‘riaalzactemed v
metallic lines and very sj;rong and K. :
nuagulsvl. Identical with Secchi's third f.ype., charatct'.eni;;cti=
by the bands noted by Secchi, each of which 1; sh:.:l-p 0';‘1}135@
i i fades out toward the red.
side toward the violet and _ L tov g
i i h titanium oxide.
have been identified wit '
2?\22?011 Me, bright hydrogen lines appear upon the contiuﬁz
spectrum among the dark lines. All stars of subdivisio
iable in light. ; .
ar%;:an. Identical with Secchi’s Type IV, and chara.:l:zr;zeed(i
by dark superposed bands that are sharply defined on e
wardy side and are now known to be due to carbon mOn(;)xced
—1 ersal of the “Swan’ spectrum produ
;I;dtlfg atgﬂiegas: ;’:‘; Bunsen flame. Violet end of spectrum
i d.
eak, making the stars very re
exgelans::lﬁw Lines and bands similar to those ofg 10135151 Nt;:?su.t:.
: i he violet. ‘‘Blue N-stars.
i t the general darkening of t '
gltlho: few e:g:amples are known, and they are faint. e
nAY.v few stars, very faint, which have sPectra like hose
of Cla‘sﬂs-Y M except that bands of zirconium oxide repla,f:e t tn_:);;
of titanium oxide, are grouped together under the designati
S.
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The gaseous nebulz, which have spectra consisting of bright
lines only or of bright lines on a continuous background, are
placed in a class by themselves, denoted by P,

The characteristics of the different spectral classes may be
best seen from a study of the spectra themselves, ag illustrated
in Plates 13.2 to 13.4.

Properties Which Progress Regularly Through the Series
of Spectral Classes.—A study of the spectra reproduced in
Plates 13.2 to 13.4 will disclose certain characteristics that
progress regularly throughout the series from the “late” O
type through B, A, F, G, and K to M. Chief among these
characteristics may be mentioned:

1. The intensity of the dark Balmer lines of hydrogen.
These lines are weak in spectra of late O and B types, very
strong in A, and gradually fade from A to M.

2. The intensity of the dark H and K lines of ionized cal-
cium, which increases from O through G and reaches a
maximum in K, after which it decreases slowly.

3. The number of the dark lines of the metals, which begins
at zero in the B type and increases throughout the series.

4. The relative intensity of the red and violet portions of
the continuous background. The violet grows relatively
weaker throughout the series from O to M, and the color of
the stars corresponds with their spectral type, the O stars
being bluest and the M stars reddest of the series, The

effective temperature, as shown by the energy curve of the

continuous background of the spectrum, also varies with the
spectral type from about 15,000° C. for the late O stars to
about 2,000° for the late subdivisions of M,

The Wolf-Rayet Stars and Stars of Classes R, N, and S.—
The vast majority of stars whose spectra are known belong to
the classes from B to M, the properties of which were discussed
in the preceding section. The others are grouped as follows:

1. The Wolf-Rayet stars, belonging to the lower subdivisions
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for certain of these stars at 40,000°. WoIf-Raglret :iaérsthzﬁ
often found at the centers of the planetary nebu :a,them e
special characteristics a'so would seem to connec

the gaseous nebulz.
¥

10X

F16. 151.
2. Stars of Classes R and N, which are similar to those of

Classes K and M, respectively, except tha.t they show the da:;l;
bands of cyanogen and carbon monoxide. They may s
regarded as belonging to groups which branch off from

CHARACTERISTICS OF THE SPECTRAL TYPES

main series.

20.000"
35000"
30,000
2s000"
20000t
18,0007

10.000° -
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F16. 152. CORRELATION OF COLOR AND TEMPERATURE

WITH SPECTRAL TYPE
Stars of Class S, which form an additional brar.'lch, ?.nd
d1f:;er from the M stars in the possession of bands of zirconium

tdide instead of titanium oxide. ;
Oh}I‘}?e relationship of the different types as regards spectra

; P =
properties is exhibited graphically in Fig. 1 sxl,;md tl:e relatio
of spectral type to color and temperature in Fig. 152.
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muSnt;r M_agnitudes._—A star’s magnitude may be defined as a
. ter In an arbitrary scale that expresses the apparent
2 ﬁ nes:] of the star as compared with that of other stars
. e :Ici e used by astronomers the brightest stars are giver;
smallest numbers. Hipparchus and Pto) i
al : lassified th
stars visible to the unaided i b it 3
. €ye mto six “magnitudes,” describ-
ing about twent.y of the brightest stars as of the first magni;?;e
’c}r;ld tl;xe si;ars Just visible to the naked eye as of the sixth
1s classification is preserved in modern lesti ]
although there seems no bet Sgeogsiisse
: ter reason for six i
lucid stars than for five, or s g i
: : ; seven, or another number.
wo;d magnﬂ':ude, 1t should be noticed, here refers to brighttfl[:;:
and not to size. Two stars of the same size may differ greatly

in magnitude if their tem eratures ir di
i g p or their distances from the

Tnuch light as a star of the sixth magnitude. Pogson of Oxford
:: a:SS 5:(,’ u?c}lr rll)otmg the smallest aperture with which certain|
i e fseen and comparing together the average
- of these stars as estimated by various well-
own observers, became convinced that each “magnit de” i
about two and one-half times as bright as the next S

The relation between the n i
¢ umber expressing a star’ i
;mo;xhnt l?f light that lthe eye receives from the star iil::mummtndel e
bysyth ec;p _Vstlc Law which was suggested to the German psycholo, . %of o
e Senra;ca:its of Hf%rscpel and Pog:son. This law states that if t%:ztinte:h o
e on varies in arithmetic progression, then the intensi { the
listensu:;:: thart;é)mdur&? 1t must vary in geometric progression Thf.lys ‘:g o
sounds, @, b, ¢, and judges the di : s
s 5, ] the difference of
and ¢ to be the same as that between g and b, then inlo:;:;;:? tt})lzﬂ::;r;
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of sight and hearing, but is not rigorously true when applied to very feeble
or very powerful stimuli.

The brightnesses of stars of the sixth, fifth, . . . first
magnitude appear to be separated by a constant difference;
measurement shows that they really bear a constant ratio,
which Pogson found to be about 2.5. Let the exact value of
this ratio be p. Then a fifth-magnitude star sends us p times
as much light as a sixth; a fourth-magnitude star sends us »
times as much as a fifth, or p? times as much as a sixth; a
third-magnitude star p® times as much as a sixth, and so on.
In general, if m and #n represent the magnitudes of two stars,
m referring to the brighter, so that the difference of magnitude
is n — m, then the ratio of their brightness is p®™; or, repre-
senting the light sent to the Earth by the two stars by [,

and [,, respectively,

I
L

But Herschel had found that a difference of five magnitudes
corresponds to a ratio of 1oo; and this being a convenient
relation, it was adopted as exact in the Pogson scale of magni-

tudes, which is now universally used, so that p® = 100 and
p= V100 = 2.512 .

The most convenient expression for the relation between
magnitude and actual brightness is found by taking the loga-
rithm of each side of the above equation, thus:

= p(n-nn

Lo
log = = (n—m)loger.

But the logarithm of V100 is exactly o.4, hence,

ba
log T o4 (n—m)

or n—m=2.5 log?'= 2.5 (log Im — log 1,).
Fractional and Negative Magnitudes.—Since there are stars of
practically all gradations of brightness from Sirius down to
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the faintest star that can be perceived, it is of course necessary
to express the magnitude of most of them by fractions. The
scale of magnitudes is so adjusted that about half of Ptolemy’s
“first magnitude” stars are brighter and half are fainter than
what is now the standard first-magnitude star, which is repre-
sented very nearly by Aldebaran and Altair. A star 2.512
times as bright as this is of the zero magnitude, and the magni-
tudes of the two stars Sirius and Canopus, which are brighter
still, are negative. The magnitudes of the planets Venus and
Jupiter and, at times, those of Mercury and Mars, must also
be expressed by negative numbers: Venus becomes a little
brighter than the —4th magnitude, which means that she is
then more than one hundred times as bright as Aldebaran.
The magnitude of the Sun is, according to Russell, —26.72.
The Forty Brightest Stars.—The twenty brightest stars,
with their magnitudes and spectral types, are as follows:

Mag. Sp. Mag. Sp.
a Canis Majoris (Sirius) — 1.58 Ao  « Orionis (Betelgeuse) 1.0
a Argiis (Canopus) - 0.8 Fo tor.g M2
a Centauri +0.06 Go a Crucis 1.05 BiI
@ Lyre (Vega) 0.14 Ao  a Tauri (Aldebaran) 1.06 K;s
a Aurigae (Capella) 0.21 Go e Virginis (Spica) 1.21 B2
« Bootis (Arcturus) 0.24 Ko g Geminorum (Pollux) 121 ‘Ko
B Orionis (Rigel) 0.34 B8 & Scorpii (Antares) 1.22 Ma
e Canis Minoris (Procyon) 0.48 Fs5 a Piscis Australis
a Eridani (Achernar) 0.60 Bjs (Fomalhaut) 1.29 Az
B Centauri 0.86 Bi1 a Cygni (Deneb) 1.33 Az
a Aquile (Altair) 0.89 A5 & Leonis (Regulus) 1.34 B8

This list of twenty includes all stars brighter than magnitude
1.50. Between 1.50 and 2.00 there are twenty others, as follows :

Mag. Sp.. Mag. Sp.
B8 Crucis 1.50 Br B Arglis 1.80 Ao
a Geminorum (Castor) 1.58 Ao  a Trianguli Australis 1.88 K2
v Crucis 1.60 Mb « Persei 1.90 Fj5
e Canis Majoris 1.63 BI n Urse Majoris 1.91 B3
e Ursie Majoris 1.68 Ao ¢ Orionis 1.91 Bo
v Orionis (Bellatrix) 1.70 B2 ¥ Geminorum 1.93 Ao
A Scorpii 1.791 B2 a Urse Majoris 1.95 Ko
e Argflis 1.74 Ko e Sagittarii 1.95 Ao
¢ Orioms 1.75 Bo & Canis Majoris 1.98 F8
8 Tauri 1.78 B8 g Canis Majoris 1.99 Bi

Magnitude of Faintest Star Visible in a Telescope of Given
Aperture.—Observation shows that the faintest star visible in
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a telescope of ome-inch aperture is a star of the ninth magni-
tude. Since the light-gathering power of a telescope varies as
the square of the aperture, this star is a® times as bright as
the faintest that can be seen in a telescope of a inches aperture.
Hence, by substituting ¢ for m, and a* for l./l, in the equation
connecting magnitude and brightness, we may obtain the
magnitude, #, of the faintest star visible in a telescope of a
inches aperture:

K H 4026 Hd Hy

4472 4649 HA

n = 9+ 2.5 log a*
9 + 3 log a.

For example, since the logarithm of 10 is 1, the minimum
visibile of a ten-inch telescope is 9 + 5= 14. The logarithm of
100 being 2, the minimum visibile of a one-hundred-inch tele-
scope is 9 + 10 =19. Of course, although these numbers
represent the magnitudes of the faintest stars that can be seen
in the respective instruments, much fainter stars can be
| photographed, and some of the plates taken with the one-
hundred-inch telescope of the Mount Wilson Observatory
show stars down to about the twenty-second magnitude.

Enormous Range in Apparent Brightness of Stars.—Since a difference of
five in the magnitudes of two stars corresponds to a hundredfold ratio of
brightness, a first-magnitude star sends to the Earth 1oo times as much
light as a star of the sixth magnitude, 100 X 100 Or 10,000 times as much
as one of the eleventh, 100 X 10,000 Or 1,000,000 times as much as one of
the sixteenth, and 100 X 1,000,000 Or 100,000,000 times as much as one of
the twenty-first. It would require at least 3,000,000,000 of the faintest stars
photographed with the Hooker telescope to give us as much light as does
Sirius. On the other hand, since the Sun is more than twenty-five magni-

' tudes brighter than Sirius, the light of 100° or 10,000,000,000, stars as bright
as Sirius would be no brighter than sunlight.

Determination of Magnitude by the Method of Argelander.—
Probably the simplest method of observing stars for magnitude

' ‘s that known as the method of Argelander from the name of
the German astronomer who, in the middle of the nineteenth

y century, compiled the great star catalogue known as the Bonn

4405 4737 Durchmusterung, giving the positions and magnitudes of about

PLATE 13.4. STAR SPECTRA CF DIFFERENT Types 324,000 stars. The method consists of forming a “sequence’’ of
Photographed at the Detroit E'JIJS(-::'}TE-Ic)r_\[f\ o the star to be measured and at least two other stars of known

magnitude. The observation may be made with or without a
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telescope, but the stars should be at about the same altitude
and as near together in the sky as possible. It is best to find
one comparison star just perceptibly brighter and one just per-
ceptibly fainter than the star to be measured, but if this is
impracticable, the proportion of brightness of the three stars is
noted. From the known magnitudes of the comparison stars
the desired magnitude can easily be determined by this method
with an accuracy of a tenth of a magnitude.
Photometers.—For the more accurate measurement of the
light of stars, a number of different instruments known as
photometers are in use. One of the simplest is the wedge
photometer, which consists essentially of a wedge of dark
glass inserted in the focal plane of the telescope, or between
the eyepiece and the observer’s eye. The observation is made
by pushing the wedge into the beam of light until the star is
extinguished or made equal to an artificial “‘star” formed by
a small lamp shining through a pin hole. The star to be
measured and a comparison star of known magnitude are thus
observed in turn, and readings made on a scale which gives the
thickness of dark glass traversed by the light. It can be shown
on elementary physical principles that the difference of magni-
tude between the comparison star and the star under measure-
ment is proportional to the difference of the scale readings.
Other important types are the polarizing photometer, with
which the great photometric star catalogues of the Harvard
and Potsdam observatories were formed, and in which the
apparent brightness of two stars (one of which may be artificial)
is equalized by passing the light of one or both through a
system of polarizing prisms; and the photo-electric photom-
eter, which is based on the principle that, when light falls
upon the surface of certain metals such as sodium, potassium,
and caesium, the metal gives off negative electrons and so
acquires a positive charge which can be measured with an
electrometer. The photo-electric photometer is capable of
great accuracy, being reliable to about a hundredth of a mag-
nitude.
Photographic Photometry.—The use of star photographs for
determinations of relative brightness was begun in 1857 by
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G. P. Bond at the Harvard Observatory, and the method has
been extensively used at Harvard and other Iarge. observatories.
It has the advantage that the resulting r'nagmtudes are not
affected by individual peculiarities of vimon,. and the great
further advantage that it can reach much fainter stars than

the visual methods.
The most commonly used method is the one developed by

E. C. Pickering at Harvard and known as the .method- of
sequences. A list of stars in some readily access:blfa region,
such as the Pleiades or the vicinity of the north I-Jole, is chosen
so that their magnitudes form a graduated series, and these
magnitudes are determined with great care. A photograph of
these stars is then compared with a photograph of the stars to
be measured, preferably taken on the same plate, and the un-
known magnitudes found by interpolation in the s‘eqt:fence. In
making the comparisons, both the size and the density of the
images are taken into account. The standard N(‘thh -PoIar
Sequence formed at the Harvard Observatory contains nmetjf-
six stars, ranging from the second to the twenty-ﬁ.rs.t magni-
tude, and located within two degrees of the 1goo position of the
North Pole. _
Color Index.—Since the eye is most sensitive to- }fellow light
while the ordinary photographic plate is most sensitive to blue,
a red star appears fainter, relative to a white one, on a photo-
graph than in the sky. This is very notictaable in the photo-
graph of the constellation Orion reproduced in Plate 17.3, where
any one familiar with only the visual appea‘r.ra-nce of the con-
stellation may have some difficulty in identifying th.e red star
« Orionis because of its faintness, although to the eye it appears
quite comparable to Rigel. Because of this difference of sensi-
tiveness to different colors, it is necessary to express ma:gnz-
tudes determined photographically and those detmed
visually on different scales. The number found by subtracting
the visual magnitude from the photographic may be regarded
as a measure of the redness of the star, and is called the color
index. The color index, of course, varies with the spectral
type, and it is generally agreed to consider the color index of
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the white Ao stars as zero and that of the K stars as unity;
the resulting values for the principal types are:

B A P G K M
—0.24 o0.00 +H40.28 +40.56 +1.00 ot

Photovisual Magnitudes.—By using special plates, sensitive
to the yellow and red, together with a suitable screen, a com-
bination may be formed for making photographs in which the
relative sensitiveness to light of different colors is about the
same as that of the eye. Magnitudes determined from such
photographs are known as photovisual magnitudes. The
method has the advantages of the regular photographic method,
and at the same time the results are expressed in terms of the
visual scale. The approximate spectral type of stars too faint
for observation with the spectrograph may be determined by
comparing their photographic and photovisual magnitudes,
which gives their color index.

The Measurement of Total Radiation.——The most complete
way to compare one star with another is to measure their
total radiation, including ultra-violet, visible, and infra-red
rays. Many attempts have been made to do this with different
forms of radiometers and the greatest success has been
attained by the use of the vacuum thermocouple in the hands
of Coblentz and Lampland at the Lowell Observatory and of
Nicholson and Pettit at Mount Wilson. The thermocouple
consists of a junction of two metals such as bismuth and
platinum. If the free extremities of the two pieces of metal
are connected through a galvanometer, an electric current
may be detected in the circuit when radiation falls upon the
junction, and the strength of this current is proportional to
the intensity of the radiation, which may therefore be measured
by reading the galvanometer deflection. In the instrument as
used for the study of the stars, the couple is made very small—
the receiver upon which the light falls is only a small fraction of
a millimeter in diameter—and is inclosed in a vacuum chamber
to prevent loss of heat by convection in the surrounding air,
and the receiver is placed in the focal plane of a large telescope.
The telescope must be a reflector since the glass lenses of a
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refractor absorb radiation of certain wave-lengths more strongly
than that of others. As used with the. 1‘oo—mch Hooker tele-
scope, the instrument is sufficiently sensitive to detect the heat
20 miles away. :

* ';;:nd?f;e;ence of the “}I-ad.iometric" and visual magmtudes
of a star is called the star’s heat inde?:. The heat mdexhof
A, type stars, like their color index, bem.g taken as zero, t a?.t
of the red stars, whose radiation is relatively more u:ltense in
the infra-red, amounts in some cases to several magnitudes.




CHAPTER XIV

THE DISTRIBUTION, LUMINOSITIES AND DIMENSIONS
OF THE STARS

The Clustering of Stars.—In addition to the artificial group-
ing of stars to form the constellations, there is, in certain
regions of the sky, a natural grouping. The Pleiades form a
fine cluster of stars in which seven are easily visible to the
naked eye, four more may be seen without optical aid on an
exceptionally clear, moonless night, and several hundred stars
and some great masses of nebulosity are revealed by the tele-
scope and on photographs (Plate 14.1). Other examples of a
clustering of naked-eye stars are the Hyades, Coma Berenices,
and the region of the Belt of Orion. Praesepe Cancri, which to
the eye appears as a small luminous cloud, is resolved into
stars by a low-power field-glass, and the two condensations in
the Milky Way which were designated by Bayer as % and x
Persei (Plate 14.1) are shown by a small telescope to be
magnificent clusters of eighth-magnitude stars.

Further increase of optical power reveals star-clusters
ranging in condensation through the open clusters to the
globular clusters. Photographs of the latter made with modern
reflectors show many thousands of stars, arranged in an approxi-
mately spherical group with density decreasing gradually out-
ward, covering a region several minutes of arc in diameter.
About a hundred are known, mostly in the constellations of
Argo, Centaurus, Sagittarius, and Ophiuchus, between galactic
longitudes 235° and 5°. All are near the Milky Way, but none
are in the midst of it; they are almost completely absent in
galactic latitudes —10° to +10°. The open clusters are much
less densely populated with stars than the globular clusters,
their shape is more irregular, and their apparent size usually
greater, and many of them contain nebulosity, which none of
the globular clusters do. Some of the finest globular clusters
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are M 13 Herculis, M 22 Sagittarii, and 47 Tucanz (Plates

14.2 and 14.4). Good examples of open clusters are h and x
Persei, Praesepe, and M 11 Scuti. . _

The Milky Way. —Almost imperceptible to city (_iwe]le.rs
through the illumination of the sky by artificial light, in
country places and at sea the Milky Way or Galaxy merits
Milton’s description of it as

A broad and ample road whose dust is gold
And pavement stars,

To the naked eye it appears as a band of soft, misf:y lig?lt
encircling the sky; but even a small telescope, as Galileo dis-
covered, shows it to be made up of myriads of s.tars. Larg&.ar
telescopes, and especially photographs, _show it to contain
also many large diffuse nebulee, both luminons and dark.

The central line of the Milky Way is almost exac?ly a great
circle of the celestial sphere (the galactic circle) which crosses
the celestial equator in right ascension 6" 44" a}'ld 18t 44" at
an angle of about 62°, the galactic poles being s;tua.te-d in the
constellations of Coma Berenices and Cetus. In the latltudes.of
the United States, at about 12" of sidereal time the Galaxy lies
so near the horizon that it is scarcely visible, w1.1i1e at §“ and
21" it passes near the zenith. It is most conspicuous in the
evening during autumn. P 38 :

The Galaxy reaches its greatest north declination in Cassio-
peia and its greatest south declination in the Southe_rn Cr-oss.
Its boundaries are very irregular and indefinite; its w1.dth
varies from about 3° to 30° or more. In Auriga, Orton.
Monoceros, Canis Major, and Argo (galactic longitude 140° to
240°), it is broad and faint. It is bifurcatefl in Cyg.nus, a
branch extending southward on the west side into Ophiuchus.
The brightest part lies in Sagittarius, Scorpius, and Scutum
(galactic longitude 310° to 0°). ' )

In many parts of the Milky Way, particularly in Sagittarius,
Scorpius, Scutum, and Cygnus, there are great bright ccfnden-
sations or star clouds which in a clear sky are very conspicuous
to the naked eye and in which photographs by Barnard,
Bailey, and others have revealed hundreds of thousands of
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stars in masses and streams interspersed with dark lanes and
occasional luminous nebule (Plates 14.3-6). In many parts
also occur dark rifts which are visible to the naked eye; the
most famous of these is the coal sack in the Southern Cross.

The Belt of Bright Stars.—It was pointed out by Sir John Herschel and
emphasized by Gould that a belt of bright stars, containing many of the
brightest in the sky, intersects the Galaxy in Cassiopeia and Crux at an
angle of about 20° and traverses Orion, Canis Major, Argo, Centaurus, Crux,
Lupus, Scorpius, Taurus, Perseus, Cassiopeia, Cepheus, Cygnus, Lyra, Her-
cules, and Ophiuchus. This belt contains practically all of the bright B-type
stars. The numerous first-magnitude stars contained in that portion ex-
tending from Perseus to Canis Major are probably responsible for the often-
expressed opinion that the skies of winter are clearer than those of summer;
it is not, however, the clearness of the winter sky but the brightness of the 5
winter stars that gives this impression.

The Magellanic Clouds.—About 20° from the South Pole
and hence always invisible in the latitudes of the United
States lie the nubeculae or Magellanic clouds, named for the
great Portuguese navigator. To the naked eye they appear
like detached portions of the Milky Way, and the telescope
shows them to be composed of stars and nebulze. The Nubecula
Major or Greater Cloud is about 7° in diameter, and is
situated near the border of Dorado and Mensa. The Lesser
Cloud (Plate 14.4), which is less than 4° in diameter, lies
between Hydrus and Tucana. Their brightness, according to
Sir John Herschel,' “may be judged of from the effect of strong
moonlight, which totally obliterates the lesser, but not quite
the greater.”

Star Catalogues.—The stars are so numerous that progress
in our knowledge of them depends largely upon statistical
studies. For this purpose, it is necessary that the results of
observations of many stars be gathered together in a single
work. A star catalogue is a list of stars giving for each its
apparent position (usually expressed as right ascension and
declination), its magnitude, and such other particulars as may
serve the special purpose of the compiler.

The earliest star catalogue is believed to have been made by Hipparchus
about 150 B.¢. No copy of it is now in existence, but the catalogue of

! Qutlines of Aslronomy, p. 515, 1857.

3t s oh Reflector
The two clusters & and x Persei, photographed by Duncan with 6o-inch Reflector,
1921 March 10. Exposure, 13 minutes




GLOBULAR STAR CLUSTERS PHOTOGRAPHED WITH THE 60-INCH MOUNT WILSON REFLECTOR

PLATE 14.2.

Exposure 34 hours
(Duncan)

M 22, 1918 August 6.

Exposure 11 hours

M 13, 1910 June 6-7-8.

