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Preface to the English Edition

One of the less dramatic developments of the period between the wars
was the appearance of Astronomy in the best-seller market—that most
restricted if not most select of worlds. Whereas at one time the
astronomer was not encouraged by the reading public to issue from his
observatory in an official capacity, one now finds (or, at any rate, found
at the height of the boom) hardly a station bookstall without its
volume of celestial revelations.

During the war itself, two factors conspired to continue this trend.
The blackout made the night sky visible to the townsman for the first
time since the introduction of street lighting; and a variety of national
duties gave both town and country dwellers plenty of opportunity for
seeing it.

Thus it has come about that a wide public is in somewhat precarious
possession of the more spectacular results of modern astronomical
research without quite knowing how these have been established. For
fine superstructures must of necessity stand upon firm foundations,
and many of these astronomical dilettanti must have wondered just
how such sensational results were obtained; they may, too, have
speculated vaguely upon the basic principles, the trains of reasoning,
and the observations without which this elegant and mysterious edifice
could never have been built.

Even the simplest of everyday assumptions appears, on close in-
spection, to be riddled with pitfalls. Indeed, the ‘simpler’ it is, the
more difficult its substantiation frequently is: it is easier to play a first-
class game of chess than to make a rational and convincing defense of
the popular notions concerning time, causation, or the existence of a
material world—a defense which a professional philosopher could not
tear to shreds in half a minute. Ask anyone without warning why
he believes that the earth rotates on its axis, or that it revolves about



viii

the sun rather than the sun about it, and he will in all likelihood be
unable to provide a sufficient reason without several false starts—if
then. The answer that that is what he has always been taught, or,
ultimately, that that is the considered view of individuals who have
studied the facts, is no real answer. It may well be his reason for
holding the belief, but it is certainly not a sufficient reason.

In the pages that follow, an attempt has been made to give a sys-
tematic demonstration of the more complex facts of Astronomy,
starting from simple assumptions at which not even the most skeptical
reader could cavil. So far as is convenient, the various artificial aids of
the natural senses, such as the telescope and the spectroscope, are drawn
into the discussion in their historical sequence. Thus, in Part I the
evidence of the naked eyesight is examined, and the fullest possible use
made of it by the reasoning faculty; only then is the evidence of the
telescope invoked. Data provided by the spectroscope are confined to
Part II, the initial chapter of which introduces the subject of spectro-
scopy and sketches in the background of atomic physics.

Much play has in the past been made of astronomical distances by
‘popular’ writers on the subject. The size of the known universe is
certainly one of its more awe-inspiring features, and sizes and dis-
tances on the astronomical scale are clearly a gift to any journalist
endeavoring to make a write-up exciting. The determination of all
astronomical distances from the smallest to the greatest constitutes
a single logical process, a fact which is often not made clear in intro-
ductions to the subject intended for the general reader. Not all astro-
nomical amateurs would go so far as George Bernard Shaw, who once
roundly accused all astronomers of being liars; but owing to the basic
importance of the distance determinations, combined with the some-
what sketchy manner in which they are often treated, the average man
may be forgiven a certain degree of puzzlement, if not skepticism.

For these reasons, the means whereby man has put a scale to the
visible universe are in Part I presented as a continuously unfolding
story, and the interrelated character of all stages in the extrapolation
emphasized. The aim of the first five chapters, in other words, is to
describe the size, shape, and structure of the astronomical region and
its contents, together with the methods by which the results have
been obtained. In Part II a different approach is adopted, and the
various bodies whose distances have been their primary interest in the
preceding section are considered as things in themselves, rather than
as anonymous points in a spatial pattern.
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From time to time during the development of the argument, refer-
ence is made to evidence provided by an instrument not yet described.
When this happens, however, it is never to forge a link in the main
chain of the argument, but to provide subsidiary interest or contributory
evidence of an already established conclusion. Brief descriptions of
certain unproved hypotheses—such as the solar origin of the planets,
the origin of the lunar craters, the subatomic sources of stellar energy—
are inserted for the same reason.

Finally, a word of reassurance to the mathematically timid. Figures
have purposely been kept to a minimum, but certain facts and trains
of reasoning are of their nature more cogently and conclusively ex-
pressed in mathematical than in verbal terms. A few figures do ac-
cordingly appear from time to time, but in no case would they present
any difficulty to a schoolboy at matriculation standard. Moreover,
should the reader on encountering them still prefer to skip to the
next piece of firm ground, he may do so without losing the thread of
the argument. For. in every case the point is summarized verbally.

I should like to acknowledge here my extreme indebtedness to
Professor H. H. Plaskett, whose assistance, encouragement, and con-
structive criticism are in large measure responsible for whatever value
this book may possess; also to Dr. W. H. Steavenson for reading the
book in proof and making many helpful suggestions, as well as cor-
recting a number of factual errors; and to Mrs. Doreen Marston for
giving me the initial idea.

J.B. S.
London

January 1947






Preface to the American Edition

The galley proofs for The Heavens Above came to my attention ap-
proximately two years ago. At that time I was impressed by the
novelty of Mr. Sidgwick’s approach to a clear understanding of the
fundamental problems of both classical and modern astronomy. I felt
that the book would have an appeal to American readers.

