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PREFACE.

e

THE present volume is a new work, and not a mere
abridgment of the “ General Astronomy ” recently pub-
lished by the author. Much of the material of the larger
book has naturally been incorporated in this, and many of
its illustrations are used ; but everything has been worked
over, with reference to the High School course.

It has not always been easy to decide just how far to
go in cutting down and simplifying. On the one hand
High School pupils are no longer children, but have pre-
sumably already mastered. the elementary subjects, and it
is an important part of their remaining education to make
them familiar with the ordinary scientific terms and meth-
ods of expression. At the same time there is undoubtedly
danger of over-shooting their range of intelligence.

While, therefore, the author has tried to treat every
subject simply and clearly, he has not undertaken to make
it “milk for babes,” but rather to stimulate thought, to
discourage narrow and one-sided ways of looking at
things, and to awaken the desire for further acquisition.
The book presupposes pupils willing to learn, and an
instructor who understands the subject in hand and the
art of teaching.

Special attention has been paid to making all statements
correct and accurate as far as they go. Many of them are
necessarily incomplete, on account of the elementary char-
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acter of the work; but it is hoped that this incomplete-
ness has never been allowed to become untruth, and that
the pupil will not afterwards have to unlearn anything
the book has taught him.

In the text no mathematics higher than elementary
algebra and geometry is introduced ; in the foot-notes and
in the Appendix an occasional trigonometric formula
appears, for the benefit of the very considerable number
of High School students who understand such expressions.

Certain topics, which, while they certainly ought to be
found within the covers of a High School text-book of
Astronomy, are perhaps not essential to the course, are
relegated to the Appendix. Where sufficient time is
allotted to the subject, the instructor will find it well to
include some of them in the pupil’s work.

. A brief Uranography is also presented, covering the

constellations visible in the United States, with maps on a
scale sufficient for the easy identification of all the prin-
cipal stars. It includes also a list of such telescopic
objects in each constellation as are easily found and lie
within the power of a small telescope.

The author is under special obligations to Messrs.
Kelley of Haverhill, Lambert of Fall River, and Par-
menter of Cambridgeport, for valuable suggestions and
assistance’ in preparing the work, and to his assistant, Mr.
Reed, for help in the proofreading: also to Warner &
Swasey for the cut of the Lick telescope which forms
the frontispiece.

PRINCETON, N.J., August, 1889.
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INTRODUCTION.

—oot 0

1. TaE earth is a huge ball about 8000 miles in diameter,
composed of rock and water, and covered with a thin envelope
of air and cloud. Whirling as it flies, it rushes through empty
space, moving with a speed fully fifty times as great as that of
the swiftest eannon-ball. On its surface we are wholly uncon-
scious of the motion, because it is perfectly steady and without
jar.

As we look off at night we see in all directions the countless
stars, and conspicuous among them, and looking like stars,
though very different in their real nature, are scattered a few
planets. Here and there appear faintly shining clouds of
light, like the so-called Milky Way and the nebulee, and per-
haps, now and then, a comet. Most striking of all, if she
happens to be in the heavens at the time, though really the .
most insignificant of all, is the moon. By day the sun alone
is visible, flooding the air with its light and hiding the other
heavenly bodies from the unaided eye, but not all of them
from the telescope. )

2. The Heavenly Bodies.—The bodies thus seen from the
earth are known as the “heavenly bodies.” For the most part
they are globes like the earth, whirling on their axes, and mov-
ing swiftly through space, though at such distances from us
that their motions can be detected only by careful observation.

They may be classified as follows: First, the solar system
proper, composed of the sun, the planets which revolve around
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it, and the satellites, which attend the planets in their motion
around the sun. The moon thus accompanies the earth, which
herself belongs among the planets. The distances between
these bodies are enormous as compared with the size of the
earth, and the sun which rules them all is a body of almost
inconceivable magnitude. '

Next, we have the comets and the meteors which, while they
acknowledge the sun’s dominion, move in orbits of a different
shape from those of the planets, and are bodies of a very
different character. Finally, we have the stars and nebulce,
at distances from us immensely greater than even those which
separate the planets. The stars are suns, bodies comparable
with our own sun in size and nature, and, like it, self-luminous,
while the planets and their satellites shine only by reflected
sunlight. Of the nebule we know very little, except that they
are cloud-like masses of self-luminous matter, and belong to
the region of the stars.

3. Subject-Matter of Astronomy.— Astronomy 4s the science
which treats of the heavenly bodies. It investigates (a) their
motions and the laws which govern themj; () their nature,
dimensions, and characteristics ; (c¢) the influence they exert

_upon each other either by their attraction, their radiation, or
in any other way.

Astronomy is the oldest of the natural sciences: nearly the
earliest records that we find in the annals of China and upon
the inscribed “library bricks” of Assyria and Babylon relate
to astronomical subjects, such as eclipses and the positions of
the planets. Obviously in the infancy of the race the rising
and setting of the sun, the progress of the seasons, and the
phases of the moon must have compelled the attention of even
the most unobservant.

As Astronomy is the oldest of the sciences, so also it is one
of the most perfect, and in certain aspects the noblest, as
being the most “unselfish,” of them all,
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4, Utility. — Although not bearing so directly upon the
material interests of life as the more modern sciences of Phys-
ics and Chemistry, it is really of high utility. It is by means
of Astronomy that the latitudes and longitudes of places upon
the earth’s surface are determined, and by such determinations
alone is it possible to conduct vessels upon the sea. If we can
imagine that some morning men should awake with Astronomy
forgotten, all almanacs and astronomical tables destroyed, and
sextants and chronometers demolished, commerce would prac-
tically cease, and so far as intercourse by navigation is con-
cerned, the world would be set back to the days before Columbus.
Moreover, all the operations of surveying upon a large scale, such
as the determination of the boundaries of countries, depend
more or less npon astronomical observations. The same is true
of all operations which, like the railway service, require an ac-
curate knowledge and observance of the time; for the funda-
mental time-keeper is the diurnal revolution of the heavens,
as determined by the astronomer’s transit-instrument.

In ancient times the science was supposed to have a still higher
utility. It was believed that human affairs of every kind, the welfare
of nations, and the life history of individuals alike, were controlled,
or at least prefigured, by the motions of the stars and planets; so
that from the study of the heavens it ought to be possible to predict
futurity. The pseudo-science of Astrology based upon this belief
really supplied the motives that led to most of the astronomical obser-
vations of the ancients. Just as modern Chemistry had its origin in
Alchemy, so Astrology was the progenitor of éstronomy.

5. Place in Education. — Apart from the utility of Astron-
omy in the ordinary sense of the word, the study of the
science is of the highest value as an intellectual training.
No other science so operates to give us on the one hand just
views of our real insignificance in the universe of space, mat-
ter, and time, or to teach us on the other hand the dignity
of the human intellect as the offspring, and measurably the
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counterpart, of the Divine; able in a sense to “comprehend”
the universe, and know its plan and meaning. The study of
the science cultivates nearly every faculty of the mind; the
memory, the reasoning power, and the imagination all receive
from it special exercise and development. By the precise
and mathematical character of many of its discussions it en-
forces exactness of thought and expression, and corrects that
vague indefiniteness which is apt to be the result of pure lit-
erary training. On the other hand, by the beauty and gran-
deur of the subjects it presents, it stimulates the imagination
and gratifies the poetic sense. In every way it well deserves
the place which has long been assigned to it in education.

6. The present volume does not aim to make finished
astronomers of high-school pupils. That would require years
of application, based upon a thorough mathematical training
as a preliminary. Our little book aims only to present such a
view of the elements of the science as will give the pupils of
our high schools an intelligent understanding of its leading
facts, —not a mere parrot-like knowledge of them, but an
understanding both of the facts themselves and of the general
methods by which we ascertain them. These are easily mas-
tered by a little attention, and that without any greater degree
of mathematical knowledge than may confidently be expected
of pupils in the latter years of a high-school course. Nothing
but the simplest Arithmetic, Algebra, and Geometry will be
required to enable one to deal with anything in the book,
except that now and then a trigonometric equation may be
given in a note or in the Appendix for the benefit of those
who understand that branch of mathematics.

The occasional references to “ Physics ” refer to Gage’s Elements of
Physics, and those to ¢“Gen. Ast.” relate to the author’s General
Astronomy, or College Text-Book.
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CHAPTER 1L

FUNDAMENTAL NOTIONS AND DEFINITIONS, AND THE
DOCTRINE OF THE SPHERE.

7. The Celestial Sphere. —The sky appears as a hollow
vault, to which the stars seem to be attached, like specks of
gilding upon the inner surface of a dome. We cannot judge
of the distance of the concavity from the eye, further than
to perceive that it must be very far away, because it lies be-
yond even the remotest terrestrial objects. It is therefore nat-
ural, and it is extremely convenient from a mathematical point
of view, to regard the distance of the heavens as unlimited.
The celestial sphere, as it is called, is conceived of as so enor-
mous that the whole material universe lies in its centre like a
few grains of sand in the middle of the dome of the Capitol.
The imaginary radius of the celestial sphere is assumed to be
immeasurably greater than any actual distance known, and
greater than any quantity assignable,—in technical language,
mathematically infinite.

There are other ways of regarding the celestial sphere, which are
equally correct and lead to the same general results without requiring
the assumption of an infinite radius, but on the whole they are more
complicated and less convenient than the one above indicated, which
is that usually accepted among astronomers.

8. Vanishing Point. —Since the radius of the celestial
sphere is thus infinite, any set of lines which are parallel to
each other, if extended indefinitely, will appear to pierce it at
a single point. The real distances of the parallel lines from
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each other remain, of course, unchanged however far they may
be produced; so that whatever may be the radius of the
sphere, they actually pierce the surface in a group of separate
points. But since the radius of the sphere is “infinite,” the
apparent size of the group of points, as seen from the earth,
will be less than any assignable quantity. 1In other words, to
the eye the area occupied by the group on the surface of the
sphere will shrink to a mere point, — the “vanishing point” of
perspective. Thus the axis of the earth, and all lines parallel
to it, pierce the heavens at the celestial pole; and the plane
of the earth’s equator, which keeps parallel to itself during
her annual circuit around the sun, marks out only one celestial
equator in the sky.

9. Place of a Heavenly Body. —This is simply the point
where a line, drawn from the observer through the body in
question and continued onward, pierces the sphere. It de-
pends solely upon the direction
of the body, and is obviously
in no way affected by its dis-
tance. Thus in Fig. 1, 4, B, C,
etc., are the apparent places of
a, b, ¢, the observer being at O.
Objects that are nearly in line
with each other, as &, 4, k, will
appear close together in the sky,
however great their real dis-
tance from each other may be.
The moon, for instance, often
looks to us ¢ very near?” a star,
which is really of course at an immeasurable distance beyond
her.

10. Angular Measurement. — It is clear that we cannot prop-

erly measure the apparent distance of two heavenly bodies

from each other in the sky by feet or inches. To say that two
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stars are about five feet apart, for instance (and it is not very
uncommon to hear such an expression), means nothing unless
you tell how far from the eye the five-foot measure is to be
held. If 20 feet away, it means one thing, and corresponds,
nearly, to the apparent length of the ¢ Dipper-handle” in the
sky (see Art. 23); if 100 feet away, it corresponds to an
apparent distance only about one-fifth as great, or to one of
the shorter sides of the “Dipper-bowl” (see Art. 23); but if
the five-foot measure were a mile away, its length would cor-
respond to an apparent distance about one-tenth the apparent
diameter of the moon. The proper units of expressing appar-
ent distances in the sky are those of angle, viz.: radians, or else
degrees (°), minutes ('), and seconds ('"). The Great Bear’s
tail or Dipper-handle is about 16 degrees long, the long side of
the Dipper-bowl is about 10 degrees, the shorter sides are 4° or
5°; the moon is about half a degree, or 30, in diameter.

11. The student will remember that a degree is one three-hundred-
and-sixtieth of the circumference of a circle, so that a quarter of the
circumference, or the distance from the point overhead to the horizon,
is 90°; also, that a minute is the sixtieth part of a degree, and a sec-
oud the sixtieth part of a minute. The radian is the angle measured

by an arc of the circumference equal to its radius. It is @, or

T
(approximately) 57°.3, 3437'.7, or 206264".8.

It is very important, also, that the student in Astronomy as soon as
possible should accustom himself to estimate celestial measures in
these angular units. A little practice soon makes it easy, though at
first one is apt to be embarrassed by the fact that the sky looks to the
eye not like a true hemisphere, but a fattened vault, so that all esti-
mates of angular distances for objects near the horizon are apt to be
exaggerated. The moon when rising or setting looks to most per-
sons much larger! than when overhead, and the “Dipper-bowl”

1 This is due to the fact that when a heavenly body is overhead there
are no intervening objects by which we can estimate its distance from us,
while at the horizon we have the whole landscape between us and it. This
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when underneath the pole seems to cover a much larger area than
when above it.

12. Relation between the Distance and Apparent Size of an
Object. — Suppose a globe of the radius BC, Fig. 2, equal to
r. As seen from the point 4 its “apparent” (that is, angular)
semi-diameter will be the angle BAC, or s, its distance being

Fie. 2.

AC, or B. Evidently the nearer A4 is to C, i.e., the smaller R
may be, the greater will be the angle s. If the angle s is 1°,
R will be 57.3+ times as great as r; and if it were only 1", R
would then be 206,265 times . As long as the angle s does
not exceed 1° or 2°, we may without sensible error take

R 80 R slf
s | <206265>'

The distances R and r are of course measured in units of
length, or “linear” units, such as miles, kilometers, or feet. In

makes it seem remoter when low down, and as the angular diameter is
unchanged, it makes it seem to us larger (Art. 12). It may be mentioned
as a rather curious fact that people unaccustomed to angular measure-
ments say, on the average, that the moon (when high in the sky) appears
about a foot in diameter. This implies that the surface of the sky appears
to them only about 110 feet away. Probably this is connected with the
physiological fact that by the muscular sense, by means of the convergence
of the eyes, we can directly estimate distances up to about 100 feet with
more or less accuracy. Beyond that we depend for our estimate mainly
on intervening objects.
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general, therefore, for r, the radius® (in linear units) of a
globe whose angular semi-diameter is s, we have

S" r
o) . Also 8" = 206265 L
Ak, 5 AR R

We see therefore that the apparent diameter of the object
varies directly as the linear diameter, and inversely as the dis-
tance. In the case of the moon, R equals about 239,000 miles,
and » 1081 miles; whence, from the formula just given, her

semi-diameter,
1081

"__
s'" = 206265 x 239000°

which equals 933" — a little more than °.

OIRCLES OF THE SPHERE.

13. In order to be able to describe intelligibly the position
of a heavenly body in the sky, it is convenient to suppose the
inner surface of the celestial sphere to be marked off by circles
traced upon it,— imaginary circles, of course, like the merid-
ians and parallels of latitude upon the surface of the earth.
Three distinet systems of such circles are made use of, each of
which has its own special adaptation for its special purposes.

SYSTEM WHICH DEPENDS UPON THE DIRECTION OF THE
FORCE OF GRAVITY AT THE POINT WHERE THE OB-
SERVER STANDS.

14. The Zenith and Nadir. —If we suspend a plumb-line
(consisting simply of a slender thread with a heavy ball at-
tached to it), the thread will take a position depending upon

o . . . . r .
1 The exact trigonometric equation is sms::ﬁ, whence r= R sins,

This equation is exact, even if s is a large angle.
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the direction of the force of gravity. If we imagine the line
of this thread to be extended upward to the sky, it will pierce
the celestial sphere at a point directly overhead, known as the
astronomical zenith' or “the zenith” simply, unless some other
qualifier is annexed.

As will be seen later (Art. 82), the ptumb-line does not point exactly
to the centre of the earth, because the earth rotates on its axis and is
not strictly spherical. If an imaginary line be drawn from the centre
of the earth upward through the observer, and produced to the celes-
tial sphere, it marks a point known as the “ geocentric zenith,” which is
never very far from the astronomical zenith, but is not identical, and
must not be confounded, with it. For most purposes the astronomi-
cal zenith is the better practical point of reference, because its’ posi-
tion can be determined directly by observation, which is not the case
with the geocentric zenith.

The nadir (also an Arabic term) is the point opposite to
the zenith in the invisible part of the celestial sphere directly
underneath.

15, The Horizon. — If now we imagine a great circle drawn
completely around the celestial sphere half way between the
zenith and nadir (and therefore 90° from each of them), it
will be the horizon.? Since the surface of still water, accord-
ing to hydrostatic prineiples, is always perpendicular to the
direction of gravity, we may also define the horizon as the
great circle in which a plane, tangent to a surface of still water at
the place of observation, cuts the celestial sphere; or, in slightly
different words, the great circle where a plane passing through
the observer’s eye, and perpendicular to the plumbd line, cuts the
sphere.

1 The word ““zenith” is derived from the Arabic, as are many other
astronomical terms. It is a reminiscence of the centuries when the Arabs
were the chief cultivators of science.

2 Pronounced ho-ri’-zon ; beware of the vulgar pronunciation %Zor'-i-zon.
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Sensible and Rational Horizon.— Many writers distinguish
between the “sensible” and “rational” horizons, the former being de-
fined by a horizontal plane drawn through the observer’s eye, while the
latter is defined by a plane, parallel to this, but drawn through the
centre of the earth. Since, however, the celestial sphere is infinite in
diameter, the two lines traced upon it by these planes, though 4000
miles apart, confound themselves to the observer’s eye into a single
great circle, 90° from both zenith and nadir, agreeing with the first
definition given above. The distinction is not necessary.

16. Visible Horizon,— The word “ horizon” means literally
“the boundary,” that is, the limit.of landscape, where sky meets
earth or sea; and this boundary line is known as the Visible
Horizon. On land it is of no astronomical importance, being
usually an irregular line broken by hills and trees and other
objects; but at sea it is practically a
true circle, nearly, though not quite,
coinciding with the horizon as above
defined. If the observer’s eye were at
the water-level, the coincidence would
be exact; but if he is at an elevation
above the surface, the line of sight
drawn from his eye tangent to the
water inclines or “dips” downward by
a small angle, on account of the curva-
ture of the earth. This is illustrated gy, 5.— Dip of the Horizon.
by Fig. 3, where OH is the line of the
true level from the observer’s eye at O, situated at an eleva-
tion, h, while OB is the line drawn to the boundary of sea and
sky; that is, to the visible horizon.

The visible horizon, therefore, is not a great circle of the
celestial sphere, but technically a small circle, parallel to the true
horizon and depressed below it by an amount measured by the
angle HOB, which is called the Dip of the Horizon. In marine
astronomy this visible horizon is of great importance, because
it is the circle from which the observer measures with his
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sextant the height of the sun or other heavenly body, in the
operations by which he determines the place of his ship.

17. Vertical Circles; the Meridian and the Prime Vertical.—
Vertical Circles are great circles drawn from the zenith at right
angles to the horizon. Their number is indefinite: each star
has at any moment its own vertical circle. That particular
vertical circle which passes north and south is known as the
Celestial Meridian, and is evidently the circle which would be
obtained by continuing to the sky the plane of the terrestrial
meridian upon which the observer is located. The vertical
circle at right angles to the meridian is the Prime Vertical.

F16. 4, — The Horizon and Vertical Circles.

0, the place of the Observer. M, some Star, . :
OZ, the Observer’s Vertical. ZMH, arc of the Star’s Vertical Circle,
Z, the Zenith; P, the Pole. TMR, the Star’s Almucantar.

SEN W, the Horizon. Angle TZM, or arc SH, Star’s Azimuth.
SZPN, the Meridian. Arc HM, Star’s Altitude.

EZW, the Prime Vertical. Arc ZM, Star’s Zenith Distance.

18. Parallels of Altitude, or Almucantars. — These are small
circles of the celestial sphere drawn parallel to the horizon just
as the parallels of latitude on the earth’s surface are drawn
parallel to the equator. The term Almucantar (Arabic) is
seldom used.
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19. We are now prepared to designate the place of a body
in the sky by telling how many degrees it is above the horizon,
and how it “bears’” from the observer.

Altitude and Zenith Distance. — The Altitude of a celestial
body is its angular elevation above the horizon ; i.e., the number
of degrees between it and the horizon, measured on a vertical
circle passing through the object. In Fig. 4 the vertical circle
ZMH passes through the body M. The arc MH measured in
degrees is the Altitude of M, and the arc ZM (the “comple-
ment” of MH) is called its Zenith Distance.

20. Azimuth and Amplitude. —The Azimuth (an Arabic
word) of a heavenly body is the same as its “bearing ”’ in sur-
veying ; measured, however, from the true meridian and not
from the magnetic.!

It may be defined as the angle formed at the zenith between
the meridian and the wvertical circle which passes through the
object; or, what comes to the same thing, it is the arc of the
horizon intersected between the south point and the foot of
this circle. In Fig.4 SZN is the meridian, and the angle SZM
is the azimuth of M, as also is the arc SH, which measures
the angle at Z. The distance of H from the east or west point
of the horizon is called the Amplitude of the body; HE in the
figure is the amplitude of M.

21. There are various ways of reckoning azimuth. Many writers
express it in the same way as the bearing is expressed in Surveying;
t.e., so many degrees east or west of north or south. In the figure, the
azimuth of A thus expressed is about S. 50° E. The more usual way
at present, however, is to reckon it from the south point clear around
through the west to the point of beginning. Thus an object exactly
in the southwest would have an azimuth of 45°, while in the south-
east it would be 815°.

1 The reader will remember, of course, that the magnetic needle does
not point exactly north. Its direction varies widely in different parts
of the earth, and not only so, but it changes slightly from hour to hour
during the day, as well as from year to year.
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For example, to find a star whose azimuth is 260° and altitude
60°, we must face N. 80° E., and then look up two-thirds of
the way to the zenith, the zenith distance being 30°.

22. Altitude and azimuth, however, are for many purposes
inconvenient, because for a celestial object they continually
change.

When the sun is rising, for instance, its altitude is zero. Half an
hour later it is increased by several degrees, and the azimuth also is
altered; for the sun does not (except to an observer at the earth’s
equator) rise vertically in the sky, but slopes upward, moving from the
left towards the right; so also when it is setting: and vne same is
true, in a general way, of every heavenly body.

It is desirable, therefore, to use a different way of defin-
ing the place of a body in the heavens which shall be free
from this objection, and this ‘we can do by taking as the
“fundamental line” of our system, not the direction of grawity
as shown by the plumb-line (which is not the same at any
two different points on the earth’s surface, and is continually
changing as the earth turns around), but the direction of the
earth’s axis.

SYSTEM OF CIRCLES DEPENDING ON THE DIRECTION OF
THE EARTH’S AXIS OF ROTATION.