(Ritchey)
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Ptolemy, contained in the Almagest, is supposed to be derived from it.
Ptolemy’s catalogue contains 1,030 stars and gives their magnitudes, their
latitudes and longitudes, and their positions in the constellation figures.
The latitude or longitude of some of the stars is in error by as much as a
degree, but the work is invaluable as a description of the ancient constella-
tions. Other catalogues of about the same extent as Ptolemy’s were formed
by the Persian Al-Sufi during the tenth century, by Ulugh Beg of Samar-
cand during the fifteenth, and by Tycho Brahe in 1580. A supplement to
Tycho's catalogue, which extended it to the South Pole, was published by
Halley in 1677. In 1601 Bayer, who introduced the Greek-letter designa-
tions of stars now so commonly used, published a set of maps of the con-
stellations with a list of the stars in each constellation on the back. Heve-
lius, in 1690, published the first catalogue containing telescopic stars.

Modern star catalogues are very numerous and extensive.
Most of them give the visual magnitudes of the stars, their
right ascensions and declinations referred to a designated
epoch, and values of the precession and sometimes of its rate
of change; and some give other data, such as spectral type,
photographic magnitude, etc.

One of the most important is that known as the Bonn
Durchmusterung (abbreviation B. D. or D. M.) published by
Argelander, which contains more than 324,000 stars down to
magnitude 9.5 between the North Pole and —2° declination,
arranged in zones corresponding to every degree of declina-
tion. The right ascensions are given to tenths of seconds of
time and the declinations to tenths of minutes of arc, and all
positions are referred to the equinox of 1855.0. This work is
continued to declination —22° in Schonfeld’s Southern Durch-
musterung.

A much more accurate catalogue is the Preliminary General
Catalogue of Boss, which gives, for the epoch 1900.0, the posi-
tions of 6,188 stars. The right ascensions are given to the
thousandth of a second of time, and the declinations to the
hundredth of a second of arc. These stars lie in all parts of the
sky from the North Pole to the South.

Of catalogues giving information of special kinds may be
mentioned the Henry Draper Catalogue published by Miss
Cannon of the Harvard Observatory, which gives the visual
and photographic magnitudes and the spectral types of 225,000
stars in all parts of the sky, together with their approximate
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positions for 1goo.o; Burnham’s Catalogue of Double Stars,
which contained over 14,000 double stars when published by
Burnham of Yerkes in 1906, and which is being about doubled
in size by Aitken of Lick; and Dreyer's New General Cata-
logue of nebule and star clusters (abbreviated N. G. C.)
which, together with its appendices the Index Catalogues,
gives positions and descriptions of more than 13,000 nebule
and star clusters.

Number of Stars of Different Magnitudes.—The stars
brighter than the ninth magnitude have been catalogued and
counted. Table 14.1 gives the total number of stars brighter
than each visual magnitude as determined at Harvard (the
numbers cannot be given with perfect precision because of
the variability of certain stars and the fact that many lie near
the border line between two magnitude-classes):

Table 14.1
Limiting visual Total number of Ratio
magnitude stars
2 40
3-4
3 135
3:3
4 4350
3-3
5 1,500
3.2
6 y 4,800
s b, £ 1
7 15,000
3.7
8 46,000
2.9
) 134,000

By a laborious investigation of the number of stars in sample
regions of the sky, photographed principally with the sixty-
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inch Mount Wilson reflector, Seares and van Rhijn have formed
curves and tables giving the numbers of stars down to the
twenty-first photographic magnitude in different galactic
latitudes and to the twentieth visual magnitude for the whole
sky. From their curves are derived the numbers in Table
14.2, which extends the table given above:

Table 14.2
Limiting visual Total number of Ratio
magnitude stars

7 14,300
2.9

8 41,300
2.8

9 117,000
2.8

10 324,000
2.7

11 868,000
2.6

12 2,260,000
2.5

13 5,700,000
2.4

14 13,800,000
2.3

15 32,000,000
2.2

16 70,800,000
2.1

17 148,700,000
2.0

18 296,000,000
1.9

10 560,000,000
1.7

20 1,000.000,000
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The numbers for the last three or four magnitudes are of course
extrapolations.

From the first of these tables we find that the number of
stars visible to the naked eye is about five or six thousand:
but since only half the celestial sphere is visible at one time and
the faint stars are extinguished by atmospheric absorption
when several degrees above the horizon, two thousand is a
liberal estimate of the number that are visible at one time even
under the best conditions. The total number down to the
twentieth magnitude, which is about a magnitude fainter than
can be perceived by the eye at the one-hundred-inch tele-
scope, appears to be about 1,000,000,000.

The Total Number of Stars.— The most significant thing
about the numbers in the above tables is the ratio of each to
its predecessor, which is printed in the third column. This
ratio diminishes as fainter stars are added, and apparently
would become unity before reaching the thirtieth magnitude.
This would mean that the total number of stars brighter than
the thirtieth magnitude is the same as the total number
brighter than the twenty-ninth—that is, that there are no
stars so faint as the thirtieth magnitude. The total number of
stars (exclusive of globular clusters and nebule) is estimated
from the numbers in Seares’ table to be of the order of thirty
or forty thousand million.

If the stars were all of the same actual brightness, their differences of
magnitude being due to difference of distance only, their apparent bright-
ness would be inversely as the square of their distance; that is, each star
of magnitude » would be 4/, times as far away as one of magnitude n — 1
where p is the light-ratio (page 283). All stars brighter than the #th mag-
nitude would be contained in a sphere of radius 4/, times the radius of the
sphere containing stars brighter than the (n — 1)st magnitude, and the
volume of the larger sphere would be 4/? times the volume of the smaller.
If, further, these stars of uniform intrinsic brightness were distributed uni-
formly through space, the number of stars brighter than the ath magnitude
would be to the number of those brighter than the (z — 1)st as the volume
of the larger sphere is to that of the smaller. Now, p being equal to 2.512. ..,
4/ p?* is very nearly equal to 4. Therefore, the fact that the ratio of succes-
sive numbers in Tables 14.1 and 14.2 is less than four shows that the stars
are not uniformly bright bodies distributed uniformly throughout infinite
transparent space.

Although there is known to be a vast range in the intrinsic brightness of
stars, yet in dealing with great multitudes the numbers in different magni-

PLATE 14.3. THE MmLry WAy 1§ Sacitrarivs, photographed by Duncan

with 2.2-inch lens at Mount Wilson, 1922 July 21.

Exposure 3 hours 45 minutes




PLATE 14 .4

The Keyhole Nebula in Carina, photographed by Bailey
at .‘\!‘qullpil‘\\'lth 13-inch telescope, 1894 May 25-28,
Exposure 13 hours 44 minutes

The Small Magellanic Cloud and the Globular Star Cluster 47 Toucana,

photographed by Bailey with 24-inch telescope at Arequipa,
November 10. Exposure 5 hours

1898
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tude-classes should still depend upon their distribution. The observed cor-
relation between number and brightness might be due to an absorbing
medium which occults the more distant stars. It is known that absorbing
material—dark nebule, dark stars, planets and meteors—does exist, but
its quantity is not generally considered great enough to account for the
diminishing ratio of the fainter stars.

The most probable explanation of the diminishing ratio is that we are in
the midst of a vast but finite aggregation of stars—say, 40,000,000,000 of
them—which form a system—the Galactic System—separated from all other
bodies or systems by distances which are great in comparison with its di-
ameter. Whether this system is associated with others to form a larger
system—a super-galaxy—and whether super-galaxies form still larger units
ad infinitum, is a matter for conjecture.

General Distribution of Stars with Reference to the Milky
Way.—Counts of stars, both bright and faint, in different
parts of the sky show that the star density, or average number
of stars per square degree, is greatest near the galactic circle
and in general diminishes with increasing galactic latitude.
Systematic study of this kind was begun in the latter part of
the eighteenth century by Sir William Herschel by the method
called by him ‘‘star gauging,” which consisted in counting the
stars visible in an eighteen-inch reflector having a field 15 in
diameter. He made 3,400 ‘‘gauges,” and his son Sir John
made 2,300 more with the same telescope in the southern
hemisphere. Their work has been confirmed and extended by

TABLE 14.3
AVERAGE NUMBER OF STARS PER SQUARE DEGREE, BRIGHTER
THAN PHOTOGRAPHIC MAGNITUDE #, IN DIFFERENT
GALACTIC LATITUDES ¢

m ¢=0° ¢=10° ¢=120°¢=30° 0= 50" o= 80°N,/Nu
5 0.045 0.038 0.028 o0.022 o0.016 0.0I3 3.3
7 0.36 0.30 0.22 0.17 0.13 0.11 3-4
0 2.8 2.3 1.7 1.3 0.95 0.75 3.7
1T 21 16.3 11.6 Q.1 6.2 4.5 4.7
13 146  108.5 74 54.5 35 22.5 6.5
15 gI10 660 400 270 154 2 0.9
17 4,800 3,500 1,820 1,000 550 300 16.0
19 21,000 15,100 6,000 3,400 1,545 820 25.6
21 74,000 52,000 21,000 8,700 3,500 1,800 41.1
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others, the most recent results being those of Seares and
van Rhijn, from whose “‘smoothed curves'’ are taken the data
of Table 14.3. This table gives, for certain values of galactic
latitude ¢, the average number per square degree of all stars
brighter than photographic magnitude m. In the last column
is given the ratio of the star density on the galactic circle itself
to that 10° from the galactic poles. The increase of star
density toward the Milky Way, especially for the very faint
stars, is sufficiently evident.

Galactic Concentration and Spectral Type.—Studies in the distribution of
stars of different spectral type, especially those made at Harvard from the
data of the Henry Draper Catalogue, show marked differences in galactic
concentration. It is found that, for stars brighter than magnitude 8.2,
there is little or no galactic concentration of F and G stars, that the K
stars are concentrated only moderately toward the Galaxy, and that the
concentration of A and especially of B stars is very marked indeed. Dif-
ferent degrees of concentration are shown by the M stars of different mag-
nitudes and different sub-types. While the brighter M stars show little or
no galactic concentration, that of the faint Ma and Mb stars is strongly
marked.

The Form of the Galactic System.— The first noteworthy
speculations on the structure of the universe appear to have
been published in 1750 by Thomas Wright, a scholarly English
amateur. His idea was advocated and developed by Herschel
and is strongly supported by Herschel’s “‘star gauges” and by
the counts of stars made by subsequent observers. It is
evident, as Wright suggested, that the region of space which
contains the majority of stars visible as such in our telescopes—
that is, the galactic system—is shaped generally like a disk with
a diameter several times its thickness, or like two saucers
placed rim to rim and bottom outwards; and that the Solar
System is far inside this disk. Looking toward its rim we see
vast numbers of stars (the Milky Way), most of which are
exceedingly faint because of their great distance. Looking in
either direction at right angles to its plane (toward either
galactic pole) we see fewer stars and especially fewer very
faint stars, because the stars which we do see in these directions
are relatively near.

The bifurcation of the Milky Way and the irregularities of

r
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its structure are due, according to Herschel, to irregularities
in the form of the disk or in the distribution of the stars;
and he suggested the cross-section of the Galactic System shown
in Fig. 153. According to a theory proposed by Easton of
Rotterdam in 1900, the Galactic System has the form of a flat
spiral similar to that of many spiral nebulee. A plan of this

FI1G. 153. CRoss-SECTION OF HERSCHEL'S GALACTIC SYSTEM

hypothetical system is shown in Fig. 154. At present we have
not sufficient data to decide between these two theories or to
verify either in detail. In either case the Solar System and its
stellar neighbors, probably including all the members of
Gould’s belt of bright stars (page 292), form no more than a
small local knot or condensation in
the vast galactic assemblage.

The Distances of the Stars De-
termined by Their Heliocentric
Parallax.—The relation between
the distance of a star and its
heliocentric parallax was pointed
out on page go. The heliocentric
parallax may be most simply de-
fined as the angle subtended at
the star by the semidiameter of g ;54 Pran oF THE Garac-
the Earth’s orbit, and this angle 'l{:a:STﬁiSTEM ACCORDING TO
is inversely proportional to the :
star’s distance. One second of arc is the angle subtended by
any line at a distance 206,265 times its length. A star which
has a parallax of one second is therefore at a distance of 206,265
astronomical units, one with a parallax of one-half a second is
twice as far away, one with a third of a second three times as
far, and so on, A star’s distance may therefore be determined
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by measuring its parallax, the method being in fact a triangu-
lation (page 82) in which the base line is the radius of the
Earth’s orbit. Great as this base line is, it is very small com-
pared with the distance of even the nearest star, and the de-
termination of star distances is very difficult because of the
slenderness of the triangle.

Success in detecting parallactic displacement in a star was first attained
almost at the same time—about 1838—by three different observers: Bessel,
in Germany, who measured 61 Cygni; Struve, in Russia, who chose Vega;
and Henderson, at the Cape of Good Hope, who observed a Centauri. Hen-
derson measured the star’s right ascension and declination with a meridian
circle at intervals throughout the year, and studied the vardation of these
co-ordinates; but the corrections for precession, nutation, and aberration
are enormous as compared to the quantity which he sought, and moreover
the instrumental corrections are mingled with the parallax because, like it.
they have a yearly period. The alternative method, which was used by
Bessel and Struve and is now adopted by all parallax observers, consists of
measuring the apparent distance of the star under investigation from a
number of comparison stars which are very near it in the sky. Since all
these stars are affected by precession and the like in the same way, and since
the great majority of stars which are likely to be used as comparison stars
are so far away that their parallax is insensible, this “differential” method
gives the parallactic displacement free from the troublesome corrections to
which the “absolute” method of Henderson is subject.

At the bottom of Fig. 155 is represented the orbit of the
Earth. A, B, and C are neighboring stars which, seen upon
the background of very distant stars at the top of the drawing,
seem to reflect the Earth’s motion in tiny parallactic ellipses.
The nearest star, A, appears to move in the largest ellipse.
The background stars are so remote that their parallactic
cllipses dwindle to points. Of course the size of the Earth's
orbit relative to the distance of the stars is, in the drawing,
grossly exaggerated.

Throughout the nineteenth century parallax measurements
were made either with the filar micrometer or with the helio-
meter, an instrument of great accuracy devised by Fraunhofer
for measuring the diameter of the Sun. These methods were
extremely laborious, and at the beginning of the twentieth
century the distances of less than a hundred stars were known.
Parallaxes are now determined almost entirely by measure-
ments of photographs taken with long-focus telescopes, a

PLATE 14.5. ToHE Mgy WAy IN THE RT-:(‘.IO,\" OF T_m‘-: SO‘I‘TII!-:R?\' Cross,
photographed by Margaret Harwood at Arequipa \\’1“3' II-_11_15*h lqlrj;s‘.t ]l]()zl:
May 12-13-18. Exposure 11 hours 39 minutes. I'he Cross is 1'1pri_..,n (‘nl“-iq
the centre of the plate and below it is the Coal Sack. 'I_hv Stars ‘}'.:I'I'I_l_ ] ol :]".:
appear relatively faint because of their yellow color. The bright stars nea

left edge of the plate are « and g Centauri
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PLATE 14.6. THE MILKY WAY IN

OPHIUCHUS

The Milky Way near ¢ Ophiuchi, photographed by Barnard with 10-inch lens

at Yerkes Observatory

The dark S-shaped nebula near the centre of
2 a nea > the upper plate aphe
Duncan with 1oo-inch Hooker }?{[:'ﬂt-?torp Fotosrerbad by

THE DISTRIBUTION OF THE STARS 301

method introduced by Schlesinger at the Yerkes Observatory
about 1903. At the present time (1926) nearly two thousand
parallaxes have been measured with considerable certainty.

I

- -

PF16. 155. HELIOCENTRIC PARALLAX

Units of Stellar Distance.—The Earth’s mean distance from
the Sun, which is convenient as an astronomic unit of distance
when applied to the Solar System, is much too small for use
between stars. A unit which brings vividly to mind the colossal
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distances involved is the light-year, which is the distance over
which light travels in a year. Since light travels 186,000 miles
a second and there are 31,500,000 seconds in a year, the pro-
duct of these two numbers gives the number of miles in a
light-year. It equals about 63,000 astronomic units, and bears
about the same ratio to the astronomic unit as the mile to the
inch. The distance of a star having a parallax of one second
would ‘be 206265 + 63000 =-3.26 light-years. The distance
of any star whose parallax is p seconds is 3.26/p light-years.
The parallax of the nearest star being about three quarters of
a second, its distance is 3.26 + 34 = 4.3 light-years. /

For many purposes, a more convenient unit is the distance
which a star would have if its parallax were 1”/. As a name for
this unit, English astronomers have invented the monstrous
word parsec. The Germans call it Sternweite. A parsec is
equal to 3.26 light-years.

Absolute Magnitude and Luminosity.—The apparent bright-
ness of a star depends upon both its intrinsic brightness and its
distance. If both the apparent magnitude and the distance are
known, it is easy to calculate the intrinsic brightness. This is
indicated by the absolute magnitude, which is defined as the
apparent magnitude which the star would have if removed to
a distance of 1o parsecs.

Let I, be the intensity of light which we receive from a star
whose parallax is p seconds, and I, the intensity of the light
which we should receive from the same star if it were situated
at a distance of 10 parsecs—i.e., if its parallax were o”1. Since
the intensity of a star’s light is inversely proportional to the
square of its distance, while its parallax is inversely proportional
to the distance itself, we have

L/l, = $*/(0.1)* = 100p2

But the difference of magnitude of two stars (or of the same
star at different distances) is equal to 2.5 times the logarithm
of the ratio of their brightness—that is, representing by m the
star’s apparent magnitude and by M its absolute magnitude
and substituting in the equation on page 283,
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M — m = 2.5 log 100p®
= 2.5 (log 100 + 2 log )
= 2.5 (2+ 2 log p);

or, very simply,
M =m+ 5+ 5 log p.

It is of great interest to compare the intrinsic brightness of the stars
about us with that of the Sun. The luminosity of a star is defined as the
ratio of the amount of light which we should receive from it to the amount
which we should receive from the Sun if both star and Sun were remove_d
to the same distance from us, say, ten parsecs. Representing the lumi-
nosity by L and the absolute magnitudes of Sun and star by S and M, re-
spectively, the fundamental equation (page 283) gives

log L=o0.4(S—- M).

“The absolute magnitude, S, of the Sun, is computed as follov?s: If x be
the number of astronomic units in ten parsecs, the Sun would, if removed
to that distance, be only 1/2? as bright as now; hence, if s and § be the
apparent and absolute magnitudes of the Sun, -

§—s=25loga%

The value of x is 63,000 X 32.6,and that of s (page 284) is — 26.72. Com-
putin‘g by logarithms from these values, it is easily found tl:lat_S = 4+ 4.85;
hence, the luminosity of any star of absolute magnitude M is given by

log L = 0.4 (4.85 — M)
= 1.04 — 0.4M.

The Nearest Stars.—In Table 14.4 is given a list of the
twenty-three stars (counting each double star as one) which are
known to have parallaxes as great as o”20 and therefore to be
within 16.3 light-years of the Solar System. Their distances
are exceedingly impressive. The nearest star, a Centauri, is so
remote that its light requires more than four years to reach us,
whereas the light of the Sun is only eight minutes on the way.
The distance of this star is more than 275,000 astronomic
units, and more than 4,600 times the diameter of the orbit of
Neptune. If the Sun be represented by a plum an inch in
diameter, « Centauri will be represented by a pair of plums
500 miles away. Proxima would be a speck about 20 miles from
the pair of plums. ~The most distant stars in the table would
be about 2,000 miles away.

No other stars are known to be so near us as these twenty-
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three. The smallest parallaxes that can be detected with s E 's % é.
certainty are probably about o.”o1, corresponding to distances 5 & g g £
of about 325 light-years. Not one star in a thousand of those £ §. E E 3 .
which can be observed in our large telescopes is so near us é e = t §§
e 2| imE 34
The luminosities are not less interesting than the distances. écﬁ £g g 28 8
Only four stars of the twenty-three—Sirius, Altair, Procyon, A A s 2
and « Centauri—are intrinsically as bright as the Sun; the e 3 R °
others are feeble dwarfs. These, however, are not good samples g7l .8 g ‘é’wg g %g L8q80858nEERS E.ng88
of the visible stars, for such a star as Proxima, for example, if HFE] J66 6 OwW6660 BOOCC000660060606 ©%96660
removed to a distance of 300 light-years, would be quite 0 o
invisible in any existing telescope. On the other hand, most 49| %22 & 8/I=ER 23RS ERNIBIRTA] 780328
of the lucid (naked-eye) stars are much more remote and more g I85] %6F 5 grupor SgeEsSsogdzaky pednags
luminous than any in the table. If the Sun were removed to § P
:lhai:;s:;gce of Altair it would be only just perceptible to the % é;ﬂ b ok s e ;;; ; ; ;;; _:: é; °§}3 ; :_2;
Spectral Criterion of Luminosity.—It was discovered by “ == - Oownn s Be & o
Adams and Kohlschiatter at Mount Wilson in 1914 that the E | BR B IBHISS 555 SRRl S e o aad
relative intensity of certain lines in star spectra of the F, G, K, £ i o (s il 3
and M types differed in the spectra of stars of different lumi- E | o + covomwo www @ wtwy 8 wa w0 © w+
nosity. By astudy of these slight but unmistakable differences £l & R SeoRER Ywo B 2825 58T 82 ~ §r
in the spectra of stars whose absolute magnitude could be P E TR i o i e o e P
determined from their measured parallaxes, curves were E
formed which correlated the relative intensity of the “magni- 3 g 20 8 BIINS IIR CIBOR I =¥ BE = I3
tude lines” (certain lines of hydrogen, calcium, strontium, and APRRI R o s gesmEn hiEm g OReN g 89 B U RS
iron) with the stars’ absolute magnitude. These curves then E =
give the absolute magnitude of any star whose spectrum can § oo g el e R Se Fwn SO
be distinctly photographed; and Yby reversing It)EZ formula c% gifa & R4 MM & M2 A3 F 3L AN0URAS
on page 303 it is then possible to derive at once the star's
parallax. ““Spectroscopic parallaxes” thus determined have gg 32w & 8BFvcn ZodiB+F-ndBon wTrxmaw
the great advantage over trigonometric parallaxes of being as i ::.2 sy h- e ) i, Welinde o
reliable for distant stars as for near ones. The method has e :I:t o AT L SRR IR S
been applied extensively at Mount Wilson and Harvard and o o8 R TRE EEE SR Sl et il B
in Canada and England, and has more than doubled the number : ! : ,ﬁ S ST ge Lty oid ST ik
of stars whose distances are known with a reasonable degree of é 5 g B st E‘E’,—% iRt w1 4B
accuracy. | SiBils AedgiB 83! Fi g fS
The Range of Stellar Luminosities.—There can be no doubt g é 'Egé. sé §‘§'§ 523 E:‘é é,"'ﬁg : ég ® E8
that “one star differeth from another star in glory.” At one s & 35S 6..8 S égg': §3:33 % B:%
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extreme are the feeble dwarfs like Proxima Centauri and the
companion to Procyon, which would certainly escape notice
were it not for their proximity to the Solar System, and of
which it would require ten thousand to equal the Sun; at the
other are stars which, at a distance equal to that of the Sun,
would outshine that luminary hundreds of thousands of times.
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- F1G. 156. CORRELATION OF ABSOLUTE MAGNITUDE AND SPECTRAL TYPE

Vega, at a distance of 27 light-years, has a luminosity of 53:
Capella, at 46 light-years, is 148 times as luminous as the Sun;
and the luminosity of Rigel, whose distance is not less than
400 light-years, is at least 13,000. The ninth-magnitude star
S Doradfis, in the large Magellanic Cloud, has according to
Shapley a luminosity of 600,000, and even this was exceeded
for a short time by the seventh-magnitude Nova that appeared
in 1885 in the great spiral nebula in Andromeda. The ratio of
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S Doradfis to Proxima is far greater than that of the most
powerful search-light to a candle.

Giant and Dwarf Stars.—Between 1900 .a.nd 1910, as
knowledge of the distances and luminosities (?f stars
increased, it became evident that many stars, esp§c1a11y the
red ones, fell into two well-defined groups to which Hertz-
sprung and Russell gave the names of giants and dwarfs.
Fig. 156 gives the absolute magnitudes and spectral ty"[_)es of
about 2,100 stars as compiled at Pasadena. The separation of

Fic. 157. THE 20-FOOT INTERFER-
OMETER OF THE MouNT WILSON
OBSERVATORY

‘dwarfs and giants is very conspicuous in the K and M types
and is noticeable in G and even in F, but the A and B stars
all appear to be giants.

Diameters of Stars.—Although the resolving power of existing tele-
sco?; is too small to show the stars as other than mere points, the apparent
diameters of a few have been measured since 1920 by an application of the
interferometer., The method was described by Michelson as early as 1890
and had been by Fizeau many years earlier. The observations
have been made by Pease and Anderson, using a special interferometer in
connection with the 100-inch Hooker telescope. A beam of structural steel,
attached to the upper end of the tube of the telescope, carries four mirrors,
the two outer of which can be moved alopg the beam so that their dasts;nce
apart may vary up to twenty feet. The light of the star is reflected by t esde
two mirrors to the two others which are near thg middle of the beam an
by them to the roo-inch paraboloid, after which it follows the usual course
of light in the Cassegrain form of the telescope and finally reaches 'ch.e1 eﬁ
of the observer (Fig. 157). The interference of the two beams of lig
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thus coming from a point of the star produces, instead of the usual circular
diffraction pattern (page 38), a set of exquisitely fine bright and dark
fringes which appear somewhat like the pickets of a fence. If the star’s
apparent diameter is great enough, then for a certain separation of the mir-
rors the bright fringes corresponding to one limb of the star fall upon the
dark fringes corresponding to the opposite limb, and the appearance becomes
that of a continuous band of light. From the distance between the mirrors
at which this disappearance of the fringes occurs the angular diameter of
the star may be accurately computed; and the real diameter in miles or

kilometers may then be found with a degree of accuracy about proportional
to that of the star’s parallax.
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F16. 158. DIMENSIONS OF STARS

From a knowledge of the effective temperature of a star, as
indicated by its spectral type, a value of the intensity of
radiation at its surface can be derived: and from this and the
apparent magnitude it is possible to infer the apparent diam-
eter even of stars that are far below the power of the inter-
ferometer. Confidence in such estimates was early established
by the interferometer measures of a Orionis, a Bootis, «
Scorpii, and a few other stars, which agree within a few

thousandths of a second with the estimates of Eddington and
of Russell.
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The results of both measures and estimates show that the
terms Giant and Dwarf apply to the size of t:he stars as well
as to their brightness, some of the red giants bemg large enough
to inclose the Sun and the orbits of the fc?ur inner planets,
while some of the dwarfs appear to hfwe diameters less than
that of Jupiter. Examples are given in Table 14.5 and illus-

in Figs. and 1359.
tratl\i;gs;smaisd I]gsenﬁﬁessif Stars.—Direct knowledge of the
masses of stars is obtained only from those double stars known

Fi6. 159. DIMENSIONS OF STARS

as binaries, in which the motion of two components is con-
trolled by their mutual gravitation. The masses of mosi_: of
these stars are quite comparable with that of the Sun. Edding-
ton has shown, by a mathematical study of the probable con-
dition of the igflerior of a star, that if the mass exceec-ls 1.0“
grams the pressure of radiation is so great jcha_t gravitation
could probably not hold the star together, while if the mass is
less than about 10% grams the star would not be hot enough
to shine. We should therefore not expect to find stars Pavmg a
mass many times less than that of the Sun (which is about
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2.10% grams), nor much greater than one hundred times the f S e
Sun’s mass. Upon the sub-atomic theory of the origin of a 4 888 88 » .
star’s energy, Eddington shows further that the masses of stars ‘é i ORI - §
should be the greater, the greater their luminosity; and this a § § § g & § : A
result is strikingly confirmed by the known masses of binaries. 1=0 S e 8o ++88mwmg? =23 f
From the measured or estimated diameters and masses of i e 5
the stars it is possible to calculate with a considerable degree 2é m'é’ 3 § e i e
of approximation their average densities, and these prove to g g 5 § c §30%%R8.0 5 88
have an amazingly wide range (Table 14.5). A giant such as s b bl i .
a Orionis is a prodigious bubble of rarefied gas, as tenuous as g‘ 38 8 &m0 g §§ b
the air in a fairly good artificial vacuum; a dwarf such as the 3 E 2 €8 ga roRRz = §
companion of Sirius is composed of material thousands of & E %g S @
times heavier than lead, of which a pint, if placed at the = ¥ @ S
surface of the Earth, would weigh more than twenty-five & I 4+ a1 sntfelwon wa o
tons! Z | 8 8 ®2 66ddanoma o+ =
Recent observations by Adams have confirmed at the same time the in- % = “ o o
credibly great density of this particular star and Einstein’s prediction of a g ol : %
gravitational shift in the spectral lines of a massive source of light (page 227). 0% T g B nnm © HE &
Inthecaseofmoststam.theEinsteineﬁectistooslightmbeeasuymeasmd Szl o o 8 98 gn-==-dgo 68 o
and besides is inextricably combined with the Doppler-Fizeau effect of the 28| 8 R BeT°
star’s motion. The motion of the companion of Sirius is accurately given 2B A &
by the orbit of the binary as determined from micrometer observations &2 )
(page 327), and so the Doppler shift can be allowed for; while its Einstein £ 2888 588888388888 8% §
displacement, due to the enormous value of its surface gravity, is more than E E 3 v w o
150 times that of the Sun. Aft.erallowingfortheknownDopplershift, EZ §§§ § § §§§§§§§§§, =]
Adams finds a residual redward displacement of 032 Angstrom units, in il - Bt i R
almgst perfect agreement with the Einstein displacement calculated by w5 K '*8*§> & % e %
Eddington from the star’s diameter of 24,000 miles and density of 53,000 :
X water. ThespectrumisofA‘typeandthestarisoneofthefewknown E 8 ok B
examples of white dwarfs, A F6% $§ 882.58¢883 g3 8
Despite its unheard-of density the star must, for Eddington’s caleulations & :6’ i : Z 2 2 e s W
to be correct, be in the gaseous state—that is, composed of freely moving & o
particles. Eddington suggests the reasonable view that these particles are = ® nw® o T B
nelthermolemdwnoratomsintheordinmysense,butﬁ'eeelectronsand f*"*—‘% 28 22388Y:8°888 °¥ ©
stripped nuclei, the ionization having proceeded to the extreme point where B.g = § S " a :u: 0o~
no revolving electrons are left to the atom. : 25 55 S8R :2538% BR
s ge Sk s © o000 _oO0O©@O0 ©0© o
Description of Representative Stars.—In Table 14.5 are : .Z > : i: 0o QR Ry w
given statistics concerning a few stars which are representative c% i 3 3% Md3S£3382 2 E 4:.-*
of giants and dwarfs of various spectral classes. ; g ML gg SRS :3}; E§§
- . X ol L adg .
Thepara]laxesoftheﬁrstsevenstarsinthetableare“s roscopic;” . g gggﬁo B -
the others are trigonometric. %eapparentdiamebersoftheﬁsevenlz;e '%:_E g E ggagﬁ%@?eggggﬁ
the results of measurement with the interferometer; the others are com- BE 2o Z4sbaz>EMA
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puted from spectral type and apparent magnitude. The masses of Sirius
and its companion, & Centauri, and Krager 6o are derived from their orbital
motion; the others were taken from Eddington’s mass-luminosity curve.

Life History of a Star.—The stars cover a wide range of
size, luminosity, density, and temperature; and, as it is unlikely
that any of these properties remain forever constant in a given
star, it is natural to consider them as indications of the star’s
age. Most astronomers now hold the view that, in general, a
celestial body begins its career as a visible star in the form of a
red giant of spectral type M (or, in the case of a few, of type
N, R, or S) and of relatively low temperature and extremely
low density; that with increasing age the diameter decreases
while at first the temperature, in accordance with Lane's law
(page 181), increases; and that after reaching a maximum
temperature as a white star of
class F, A, or even B, depending
upon its mass, the star cools, its
diameter continues to diminish
and its density to increase, and it
ends its visible career as a red
FiG. 160. Live-mstory or 4 Stax  AWarf; the process, of course,

occupying a period of time to be
expressed in at least many millions of millions of years. This
course of evolution is represented diagrammatically in Fig. 160.

The Period-Luminosity Relation in Cepheid Variable Stars.
—Variable stars of the'class which, from their prototype &
Cephei, is called the Cepheids (page 347) possess a remarkable
property which gives an indication of their distance, however
great it may be. This property was discovered by Miss Leavitt
at the Harvard Observatory in 1908 by a study of the small
Magellanic Cloud. She found many faint Cepheids in this
cloud and, upon determining their periods of variation in
brightness, found that the longer the period the greater was the
apparent brightness of the star. Since all the stars in the cloud
are at practically the same distance from the Earth, their
apparent magnitude must differ by a constant from their
absolute magnitude which therefore is also correlated with
their periods. Bailey of Harvard discovered in several of the
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globular star-clusters many Cepheid variables djsplaying the
period-luminosity relationship, and in 1917 Shapley pom:ted
out that, assuming the relationship to hold for all Cephen.:ls,
if the distance and absolute magnitude of one or more Cepheids
could be determined by independent means, those of all the
others and of the star clusters of which tl}ey are members
could be immediately obtained from their periods. He a:ccord-
ingly formed the curve shown in Fig. 161, eleven points qf
which he fixed with some precision from the absolute magni-
tively near Cepheids.
tm]il;aisst(;fnzzl: of tie Star Clusters.—Shapley has used several
different methods of estimating the distances of star clusters,
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F1G. 161. CORRELATION OF PERIOD AND LUMINOSITY OF CEPHEIDS

of which the method based on the perioc-ls of Cepheids is prob-
ably the best, and the results of the different methods show
good agreement. There is little doubt of the correctness of
his relative distances, although the absolute values of the Fes«:xlts
may be considerably in error. These results are astomshmg_,
to say the least. The nearest globular clt:}sterfs: as w Centat_m.
Messier 13 Herculis, and Messier 22 Sa.gmttaru_ are, acc:ordmg
to Shapley, about 20,000 light-years .away, while the Cpstance
of the most remote, N. G. C. 70060, 18 220,000. The light by
which we see these stars has been tra\felmg through space
since long before the dawn of hum_an 'hls.tc_)ry. At that dis-
tance, stars like the Sun would be quite invisible, and the many
thousands of stars that appear on lol?g-exposufe phPtographs
of these clusters miist be only the giants, while still greater
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numbers of smaller stars doubtless escape our detection,
The globular clusters appear to be all of about the same
diameter, of the order of 100 light-years.

For each of the Magellanic Clouds Shapley finds a distance
of about 100,000 light-years. The larger one is about 11,000
light-years in diameter and contains many great nebulz and

star clusters. One of these nebulae, of small angular extent,

covers about the same volume of space as the whole constella-
tion of Orion. The bright star-clouds of the Milky Way are
placed by Shapley at a distance of 50,000 light-years, or more.

Size of the Galactic System.—From elaborate investiga-
tions based on the proper motions (page 323) of stars and upon
counts of stars of different magnitudes together with the
known distances and luminosities of the nearer stars, Kapteyn
and others have shown that in the disk-like Galactic System
(page 298) the number of stars per unit volume of space falls
to about one one-hundredth of that near the Sun at a distance
of about 85,000 light-years in the plane of the disk and about
16,000 light-years in directions at right angles to that plane.
The disk may, therefore, be said to have a diameter of about
170,000 light-years and a thickness of about 30,000. Shapley
finds that the globular clusters, while at distances greater than
these, are grouped prevailingly near galactic longitude 325°
and close to the plane of the Galaxy, though none are so close
as 4,000 light-years to that plane; and concludes that the
clusters are component parts of our stellar system, which thus
has a maximum diameter of about 300,000 light-years; and
that the Solar System is situated about 60,000 light-years
from its center.

Distances and Sizes of the Spiral Nebule.—Hubble has
discovered a number of Cepheids in the two spiral nebule of
greatest apparent diameter, the great nebula in Andromeda
and Messier 33 Trianguli; and from the periods of these
variable stars has deduced distances of the order of 1,000,000
light-years. The diameter of the Andromeda nebula, if this
distance is correct, is about 50,000 light-years, while that of
M 33 is about 16,000. To an observer living on a planet
which circulates around a star in one of these nebule, our

L3
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Galactic System would probably have an appearance some-
what like that presented to us by the larger Magellanic Cloud.
The Little and the Great.—We have seen t-hat Astronomy
deals with dimensions ranging from the dlameter. of the
electron up to the distance to the spiral nebulec.- It is mte'r-
esting to express approximately some of the'se dimensions in
terms of centimeters, using powers of ten, as in Table 14.6.

TABLE 14.6
APPROXIMATE DIMENSIONS

Diameter of an electron. .. ...ccovveseeracrssssorsanns

-8 “«
Diameter of an atom. .. ....vvveuurreseessonaanarane 10 o “
Wave-length of visible light . . . ........oveiiiiiinann :z! z
Objective of Yerkes telescope.........c.ooviiivninann. o ¥
Radiusofthe Barth.......cciiennieiacenaossnsnnnnses & .
DistancefromEarthboSun....- ...................... 12“ “
Distance from Sun to a Centauri...........coovveiinn :o” 3

Distance from Sun to Andromeda nebula...............




CHAPTER XV

THE MOTIONS OF THE STARS

Proper Motion.—The stars, which are so often called “fixed
stars™ to distinguish them from the planets, in reality possess
rapid motions which are evident in different ways. When
observations of the right ascension and declination of a star,
carefully made on two or more different dates, are compared,
it is always found that the apparent position has changed. A
large part of this change is due to precession, nutation, and
aberration, which, being common to all stars in a given small
region of the sky, are sometimes called “‘common motions.”
These changes, and also the annual parallactic displacement
which is perceptible in the nearest stars, are of course really
due to the motion of the Earth. When all these effects have
been accounted for, however, there remain small and usually
random changes of apparent position which increase steadily
with the passage of years, and which, being proper or peculiar
to individual stars, are called proper motions.

Proper motion must of course be expressed in units of
angular measurement. It is in all cases small, only a few
seconds per century for most of the stars in which it has been
detected. It is determined by comparing star catalogues of
widely separated epochs or photographs made with the same
instrument at intervals of several years. The greatest proper
motion known is 10”3 a year, that of a tenth-magnitude star
in Ophiuchus which is usually referred to as “Barnard’s
proper-motion star,” having been discovered photographically
by Barnard at the Yerkes Observatory in 1916. The only
bright stars with a proper motion of more than 2” a year are
a Centauri, 37, and Arcturus, 2”3. These motions are so
slow that hundreds of years must elapse before the stars

change their alignment with other stars by an amount notice-
able to the unaided eye.
816
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Components of a Star's Motion.—Proper motion, bei'ng a
change of apparent position, depends upon three factors: the
actual speed of the star, its distance from the Solar System,
and the direction of its motion. Let the Solar Systen.l be at O
and let the star move in one year from A to B, as in any of
the three cases presented in Fig. 162. Tl-le distance AB,
which may be called the star’s space motion, can not 'Pe
determined directly, but only as the resultafxt of the radial
motion, AH, and the cross motion, AK, which are the pr}cl)-
jections of the space motion along and perpendicular to the
. line of sight OA. The proper mo-
tion will be the projection, ab, of
the space motion upon the celes-
tial sphere and will be measured
by the angle AOB or .

The cross motion may be com-
puted from the proper motion and
) the heliocentric parallax if these
are known. If D be the distance
of the star from the Solar System : " .
expressed in astronomic units, and if the proper motion u be
expressed in seconds of arc, the yearly cross motion 1n astrono-
mic units is pD/206,265. D is related to the heliocentric
parallax p by the equation

B 206,26 5.
4

hence, the yearly cross motion in astronomic units is eqfxal
simply to p/p. It is often desirable to have the cross motion
in kilometers per second. Denoting this number by x, we

have

(=]
Fic. 162, COMPONENTS OF A
Star’s MoTioN

e 149,500,000 4 4.742'
P 36534 X 24 X 60 X 60 P

as the reader may verify. : s
The radial motion is determined in kilometers per second by

measurements of the Doppler-Fizeau displacement (page 16.0)
in the lines of the star’'s spectrum. To the observed radial
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velocity must be applied a correction, known as the reduction
to the sun, for the motion of the observer; the result is the
radial motion of the star referred to the center of the Solar
Sy.st,t.am and represented by the line AH in the figure. With
existing spectrographs the radial velocity of a star can be
determined with an uncertainty of only about one kilometer
per second if the lines of the spectrum are numerous and
sharp, as they are in the case of G-type or redder stars; the
velocities of the hottest stars, which have broad, diffuse lines,
are not so accurately known.

The reduction to the Sun is the projection of the observer’ i i
velocity upon the line of sight to thertar, and comprisesetrviohgha?ts@znn:
due to the Earth’s rotation and the other to its revolution. The fom;er is
zero for a star at the pole of rotation (and would be zero also for an observer
aE the Earth's pole, wherever the star might be); for an observer in latitude
o° and a star in declination o°, it varies from — o0.47 km./sec. at hour-angle
6" to + ©.47 km./sec. at hour-angle 18", The annual part of the reduction
to the Sun is zero for a star at the pole of the ecliptic, while for stars on the

ecliptic it varies from o to + 30.27, depending on :
kb i of eer. 30.27, depending on the longitude of the star

The space motion of a star is the square root of the sum of
the squares of its cross motion and its radial motion. From
the foregoing discussion it appears that its determination
depends upon three distinct kinds of observation: that of
proper motion, by comparison of the apparent positions of
the star at dates many years apart; that of the distance of the
star, most directly determined by the heliocentric parallax
derived from observations of position about six months apart;
and that of radial velocity, from an observation of the spectrum.’
Proper motions have been studied since 1718, when Halley
detected the motions of Sirius, Arcturus, and certain other
sf.;ars by comparing their observed places with the positions
given in Ptolemy’s catalogue. Distances have been known for
some of the stars, as we have seen (page 300), since 1838.
Radial velocities were first measured by Huggins in 1867;
but his observations, being visual, were very inaccurate.'
Accurate photographic determinations of radial velocity date
from the work of Vogel and Scheiner at Potsdam about 1890
and that of Campbell at the Lick Observatory in 18¢2.
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Magnitude of Cosmic Velocities.—The great majority of
known velocities of stars relative to the Solar System are less
than fifty kilometers a second, and so are quite comparable to
the orbital velocities of the planets. A few stars move much
more rapidly than this, and about fifty are known to have
speeds of 100 km./sec. or more. Table 15.1 gives the velocities
with respect to the Solar System of some of the most rapidly
moving stars.

The columns at the right of that which gives the star’s declination con-
tain the following data: the annual proper motion, u; the position angle p

*(page 327) of its direction; the heliocentric parallax, p; the radial velocity, V;

the cross motion, x; and the space motion, S.

Slightly higher velocities than these are found in the globular
star clusters and Magellanic clouds, and much higher ones
in the extra-galactic nebule. As the great distances of these
objects preclude accurate determinations of their cross-
motions, our information consists of radial velocities only.
About sixty such velocities have been determined, chiefly by
Slipher at the Lowell Observatory. The highest known is that
of the spiral nebula N. G. C. 584, which is receding from us
at a speed of 1,800 kilometers a second. It is a remarkable
fact that the majority of these remote objects have a positive
radial velocity—that is, are receding from the Solar System.

As early as 1903, Frost noted that the B stars moved more
slowly than others, and in 1910 it was discovered by Campbell
from radial velocities and by Boss from proper motions that
the average velocities of stars increase in passing through the
spectral series from B to M, being about 6 km./sec. for the B
stars and about 17 for the M stars. Kapteyn, Adams, Strom-
berg, and others have since pointed out that the dwarf stars of
each type have higher velocities than the giants of the same
type.

The Motion of the Solar System.—If all the stars were
known to be fixed relative to one another, as by a framework,
their apparent motions would necessarily be explained by a
motion of the observer relative to the frame. Since the
apparent displacement of a star produced by the Earth's
orbital motion is in a closed curve, progressive changes such
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TABLE 15.1

STARS OF RAPID MOTION
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as proper motion and radial motion could be produced only by
a progressive traveling of the whole Solar System.

Let the circle in Fig. 163 represent the infinite celestial
sphere, and let the Sun, carrying the Earth and the other
planets with it, move from S to 5" in a hundred years, while
the stars remain at rest. The proper motions of stars B, C, D,
etc., would be in the directions of the arrows, away from the
point X toward which the Sun is moving and toward the
opposite point N. The size of these proper motions would
depend upon the speed of the Sun’s motion, the star’s distance
From us, and the star’s angular distance from the point X,

FI1G. 163. MOTION OF THE SOLAR SYSTEM

being zero for stars A and E. The radial velocity of star A
would be negative and that of E positive, of a numerical value
equal to the speed of the Sun; while the radial velocities of
other stars would be less, depending on their apparent distances
from X or N.

The fact that the stars are not at rest complicates matters,
but by taking the average apparent motion (proper or radial)
of a number of stars in each of many parts of the sky the solar
motion may be determined with respect to the system of stars
so chosen. The problem is analogous to that of the motion of
a pedestrian through a swarm of gnats; the average of his
velocity with respect to a number of the gnats should give his
velocity with respect to the swarm, although the individuals
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of the swarm may be flying i alie )
speeds. ying in many directions at different

As early as 1783 Sir William Herschel inferred from the

proper motions of thirteen stars—all whose motions were then
%mown—-—that the Solar System was traveling toward a point
in the .constella.tion Hercules; but, not knowing the distf:nces
or radial velocities of any stars, he was unable to estimate the
speed. ' Herschel applied the term apex of the Sun’'s way to
the point X toward which the Sun is moving, and calledyth

opposite point N the antapex. ’ 3

Herschel and others impro i iti i
became known, and when ?hst‘;.efm}su leombet:}aa;ea:\?;;aogﬁl gmwsmzrﬁ

speed of the Sun were made. During the twentieth century, more accurate

determinations of the solar i z
o v v hotion Dave Hewi, tiede By g SN SNL

From the radial velocities of 2,0

; r ,034 stars, Campbell
Moore _ma(-ie in 1925, at the Lick Observatory, thepfollow?innd
determination of the motion of the Solar System: 3

Right ascension of apex....17" 55m.8
Declination of apex........ + 2722

e R R SR 19.0 km. /sec.

This result does not differ materially from the results of other
careful determinations made from large numbers of miscellane-
ous stars The apex is not far from the direction of the star

Herculis, and the antapex is in the constellation Columb ;
about 15° south of Rigel. Expressed in other units, the s e{;li'
of the .Sun. with respect to the group of stars ua;.ed inpthis
de1':erm1nat1on is about twelve miles a second, four astronomi

units a year, or one light-year in 16,000 years. Only ten millic:r?
years ago—not very long, speaking astronomically or geologi-
callyjour system was about 600 light-years in the rear of ig:s
ftr;sser:)f g?i.s;::?n, in the general neighborhood of the bright

As nearly as may be determined from the i

fnotion qf the Sun, and also that of every othec:'bissz‘ar::amsl:;rth'e
in a straight line; the curvature due to the attraction of tI;ls
stars is too small to be detected. o
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Motus Parallacticus and Motus Peculiaris.—The apparent motion of a
star away from the solar apex or toward the antapex, which it possesses in
virtue of the Sun’s motion relative to the whole aggregation of stars, is
called its motus parallacticus or secular parallax; the remaining apparent
motion when this is eliminated from the proper motion is called the molus
peculiaris. On the assumption that the peculiar motions of the stars in a
group are random, the average of their proper motions is the secular parallax
of the group. Spectroscopic observations having given the speed of the
solar motion, the motion of the Solar System in a long interval, say a hun-
dred years, affords a long base line from which the secular parallax gives
the distance of the group. It was from studies of this kind that Kapteyn
estimated the size of the discoid Galactic System (page 314).

* Moving Groups of Stars.—Studies of proper motions have
disclosed a number of groups of stars whose proper motions
are either nearly equal and parallel or along converging great
circles of the celestial sphere. One of the best examples is that
known as the Taurus moving cluster which comprises thirty-

nine stars, many of which belong to the X
Hyades. L.Boss found that the proper >
motions of these stars converge toward a 6

point of the sky a little east of « Orionis.
Since, from the effect of perspective, ap- © x
parent convergence results from actual P Al_r?gk DEsamne
parallelism, it is reasonable to suppose that DISTANCE OF A
the space motions of these stars are paral- it i
lel; and this is confirmed by the com-

puted space motions of a number of the stars for which radial
velocities have been obtained. Moreover, the space motions
are equal within the probable value of the errors of observation,
and it is highly probable that they agree within a small fraction
of a kilometer per second; for if they did not, the cluster could
not remain compact for many million years and it is unlikely
that its age is not far greater than this. In other words, these
thirty-nine stars must be moving through space in a squadron

while preserving their mutual distances.