23. The Apparent Diurnal Rotation of the Heavens. — If we
go! out on some clear evening in early autumn and face the
north, we shall find the aspect of that part of the heavens
directly before us substantially as shown in Fig. 5. In the

1 The teacher is earnestly recommended to arrange to give the class, as
early in the course as possible, an evening or two in the open air. It is
the best and quickest way to secure an intelligent comprehension of the
fundamental points and circles of the celestial sphere; and the study of
the constellations, though not of much account considered as astronomy,
is always interesting to young people and awakens interest in the science.
If the class can have access to a good celestial globe at the same time,
it will make the exercise easier and more profitable.
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northwest is the constellation of the Great Bear (Ursa Major),
characterized by the conspicuous group of seven bright stars,
familiar to all our readers as the “Great Dipper.” It now
lies with its handle sloping upward toward the west. The

F16. 5. — The Northern Circumpolar Constellations,

two easternmost stars of the four which form its bowl are
called the “Pointers,” because they point! to the Pole-stas,
which is a solitary star not quite half-way from the horizon

1 The figure is slightly wrong. They really point much more nearly
to the Pole-star than it shows.
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to the zenith (in the latitude of New York). It is about
as bright as the brighter of the two Pointers, and a curved
line of small stars extending upward and westward joins
it to the bowl of the “Little Dipper,” the Pole-star being
at the extremity of the handle. The two brightish stars,
which correspond in position to the Pointers in the Great
Dipper, are known as the “ Guards” (of the pole).

High up on the opposite side of the Pole-star from the
Great Dipper, and at nearly the same distance, is an irregular
zigzag of five stars, about as bright as the Pole-star itself.
This is the constellation of Cassiopeia.

Below Cassiopeia lies Perseus ; and still lower, near the northeast-
ern horizon, is Auriga (the Charioteer), with the bright star Capella,
the only really first-magnitude star in all the region of the sky with
which we are now dealing. Directly below the Pole-star the vacant
space is occupied by the large but insignificant constellation of the
Camelopard. Cepheus, also containing but few bright stars, is
directly above Cassiopeia. Above the Pole-star, between it and the
zenith, lies the head and neck of the Dragon (Draco), but its tail
extends westward nearly half-way around the pole, and is marked by
an irregular line of stars lying between the Great and Little Dippers.

(The above description, and the figure given, apply strictly to the
appearance of the heavens on Sept. 22, at 8 p.M.,-as seen by an
observer in latitude 40°.)

24. If now we watch these stars for only a few hours, we
shall find that while all their configurations remain unaltered,
their places in the sky are slowly changing. The Great Dip-
per slides downward towards the north, so that by eleven
o’clock (on Sept. 22) the Pointers are directly under the Pole-
star. Cassiopeia still keeps opposite however, rising towards
the zenith; and if we continue the watch long enough, we shall
find that all the stars appear to be moving in concentric circles
around a point near the Pole-star, revolving counter-clockwise
(as we look towards the north) with a steady uniform motion,
which takes them completely around once a day, or, to be more
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exact, once in 23" 56™ 4.1° of ordinary time. They behave just
as if they were attached to the inner surface of a huge re-
volving dome.

At midnight (of Sept. 22) the position of the stars will be as indi-
cated by the figure, if we hold it so that the XII in the margin is at
the bottom ; at 4 A.M. they will have come to the position indicated
by bringing XVI to the bottom; and so on. On the next night at 8
o’clock we shall find things (very nearly) in their original position.

If instead of looking towards the north we now look south-
ward, we shall find that there also the stars appear to move in
the same kind of way. The stars which are not too near the
Pole-star all rise somewhere in the eastern horizon, ascend
obliquely to the meridian, and descend to set at points on the
western horizon. The next day they rise and set again at
precisely the same points, and the motion is always in an arc
of a circle, called the star’s diurnal circle, the size of which
depends upon its distance from the pole. Moreover, all these
arcs are strictly parallel to each other.

25, The ancients accounted for these fundamental and ob-
vious facts by supposing that the stars are really attached to
the celestial sphere, and that this sphere really turns daily in
the manner indicated. According to this view there must
evidently be upon the sphere two opposite points which remain
at rest, and these are the Poles.

26. Definition of the Poles.— The Poles, therefore, may be
defined as those two points in the sky where a star would have no
diurnal motion. Its exact position may be determined with
proper instruments by finding the centre of the small diurnal
circle described by some star near the pole, as for instance
the Pole-star.!

1 The student must be careful not to confound the pole with the Pole-
star. The pole is an imaginary point; the Pole-star is only that one of the
conspicuous stars which happens now to be nearest to that point. The
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This definition of the pole is that which would have been
given by any ancient astronomer ignorant of the earth’s rota-
tion, and it is still perfectly correct. But knowing, as we now
do, that this apparent revolution of the celestial sphere is due
to the real rotation of the earth on its axis, we may also define
the poles as the points where the eartl’s axis of rotation, pro-
duced indefinitely, would pierce the celestial sphere.

Since the two poles are dia-
metrically opposite in the sky,
only one of them is usually vis-
ible from any given place. Ob-
servers north of the earth’s
equator see only the north pole,
and wice versa for observers in
the southern hemisphere.

27. The Celestial Equator, or

Equinoctial .— This is a great

v circle of the celestial sphere,

Fi@. 6. — The Plane of the Earth’s Equa- drawn half-way between the poles
tor produced to cut the Celestlal Sphere.

(therefore everywhere 90° from
each of them), and is the great circle in which the plane of the
earth’s equator cuts the celestial sphere. It is often called the
“ Equinoctial.” Fig. 6 shows how the plane of the equator
produced far enough would mark out such a circle in the
heavens.

The equator cuts the horizon at the east and west points, but it
does not cut it perpendicularly nor pass through the zenith unless the

Pole-star (at present) is about 1}° distant from the pole. If we draw an
imaginary line from the Pole-star to the star Mizar (Zeta Ursz Majoris,
the one at the bend of the Dipper handle), it will pass almost exactly
through the pole itself; the distance of the pole from the Pole-star being
very nearly one-quarter of the distance between the two * Pointers.”
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observer is at the earth’s equator; at its highest point it is just as
far below the zenith as the pole is above the horizon.

28. Parallels of Declination. — Small circles drawn parallel
to the equinoctial, like the parallels of latitude on the earth,
are known as Parallels of Declination. For any star situated
on one of these parallels, the parallel is obviously identical
with the star’s diurnal circle. (The reason why these circles
in the heavens are not called parallels of latitude will appear
later.)

29. Hour-Circles. — The great circles of the celestial sphere
which pass through the poles, like the meridians on the earth,
and are therefore perpendicular to the celestial equator (“sec-
ondaries ” to it), are called Hour-Circles. Some writers call
them celestial “meridians,” but the term is objectionable, since
it is sometimes used to designate an entirely different set of
circles (the secondaries to the ecliptic— Art. 38). That par-
ticular hour-circle which passes. through the zenith at any
moment is of course coincident with the Celestial Meridian,
defined in Art. 17.

30. The Celestial Meridian and the Cardinal Points.— The
best form for the definition of the Celestial Meridian is, the
great circle which passes Zhrough the zenith and the poles. The
points where this meridian cuts the horizon are the north and
south points, and the east and west points of the horizon lie
half-way between them ; the four being known as the Cardinal
Points. 'The student is especially cautioned against confound-
ing the North Point with the North Pole; the former being on
the horizon, the latter high up in the sky.

In Fig. 7 P is the north celestial pole, Z is the zenith, and SQZPN
is the celestial meridian. PmP’ is the hour-circle of the object m,
and amRbV is its parallel of declination or diurnal circle. NESW is
the horizon, and the points indicated by these letters are the four
Cardinal Points.
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By means of the hour-circles and the celestial equator we
now have a second method of designating the position of an
object in the heavens: for Altitude and Azimuth we can sub-
stitute Declination and Hour-Angle.

31. Declination and Polar Distance. — The Declination of a
star is its angular distance north or south of the celestial equator ;
+ if north, — if south. It corresponds precisely with the
Latitude of a place on the earth’s surface; it cannot, however,

Fia. 7. — Hour-Circles, etc.

m some Star.
Ym the Star’s Declination: Pm,1ts North-

0, place of the Observer; Z, his Zenith.
SENW, the Horizon.

POP', line paraliel to the Axis of the Earth.
P and P’, the two Poles of the Heavens.
EQWT, the Celestial Equator, or Equinoc-

tial,

X, the Vernal Equinox, or ¢ First of
Aries,”

PXP', the Equinoctiai Colure, or Zero
Hour.Circle.

Polar Distance,

Angle mPR=arc QY, the Star’s (eastern)
Hour-Angle; =24® minus Star’s
(western) Hour-Angle.

Angle XPm= arc XY, Star’s Right Ascen-
sion. Sidereal time at the moment
= 24h minus XPQ.

be called celestial “ Latitude,” because that term has been pre-
occupied by an entirely different quantity (Art. 38).
In Fig. 7T mY is the declination of m, and mP is its North

polar distance.
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32. Hour-Angle. — The Hour-Angle of a star at any moment
is the angle at the pole between the celestial meridian and the
hour-circle of the star, which angle is measured by the arc
of the celestial equator intercepted between the hour-circle of the
star and the meridian. In Fig. 7, for the body m, it is the
angle mPZ, or the arc QY. This angle (or arc) may of course
be measured like any other, in degrees; but since it depends
upon the time which has elapsed since the body was last on
the meridian, it is more usual to measure it in hours, minutes,
and seconds of time. The “hour” is then equivalent to 5 of
a circumference, or 15° and the minute and second of time to
15 minutes and 15 seconds of arc respectively. Thus an hour-
angle of 4" 2™ 3® equals 60° 30’ 45",

33. The position of the body m (¥ig. 7) is, then, perfectly defined
by saying that its declination is + 25° and its kour-angle 40° east (or
simply 820° if we choose to reckon completely around in the direction
of the diurnal motion). Instead of 40 degrees, we might say 2" 40™
east, or 21" 20 to correspond to the 320°.

The declination of a star (omitting certain minutie for the
present) remains practically unaltered even for years, but
the hour-angle changes continually and wuniformly at the rate
of 15° for every (sidereal) hour.

34. The Vernal Equinox, or First of Aries. — The sun and
the planets do not behave as if they were firmly fixed upon
the celestial sphere like the stars; but rather as if they were
glow-worms crawling slowly about upon its surface while it
carries them in its diurnal rotation. As every one knows, the
sun in the winter is far to the south of the equator, and in
the summer far to the north; it crosses the equator, therefore,
tw1ce a year, passing from the south to the north about March
ZOth and always at the same point (neglecting for the present
the effect of what is known as precession, Art. 122). This
point is known as the Veryar Equinox, or the First oF
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Arigs, and is made the starting-point for certain important
systems of celestial measurement. It is the ¢ Greenwich” of
the celestial sphere.

Unfortunately it is not marked by any conspicuous star; but a line
drawn from the Pole-star through Beta Cassiopeie (the westernmost
or “preceding ” star in the zigzag) (see Fig. 5, Art. 23) and continued
90° from the pole, strikes very near it.

35. Sidereal Time.— A sidereal clock is one that is set and
rated so that it marks noon every day, not at the moment
when the sun is crossing the meridian, but when the vernal
equinox does so. When the clock is correct (¢.e., neither too
fast or slow), its face indicates the hour-angle of the vernal
equinox; and we may therefore define the siDEREAL TIME at
any moment as the HOUR-ANGLE OF THE VERNAL EQUINOX at
that moment.

It is called “ sidereal” time because the length of its day is the time
that elapses between two successive passages of the same star across
the meridian. It is not convenient for the purposes of ordinary life;
but for many astronomical purposes it is not only convenient, but
practically indispensable. It is usual to divide the face of the sidereal
clock into 24 hours, and to reckon the time completely around, instead
of counting it in two half-days of 12 hours each; moreover, its day,
for reasons which will be explained later (Art. 128), is about four min-
utes shorter than the ordinary solar day.

36. Right Ascension. — The “Right Ascension” of a star may
now be defined as the angle made at the celestial pole between the
hZur—circle of the star and the hour-circle which passes through the
vernal equinowx, and is known as the Equinoctial Colure. This
angle is measured by the arc of the celestial equator intercepted be-
tween the vernal equinox and the point where the star’s hour-circle
cuts the equator, and is reckoned always eastward from the
equinox completely around the circle, and may be expressed
either in degrees or in hours. A star one degree west of the
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equinox has a right ascension of 359° or 23 hours and 56
minutes.

Evidently the diurnal motion does not affect the right ascension of
a star, but, like the declination, it remains practically unchanged for
years. In Fig.7,if X be the vernal equinox, the right ascension of
m is the angle XPm, or the arc XY measured from X eastward.

37. Observatory Definition of Right Ascension.— The right
ascension of a star may also be correctly, and for many pur-
poses most conveniently, defined, as the sidereal time at the
moment when the star is crossing the meridian.

Since the sidereal clock is made to show zero hours, minutes, and
seconds at the moment when the vernal equinox is on the observer’s
meridian, its face at any other time shows the hour-angle of the
equinox; and this is just what was defined in the preceding section
as the right ascension of any star which may then happen to be on
the meridian.

Obviously the positions of the heavenly bodies with refer-
ence to each other may be indicated by their declinations and
right ascensions, just as the positions of places on the earth’s
surface are indicated by their latitudes and longitudes. The
declination of a star corresponds exactly to the latitude of a
city, and the star’s right ascension to the city’s longitude; the
vernal equinox taking, in the sky, the place of Greenwich on
the earth.

38. Celestial Latitude and Longitude.— A different way of
designating the positions of heavenly bodies in the sky has
come down to us from very ancient times. Instead of the
equator, it makes use of another circle of reference in the sky
known as the Ecliptic. This is simply the apparent path de-
scribed by the sun in its annual motion among the stars, and
may be defined as the intersection of the plane of the earth’s orbit
with the celestial sphere, the “wvernal equinox” being the place
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in the sky where the celestial equator crosses this ecliptic.
Before the days of clocks, the ecliptic was in many respects
a more convenient circle of reference than the equator, and
was almost universally used as such by the old astronomers.
Celestial latitude and longitude are measured with reference to
the ecliptic in the same way that right ascension and declina-
tion are measured with respect to the equator. Too much
care cannot be taken to avoid confusion between terrestrial
latitude and longitude and the celestial quantities that bear
the same name (see Appendix, Art. 491).

39. Recapitulation.—The direction of gravity at the point
where the observer happens to stand determines the zenith and
nadir, the horizon and the almucantars (parallel to the hori-
zon), and all the vertical circles. One of the verticals, the me-
ridian, is singled out from the rest by the circumstance that it
passes through the pole, thus marking the north and south
points where it cuts the horizon. Aititude and azimuth (or
their complements zenith distance and amplitude) are the “co-
ordinates ” which designate the position of a body by reference
to the zenith and meridian.

Evidently this set of points and circles shifts its position
with every change in the place of the observer. Each place
has its own zenith, its own horizon, and its own meridian.

In a similar way, the direction of the earth’s aais (which is
independent of the observer’s place on the earth) determines
the poles (Art. 26), the equator, the parallels of declination, and
the hour-circles. Two of these hour-circles are singled out as
reference lines: one of them is the meridian which passes
through the zenith, and is a purely local reference line; the
other, the equinoctial colure, which passes through the vernal
equinox, a point chosen from its relation to the sun’s annual
motion.

Declination and hour-angle define the place of a star with
reference to the pole and the meridian, while declination and



§ 39] THE POLE AND LATITUDE. a5

right ascension refer it to the pole and vernal equinox. The
latter are the co-ordinates ordinarily given in star-catalogues
and almanacs for the purpose of defining the position of stars
and planets, and they correspond exactly to latitude and lon-
gitude on the earth, by means of which geographical positions
are designated.

Finally, the earth’s orbital motion gives us the great circle of the sky
known as the ecliptic, and celestial latitude and longitude are quantities
which define the position of a star with reference to the ecliptic and
the vernal equinoxz. For most purposes this pair of co-ordinates is
practically less convenient than right ascension and declination ; but,
as has been said, it came into use much earlier, and is not without its

+advantages in dealing with the planets and the moon.

40. Relation of the Place of the Celestial Pole to the Ob-
server's Latitude. —If an observer were at the north pole of
the earth, it is clear that the Pole-star would be very near his
zenith, while it would be at the horizon if he were at the
equator. The place of the pole in the sky, therefore, depends
evidently on the observer’s latitude, and in this very simple
way —THE ALTiTUDE OF THE PoLE (its height in degrees
above the horizon) 1s

P/I
ALWAYS EQUAL TO THE T
LATITUDE OF THE OB- P
E 3 his relation TR /
SERVER. This re i iiw & \9» o

will be clear from Fig. 8.
The latitude (astronomi- B
cal) of a place may be

defined as the angle be- 7__

tween the direction of

gravity at that place and 2 \J )

the plane of the earth’s
equator,—the angle ONQ Fi6. 8. —Relation of Latitude to the Elevation
in the figure. If, now, o g gt

at O we draw HH' perpendicular to OXN, it will be a “/level”

K
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line, and will lie in the plane of the horizon. From O also
draw OP'" parallel to CP', the earth’s axis. Both OP" and CP'
being parallel, will be directed to the same ¢ vanishing-point ”
in the celestial sphere, (Art. 8), and this point is the celestial
pole (Art. 26).

The angle H'OP" is therefore the altitude of the pole
as seen at O; and it obviously equals ONQ), since OH' is per-
pendicular to ON, and both CP' and OP'" are perpendicular
to QQ.

This fundamental relation, that the altitude of the pole is iden-
tical with the observer’s latitude, cannot be too strongly impressed
on the mind.

41. The Right Sphere. — If the observer is situated at the
earth’s equator (that is, in latitude zero), the pole will be in his hori-
zon, and the celestial equator will be a vertical circle, coinciding with
the “prime vertical ” (Art. 17). All heavenly bodies will rise and set
vertically instead of obliquely, as in our own latitudes; and their
diurnal circles will all be bisected by the horizon, so that they will be
12 hours above and 12 hours bulow it, and the length of the night will
always equal that of the day. This aspect of the heavens is called
the Right Sphere.

42. The Parallel Sphere. — If the observer is at the pole of the
earth, where his latitude equals 90°, then the celestial pole will be at
the zenith, and the equator will coincide with the horizon. If he is at
the north pole, all the stars north of the celestial equator will remain
permanently above the horizon, never rising nor setting, but sailing
around the sky on parallels of altitude. The stars in the southern
hemisphere, on the other hand, will never rise to view.

Since the sun and moon move among the stars in such a way that
during half the time they are north of the equator and half the time
south of it, they will be half the time above the horizon and half
the time below it (at least approzimately, since this statement needs to
be somewhat modified to allow for the effect of “refraction”— Art.
50). The moon will be visible for about a fortnight at a time, and
the sun for about six months,
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It is worth noting that for an observer exactly at the north pole
the definitions of meridian and azimuth break down, since there the
zenith coincides with the pole. Face in what direction he will, he is
looking due south. If he
changes his place a few steps,
however, everything will come
right.

43. The Oblique Sphere.
— At any station between
the pole and the equator
the pole will be at an eleva- 8
tion above the horizon, and
the stars will rise and set
in oblique circles, as shown
in Fig. 9. Those whose
distance from the elevated
pO]'e is less than PN, the F16. 9. — The Oblique Sphere.
latitude of the observer,
will of course never set, remaining perpetually visible. The
radius of this “circle of perpetual apparition,” as it is called
(the shaded cap around P in the figure), is obviously just
equal to the height of the pole, becoming larger as the latitude
increases. On the other hand, stars within the same distance
of the depressed pole will lie within the «circle of perpetual
occultation,” and will never rise above the horizon.

A star exactly on the celestial equator will have its diurnal
circle, EQ W@/, bisected by the horizon, and will be above the
horizon just as long as below it. A star north of the equator
(if the north pole be the elevated one) will have more than
half of its diurnal circle above the horizon, and will be visible
for more than twelve hours of each day; as, for instance, a
star at A, —and of course the reverse will be true of the stars
on the other side of the equator. Whenever the sun is north
of the celestial equator, the day will therefore be longer than
the night for all stations in northern latitude; how much
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longer will depend both on the latitude of the place and the
sun’s distance from the equator (its declination).

44. Whenever the sun is north of the equator, it will, in northern
latitudes, rise at a point north of east, as B in the figure, and will
continue to shine upon the north side of every surface that faces east
and west until, as it ascends, it crosses the prime-vertical EZW at
some point V. In the latitude of New York the sun on the longest
days of summer is south of the prime-vertical only about six hours
of the whole fifteen during which it is above the horizon. During
nine hours of the day it shines into north windows.

If the latitude of the observer is such that PN in the figure is
greater than the sun’s polar distance at the time when it is farthest
north, the sun will make a complete circuit of the heavens without
setting, as is the case at the North Cape and at all stations within the
Arctic Circle. (See Art. 130.)

45. A celestial globe will be of great assistance in studying
these diurnal phenomena. The north pole of the globe must
be elevated to an angle equal to the latitude of the observer,
which can be done by means of the degrees marked on the
metal meridian ring. It will then be seen at once what stars
never set, which ones never rise, and during what part of the
24 hours any heavenly body at a known distance from the
equator is above or below the horizon.

(For a description of the Celestial Globe, see Appendix, Art. 524.)
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CHAPTER IIL

FUNDAMENTAL PROBLEMS OF PRACTICAL ASTRONOMY. —
THE DETERMINATION OF LATITUDE; OF TIME; OF
LONGITUDE; OF THE PLACE OF A SHIP; OF THE POSI-
TION OF A HEAVENLY BODY.

46. There are certain problems of Practical Astronomy!
which are encountered at the very threshold of all investiga-
tions respecting the dimensions and motions of the heavenly
bodies, the earth included. An observer must know how to
determine his position on the surface of the earth, how to ascer-
tain the exact time at which an observation is made, and how to
observe the precise position of a heavenly body, and fix its right
ascension and declination.

The first of these practical problems which we are to con-
sider is

47. The Determination of the Observer's Latitude. —In Geog-
raphy the latitude of a place is usually defined simply as its
distance north or south of the earth’s equator, measured in
degrees. This is not explicit enough, unless it is stated how
the degrees themselves are to be measured. If the earth were
a perfect sphere, there would be no difficulty. But since the
earth is quite sensibly flattened at its poles, the degrees (geo-
graphical) have somewhat different lengths in different parts
of the earth.

1 Practical Astronomy is that branch of Astronomy which treats of the
methods of making astronomical observations, the instruments used, and
the calculations by which the results are deduced.
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An exact definition of the astronomical latitude of a place
has already been given (Art. 40). Itis (1) the angle between
the direction of gravity and the plane of the equator, which is
the same as the altitude of the pole. (2) It may also be defined
as the declination of the zenith, as
3 @ is clear from Fig. 10, where PB,

the altitude of the pole, equals

QZ (since PQ and ZB are each

90°), and @Z by the very defini-
: . p tion of declination (Art. 31) is
Fia. 10.—Determif1)ation of Latitude. the declination of the zenith. pie

problem, then, is to determine,
by observing some of the heavenly bodies, either the angle
of elevation of the celestial pole, or the distance in degrees
between the zenith and the celestial equator.

48. First Method. — By circumpolars. The most obvious
method is by observing with a suitable instrument the altitude
of some star near the pole (a “circumpolar” star) at the
moment when it is crossing the meridian above the pole, and
again 12 (sidereal) hours later when it is once more on the
meridian below the pole. In the first case its elevation is the
greatest possible; in the second, the least possible. The mean
of the two altitudes (each corrected for atmospheric refraction,
which will shortly be considered) s the latitude of the observer.