If, in addition to the proper motions of the stars in a moving group, the
radial velocity of one of their number can be obtained, the cross motions,
space motions, distances, and luminosities of all the stars of the group may
be readily and accurately computed. To explain this, let the Solar System
be at O (Fig. 164) and let the space motion of one of the stars of the group
be from A to B. Draw the line OX parallel to AB; it will meet the celestial
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sphere at the “convergent” of the movin -group—i.

t . g star LBl At i
:lo;:rd v;]'uch the proper motions converge, for paralfc;_'li;&s amezlleago:;:
tameceofotht;hzt:relt;ilal :P;:here. The a]ngle AOX (which is the angular dis-

unice m the convergent equals the angle CA B mad
g;rflon osedthe star’s motion with the line of sight. The raﬁjizlev.?l};c?;:
3 hgresinB d by the side AC of the rectangle ACBD, of which the space
radialn 5 Ce:s atxl:g cggsnalétgnd 1;!)1: cross motion is the side 4 D. Let the
; - motions i
i B g V, S, and x, respectively, and let the

[.r’
S=cos8andx=Ssine.

The heliocentric parallax i ected.
, proper motion, and cross motion a
as we have seen (page 317), by the relation R '
X = 4.74 #/p,

from which the parallax, and hence the di i
! , 8 e distance and luminosity, of th
may be found. Since S is common to all the stars of the gr):):.t;, wlﬁ:ilzta;

and @ are kn f e :
e i grc:v: or each, a similar computation may be made for every

It is known in this way that the stars of the Taurus moving
cl_uster occupy a roughly globular space some 32 light-years in
diameter and 130 light-years away ; that the stars of the. group
are from 3 t.o 100 times as luminous as the Sun:! and that their
space velocity is about 46 km./sec. Presumably, there are
among the stars of the group many interloping star’s which do
not partake of the group motion. About 800,000 years ago the
group passed its perihelion at a distance of about 635 light-
yea;srs. After about 63,000,000 years more it will have receded
Zc':an‘itzf_ to appear as a sparse globular cluster about 20’ in

A_nother celebrated moving group is that known as the Ursa
Major system, which consists of about a dozen stars including
ﬁve. stars of the Big Dipper and also Sirius, « 'Coronae B
Aur?ga, and 8 Eridani. These stars are from 7 to 400 times' as
luminous as the Sun, occupy a disk-shaped region of épace
100 1.;: 175 light-years in diameter, and move with a speed of
:ﬁtair_. /sec. toward a point in the Milky Way southwest of

The stars of the Pleiades have a common proper motion,

! In addition to these thirty-nine giants 's origi
dwarfs are now known to belgng to E:ilso i e gue s i g
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and so do those of Prasepe. Other moving groups are found
:n Perseus, Orion, and Scorpius. The Pleiades and Perseus
appear to be at a distance of about 330 light-years, Preaesepe at
400, and Orion at 6oo light-years.

Mot ons of Different Classes of Cosmic Bodies.—When the
bodies outside the Solar System are divided into classes, as
giant stars of different spectral types, dwarfs of different types,
long-period and short-period Cepheids, moving star groups,
globular clusters, galactic nebule, extra-galactic nebule, etc., it

_is found that the motions of these different classes vary greatly.

Stromberg of Mount Wilson has recently made an extensive
study of this kind, considering the motions under two aspects:
the motion of the individuals of each group and the motion
of the group. These motions are like those of gnats in swarms
—the individuals buzz about within the swarm and at the
same time many swarms may be moving at different speeds
and directions across a summer landscape, even interpenetra-
ting without mutual interference; but among the stars the
individuals are much farther apart as compared to their size
than among the gnats, and interpenetration is more general.

Stromberg obtained two highly interesting results: First, the
range of speed of the bodies within the groups is greater, the
greater the group-motion. The motions of the stars in most of
the classes within their groups are greater than the group-
motion and are prevailingly in two opposite directions, a fact
which was detected a quarter-century earlier by Kapteyn and
attributed by him to two streams of stars flowing in opposite
directions. Second, the various swarms or classes of bodies are
moving, as if along a great cosmic thoroughfare, toward a
point which to us appears in the Milky Way, in a 20" g40™, 8
+57°, near the border of Cygnus and Cepheus. The group-
velocities along this axis, taken relative to the Sun, vary from
o km./sec. for the long-period Cepheids to 300 km./sec. for the
globular star-clusters and spiral nebule.

It is of great interest that recent repetitions, by D. C. Miller of Cleve-
land, of the celebrated Michelson-Morley experiment (page 226) for detect-
ing the Earth’s motion through the ether have given indication of a relative
drift in the direction of Strémberg’s cosmic thoroughfare, as if the ether
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were fixed with respect to the system of spiral nebulae, while the Solar
System and most of its neighbors drift through it.

Binary Stars.—The term double star is sometimes applied to
any two stars that lie close together on the celestial sphere.
Ptolemy applied the Greek equivalent of the term to » Sagittarii,
which consists of a pair of fifth-magnitude stars about 14’ apart.
Similarly, Mizar and Alcor, in the handle of the Great Dipper,
which are separated by about 12’; & and a; Capricorni, about
6" apart; and e Lyre, in which the separation is 314’, might be
called double stars. In the stricter sense in which astronomers
use the term, however, it is applied only to pairs in which the
separation is not more than half a minute, or is even much less
if the stars are very faint. A remarkably large number of
stars are shown by a good telescope to be double, and many
more have invisible companions which manifest their presence
by their effect upon the motion or brightness of their pri-
maries. .

Until late in the eighteenth century it seems to have been
generally assumed that the two components of a double star
were in reality far apart and that they appeared close together
merely through being almost in line with the Solar System,
one behind the other. In 1789 Sir William Herschel began a
careful study of double stars in the hope of detecting the
parallactic displacement of the nearer component with respect
to the more remote; but instead, after a number of years he
found in a few pairs an orbital motion of one star around the
other, showing that the two were really near together and
subject to their mutual gravitation. To such a pair of
physically connected stars Herschel gave the name of binary
star. It is probable that the majority of the 20,000 or more
close visible double stars are binary, but in most cases the
orbital motion is so slow that it cannot be detected until after
many years’ observation.

The presence of an invisible companion is detected in many
cases by the spectroscope through the change of radial velocity
produced in the visible star by orbital motion; in many others
it is revealed by the change of brightness of the visible star when
the companion passes before it. Stars whose duplicity is dis-

closed by the spectr et
hose whose companions produce iati of br
:)cculting their primaries are called eclipsing binaries, or, from
the name of their prototype,
classification, being based on meth
represent a difference n t
rr?gtions. Many stars of each of the three classe

to another.
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e are called spectroscopic binaries;
i tions of brightness by

8 Persei, Algol variables. This
ods of observation, does not

heir
eal nature of the stars or of t
poe s belong also

The Study of Visual Double Stars.—The appearance of 3
double star is described by the magnitude, color, separation an

(]
F1G. 165, MEASUREMENT OF POSITION-ANGLE AND SEPARATION
. .

iti i . The separation (denoted by
n angle of its components ar
E)()?lst?xpressedg in seconds of arc. The position angl.e gden?ltizﬁ
t carcle w
is defined as the angle between th.e grea :
E?se?tslsthiet;o stars and the hour circle bisecting the brighter,
and is measured from the north through the east.

i i ter (page 45)
and 6 are measured with the ﬁla{' micromet
'?}?o:salﬁt%i f)eginnm' g of the night's work a trail reading 1s tal:::; I:.lp;l;
8151 ¥ tlon circle of the micrometer by turning th_e telescop% i
1cfl1:f;=1.!i1'1p?g&clcu:lv: stopped, to an equatorial star and placxfnﬁh thf‘ s;psa e’li:h e 2
iIs, in its di otion, along one of the lines. :
that the star trails, in its diurnal m 5 e it
exactly parallel to the equator and go° added ;
ﬁ g:z‘ltian drgle whic';l corresponds to ’the e:dt-pm:g.l g‘l&res I:1.;1119. s:a;rta]:;ﬁ:::
5 ding.” The telescope is then turned to the double i

g; t}z:’.mli::s placed so as 1o bisect both oomponet.:ts arE fi:. ﬁétf;gs t;rc'fs'

readi ition-circle in the direction of the star 1
%he This :‘egac;i;h;ﬁmtg ::aroereadi.ng is the position angle which, in
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t;:c figure, '15 ahoutog45°. After a number of settings are thus made and
¢ mean mLken: 9o 1s added to the mean and the micrometer is turned to
this setting, which brings the spider lines perpendicular to the iinc joinin
tlju‘two stars. '1_‘11@ s#_epamtion is then measured by turning the micri}mebcﬁ
:;i{.n.T\' u{ntﬁl one line Inscct_.s each stm:, as at BB, CC, then interchanging the
nes, placing the second line on the first star and the firs¢ line on the second:
the difference l;e_twcen the readings of the screw, multiplied by the microm’
cte.r constant, gives fwice the distance between the stars in seconds '[‘hi;
}neasur_cr_ncnt also is of course repeated several times, and the rcsult;; both
it_-np(:ismgn angle and separation, are carefully recorded. In the hand‘s of a
sf) ;‘tl:l o serverl, the wI_m[c operation requires only about ten minutes.
ible-star Astronomy is one great field in which visual observation has
not been largely superseded by photography. 5

1908 July 21
y 1915 \Se,or.z 1920 Jm'y lo

FiG. ; : ARY
i Wit vy Tas e B i iessoun Seis: Pk
When an observation of this kind is repeated after the lapse
of many years, if the star is a binary it will be found that
or §, or more often both, have changed (Fig. 166); and by
means of successive repetitions—usually by successive genera-
tmn? of observers, for most binary periods are long—the orbital
motion may be followed through a complete revolution. To
det-ermine the relative orbit, a graphical method is used in
whfch the brighter star is represented by a fixed point through
W]‘ll?h passes a fixed line representing the hour circle. A con-
venient scale being chosen to represent seconds of arc, the
observ_efl positions of the companion are then plotted acco;ding
to position angle and separation. Except in a few cases where
the motion is disturbed by a third body, the plotted points
are found to lie, within limits set by the errors of observation
upon an ellipse (Fig. 167). '
' While the bright component always lies within the ellipse
it does not,.in general, appear at the focus. This is an effect o';'
fqresh::rtenmg; we do not usually see the binary from a
direction perpendicular to the plane of its orbit, but obliquely.
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The law of areas, however, is obeyed by the line joining the
stars in the apparent as in the true orbit, since the projections
of the areas on the plane tangent to the celestial sphere are
proportional to the areas in the orbit. By mathematical
analysis it is possible, from the apparent orbit, to compute all
the elements except the direction of the inclination; from visual
observations alone it cannot be determined whether, at a

f the orbit, the companion is approaching or

given point o
so can be decided

receding from the Earth, but this question al

T =i EEES

-
| PO TP N T . :
Fi16. 167. Tue Orpir oF KRUGER 60 AS DETERMINED BY AITKEN

if even a single determination of the difference of radial velocity
of the two stars can be secured. The value of the semi-major
axis which results from the computation is necessarily expressed
in seconds of arc; if the star’s parallax is known, this may be
transformed into astronomic units, and the sum of the masses
may then be found (page 220).

While thousands of visual binaries have been discovered, the
orbits so far determined number only about 100; the periods
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of most are centuries long, and the
: : y have not yet been ob
over a sufficient arc of their orbits. it b 554

4 fﬁ:p;r;zouon Crgmfonusle—sﬁdyméy cases :.Jre kgown in which two stars,

bt i S el e atioss sl bt ool e stampmpupamgemm;

Many of these are doubtless near enough st et : iy
: ) together to produce orbital i

their mutual attraction bein % o e
helr 1 t 1 g greater than the attraction of other stars

;g.:ae :ut!:oﬁ:fjlr %en%ds are cio long that no curvature of their pal;hss hasfz;

. Besides such pairs of this kind as form close doubl
the most noteworthy case is that of Proxima and a Centauri, whic?-asi::.fé

B
Fi16. 168. Orsits oF THE COMPONENTS OF A SPECTROSCOPIC BINARY

practically identical proper motions and parallaxes yten

: T . According to

%hotlaa];tém 46 Taur_i has a space motion equal and parallel tﬁ thai";f the:
, and so in a sense forms a very distant companion to the Sun.

The Study of Spectroscopic Binaries.—In the discussion of
the problem of two bodies (page 215) it was noted that the
center .of mass of two mutually gravitating stars is unaffected
by their motions and moves uniformly in a straight line whil
the_ stars revolve in similar ellipses with the center of mass a?;
their common focus. Fig. 168 represents the orbits of two
equally massive components of a binary whose center of mass is
at C. By definition, the straight line joining the two stars
must always pass through C; hence, when one star is at A;
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the other is at By; when the first is at A, the second is at Bz;
ete. Suppose the Solar System is in the direction of the right
side of the page. From position 3 to position 6 star A will,
relatively to the center of mass, recede from the Solar System,
while B approaches it; during the remainder of the revolution
B will recede and A will approach.

The binary character of a star may be discovered spectro-
scopically in one of two ways, depending on the relative
brightness of the components. (1) If one star is much brighter
than the other, its spectrum alone will impress the photographic
plate and its lines will be displaced alternately toward the red
and toward the violet from the position corresponding to the
velocity of the center of mass as the bright star alternately

km/sec.
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Fic. 169. Tre VeLocity CURVE OF ONE COMPONENT OF A SPECTROSCOPIC

Binary (Boss 2447—SANFORD)

recedes and approaches. (2) If the two stars are about
equally bright they will be represented equally in the spectrum;
then, when the lines of one are shifted to the red, the lines of
the other will be shifted to the violet, as would occur at points
4, 5, and 8, while at points 3 and 6, where both stars are moving
perpendicularly to the line of sight, the two spectra will be
superposed. Thus, in case (1), all the lines of the spectrum are
displaced together; in case (2), those lines which are common
to both spectra appear alternately single and double. The two
cases are illustrated in Plate 15.1.

Usually, of course, the plane of the orbit is inclined to the
line of sight; the observed radial velocity, when reduced to the
Sun, is then the projection, upon a plane containing the line
of sight, of the resultant of the orbital motion and the motion
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of the center of mass. If the orbit plane be perpendicular to
the line of sight, the motion cannot be detected by the spectro-
scope.

The nature of the orbital motion of the observed component
is revealed by plotting the radial velocity, reduced to the Sun,
as ordinates of a curve in which the abscisse represent time
counted from a fixed epoch. This curve, called a velocity
curve, is sinuous in form and repeats itself exactly if the
motion is truly elliptical. If the orbit is circular, the velocity
curve is a simple sine curve; otherwise, the ascending and
descending portions are not of equal steepness. In Fig. 169
is shown the velocity curve of a binary of which the spectrum
of only one component has been observed; in Fig. 170 are

km/sec.
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VeLocity Curves oF Botn COMPONENTS OF A SPECTROSCOPIC
Binary (Boss 373—SANFORD)

I'G. 170.

shown the velocity curves of both components of a binary
where the two are about equally bright. The circles in either
figure represent observations, and the height of the dotted line

represents the radial velocity of the center of mass of the pair
of stars,

It may be proved that the top and bottom of the velocity curve corre-
spond to the points where the star crosses the plane through the center of
mass and perpendicular to the line of sight; also, that a horizontal line bi-
secting the area of the curve represents the velocity of the center of mass.
By mathematical analysis all the elements of the true orbit may be com-
puted except the separate values of the major axis and the inclination of
the orbit to the plane tangent to the celestial sphere; instead of these, the
quantity a sin i may be found in kilometers, which sets a minimum value
to the major axis. The mass cannot be found without a knowledge of the
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mdsin® ¢

i i f the observed
inclination, but the quantity . Where m is the mass o taE :
component and M the sum of the masses of both, may always be found.

The components of spectroscopic binaries I?eing it.l gen.erg.l
much closer together than those of visual binaries, the1f periods
are much shorter—in some cases, less than a day—and informa-

=
i, 8
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FIG. 171. LIGHT-CURVES OF ECLIPSING BINARIES

i ncerning their orbits accumulates fnuch fa.s_ter.
11:81,10:11101.(:;}1cspectrgoscopic binaries have been stud.tedk:nly 51:;:3
1888, more than 1,000 examples are now (i926) known,
the number of computed orbits ?.lready exceeds 250. gl

The Study of Eclipsing Binanes.——Supp?se jcwo e;lu hicl;
one luminous and the other opaque, revolving in a p anelwttm.l

passes nearly through the Solar System.. At each revoluti t.
the dark star must pass in front of the b1:1ght one and mf,eac:ge
a part of its light; but during the remainder of the perio 4
bright star would shine with constant. luster. Plottmghmagn :
tudes as ordinates and time as a.b_smssse, we should then f}ie
a light curve somewhat like A, Fig. 171. 'Now supposg oo
dark companion to be smaller than the b.nght star an s
inclination of the orbit to be such as to project the co%];:ar;; h{-,
at eclipse, wholly upon the surface of the primary. ed %he
at minimum would then be constant f.or a short time ;.nt o8
light curve would be as at B. Thirdly, suppose tha it
companion were not perfectly dark, but shone faintly by its o
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light; the companion would then not only eclipse the pri
but would be eclipsed by it a ha]f-peric):d lailz)er, przgllfcri‘;?;
secondary dip in the light curve as at C. Finally, suppose the
stars to be equal, both in diameter and in luminosity, and that
the:y revolve almost in contact so that the intervai between
eclipses is short; the light-curve will resemble D', Evidently
much may be learned about an eclipsing system from the fom;
of its light-curve. '
Thc:: eponym of this class of stars, Algol, was recognized as
a variable star by Goodricke in 1783. Observations with the
naked eye result in a light-curve similar to A, and Goodricke
suggested the explanation which is now known to be correct
namely that the star, although appearing single in all telesoopes’
had a close, dark companion revolving in an orbit turned'
~ edgewise to the Earth in the period of the observed light-
changes, "’.d 21*. This explanation was confirmed by Vogel of
P:otsdam in 1888 by showing the star to be a spectroscopic
bmz;ry, the maximum velocity of recession occurring a quarter-
period after the eclipse and the maximum velocity of approach
a quarter-period before, while during eclipse and a half-period
later the velocity is equal to that of the center of mass. All
Algol variables which have been investigated spectroscop.ically
have shown similar variations of radial velocity, and there is
no question that all variable stars of this type are binaries
: Fror}q the form of the light-curve of an eclipsing variabl;a it
is possible to compute, not only the elements of the orbit t,)ut
also many details concerning the size and luminosity of' the

two components. The theory has been extensively d
_ eveloped
by Russell of Princeton and applied by Shapley. 7 ;

starSoEetthane be:sd off Special Interest.—Mizar, ¢ Ursee Majoris, the bright
. of the handle of the Great Dipper, was the first visual
oubfle_l and also _the first spectroscopic binary to be discovered. The vis 1
duplicity was discovered by Riccioli of Bologna in 1650. Tiw two COII::
ponents are 14"’ apart, of 2.4 and 4.0 magnitude. No orbital motion h ]
been found, but both components of Mizar, and also Alcor, 11’ euwraﬂs
lp;artake of the common proper motion of the Ursa Major G*roup’(page 32 )}."
rom the group motion, the distance from the Solar System is well determin:ci

1 Curve D might also be produced by a single star, whi
ey ! : » which had the form of a
np:zr " inpu;e ph::gf\:tl:{;g J:tt:rt.ed around a minor axis with the Solar System
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at 72 light-years, and so the distance from Mizar to Alcor is no less than
a quarter of a light-year, while even the components of Mizar are at least
300 astronomic units apart—ten times the distance of Neptune from the Sun.
In 1889 E. C. Pickering found with the objective prism that the lines of the
spectrum of the brighter component of Mizar were alternately double and
single, showing it to consist of a pair of almost equally luminous revolving
stars. The period of this pair is about 20.5 days. In 1925 Pease measured
the distance and position angle of this close pair with the interferometer
at Mount Wilson, finding a separation of from o"or1 to oforz. By com-
bining the spectroscopic and interferometric data, the elements of the real
orbit were determined; the eccentricity is .53, the inclination to the plane
perpendicular to the line of sight is 50°, and the sum of the semi-major axes
of the two absolute orbits is 429,000,000 kilometers—somewhat greater than
the méan distance of Jupiter. In 1908, both Alcor and the fainter com-
ponent of Mizar were found, by Frost at the Yerkes Observatory, also to
be short-period spectroscopic binaries.

Castor, « Geminorum, was found to be a double star by the English
astronomers Bradley and Pound in 1719. The magnitudes are 2.8 and 2.0
and the separation is about 6.” It is certainly binary, but the period is so
long that it cannot yet be accurately determined; the most probable value
is about 350 years. Both components are spectroscopic binaries; the orbit
of the fainter is nearly circular, with a period of 3 days and a radius which
may be as small as 1,300,000 kilometers (about three times the radius of
the Moon’s orbit), while the period of the brighter is ¢ days, its eccentricity
0.50, and the minimum possible value of its semi-major axis about the same
as that of the fainter. Both components of the visual pair are of Ao type.
More remarkable still, at a distance of 73"/ from the bright pair is a ninth-
magnitude M-type star which shares the parallax and proper motion of
Castor and which, as found by Adams and Joy in 1925, is a spectroscopic
binary with alternately double and single lines, of which those of hydrogen
and calcium are bright (Plate 15.1). The period of this extraordinary pair
is about 0.8 day. The distance of Castor from the Solar System is about
44 light-years; hence, its visual components are about g5 astronomic units
apart (three times the distance of Neptune from the Sun), while the bright-
line dwarf companion is about 1,000 astronomic units away.

Unusually exact information has been obtained about Capella, which was
found to be a spectroscopic binary by Campbell in 1899, the period being
104 days and the orbit nearly circular. Soon after this discovery, the star
was reported to have been resolved visually by ten observers at Greenwich;
but it is now certain that the separation of the components is below the
resolving power of any existing telescope. In 1021 Anderson and Merrill
succeeded in measuring the position angle and separation with the inter-
ferometer. From their work and that of Campbell are derived the elements
@ = 0."0536 = 126,630,000 kilometers (between that of the Earth and that
of Venus); i = 41%8; m = 4.2 X Sun, mz = 3.3 X Sun; heliocentric parallax
= 0."0632, distance = 52 light-years. Capella has a tenth-magnitude, M-
type, proper-motion companion situated at a distance of 12,

a Centauri has the largest apparent orbit of any known binary. Its orbit
is highly eccentric (e = o.51) and also highly inclined (i = 79°%). Its apparent
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distance varies from 2’ to 22’’. The actual distance varies from 11.4 to
more than 35 astronomic units.

The visual binary having the shortest known period is 6 Equulei, period
5.7 years. The apparent semi-major axis of its orbit is only o.”"27. The
spectroscopic binary having the shortest known period is v Ursae Minoris,
period o.1r days. The value of a sin i for this binary is only 35,000 kilo-
meters, and this is outdone by the brighter visual component of 7 Cygni,
which is a spectroscopic binary with ¢ sin § = 1 5,000 kilometers—about a
quarter of the distance of the Moon from the Earth. The visual binary 42
Come Berenicis, period twenty-five years, is distinguished for having an
orbit plane which, according to See, passes directly through the Solar System.
If this is precisely true, the star must be an Algol-type variable with an eclinse
about every thirteen years; but the event would be very brief, and, as its
precise time cannot be predicted, it has never been observed.

The companion of Algol was considered to be perfectly opaque until the
work of Stebbins with the selenium photometer in 1910 showed the existence
of a minute secondary minimum in the light-curve, and that the curve sloped
slightly upward preceding this minimum and downward following it. From
the spectroscopic elements, the form of the light curve, and the parallax of
0’03 determined by Kapteyn and Weersma, it appears that the brighter
star has a radius of 1.45, a mass of 0.37, a density of o.12, and a luminosity
of 160, all in terms of the Sun; and that the companion, of radius 1.66,
mass o.18, and density o.04, is brighter on the hemisphere which is turned
toward the primary, that hemisphere having a luminosity of 17 and the
other 1o0. The orbit is circular, radius 1,600,000 kilometers. There is evi-
dence of an invisible third body in this system.

The binary system of Sirius, which is of great interest, has already been
discussed (pages 216, 310).

Spectroscopic Binaries with Stationary H, K, and D Lines.—A number
of Class B stars, of which ¢ Orionis and { Scorpii are celebrated examples,
are spectroscopic binaries in the spectra of which the H and K lines of ionized
calcium do not partake of the shift of the other lines due to orbital veloci ty.
In every such case, the H and K lines are sharply defined instead of broad
and diffuse as in the solar spectrum. In a few cases, the D lines of sodium
are known to behave as do H and K. Many B stars and some O stars,
which are not spectroscopic binaries, also display sharp H and K lines. The
velocity of the calcium, when freed from the motion of the Solar System,
is in all cases small. The explanation seems to lie either in great clouds of
calcium which intervene between us and these stars or in calcium envelopes
which inclose the binary systems without partaking of their motion. In
either case, the calcium is ionized, probably by the intense radiation of
the star.

PLATE 15.1. SPECTRA OF SPECTROSCOPIC BINARIES

¢ Ursae Majoris—single and double lines. Yerkes Observatory

i 2, i stor—Single Double Bright Lines
Yaint Proper-Motion Companion of Castor—Single and
P Mount Wilson Observatory
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PLATE 16.1. NOVAE

Wolf's nebulous shell around Nova Persei 1901 (page 342). Drawings from
.y g - - g P £ - . 4 k
photographs with Yerkes 24-inch reflector. Lefi—19o1, September 2o (Ritchey) ;
right—1902 February 8 (Pease). Ruled lines are 2 minutes of arc apart.
I'op is north, left east.
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Barnard’s mhnlmh envelope around Nova Persei, photographed

by Ritchey with 6o-inch reflector, 1917 Utlubrr 16, Negative

print, greatly enlarged. Diameter of ring was 16”. Top is north,
left west.

Nova Aquilae 1918, photographed by Duncan at Mount Wilson. Left—1918
July 7, one month after outburst (60- inch). R.tu'h‘— 1926 May 17, 8 years after
outburst (100-inch). The original plate of 1926 shows a planetary nebula 16

seconds of arc in diameéter around the star, but it is too faint for reproduction.

CHAPTER XVI
VARIABLE STARS

Discovery and Designation of Variable Stars.—A star whose
brightness is known to change is called a variable star. The
earliest record of such a phenomenon is that of the “‘new star
or Nova observed between 8 and p Scorpii by Hipparchus in
134 B. C. , This star, like others of its class (page 339 e seq),
appeared suddenly where none had been noticed before, and
then gradually faded out. It is supposed to have prompted
Hipparchus to make the first star catalogue in order to leave
a record of the appearance of the heavens in his time for the
use of later astronomers in detecting other changes. To the
ancients, however, the ‘“fixed”’ stars were symbols of immutabil-
ity, and it seems to have been generally unsuspected that any
of the known stars might vary in brilliancy.

The first recorded discovery of a recurrently variable star
occurred in A. D. 1506, when the Dutch astronomer Fabricius
noticed in Cetus a third-magnitude star which had not previ-
ously been recorded. It faded in a few weeks and was thought to
be a Nova until 1638, when Holwarda, another Dutchman, again
observed it and found that after disappearing again it reap-
peared eleven months later. The star was then found to have
been visible also in 1603, when Bayer had mapped it as o
(Omicron) Ceti, evidently without suspicion of its identity
with the star of Fabricius. The astonishment with which the
phenomenon was then regarded is evidenced by the name Mira
(wonderful) which was given to o Ceti by Hevelius of Dantzig,
and by which it is still known.

The Arabs may have noticed the variability of g Persei, for
the name Algol (al Ghul, the demon) is somewhat out of keeping
with the more complimentary names which they applied to
many stars; but there is no other evidence that they did so.
Montanari seems to have been the first, in 1669, to announce

837
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its variability in Europe, but no careful study was made of
Algol until that of Goodricke in 1782. Goodricke also dis-
covered the variability of 8 Lyra and § Cephei.

The discovery of other variable stars at first proceeded
sIowl‘y; in Argelander’s list of 1844 there were but 18 entries
a-nd in Chandler’s catalogue of 1888 there were only 225; bui’;
since the latter date the number of known variables". has
increased, chiefly through the application of photography to
the study of the stars, to several thousands.

Variable stars not already lettered are designated by capital
letters of the Roman alphabet beginning with R, followed by
the genitive of the constellation name. They are lettered in
the order of their discovery, and after nine variables in a single
f:onstfa]lation have thus been designated the letters are repeated
in pairs, as RR, RS, etc. Many faint variables, especially in
star clusters or nebule, have received no designation.

Classification of Variable Stars.—While stellar variability is
of every dt'egree and kind and does not fall readily into separate
cla§ses, it is convenient to follow the classification of Pickering
which is as follows: :

1. Nova

2. Long-period variables

3. Irregular variables

4. Short-period variables

Algol-type variables or eclipsing binaries

w

‘A st.:a.r's variation in brightness is best described by the
fiune:}mons and form of its light-curve, in which are correlated
1t.s brightness, expressed by magnitudes as ordinates, and the
time from a chosen epoch or phase as abscissae. '

A_!gol-type Variables.—It has been pointedly remarked that
variable stars of the Algol type are the only ones for which we
ha.v-e a reliable explanation, and that in reality they are not
variable at all; they are binary stars, and it is only because of
the.locz?.tion of the Solar System in their planes of motion that
their light seems to vary. These stars were discussed in
Chapter XV (page 333 et seq). It may be added here that about
150 of them are known, that they are situated mostly near the
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Milky Way, and that nearly all are of the B or A type of
spectrum.

Novee.—A “new” star, temporary star, or nova is a variable
star whose light-curve rises very steeply to a single brilliant
maximum and then descends more slowly, usually with many
secondary maxima and minima at irregular intervals (Fig.
172). The customary designation for such a star is the word
Nova followed by the genitive of the constellation name and
the year of principal maximum; thus, the nova of Hipparchus
referred to on page 337 was Nova Scorpii 134 B. C.
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Fi1G. 172. LIGHT-CURVE OF Nova AgQuiLE 1918

It was formerly believed that nove were new creations which, after a
brief lifetime, went out of existence; but such a view is wholly at variance
with what we know of other stars and of the material universe generally,
and besides a number of recent nova have been identified, on photographs
and otherwise, with previously known stars and are still observed as faint

stars many years after their outburst.

From the time of Hipparchus to . p. 1670, thirteen nova
were recorded, all of which were in or near the Milky Way.
No more were discovered until 1848, but since that year and
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especi.ally since the beginnings of astronomic photography dis-
coveries of nove have been frequent. Altogether, about fifty
nova h-a.ve been observed near the Milky Way, most of which
were bright enough at maximum to be seen by the unaided eye
Unc!o.ubtedly many fainter nova have escaped detection Ir;
a.dd1t1031 to all these galactic nova, about fifty have .been
founfl in the great nebula of Andromeda (Messier 31), and a
few in other spiral nebulze. Only one nova—Nova éoronae
Borealis r8§6—~is known to have appeared in any part of the
'_slcy except in or near the Milky Way or Magellanic Clouds or
in the spiral nebulze. With one exception, nebular nove have
all been very faint—mostly about the eighteenth magnitude—
and have been discovered photographically with large reflecting
Felescopes. It is probable, however, that their actual luminosity
is _of the same order as that of galactic nove, their apparent
faintness being due to their enormous distance. The exception
was .Nova Andromedze 1885, which appeared about a quarter of
a minute of arc from the nucleus of Messier 31, attained a

magnitude of 7.5, and disappeared even to th
in less than a year. e largest telescopes

After the nova of Hipparchus the most famous nov
Nc?l\fa Cassiopei@ 1572, known as the star of Tycho Bml?:z,ozfnfih?\’tﬁtd‘;;i?
:r asl a;;‘::é cal;lled Kepler’s star. When _Tycho first saw the nova of 1572 it
T y ngh?er than Jupiter, and it grew brighter still during the next
ew days, so that it rivaled Venus and was visible in broad daylight; it then
faded slowly, and disappeared in about eighteen months. 'I‘ycho’ls deter
mination of its position was not sufficiently accurate to make its identifi 5
E::llfztlﬁ trl:; gl:ur?fc?t d%]!r c}c:ertain; it might be either of two stars of about :]?l';
e which are near the place given by T ibly i
has faded to a point below the reach of even gr:lodemyinsgrcuhrz;z:t;.mﬁ:al;llirl’;
star became brighter than Jupiter, faded from naked-eye vision in a littl
more than a year, and left no identifiable trace. :

The twentieth century has so far witnessed the outburst of
a n_umber of faint galactic nova and of five bright ones, from
whlch,_ with the great telescopes and spectrographs of t:)-day
much information about these unusual stars has been gathered'
The five bright nova are: Nova Persei 1901, maximun;
magr}ﬂ:ude 0.0, discovered by Anderson of Edinburgh; Nova
Geminorum 1912, maximum 3.4, discovered by Enebo in
Norway; Nova Agquile 1018, maximum —r1.0, discovered
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independently by many observers, principally in America;
Nova Cygni 1920, maximum 1.8, discovered by Denning in
England; and Nova Pictoris 1925, maximum 1.1, discovered
hy Watson in South Africa.

The Spectra of Novae.—The spectra of nova undergo rapid
changes which, in view of the stability of most stellar spectra,
are most astounding. If observed during its rapid rise in
brilliancy, the typical nova exhibits a spectrum similar to that
of a star of B or A type, except that the dark lines are greatly
displaced toward the violet, as if by a velocity of approach of
several hundred kilometers per second. This displacement
finds a reasonable explanation on the hypothesis of a shell of
gas expanding around the star with explosive velocity. The
intensity of the lines increases with the brightness of the star,
and at maximum the spectrum is likely to be of a modified A
type having very broad absorption lines. As the star starts on
the downward portion of its light-curve, its color changes from
white to yellow, and bright lines, particularly of hydrogen
and ionized iron, appear in about their normal positions, on
the redward side of the absorption lines. These bright lines
soon broaden enormously into wide bands of complicated
structure. A few days later, a new set of dark lines appears,
even more displaced toward the violet than the first set (in the
case of Nova Aquile 1918, the displacement was such as to
indicate a velocity of —1800 km./sec.), and then the bright
lines increase further in intensity, while the continuous back-
ground fades. The color of the star then rapidly changes to
a deep red, due to the fading of the continuous spectrum and
to the predominance of the bright He. After a few weeks the
bright lines of the nebular spectrum appear and the former
spectrum gradually vanishes, leaving the spectrum like that of
a gaseous nebula except that the lines are broad. The star
then assumes a green color due to the intense nebular line at

5007 Rngstréms. Later still, as the star subsides to incon-
spicuousness, the continuous spectrum reappears, and with it
emerge the bands characteristic of the O-type or Wolf-Rayet
stars. In this final stage the color of the star is again white.
Nebular Phenomena of Novae.— Not only do nova show
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affinity with nebule by their spectra, but in some cases nebulae
have developed around them which have been seen and
photographed. The most striking case is that of Nova Persei
1901, which, for a few days in February of that year, was the
t_:nghtest star in the northern heavens. In August x,vhen the
1.1ght of. the nova had diminished to less than one I;er cent of
its maximum, Wolf of Heidelberg discovered by photography a
faint shell of nebulosity centered upon the star. Successive
photf)graphs of this shell, obtained by Ritchey at Yerkes and
Perrine at I..ick during the following autumn and winter
showed that it was expanding at the prodigious rate of betweet;
two and three seconds of arc a day (Plate 16.1). The parallax
of the nova proved to be about 0”01, corresponding to a dis-
tan.ce of about 300 light-years (parenthetically, the outburst
which was observed in 1gor actually occurred about the year
1600, before the landing of the Pilgrims). At that distance
the observed rate of expansion of the nebulous shell indicateci
an actu.al velocity equal to that of light, and it became evident
as S_eehger pointed out, that Ritchey and Perrine were wit:
nessing the successive illumination of more and more distant
parts of a nebula already existing, as the light of the star
traveled farther and farther out.
Fifteen years later, long after the great light-
itself, Barnard discovered visually atg:he Yegrkese(c::lliose}:'igtso?;n;
much smaller nebulous envelope, which also spread outward
but much more slowly, the rate being about 4" a year
The. expansion of this little nebula is attributed to an a?:’tuai
motion of the gas at a velocity of some hundreds of kilometers
a second. The nova at the time of Barnard’s discovery had
descended to the thirteenth magnitude, having lost all but
about 1/160,000 of its maximum light. .
A similar development of small planetary nebula was observed
to take place around Nova Aquile 1918 and Nova Cygni 1920
I'n thfe case of the former, the images formed by the nebilaxo'
lines in the slitless spectrograph used by Moore and Shane
at t:he Lick Observatory grew about twice as rapidly as the
Hp image, indicating a more rapid expansion of nebulium than
of hydrogen, and the lines corresponding to different parts of
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the little nebula were so displaced as to indicate an intricate
internal motion.

Conjectures as to the Cause of Novee.— There can be no
doubt that the sudden enormous increase in the brightness of
a nova is due to some tremendous cataclysm, but the nature of
the cataclysm is difficult to guess. Three possibilities have
been suggested: (1) a collison of two stars, or vast tidal
upheavals resulting from their close approach; (2) an outburst
of the energy imprisoned within a star by the formation and
contraction of a crust at its surface; and (3) the passage of a
star through a dark nebula, the temperature of the star being
raised as that of a meteor is raised by passing through the air.

Each of these hypotheses encounters difficulty. Opposed to
the first_is the vastness of the distances between the stars as
compared to their diameters, which should render close
approaches very rare indeed, while novae are rather fre-
quent. The second seems insufficient because the internal
heat of a star which had cooled to the point of forming a crust
could hardly explain the terrific outburst of radiation which
occurred, for example, when Nova Aquile 1918 rose in four
days from magnitude 10.5 to magnitude —1.0—a 40,000-fold
increase in light; and besides, the second theory does not

account for the extreme galactic concentration of the nove.
While the third hypothesis receives support from the dark
nebula which evidently had existed around Nova Persei
previously to its flaring up and which was illuminated by the
star, it is difficult to conceive of so much energy being liberated
by the star’s passage through a medium of such extreme
tenuity as the diffuse nebule are known to be.

Long-period Variables.—Several hundred stars are known
whose light varies through a range of from five to eight magni-
tudes in periods which are nearly all included between 110
and 430 days, most of them being near 330 days. These
variables have a number of characteristics in common. Their
light-curves do not repeat themselves exactly, either in the
range of brightness or in the interval between maxima. In
most cases, the increase of brightness is more rapid than the
decrease. All are red stars, mostly of spectral type M, while
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a fe?v are of types N, R, and S. At and near the time of
maximum light, bright lines, particularly those of hydrogen, are
superposed upon their spectra. None are known to be con-
nected with nebule except R Aquarii, in the spectrum of
which Merrill found bright lines of “nebulium,” and around
which Lampland discovered a small nebula of peculiar form.
Variable stars of the long-period class show no marked prefer-
ence for the Milky Way.

The type star of the class is Mira Ceti, which has probably been studied
more fu]ly t.h.e_m any other star. Its period averages 330 days, but varies
from th.l?: at times by as much as 15 days either way. At maximum light
the star is sometimes as bright as magnitude 1.5 and sometimes as faint as,
5.6, but usually is about 3.5; while at minimum it is usually about 9.2, but
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has been as faint as 10.0 and sometimes has sunk on : i
shows the light curve during two periods. o

The spectrum of Mira varies from M6 at maximum to Mo at minimum.
According to_ a recent study by Joy at Mount Wilson, no emission lines are
present at minimum, but bright hydrogen lines appear soon after minimum
and Increase in intensity until about maximum. Low-temperature emission
lines of iron, magnesium, and silicon appear some time after maximum.
The dark barllds of titanium oxide are especially strong at minimum.

_'I‘_he eﬂ'egtwe temperature of the star varies from about 1,500° C. at
minimum light to about 2,000° C: at maximum. Measures of ‘the total
energy made with the thermocouple (page 228) by Nicholson and Pettit
1r3d1cate a “rad:qmt_et.ﬁc” brightness about eight magnitudes higher than the
visual and a variation in total radiation of only about one magnitude. The
great difference between the visual and the radiometric range is easily ex-
plan!ed by the di§placement with changing temperature of the point of
maximum energy in the spectrum according to Wien’s law (page 158); at
minimum, the greater part of the energy is contained in the infra-red radi-
ation, but at maximum the peak of the energy curve is shifted into the vis-
ible spectrum, and the visual light increases more rapidly than the total
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radiation. This effect is accentuated by the intensification of the dark
titanium oxide bands at minimum, since they lie entirely in the visible part
of the spectrum.

The radial velocity indicated by the absorption lines varies through a
range of about 12 km./sec. in the period of the light-variation. The emis-
sion lines, on the other hand, show a variation of 19 km./sec. At minimum
light, their velocity is the same as that of the absorption lines, and at all
other times they show a relative motion toward the observer.

Interferometer measures by Pease show that the star is of enormous size,
its diameter being about 500,000,000 kilometers. The variation of radial
velocity cannot be due to orbital motion, for the semi-axis of the orbit com-
puted on this interpretation is only 26,000,000 kilometers, about 11 per cent
of the radius; if the velocity curve is due to the influence of a companion,
the companion must be inclosed far within the visible star. The most natural
explanation of the oscillation of the spectral lines is that the star pulsates,
dilating and contracting in the period of its light-changes. The shell of gas
which gives rise to the emission lines evidently pulsates through a wider
range than the lower-lying reversing layer.

Although not a spectroscopic binary, Mira has a visible companion whose
existence was ‘inferred by Joy in 1922 from peculiarities in the bright-line
spectrum. At Joy’s suggestion, the companion was sought for visually by
Aitken with the Lick refractor, and easily found by that skillful observer
at a“distance of o%g, although it had eluded previous scrutiny with large
telescopes by several observers, including its discoverer. It is a white star
of about the tenth magnitude, but appears to be slowly growing fainter.
Its spectrum exhibits the bright lines of hydrogen, helium, ionized iron,
and calcium, but no dark lines except those of hydrogen. .

Like the novea, the long-period variables are awaiting an
adequate explanation. It is certainly to be expected that a
pulsating star would vary in brightness; but it should be
hottest and brightest when smallest, and this is not found to
be the case with Mira, which is brightest when about the middle
of the contracting phase. An older suggestion postulates a
variation of internal activity similar to that which produces
the eleven-year cycle in the Sun (whatever the cause of that
may be), but the Sun’s variation is of so much longer period
and so much smaller amplitude than that of the red stars that
it would seem to be a different kind of phenomenon.

Irregular Variables.—The most famous of irregularly vari-
able stars is probably n Argus (or n Carinz), situated in the
“keyhole” nebula in the southern circumpolar region (Plate
14.4). It was first noticed in 1677 by Halley, and from that
year until 1823 it varied irregularly from the second to the
fourth magnitude. In 1827 it rose to the first, but fell again
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to the second by 1830. In 1843 it reached magnitude —1.0,
and so was the brightest star in the sky except Sirius; but
during the following years its brightness greatly diminished,
and since 1886 it has been about constant at magnitude 7.s.
The spectrum is one of a very rare type, consisting almost
wholly of bright lines in which hydrogen and ionized iron pre-
dominate. No other bright irregular variable is known which
has a range of brightness approaching that of 5 Carine. «
Herculis, « Orionis, and B Pegasi are all examples of irregular
variables of small range. A number of variables which are
sometimes classed with Mira have shorter periods which are
much less regular. These stars have spectra which, although
of the M type, contain no bright lines.

In the great nebula of Orion, and also in the similar diffuse
nebula Messier 8 Sagittarii there are many faint red stars which
vary quite capriciously over a range of several magnitudes. It
has been suggested that these are “friction variables,” a part
of their light being due to friction with portions of the nebula
which vary in density; but in view of the probable extremely
low density of all known nebulosity a better explanation is
perhaps that the light of these stars is obscured to varying
degrees by passing wisps of dark nebula. Either explanation
must be regarded as a mere guess, and probably not the right
guess.

Progressive changes of brilliancy are suspected in a number
of stars; for example, Pollux, which now is considerably
brighter than Castor, was lettered g8 by Bayer in 1603, while
Castor was lettered « as if at that time it were the brighter.
The wonder is that the agency which produces the radiation of
a star is so nicely adjusted that progressive changes are not
noted in most of the stars.

Stars of the Types of R Coronz and SS Cygni.— Somewhat
resembling the long-period variables, but much less regular, are
a few stars which fall into two classes. Of one of these, R
Coronz Borealis is the model. It is ordinarily of the 3.5
magnitude, but is subject to sudden drops of several magni-
tudes, even down to the twelfth, whose date and duration are
unpredictable. Stars of this type lie near the Milky Way.
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The other class is represented by SS Cygni, which, usually
of the eleventh magnitude, suddenly rises to the ninth or
eighth. It often shows two alternating types of maximum, one
of longer duration than the other, but occurring at irregular
intervals.

Short-period Variables.—The variable stars of short period
are sometimes divided into two sub-classes: Cepheids (type-
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star 8 Cephei), whose periods are longer than three days; and
cluster variables or cumulids, found abundantly in globular
star clusters, of periods less than a day. Very few variable stars
(except Algol variables) are kriown to have periods between one
and three days.

Most of the short-period variables are faint and probably
very remote. All are punctual. Most have light-curves
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which rise more rap'dly than they fall. All which are bright
enough to have been studied spectroscopically show spectra of
A, F, or G type which change slightly with the brightness of the
star, being of the cooler type at minimum; and each shows a
variable radial velocity having a period identical with the
light period. The variation, however, cannot be due to eclipses,
for the maximum light invariably occurs near the time of
maximum velocity of approach (Fig. 174) and minimum light
at maximum velocity of recession, whereas in the Algol stars
the minimum necessarily occurs on the rising branch of the
velocity curve. The remarkable correlation between the period
and luminosity of these stars, discovered by Miss Leavitt and
used by Shapley and others for determining their distances, is
discussed on pages 312 et seq.

Two lines of explanation have been offered for the phenomena
uf Cepheid variation and, as in the case of other variable star
theories, neither is satisfactory. They are referred to as the
binary and the pulsation hypotheses. According to the first, a
Cepheid is a close binary, surrounded by a tenuous envelope
through which the two stars move in their orbits. The brighter
star, which alone impresses our instruments, is either heated
by contact with this medium more on its preceding hemisphere
than on the following, or its own slightly opaque atmosphere is
brushed back from the preceding side. In either case the star
would be, as observed, brightest when at the lowest point of
its velocity curve, due in the first case to greater emission and
in the second to greater absorption of its light. The binary
hypothesis accounts for all the facts of observation, but fails
in one respect: for the lack of measurable parallax in any of
the Cepheids and the spectroscopically determined great
luminosities of many indicate that they are giant stars, while
the orbits obtained on the hypothesis of their binary character
are all so small that, if the bright star really is a giant in size,
the companion must revolve inside it. Moreover, no Cepheids
are known to exhibit periodically double lines, as some might
be expected to do if they were binaries.

According to the pulsation hypothesis each Cepheid is a
single giant star, and the variation of its velocity is to be
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explained by a pulsation, the star expanding and cpntracti.ng
periodically as Mira appears to do (page 345). This explau}s
the forms of the velocity curves fairly satisfactorily, fits in
with the correlation of period and luminosity, and gives a
reasonable explanation of the existence of a variation in light
since a body of gas is cooler when in an expanded condition
than when compressed; but the theory fails completely to
account for the peculiar relation between light curve and
velocity curve and is somewhat strained to account for the
lack of symmetry in the light curve.

Jeans has recently overcome some of the difficulties of t}}e gulsation
hypothesis in a mathematical treatment of a pulsating star which is at the
same time rotating, as most stars probably are, and in which the pulsations
combined with the rotation are in the act—an act which is likely to be pro-
tracted some 100,000 years—of producing a fission of the star mnto two
bodies which will ultimately develop by tidal action (page 230) into an
ordinary binary.




CHAPTER XVII

THE NEBULZE

Observations of Nebule Prior to the Use of Photography.—
The‘word nebula is used in Astronomy to denote any object
outside the Solar System which occupies a perceptible area in

the sky and which cannot be resolved by arge telescopes into
stars.

The term stella nebulosa was applied by the early astronomers to any
hazy, luminous spot which seemed fixed among the stars. In his Almagest
Ptolemy listed six, all of which have proved to be star clusters or loosé
groups of stars. They include Prasepe, the double cluster in Perseus, a
bright cluster (Messier 7) in the tail of the Scorpion, and three loose grm;ps
such as the one composed of ¢1, ¢2 and A Orionis in the head of Orion, which
with attention, are easily resolvable by the naked eye. Some of the stella;
nebulosse,_as h and x Persei, w Centauri, and 47 Toucanae, were given
stellar designations on the maps of Bayer and Flamsteed.