The method has the great advantage that it is an “independent”
one; i.., the observer is not obliged to make use of any data that
have been determined by his predecessors. But the method fails for
stations very near the equator of the earth.

49. The Meridian Circle. — The instrument with which such
observations are usually made in a fixed observatory is called the
meridian circle. The principle of it is exhibited in Fig. 11. It comr
sists of a telescope firmly attached to a stiff axis, which turns in bear-
ings attached to two solid piers. These bearings are so adjusted that
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the axis is exactly level and exactly east and west. Near E, at the
eye end of the instrament, a “reticle” of spider-lines (see Appendix,
Art.544)is so placed in the tube that on looking into the eye-piece it
can be distinctly seen at the same time with the star which is to be
observed — the field of view
being slightly illuminated so
that the spider-threads ap-
pear like dark lines drawn in
the sky.

The telescope as it is ro-
tated up or down upon the
pivots is obviously always di-
rected to the meridian; and
by elevating or depressing  ({
it, it can be so set that any p >
given star will be « bisected
by the horizontal spider-line
of the reticle at the moment
when it crosses the meridian.
The instrument carries a
large and carefully graduated
circle so attached to the axis
as to turn with the telescope. Two or more so-called “reading micro-
scopes ”’ fixed to the pier “read off” the graduation of this circle, and
so determine the altitude of the object at which the telescope is pointed.
(A fuller account of the instrument and its appendages is given in the
Appendix, Art. 548.)

F16. 11. — The Meridian Circle (Schematic).

50. Refraction, — Tt was said that the observed altitudes must be
corrected for atmospheric refraction. As the rays of light enter the
earth’s atmosphere from a distant object they are bent downward by
refraction (Physics, page 859), except only such as strike the surface
of the atmosphere perpendicularly. Fig. 12 illustrates this effect.
Since the observer sees the object in the direction in which the rays
enter the eye, without any reference to its real position, this bending
doun of the rays causes every object seen through the air to look
higher up in the sky than it would if the air were absent.

Under average conditions the refraction elevates a body at the
horizon about 35, so that the sun and moon in rising both appear
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clear of the horizon while still wholly below it. At an altitude
of only 5° the refraction falls off to 10’; at 44°, it is 1'; and at
the zenith, zero. Its amount at any
given altitude varies quite sensibly how-
ever, with the temperature and barometric
pressure, increasing as the thermome-
ter falls or as the barometer rises; so
that whenever great accuracy is re-
quired in measures of altitude of a
heavenly body, we must have observa-
tions both of the thermometer and
barometer to go with the readings of
the “circle.” In works on Practical
Astronomy tables are given by which the refraction can be computed
for an object at any altitude and in any state of the weather.

It is hardly necessary to say that this indispensable ¢ refraction-
correction ” of nearly all astronomical observations makes a great deal
of trouble and involves more or less error and uncertainty.

Fie. 12.

51. Second Method of Determining the Latitude. — By the
meridian altitude or zenith distance of a body whose declination
s accurately known.

In Fig. 13 the circle AQPB is the meridian, @ and P being
respectively the equator and the Z
pole, and Z the zenith. QZ is e
obviously the declination of the 9 : ] g
zenith, or the latitude of the ob- &
server (Art. 47). Suppose now
that we observe Zs, the zenith Al % B
distance of a star, s, south of the P
zenith as it crosses the meridian,
and that @s, the declination of the star, is known. Then, evi-
dently, QZ equals Qs + sZ; i.e., the latitude equals the declina-
tion of the star plus its zenith distance.

If a star were at ¢/, south of the equator, the same equation would
still hold algebraically, becanse the declination Qs is a minus quantity.
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If the star were ab n, between the zenith and pole, we should have, lati-
tude equals the declination minus the zenith distance.

If we use the meridian circle in making our observations, we can
always select stars that pass near the zenith where the refraction is
small, which is in itself an advantage. Moreover, we can select the
stars in such a way that some will be as much north of the zenith as
others are south, and this will ¢‘eliminate ” the refraction errors. On
the other hand, in using this method we have to obtain our star decli-
nations from the catalogues made by previous observers, and so the
method is not an “independent ” one.

There are many other methods in use, some of which are
practically more convenient and accurate than either of the
two described, but their explanation would take us too far.
For them the reader is referred to the “General Astronomy.”

DIFFERENT KINDS OF TIME.

52. Time is usually defined as “measured duration.”, From
the earliest history the apparent diurnal rotation of the
heavens has been accepted as the standard, and to it we refer
all artificial measures of time, such as clocks and watches. In
practice the accurate “determination of time’’ therefore-con-
sists in finding the hour-angle of the object which has been
selected to mark the beginning of the day by its “transit” across
the meridion.

In Astronomy, three kinds of time are now recognized, —
SIDEREAL Time, APPARENT SoLAR TimEe, and MEAN SoLar
TiME, the last being the time of civil life and ordinary busi-
ness, while the first is most used for astronomical purposes.
Apparent solar time has now practically fallen out of use,
except in half-civilized countries where watches and clocks
are scarce and sun-dials are still the principal time-keepers.

53. Sidereal Time.— The celestial object which determines
sidereal time by its position in the sky at any moment is, it
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will be remembered, the “wernal equinox” or “first of Aries”;
i.e., the point where the sun crosses the celestial equator about
March 20th every year (Art. 34). As has already been ex-
plained (Art. 35), the sidereal time at any moment is, there-
fore, the hour-angle of the vernal egquigox at that moment; or,
what comes to the same thing, it is the time marked by a
clock whifk is so set and adjusted as to show (sidereal) noon
(0% 0™, 0*) at each transit of the “first of Aries.” This point
itself, it is true, is invisible, so that it cannot be observed
directly, but its position among the stars is always known,
and its hour-angle can be determined by observing them.

54. Apparent Solar Time. — Just as sidereal time is the
hour-angle of the vernal equinox, so apparent solar time at any
moment is the hour-angle of the sun. It is the time shown by
the sun-dial, and its “noon” occurs at the moment when the
sun crosses the meridian. On account of the annual eastward
motion of the sun among the stars, due to the earth’s orbital
motion (more fully explained farther on-— Art. 128), the
day of solar time is about four minutes longer than the side-
real day. Moreover, because the sun’s motion in the sky is
not uniform, the days of apparent solar time are not all of
the same length. December 23d, for instance, is 51 seconds
longer from noon to noon, reckoned by the sun, than Sept.
16th. For this reason, apparent solar time is unsatisfactory
for scientific use, and it has been discarded in favor of mean
solar time.

Until within about a hundred years, however, that is, until watches
became common, it was the only kind of time generally employed.
According to Arago, its use in the public clocks of the city of Paris
was not discontinued until 1816.

55. Mean Solar Time.— A fictitious sun is therefore imag-
ined, which moves around the sky uniformly, and in the celestial
equator, completing its annual course in exactly the same time

deanhll b . o
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as that in which the actual sun makes the circuit of the eclip-
tie, that is, in one year; and this “fictitious sun” is made the
time-keeper for mean solar time. The mean solar days are
therefore all exactly of the same length, and equal in length
to the average “apparent solar” day. Itis mean noon when this
“fictitious sun” erosses ‘the meridian, and at any moment the
hour-angle of the ¢ fictitious sun’ is the mean time for thaty
moment.

56. Sidereal time will not answer for business purposes, because
its noon (the transit of the vernal equinox) occurs at all hours of the
day in different seasons Yof the year. On the 22d of September, for
instance, it comes at midnight. Apparent solar time is unsatisfactory
from the scientific point of view, because of the variation in the
length of its days and hours. And yet we have to live by the sun : its
rising and setting, daylight and night, control our actions. In mean
solar time we find a satisfactory compromise — a time-unit which is
invariable, and still in agreement with sun-dial time close enough for
convenience. It is the time now used for all purposes except in cer-
tain astronomical work. The difference between apparent time and
mean time, (never amounting to more than about a quarter of an hour,)
is called the “equation of time,” and will be discussed hereafter in con-
nection with the earth’s orbital motion (Art. 128). The Nautical
Almanac also furnishes data by means of which the sidereal time
may be accurately deduced from the corresponding solar time, or vice
versa, by a very brlef 1 calculation.

57. The Civil Day and the Astronomical Day.— The astro-
nomical day begins at “mean noon”; the civil day, 12 hours
earlier at midnight. Astronomical mean time is reckoned
around through the whole 24 hours instead of being counted
in two series of 12 hours each: thus, 10 a.m. of Wednesday,

1 The approximate relation between sidereal and mean solar time is very
simple. On March 20th, the two times agree, and after that the sidereal
time gains two hours a month., On April 5th, therefore, the sidereal
clock is one hour in advance, on April 20th, two hours, and so on,
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Feb. 27th, civil reckoning, is Tuesday, Feb. 26th, 22 hours, by
astronomical reckoning. Beginners need to bear this in mind
in referring to the almanac.

DETERMINATION OF TIME.

58. In practice the problem of determining time always
takes the form of ascertaining the “error” or “correction” of
a time-piece,; that is, finding the amount by which a watch or
clock is faster or slower than the time it ought to indicate.
The method ordinarily em-
H ployed by astronomers is by
means of the Transit Instru-
ment, which is an instrument
precisely like the meridian
circle (Art. 49) without the
circle and its reading micro-
scopes.! As the instrument
(Fig. 14) is turned upon its
axis, the vertical wire in the
% centre of the “reticle” exact-

ly follows the meridian, when
the instrument is in perfect
adjustment. If, then, we know
the instant shown by the
clock when a known star is crossing this wire, we have at
once the means of determining the error of the clock, because
the sidereal time at that moment is equal to the star’s right
ascension (Art. 37). The difference between the right ascen-
sion of the star as given in the almanac and the time shown
by the face of the clock at the moment of transit gives directly
the “error” of the sidereal clock.

Fig. 14. — The Transit Instrument.

The observation of only a single star would give the error of the
clock pretty closely, but it is much better and usual to observe a num-

.3 . . . . e
1 0f course the meridian circle can be used as a simple transit instru-
ment,
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ber of stars (from 8 to 10), reversing the instrument upon its pivots
once at least during the operation. With a good instrument a skilled
observer can thus determine the clock error within about a thirtieth
of a second of time, provided proper means are taken to allow for his
“personal equation.”

If instead of observing a star we observe the sun with this instru-
ment, the time shown by the (solar) clock ought to be noon plus or
minus the equation of time for the day as given in the almanac. DBut
for various reasons transit observations of the sun are less accurate
than those of the stars, and it is better to deduce the mean solar time,
when needed, from the sidereal by means of the almanac data. (For
a fuller description of the transit instrument and its adjustments see
Appendix, Art. 544.)

59. Personal Equation. — It is found that every observer has
his own peculiarities of time-observation, and the so-called “personal
equation” of an observer is the amount that must be added (algebraically)
to the time observed by him in order to get the actual moment of transit.
This personal equation differs for different observers, but is reason-
ably constant (though never strictly so) for one who has had sufficient
practice. In the case of observations with the chronograph (see
Appendix, Art. 547) it is usually less than 0.1 of a second.

One of the most important problems of practical astronomy now
awaiting solution is the contrivance of some convenient method of time-
determination which shall be free from this annoying human element.

60. Other Methods of Determining Time.— While the method
by the transit instrument is most used, and is on the whole the most
convenient and accurate, several other methods are available. At sea,
and by travellers on scientific expeditions, the time is usually deter-
mined by observing the altitude of the sun some hours before or after
noon (see Appendix, Art.493). It can also be done roughly by means
of a noon-mark, which is simply a true north and south line running
from the bottom of some vertical line, —a line drawn on the floor
from the edge of the door-jamb, for instance. The moment when
- the shadow falls on this line is apparent noon, and must be corrected
for the equation of time to get mean noon. As the shadow is some-
what indistinct, a determination made in this way is liable to an error
of half a minute or so.
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LONGITUDE.

61. Having now the means of finding the true local time,
we can approach the problem of the longitude, in many re-
spects the most important of what may be called the “eco-
nomic” problems of Astronomy. The great observatories of
Greenwich and Paris were founded expressly to furnish the
necessary data for determining the longitude of ships at sea,
and the English government has given large prizes for the
construction of clocks and chronometers to be used in such
determinations.

The longitude of a place on the earth may be defined as
the angle (at the pole of the earth) between the standard® merid-
ian and the meridian passing through the place ; and this of
course is equal to the arc of the equator intercepted between the
two meridians.

Since the earth turns uniformly on its axis, this angle is
strictly proportional to, and is measured (in time-units— Art.
32) by the time intervening between the transits of any given
star across the two meridians. It may therefore be defined as
the difference of local times between the standard meridian and
the place in question, or the amount by which noon at Green-
wich is earlier or later than noon at the station of the observer.
Accordingly, terrestrial longitude is now usually reckoned in
hours, minutes, and seconds rather than in degrees.

Since an observer can easily find his own local time by the
methods given above, the knot of the problem is simply this:
To find Greenwich local time at any moment without going
there. \

62. First Method. — By Telegraph. Incomparably the best
method, whenever it is available, is to make a direct telegraphic

1 As to the standard meridian, there is some variation of usage among
different nations. The French reckon from Paris, but most other nations
nse the meridian of Greenwich,
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comparison between the clock of the observerand that of some
station the longitude of which is known. The difference
between the two clocks will be the true difference of longitude
of the places after the proper corrections for their errors and
“personal equation” (Art. 59) have been applied.

The astronomical difference of longitude between two places can
thus be determined by four or five nights’ observations within about
145 part of a second of time; that is, within 10 feet or so, in the lati-
tude of the United States.

63. Second Method. — By the Chronometer. The chronome-
ter is merely a very accurate watch. It is set to Greenwich
time at some place whose longitude is known, and thereafter
keeps that time wherever carried. The observer has only to
find the apparent “error” of such a chronometer with respect
to his local time, and this apparent error is his longitude.

Practically, of course, no chronometer goes absolutely without gain-
ing or losing ; hence it is always necessary to know and allow for its
gain or loss since the time it was set. Moreover, it is never safe to
trust a single chronometer because of the liability of such instruments
to change their rate in transportation. A number should be used, if
possible.

64. Other Methods. — Before the days of telegraphs and reliable
chronometers, astronomers were generally obliged to get their Green-
wich time from the moon, which may be regarded as a clock-hand
with stars for dial figures. Since the laws of the moon’s motion are
now well known, so that the place which the moon will occupy is pre-
dicted in the Nautical Almanac for every hour of every Greenwich
day, it is possible to deduce the Greenwich time at any moment when
the moon is visible, by some observation which will determine her
place among the stars. The almanac place, however, is the place at
which the moon would be seen by an observer situated at the centre of
the earth, and consequently the actual observations in most cases re-
quire rather complicated and disagreeable reductions before they can
be made available.



40 LOCAL AND STANDARD TIME. [§ 64

Various kinds of observations of the moon are made use of for the
purpose, of which the most satisfactory are those obtained on occa-
sions when the moon “occults ” a star or eclipses the sun. For fuller
explanations, see ¢ General Astronomy.”

65. Local and Standard Time.— Until recently it has been
always customary to use local time, each station determining
its own time by its own observations. Before the days of the
telegraph and while travelling was comparatively slow and
infrequent, this was best. At present, for many reasons, it is
better to give up the old system of local times in favor of a
system of standard time. The change facilitates all railway
and telegraphic business in a remarkable degree, and makes it
practically easy for every one to keep accurate time, since it
can be daily wired from some observatory to every telegraph
office. According to the system now established in North
America, there are five such standard times in use, — the
colonial, the eastern, the central, the mountain, and the Pacific,
— which differ from Greenwich time by exactly 4, 5, 6, 7, and
8 hours respectively, the minutes and seconds being everywhere
identical.

At most places only one of these standard times is employed ; but
in cities where different systems join each other, as for instance at
Atlanta and Pittsburgh, there are two standard times in use, differ-
ing from each other by exactly one hour, and from the local time by
about half an hour. In some such places the local time also main-
tains itself.

In order to determine the standard time by observation, it is only
necessary to determine the local time by one of the methods given,
and correct it according to the observer’s longitude from Greenwich.

66. Where the Day begins. — It is evident that if a travel-
ler were to start from Greenwich on Monday noon and travel
westward as fast as the earth turns to the east beneath his
feet, he would keep the sun exactly upon the meridian all day
long and have continual noon. But what noon? It was

A Iy .
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Monday when he started, and when he gets back to London
24 hours later it will be Tuesday noon there; and yet he has
had no intervening night. When did Monday noon become
Tuesday ?

It is agreed among mariners to make the change of date at
the 180th meridian from Greenwich. Ships crossing this line
Jfrom the east skip one day in so doing. If it is Monday after-
noon when a ship reaches the line, it becomes Tuesday after-
noon the moment she passes it, the intervening 24 hours being
dropped from the reckoning on the log-book. Vice wersa,
when a vessel crosses the line from the western side, it counts
the same day twice, passing from Tuesday back to Monday and
having to do Tuesday over again.

This 180th meridian passes mainly over the ocean, hardly touching
land anywhere. There is some irregularity in the date actually used
on the different islands in the Pacific. Those which received their
earliest European inhabitants via the Cape of Good Hope, have, for
the most part, adopted the Asiatic date, even if they really lie east of
the 180th meridian, while those that were first approached via Cape
Horn have the American date. When Alaska was transferred from
Russia to the United States, it was necessary to drop one da.y of the
week from the official dates.

PLACE OF A SHIP AT SEA.

67. The determination of the place of a ship at sea is the
problem to which Astronomy mainly owes its economic im-
portance. As was said a few pages back, national observa-
tories and nautical almanacs were established in order to sup-
ply the mariner with the data needed fo make this determi-
nation accurately and promptly. The methods employed are
necessarily such that the required observations can be made
with the sextant and chronometer. Fized instruments (like the
transit instrument and meridian cirele) are obviously out of
the question on board of a vessel.
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68. Latitude at Sea.— This is obtained by observing with
the sextant the sun’s maximum altitude, which, of course, is
reached when the sun is crossing the meridian. Since at sea,
the sailor seldom knows beforehand the precise chronometer
time of local noon, the observer takes care not to be too late
and begins to measure the sun’s altitude a little before noon,
repeating his observations every minute or two. At first the
altitude will keep increasing, but when noon is reached the
altitude will become stationary, and then begin to decrease.
The observer uses, therefore, the maximum altitude obtained,
which, duly corrected for ¢semi-diameter,” “dip of the hori-
zon,” “refraction,” and ¢ parallax,” (see Appendix, Art. 492),
gives him the true altitude of the sun’s centre, and taking this
from 90° we get its zenith distance. Looking in the almanae,
we find there the sun’s declination given for Greenwich (or
Washington) noon of every day, with the hourly change, so
that we can easily deduce the exact declination at the moment
of the observation. Then the observer’s latitude comes out at .
once, because (Art. 51) the latitude of the observer equals the
sun’s zenith distance plus the sun’s declination. It is easy in
this way, with a good sextant, to get the latitude within about
half a minute of arc (or, roughly, half a mile).

69. Determination of the Local Time and Longitude at Sea.
— The usual method now employed for the longitude depends
upon the chronometer. This is carefully “rated” in port ; that
is, its error and its daily gain or loss are determined by com-
parisons with an accurate clock for a week or two, the clock
itself being kept correct by transit observations. By merely
allowing for its gain or loss since leaving port and adding
this gain or loss to the error which the chronometer had when
brought on board, the seaman at once obtains the error of the
chronometer on Greenwich time at any moment; and allowing
for this error, he has the Greenwich time itself with an aceu-
racy which depends only on the constancy of the chronometer’s
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rate: it makes no difference whether it is gaining much or
little, provided its daily rate is always the same.

He must also determine his own local time, and it must be
done with the sextant, since, as was said before, an instrument
like the transit cannot be used at sea. He does it by meas-
uring the altitude of the sun, not at or near noon, as generally
supposed, but when the sun is as near east or west as the cir-
cumstances permit. From such an observation the sun’s hour-
angle, i.e., the apparent time (and from this the mean time),
is easily found, by means of the so-called PZS triangle, pro-
vided the ship’s latitude is known (see Appendix, Art. 493).
The longitude follows at once, being simply the difference be-
tween the Greenwich time and the local time (Art. 63).

For “Sumner’s method ” of determining a ship’s place, see “ Gen-
eral Astronomy.”

DETERMINATION OF THE POSITION OF A HEAVENLY
BODY.

As the basis of all our investigations in regard to the mo-
tions of the heavenly bodies, we require a knowledge of their
“places ” in the sky at known times. The “place,” so-called,
is defined by the body’s right ascension and declination.

70. 1. By the Meridian Circle. — If a body is bright enough
to be seen by the telescope of the meridian circle and comes to
the meridian in the night time, its right ascension and declina-
tion are best determined by that instrument. If the meridian
circle is in exact adjustment, the right ascension of the object
1s simply the sidereal time when it crosses the middle wire of
the reticle of the instrument.

The “circle-reading,” on the other hand, corrected for re-
fraction and parallax, gives the polar distance of the object
(the complement of its declination) if the “polar point” of
the circle has been determined (see Appendix, Art. 549). A
single complete observation with the meridian ecircle deter-
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mines therefore both the right ascension and the declination
of the object.

71. 2. By the Equatorial. —If the body, a comet for instance,
is too faint to be observed by the telescope of the meridian
circle, which is seldom very powerful, or if it comes to the
meridian only in the daytime, we usunally accomplish our object
by using the equatorial, and determine the position of the body
by measuring the difference of right ascension and declination
between it and some neighboring star, the place of which is
given in a star-catalogue.

In measuring this difference of right ascension and declination, we
usually employ a “micrometer ” fitted like the reticle of a meridian
circle. It carries a number of wires, which lie north and south in the
field of view, and these are crossed at right angles by one or more
wires which can be moved by the micrometer screw. The difference
of right ascension between the star and the object to be determined is
measured by simply observing with the chronograph the transits of
the two objects across these north and south wires; the difference of
declination, by bisecting each object with one of the micrometer wires
as it crosses the middle of the field of view. The observed differences
must be corrected for refraction, and also for the motion of the body,
if it is appreciable.

Various other forms of micrometer are used for the same purpose.

In some cases “altitude and azimuth instruments,” so-called, are

used for such “extra-meridian ” observations, especially in observing
the moon.

T ReS——
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CHAPTER III

THE EARTH: ITS FORM, ROTATION, AND DIMENSIONS. —
MASS, WEIGHT, AND GRAVITATION.— THE EARTH'S
MASS AND DENSITY.

72. INn a science which deals with the heavenly bodies it
might seem at first that the earth has no place; but certain
facts relating to it are just such as we have to investigate with
respect to her sister planets, are ascertained by astronomical
methods, and a knowledge of them is essential as a base of
operations. In fact, Astronomy, like charity, “begins at home,”
and it is impossible to go far in the study of the bodies which
are strictly “heavenly” until one has first acquired some
accurate knowledge of the dimensions and motions of the
earth itself.

73. The astronomical facts relating to the earth are broadly
these:

1. The earth is a great ball about 7920 miles tn diameter.

2. It rotates on its awxis once in twenty-four sidereal hours.

3. It is not exactly spherical, but is flattened at the poles, the
polar diameter being nearly twenty-seven miles, or about one two
hundred and ninety-fifth part, less than the equatorial.

4. It has a mean density of about five and six-tenths times
that of water, and a mass represented in tons by six with twenty-
one ciphers following (sixthousand millions of millions of millions
of tons).

5. It is flying through space in dts orbital motion around the
sun with o velocity of about eighteen. and a half miles a second ;
i.e., about seventy-five times as swifily as an ordinary cannon-
ball.
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I

74. The Earth’s Approximate Form and Size. —It is not
necessary to dwell on the ordinary proofs of the earth’s globu-
larity. We will simply mention them.

1. It can be circumnavigated.

2. The appearance of vessels coming in from sea indicates
that the surface is everywhere convex.

3. The fact that the dip of the sea horizon (Art. 16), as
seen from a given elevation, is (sensibly) the same in all direc-
tions, and at all parts of the earth, shows that the surface is
approximately spherical. :

4. The fact that as one goes from the equator towards the
north the elevation of the pole increases in proportion to the
distance from the equator proves the same thing.

5. The outline of the earth’s shadow, seen upon the moon’ dur-
ing lunar eclipses, is such as only a sphere could cast.

We may add, as to the smoothness and roundness of the
earth, that if the earth be represented by an 18-inch globe,
the difference between its greatest and least diameters would
be only about one-sixteenth of an inch; the highest mountains
would project only about one-ninetieth of an inch, and the
average elevation of continents and depths of the ocean would
be hardly greater on that scale than the thickness of a film of
varnish. Relatively, the earth is really much smoother and
rounder than most of the balls in a bowling alley.

75. The Approximate Measure of the Earth’s Diameter.-—
There are various ways of determining the diameter of the
earth approximately. One of the simplest is the following : —

Erect upon a reasonably level plane three rods in line, a mile
apart from each other, and cut off their tops at the same level,
carefully determined with a surveyor’s levelling instrument.
It will then be found, on sighting across from 4 to C (Fig. 15),
that the line passes about eight inches below B, the top of the
middle rod.
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Suppose the cirele ABC completed, and that E is the point of
the circumference opposite B, so that BE equals the diameter

of the earth (i.e, BE =2R). By geometry,
BA?

BD:BA:: BA: BE; whence BE=.1E_.

F1e. 15. — Curvature of the Earth’s Surface.

Now BA is one mile, and BD equals two-thirds of a foot, or
7975 of a mile; hence BE equals
2
» ._.:} = 7920 miles,
7920

a very fair approximation.

On account of refraction, however, the resnlt cannot be made exact
by any amount of care in observation.

The best method of ascertaining the diameter of the earth,
however, in fact the only one of real value, is by measuring
arcs of meridian, in order to ascertain the number of miles or
" kilometers in one degree, and hence the circumference of the
earth. This will be more fully discussed a few pages later
on (Arts. 86-89).

II.

76. The Rotation of the Earth.— At the time of Copernicus
the only argument he could adduce in favor of the earth’s
rotation! was that the hypothesis is muck more probable than
the older one, that the heavens themselves revolve.

1 The word “rotate’” denotes a spinning motion like that of a wheel on
its axis. The word “revolve” is more general, and may be applied either
to describe such a spinning motion, or (and this is the more usual use in
Astronomy), to describe the motion of a body travelling around another,
as when we say that the earth “revolves” around the sun.
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All the phenomena then known would be sensibly the same
on either supposition. The apparent diurnal motion of the
heavenly bodies can be fully accounted for (within the limits
of the observations then possible) either by supposing that the
stars are actually attached to a celestial sphere which turns
daily, or that the earth itself rotates upon an axis; and for a
long time the latter hiypothesis did not seem to most people
50 probable as the older and more obvious one.

A little later, after the telescope had been invented, analogy
could be adduced; for with the telescope we can see that the
sun, moon, and many of the
planets are rotating globes.
Within the present century
it has become possible to
adduce experimental proofs
which go still further, and
= absolutely demonstrate the
earth’s rotation: some of
them even make it visible.

77. Foucault’s Pendulum
Experiment. — Among these
experimental proofs the most
impressive is the pendulum
experiment devised and first
executed by Foucault in 1851.
From the dome of the Pan-
theon in Paris, he hung a
heavy iron ball about a foot
in diameter by a wire more
than 200 feet long (Fig. 16). A circular rail some twelve
feet across, with a little ridge of sand built upon it, was placed
in such a way that a pin attached to the swinging ball would
just scrape the sand and leave a mark at each vibration. To
put the ball in motion it was drawn aside by a cotton cord and

i mlll il |n ""'lll‘ 5
i

‘MH%H:;&'.!MII

F16. 16, — Foucault’s Pendulum Experiment,
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left to come absolutely to rest; then the cord was burned off,
and the pendulum started to swing in a true plane. But this
plane seemed to deviate slowly towards the right, so that the pin
on the pendulum-ball cut the sand-ridge in a new place at
each swing, shifting at a rate which would carry the line com-
pletely around in about 32 hours, if the pendulum did not first
come to rest. In fact the floor of the Pantheon was actually
and visibly turning under the plane of the pendulum vibra-
tion. The experiment created great enthusiasm at the time,
and has since been frequently performed.

For fuller discussion, see Appendix, Art. 494.

78. We merely mention (without discussion) a number of other
demonstrations of the earth’s rotation.

(a) By the gyroscope, an experiment also due to Foucault.

(5) The slight eastward deviation of bodies in falling from a great
height. The idea of the experiment was first suggested by Newton,
but its actual execution has only been carried out during the present
century — by several different observers.

(¢) The deviation of projectiles.

(d) Various phenomena connected with Meteorology and Physical
Geography, such as the direction of the trade winds and the great
currents of the ocean,which are determined by the earth’s rotation ;
so also the direction of the revolution of cyclones, which in the north-
ern hemisphere move contrary to the hands of a watch, while in
the southern their motion is in the opposite direction (see ‘General
Astronomy ).

It might seem at first that the rotation of the earth in 24
hours is not a very rapid motion. A point on the equator
moves, however, nearly 1000 miles an hour, which is about 1500
feet per second, — very nearly the speed of a cannon-ball.

79. Invariability of the Earth’s Rotation.— It is a question
of great importance whether the day ever changes its length.
Theoretically, it must almost necessarily do so. The friction
of the tides and the deposit of meteoric matter upon the earth
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both tend to retard the earth’s rotation; while, on the other
hand, the earth’s loss of heat by radiation and the consequent
shrinkage must tend to accelerate it and to shorten the day.
Then geological changes, the elevation and subsidence of con-
tinents, and the transportation of soil by rivers, act some one
way and some the other. At present we can only say that the
change, if any change has occurred since Astronomy became
accurate, has been too small to be detected.

The day is certainly not longer or shorter by the 114 part of a second
than it was in the days of Ptolemy; probably it has not changed by
the 15 part of a second, though of that we can hardly be sure.
The criterion is found in comparing the times at which celestial
phenomena, such as eclipses, transits of Mercury, ete., have occurred
during the range of astronomical history.

80. Effects of the Earth’'s Rotation upon Gravity on the
Earth’s Surface.— As the earth rotates, every particle of its
matter is subjected to a so-called ¢centrifugal force” directed
away from the axis of the earth (Physics, page 101), and this
force depends upon the radius of the circle upon which the
particle moves, and the welocity with which it moves.

2
The formula is C'= %—, in which V is the velocity of the moving

particle, R the radius of the circle, and C is the centrifugal force,
expressed as an *“ acceleration,” in the same way that gravity is expressed
by g, —the velocity of 32} feet, which a falling body acquires in the
first second of its fall.

As stated in the Physics in the passage referred to, a body
at the equator of the earth has its weight diminished by 414 part,
in consequence of this force. (But see Art. 91.)

81. Effect of Centrifugal Force in diminishing Gravity. —
Between the equator and the poles the centrifugal force is
less than at the equator, because the circle described each day
by a body at the earth’s surface is smaller, its distance from
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the axis being less. Moreover, as shown in Fig. 17, the cen-
trifugal force MT at M, since it acts at right angles to the
earth’s axis, OP, is not directly op-
posed to the earth’s attraction, which
acts (nearly) on the line MO ; it is
not, therefore, wholly effective in
diminishing the weight of the body.
To ascertain the effect produced
upon the weight, MT must be “re- c
solved” (Physics, p. 91) into the
two component forces MR and MS.

P

Fia. 17.
The first of these alone acts to les- 1y martws Centrifugal Force.

sen the weight.

82. Effect of the Horizontal Component of the Centrifugal
Force.— The horizontal component MS tends to make the
plumb-line deviate from the line MO (drawn to the earth’s
centre) towards the equator, so as to make a smaller angle
with the earth’s axis than it otherwise would.

In latitude 45°, this horizontal/component of the centrifugal force
has a maximum equal to about 3}z of the whole force of gravity, and
causes the plumb-line to deviate about 11’ from the direction it would
otherwise take.

If the earth’s surface were strictly spherical, this horizontal force
would make every loose particle tend to slide towards the equator,
and the water of the ocean would so move. As things are, the sur-
face has arranged itself accordingly, and the earth bulges at the
equator just enough to.counteract this sliding tendency.

83, Gravity. — What is technically called “gravity” is not
simply the attraction of the earth for a body upon its surface,
but the resultant of the attraction combined with this centrifugal
Jforce. It is only at the equator and at the pole that “ gravity ”
is directed strictly towards the earth’s centre. Lines of level
are always perpendicular to “gravity,” and they are, therefore,
not true circles around the earth’s centre. If the earth’s rota-
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tion were to cease, the Mississippi River would at once have
its course reversed, since the mouth of the river is several
thousand feet further from the centre of the earth than are
its sources.

84. Accurate Determination of the Earth’s Dimensions.—
The form of the earth, instead of being spherical, is much
more nearly that of an “oblate spheroid of revolution” (an
orange-shaped solid) quite sensibly flattened at the poles; the
polar diameter being shorter than the equatorial by about 41+
part. According to “Clarke’s! Spheroid of 1866 ” (which is
adopted by our Coast and Geodetic Survey as the basis of all
calculations) the dimensions of the earth are as follows : —

Equatorial radius, (a) 6,378,206.4 metres = 3963.307 miles.
Polar radius, (b) 6,356,683.8 metres = 3949.871 «

Difference, 21,622.6 metres = 13.436 «

These numbers are likely to be in error as much, perhaps, as 100
metres, and possibly somewhat more; they can hardly be 300 metres
wrong.

This deviation of the earth’s form from a true sphere is due
simply to its rotation, and might have been cited as proving
it. The centrifugal force caused by the rotation modifies the
direction of gravity everywhere except at the equator and
the poles (Art. 82) ; and so the surface necessarily takes the
spheroidal form.

85. Methods of Determining the Earth's Form. — There are
two ways of doing this: one by measurement of distances upon
its surface in connection with the latitudes and longitudes of
the points of observation. This gives not only the form, but
the dimensions also; i.e., the size in miles or metres. The

1 Col. A. R. Clarke, now for many years at the head of the English Ord-
nance Survey.
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other method is by the observation of the force of grawity at
various points — observations which are made by means of a
pendulum apparatus of some kind, and determine only the
Jorm of the earth, but not its size.

86. The simplest form of the method by actual measure-
ment is that in which we determine the length of degrees of
latitude, some near the equator, and others near the poles,
and still others intermediate.

If the earth were exactly spherical, the length of a degree
would, of course, be everywhere the same. Since it is not, the
length of a degree will be greatest where the earth is most
nearly flat; i.e., near the poles; in other words, the distance
between two points on the same meridian having their plumb-
lines inclined to each other at an angle of one degree will be
greatest where the surface is least curved.

The measurement of an “arc” involves two distinct sets of
operations, one purely astronomical, the other geodetic. Hav-
ing selected two terminal stations several hundred miles apart,
and one of them as nearly as possible due north of the other,
we must determine first the distance between them in feet or
metres, and second (by astronomical observations), their differ-
ence of latitude in degrees, with the exact azimuth or bearing of
the line that connects them.

87. Geodetic Operations.— The determination of the distance
in feet or metres. It is not practicable to measure this with
sufficient accuracy directly, as by simple “chaining,” but we
must have recourse to the process known as “triangulation.”

Between the two terminal stations (4 and H, Fig. 18) others are
selected such that the lines joining them form a complete chain of
triangles, each station being visible from at least two others. The
angles at each station are carefully measured; and the length of one
of the sides, called the ¢ bdase,” is also measured with all possible pre-
cision. It can be done with an error not exceeding an inch in ten
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miles. (BU is the base in the figure.) Having the length of
the base, and all the angles, it is then possible to calculate every
other line in the chain of triangles. An error of more than three

feet in a hundred miles would be unpar-
B
e
D -4
\
el
F\
H

88. Astronomical Operations, — By as-
tronomical observations we must deter-
mine (a) the true bearing or azimuth of
the lines of the triangulation, and also (b)
the difference of latitude in degrees be-
tween 4 and H. ,

To effect the first object, it will be suffi-
cient to determine the azimuth of any one
of the sides of the system of triangles by the
method given in the Appendix, Art. 495.
This being known, the azimuth of every
other line is easily got from the measured
angles, and we can then compute how many
feet or metres one terminal station is north
of the other, — the line A% in the figure.

h (®) The difference of lutitude. This is

obtained simply by determining the latitndes

of A and H by one of the methods of Art. 47,

or by any other method that will determine

Fic. 18. astronomical latitudes with precision. Tt is

well, also, to measure the latitudes of a num-

ber of the intermediate stations, and to determine the azimuths of a

number of lines of the triangulation instead of a single one (in order
to lessen the effect of errors of observation).

donable.
g

89. The Length of a Degree of Latitude.— The geodetic and
astronomical observations thus give the length of the line A#,
both in feet and in degrees, so that we immediately find the
number of feet in that degree of latitude which has its middle
point half-way between A and h. If the earth were spherical,
the length of a degree would be everywhere the same, and the
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earth’s diameter would be found simply by multiplying the
length of one degree by 360 and dividing the product by =,
that is, 3.1415926.

More than twenty such ares have been measured in differ-
ent parts of the world, varying in length from 25° to 2°, and
it appears clearly that the length of the degrees, instead of
being everywhere the same, increases towards the pole.

At the equator, one degree = 68.704 miles

At lat. 20° « o« 68786 <«
“oo« 400 “ “ — 68.993 &«
« o« oo “ 13 = 69.230 &
“ o« 8o “ 113 = 69.386 113

At the pole, Sl 68 109407, ¢

The difference between the equatorial and polar degree of
latitude is more than six-tenths of a mile, or over 3000 feet;
while the probable error of measurement cannot exceed a foot
or two to the degree.

90. The Ellipticity or Oblateness of the Earth. — The cal-
culations by which the precise form of the earth is deduced
from such a series of measurements of arcs lie beyond our
scope, but the net result is as stated in Art. 84.

The fraction obtained by dividing the difference between the
equatorial and polar radii, by the equatorial (7.e., the frac-

tion 2= b

), is called by various names, such as the “Polar

Compression,” the “ Oblateness,” or the ¢ ELLipTiciTy,”! of the
earth; the last term being most used.

Owing to the obvious irregularities in the form of the earth,
the results obtained by combining the ares in different ways

1 This “ellipticity ”” of the earth’s elliptical meridian must not be con-
22
founded with its “eccentricity,” the formula for which is a_z_b_- The
a

“ellipticity ” of the earth’s meridian is about ‘5%55’ its ¢¢ eccentricity ”
nearly [
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are not exactly accordant, so that a very considerable vari-
ation is found in the ellipticity as deduced by different
authorities.

91. Determination of the Earth’s Form by Pendulum Experi-
ments. — For details of experiments of this kind we must
refer the reader to the ¢ General Astronomy.” It is sufficient
for our purpose simply to say that such observations show
that the force of gravity is greater at the pole than at the equator
by about T}y part; i.e., weighed in a spring balance, a man who
weighs 190 pounds at the equator would weigh 191 at the
pole. The centrifugal force of the earth’s rotation accounts
for about one pound in 289 of the difference. The remainder
(about one pound in 555) has to be acecounted for by the differ-
ence between the distances of the centre of the earth from the
pole and from the equator. At the pole a body is nearer the
centre of the earth than anywhere else on the earth’s surface,
and as a consequence the earth’s attraction upon it is greater,
and its weight is inereased.

The result of the pendulum observations thus far made indicates
for the earth an ellipticity of about ;1;,—in practical (though not
absolute) agreement with the result derived by measurement of arcs.

92. Station Errors.— If the latitudes of all the stations in a tri-
angulation, as determined by astronomical observations, are compared
with their differences of latitude as deduced from trigonometrical
operations, we find the discrepancies by no means insensible. They
" are in the main due not to errors of observation, but to irregularities
in the direction of gravity, and depend upon the variations in the density
of the crust and the irregularities of the earth’s surface. If, for instance,
a mass of heavy rock or a hill lies to the nortk of a particular station,
the plumb-line of that point will be attracted towards the north; the
zenith of the station will be shifted towards the soutk by a correspond-
ing amount, and the astronomical latitude of the place will be less
than it would be if the mountain were taken away. Such irregular-
ities are called station errors. According to the Coast Survey, in the
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eastern part of the United States these station errors average about
1} seconds of are, affecting both the longitudes and latitudes of the
stations, as well as the astronomical azimuths of the lines that join
them. Station errors of from 4” to 6" are not very uncommon, and
in mountainous countries these deviations occasionally amount to 30"
or 40",

93. Distinction between Astronomical and Geographical Lat-
itude. — The astronomical latitude of the station is that actually deter-
mined by astronomical observations. The geographical latitude is the
astronomical latitude corrected for “station error.” It may be defined
as the angle formed with the plane of the equator by a line drawn
from the place perpendicular to the surface of the “standard spheroid”
at that station. Its determination involves the adjustment and even-
ing-off of the discrepancies between the geodetic and astronomical
results over extensive regions of country. The geographical latitudes
are those used in constructing a map.

For most purposes, however, the distinction may be neglected,
since on the scale of an ordinary map the “station errors” would
be insensible.

94. Geocentric Latitude. — The astronomical latitude at any
place (Art. 47) is, it will be remembered, the angle between
the plane of the equator and the direction of grawvity at that
place. The geocentric latitude, on the other hand, is the angle
made at the centre of the earth, as the word implies, between
the plane of the equator and a line drawn from the observer
to the centre of the earth; which line, evidently does not coin-
cide with the direction of gravity, since the earth is not
spherical.

In Fig. 19, the angle MNQ is the astronomical latitude of the point
M. (It is also the geographical latitude, provided the ¢ station error”
at that point is insensible.) The angle MOQ is the geocentric lati-
tude.

The angle ZMZ', which is the difference of the two latitudes, is
called the angle of the vertical.
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The geocentric degrees are longer near the

/7 equator than near the poles, and it is worth

B 7" noticing that if we form a table like that
Ar of Art. 89, giving the length of each degree
of geographical latitude from the equator

to the pole, the same table, read backwards,

gives the length of the geocentric degrees;

o 4 i.e., at the pole a degree of geocentric lati-
) N Q tude is 68.704 miles, and at the equator
Fie. 19, — Astronomical and  09.407 miles. .

Geocentric Latitude. Geocentric latitude is seldom employed

except in certain astronomical calculations
in which it is necessary to “reduce the observations to the centre of
the earth.”

95. Surface and Volume of the Earth.— The earth is so
nearly spherical that we can compute its surface and volume with suf-
ficient accuracy by the formulwe for a perfect sphere, provided we put
the earth’s mean semi-diameter for r in the formule. This mean semi-
at+bd b 2a+b

> ey
draw through the earth’s centre three axes of symmetry at right

angles to each other, one will be the axis of rotation and botk the
others will be equatorial diameters. The mean semi-diameter r of the
earth thus computed is 3958.83 miles; its surface (4#r?) is 49,243,000
square miles, and its volume (4wr3), 260,000 million cubic miles, in
round numbers.

diameter of an oblate spheroid is not

, because if we

IIL.
THE EARTH’S MASS AND DENSITY.

96. Definition of Mass. — The mass of a body is the ¢ quan-
tity - of matter” in it; ie, the number of “pounds,” “kilo-
grams,” or “tons” of material it contains. It must not be
confounded with the “wvolume” of a body, which is simply its
bulk; i.e., the number of cubic feet or cubic miles in it; nor is
it identical with its “weight,” which is simply the force with
which the body tends to move towards the earth. It is true
that wnder ordinary circumstances the mass of a body and its
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weight are proportional, and numerically equal ; a mass of ten
pounds “weighs” very nearly ten pounds under ordinary eir-
cumstances ; but the word “pound” in the two halves of the
sentence means two entirely different things; the pound of
“mass” is one thing, the pound of “force” a very different one.

97. Mass and Force distinguished. — This identity of names
for the units of mass and force leads to perpetual ambiguity,
and is very unfortunate, though the reason for it is per-
fectly obvious, because in most cases we measure masses by
weighing. The unit of mass is a certain piece of platinum, or
some such unalterable substance which is kept at the national
capital, and called the standard “pound,” or “kilogram.” The
pound or kilogram of weight or force, on the other hand, is
not the piece of metal at all, but the atiraction between it and
the earth at some given place, as, for instance, Paris. It is a
pull or a stress.

The mass of a given body, — the number of mass-pounds in
- it —1s invariable; its weight, on the other hand, — the number
of force-pounds which measures its tendency to fall,— depends
on where the body is. At the equator it is less than at the
pole; at the centre of the earth it would be zero, and on the
surface of the moon only about one-sixth of what it is on
the earth’s surface.

The student must always be on his guard whenever he
comes to the word “pound,” or any of its congeners, and
consider whether he is dealing with a mass-pound or a force-
pound.

Many high authorities now advocate the entire abandonment of
these old force-units which bear the same names as the mass-units,
and the substitution in all scientific work of the dyne (Physics, p. 125)
and its derivative, the megadyne. The change would certainly con-
duce to clearness, but would, for a time at least, involve much incon-
venience by rendering nearly unreadable almost all the existing lit-
erature of mechanical science.
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98. The Measurement of Mass.— This is usually effected by
a process of “weighing” with some kind of balance, by means
of which we ascertain directly that the “weight”” of the body
is the same as the weight of a certain number of the standard
units in the same place, and thence infer that its mass is the
same.

It may be done also, though in practice not very conveniently, by
ascertaining what velocity is imparted to a body by the expenditure
of a known amount of energy (see Appendix, Art. 496).

But it is obvious that neither of these methods could be
used to measure the enormous mass of the earth, and we must
look for some different process by which to ascertain the num-
ber of tons of matter it contains.

The end is accomplished by comparing the attraction which
the earth exerts upon some body at its surface, with the attrac-
tion exerted wpon the same body by a known mass at a known
distance.