Very few of the nebul@ which are still recognized as such are visible to
the unaided eye; among these few the only one easily seen is the great nebula
in Andromeda (Messier 31), which was recorded by Al Sufi in the tenth
century. Remarkably enough, Galileo makes no mention of true nebulze
although he made a careful examination of the region of Orion which con:
tains one of the brightest. The honor of the first telescopic discovery of a
nebula seems to belong to an admirer of Galileo’s, Peiresc of Provence, who
found the great nebula of Orion (Messier 42) with a telescope in Decel:nber
-1611 ;:a. g‘wg y&a.rshl{a.ter, the Andromeda nebula was first observed tela;eep:
ically, by Simon Marius in Germany, who compared it ini
through a plate of horn. & = P T

The first catalogue of nebule and star clusters was formed
by the French astronomer Messier in 1781. Messier's chief
interest lay in the discovery of comets and, as many of the
nebule resemble faint comets when seen in a small telescope,
he found it expedient to list the brighter ones with their right
ascensions and declinations and a brief description in order
that they might be readily recognized. His list contains 103
objects, more than half of which are star clusters, although
Messier described many of these as “nébuleuse sans étoiles.”
For many of these nebule and clusters, their numbers in

Messier’s list are the most common designation.
350
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No great interest seems to have been taken in the nebule
until 1783, when Sir William Herschel began his systematic
study of the heavens with an eighteen-inch reflector (page
297), during the course of which, with the aid of his sister
Caroline, he found more than 2,500 new nebule and clusters
which he classified and described. This work was extended to the
southern hemisphere by his son Sir John Herschel, who took
the eighteen-inch telescope on an expedition to the Cape of
Good Hope in 1834. In 1864 Sir John published a General
Catalogue describing over 5,000 nebulz and clusters, only 450
of which were discovered by other observers than the Herschels.
This catalogue is now superseded by the New General Cat-
alogue published in England by J. L. E. Dreyer in 1888. With
its two later additions, the Index Catalogues, Dreyer’s compi-
lation contains more than 13,000 objects. Most nebul and star
clusters are commonly known by their numbers in Dreyer’s
catalogue, the name of which is abbreviated by N. G. C. Thus,
the great nebula of Andromeda is referred to as Messier 31 or
as N. G. C. 224.

About the middle of the nineteenth century a six-foot reflector was built

in Ireland by Lord Rosse, and with this the detailed structure of many
nebule was revealed, the most important discovery being that of a spiral

~or whirlpool form. Lord Rosse compared many nebule rather fancifully

with familiar objects, applying to them names by which they are still con-
veniently known, although the resemblance is not always striking. Examples
are the Owl nebula (Messier 97), the Crab nebula (Messier 1), and the Dumb-
bell nebula (Messier 27). Other valuable observations of the forms of nebule
were made by the English astronomer Lassell, who transported a twenty-
four-inch reflector for this purpose to the island of Malta.

It was commonly believed in Herschel's time that all
nebule were ‘‘resolvable” if only a sufficiently large telescope
were used, and that many were ‘‘island universes’ or sidereal
systems comparable in size with the Galactic System; but Sir
William Herschel later expressed the view that some of the
nebule were composed of a shining fluid which was not of a
starry nature. This view was strongly confirmed by Sir
William Huggins, when in 1864 he examined the spectrum of
the little bright nebula (N. G. C. 6543, Plate 17.1) which is
very near the north pole of the ecliptic, and saw but a single
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bright line in the green (many fainter lines have since been
observed), showing that the nebula was ‘“‘not an aggregation
of stars, but a luminous gas.” Many nebula have a spectrum
similar to this, while many others have spectra like those of
the stars.

Photographic Studies of Nebule.—In the study of nebule,
photography possesses two great advantages over visual
observation: first, a well-made photograph is a permanent
and accurate record of the appearance of the object observed, a
record which is free from personal bias or misjudgment on
the part of the observer. Second, by prolonging the exposure
of the plate, often to a duration of many hours, details are
shown which are much too faint to be perceived by the eye.

The first successful nebular photograph was made by Henry
Draper of New York in 1880, when he photographed the great
nebula of Orion with an eleven-inch refractor, exposing the
plate fifty-one minutes. This was soon surpassed by plates
taken with a three-foot reflector by Common in England. In
1886 Isaac Roberts began in England an extensive program with
a twenty-inch reflector, and by the end of the century he had
published two fine volumes of photographs of nebule and
star clusters. His three-hour exposure on the Andromeda
nebula in 1888 was a great revelation, for it showed that
certain vague dark lanes previously noted by visual observers
were really a part of a convoluted structure and that this
great nebula is one of the spirals. Roberts’ photographs were
improved upon by Keeler at the Lick Observatory, who used
a three-foot reflector from 1899 to 1go1, while during the last
decade of the nineteenth century and the first two of the
twentieth, wonderful photographs of extended nebulosities and
of Milky Way structure were made with large lenses of the
portrait type by Barnard at the Lick and Yerkes Observatories,
Wolf at Heidelberg, and Bailey at the Harvard Observatories
in Massachusetts and Peru.

Probably the most perfect nebular photographs yet obtained
are those made by Ritchey with superior reflectors of his own
construction, first a twenty-four-inch which he used at the
Yerkes Observatory from 1goo to 19o4, and later the sixty-
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PLATE 17.1. PLANETARY NEBULE
Photographed with 60-inch and 100-inch reflectors at the Mount Wilson
Observatory.
Scale for bottom row, I inch = 50"; for others, 1 inch = 6.5
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inch Mount Wilson reflector, which he used principally from
1908 to 1910. The one hundred-inch mirror of the Hooker
telescope at Mount Wilson was also constructed under
Ritchey's supervision, and has been used in nebular photo-
graphy since its completion in 1918.

For photographing objects whose diameters are less than a
degree, or for the detailed study of larger objects, no instrument
is better than a reflecting telescope; its mirror is perfectly
achromatic, and if constructed with a large ratio of aperture
to focal length (in most modern reflectors this ratio is 1:5), it
is very rapid. For the general study of more extended bodies,
such as the galactic clouds and the largest nebule, the field of
good definition in the reflector is too small, and better results
are obtained with large lenses of the type used commercially in
the making of portraits.

Most nebulz are extremely faint, even as they appear on the photographic
plate. In the illustrations reproduced in this book, the contrast of the nebula
with the sky background was usually heightened by successive copying on
slow, fine-grained plates.” A glass positive was made from the original nega-
tive, a second negative from this, and a paper print from this second negative,
and the copper-plate used in printing the half-tone illustration was made
by a photographic process from the paper print. This procedure is neces-
sary in order that the faint details of the original negative be not lost in
reproduction. The scale of the photograph was in many cases enlarged or
reduced to suit the available space. The long rays which appear attached
to the bright stars in the photographs made with reflecting telescopes are
caused by difiraction of the star’s light by the thin steel webs which support
the secondary mirror.

Classification of Nebule.—There is probably an even
greater diversity among the nebule than among the stars.
The classification of Sir William Herschel has been revised
from time to time as additional information has been gathered.
The form given below, which is due to Hubble, is in harmony
with the results of recent researches.

The division of nebula into two great classes is based partly
upon their apparent distribution and partly upon their probable
nature. The planetary and diffuse nebulze are all situated
apparently in or near the Milky Way, and there is good reason
to believe that they belong to the Galactic System and have
distances of only a few hundred or at most a few thousand
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light-years. The elliptic and spiral nebule are found only in
moderate and high galactic latitudes, and are probably
entirely extraneous to the sidereal system to which the Sun
belongs. Many of them may be “island universes” in the sense
in which the term was used by Herschel, and the distances of
the majority of them must be many millions of light-years.

CLASSIFICATION OF NEBULZ.
Planetary
[ Having bright-line spectra

4

Galactic @ ' Luminousjl
| Diffuse Having dark-line spectra
{ Obscure

[ Normal
Spiral
1 Barred
Extra-galactic
Elliptic
( Irregular

Planetary Nebule.—The term planetary nebule was
applied by Herschel to objects having small, well-defined,
circular or elliptic disks which, as seen in moderate-sized tele-
scopes, often resemble those of planets. They range in apparent
size from mere points which can be distinguished from stars
only by their spectra to the helical nebula N. G. C. 7293
Aquarii (Plate 17.1), which is about 15’ in diameter. The
parallaxes of a few have been measured, but with considerable
uncertainty ; probably none are nearer than 300 light-years,
while some may be thousands of light-years away. Their
real diameters must be several thousand times that of Neptune's
orbit.

The large planetaries, of which the Owl and the Dumbbell
(Plate 17.1) are additional examples, are very few in number
and rather faint; the small ones, mostly a few seconds in diam-
eter, number about 130 and many of them are so, bright that
they can be photographed with present-day reflectors with
only a few seconds’ exposure. Most of the known planetary
nebule contain centrally located stars which, in the few cases
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PLATE 17.4. THE SworD OF ORION

Showing the Great Nebula (M 42) around the multiple star 8 Orionis and, at the
top of the plate, the Nebula N.G.C. 1977 around ¢ Orionis. The wide double
star ¢ Orionis appears at the bottom of the plate. Photographed by Ritchey,
1901 October 10, with .1'.[-‘.‘.1*'11 R.x'fi{-"l:r‘.‘. l‘:.\']ul:-ll‘.'lz 1 hour. =
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that are bright enough for spectrographic observation, are
of the B type or hotter. Where no central star appears, there
is usually evidence of dark material by which it may be con-
cealed. Sometimes the central star is much brighter than the
nebula, producing what Herschel called a nebulous star; more
frequently it is fainter than the nebula and its light is often so
concentrated in the violet end of the spectrum that the star
is imperceptible visually in all but the largest telescopes,
although showing conspicuously on photographs.

As photographed with large telescopes, the disks of the plan-
etary nebule show numerous details. Many are brighter at the
circumference, giving the appearance of a ring as in the famous
nebula in Lyra (N. G. C. 6720; Plate 17.1); some, like N.
G. C. 7009 and 7662 (Plate 17.1), have two or more concentric
rings; and a few appear to be spirals, evidently not of the flat
or watch-spring variety, but helical like a corkscrew. All
are fairly symmetrical with respect to a central point or star.
It is practically certain that few of these nebul® are really flat
rings, for only one or two present an appearance that can be
due to a thin ring turned edgewise; they must be translucent
shells of gas, the appearance of a ring being due to the greater
thickness of gas in the line of sight at the apparent edge of the
shell.

As observed visually with the one-hundred-inch telescope, many of the
planetary nebul® present beautiful colors. The brightest ones are mostly
of a greenish blue, while others are predominantly red. The two bright
planetaries N.G.C. 7662 and N.G.C. 3242 have very bright greenish-blue
rings inclosed in fainter and larger shells of a rosy hue. The central stars,
which are probably white, appear yellow in contrast with the blue .ring.
The “Saturn” nebula (N.G.C. 7000) consists of a bright greenish-blue ring
or “ball” with reddish ans@ resembling in form the ring of Saturn, and with
a yellow-appearing central star. The celebrated O-type star BD 4+ 30°
3630, which was found spectroscopically by Campbell to be surrounded by
a small gaseous nebula, appears in the one-hundred-inch telescope in the
center of a beautiful rosy envelope about 4’’ in diameter.

The spectra of planetary nebule consist of bright lines only
or of bright lines on a continuous background (Plate 17.2).
Photographed with a slitless spectrograph, the bright lines
become monochromatic images of the nebula, and it is thus
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often found that the form of the nebula appears different in
light of different wave-lengths, due probably to a variety of
distribution of the constituent gases. The brightest visible
lines are usually HB and the lines of “nebulium’ at 4959 and
5007 Angstroms; the “nebulium” line at 3727 is conspicuous
on photographs. Other lines are due to hydrogen and helium,
and probably also to carbon and nitrogen—all elements of
low atomic number and atomic weight.

Until recently, it was believed that nebulium would eventually be dis-
covered in the laboratory as helium was found by the chemist Ramsay
many years after its detection in the Sun; but modern atomic theory shows
that only ninety-two elements are possible which have atomic weights no
greater than that of uranium, and all but two of these elements have now
been discovered. The four remaining elements are all of great atomic weight,
and they cannot be expected to be associated with the extremely light ele-
ments like hydrogen and helium which are found in the nebul. It is neces-
sary to suppose that “nebulium” is an ionized or otherwise modified form
of one of the elements already known.

The spectral lines of most planetary nebule are considerably
displaced, indicating velocities which average about 30 km./sec.
—considerably higher than the average velocities of the
stars. The lines, when the slit is placed centrally, are often
inclined in such a way as to indicate a rotation around the
shortest axis of the nebula, and in some cases they are doubled
and in some distorted in a manner difficult to interpret. A
simple doubling of the spectral lines where the slit of the
spectrograph crosses the center of the nebula is probably due
to an expansion of the nebulous shell; for these nebule seem
to be nearly transparent so that the light comes to us from
both the front and the rear; and an outward motion would
shift the lines toward the violet for the particles on the nearer
side and toward the red for those on the farther.

The rotational velocities found by Campbell and Moore at
the Lick Observatory signify, on reasonable assumptions of
distance, periods of thousands of years and masses several
times the mass of the Sun. Their densities must be exceedin gly
low, even in comparison with those of giant stars.

The central stars of planetary nebule are mostly of the O
type of spectrum, a state to which, as we have seen, novza are
eventually reduced. This fact and the further one that such

THE VEIL NeEBULE, N.G.C. 6960 AND 6992 CYGNI

PLATE 17.5.

N.G.C. 6992, photographed by Ritchey with
6o-inch reflector

Photograph by Barnard with 10-inch lens.
Bright Meteor Trail at Left




PLATE 17.6. NEBULOSITIES SOUTH OF { ORIONIS
The dark * Horse-head " nebula, Barnard 33, is near the centre. Photographed

by Duncan, 1920 November 13, with 100-inch reflector.

Exposure 3 hours,
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nebule have actually been observed to form around nova
(page 342) have led to a belief in such a catastrophic origin of
all planetary nebule. It is probable that they are the shells
of gas which, perhaps after many tens of thousands of years,
are still expanding around the sites of ancient explosions.

Diffuse Nebulae. —Galactic nebule of the second class dis-
play a great variety of form, size, and brightness. Few show
any of the sharpness of outline that characterizes the planetary
nebule, and most of them fade imperceptibly into the back-
ground of the sky; hence the term diffuse. Some, like the
great faint wreath that incloses the constellation Orion, extend
over many degrees on the celestial sphere, while some are only
tiny wisps. The brightest of the diffuse nebule is the central
portion of the great nebula in Orion (My42, Plate 17.4), which
is very dimly visible to the unaided eye as a slight mist around
the middle star of Orion’s sword. Some are so faint as to
require many hours’ exposure to record them on photographic
plates at the focus of a modern reflector; and some, the dark
nebulee, are manifest only as they are silhouetted against a
brighter background of stars or luminous nebulosity.

The spectra of most luminous diffuse nebul are characterized
by bright lines and are similar to those of planetary nebule;
many appear to consist of bright lines only, while others have a
continuous background. Some have dark-line spectra. The
radial velocities shown are usually small.

The parallaxes of such ill-defined objects could not be directly
measured even if they were large. From the motus parallac-
ticus of the stars involved in the Orion nebula, Kapteyn has
estimated its distance at 6oo light-years.

The density of these objects must be exceedingly small. It
may be shown that, if the mass of the Orion nebula were as
great as 100,000 times the Sun’s mass, its gravitational attrac-
tion would affect perceptibly the proper motions of the neigh-
boring stars, which it does not; and yet even the bright portion
near the center is about a third of a degree in diameter, corres-
ponding to a real diameter of about 3 light-years, or 20,000,000
times the diameter of the Sun. The mean density is therefore
at most of the order of 107", or about a millionth that of the
best vacuum yet produced artificially on the Earth.




358 ASTRONOMY

The Source of the Light of Galactic Nebulae. — That such
extraordinarily tenuous objects as the galactic nebule could
shine by virtue of their own high temperature is difficult to
believe; in fact, the word temperature would have no meaning
as applied to such material. It has often been suggested that
the source of the nebular light is the stars; and Hubble, from
a study of many galactic nebulae, finds strong evidence in
favor of this view, as follows:

1. Every luminous diffuse nebula (except one—N. G. C.
6960—6992, Plate 17.5) surrounds or lies near a conspicuous
star or stars, usually of the hot spectral types. At the center
of each bright planetary nebula is a star, of the O or B type
in each case for which there is evidence, while the planetaries
in which no star is perceptible are faint and may contain
stars too faint to be observed.

2. A definite relation exists between the spectrum of the
nebulosity and that of the associated stars: if the stellar
spectrum is of the B, or hotter type, the nebular spectrum
consists of bright lines only or of bright lines on an extremely
faint continuous spectrum; if the star is of type B; or cooler,
the continuous background is conspicuous, and in some cases
the nebula has a dark-line spectrum.

3. For a given exposure of the plate (corresponding to given
brightness of the nebula) the extent of the illumination is the
greater, the greater the brightness of the star; the relation being
that which would be expected if the intensity of the illumina-
tion varies inversely as the square of the distance.

The manner in which the stars cause the nebule to shine is not known.
V. M. Slipher, who discovered that the nebulous brush around Merope in
the Pleiades (Plate 14.1) had a dark-line spectrum identical with that of
the star, considered the star’s light to be simply reflected by the nebula,
and this may be generally true of nebul® connected with B- and A-type
stars. It cannot be true of most bright-line nebule, since their spectra
differ radically from those of their dominating stars; these nebul@ must be
in some way excited to self-luminosity by the action of the stellar radiation.

It is probable that the apparent form of a luminous diffuse
nebula seldom corresponds to the actual distribution of matter
in space, since we perceive only the portion of it which is
brought to luminescence by the influence of the associated

DiFFUSE NEBULE IN SAGITTARIUS, photographed by Duncan at Mount Wilson Observatory

PLATE 17.7.

LXposure

June 3o0.
100-inch Reflector

1921

Trifid Nebula (M 20),

60-inch Reflector

Exposure 3 hours.

Messier 8, 1919 June 27.

2 hours 30 minutes.




PLATE 17.8. DARK NEBUL&E IN THE MILKY WAY IN SAGITTARIUS, photographed
by Duncan with 10o-inch Reflector

Barnard 86, 1925 July 19. Exposure 2 hours 30 minutes

Barnard 92 and 93, 1922 June 24. Exposure 4 hours
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stars. The visible portion may usually be surrounded by dark
nebulosity which is of the same nature as the bright. Abundant
evidence of this dark nebulosity is found in certain regions, as
in the neighborhood of p Ophiuchi, where a luminous nebula
with a spectrum like that of the star which it surrounds is
itself surrounded by a border of comparatively starless sky.

Obscure Nebule. —In many parts of the Milky Way, even
in the midst of the densest star clouds, there are areas almost
totally devoid of stars. Sir William Herschel is recorded to
have exclaimed, when he encountered one of these in a star
cloud in Scorpius during his systematic sweep of the sky, Hier
ist wahrhaftig ein Loch im Himmel!” Holes in the sky, or at
least vacancies among the stars, they were long regarded,
notwithstanding the fact that, to appear starless, they must
be tunnels extending through vast depths of starry space and
pointed directly toward the Solar System—a highly improbable
circumstance even if the stars were motionless, and practically
impossible after they have moved about at random for a few
millions of millions of years.

During the present century, the conviction has grown in
the minds of astronomers that these dark areas are not vacan-
cies, but obscuring masses—dark nebule of vast dimensions
which obscure the stars beyond them. Barnard, who dis-
covered many of them, was at first doubtful of this inter-
pretation, but later became its chief advocate and convinced
its opponents. Some of these objects, like the dark “horse-
head” south of ¢ Orionis (Plate 17.6) and the dark S in Ophiu-
chus (Plate 14.6), when photographed with large telescopes,
leave no doubt as to their character of opaque clouds. Many
of them are feebly luminous, as Barnard first pointed out,
and Bailey has shown from photographs made at Arequipa
that faint luminosity pervades them almost universally. It is
probable, as Bailey remarks, that obscuring nebulosities are
the principal cause of all the apparent irregularities of the Milky
Way, including the Coal Sacks in Crux and Cygnus and the
Great Rift which bifurcates the Galaxy from Cygnus to
Centaurus, and that, if the dark nebule were absent so as to
reveal the Galaxy as it really is, ‘“‘we should behold a zone of
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faint stars, little if at all broken by rifts or holes, and without
definite limits in width.”

Russell has offered the theory that the diffuse nebule are
clouds of fine dust, with particles widely separated and accom-
panied, in many regions, by molecules of gas, which have been
repelled to remote regions of space by the radiation pressure
of the stars. Those particles which pass near hot stars are
excited to luminosity and are visible as luminous nebule, while
those that lie at a distance from exciting stars are evident to us
mainly by their obscuring effect.

Diffuse Nebulee of Special Interest. The Orion Region. —Pre-eminent
among all nebula is the great mebula of Orion, Messier 42, N.G.C. 1976
(Plate 17.4), which by many is considered the most beautiful object in all
the sky. It surrounds the star ¢ Orionis, described by Tennyson as

“A single misty star
Which is the second in a line of stars
That seem a sword beneath a belt of three.”

A small telescope shows this star to consist of several, four of which, of mag-
mtlides five to eight, form a Trapezium (Fig. 27) about 20 in length
while about 2’ southeast of this group extends a row of three which begin.
ners, forgetting the magnification of the telescope, often mistake for Orion’s
belt. All are B-type stars and glitter with intense blue-white light. Sur-
rounding the Trapezium is a right triangle of nebulosity whose hypotenuse.
about 2" long, extends about parallel to the celestial equator on the north,
of the '_I‘rapezium. This nebulosity, which is the brightest part of the whole
formation, presents a curdled appearance. Toward the southeast, beyond
the row of three stars, extends a curved arm of nebulosity sometimes called
the ?Vs.terspout, while to the northwest extends a brighter, broader curved
portion like a wing. East of the Trapezium is a dark rift often called the
Fishmouth or Sinus Magnus, which is easily seen on photographs to be
slightly luminous. North of the rift is a circular wisp of nebulosity (M 43)
surrounding a star of the eighth magnitude. Long-exposure photographs
show the space between M 42 and M 43 to be filled with faint nebulosity,
anc'l that the main nebula extends more than half a degree toward the south
while on the north it joins the nebulosity around ¢ Orionis, the most nort.h:
erly star of the Sword. The surrounding region contains many luminous
and also many obscure nebule, and there is little doubt that the whole
constellation is enveloped in nebulous matter, most of which is invisible.
The color of the great nebula is greenish, and is easily noticed in a smali
telescope. In larger telescopes, especially reflectors, this color is intense.
Along the eastern edge of the bright triangle, however, and also on the con-
cave edge of the Waterspout, a rosy tinge is perceptible, as Barnard noted
years ago. In the one-hundred-inch reflector this is very evident, and so
is the red color of many of the fainter stars (irregular variables) which con-
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trasts strongly with the green of the main nebula and the blue-white of the
bright Trapezium. The stars down to about the twelfth magnitude are so
numerous that, were the nebulosity removed, the region would still be
remarkable as a star cluster.

The spectrum of the great nebula consists of bright lines on a very faint
continuous background (Plate 17.2). The radial velocity ranges in different
parts of the nebula from about + 10 to about + 25 km./sec.

South of {, the eastern star of Orion’s belt (Plate 17.6), extends an irreg-
ular line of luminous nebula, very faintly visible in the telescope and dis-
tinct on long-exposure photographs. East of this line the sky is largely
devoid of faint stars, while west of it they are numerous. Evidently the
eastern side is the location of a dark nebula, for a great dark cloud (Barnard
33), about 5’ wide and shaped somewhat like a horse’s head, protrudes from
it over the bright nebulosity. This cloud has a “silver lining,” as if a bright
star or stars were concealed behind it. At the upper right corner of Plate
17.6 may be seen the bright nebula N.G.C. 2023 which surrounds an eighth-
magnitude star and which is probably due to excitation of the cosmic dust
of the otherwise dark nebulosity by the influence of this star. North of
this, above the region shown on Plate 17.6, is a curious combination of bright
and dark nebulz. None of these nebule are conspicuous visually.

The Region of Sagittarius and Scutum.—The Milky Way in Sagittarius
and Scutum abounds in wonderful nebulous forms, both bright and dark.
The brightest is Messier 8 (Plate 17.7), which is faintly visible to the naked
eye. It surrounds a cluster of stars of the eighth to tenth magnitude and,
as shown on photographs, is an extraordinary combination of bright and
dark nebulosities. In color and spectrum it resembles the great nebula in
Orion. About a degree north of Messier 8, and faintly connected with it,
is the beautiful Trifid nebula, M 20 (Plate 17.7). A little farther north
are M 16 and M 17, both remarkable combinations of bright and dark
nebulosities.

In a dense star cloud situated between M 17 and the Trifid nebula are
the two dark nebula Barnard 92 and 93 (Plate 17.8), the former of which
is noticeable in a small telescope, and in another dense cloud south of Mes-
sier 8 is Barnard 86 (Plate 17.8), which is probably the most conspicuous
visually of all the dark nebul@. Its eastern border is very sharply defined.
West of this dark nebula is a fine open cluster, and on its northeastern edge
is an orange-colored star of the seventh magnitude.

The Cygnus Region.—The constellation Cygnus contains the vast but
faint America nebula, N.G.C. 7000 (Plate 17.9), which is about three
degrees long and lies about three degrees east of the giant star Deneb from
which, on Hubble’s theory, it derives its light. It is bordered on either
side by dark lanes, presumably nebulous, while the “Gulf of Mexico” and
“Hudson Bay” are marked by dark nebulosities. West of the America
nebula is a formation which, from its appearance on the Hooker telescope
photograph (Plate 17.9), has been called the Pelican nebula.