99. Gravitation. The Cause of “Weight.” — Science cannot
yet explain why bodies tend to fall towards the earth, and push
or pull towards it when held from moving. But Newton dis-
covered that the phenomenon is only a special case of the much
more general fact which he inferred from the motions of the
heavenly bodies, and formulated as “the law of gravitation,”*
under the statement that any two particles of matter ¢ attract”
each other with a force which is proportional to their masses and
tnversely proportional to the square of the distance between them.

If instead of particles we have bodies composed of many
particles, the total force between the bodies is the sum of the
attractions of the different particles, each particle attracting
every particle in the other body.

1The word “ gravitation” is used to denote the attraction of bodies for
each other in general, while *gravity” (French ‘“pesanteur’) is limited to
the force which makes bodies fall at the surface of the earth or other heavenly body.
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100. We must not imagine the word “attract” to mean too
much. It merely states as a fact that there is a tendency for
bodies to move toward each other, without including or imply-
ing any explanation of the fact.

Thus far no explanation has appeared which is less difficult to com-
prehend than the fact itself. Whether bodies are drawn together by
some outside action, or pushed together, or whether they themselves
can “act” across space with mathematical intelligence, —in what way
it is that ¢ attraction ” comes about, is still unknown, and apparently
as inscrutable as the very nature and constitution of an atom of mat-
ter itself. It is at present simply a fundamental fact, though it is not
impossible that ultimately we may be able to show that it is a neces-
sary consequence of the relation between particles of ordinary matter
and the all-pervading ¢ ether ” to which we refer the phenomena of
light, radiant heat, electricity, and magnetism (Physics, p. 326).

101. The Attraction of Spheres.— If the two afttracting
bodies are spheres, either homogeneous, or made up of concen-
tric shells which are of equal density throughout, Newton
showed that the action is precisely the same as if all the matter
of each sphere were collected at its centre ; and if the distance
between the bodies is very great compared with their size, then,
whatever their form, the same thing is very nearly true.

If the bodies are prevented from moving, the effect of at-
traction will be a stress or pull, to be measured in dynes or
Jorce-units (not mass-units), and is given by the equation

F (dynes)= k(%}
where M, and MM, are the masses of the two bodies expressed in
mass-units (kilograms, pounds, tons, of mass), d is the distance
between their centres (in feet, metres, or miles), and & is a
factor which depends upon the units employed.!

1Tt will not do to write the formula ¥ =}—[1d—>§1‘—[3 (omitting the k), un-

less the units are so chosen that the unit of force shall be equal to the
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102. Acceleration by Gravitation. —If 3£, and M, are set free
while under each other’s attraction, they will at once begin to approach
each other, and will finally meet at their common centre of gravity,
having moved all the time with equal “momenta” (Physics, p. 115),
but with velocities inversely proportional to their masses. At the end of
the first second M, will have acquired a velocity of

M,
B X
which, the student will observe, is entirely independent of 37 itself:
a grain of sand and a heavy rock fall at the same rate in free space
under the attraction of the same body, at the same distance from it.
(% is a constant which depends on the units in which the welocity
is expressed, and of course differs from & of the preceding equation).
Similarly M, will have acquired a velocity
M,
B X

The velocities with which the two bodies are approaching eack other
will be the sum of these velocities; and if we denote this “accelera-
tion” (or the velocity of approach acquired in one second) by f, just
as ¢ is used to denote the acceleration due to gravity in a second, we
shall have

e (il

This is the form of the law of gravitation which is most used in deal-
ing with the motions of the heavenly bodies. The reader will notice
that while the expression for F (the force in dynes) has the product of
the masses in its numerator, that for f (the acceleration) has their
sum.

103. We are now prepared to discuss the methods of meas-
uring the earth’s mass. It is only necessary, as has been

attraction between two masses each of one unit at a distance of one unit.
It is not true that the attraction between two particles, each having a mass
of one pound, at a distance of one foot, is equal to a stress of either one
pound or one dyne.
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already said (Art. 98), to compare the attraction which the
earth exerts on a body, X, at its surface (at a distance,
therefore, of 3959 miles from its centre) with the attraction
exerted upon X by some other body of a known mass at a
known distance. The practical difficulty is that the attrac-
tion of any manageable body is so very small, compared with
that of the earth, that the experiments are extremely delicate,
and unless the mass is one of several tons, its attraction will
be only a minute fraction of a grain of force, hard to detect
and worse to measure.

The different methods which have been actually used for determin-
ing the mass of the earth are enumerated and discussed in the ¢ Gen-
eral Astronomy,” to which the student is referred. 'We limit ourselves
to the presentation of a single one, which is perhaps the best, and is
not difficult to understand.

104. The Earth’s Mass and Density determined by the
Torsion Balance.— This is an apparatus invented by Michell,
but first employed by Cavendish, in 1798, A light rod
carrying two small balls at its extremities is suspended
at its centre by a fine, metallic wire, so that it will hang
horizontally. If it be allowed to come to rest, and then a
very slight deflecting force be applied, the rod will be pulled
out of position by an amount depending on the stiffness
~and length of the wire as well as the intensity of the force.
When the deflecting force is removed, the rod will vibrate
back and forth until brought to rest by the resistance of
the air. The “{orsional coefficient,”’ as it is called, <.e., the
stress which will produce a twist of one revolution, can be
accurately determined by observing the time of wvibration, when
the dimensions and weight of the rod and balls are known.
(See Physics (Anthony & Brackett), p. 117.) This will
enable us to determine what fraction of a grain (of force) or
of a dyne is necessary to produce a twist of any number of
degrees,
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105. If, now, two large balls, 4 and B, Fig. 20, are brought
near the smaller ones, as shown in the figure, a deflection will
be produced by their attraction, and the small balls will move
from a and b to o' and b'. By shifting the large balls to the
other side at 4’ and B' (which can be done by turning the
frame upon which these balls are supported) we get an equal
deflection in the opposite direc-
tion; that is, from a' and b' to
a'" and ¥", and the difference
between the two positions as-
sumed by the two small balls,
that is a'a" and b'0" will be twice
the deflection.

It is not necessary, nor even best,
to wait for the balls to come to rest.
When vibrating slightly we note the
extremities of their swing. The mid-
dle point of the swing gives the place
of rest, while the time occupied by
the swing is the period of vibration,
which we need in determining the
coefficient of torsion. 'We must also

Fi16. 20. — Plan of the Torsion Balance. measure the distances Aa’, A'b", Bb’,
and B'a” between the centre of each
of the large balls and the point of rest of the small ball when deflected.

106. Calculation of the Earth's Mass from the Experiment.
— The earth’s attraction on each of the small balls evidently
equals the ball’s weight. The attractive force of the large ball
on the small one near it is found from the observed deflection.
If, for instance, this deflection is 1°, and the coefficient of tor-
sion is such that it takes one grain (of force) to twist the wire
one whole turn, then the deflecting force, which we will call
J; will be 15 of a grain. One-half of this deflecting force will
be due to A’s attraction of a; half, to B’s attraction of b. Call
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the mass of the large ball B and that of the small ball b, and
let d be the measured distance Bb' between their centres. We
shall then have the equation

1= kazb, gy, B %fdz

Similarly calling E the mass of the earth, and R its radius,
w being the weight of the small ball (which weight measures
the force of the earth’s attraction upon it), we shall have

E R’
W= k( ;b)orE:@%—-;

whence (dividing the.second equation by the first),

E_o(w i
B fi\a/
which gives the mass of the earth in terms of B.

107. Density of the Earth. — Having the mass of the earth,
it is easy to find its density. The volume or bulk of the earth
in cubic miles has already been given (Art. 95), and can be
found in cubie feet by simply multiplying that number by the
cube of 5280. Since a cubic foot of water contains 62} mass-
pounds (nearly), the mass the earth would have, if composed
of water, follows. Comparing this with the mass actually ob-
tained, we get its density. A combination of the results of all
the different methods hitherto employed, taking into account
their relative accuracy, gives 5.58 + 0.03 as the most probable
value of the density of the earth according to our present
knowledge.

108. In the earlier experiments by this method, the small balls
were of lead, about two inches in diameter, at the extremities of a light
wooden rod five or six feet long enclosed in a case with glass ends;
and their position and vibration was observed by a telescope looking
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directly at them from a distance of several feet. The attracting
masses, A and B, were balls (also of lead) about one foot in diameter.

The experiment was repeated in 1872 by Cornu in Paris, with a
modified apparatus. The horizontal bar was in this case only half
a metre long, of aluminium, with small platinum balls at the end.
For the large balls glass globes were substituted, which could be
pumped full of mercury or emptied at pleasure. The whole was
enclosed in an exhausted air-tight case. The deflections and vibra-
tions were observed by a telescope viewing the image of a scale
reflected in a small mirror attached to the aluminium beam near its
centre, according to the method now so generally used in galvano-
meters and similar apparatus. Cornu obtained 5.56 as his result.

Still more recent determinations have been made in Germany by
a different method.

109. Constitution of the Earth’s Interior. — Since the average
density of the earth’s crust does not exceed three times that
of water, while the mean density of the whole earth is about
5.58, it is obvious that at the earth’s centre the density must
be very much greater than at the surface, —very likely as
high as eight or ten times the density of water, and equal to
that of the heavier metals. There is nothing surprising in
this. If the earth were once fluid, it is natural to suppose
that in the process of solidification the densest materials
would settle towards the centre.

Whether the centre of the earth is solid or fluid, it is difficult to
say with certainty. Certain tidal phenomena, to be mentioned here-
after, have led Sir William Thompson to conclude that the earth as a
whole is solid throughout, and “more rigid than glass,” volcanic cen-
tres being mere “pustules,” so to speak, in the general mass. To
this most geologists demur, maintaining that at the depth of not
many hundred miles the materials of the earth must be fluid or at
least semi-fluid. This is inferred from the phenomena of volcanoes,
and from the fact that the temperature continually increases with
the depth so far as we have yet been able to penetrate. ‘
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CHAPTER 1IV.

THE APPARENT MOTION OF THE SUN, AND THE ORBITAL
MOTION OF THE EARTH. —PRECESSION AND NUTATION.
— ABERRATION.— THE EQUATION OF TIME.—THE SEA-
SONS AND THE CALENDAR.

110. The Sun’s Apparent Motion among the Stars.— The
sun has an apparent motion among the stars which makes it
deseribe the circuit of the heavens once a year, and must have
been among the earliest recognized of astronomical phenomena,
as it is obviously one of the most important.

As seen by us in the United States, the sun, starting in the
spring, mounts higher in the sky each day at noon for three
months, appears to stand still for a few days at the summer
solstice, and then descends towards the south, reaching in
the autumn the same noon-day elevation which it had in the
spring. It keeps on its southward course to the winter sol-
stice in December, and then returns to its original height at
the end of a year, marking and causing the seasons by its
course. .

Nor is this all. The sun’s motion is not merely a north and
south motion, but it also advances continually eastward among
the stars. In the spring the stars, which at sunset are rising
in the eastern horizon, are different from those which are
found there in summer or winter. In March the most con-
spicuous of the eastern constellations at sunset are Leo and
Bootes. A little later Virgo appears, in the summer Ophiuchus
and Libra; still later Scorpio, while in midwinter Orion and
Taurus are ascending as the sun goes down.

-
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111. So far as the obvious appearances are concerned, it is
quite indifferent whether we suppose the earth to revolve
around the sun, or wvice wersa. That the earth really moves,
is absolutely demonstrated however by two phenomena too
minute and delicate for observation without the telescope, but
accessible to modern methods. One of them is the aberration
of light, the other the annual parallax of the fized stars. These
can be explained only by the actual motion of the earth. We
reserve their discussion for the present.

112. The Ecliptic, its Related Points and Circles. —By ob-
serving daily with the meridian eircle the sun’s declination,
and the difference between its right ascension and that of
some standard star, we obtain a series of positions of the
sun’s centre which can be plotted on a globe, and we can thus
mark out the path of the sun among the stars. It turns out
to be a great circle, as is shown by its cutting the celestial
equator at two points just 180° apart (the so-called ¢ equinoe-
tial points” or “equinoxes,” Art. 34), where it makes an
angle with the equator of approximately 231°.! This great
circle is called the EcriprIc, because, as was early discovered,
eclipses happen only when the moon is crossing it. It may
be defined as the circle in which the plane of the earth’s orbit cuts
the celestial sphere, just as the celestial equator is the trace of
the plane of the terrestrial equator.

The angle which the ecliptic makes with the equator at
the equinoctial points is called the Obliguity of the Ecliptic.
This obliquity is evidently equal to the sun’s maximum decli-
nation, or its greatest distance from the equator, reached in
June and December.

113. The two points in the ecliptic midway between the
equinoxes are called the Solstices, because at these points the

123027’ 14/ in 1890.
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sun “stands,” i.e., ceases to move in declination. Two circles
drawn through the solstices parallel to the equator are called
the Tropics, or “turning lines,” because there the sun turns
from its northward motion to a southward, or wice versa.

The two points in the heavens 90° distant from the ecliptic
are called the Poles of the Ecliptic.

The northern one is in the constellation Draco, about midway
between the stars Delta and Zeta Draconis, and on the Solstitial Colure
(the hour-circle which runs through the two solstices), at a distance
from the pole of the heavens equal to the obliquity of the ecliptic, or
about 233°. Great circles drawn through the poles of the ecliptic,
and therefore perpendicular, or “secondaries,” to the ecliptic, are
known as Circles of Latitude. It will be remembered (Arts. 38 and
39) that celestial latitude and longitude are measured with reference to the
ecliptic and not to the equator.

114. The Zodiac and its Signs. — A belt 16° wide (8° on each
side of the ecliptic) is called the Zodiac, or “ Zone of Animals,”
the constellations in it, excepting Libra, being all figures of
animals. It is taken of that particular width simply because
the moon and the principal planets always keep within it.
It is divided into the so-called Signs, each 30° in length, having
the following names and symbols : —

Aries ¥ Libra =~

Spring {Taurus ] Autumn {Scorpio m
Gemini I Sagittarius 7

SCancer 95 Capricornus v3

Summer < Leo & Winter { Aquarius %
Virgo m Pisces X

The symbols are for the most part conventionalized pictures of the
objects. The symbol for Aquarius is the Egyptian character for water.
The origin of the signs for Leo, Capricornus, and Virgo is not quite
clear.



70 THE EARTH’S ORBIT. [§ 114

The zodiac is of extreme antiquity. In the zodiacs of the
earliest history the Lion, Bull, Ram, and Scorpion appear
precisely as now.

115. The Earth’s Orbit. — The ecliptic is not the orbit of
the earth, and must not be confounded with it. It is simply
a great circle of the infinite celestial sphere, the trace made upon
that sphere by the plane of the earth’s orbit, as was stated
in its definition. The fact that the ecliptic is a great cirele
gives us no information about the earth’s orbit itself, except
that it all lies in one plane passing through the sun. It tells us
nothing as to the orbit’s real form and size.

By reducing the observations of the sun’s right ascension
and declination through the year to longitude and latitude
(the latitude would always be exactly zero except for some
slight perturbations), and combining these data with observa-
tions of the suw’s ap-
parent diameter, we can,
however, ascertain the
Jorm of the earth’s orbit
and the law of its motion
in this orbit. The size
of the orbit —its scale of
miles — cannot be fixed
until we find the sun’s
distance.

116. To find the Form
of the Orbit, we proceed
thus: Take a point, S,
; for the sun, and draw
from it a line, SO (Fig. 21), directed towards the vernal equi-
nox, from which longitudes are measured. Lay off from S
lines indefinite in length, making angles with SO equal to the
earth’s longitude as seen from the sun' on each of the days

F1e. 21. .
Determination of the Form of the Earth’s Orbit.

1 This is 180° 4 the sun’s longitude as seen from the earth,
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when observations were made. We shall thus get a sort of
“gpider,” showing the direction of the earth as seen from the
sun on each of those days. 3

Next as to the distances. While the apparent diameter of
the sun does not tell us its absolute distance from the earth,
unless we know this diameter in miles, yet the changes in the
apparent diameter do inform us as to the relative distance at
different times, the distance being inversely proportional to
the sun’s apparent diameter (Art. 12). If, then, on the arms
of the “spider” we lay off distances inversely proportional to
the number of seconds of arc in the sun’s measured diameter
at each date, these distances will be proportional to the true
distance of the earth from the sun, and the curve joining the
points thus obtained will be a true map of the earth’s orbit,
though without any scale of miles. When the operation is
performed, we find that the orbit is an ellipse of small “eccen-
tricity ” (about W), with the sun not in the centre, but at one of
the two foci.

117. Definitions relating to the Orbital Ellipse. — The ellipse
is a curve such that the sum of the two distances from any point
on its circumference to two points within, called the foci, is always
constant and equal to the so-called major awxis of the ellipse.

\.
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\\
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S

In Fig. 22, SP + PF equals
AA’, AA’ being the major axis.
AC is the semi-major axis, and is
usually denoted by 4 or a. BC
is the semi-minor axis, denoted
by B or b; the eccentricity, de-

noted by e, is the fraction or ratio

SC
Vel or ;, and is usually expressed

as a decimal.
If a cone is cut across obliquely Fie. 22.— The Ellipse.

by a plane, the section is an ellipse,

which is therefore called one of the “Conic Sections ” (see Appendix,

Art. 506). '

Bl
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The points where the earth is nearest to and most remote
from the sun are called respectively the Perihelion and the
Aphelion, the line joining them being the major-axis of the
orbit. This line indefinitely produced in both directions is
called the Line of Apsides, the major-axis being a limited piece
of it. A line drawn from the sun to the earth or any other
planet at any point in its orbit, as SP in the figure, is called
the planet’s Radius vector, and the angle ASP, reckoned from
the ‘perihelion point, 4, in the direction of the planet’s motion
towards B, is called its Anomaly.

The variations in the sun’s diameter are too small to be detected
without a telescope, so that the ancients failed to perceive them.
Hipparchus, however, about 120 B.c., discovered that the earth is not
in the centre of the circular? orbit which he supposed the sun to de-
scribe with uniform velocity. Obviously the sun’s apparent motion is
not uniform, because it takes 186 days for the sun to pass from the
vernal equinox to the autumnal, and only 179 days to return. Hip-
parchus explained this want of uniformity by the hypothesis that the
earth is out of the centre of the circle,

118. To find the Law of the
Earth’s Motion.— By comparing

p the measured apparent diameter
with the differences of longitude

j from day to day we can deduce
p N0t only the form of the orbit but
the “law” of the eartl’s motion
in it. On arranging the daily
motions and apparent diameters
in a table, we find that the daily
motions vary directly as the squares of the diameters. From this

F1a. 23. — Equable Description of Areas.

1 He (and every one else until the time of Kepler) assumed on meta-
physical grounds that the sun’s orbit must necessarily be a circle, and
described with a uniform motion, because (they said) the circle is the
only perfect curve, and uniform motion is the only perfect motion proper
to keavenly bodies. '



§ 118] KEPLER’S PROBLEM. 78

it can be shown to follow that the earth moves in such a way
that its radius vector describes areas proportional to the times, a
law which Kepler first brought to light in 1609. That is to
say, if ab, cd, and ef, Fig. 23, be portions of the orbit described
by the earth in different weeks, the areas of the elliptical
sectors aSh, ¢Sd, and eSf are all equal. A planet near peri-
helion moves faster than at aphelion in just such proportion
as to preserve this relation.

119. Kepler’s Problem.— As Kepler left the matter, this is
a mere fact of observation. Newton afterwards demonstrated
that it is a necessary mechanical consequence of the fact that
the earth moves under the action of a force always directed
towards the sun (see Appendix, Art. 502). It is true in every
case of elliptical motion, and enables us to find the position of
the earth, or any planet, at any
time when we once know the
time of its orbital revolution
(technically the “period”) and
the time when it was at peri-
helion. Thus, the angle ASP,
Fig. 24, or the anomaly of the
planet, must be such that the
shaded area of the elliptical sec-
tor ASP will be that portion

of the whole ellipse which is represented by the fraction %, ¢

F1a. 24. — Kepler’s Problem.

being the number of days since the planet last passed peri-
helion, and 7' the number of days in the whole period.

If, for instance, the earth last passed peribelion on Dec. 81st (which
it did), its place on May 1st must be such that the sector 4 SP will be
:%;1 of the whole of the earth’s orbit, since it is 121 days from Dec.

4,
31st to May 1st. The solution of this problem, known as Kepler’s
Problem, leads to “transcendental” equations, and can be found in

books on Physical Astronomy.



74 CHANGES IN THE EARTH'S ORBIT. [§ 120

120. Changes in the Earth’s Orbit.— The orbit of the earth
changes slowly in form and position, though it is unchangeable
(in the long run) as regards the length of its major axis and
the duration of the year.

(1) Change in the Obliquity of the Ecliptic. 'The ecliptic slightly
and very slowly shifts its position among the stars, thus altering their
latitudes and the angle between the ecliptic and the equator. The
obliquity is at present about 24’ less than it was 2000 years ago, and
is still decreasing about 0”.5 a year. It is computed that this diminu-
tion will continue for some 15,000 years, reducing the obliquity to
about 22}°, when it will begin to increase. The whole change can
never exceed 13° on each side of the mean.

(2) Change of Eccentricity. At present the eccentricity of the earth’s
orbit (which is now 0.0168) is also slowly diminishing. According
to Leverrier, it will continue to decrease for about 24,000 years until
it becomes 0.003 and the orbit is almost circular. Then it will
increase again for some 40,000 years until it becomes 0.02. In this
way the eccentricity will oscillate backwards and forwards, always,
however, remaining between zero and 0.07; but the successive oscilla-
tions of both the eccentricity and obliquity are unequal in amount
and in time, so that they cannot properly be compared to the vibra-
tions of a mighty pendulum,” which is rather a favorite figure of
speech in certain quarters.

(3) Revolution of the Apsides of the Earth’s Orbit. The line of
apsides of the orbit (which now stretches in both directions towards
the opposite constellations of Sagittarius and Gemini) is also slowly
and steadily moving eastward at a rate which will carry it around the
circle in about 108,000 years.

These so-called “secular” changes are due to “perturbations” caused
by the action of the other planets upon the earth. Were it not for
their attraction, the earth would keep her orbit with reference to the
sun strictly unaltered from age to age, except that possibly in the
course of millions of years the effects of falling meteoric matter and
of the attraction of the nearer fixed stars might become perceptible.

121. Besides these secular perturbations of the earth’s Orbit, the
earth itself is continually being slightly disturbed in its orbit. On
account of its connection with the moon, it oscillates each month a
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few hundred miles above and below the true plane of the ecliptic, and
by the action of the other planets it is sometimes set forward or back-
ward in its orbit to the extent of some thousands of miles. Of course
every such displacement produces a corresponding slight change in
the apparent position of the sun.

122. Precession of the Equinoxes. — The length of the year
was found in two ways by the ancients: —

1st. By observing the time when the shadow cast at noon
by a “gnomon ” is longest or shortest: this determines the
date of the solstice.

2d. By observing the position of the sun with reference to
the constellations — their “ keliacal” rising and setting, — i.e.,
the times when given constellations rise and set at sunset.

Comparing the results of observations made by these two
methods at long intervals, Hipparchus in the second century
B.C. found that they do not agree, the year reckoned from solstice
to solstice or from equinox to equinox being about twenty min-
utes shorter than the year reckoned with reference to the constel-
lations. The equinox moves westward on the ecliptic about
50".2 each year, as if advancing to meet the sun at each annual
return. He therefore called this motion of the equinoxes
“ Precession.”

On examining the latitudes of the stars, we find them to have
changed but slightly in the last 2000 years. We know therefore that
the ecliptic maintains its position sensibly unaltered. The right ascen-
sions and declinations of the stars, on the other hand, are found to be
both constantly changing, and this makes it certain that the celestial
equator shifts its position. On account of the change in the place of
the equinox, the longitudes of the stars grow uniformly longer, having
increased nearly 30° in the last 2000 years.

123. Motion of the Pole of the Heavens around the Pole of
the Ecliptic. — The obliquity of the ecliptic, which equals the
angular distance of the pole of the heavens from the pole of
the ecliptic, is not sensibly affected by precession. That is to
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say,—as the earth travels around its orbit in the plane
of the ecliptic (just as if that plane were the level sur-
.face of a sheet of water in which the earth swims half im-
mersed), its axis, ACX (Fig. 25), always preserves the same
constant angle of 237}° with the perpendicular SCT which
points to the pole of
the ecliptic. But in
consequence of pre-
cession, the axis while
keeping its inelina-
tion unchanged, shifts
conically around the
line SCT (like the
axis of a spinning
top before it becomes
steady), taking up
successively the posi-
tions A'C, ete., thus
carrying the equinox
from V to V', and so
on.

In consequence of
this shift of the axis,
the pole of the heavens, i.e., that point in the sky to which
the line C'/A happens to be directed at any time, describes a
circle around the pole of the ecliptic in a period of about
25,800 years (360°-+50.2'"). The pole of the ecliptic remains
practically fixed among the stars, but the pole of the equator
has moved many degrees since the earliest observations. At
present the Pole-star (Alpha Ursae Minoris) is about 1}° from
the pole, while in the time of Hipparchus the distance was
fully 12°; during the next century it will diminish to about -
30/, and then it will increase again.

Fie. 25.

If upon a celestial globe we take the pole of the ecliptic as a centre
and describe around it a circle with a radius of 233°, it will mark the
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track of the celestial pole among the stars. It passes pretty near
the star Vega (Alpha Lyr®), on the opposite side of the ecircle from
the present Pole-star; so that, about 12,000 years hence, Vega will
be the Pole-star, — a splendid one.

Reckoning backwards, we find that about 4000 years ago Alpha
Draconis was the Pole-star, and about 33° from the pole.

Another effect of precession is that the signs of the zodiac
do not now agree with the constellations which bear the. same
name. The sign of Aries is now in the constellation of Pisces,
and so on; each sign having “backed ” bodily, so to speak,
into the constellation west of it.

124. Physical Cause of Precession. — The physical cause of
this slow conical rotation of the earth’s axis around the pole
of the ecliptic was first explained by Newton, and lies in the
two facts that the earth is not exactly spherical, and that the
sun and moon! act upon the equatorial “ring” of matter
which projects above the true sphere, tending to draw the
plane of the equator into coincidence with the plane of the
ecliptic by their greater attraction on the nearer portions of
the “ring.”

If it were not for the earth’s rotation, this action of the sun and
moon would bring the two planes of the ecliptic and the equator into
coincidence ; but since the earth is spinning on its axis, we get the
same result that we do with the whirling wheel of a gyroscope,? by
hanging a weight at one end of the axis. We then have a combina-
tion of two rotations at right angles to each other, one the whirl

1 The planets exert a very slight influence upon the motion of the equi-
n0X, not, however, by producing a true precession, but by slightly disturb-
ing the position of the plane of the earth’s orbit (Art. 120 (1)). This
effect is in the opposite direction from the true precession produced by
the sun and moon, and is about 0'".16 annually.

2 For a description and discussion of the gyroscope, see Anthony &
Brackett, Physics, p. 53.
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of the wheel, the other the “tip” which the weight tends to give
the axis. Compared with the mass of the earth and its energy of
rotation this disturbing force is very slight, and consequently the
rate of precession extremely slow. Our space does not permit a dis-
cussion of the manmner in which the forces operate to produce the
peculiar result. For this, as also for an account of the so-called
Equation of the Equinozes and Nutation, the reader is referred to higher
text-books.

125. Aberration. — The fact that light is not transmitted
instantaneously, but with a finite velocity, causes the apparent
displacement of an object viewed from any moving station,
unless the motion is directly towards or from that object. If
the motion of the observer is slow, this displacement or “aber-
ration” is insensible; but the earth moves so swiftly (181
miles per second) that it is easily observable in the case of the
stars. Astronomical aberration may be defined, therefore, as
the apparent displacement of a heavenly body due to the combina-
tion of the orbital motion of the earth with that of light. The
direction in which we have to point our telescope in observing
a star is not the same as if we were at rest.

We may illustrate this by
considering what would hap-
pen in the case of falling rain-
drops observed by a person in
motion. - Suppose the observer
standing with a tube in his
hand while the drops are fall-
ing vertically : if he wishes to
have the drops descend axially
through the tube without touch-
ing the sides, he must obviously

F16. 26. — Aberration of a Raindrop. keep it vertical so long as he
stands still ; but if he advances

in any direction the drops will strike his face and he must draw back
the bottom of the tube (Fig. 26) by an amount which equals the
advance he makes while a drop is falling through it; i.e., he must

S
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incline the tube forward at an angle,! a, depending both upon the ve-
locity of the rain-drop and the velocity of his own motion, so that
when the drop, which entered the tube at B, reaches A’, the bottom
of the tube will be there also.

It is true that this illustration is not a demonstration, because light
does not consist of particles coming towards us, but of waves trans-
mitted through the ether of space. But it has been shown (though
the proof is by no means elementary) that within very narrow limits,
the apparent direction of a wave is affected in precisely the same way
as that of a moving projectile.

126. The Effect of Aberration on the Place of a Star. — The
velocity of light being 186,330 miles per second (according to
the latest experiments of Newcomb and Michelson) while that
of the earth in its orbit is 18.5 miles, we find that a star,
situated on a line at right angles to the direction of the earth’s
motion, is apparently displaced by an angle which equals

206,265 % —8:0_ o1 20115,

186,330
(Nyren’s determination makes it 20.492'".)

This is the so-called “ CoNSTANT OF ABERRATION.”

If the star is in a different part of the sky its displacement
will be less, the amount being easily calculated when the star’s
position is given.

A star at the pole of the ecliptic being permanently in a direction
perpendicular to the earth’s motion, will always be displaced by the
same amount of 20".5, but in a direction continually changing. It must
therefore appear to describe during the year a little circle, 41” in
diameter.

A star on the ecliptic appears simply to oscillate back and forth in
a straight line 417 long. In general, the “ aberrational orbit” is an
ellipse, having its major axis parallel to the ecliptic and always 41”
long, while its minor axis depends upon the star’s latitude.

1 Tang a= %, or (when a is small) a=206265' %, where u is the veloc-

ity of the observer and V that of the drop.
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127. Determination of the Sun’s Distance by means of the
Aberration of Light.— Since (foot-note to Art. 125)

a'=206265 %, u=—2"_ 7.
v’ 206265

When, therefore, we have ascertained the value of a' (20".492)
from observations of the stars, and of ¥ (186,330 miles) by
physical experiments, we can immediately find u, the velocity
of the earth in her orbit. The circumference of the earth’s
orbit is then found by multiplying this velocity, u, by the
number of seconds in a sidereal year (Art. 133), and from this
we get the radius of the orbit, or the earth’s mean distance from
the sun, by dividing the circumference by 2#. Using the
values above given, the mean distance of the sun comes out
92,975,500 miles. But the uncertainty of a''is probably as
much as 0".03, and this affects the distance proportionally,
say one part in 600, or 150,000 miles. Still the method is one
of the very best of all that we possess for determining in
miles the value of “the Astronomical Unit.” See Appendix,
Chap. XV.

CONSEQUENCES OF THE EARTH’S ORBITAL MOTION.

128. Solar Time and the Equation of Time. — Since the sun
makes the circuit of the heavens in a year, moving always
towards the east, the solar day, or the interval between the
two successive transits of the sun across any observer’s merid-
ian, is longer than the time of a true rotation of the earth, or
twenty-four sidereal hours. The difference must amount to
exactly one day in a year; i.e., while in a year there are 3661
(nearly) sidereal days, there are only 365} solar days. The
average daily difference is therefore a little less than 4™,

Moreover, the sun’s advance in right ascension between two
successive noons waries materially, so that the apparent solar
days are not all of the same length. Accordingly, as explained
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in Arts. 54 and 55, mean time has been adopted, which is kept
by a fictitious or mean sun, moving uniformly in the equator
at the same average rate as that of the real sun in the ecliptic.
The hour-angle of this mean sun is the local mean time, or
clock time, while the hour-angle of the real sun is the apparent
or sun-dial time.

The “equation of time” is the difference between these two
times, reckoned as plus when the sun-dial is slower than the
clock and minus when it is faster, .e.,it is the “correction ”” which
must be added (algebraically) to apparent time in order to get
mean time.!

The principal causes of this difference are two.

1. The variable motion of the sun in the ecliptic due to the
eccentricity of the earth’s orbit.

2. The obliquity of the ecliptic.

For an explanation of the manner in which these causes operate,
see Appendix, Arts, 497-499.

The two causes mentioned are, however, only the principal ones.
Every perturbation suffered by the earth comes in to modify the
result; but all the other causes combined never affect the equation of
time by more than a very few seconds.

The equation of time becomes zero four times a year, viz.,
about April 15th, June 14th, Sept. 1st, and Dec. 24th. The max-
ima are Feb. 11th, 4 14™ 32°; May 14th, — 3™ 55°; July 26th,
+6™ 12°; and Nov. 2d, — 16™ 18°; but the dates and amounts
vary slightly from year to year.

129. The Seasons.— The earth in its annual motion keeps
its axis always nearly parallel to itself, for the mechanical
reason that a spinning body maintains the direction of its axis

1 Since it is the difference between the hour-angles of the fictitious and
real suns at any moment, it may also be defined as the difference between
their right ascensions; or, as a formula, we may write £ = a, — @, in which
an is the right ascension of the mean sun, and @, that of the true sun.
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invariable, unless disturbed by extraneous force (very prettily
illustrated by the gyroscope). On March 20th, the earth is
so situated that the plane of its equator passes through the
sun. At that time, therefore, the circle which bounds the
illuminated portion of the earth passes through the two poles,
and day and night are everywhere equal, as implied by the term
“equinox.” The same is again true on the 22d of September.
About the 21st of June, the earth is so situated that its north
pole is inclined towards the sun by about 231°. The south
pole is then in the obscure half of the earth’s globe, while the
north pole receives sunlight all day long; and in all portions
of the northern hemisphere the day is longer than the night,
the difference depending upon the latitude of the place: in the
southern hemisphere, on the other hand, the days are shorter
than the nights. At the time of the winter solstice these con-
ditions are, of course, reversed, and the southern pole has the
perpetual sunshine.

At the equator of the earth the day and night are equal at
all times of the year, and in that part of the earth there are
no seasons in the proper sense of the word.

130. Diurnal Phenomena near the Pole. The Midnight Sun.
— At the north pole of the earth, where the celestial pole is in the
zenith and the diurnal circles are parallel with the horizon (Art. 42),
the sun will maintain the same elevation all day long, except for the
slight change caused by its motion in declination during 24 hours.
The sun will appear on the horizon at the date of the vernal equinox
(in fact, about two days before if, on account of refraction), and
will slowly wind upwards in the sky until it reaches its maximum
elevation of 28} degrees on June 21st. Then it will retrace its course
until two or three days after the autumnal equinox, when it sinks out
of sight.

At points between the north pole and the polar circle the sun will
appear above the horizon earlier in the year than March 20th, and
will rise and set daily until its declination becomes equal to the observ-
er’s distance from the pole. It will then make a complete circuit of the
heavens daily, never setting again until it reaches the same decli-

~
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nation in its southward course, after passing the solstice. From that
time it will again rise and set daily until it reaches a southern declina-
tion just equal to the observer’s polar distance. Then the long night
begins, and continues until the sun, having passed the southern sol-
stice, returns again to the same declination at whieh it made its
appearance in the preceding spring.

At the polar circle itself, or, more strictly speaking, owing to refrac-
tion, about $° south of it, the “midnight sun” will be seen on just one
day in the year — the day of the summer solstice.

131, Effects on Temperature. —The changes in the duration
of “insolation” (exposure to sunshine) at any place involve
changes of temperature and of other climatic conditions, thus
producing the Seasons. Taking as a standard the amount of
heat received in twenty-four hours on the day of the equinox,
it is clear that the surface of the soil at any place in the
northern hemisphere will receive daily from the sun more than
this average amount of heat whenever he is north of the celes-
tial equator; and for two reasons:—

1.” Sunshine lasts more than half the day.

2. The mean altitude of the sun during the day is greater
than at the time of the equinox, since he is higher at noon
and in any case reaches the hori-
zon at rising and setting. Now
the more obliquely the rays o
strike, the less heat they bring
to each square inch of the sur-
face, as is obvious from Fig. 27. ¢
A beam of sunshine having a
cross section, ABCD, when it b

g Fie. 27.
strikes the surface at an ,angle’ Effect of Sun’s Elevation on Amount of
h, (e(]_\lan]. to the sun’s altltU-de) Heat imparted to the Soil.
is spread over a much larger
surface, Ac, than when it strikes perpendicularly. This differ-
ence in favor of the more nearly vertical rays is exaggerated
by the absorption of heat in the atmosphere, because rays that

A
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are nearly horizontal have to traverse a much greater thick-
ness of air before reaching the ground.

For these two reasons, therefore, the temperature rises rap-
idly at a place in the northern hemisphere as the sun comes
north of the equator.

132. Time of Highest Temperature. — We, of course, receive
the most heat in twenty-four hours at the time of the summer
solstice; but this is not the hottest time of summer for the
obvious reason that the weather is then getting hotter, and the
maximum will not be reached until the increase ceases; i.e.,
not until the amount of heat lost in twenty-four hours equals that
recetved. The maximum is reached in our latitude about the
1st of August. For similar reasons the minimum temperature
of winter occurs about Feb. 1st.

Since, however, the weather is not entirely “made on the spot
where it is used,” but is much influenced by winds and currents that
come from great distances, the actual time of the maximum tempera-
ture at any particular place cannot be determined by mere astronom-
ical considerations, but varies considerably from year to year.

133. The Three Kinds of Year.— Three different kinds of
“year” are now recognized, — the Sidereal, the Tropical (or
Equinoctial), and the Anomalistic.

The sidereal year, as its name implies, is the time occupied
by the sun in apparently completing the circuit from a given
star to the same star again. Its length is 365 days, 6 hours,
9 minutes, 9 seconds.

From the mechanical point of view, this is the true year; i.e., it is the
time occupied by the earth in completing its revolution around the
sun from a given direction in space to the same direction again.

The tropical year is the time included between two succes-
sive passages of the wernal equinox by the sun. Since the
equinox moves yearly, 50".2 towards the west (Art. 122), this
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tropical year is shorter than the sidereal by about 20 minutes,
its length being 365 days, 5 hours, 48 minutes, 46 seconds.

Since the seasons depend on the sun’s place with respect to the
equinox, the tropical year is the year of chronology and civil
reckoning.

The third kind of year is the anomalistic year, the time be-
tween two successive passages of the perikelion by the earth.
Since the line of apsides of the earth’s orbit makes an east-
ward revolution once in about 108,000 years (Art. 120), this
kind of year is nearly 5 minutes longer than the sidereal, its
length being 365 days, 6 hours, 13 minutes, 48 seconds.

It is but little used, except in calculations relating to perturbations.

134. The Calendar. — The natural units of time are the day,
the month, and the year. The day is too short for conveni-
ence in dealing with considerable periods, such as the life of a
man, for instance, and the same is true even of the month, so
that for all chronological purposes the tropical year (the year
of the seasons) has always been employed. At the same
time, so many religious ideas and observations have been con-
nected with the change of the moon, that there has been a
constant struggle to reconcile the month with the year. Since,
however, the two are incommensurable, no really satisfactory
solution is possible, and the modern calendar of civilized
nations entirely disregards the lunar phases.

In the earliest times the calendar was in the hands of the priest-
hood and was predominantly lunar, the seasons being either disre-
garded or kept roughly in place by the occasional intercalation or the
dropping of a month. The Mohammedans still use a purely lunar
calendar, having a ‘“year ” of 12 months, containing alternately 354
and 355 days. In their reckoning the seasons fall continually in dif-
ferent months, and their calendar gains on ours about one year in
thirty-three.
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135. The Metonic Cycle and Golden Number. — Meton, a
Greek astronomer, about 433 B.c., discovered that a period of 235
months is very nearly equal to 19 years of 365} days each, the differ-
ence being hardly more than two hours. It follows that every 19th
year the new moons recur on the same days of the month; so that,
as far as the moon’s phases are concerned, the almanacs of 1880 and
1899, for instance, would agree (but the way in which the intervening
leap years come in may make a difference of one day).

The golden number of the year is its number in this Metonic cycle.
It is found by adding 1 to the “date number ” of the year and divid-
ing by 19: the remainder is the golden number, unless it comes out
zero, in which case 19 itself is taken. Thus the golden number of
1890 is found by dividing 1891 by 19; the remainder, 10, is the golden
number of the year. This number is still employed in the ecclesiasti-
cal calendar for finding the date of Easter.

136. The Julian Calendar.— When Julius Ceesar came into
power he found the Roman Calendar in a state of hopeless con-
fusion. He, therefore, sought the advice of the astronomer
Sosigenes, and in accordance with his suggestions established
(B.c. 45) what is known as the Julian Calendar, which still,
either untouched or with a trifling modification, continues in
use among all civilized nations. Sosigenes discarded all con-
sideration of the moon’s phases, and adopting 3651 days as
the true length of the year, he ordained that every fourth
year should contain 366 days, the extra day being inserted by
repeating the siwth day before the Calends of March, whence
such a year is called ¢ Bissextile” He also transferred the
beginning of the year, which before Ceesar’s time had been in
March (as indicated by the names of several of the months, —
December, the tenth month, for instance) to January 1st.

Cesar also took possession of the month Quintilis, naming it July
after himself. His successor, Augustus, in a similar manner appro-
priated the next month, Sextilis, calling it August, and to vindicate
his dignity and make his month as long as his predecessor’s, he added
to it a day filched from February.

-
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The Julian Calendar is still used unmodified in the Greek
Church, and also in many astronomical reckonings.

137. The Gregorian Calendar.— The true length of the
tropical year is not 365} days, but 365 days, 5 hours, 48
minutes, 46 seconds, leaving a difference of 11 minutes and 14
seconds by which the Julian year is too long. This difference
amounts to a little more than three days in 400 years. As a
consequence, the date of the vernal equinox comes continually
earlier and earlier in the Julian calendar, and in 1582 it had
fallen back to the 11th of March instead of occurring on the
21st, as it did at the time of the Council of Nice, A.n. 325.
Pope Gregory, therefore, under the astronomical advice of
Clavius, ordered that the calendar should be restored by
adding ten days, so that the day following Oct. 4th, 1582,
should be called the 15th instead of the 5th; further, to pre-
vent any future displacement of the equinox, he decreed that
thereafter only such “century years” should be leap years as
are divisible by 400. (Thus 1700, 1800, 1900, 2100, and so
forth, are not leap years, but 1600 and 2000 are.)

138. The change was immediately adopted by all Catholic countries,
but the Greek Church and most Protestant nations refused to recognize
the Pope’s authority. The new calendar was, however, at last adopted
in England by an act of Parliament passed in 1751. It provided that
the year 1752 should begin on Jan. 1st (mstead of March 25th, as
had long been the rule in England), and that the day following Sept.
2d, 1752, should be reckoned as the 14th instead of the 3d, thus drop-
ping 11 days. At present (since the year 1800 was a leap year in the
Julian calendar and not in the Gregorian) the difference between the
two calendars is 12 days. Thus, in Russia the 22d of June is reck-
oned the 10th ; but in that country both dates are ordinarily used for
scientific purposes, so that the date mentioned would be written
June 19. When Alaska was annexed to the United States, the official
dates had to be changed by only eleven days, one day being provided
for by the alteration from the Asiatic date to the American (Art.
66).
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CHAPTER V.

THE MOON.—HER ORBITAL MOTION AND THE MONTH.—
DISTANCE, DIMENSIONS, MASS, DENSITY, AND FORCE OF
GRAVITY. — ROTATION AND LIBRATIONS.— PHASES.—
LIGHT AND HEAT. — PHYSICAL CONDITION. — TELE-
SCOPIC ASPECT AND PECULIARITIES OF THE LUNAR
SURFACE.

139. Nexr to the sun, the moon is the most conspicuous
and to us the most important of the heavenly bodies: in fact,
she is the only one except the sun, which exerts the slightest
influence upon the interests of human life. If the stars and
the planets were all extinguished, our eyes would miss them,
and that is all. But if the moon were annihilated, the inter-
ests of commerce would be seriously affected by the practical
cessation of the tides. She owes her conspicuousness and
her importance, however, solely to her nearness, for she is
really a very insignificant body as compared with stars and
planets.

140, The Moon's Apparent Motion, Definition of Terms, ete.
— One of the earliest observed of astronomical phenomena
must have been the eastward motion of the moon with refer-
ence to the sun and stars, and the accompanying change of
phase. If, for instance, we note the moon to-night as very
near some conspicuous star, we shall find her to-morrow night
at a point considerably farther east, and the next night farther
yet; she changes her place about 13° daily and makes a com-
plete circuit of the heavens, from star to star again, in about
274 days. In other words, she revolves around the earth in
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that time, while she accompanies us in our annual journey
areund the sun.

Since the moon moves eastward among the stars so much
faster than the sun (which takes a year in going once around),
she overtakes and passes him at regular intervals; and as her
phases depend upon her apparent position with reference to
the sun, this interval from new moon to new moon is specially
noticeable and is what we ordinarily understand as the
“month.”

The angular distance of the moon east or west of the sun at
any time is called her “Elongation.”! At new moon it is zero,
and the moon is said to be in “ Conjunction.” At full moon
the elongation is 180° and she is said to be in “Opposition.”
In either case the moon is in “Syzygy”; i.e., the sun, moon,
and earth are arranged along a straight line. 'When the elon-
gation is 90° she is said to be in “ Quadrature.”

141. Sidereal and Synodic Months. —The sidereal month is
the time it takes the moon to make her revolution from a given
star to the same star again; its length is 27 days, 7 hours, 43
minutes, 11.545 seconds, or 27.32166 days. The mean daily
motion is, therefore 360° divided by this, or 13° 11' (nearly).
The sidereal month is the ¢true month from the mechanical
point of view.