Surrounding ¥ Cygni, the giant star at the intersection of the arms of
the Northern Cross, are a number of faint nebulosities, while south of ¢
are the two beautiful Veil nebule, N.G.C. 6960 and 6992 (Plate 17.5,
frontispiece), which are faintly connected to form a wreath. By comparing
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plates recently made with the sixty-inch reflector with those made by Ritchey
fifteen years earlier, Hubble has detected outward motion in parts of this
wreath which he interprets as due to an explosion which probably occurred
thousands of years ago, when perhaps a nova was formed at the center of
the wreath.

Region of y Carinee. —Surrounding the irregular variable star 5 Carine
(page 345) in the south circumpolar regions and covering about a square
degree of the sky is the great mass of luminous and obscure nebulosities
known as the Keyhole nebula (Plate 14.4). It derives its name from the
dark nebula which is situated in the brightest mass. The famous variable
star is near the eastern edge of this “keyhole,” which is not very conspicuous
on long-exposure photographs.

The Crab Nebula.—The nebula Messier  Tauri, called the Crab nebula
by Lord Rosse, is classed as a planetary by Curtis in his extensive study
of these forms, but in appearance resembles more the diffuse nebulae. It
is quite small, about 4’ X 6, but bright enough to be an easy object in a
small telescope. Its structure is filamentous, somewhat like that of the Veil
nebule in Cygnus. Its spectrum, photographed with some difficulty by
Slipher and by Sanford, is continuous with superposed bright lines which
are widely double and also inclined, which may be interpreted as evidence
of rapid motions of expansion and rotation. Lampland at Flagstaff detected
changes in this nebula which were confirmed at Mount Wilson; a comparison
of two photographs made with the sixty-inch telescope at an interval of
eleven years shows an outward motion of certain details of the nebula at a
rate which, if constant, must have carried them from the center to their
present position in the short time of about a thousand years. At the center
of the nebula is a close double star of about the fifteenth magnitude.

Variable Nebule. —The few nebula that are known to vary
in brightness are associated with variable stars. The most
notable ones are connected with T Tauri, R Corona Australis,
and R Monocerotis. There is little doubt that the variation of
the nebula is in each case due to the variation of the exciting
influence of the star. The nebula surrounding R Coronz
Australis is inclosed in a comparatively starless border probably
due to dark nebulosity. Observations at Flagstaff, Mount
Wilson, and Helwan, Egypt, have shown that, soon after the
star sinks to a minimum, the nebula fades almost to imper-
ceptibility; and that after the star brightens, a wave of lumin-
osity sweeps out over the nebula. The natural interpretation
is that the illumination is due to a light-echo similar to the
one which swept out over Nova Persei 1901 (page 342), and
this view is supported by the fact that the spectrum of the
nebula is very similar to that of the star, both including
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PLATE 17.10. GREAT NEBULA OF ANDROMEDA (M 31)

Photographed by G. W. Ritchey, 1901 September 18, with 24-inch Reflector.

Exposure 4 hours
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bright hydrogen lines. The form of the nebula is not the
same at successive brightenings, due perhaps to changes in
the distribution of the nebulous material and to relative
motion of the star and the nebula. Similar phenomena have
been observed by Lampland, Slipher, and Hubble in the
comet-shaped nebula attached to R Monocerotis.

Extra-galactic Nebulz. —The nebule outside the Milky
Way are very numerous; while estimates of their number
differ greatly, it is safe to say that at least a half million are
within the reach of modern photographic telescopes, and it is
probable that the more distant ones are still more numerous.

The spiral of greatest apparent size, the great nebula of
Andromeda (Plate 10, 17.11), is at least 25 long and a quarter
as wide. The next largest, Messier 33 Trianguli (Plate 17.12), is
about a degree in diameter; but there are no others of dimen-
sions exceeding 30’. The great majority of extra-galactic
nebule are only a few seconds or less in diameter.

These nebule not only avoid the Milky Way, but have a
distribution in the two galactic hemispheres that is far from
uniform. In a region extending from Virgo to Ursa Major
small nebule are very numerous; near the north galactic
pole in Coma Berenices, which is included within this region,
is a compact cluster of them, and in Virgo is a somewhat larger
cluster of larger nebule. A photograph taken with the one-
hundred-inch reflector in the midst of the Coma cluster shows
more than three hundred small nebule in a circle no larger
than the full Moon. Most of the large spirals lie south of the
Milky Way, but the very small nebula are not so numerous in
the southern galactic hemisphere as in the northern.

The spectra of about fifty of the brightest extra-galactic
nebul of all three classes have been photographed, principally
by V. M. Slipher. With the exception of localized condensa-
tions within their structure, which have spectra containing
bright lines, all have dark-line spectra resembling the spectra
of stars, the types ranging from F to K. The radial velocities,
with a few exceptions, are positive and very large—several
hundred kilometers a second. In a number of cases, where the
nebula is placed edgewise to the Solar System, the lines are
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inclined, giving evidence of rotation around the shortest axis.
Examples of the spectra of spiral nebula are shown in Plate 17.2.

Spiral Nebule.—The normal spiral nebula, of which
Messier 51 (Plate 17.12) is a good example, consists of two
whorls which in many cases are branched and which, departing
on opposite sides of a central nucleus, wind around it in the
same plane and in the same direction. Most such nebula
have approximately the form of an equiangular or logarithmic
spiral—that is, a flat spiral in which the tangent to the curve
makes a constant angle with the line joining the center to the
point of tangency. Some are presénted to us edgewise and
some in plan, and others at every angle between. In many of
those which we see edge-on (Plate 17.12), dark lanes extend
lengthwise through the center, betraying the existence of a
dark extension which would otherwise be invisible.

The barred spirals are characterized by a straight bar of
nebulosity passing through the nucleus; whorls similar to
those of the normal spirals spring from the ends of the bar.
Barred spirals, while fairly common, are not so numerous as
normal spirals.

Spiral nebula of either type may be arranged in a series, at
one end of which are nebula which glow with soft, misty light
nearly free from knots and condensations, while at the other end
are those in which the whorls are composed almost entirely of
knots, many of which are so small and definite as to differ in
no way from ordinary stars. This progression of nebular types
is shown in Plate 17.13, in which three normal spirals are
shown on the left and three barred spirals on the right. In
some spiral nebulz, of which the great nebula in Andromeda
(Plates 17.10, 17.11) and Messier 81 are fine examples, the
central portion is of the soft, amorphous type of nebulosity,
while the outer whorls contain numerous condensations and
stars.

Elliptic Nebule. —Many extra-galactic nebule show no
structural features whatever, even when observed with the
largest telescopes. In apparent form they are ellipses or lenticu-
lar figures in which the ellipticity (ratio of the difference of
longest and shortest axes to the longest) ranges from o.o0 to
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0.7. The circular form occurs too frequently to be attributed
to accidental tilt of a disk or spheroid; many of them must be
actually globular. Plate 17.14 shows a progression of four
elliptic nebule from the circular form to the lenticular. The
largest known elliptic nebula (M 32) has a major axis of about
4’. The vast majority of extra-galactic nebula are so small as
to show no details of structure; they may as well be elliptic as
spiral.

Irregular Extra-Galactic Nebulze. —About 2.3 per cent of the
extra-galactic nebulee which have been classified show no
evidence of rotational symmetry and are classified as irregular.
The distribution of their parts is chaotic. More than any
other known objects, they resemble the Magellanic Clouds
The largest example is N. G. C. 6822 Sagittarii, which covers
an area of the sky about 10’ X 20’ and has a bright core about
3’ X 8’ in which stars are densely crowded. The object con-
tains five diffuse nebule which resemble galactic nebule. Other
irregular or “Magellanic’ non-galactic nebule include Messier
82 and N. G. C. 4449, illustrated in Plate 17.14.

The Distances and Dimensions of Extra-Galactic Nebule.—
It is certain that these objects are at enormous distances and
that their dimensions are correspondingly immense. The
“4sland universe”’ theory, according to which they are galaxies
or vast aggregations of stars and nebula similar to the Galactic
System and entirely external to it, has been suggested at
different times and has been especially strongly advocated by
Curtis since 1913, at which time the following facts were known
to support it:

1. Their spectra are about what would be yielded by a vast
congeries of stars.

2. Their apparent avoidance of the Milky Way finds a
reasonable explanation on the assumption that external bodies
in that plane are hidden by the nebule that are known to
exist in our system, or by dark material in the peripheral
regions of the galactic disk similar to that seen in many spiral
and elliptic nebule which are turned edgewise to our view.

3. Many novz have been found in spiral nebule, but they
are rare in other parts of the sky except the Milky Way. The
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nebular nove are very faint, and if comparable with galactic
nova in actual luminosity are necessarily very distant.

4. The high velocities of extra-galactic nebula, detected
spectrographically, place them in a class apart from galactic
objects.

5. Not only are measurable parallaxes lacking, but, not-
withstanding the high spectrographic velocities, no motion at
right angles to the line of sight has been certainly detected.

This last argument was seemingly refuted in 1921 by Van Maanen, who
measured pairs of photographs of a number of the great spirals, made with
the sixty-inch Mount Wilson reflector at intervals of about ten years, and
found minute apparent displacements of the nebulous condensations out
ward along the whorls. On the assumption that the actual velocity of these
particles was not much greater than the rotational velocities observed spec
trographically in edge-on spirals, the distance comes out only about 25,000
light-years. In view of the strong evidence in favor of much greater dis
tances, however, it would appear unsafe to regard these motions as proved
until observations can be obtained after a much longer interval.

Strong additional evidence in favor of the island universe
theory was found in 1924 by Hubble through his study of many
faint, long-period Cepheid variables in the irregular nebula N.
G. C. 6822, in the great spiral Messier 33, and in the great
Andromeda nebula, the outer portion of which is resolved by
the one-hundred-inch telescope into myriads of faint stars
(Plate 17.11). The position of these Cepheids on Shapley’s
period-luminosity curve (page 313) indicates for the three
objects the following distances and dimensions:

Distance Longest diameter
NUGRE - OMER, o s snneaie 700,000 light-years 4,000 light-years
Meatan 2t Tt aimie .t L e b 000,000 ’: 16,000
Andromeda nebula. .............. 000,000 vt 47,000 £

The corresponding quantities for the Magellanic clouds are,
according to Shapley:

Createrdond. . oo st ivays s ans 110,000 14,000
Ledloriclond, . - . oiciin s vvis o 100,000 6,500

From statistics concerning several hundred extra-galactic
nebule, Hubble finds that the relation between apparent
total brightness and apparent diameter is about that which
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would be expected if their real diameters were all of the same
crder—that is, while one might be ten times as big as another,
it would not be consistent with the statistics for one to exceed
another a thousand times. This result means that their
apparent diameter is largely a matter of distance and leads to
distances greater than 100,000,000 light-years for the host of
small nebule which have apparent diameters less than 10”.
Gaseous Nebule Contained in Extra-galactic Nebule.

Many of the condensations in extra-galactic nebule exhibit
bright-line spectra similar to those of many diffuse galactic
nebulze. These have been noted especially in the great spirals
Messier 33 and 101, in N. G. C. 6822, and in the Magellanic
clouds. The velocities shown by their line-shifts correspond as
far as known to those of the great nebule of which they form
parts, not to those of gaseous nebule in our own system.
Presumably they bear the same relation to the stellar members
of their systems that the diffuse galactic nebule bear to galactic
stars. Some of these nebule appear to be of enormous dimen-
sions: the largest one (30 Doradfis) in the Nubecula Major,
accepting Shapley’s distance, is 260 light-years in diameter,
and one in Messier 33 has a diameter of 200 light-years. In
comparison with these, our own Orion nebula, which is \.x‘ilhin
600 light-years of the Solar System and only about 10 light-
years wide, seems modest.




CHAPTER XVIII
THEORIES OF COSMIC EVOLUTION

The. Meaning of Evolution.—The word evolution means an
unrolling or unfolding. As used in modern science, it means
usually a passage from unorganized simplicity to organized
complexity. An example is the development of the semi-fluid
relatively homogeneous contents of an egg into a highl3;
organized and complex animal.

To the ancients, the world consisted of a stationary Earth
and a rotating firmament which carried stars fixed on its sur-
face and Sun, Moon, and planets which followed definite
re-entrant curves. Such simple motions as were observeci
among the heavenly bodies repeated themselves indefinitely.
Even after Copernicus’s description of the Solar System was
accepted, the motions of the heavenly bodies were seen to be
SO ort_:lerly and the system of the world seemed so permanent
that it was long assumed to have been created in its presené
perfeqt state at some epoch in the not inconceivably remote
past and that it would continue in this state until its final
cataclysmic destruction at the hand of its Creator. However
the smaller works of nature with which we are familiar c0mt;
to maturity not by sudden creation, but by a process of
growth_; and many of the facts that have been set forth in the
preceding pages lead astronomers to believe that in the universe

at large the order is that of gradual, ceaseless change —of
evolution.

A theory of evolution is not a theory of creation. T
evolved from a nebula or that a nebug has originated ?ns:getglzzesif;rzi::
gf two stars mgrely postulates the existence of an earlier state of the material
in question which is different from the present state. The hypotheses which
will be mentioned in the following pages make no attempt to explain the

ultimate origin of the material.
Growth of the Theory of Evolution.—Thomas Wright's

theory of the Milky Way (page 208) turned the attention of
368
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the brilliant German philosopher Kant to the subject of the
origin of celestial systems, and in 1735 he published a book in
which he advocated the theory that the Solar System had
evolved from a nebula. Kant's work, however, attracted little
attention and had no important influence on science.

In 1706 the great French mathematical astronomer Laplace
published a work on general Astronomy entitled Exposition du
Systéme du Monde, at the end of which, in the last of seven
brief appended notes, he outlined a hypothesis of the evolu-
tion of the Solar System which became famous as the Laplace

Nebular Hypothesis.

Laplace’s hypothesis is in many ways similar to Kant’s, but there is no
reason to believe that it was inspired by Kant, for Laplace states that the

only previous attempt with which he was acquainted to account for the

origin of the planets was that of Buffon, who had suggested their genesis
in a collision of a comet with the Sun—a suggestion which Laplace disposes
of in three paragraphs. The greater influence of Laplace’s hypothesis is
doubtless due in part to the great prestige of his mathematical work and
in part to its having appeared just after the French Revolution, when his
country was prepared for the introduction of new ideas.

Though presented by its author, as he said, “with that
diffidence which everything ought to inspire which is not the
result of observation or of calculation,” the Nebular Hypothesis
had an incalculable effect upon the scientific, philosophic, and
religious thought of the following century. It furnished
geologists with an account of the pre-geologic history of the
Earth and encouraged them to view the changes which the
Earth had undergone as continuous rather than cataclysmic.
Biologists came to view the different forms of life, which are
evident by fossil remains in the strata of the Earth’s crust, as
forming a continuous chain from the lowest (simplest) animal
or plant to the highest yet evolved—which may be man.
These ideas were given definite form in Charles Darwin’s
book Origin of Species, which, published in 1858, stirred up a
storm of opposition on theological grounds which has not even
yet everywhere subsided.

During the nineteenth century, as new information accumu-
lated, the Nebular Hypothesis was modified or added to by a
number of investigators. In 1900 the astronomer Moulton
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and the geologist Chamberlin, both of the University of Chicago,
offered as a substitute for the Laplace hypothesis the Planetesi-
mal Hypothesis, according to which the Solar System originated
in a spiral nebula which itself was engendered by the close
approach of two stars. In 1920 the English mathematical
physicist Jeans proposed a theory, supported by much abstruse
mathematics, to account for the Galactic System and stellar
systems in general, the development of the Solar System being
only incidental.

The changes in the universe for which it is the purpose of these theories
to account took place so many millions of millions of years ago that it is
doubtful that any such theory can ever be verified. Many volumes have
been vfritten on the subject, but it does not seem profitable to enter into it
extensively in the present book. In the following pages the hypotheses of
Laplace, Moulton and Chamberlin, and Jeans will be very briefly discussed.

Regularities in the Solar System.—A theory of the evolution
of the Solar System should take into account the following con-
spicuous regularities, since they could not conceivably have
come about by chance and yet are not at all necessary in order
that the system be stable:

1. The planets all revolve around the Sun in the same
direction as that of its rotation; nearly in the same plane,
which is but slightly inclined to the plane of the Sun’s equator;
and in nearly circular orbits.

2. There is a fair degree of regularity in their distances,
expressed approximately by Bode’s law.

3. The principal satellites of several of the planets form
with their respective primaries systems which possess regulari-
ties similar to those of the planetary system.

The Laplace Nebular Hypothesis.—Laplace reasoned that,
to impart to the planets the motions which they now possess,
the Sun must once have been surrounded by an atmosphere
which, due to its excessive heat, extended to a distance equal
to that of the farthest planet. The body would then have
resembled some of the nebulae which appear as bright nuclei
surrounded by nebulosity. He imagined that, previous to this
state, the nucleus was less luminous and the nebulosity more
diffuse, and so, reasoning backward, arrived at a state wherein
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the nebulosity was so diffused as to be invisible. He suggested
that every star had evolved by the condensation of such a
nebula under the mutual gravitation of its parts, and that
double stars and groups like the Pleiades had been the product
of condensation around two or more nuclei.

As the nebula contracted, any rotatory motion which it
possessed must have increased in swiftness, and so the centrifu-
gal force at the equator must have increased. Laplace con-
jectured that the nebula would flatten into an oblate spheroid
and that, as the centrifugal force grew still greater, there would
come a time when it equaled gravity, and a ring of matter would
then be left in equilibrium at the equator while the main body
continued to shrink inside it.

The ring thus formed would probably be denser or thicker
at one point than at others, and the material here would
gather to itself, by gravitational attraction, the material in
the remainder of the ring and form a planet. The main body
would meanwhile go on contracting and might abandon other
rings to form other planets, the final globe being the Sun.

Any planet thus formed would probably be given a rotation
by the oblique impact of some of the particles of its ring; it
would contract as it cooled, and might abandon rings of its
own, which might form satellites in a miniature system or
might remain in the form of rings such as those actually seen
around Saturn.

The Laplace hypothesis is in agreement with many of the observed facts
of the Solar System, but there are some that it fails to explain and there
are also serious theoretical difficulties. The origin of the Moon, with its
great mass and its high inclination, and perhaps also that of the inner satel-
lite of Mars, which revolves more rapidly than its planet rotates, are better
explained on the tidal theory of G. H. Darwin (page 232). The retrograde
motion of the tiny outer satellites of Jupiter and Saturn cannot be accounted
for on the Laplace theory. No nebula such as Laplace postulated are known,
but that fact is not strong evidence against the hypothesis, for if such a
nebula were at a distance of 200 light-years or greater, and were no larger
than Neptune’s orbit, its disk would be less than 1’/ in diameter and it might
easily have escaped notice.

Probably the most serious difficulty is that of the moment of momentum.
This quantity may be defined as follows: Suppose a particle of mass m
moving with velocity v along a line from which the perpendicular distance
of a given point or center is p. The moment of momentum of the particle
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with respect to the point is the product mop. A rotating body or system
may be considered as made up of particles. The moment of momentum of
the entire system is the sum of the moments of all its particles, taken with
respect to the axis of rotation, and is represented by the summation Zmup.
The moment of momentum of the present Solar System can easily be com-
puted, and so can that of the hypothetical nebula at the time when it aban-
doned the ring which developed into Neptune. Now, it is a principle of
Dynamics that in a system which is not acted on by outside forces the
total moment of momentum is constant. If, for a given particle of mass
m, p diminishes, v must increase; this is in accord with Laplace’s theory
that the nebula rotated faster as it contracted. But the moment of mo-
mentum of the present system is less than 1/200 that of the hypothetical
nebula before Neptune was born, and, moreover, the planet Jupiter now
has more than g5 per cent of the total amount of moment of momentum,
which is inconsistent with an earlier uniform distribution.

The Planetesimal Hypothesis.—According to the hypothesis
of Chamberlin and Moulton, the Solar System owes its present
state to the close approach of two stars which swept toward
each other with a speed greater than the parabolic velocity
(page 218), so that the relative orbit was a hyperbola and their
association was brief. We are concerned only with what
happened to one of the stars, which is now the Sun and which
we shall call S while the other may be called S’. In the
vicinity of S there may have been a quantity of scattered
material, some of it ejected from the Sun, and S was, perhaps
more than at present, in a condition to eject more on slight
provocation. As S’ approached, it raised enormous tides on
S and so encouraged the ejection of material in two opposite
directions, toward and away from S’; then, as S’ swept
rapidly through perihelion, its attraction for this material
acquired a component at right angles to the line SS’ and
imparted moment of momentum to the particles. After the
passage of S’ each particle was left moving in an eccentric
ellipse in the plane and direction of the motion of S’. The con-
figuration was that of a double-whorled spiral like many known
spiral nebule, but the motion of the particles, instead of being
along the arms, was nearly at right angles to them, and the
orbit of each particle intersected those of many others.
Collisions were inevitable, and as the particles collided their
attraction held them together to form planetesimals which
grew by accretion in further collisions until they formed the

- A
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planets as they now exist. It may be shown that one effect
of the collisions would be to decrease the eccentflczlty of the
orbits, and thus is explained the approximate circularity of
the planetary orbits. Not all the planetesimals were swept up,
but the process is still going on, as evidenced by the meteors
which enter the atmosphere of the Earth.

The Planetesimal Hypothesis accounts successfully for the
facts which are in agreement with that of Laplace, and .3.1?0
for many others. It is described in considerable detail in
Moulton’s Introduction to Astronomy, to which the reader is
referred. ;

It should be emphasized that, though the hypothetical result
of the encounter of S and S’ was a spiral aggregation similar
in shape to many known spiral nebule, it was not even remotely
similar in size. If any spirals of the type described by Moul?on
and Chamberlin exist, they are, like any possible Laplacian
nebul, too small to be recognized. The principal objection to
the hypothesis is the same as that to the collision theory of
nova (page 343): the great distances between the stars make
a close encounter highly improbable. :

The Hypothesis of Jeans.—Jeans's views on cosmic evolu-
tion are based on twentieth-century developments in astro-
nomic Physics, which include his own mathematical treatment
of the general problem of a rotating and gravitating fluid mass.
He adopts the theory (page 182) that the source of the energy
of the stars is the transformation of their mass into radiation.

We have seen that, on this theory, the Sun can radia'te at its present rate
15 millions of millions of years longer before its mass is consumed;' but, as
pointed out by Eddington (page 310), the luminosities of very massive stars
are greater than those of less massive ones; as the Sun loses mass, its rate
of radiation should therefore diminish. As a star grows older, its mass and
luminosity decrease together, but at an ever-diminishing rate. Jeans esti-
mates that it will require about 200 millions of millions of years for the Sun
to reach the low state of luminescence represented by Krﬁger: 6o; that about
6 millions of millions of years ago it may have been as massive and as lum-
inous as Sirius; and that for a star to descend from the state of the most

massive of all stars to the condition of Sirius requires only about 1.2 millions
of millions of years.

Looking forward, Jeans sees the extinction of the stars in
their transformation into intangible radiation. Looking back-
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ward, he is constrained, like other cosmogonists, to assume
the origin of the stars in the nebula, and it is here that his
mathematical investigations of the configurations of a rotating
fluid are significant.

If a nebula exist alone in infinite space without rotation,
gravitation must cause it to assume and retain forever a
spherical form. If it rotate, it will take at first the form of an
oblate spheroid which will grow flatter as the nebula contracts
and its angular velocity increases. Jeans shows, however,
that there will come a time when its cross-section is no longer
an ellipse, but a pointed figure; four stages of the evolution of
the nebula up to this point are illustrated in Plate 17.14.
Further contraction would, if the nebula were absolutely alone,
cause a ring of matter to be abandoned as in the Laplace
hypothesis; but every nebula has neighbors and their attraction
has some influence of a tidal nature; the equator of the rotating
mass of gas or dust will not be a circle, but will have two points
of high tide and two of low tide. Jeans conjectures (his
rigorous mathematics breaks down at this point) that,
instead of forming a ring, the peripheral matter will flow out
in long filaments at the two opposite points of high tide and
so will form a spiral nebula. Again mathematical theory
becomes useful, by its application to these gaseous filaments;
he shows that, if they are massive enough to’cohere, they must
break up into condensations such as are seen in the whorls of
the spiral nebule M33 and M31 (Plate 17.12); if the filaments
are not so massive as this, the gas composing them must be
scattered into space. The nebula here considered is of a size
appropriate to the genesis of the whole Galactic System or at
least of a cluster containing hundreds of thousands of stars;
so far, the hypothesis does not apply to so insignificant au'
affair as the Solar System. From his mathematical theory
Jeans calculates the masses of the condensations in the spiral
arms; they turn out to be about equal to those of the most
massive of known giant stars.