The synodic month is the time between two successive conjunc-
tions or oppositions; i.e., between successive new or full moons.
Its average value is 29 days, 12 hours, 44 minutes, 2.864 sec-
onds, but it varies considerably on account of the eccentricity
of the lunar orbit. As has been said already, this synodic
month is what we ordinarily understand by the term “month.”

1 There is a slight difference between elongation in right ascension and
elongation in longitude, and a corresponding difference between con.
junction and opposition in right ascension and longitude respectively.
Conjunction in right ascension occurs when the difference of right ascension
of the sun and moon is zero; conjunction in longitude when the difference
of longitud~ (reckoned on the ecliptic, it will be remembered) is zero.
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If M be the length of the moon’s sidereal period, E the length of the
sidereal year, and S that of the synodic month, the three quantities
are connected by a simple relation which is easily demonstrated.

L is the fraction of a circumference moved over by the moon in a
day. Similarly .}_3 is the apparent daily motion of the sun. The dif-

ference is the amount which the moon gains on the sun daily. Now
it gains a whole revolution in one synodic month of S days, and there-

fore must gain daily % of a circumference. Hence we have the im-

portant equation

Another way of looking at the matter, leading, of course, to the
same result is this:—In a sidereal year the number of sidereal
months must be just one greater than the number of synodic months:
the numbers are respectively 13.369 + and 12.369 4.

142. The Moon’s Path among the Stars. — By observing the
moon’s right ascension and declination daily with the meridian
circle or other suitable instruments, we can map out its appar-
ent path, just as in the case of the sun (Art. 112). This path
turns out to be (very nearly) a great circle, inclined to the
ecliptic at an angle of about 5°8'. The two points where it
cuts the ecliptic are called the Nodes, the ascending node being
the one where the moon passes from the south side to the
north side of the ecliptic, while the opposite node is called
the descending node.

The moon at the end of the month never comes back exactly
to the point of beginning among the stars, on account of the so-
called “perturbations,” due mostly to the attraction of the sun.
One of the most important of these perturbations is the “re-
gression of the nodes.” These slide westward on the ecliptic
just as the vernal equinox does (precession), but much faster,
completing their eircuit in about 19 years instead of 26,000.

When the ascending node of the moon’s orbit coincides with the
vernal equinox, the angle between the moon’s path and the celestial
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equator is 23° 28/ +5° &, or 28° 36’; 9} years later, when the descend-
ing node has come to the same poinf, the angle is only 23° 28’ —5° &,
or 18° 20’. In the first case the moon’s declination will range during
the month from 4 28° 36’ to —28° 36/, which makes a difference of
more than 57° in its meridian altitude. In the second case the whole
range is reduced to 36° 40’.

143. Interval between the Moon's Successive Transits; Daily
Retardation of its Rising and Setting. —Owing to the east-
ward motion of the moon, it comes to the meridian later each
day by about 51™ on the average; but the retardation ranges
all the way from 38 minutes to 66 minutes, on account of the
variations in the rate of the moon’s.motion in right ascension.
These variations are due to the oval form of its orbit and to
its inclination to the celestial equator, and are precisely analo-
gous to those of the sun’s motion, which produce “the equa-
tion of time ” (Art. 128) ; but they are many times greater.

The average retardation of the moon’s daily rising and set-
fing is also, of course, the same 51™, but the actual retardation
is still more variable than that of the transits, depending, as
it does, to some extent on the latitude of the observer as well
as on the variations in the moon’s motion. At New York
the range is from 23 minutes to 1 hour and 17 minutes. In
higher latitudes it is still greater.

In latitudes above 61° 80’ the moon, when it has its greatest possi-
ble declination of 28° 36’ (Art. 142), will become circumpolar for a
certain time each month, and will remain visible without setting at
all (like the “midnight sun ”) for a greater or less number of days,
according to the latitude of the observer.

144. Harvest and Hunter's Moon.— The full moon that
occurs nearest the autumnal equinox is known as the harvest
moon, the one next following as the hunter's moon. At that
time of the year the moon while nearly full rises for several
consecutive nights nearly at the same hour, so that the moon-
light evenings last for an unusually long time. The phenome-
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non, however, is much more striking m Northern Europe than
in the United States.

At this time of the year the full moon is near the vernal equinox,
and in that portion of its path which is the least inclined to the
eastern horizon. This is obvious from Fig. 28, which represents
a celestial globe looked at from the east. HN is the horizon, E the
east point, P the pole, and EQ the equator. If, now, the first of
Aries is rising at E, the line JEJ’ will be the ecliptic and will be

Fie. 28. — Explanation of the Ilarvest Moon,

inclined to the horizon at an angle less than QEH by 233°, which is
the inclination of the equator. If, on the other hand, the first of Libra
is rising, the ecliptic will be the line DED'. If the ascending node of
the moon’s orbit happens to coincide with the first of Aries, then,
when this node is rising, the moon’s path will lie still more nearly
horizontal than JJ’, as shown by the dotted line MEM’.

145. Form of the Moon’s Orbit. — By observation of the
moon’s apparent diameter in connection with observations of
her place in the sky, we can determine the form of her orbit
around the earth in the same way that the form of the earth’s
orbit around the sun was worked out in Art. 116. The moon’s
apparent diameter ranges from 33' 33" when as near as pos-
sible, to 29' 24" when most remote. (Neison.)

The orbit turns out to be an ellipse like that of the earth
around the sun, but one of much greater eccentricity, avera-
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ging about 1 (as against g;). We say “averaging” because
the actual eccentricity is variable on account of perturbations.

The point of the moon’s orbit nearest the earth is called the
perigee, that most remote, the apogee, and the indefinite line
passing through these points, the line of apsides, while the
major axis is that portion of this line which lies between the
perigee and apogee. This line of apsides is in continual motion
on account of perturbations (just as the line of nodes is — Art.
142) ; but it moves eastward instead of westward, completing
its revolution in about nine years.

In her motion around the earth the moon also observes the
same_ law of equal areas that the earth does in her orbit around
the sun.

THE MOON’S DISTANCE.

146. In the case of any heavenly body one of the first and
most fundamental inquiries relates to its distance from us:
until the distance has been somehow measured we can get no
knowledge of the real dimensions of its orbit, nor of the size,
mass, etc., of the body itself. The problem is usually solved
by measuring the apparent ¢ parallactic” displacement of the
body due to a known change in the position of the observer.
Before proceeding farther we must therefore briefly discuss
the subject of parallax.

147. Parallax. —In general the word “parallax” means the
difference between the directions of a heavenly body as seen
by the observer and as seen from some standard point of
reference. The “annual” or “heliocentric” parallax of a star
is the difference of the star’s direction as seen from the earth
and from the sun. The “diurnal” or “geocentric” parallax of
the sun, moon, or a planet, is the difference of its direction
as seen from the centre of the earth and from the observer’s
station on the earth’s surface, or what comes to the same
thing, it is the angle at the body made by the two lines drawn
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JSfrom it, one to the observer, the other to the centre of the earth.
In Fig. 29 the parallax of the body, P, is the angle OPC,
L which equals #OP, and is the
—T z/ difference between ZOP and
B ZCP. Obviously this parallax

/ is zero for a body directly over-

/o head at Z, and a maximum

R4 for a body just rising at P,
V4 Moreover, and this is to be
/ specially noted, this parallax
; 1, of a body at the horizon —

& T “the horizontal parallax” —is

(/ simply the angular semi-diame-
Fi6. 29.— Diurnal Parallax. ter of the earth as seen from the

body. When we say that the

moon’s horizontal parallax is 57/, it is equivalent to saying that
seen from the moon the earth appears to have a diameter of 114/,

W
S

148. Relation between Parallax and Distance. — When the
horizontal parallax of any heavenly body is ascertained, its
distance follows at once through our knowledge of the earth’s
dimensions. From Art. 12 we have the equation

s

el (206265)’
in which # is the earth’s radius, R the distance of the body,
and s" the apparent semi-diameter of the earth (in seconds of
arc) as seen from the body; i.e, s"=the body’s “ horizontal
parallax.” 1If, as is usual, we write p' instead of s" for the
horizontal parallax of the body, this gives

20626

R=r .
o

This implies, of course, that a body whose horizontal parallax
is 1" is at a distance 206,265 times the earth’s radius; if the
parallax is 10" it is only {; as far away, and so on.
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Since the radius of the earth varies slightly in different latitudes,
we take the equatorial radius as a standard, and the equatorial horizon-
tal parallax is the earth’s equatorial semi-diameter as seen from the
body. It is this which is usually meant when we speak simply of
¢ the parallax” of the moon, of the sun, or of a planet; (but never
when we speak of the parallax of a star.)

149. Method of Determining the Moon’s Parallax and Dis-
tance. — We limit ourselves to giving a single one, perhaps the sim-
plest, of the different methods that are practically available. At each
of two observatories, B and C, Fig. 30, on, or very nearly on, the
same meridian and very far apart (Santiago, and Cambridge, U.S.,
for instance), the moon’s zenith distance, ZBM and Z'CM, is ob-
served simultaneously with
the meridian circle or some
equivalent instrument. This
gives in the quadrilateral
BOCM the two angles OBM
and OCM, each of which is
the supplement of the moon’s
geocentric zenith distance at
B and C respectively. The
angle BOC), at the centre of
the earth, is the difference
of the geocentric latitudes of
the two observatories (numeri-
cally, their sum).

Moreover, the sides BO and C'O are known, being radii of the earth.
The guadrilateral can, therefore, be solved by a simple trigonometrical
process,! and we can find the line M0. Knowing MO and OK, the
radius of the earth, the horizontal parallax, OMK, follows at once.

F16. 30. — Determination of the Moon’s Parallax.

1 The solution is effected as follows: (1) In the triangle BOC, we have
given BO, OC, and the included angle BOC. Hence we can find the side
BC, and the two angles OBC and OCB. (2) In the triangle BCM, BC
is now known, and the two angles M BC and M CB are got by simply sub-
tracting OBC from OBM, and OCB from OCM: hence we can find BM
and CM. (3) In the triangle OBM, we know OB, BM, and the included
angle OBM, from which we can find OJM, the moon’s distance from the
centre of the earth.
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150. Parallax, Distance, and Velocity of the Moon.— The
moon’s equatorial horizontal parallax is found to average
3422".0 (57" 2".0), according to Neison, but varies consider-
ably on account of the eccentricity of the orbit. With this
value of the parallax we find that the moon’s average distance
from the earth is about 60.3 times the earth’s equatorial
radius, or 238,840 miles, with an uncertainty of perhaps 20
miles.

The maximum and minimum values of the moon’s distance are
given by Neison as 252,972 and 221,614. It will be noted that the
average distance is not the mean of the two extreme distances.

Knowing the size and form of the moon’s orbit, the velocity
of her motion is easily computed. It averages 2287 miles an
hour, or about 3350 feet per second. Her apparent angular
velocity among the stars is about 33’ an hour on the average,
which is just a little greater than the apparent diameter of the
moon itself.

E,

M,
15t Quarter By

New M
New

F16. 81. — Moon’s Path relative to the Sun.

e

Fi16. 32. Fie. 33.

Erroneous Representations of the Moon’s Path,

151. Form of the Moon’s Orbit with Reference to the Sun. —
While the moon moves in a small oval orbit around the earth,
it also moves around the sun in company with the earth. This
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common motion of the moon and earth, of course, does not
affect their relative motion, but to an observer outside the
system, the moon’s motion around the earth would be only a
very small component of the moon’s whole motion as seen
by him.

The distance of the moon from the earth is only about ;14
part of the distance of the sun. The speed of the earth in its
orbit around the sun is also more than thirty times greater
than that of the moon in its orbit around the earth; for the
moon, therefore, the resulting path in space is one which is
always concave towards the sun, as shown in Fig. 31, and not
like Figs. 32 and 33.

If we represent the orbit of the earth by a circle having a radius of
100 inches (8 feet, 4 inches), the moon would deviate from it by only
one-quarter of an inch on each side, crossing it 25 times in one
revolution, t.e., in a year.

152. Diameter, Area, and Bulk of the Moon, — The mean ap-
parent diameter of the moon is 81' 7". Knowing its distance,
we easily compute from this by the formula of Art. 12 its real
diameter, which comes out 2163 miles. This is 0.273 of the
earth’s diameter.

Since the surfaces of globes vary as the squares of their
diameters, and their volumes as the cubes, this makes the sur-
Jace area of the moon equal to about ; of the earth’s, and the
volume (or bulk) almost exactly iy of the earth’s.

No other satellite is nearly as large as the moon in comparison with
its primary planet. The earth and moon together, as seen from a
distance, are really in many respects more like a double planet than
like a planet and satellite of ordinary proportions. At a time, for
instance, when Venus happens to be nearest the earth (at a distance
of about twenty-five millions of miles) her inhabitants would see the
earth just about as brilliant as Venus herself at her best appears to
us, and the moon would be about as bright as Sirius, oscillating back-
wards and forwards about half a degree each side of the earth.
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153. Mass, Density, and Superficial Gravity of the Moon. —
Her mass is about g of the earth’s mass (0.0125).

The accurate determination of the moon’s mass is practically an
extremely difficult problem. Though she is the nearest of all the
heavenly bodies, it is far more difficult to “ weigh” her than to weigh
Neptune, the remotest of the planets. For the different methods of
dealing with the problem, we must refer the reader to the ‘ General
Astronomy ” (Art. 248), merely saying that one of the methods is
by comparing the relative influences of the moon and of the sun in
raising the tides.

Since the density of a body is equal to Vl\%ass

3
olume
of the moon as compared with that of the earth is found to be

0.613, or about 3.4 the density of water (the earth’s density
being 5.58). This is a little above the average density of the
rocks which compose the crust of the earth. This small density
of the moon is not surprising nor at all inconsistent with the
belief that it once formed a part of the same mass with the
earth, since if such were the case the moon was probably
formed by the separation of the outer portions of that mass,
which would be likely to have a smaller specific gravity than
the rest.

The superficial gravity, or the attraction of the moon for
bodies at its surface, is about one-sixth that at the surface of
the earth. That is, a body which weighs siz pounds on the
earth’s surface would at the surface of the moon weigh only
one pound (by a spring balance). This is a fact that must be
borne in mind in connection with the enormous scale of the
surface structure of the moon. Volcanic forces on the moon
would throw ejected materials to a vastly greater distance
than on the earth.

the density

154. Rotation of the Moon. — The moon rotates on its axis
once a month, in exactly the same time as that occupied by its
revolution around the earth; its day and night are, therefore,
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each nearly a fortnight in length, and in the long run it
keeps the same side always towards the earth: we see to-day
precisely the same aspect of the moon as Galileo did when he
first looked at it with his telescope, and the same will con-
tinue to be the case for thousands of years, if not forever.

It is difficult for some to see why a mo-
tion of this sort should be considered a O
rotation of the moon, since it is essentially [+ o
like the motion of a ball carried on a re- gt
volving crank (Fig. 34). “Such a ball,”
they say, “revolves around the shaft, but
does not rofate on its own axis.” It does
rotate, however: if we mark one side of the
ball, we shall find the marked side presented Tr
successively to every point of the compass Fia. 34,
as the crank turns, so that the ball turns on
its own axis as really as if it were whirling upon a pin fastened
to the table,

By virtue of its connection with the crank, the ball has two distinct
motions, (1) the motion of translation, which carries its centre in a
circle around the axis of the shaft; (2) an additional motion of rota-
tion around a line drawn through its centre of gravity parallel to the
shaft.

155. Librations. — While in the “long run”” the moon keeps
the same face towards the earth, it is not so in the “short
run.” With reference to the centre of the earth it is continu-
ally oscillating a little, and these oscillations constitute what
are called librations, of which we distinguish three ; — viz., the

1 The motion known as ‘““rotfation” consists essentially in this: That a
line connecting any two points in the rotating body, and produced to the
sky, will sweep out a circle on the celestial sphere. In every rotating
body one line can, however, be so drawn through the centre of the body
that the circle described by it in the sky becomes infinitely small. It is
the azis of the body.
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libration in latitude, the libration in longitude, and the diurnal
libration.

The libration in latitude is due to the fact that the moon’s equator
does not coincide with the plane of its orbit, but makes with it an
angle of about 6}°. This inclination of the moon’s equator causes its
north pole at one time in the month to be tipped a little towards the
earth, while a fortnight later the south pole is similarly inclined
towards us.

Moreover, since the moon’s angular motion in its oval orbit is
variable, while the motion of rotation is uniform like that of any
other ball, the two motions do not keep pace exactly during the
month, and we see alternately a few degrees around the eastern and
western edges of the lunar globe. This is the libration in longitude,
and amounts to about 73°.

Then again when the moon is rising we look over its upper, which
is then its western edge, seeing a little more of that part of the moon
than if we were observing it from the centre of the earth. When it
is setting we overlook in the same way its eastern edge. This con-
stitutes the so-called diurnal libration, and amounts .to about 1°.
Strictly speaking, this diurnal libration is not a libration of the moon
at all, but of the observer. The effect is the same, however, as that
of a true libration.

Altogether, owing to librations, we see considerably more
than half the moon’s surface at one time or another. About
41 per cent of it is always visible, 41 per cent never visible,
and a belt at the edge of the moon covering about 18 per cent
is rendered a.lter‘l'lj,tely visible and invisible by the librations.

156. The Phases of the Moon. — Since the moon is an opaque
body shining merely by reflected light, we can see only that
hemisphere of her surface which happens to be illuminated,
and of this hemisphere only that portion which happens
to be turned towards the earth. When the moon is between
the earth and the sun (at new moon) the dark side is then
presented directly towards us, and the moon is entirely invisi-
ble. A week later, at the end of the first quarter, half of the
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illuminated hemisphere is visible, and we have the half moon
just as we do a week after the full. Between the new moon
and the half moon, during the first and last quarters of the
lunation, we see less than half of the illuminated portion, and
then have the “crescent” phase. Between half moon and the
full moon, during the second and third quarters of the luna-
tion, we see more than half of the moon’s illuminated side,
and have then what is called the “gibbous” phase.

F16. 35. — The Moon’s Phases.

Fig. 35 (in which the light is supposed to come from a point far
above the circle which represents the moon’s orbit) shows the way in
which the phases are distributed through the month.
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157. The line which separates the dark portion of the disc from
the bright is called the ¢ terminator,” and is always a semi-ellipse, since
it is a semi-circle viewed obliquely. The illuminated portion of the
moon’s disc is, therefore, always a figure which is made up of a semi-
circle plus or minus a semi-ellipse, as shown in Fig. 36.4. It is some-
times incorrectly attempted to represent the crescent form by a con-
struction like 36 B, in which a smaller circle has a portion cut out of
it by an arc of a larger one.

It is to be noticed also that ab, the line
which joins the “cusps,” or points of the
crescent, is always perpendicular to a line
drawn from the moon to the sun, so that the
horns are always turned away from the sun.

B The precise position, therefore, in which

Fre. 36. they will stand at any time is perfectly pre-

dictable, and has nothing whatever to do with

the weather. Artists are sometimes careless in the manner in which

they introduce the moon into landscapes. One occasionally sees the

moon near the horizon with the horns turned downwards, a piece of

perspective fit to go with Hogarth’s barrel, which showed both its
heads at once. :

158. Earth-Shine on the Moon.—Near the time of new
moon the whole disc is easily visible, the portion on which
sunlight does not fall being illuminated by a pale reddish
light. This light is earth-shine, the earth as seen from the
moon being then nearly full. \

Seen from the moon, the earth would show all the phases that the
moon does, the earth’s phase being in every case exactly supplementary
to that of the moon as seen by us at the time. Taking everything
into account, the earth-shine by which the moon is illuminated near
new moon is probably from 15 to 20 times as strong as the light of
the full moon. The ruddy color is due to the fact that the light sent
to the moon from the earth has passed twice through our atmosphere,
and so has acquired the sunset tinge. :

1 At new moon or full moon the semi-ellipse of course becomes a semi-
circle.
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PHYSICAL CHARACTERISTICS OF THE MOON.

159. The Moon’s Atmosphere. —The moon’s atmosphere, if
any exists, is extremely rare, probably not producing at the
moon’s surface a barometric pressure to exceed 4l of an inch
of mercury, or 35 of the atmospheric pressure at the earth’s
surface. The evidence on this point is twofold: First, the
telescopic appearance.

The parts of the moon near the edge of the disc or “limb” which,
if there were any atmosphere, would be seen through its greatest pos-
sible depth, are visible without the least distortion. There is no haze,
and all the shadows are perfectly black ; there is no sensible twilight
at the cusps of the moon, and no evidence of clouds or storms, or of
anything like the ordinary phenomena of the terrestrial atmosphere.

Second, the absence of refraction, when the moon intervenes
between us and any more distant object.

At an eclipse of the sun there is no distortion of the sun’s limb
where the moon cuts it. When the moon “occults” a star, there is
no distortion or discoloration of the star disc, but both the disappear-
ance and reappearance are practically instantaneous. Moreover, an
atmosphere of even slight density, quite insufficient to produce any
sensible distortion of the image, would notably diminish the time dur-
ing which the star would be concealed behind the moon, since the
refraction would bend the rays from the star around the edge of the
moon so as to render it visible both after it had really passed behind
the limb and before it emerged from it.

160. Water on the Moon’s Surface.— Of course, if there is
no atmosphere there can be no liquid water, since the water
would immediately evaporate and form an atmosphere of vapor
if no air were present. It is not impossible, however, nor per-
haps improbable that solid water, i.e., ice and snow, may exist
on the moon’s surface at a temperature too low to liberate va-
por in quantity sufficient to make an atmosphere dense enough
to be observable from the earth.
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161. What has become of the Moon’s Air and Water ? —
If the moon ever formed a part of the same mass as the earth, she
must once have had both air and water. There are a number of pos-
sible, and more or less probable, hypotheses to account for their disap-
pearance. It has been surmised (1) that there may be great cavities
left within the moon’s mass by voleanic eruptions, or that the rocks
themselves have been transformed into a sort of sponge-like pumice-
stone structure, leaving internal pores and cavities into which the air
and water have retired, deep within the lunar globe. (2) That the
air has been absorbed by the lunar rocks in cooling. A heated rock
expels any gases that it may have absorbed, but if it afterwards cools
slowly, it re-absorbs them, and can take up a very great quantity. So
also many kinds of molten rock in crystallizing take up a large quan-
tity of “water of crystallization,” not merely absorbed as a sponge
absorbs water, but chemically united with the other constituents of
the rock.

In whatever way, however, it came about, it is quite certain that at
present no substances that are gaseous or vaporous at low tempera-
tures exist in any considerable quantity on the moon’s surface, — at
least not on our side of it.

162. The Moon’s Light. — As to quality, it is simply sun-
light, showing a spectrum identical in every detail with that
of light coming directly from the sun itself; and this may
be noted incidentally as an evidence of the absence of a lunar
atmosphere, which, if it existed, would produce peculiar lines
of its own in the spectrum.

The brightness of full moonlight as compared with sunlight
is about 5oy : according to this, if the whole visible hemi-
sphere were packed with full moons, we should receive from
it about one-eighth part of the light of the sun.