Such is Jeans’s conception of thebirthof a great stellar system.
Tracing the further history of each massive condensation, he
finds that, as it loses mass by radiation, it passes through the

e
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sequence from giant to dwarf. If it rotate slowly or not at all,
it will go through all its life history as a solitary body. If it
rotate rapidly, it will become oblate, as did its parent nebula,
but, because of its smaller mass, its subsequent development
will be different: it will pass through a pear-shaped stage and,
after an era of convulsive pulsations during which it may be
a Cepheid variable, it will separate into two stars and so form
a binary. The more massive of the pair will radiate the faster
and so lose mass the faster, and the two will tend toward
equality both in mass and in luminosity.

In all this process there is no tendency toward the formation
of a planetary system. To explain this occurrence Jeans falls
back, like Moulton and Chamberlin, to the close approach of
a visiting body which abruptly transforms the star by tidal
action into a diminutive spiral nebula; but instead of being
composed of planetesimals, this nebula has fluid—possibly
liquid—whorls which condense in knots to form the planets.

The Solar System Probably a Rare Type.—The Laplace
hypothesis is ruled out by modern mathematical theory, and
the only plausible substitutes so far offered to explain the origin
of the Solar System postulate the close approach of two stars.
If this is the only manner in which a star can acquire a family
of planets, such systems must be rare. In the present arrange-
ment of stars in our neighborhood, if all were similar to the
Sun, the chance of a close encounter in a period of 6 million
million years is computed by Jeans to be about one in fifty
thousand. However, in its earlier and more tenuous stages a
star is more likely to be broken up, and the chances of encounter
were greater in the past if, as may be true, the stars of the
Galactic System were then more closely packed than now.
While planetary families are doubtless rare, there is not good
reason to believe that the Solar System is unique.
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Electron, 156

Elements of an orbit, 192

Eleven-year cycle, 172

Ellipse defined, 97, 217

how to draw, 98

Elongation, 114, 185

Epicycle, 187

Equation of time, 69, 110

Equator, celestial, 18

Equatorial telescope, 19

Equinox, 19, 23, 30

ERATOSTHENES (c. 250 B.c.), Alexan-
drian astronomer, 81

Eros, 248

Ether, luminiferous, 154

Escape, velocity of, 219

EuLEr, L. (1707-1783), Swiss mathe-
matician, 67

Evection, 224

Eversuep, J. (1864-
astronomer, 169

Evolution, of Earth-Moon system, 231

cosmic, 368

Extra-galactic nebul®, 319, 363 et seq.

Eye, human, 34

Eyepieces, 44

Fasricius, D. (1564-1617), Dutch
astronomer, 337

Facul®, 166

Fatu, E. A. (1880—
astronomer, 248

FECHNER, G. T. (1801-1887), German
psychologist, 282

Filar micrometer, 45

Fizeav, H. L. (1819-1896), French
physicist, 97, 159, 307

FrLamsteED, J. (1646-1719), English
astronomer, 4, 350

Flash spectrum, 167

Floceuli, 166

Foci of an ellipse, 98

Force, unit of, 213

Foucavrt, L. (1819-1868), French
physicist, 58, 97

Fox, P. (1878-
tronomer, 176

FRAUNHOFER, J. (1787-1826), German
optician, 146, 274

Fraunhofer lines, 146, 149, 150

), English

), American

), American as-
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Friction, tidal, 229 ef seq.

Frigid zone, 102

Frost, E. B. (1866~
astronomer, 319, 335

), American

Galactic nebule, 354 et seq.
Galactic system, 298, 314
of co-ordinates, 24
Galaxy, 24, 291, 298
GALILEO GALILET (1564-1642), Floren-
tine astronomer and physicist, 31,
124, 125, 175, 190, 203, 250, 253,

350
GaLLe, J. G. (1812-1910), German
astronomer, 225
Gases, distinguished from liquids and
solids, 53
Gauss, C. F. (1777-1855), German
mathematician, 246
Gegenschein, 221, 248
Geocentric latitude, 62
Giant planets, 248
Globe, celestial, 27
GoopRICKE, J. (1765-1786), English
astronomer, 338
Gourp, B. A. (1824-1896), American
astronomer, 292, 299
Grating, diffraction, 151, 152
Gravitation, law of, 203, 208, 209
constant of, 212
Gravity, distinguished from gravita-
tion, 60
superficial, 214
Great circle, 6
sailing, 80
Greek alphabet, 3
Greenwich, 62
Gregorian calendar, 103
GREGORY X111 (1502-1585), Pope, 103
Gyroscopic compass, 77

HaLg, G. E. (1868~ ), American
astronomer, 164, 166, 170, 171,
172, 176

Hare, A. (1829-1907), American as-
tronomer, 245

Hairey, E. (1656-1722), English as-
tronomer, 267, 318

Halley's comet, 267

HarpiNG, C. (1765-1834), German
astronomer, 246

Harmonic law, Kepler’s, 192

Heat index, 289

Heavenly bodies, 1

Heliacal rising, 108
Heliometer, 300
Helium, 157, 168, 262, 279
HeLmBoLTz, H. L. F. von (1828-1894),
German physicist, 181
HEeNCEKE, 1. (1793-1866), German ama-
teur, 246
Henperson, T. (1798-1844), English
astronomer, 300
Hepsurx, P. H., contemporary Eng-
lish astronomer, 254
HERAKLEIDES (c. 400 B.C.), Greek phi-
losopher, 58
HERsCHEL, CAROLINE (1750-1848), 351
HeRscHEL, Sir Jon~ (1792-1871), Eng-
lish astronomer, 128, 146, 257, 282,
292, 351
HERscHEL, SR WiLLIAM (1738-1822),
English astronomer, 47, 255, 297,
322, 326, 351, 353, 359
HERTZSPRUNG, EjNAR, contemporary
Danish astronomer, 307
HeveLtus, J. (1611-1687), Polish as-
tronomer, 13, 124, 267, 293, 337
Hipparcaus (c. 125 B.C.), Greek as-
tronomer, 86, 282, 340
HoLwarpa, J. F. (1618-1651), Dutch
physicist, 337
Horizon, 11
Horrocks, J. (1619-1641), English
clergyman and astronomer, 237
Hour angle, 19
Hour circle, 18, 20
HussLE, E. P. (1889- ), American
astronomer, 353, 361, 362, 363, 366
HuGcins, Sik WiLLiam (1824-1910),
English astronomer, 87, 276, 318,
351
HuLL, G. F. (1870~
physicist, 154
Huvcnens, C. (1629-1695), Dutch
physicist, 239
Hyades, 290, 323
Hydrogen, 155 et seq., 262
Hyperbola, 217

), American

Interference, 152, 307

Interferometer, 307

Ionization, 157

Iron in Sun, 150

Island universes, 351, 353, 366

Isostasy, 84

Ives, H. E. (1882~
physicist, 127

), American
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JansseN, J. (1824-1907), French as-
tronomer, 163
Jeans, J. H. (1877
physicist, 349, 370, 373
JerFreys, H. (1891~
geophysicist, 250 X
Jov, A. H. (1882- ), American as-
tronomer, 335, 344, 345
Julian calendar, 103
day, 105
period, 104
Jupiter, 250 et seq.
satellites of, 250

), English
), English

Kant, 1. (1724-1804), German philos-
opher, 369

Karteyy, J. C. (1851-1922), Dutch
astronomer, 314, 319, 323, 336,.357

KEELER, J. E. (1857-1900), American
astronomer, 254, 352

KEPLER, J. (1571-1630), German as-
tronomer, 96, 191, 198, 207, 267,

340
Kepler's laws, 192, 255
blem, 194
K::tr:nuorr, G. R. (1824-1887), Ger-
man physicist, 146, 276 ’
Kirgwoob, D. (1814-1895), American
astronomer, 247
Knot, 77

LAGRANGE, J. L. (1736-1813), French
mathematician, 210, 221 <
Lampranp, C. O. (1873— ), Ameri-
can astronomer, 244, 250, 288, 344,
362, 363 )
LANGLEY, S. P. (1834-1906), American
astronomer, 179
LasseLt, W. (1799-1880), English as-
tronomer, 257, 351
Latitude, astronomic, 62
celestial, 24
determination of, 66
galactic, 24
geocentric, 63
variation of, 67
LapLACE, P. 8. (1749-1827), French as-
tronomer, 210, 254, 266, 369, 370
Laplace nebular hypothesis, 370
Leavitt, HENRIETTA S. (  -1921),
American astronomer, 312, 348
Lenses, 33 .
LEONARDODAVINCI (1452-1519), Italian
artist and philosopher, 203

Leonids, 264
LEUsCHNER, A. O. (1868-
can astronomer, 266
Leverrier, U. J. (1811-1877), French
astronomer, 225
Libration, 121
Life, extra-terrestrial, 129, 244
Light, polarized, 153
ultra-violet and infra-red, 154
velocity of, 92
wave theory of, 152
Light curve, 333
Light-year, 302
Light gathering power, 41
Limits, ecliptic, 133
LippErsHEY, JAN, Dutch spectacle-
maker, 31
Liquids, distinguished from gases and
solids, 53
LockvER, J. N. (1836-1920), English
astronomer, 163
Log, 77
Longitude, celestial, 24
determination of, 74
galactic, 24
geographic, 62
heliocentric, 87
time and, 69
Long-period variable stars, 343 ef seq.
LorexTz, H. A., contemporary Dutch
physicist, 171
LoweLL, P. (1855-1916), American as-
tronomer, 236, 239, 240, 241, 244,
255
Lowell Observatory, 241
Loxodrome, 8o
Lubber's line, 76
Luminosity, 303
Lunar topography, 124 et seq.

), Ameri-

MibLEr, J. H. (1791-1874), German
astronomer, 128
Magellanic clouds, 292
Magnetic compass, 77
Magnetism, solar, 171
terrestrial, 50, 175
Magnifying power ot telescope, 37
Magnitude of stars, 4, 282 et seq.
absolute, 302
photographic, 286
photovisual, 288
Maria, lunar, 124
Marius, SiMoN (1570-1624), German
astronomer, 250, 350
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Mars, 238 ef seq.
MASKELYNE, N. (1732-1811), English
astronomer, 210
Mass, determination of, 220
Mavury, Axtonia C. de P. P. (1866~
), American astronomer, 277
MAXWELL, J. CLERK (1831-1879), Eng-
lish physicist, 154, 254
Mean anomaly, 194
daily motion, 194
distance, 194
Mercury, 233 et seq.
Meridian, 12, 18
prime, 62
circle, 28
MEeRrILL, P. W. (1887- ), Ameri-
can astronomer, 335, 344
Messier, C. (1730-1817), French as-
tronomer, 350
Meteors, 2, 56, 258 et seq.
Meteor Crater (Coon Butte), 127, 261
Meteorites, 258, 261
Meteorology, 258
MicreLsoN, A. A, (1852- ), Ameri-
can physicist, 94, 226, 227, 307
Micrometer, filar, 45, 327
Milky Way, 24, 291, 298
MiLER, D. C. (1866-
physicist, 325
MiLLER, J. A. (1859-
astronomer, 177
MiLLikan, R. A, (1868-
can physicist, 154
Minimum visibile, 285
Mira, 337, 344
MircHELL, S. A. (1874-
can astronomer, 168
Moment of momentum, 371
Momentum, 203
MoxraiGNE, M. (1716-1785), French
astronomer, 265
MoxnTaNarl, G. (1633-1687), Italian
mathematician, 337
Month, sidereal, 115
synodic, 115
Months, names of, 105
Moon, 113 ef seq.
eclipses of, 137
phases of, 119
rotation and librations of, 121
Moore, J. H. (1878~ ), American
astronomer, 322, 342, 356
Morrey, E. W. (1838- ), Ameri-
can physicist, 226

), American
), American

), Ameri-

), Ameri-

Motus parallacticus, 323
peculiaris, 323
Mouvvrroxn, F. R. (1872- ), Ameri-
can astronomer, 221, 248, 369, 372
Moving groups of stars, 323
Music of the spheres, 192

Nadir, 11, 66
Navigation, 74 et seq.
Neap tide, 229
Nebula of Andromeda, 350, 351, 366
America, 361
Crab, 362
Keyhole, 362
of Orion, 350, 352, 357, 360
Trifid, 361
Veil, 361
Nebule, dark, 359
diffuse, 357
distances of, 314, 365
elliptic, 364
extra-galactic, 363, 365
spiral, 363
variable, 362
Nebular hypothesis, 369, 370
Nebulium, 151, 356
Neptune, 249, 257
discovery of, 225
NEWTON, Sir Isaac (1642-1727), Eng-
lish philosopher, 96, 143, 202, 207,
215, 267
Newtonian form of reflector, 47
Newton's laws of motion, 202
of gravitation, 208 ef seq.
NicuoLs, E. F. (1869~1924), American
physicist, 154
NicroLsoN, J. W., contemporary Eng-
lish astronomer, 178

NicHoLsox, S, B. (1891- ), Ameri-

can astronomer, 236, 244, 288, 344

Nodes, Moon’s, 114
of planetary orbit, 193
regression of, 114, 223
Nova Aquile 1918, 340, 341, 342
Nova Persei 1901, 340, 342
Nove, 337, 339
Nucleus, of atom, 156, 310
of comet, 258, 269
Nutation, 108

Objective, 35

Objective prism, 167, 274
Oblate spheroid, 60
Oblique sphere, 64
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Obliquity of ecliptic, 23
Obgscure nebulee, 359
Occultation of a star by the Moon, 123
Orsers, H. W, M. (1758-1840), Ger-
man astronomer, 246, 266
OppoLZER, TH. von (1841-1886), Aus-
trian astronomer, 142
Opposition, 185
Orbit, form of Earth's, 96
elements of, 193
Ordinate, 10
Orion, belt of, 290
Nebula of, 350, 352, 357, 360
Oxygen, 53, 150, 235, 243

Pauisa, J. ( -1925), Austrian as-
tronomer, 246
Parabola, 217
Parabolic velocity, 218
Parallactic angle, 66
displacement, 87, 88
Parallax, geocentric, 14
heliocentric, 89, 299
secular, 323
Parsec, 302
Peary, R. E. (1856- 1920), American
explorer, 261
Peasg, F. G. (1881~
astronomer, 307, 335
Peiresc, N. CL F. (1580-1637), French
astronomer, 350
Pendulum, 61
Penumbra, 132, 169
Perihelion, 99
Period, sidereal, 193, 198
synodic, 185, 198
Period-luminosity relation, 312, 348
PErrINE, C. D. (1867- ), American
- astronomer, 342
PEerrOTIN, J. (1845-1904), French as-
tronomer, 240
Perseids, 264, 265
Perturbations, 222, 224
PeTTIT, E. (1889~ ), American as-
tronomer, 236, 244, 288, 344
Phases, of the Moon, 119
of planets, 191, 234
Photography, celestial, 46
of nebule, 352
Photometers, 286
Photosphere, 162
Photosynthesis, 161
Photovisual magnitude, 288

), American

Piazzr, G, (1746-1826), Sicilian astron-
omer, 246
Picarp, J. (1620-1682), French astron-
omer, 83, 209
Pickering, E. C. (1846-1919), Ameri-
can astronomer, 158, 277, 279, 335,
338
Pickering, W. H. (1858~ ), Ameri-
can astronomer, 129, 240, 241
Planetesimal hypothesis, 372
Planets, 233 et seq.
paths of, 183
Praskert, H. H., contemporary Can-
adian astronomer, 280
Pleiades, 290, 324
Pogson, N. (1829-1891), English as
tronomer, 282
Polar caps of Mars, 240, 241
Polaris, 3
Polarity of sun spots, 172 et seq.
Polarized light, 153
Poles defined, 18
of ecliptic, 24
of galaxy, 24
of rotation, 18
Poxns, J. L. (1761-1831), French as-
tronomer, 265
Position angle, 45, 327
PounLLer, C. S. (1791-1868), French
physicist, 179
Praesepe Cancri, 290
Precession, 106, 223
Pressure of radiation, 154
Prime vertical, 12
Prism, 32, 145, 146, 273
Problem of two bodies, 215
of three bodies, 221
Proctor, R. A. (1837-1888), English
astronomer, 269
Prominences, solar, 141, 170
Proper motion, 109, 316
Proton, 156
Proxima, 303, 306, 330
Ptolemaic system, 187, 188
ProLemy, C. (1oc-170), Alexandrian
astronomer, ¢ 5¢ 282
Pulsation theory o. . erheids, 348
Pyrheliometer, 179

Quadrant, 13
Quadrature, 114, 185
Quantum, 156

Radial velocity, 87, 160
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Radian, 7 Satellites, of Jupiter, 251

Radiant of meteoric shower, 263 of Mars, 245

Radiation, definition of, 154 of Neptune, 257
invisible, 154 of Saturn, 255

measurement of total, 288
pressure of, 154
Radio, 73, 75
Radiometers, 288
Radius vector, 99
Rainbow, 143
Rays on the Moon, 125
Red spot of Jupiter, 250
Reflecting telescope, 46
Reflection, law of, 32
Refracting telescope, 35
Refraction, atmospheric, 56
law of, 32
Refractive index, 32
Regression of Moon's nodes, 114, 223
Relativity, theory of, 225
Repulsion of comets' tails, 154, 271
Resolving power, 38
Reticle, 28
Reversing layer, 168
Revolution and rotation distinguished,
16
Rhumb line, 80
RiccioL1, G. B. (1598-1671), Italian
astronomer, 124, 335
RICHER, ]., French astronomer, 61
Right ascension, 19
Rings of Saturn, 252
Rircuey, G. W. (1864— ), Ameri-
can astronomer and optician, 342,
352, 362
Roserts, 1. (1829-1904), English as-
tronomer, 352
RoMeR, O. (1644-1710), Danish as-
tronomer, 92
Rosse, EARL oF (1800-1867), Irish as-
tronomer, 351
Rotation and revolution distinguished,
16
Rowraxnp, H. A. (1848-1901), Ameri-
can physicist, 171
RusseLL, H. N. (1877- ), Ameri-
can astronomer, 128, 168, 307, 308,
334, 360

Sana, MEGH NAD, contemporary Hindu
physicist, 158

SanForp, R. F. (1883- ), American
astronomer, 362

Saros, 135

Satellites, 2

of Uranus, 255
Saturn, 249, 252 el seq.
ScHEINER, C. (1575-1650), German as-
tronomer, 175

ScuiapareLLl, G. (1835-1910), Italian
astronomer, 235, 236, 240, 265

ScajeLLerup, H. F. C. (1827-1887),
Danish astronomer, 278

SCHLESINGER, F. (1871~ ), Ameri-
can astronomer, 301

ScawaBE, S. H. (1789-1875), German
astronomer, 172

Seares, F. H. (1873~ ), American
astronomer, 276

Seasons and climatic zones, 100

SeccHi1, A. (1818-78), Italian astrono-
mer, 276, 277

Secular perturbations, 224

Seeing, 40

SEELIGER, H. (1849— ), German as-
tronomer, 342

Sequence, north polar, 287

Series of spectral lines, 155

Sextant, 75

Shadow bands, 140

Shadows of Earth and Moon, 130

SHang, C. D., contemporary American
astronomer, 342

SHAPLEY, H. (1885- ), American as-
tronomer, 312, 334, 348

Showers of meteors, 264

Sidereal day, 20

noon, 20

time, 20

year, 108
Signs of the zodiac, 24
Sirius, 216, 310
Sky, 54
SLiPHER, E. C. (1883~ ), American

astronomer, 241
SuipHER V. M. (1875- ), American
astronomer, 236, 249, 319, 362, 363
Slit, 145, 275
Solar constant of radiation, 179

corona, 177

prominences, 141, 170

spectrum, 149

time, 21, 69
Solar system, 2

dimensions of, 257

motion of, 319
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Solids, distinguished from gases and
liquids, 53
Solstices, 24
SosIGENES (¢. 50 B.C.), Alexandrian as-
tronomer, 103
Sound compared to light, 153
Space motion of a star, 317
Spectra, kinds of, 147
of nebule, 151, 351, 355, 356, 363
of stars, 150, 277 e seq.
production of, 147
series of lines in, 155
Spectral analysis, principles of, 148
© criterion of luminosity, 304
type and galactic concentration, 208
types, Harvard classification, 278
Secchi’s classification, 277
Spectrograph, 145
Spectroheliograph, 164
Spectrohelioscope, 165
Spectroscope, 144
Spectroscopy, 143, 146, 273
Spectrum defined, 33, 143
of aurora, 175
of ionized atom, 157
of sun spots, 171
solar, 149
Swan, 270
Sphere, celestial, 5
right, parallel, and oblique, 64
Spheres, music of, 192
Spheroid, Hayford's of 1909, 84
Spheroids, 60
SPOERER, G. (1822-1895), German as-
tronomer, 173, 175
Spring tide, 229
St. Jonx, C. E. (1857~ ), American
astronomer, 168, 169, 236, 243
Star atlas, 3
catalogues, 292
clouds, 291
clusters, 290, 313
life history of a, 312
magnitudes, 282 ef seq.
maps, 25
places, reduction of, 109
spectra, 150
Stars, apparent clustering of, 290
binary, 309, 326 ef seq.
brightest, 284
diameters of, 307
distances of, 90, 209
distribution of, 290 ef seq.
dwarf, 307, 319

Stars, giant, 307, 319
masses and densities of, 309
motions of, 316 el seq.
moving groups of, 323
nearest, 303, 305
number of, 294 el seq.
representative, 311
variable, 333, 337 et seq.
SteeBINs, J. (1878- ), American
astronomer, 336
Stefan-Boltzmann law, 181
Stellar distance, units of, 302
luminosity, range of, 304
STROMBERG, G., contemporary Ameri-
can astronomer, 319, 325
StrUVE, W. (1793-1864), German as-
tronomer, 300
SuMmNER, T. H. (1810-1780), American
navigator, 79
Sun, 1, 95, 161 ef seq.
mean, 69
Sun spots, 169, 171
Superficial gravity, 214
Synodic period, 115, 176, 185, 198
System, Copernican, 188
galactic, 298
Ptolemaic, 187
Solar, 2, 319

Taurus moving cluster, 323
Telegraph, 73
Telescope, equatorial, 19
optics of, 31 el seq.
Temperate zone, 102
Terminator, 120
Theodolite, 13
Thermocouple, 288
Tidal evolution, 231, 371
Tides, the, 227 et seq.
Time, determination of, 28, 78
distribution of, 72
equation of, 69
kinds of, 69
sidereal, 20, 69
solar, 21, 69
Torrid zone, 102
Torsion balance, 210
Transit instrument, 28
Transits of Mercury and Venus, 237
Triangle, ZPS, 65
Triangulation, 81
Trojan group of asteroids, 221, 247
Tropical year, 103, 108
True anomaly, 194
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Twilight, 55
Twinkling of stars, 40
TycHo BRAHE (1546-1601), Danish as-
tronomer, 13, 27, 189, 191, 198,
259, 293, 340
lunar crater, 125

ULucH BEG (1394-1449), Arabian as-
tronomer, 293
Umbra, 132, 169
Unit, Angstrom, 153
astronomic, 194
of angular measurement, 6
of stellar distance, 302
Universes, island, 351, 353, 366
Uranus, 249, 255
Ursa Major, 3, 324

Vacuum tube, 147
Van MAANEN, A. (1884— ), Dutch-
American astronomer, 366
Vax Runjn, P. J., contemporary Dutch
astronomer, 298
Variable stars, 333, 337 & seq.
Vasco pa Gama, Portuguese navigator,
10
Vegetation on Mars, 242, 244
Velocities, cosmic, 325
Velocity curve, 332
of light, 92
radial, 87, 160
Venus, 233 el seq.
Vertical circles, 11
Very, F. W. (1852-
astronomer, 128
Visual binaries, 327

), American
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Vocer, H. C. (1842-1907), German as-
tronomer, 277, 318
Vortices, solar, 170

Water, extra-terrestrial, 235, 243

Wave theory of light, 152

Week, days of, 105

Weight, 213

White dwarfs, 310

Widmannstatten figures, 262

Wien's law, 158

Worr, Max (1863~ ), German as-
tronomer, 246, 342, 352

Wolf-Rayet stars, 279, 341

Worraston, W. H. (1766-1828), Eng-
lish physicist, 146

WRriGHT, THOMAS (1711-1786), English
amateur, 298, 368

Year,
eclipse, 134
sidereal, 108
tropical, 103, 108
Youne, C. A. (1834-1908), American
astronomer, 167, 178

ZeeMaN, P., contemporary Dutch phys-
icist, 171

Zenith, 11

Zodiac, 24

Zodiacal light, 248

ZOLLNER, J. C. F. (1834-1882), German
astronomer, 128

Zones, climatic, 102

ZPS triangle, 65
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