Moonlight is not easy to measure, and different experimenters have
found results for the ratio between the light of the full moon and
sunlight, ranging all the way from sg¢555 (Bouguer) to 5555 (Wol-
laston). The value now generally accepted is that determined by
Zoliner, viz., z1d555-
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The half moon does not give even nearly half as much
light as the full moon: near the full the brightness suddenly
and greatly increases, probably because at any time except at
the full moon, the moon’s visible surface is more or less dark-
ened by shadows.

The average albedo or reflecting power of the moon’s sur-
face Zollner states as 0.174; i.e,, the moon’s surface reflects
a little more than } part of the light that falls upon it.

This corresponds to the reflecting power of a rather light-colored
sandstone, and agrees well with the estimate of Sir John Herschel,
who found the moon to be very exactly of the same brightness as the
rock of Table Mountain when she was setting behind it. There are,
however, great differences in the brightness of the different portions of
the moon’s surface. Some spots are nearly as white as snow or salt,
and others as dark as slate.

163. Heat of the Moon. — Yor a long time it was impossible
to detect the moon’s heat by observation. Even when concen-
trated by a large lens, it is too feeble to be shown by the most
delicate thermometer. The first sensible evidence of it was
obtained by Melloni in 1846, with the newly invented “ thermo-
pile,” by a series of observations from the summit of Vesuvius.

With modern apparatus it is easy enough to perceive the heat
of lunar radiation, but the measurements are extremely difficult.
A considerable percentage of the lunar heat seems to be heat
simply reflected like light, while the rest, perhaps three-quarters
of the whole, is “obscure heat” ; i.e., heat which has first been
absorbed by the moon’s surface and then radiated, like the
heat from a brick surface that has been warmed by sunshine.
This is shown by the fact that a comparatively thin plate of
glass cuts off some 86 per cent of the moon’s heat.

The total amount of heat radiated by the full moon to the earth is
estimated by Lord Rosse at about one eighty thousandth part of that
sent us by the sun; but this estimate is probably too high: Prof,
C. C. Hutchins in 1888 found it t53%4g-
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164. Temperature of the Moon's Surface.— As to the tem-
perature of the moon’s surface, it is difficult to affirm much
with certainty. On the one hand the lunar rocks are exposed
to the sun’s rays in a cloudless sky for 14 days at a time, so
that if they were protected by air like the rocks upon the
earth they would certainly become intensely heated. During
the long lunar night of 14 days, the temperature must inev-
itably fall appallingly low, perhaps 200° below zero.

Some years ago Lord Rosse inferred from his observations that the
temperature of the lunar surface rose at its maximum (about three
days after full moon) far above that of boiling water, but his own
later investigations and those of Langley throw great doubt on this
conclusion. It now seems rather more probable that the temperature
never rises above the freezing point of water, as is the case on the high-
est of our mountains, where there is perpetual ice. The idea that the
temperature is low is borne out also, by the fact that the “bolome-
ter 71 of Langley shows the presence in the lunar radiations of a con-
siderable quantity of heat which has a wave-length greater than that
radiated from a block of ice, and is therefore probably radiated from
something colder than ice.

165. Lunar Influences on the Earth. — The moon’s attraction
co-operates with that of the sun in producing the tides, to be
considered later.

There are also certain distinetly ascertained disturbances of
terrestrial magnetism connected with the approach and reces-
sion of the moon at perigee and apogee; and this ends the
chapter of ascertained lunar influences.

The multitude of current beliefs as to the controlling influ-
ence of the moon’s phases and changes upon the weather and
the various conditions of life are mostly unfounded.

It is quite certain that if the moon has any influence at all of the

sort imagined, it is extremely slight; so slight that it has not yet been
demonstrated, though numerous investigations have been made ex-

1 Au instrument for measuring extremely minute quantities of heat.
See “ General Astronomy,” Art. 343,
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pressly for the purpose of detecting it. We have never been able to
ascertain with certainty, for instance, whether it is warmer or not, or
less cloudy or not, at the time of full moon. Different investigations
lead to contradictory results.

166. The Moon’s Telescopic Appearance and Surface. — Even
to the naked eye the moon is a beautiful object, diversified
with markings which are associated with numerous popular
superstitions. To a powerful telescope these markings mostly
vanish, and are replaced by a countless multitude of smaller
details which make the moon, on the whole, the finest of all
telescopic objects, — especially so to instruments of a moder-
ate size (say from six to ten inches in diameter) which gener-
ally give a more pleasing view of our satellite than instruments
either much larger or much smaller.

An instrument of this size, with magnifying powers between
250 and 500, virtually brings the moon within a distance rang-
ing from 1000 to 500 miles, and since an object half a mile in
diameter on the moon subtends an angle of about 0".43, 't would
be distinctly visible. A long line or streak even less than a
quarter of a mile across can probably be seen. With larger
telescopes the power can now and then be carried at least twice
as high, and correspondingly smaller details made out, when the
air is at its best.

For most purposes the best time to look at the moon is when it is
between six and ten days old. At the time of full moon few objects
on the surface are well seen.

It is evident that while with the telescope we should be able to see
such objects as lakes, rivers, forests, and great cities, if they existed
on the moon, it would be hopeless to expect to distinguish any of the
minor indications of life, such as buildings or roads.

167. The Moon’s Surface Structure.— The moon’s surface
for the most part is extremely broken. With us the moun-
tains are mostly in long ranges, like the Andes and Himalayas.
On the moon, the ranges are few in number; but, on the other
hand, the surface is pitted all over with great “craters,” which
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resemble very closely the voleanic craters on the earth’s sur-
face, though on an immensely greater scale. The largest ter-
restrial craters do not exceed six or seven miles in diameter;
many of those on the moon are fifty or sixty miles across, and
some have a diameter of more than 100 miles, while smaller
ones from five to twenty miles in diameter are counted by the
hundred.

The normal lunar crater (Fig. 37) is nearly circular, sur-
rounded by a ring of mountains which rise anywhere from a
thousand to twenty thousand feet above the surrounding coun-
try. The floor with-
in the ring may be
either above or be-
low the outside lev-
el; some cratersare
deep, and some are
filled nearly to the
brim. In a few
cases the surround-
5 = ing mountain ring

Fra. 37. — A Normal Lunar Crater (Nasmyth). is entirely absent,

" and the crater is a

mere hole in the plain. Frequently in the centre of the crater

there rises a group of peaks, which attain about the same ele-

vation as the encircling ring, and these central peaks often
show holes or minute craters in their summits.

On some portions of the moon these craters stand very thickly ;
older craters have been encroached upon or more or less completely
obliterated by the newer, so that the whole surface is a chaos of
which the counterpart is hardly to be found on the earth, even in the
roughest portions of the Alps. This is especially the case near the
moon’s south pole. It is noticeable, also, that, as on the earth
the youngest mountains are generally the highest, so on the moon
the more newly formed craters are generally deeper and more precip-
itous than the older.
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The height of a lunar mountain or depth of a crater can be
measured with considerable accuracy by means of its shadow;
or in the case of a mountain, by the measured distance between
its summit and the
“terminator”  (Art.
157), at the time when
the top first catches
the light and looks
like a star quite de-
tached from the bright
part of the moon, as
seen in Fig. 38.

168. The striking re-
semblance of these for-
mations to terrestrial
volecanic structures, like
those exemplified by Ve-
suvius and others, makes
it natural to assume that
they had asimilar origin.
This, however, is not ab-
solutely certain, for there
are considerable difficul- Fia. 38.— Gassendi (Nasmyth).
ties in the way, espe-
cially in the case of what are called the great « Bulwark Plains.”
These are so extensive that a person standing in the centre could not
even see the summit of the surrounding ring at any point; and yet
there is no line of demarcation between them and the smaller craters,
— the series is continuous. Moreover, on the earth, volcanoes neces-
sarily require the action of air and water, which do not at present
exist on the moon. It is obvious, therefore, that if these lunar craters
are the result of volcanic eruptions, they must be, so to speak, “fossil”
formations, for it is quite certain that there is absolutely no evidence of
present volcanic activity.

169. Other Lunar Formations.— The craters and mountains
are not the only interesting formations on the moon’s surface.
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There are many deep, narrow, crooked valleys that go by the
name of “7ills,” some of which may once have been water-
courses. Fig. 39 shows several of them. Then there are
numerous straight “clefts,” half a mile or so wide and of un-
~ known depth, running
in some cases several
hundred miles, straight
gl through mountain and
il valley, without any ap-
# parent regard for the
accidents of the sur-
face; they seem to be
deep eracks in the crust
of our satellite. Most
curious of all are the
light-colored streaks or
“rays,” which radiate
from certain of the cra-
ters, extending in some
cases a distance of
many hundred miles.
i These are usually from

Fi1a. 39. — Archimedes and the Apennines (Nasmyth). five to ten miles Wide’

and neither elevated
or depressed to any considerable extent with reference to the
general surface. Like the clefts, they pass across valley and
mountain, and sometimes through craters, without any change
in width or color. No thoroughly satisfactory explanation has
ever been given, though they have been aseribed to a staining of
thesurface by vapors ascending from rifts too narrow to be visible.

The most remarkable of these “ray systems ” is the one connected
with the great crater Tycho, not very far from the moon’s south
pole. The rays are not very conspicuous until within a few days
of full moon, but at that time they and the crater from which they
diverge constitute by far the most striking feature of the whole lunar
surface.
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170. Lunar Maps.— A number of maps of the moon have been
constructed by different observers. The most recent and extensive is
that by Schmidt of Athens, on a scale 7 feet in diameter : it was pub-
lished by the Prussian government in 1878. Of the smaller maps
available for ordinary lunar observation, perhaps the best is that given
in Webb’s ¢« Celestial Objects for Common Telescopes.”

171. Lunar Nomenclature. — The great plains upon the moon’s
surface were called by Galileo “oceans” or “seas” (Maria), for he
supposed that these grayish surfaces, which are visible to the naked
eye and conspicuous in a small telescope, though not with a large one,
were covered with water. Thus we have the “ Oceanus Procellarum,”
the “ Mare Imbrium,” ete.

‘The ten mountain ranges on the moon are mostly named after ter-
restrial mountains, as Caucasus, Alps, Apennines, though two or three
bear the names of astronomers, like Leibnitz, Doerfel, etc.

The conspicuous craters bear the names of eminent ancient and
medixval astronomers and philosophers, as Plato, Archimedes, Tycho,
Copernicus, Kepler, and Gassendi; while hundreds of smaller and less
conspicuous formations bear the names of more modern or less noted
astronomers.

This system of nomenclature seems to have originated with Ricei-
oli, who made the first map of the moon in 1650.

172. Changes on the Moon. — It is certain that there are no
conspicuous changes, —there are no such transformations as
would be presented by the earth viewed telescopically, — no
clouds, no storms, no snow of winter, and no spread of vege-
tation in the spring. At the same time, it is confidently main-
tained by some observers that here and there alterations do
take place in the details of the lunar surface, while others as
stoutly dispute it.

The difficulty in settling the question arises from the great changes
in the appearance of a lunar object under varying illumination. To
insure certainty in such delicate observations, comparisons must be
made between the appearance of the object in question, as seen at
precisely the same phase of the moon, with telescopes (and eyes too) of
equal power, and under substantially the same conditions in other
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respects, such as the height of the moon above the horizon, and the
clearness and steadiness of the air. It is, of course, very difficult to
secure such identity of conditions. (For an account of certain sup-
posed changes, see Webb’s « Celestial Objects.”)

173. Fig. 40 is reduced from a skeleton map of the moon by
Neison, and though not large enough to exhibit much detail,
will enable a student with a small telescope to identify the
principal objects by the help of the key.

KEY TO THE PRINCIPAL OBJECTS INDICATED IN FIG. 40.

A. Mare Humorum. K. Mare Nubium.

B. Mare Nectaris. L. Mare Frigoris.

C. Oceanus Procellarum. T. Leibnitz Mountains.

D. Mare Fecunditatis. U. Doerfel Mountains.

E. Mare Tranquilitatis. V. Rook Mountains.

F. Mare Crisium. W. D’Alembert Mountains.

G. Mare Serenitatis. X. Apennines.

H. Mare Imbrium. Y. Caucasus.

I. Sinus Iridum. Z. Alps.
1. Clavius. 14. Alphonsus. 27. Eratosthenes.
2. Schiller. 15. Theophilus. 28. Proclus.
3. Maginus. 16. Ptolemy. 28'. Pliny.
4. Schickard. 17. Langrenus. 29. Aristarchus.
5. Tycho. 18. Hipparchus. 30. Herodotus.
6. Walther. 19. Grimaldi. 31. Archimedes.
7. Purbach. 20. Flamsteed. 32. Cleomedes.
8. Petavius. 21. Messier. 33. Aristillus.
9. “The Railway.” 22. Maskelyne. 34. Eudoxus.
10. Arzachel. 23. Triesnecker. 35. Plato.
11. Gassendi. 24. Kepler. 36. Aristotle.
12. Catherina. 25. Copernicus. 37. Endymion.
13. Cyrillus. 26. Stadius.

174. Lunar Photography.—It is probable that the question of
changes upon the moon’s surface will soon be authoritatively decided
by means of photography. The earliest success in lunar photography
was that of Bond of Cambridge (U.S.), in 1850, using the old



§ 174] LUNAR PHOTOGRAPHY. 1138

Daguerreotype process. This was followed by the work of De la Rue
in England, and by Dr. Henry Draper and Mr. Rutherfurd in this
country. Until very recently, Mr. Rutherfurd’s pictures have remained
absolutely unrivalled ; but within the last year or two, plates which

F16. 40, — Map of the Moon, reduced from Neison.

have been taken at Cambridge, U. S., and at the Lick Observatory, as
well as by Mr. Common in England, are far in advance even of the
best of Rutherfurd’s, showing such craters as Copernicus and Ptolemy
with a diameter of two or three inches; i.e., on a scale larger than
that of Schmidt’s map.
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! . CHAPTER VL
»

THE SUN.—ITS DISTANCE, DIMENSIONS, MASS, AND DEN-
SITY.—ITS ROTATION, SURFACE, AND SPOTS.— THE
SPECTROSCOPE AND THE CHEMICAL CONSTITUTION OF
THE SUN,— THE CHROMOSPHERE AND PROMINENCES.
— THE CORONA.—THE SUN’S LIGHT. — MEASUREMENT
AND INTENSITY OF THE SUN’S HEAT.— THEORY OF
ITS MAINTENANCE AND SPECULATIONS REGARDING
THE AGE OF THE SUN.

TuE sun is the nearest of the stars ; a hot, self-luminous
globe, enormous as compared with the earth and moon, though
probably only of medium size among its peers; but to the earth
and the other planets which circle around it, it is the grandest
and most important of all the heavenly bodies. Its attraction
controls their motions, and its rays supply the energy which

* maintains every form of activity upon their surfaces.

175. The Sun’s Distance.— Its distance is determined by
finding its horizontal parallax (Art. 147); d.e., the semi-diam-
eter of the earth as seen from the sun. The mean value of this
parallax is very near 8".8, with a probable error of perhaps
+ 0".03.

We reserve for the Appendix a general discussion of the principal
methods by which the ¢ astronomical unit” has been ascertained. In
Arts. 127 and 355, however, it is explained how a knowledge of the
velocity of light may be made to determine the sun’s distance when
combined with certain purely astronomical data.
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Taking the horizontal parallax at 8".8, the mean distance of
the sun (o being the earth’s equatorial radius) equals

2_08(‘;?_5_5 — 23439 x a. (See Art. 148.)

With Clark’s value of a (Art. 84), this gives 149,500,000 kilo-
metres, or 92,897,000 miles, which, however, is,uncertain by
at least 200,000 miles. The distance is wariable, also, to the
extent of about 3,000,000 miles, on account of the eccentricity
of the earth’s orbit, the earth being nearer the sun in December
than in June.

Knowing the distance of the sun, the orbital velocity of the
earth is easily found by dividing the circumference of the orbit
by the number of seconds in a sidereal year. It comes out
18.495 miles per second. (Compare this with the velocity of a
cannon-ball —seldom exceeding 2000 feet per second.)

This distance is so much greater than any with which we have to
do on the earth, that it is impossible to reach a conception of it except
by illustrations. Perhaps the simplest is that drawn from the motion
of a railway train, which, going a thousand miles a day (nearly 42
miles an hour without stops), would take 254} years to make the
journey. If sound were transmitted through interplanetary space,
and at the same rate as through our own atmosphere, it would make
the passage in about 14 years ; i.e., an explosion on the sun would be
heard by us 14 years after it actually occurred. Light traverses the
distance in 499 seconds.

176. Dimensions of the Sun.—The sun’s mean apparent
diameter is 32' 4" £2". Since at the distance of the sun, one
second equals 450.36 miles, its diameter® is 866,500 miles, or
1094 times that of the earth.

If we suppose the sun to be hollowed out, and the earth
placed at the centre, the sun’s surface would be 433,000 miles

11t is quite possible that the sun’s diameter is variable to the extent of
a few hundred miles, since the sun is not solid.
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away. Now, since the distance of the moon is about 239,000
miles, she would be only a little more than half-way out from
the earth to the inner surface of the hollow globe, which would
thus form a very good background for the study of the lunar
motions. Fig. 41 illustrates the size of the sun and of such

Sun's Surface

w %
Sun Spot

Earth

Fia. 41. — Dimensions of the SBun compared with the Moon’s Orbit.

objects upon it as the sun spots and prominences, as compared
with the size of the earth and of the moon’s orbit.

If we represent the sun by a globe two feet in diameter, the
earth on that scale would be 0.22 of an inch in diameter, the
size of a very small pea. Its distance from the sun would be
just about 220 feet, and the nearest star, still on the same scale,
would be 8000 miles away at the antipodes.

As a help to the memory, it is worth noticing that the sun’s diam-
eter exceeds the earth’s just as many times as it is itself exceeded by
the radius of the earth’s orbit. Its diameter is nearly 110 times that
of the earth, and it is also, roughly, the 110th pa.lt of its distance
from us.
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Since the surfaces of globes are proportional to the squares
of their radii, the surface of the sun exceeds that of the earth
in the ratio of 109.5%:1; i.e., the area of its surface is about
12,000 times the surface of the earth.

The volumes of spheres are proportional to the cubes of their
radii. Hence, the sun’s wolume or bulk is 109.5% or 1,800000
times that of the earth.

177. The Sun’s Mass.— The mass of the sun is very nearly
832,000 times that of the earth. There are various ways of
getting at this result. Perhaps for our purpose the most con-
venient is by comparing the earth’s attraction for bodies at her
surface (i.e., the value of g as determined by pendulum experi-
ments, Physics, p. 106) with the attraction of the sun for the
earth, or the central force which keeps her in her orbit. Put
J for this force (measured like gravity by the velocity it gen-
erates in one second), g for the force of gravity (32 feet, 2
inches per second), r the earth’s radius, B the sun’s distance,
and let £ and S be the masses of the earth and sun respec-
tively. Then the law of gravitation gives us the proportion

S . E
f:g::ﬁ:?ﬂ;
2
whence, S=E x (_i;) % <1E>

From the size of the earth’s orbit (considered as a circle), and
the length of the year, fis found?! to be 0.2333 inches.

Therefore, i; = 0.0006044 = I‘6157A; neatly. But L =23439
T
‘the square of which is 549,387,000, nearly ; whence,

1
S=E X —- 1624 % 549,387,000 = 332,000 E.

1The formula is f_-E V being the velocity of the earth in its
orbit, 18.405 miles per second. We may also use the equivalent formula,

A= 4T2 T being the length of the year in seconds.
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We note in passing that } fexpresses the distance which the earth
Jalls towards the sun every second ; just as } g (16 feet) is the distance
a body at the earth’s surface falls in the first second. . This quantity,
4f or 0.116 inches, is the amount by which the earth’s orbit deviates
from a straight line in a second. [In travelling 18} miles the deflec-
tion is only about one-ninth of an inch.

178. The Sun’s Density. — Its density as compared with that
of the earth may be found by simply dividing its mass by its
volume (both as compared with the earth); i.e., the sun’s
density equals 332000 = 0.255, a little more than a quarter of
the earth’s density.

To get its specific gravity (i.e., its density compared with
water) we must multiply this by 5.58, the earth’s mean spe-
cific gravity. This gives 1.41. That is, the sun’s mean density
is less than 1% times that of water,—a very significant re-
sult as bearing on its physical condition, especially when we
know that a considerable portion of its mass is composed of
metals.

179. Superficial Gravity, or Gravity at the Sun’s Surface. — V

This is found by dividing the sun’s mass by the square of its
radius, which gives 27.6; i.e., a body weighing one pound on
the earth’s surface would there weigh 27.6 pounds, and a per-
son who weighs 150 pounds here, would there weigh nearly two
tons. A body would fall 444 feet in a second instead of 16
feet as here, and a pendulum which vibrates seconds on the
earth would vibrate in less than one-fifth of a second there.

180. The Sun’s Rotation.— Dark spots are often visible
upon the sun’s surface, which pass across the disc from east to
west, and indicate an axial rotation. The average time occu-
pied by a spot in passing around the sun and returning to the
same apparent position as seen from the earth is on the aver-
age 27.25 days. This interval, however, is not the true or
sidereal time of the sun’s rotation, but the synodic, as is evi-
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dent from Fig. 42. Suppose an observer on the earth at
E sees a spot on the centre of the sun’s disc at S; while
the sun rotates E will also
move forward in its orbit;
and the observer, the next
time he sees the spot on the
centre of the disc, will be
at E', the spot having gone
around the whole circumfer-
ence plus the arc SS'.

The equation by which the
true period is deduced from the
synodic is the same as in the case
of the moon (Art. 141); viz., b

1 1 1 Fie. 42,
T‘— i‘; =) —,S" Bynodic and Sidereal Revolution of the Sun.

E

T being the true period of the sun’s rotation, E the length of the
year, and S the observed synodic rotation. This gives T'=25.35.

Different observers, however, get slightly different results. Car-
rington finds 25.38; Spoerer, 25.23.

The paths of the spots across the sun’s disc are usually
more or less oval, showing that the sun’s axis is inclined to the
ecliptic, and so inclined that the north pole is tipped about
7}° towards the position that the earth occupies near the
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F16. 43. — Path of Sun Spots across the Sun’s Disc,

first of September. Twice a year the paths become straight,
when the earth is in the plane of the sun’s equator, —on June
3d and December 5th. Fig. 43 illustrates this.
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181. Peculiar Law of the Sun’s Rotation.—It was noticed
quite early that different spots give different results for the
period of rotation, but the researches of Carrington about 30
years ago first brought out the fact that the differences are
systematic, so that at the solar equator the time of rotation is
less than on either side of it. For spots near the sun’s equa-
tor it is about 25 days; in solar latitude 30°, 26.05; and in
solar latitude 40° 27 days. The time of rotation of the
sun’s surface in latitude 45° is fully two days longer than at
the equator; but we are unable to follow the law further
towards the sun’s poles, because spots are almost never found
beyond the parallels of 45°, and there are no other well-defined
markings by which we can reckon.

No really satisfactory explanation of this strange equatorial accel-
eration has yet been found. It is evident that the sun’s surface can-
not be solid, and that the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>