In the preparation of the American edition the sequence of topics in
the English text has been followed. In a few places extensive rewriting
has seemed desirable to adapt the book for the American public. In this
rewriting the editor has attempted to adopt Mr. Sidgwick’s pleasing
style. No attempt has been made to indicate those sections which have
been rewritten and it is my hope that no American reader will be
able to detect them.

During the time that has elapsed since the appearance of the com-
pleted volume in England there have been a number of advances toward
the understanding of some of the more controversial or speculative
issues raised by Mr. Sidgwick. However, none of these controversies
or speculations can be considered as settled at the present time and it
has seemed better to leave them at the point where they were left by
the author. In the cases where new discoveries have been made (for
example, the fifth satellite of Uranus) the new material has been in-
cluded in the American edition.

W.K.G.
Ambherst, Massachusetts
February 1950
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I. The Problem Stated: Apparent Motions

*

The history of man’s growing knowledge of the heavens, and of the
movements, sizes, distances, and chemical and physical constitution of
the various heavenly bodies, is largely the story of his invention and
progressive refinement of numerous instruments whose function is to
increase the scope of his natural senses and powers of reasoning. Of
these instruments, the more important are:

1. Telescopes of a variety. of rypes.

ii. Micsometess (instruments for the accurate measurement o°

minute angular distances and differences of position).

iii. Cameras.

iv. The.spectrascope.

v. Thc,,spcmobelmgmph

vi. Mathematics, particularly trigonometry and the calculus.
With the aid of this battery of instruments, the astronomer is able to
project his inquiring mind into the furthermost corners of the visible
universe.

NAKED-EYE ASTRONOMY

But the first of these instruments to be discovered (excluding from
consideration mathematics, a mental rather than a physical instru-
ment) did not appear until the early seventeenth century,* and by that
time a great deal had already been learned of the relative positions and
movements of the sun, moon, earth, and the other planets. This knowl-
edge was erected upon a foundation of naked-eyed observations, refined
to a certain extent by the use of primitive measuring instruments of the
yardstick and sextant type. Thus the mind of man is capable of building
a considerable edifice of astronomical knowledge with no materials

*A passage in one of Leonardo da Vinci’s Notebooks suggests that he may have
constructed a primitive telescope and used it for astronomical purposes.
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other than the evidences of his unaided senses. The history of the
science has taught us, however, that this may only be achieved on the
fulfilment of two conditions:

i. The sind must he.free.at-the.autser. from preconceived ideas
of what ought to be, and prepared to reason from the evidence of
the senses alone.

ii. The eye must.he trained to make accurate obseryations.of the
motions and positions of the celestial objects that it perceives. This
is the more easily fulfilled condition of the two.

THE FORM OF THE EARTH

There is a preliminary point to be settled before we go out of doors to
study the day and night skies and to note carefully the behavior of the
celestial bodies, in an endeavor to re-create the history of astronomy up
to the time of Galileo. What is the true shape of the earth, that station
from which all our observations must necessarily be made? It may be
objected that the earth is spherical and that any fool is perfectly well
aware of the fact. This objection, however, overlooks the professed
aim of this book—to demonstrate the more complex conclusions of
astronomical research by working upwards from simple assumptions
that cannot rationally be denied, demonstrating each step where it can
be demonstrated and at other times indicating the possible alternatives
and the reason for believing one in particular to be the more probable.
In short, to take the bare minimum for granted. Now, it is far from
self-evident that the earth is not flat. In fact, every reader of these
words has at some period during his early life received a profound shock
on being told quite seriously that (i) the earth is the same shape as an
orange, and that (ii) the inhabitants of Australia not only hang upside
down like flies, but solemnly affirm that not they but the inhabitants of
the United States live in this inconvenient attitude. It is undeniably
true that the ‘flat earthists’ have the fact of immediate obviousness in
their favor. Yet they are considered cranks. The following are some of
the more important reasons why the evidence of their senses is denied
by the vast majority of civilized adults:

i. However far, and.in whatever direcrion, one. travels over-the-sur-

face of the earth, Wﬁ&@_gﬁ%ﬁ
ii. Moreover, as the sixteenth-century explorers discovered, it is pos-

sible to arrive at the point from wh1ch one starts merely by followmg

one’s nose for.a sufficiently great distance.
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space whose nature cannot be discovered by the naked eye. Though
many of these, including those which (for reasons not yet stated) are
believed most closely to resemble the earth, are spherical, not one has
yet been discovered which is flat—i.e. a plane body of negligible
thickness.

iv. When shipsapproach the horizon, their hulls disappeas first, then
their funnels, and lastly their masts. This can only occur in a world
whose seas, and therefore that world itself, are convex.

v. The curvature of the earth’s surface can actually be seen. Since
this curvature is very slight, a smooth sheet of horizontal surface of con-
siderable extent is needed for the experiment. A large pond protected

(a)
Were the earth convex

()
Were the earth flat
Figure 1.

from high winds will serve admirably. Suppose the reader were to
driye three stakes into the bottom of the pond, two at the edges and
another midway between them. He would have to be careful to see that
each stake projected above the surface of the water by the same amount,
say 1 foot. If then he placed a telescope upon the first stake and tried
to sight on the top of the stake on the opposite side of the pond he
would find that he could not do so. His view would be obstructed by
the middle stake. The significance of this fact is made clear by Fig. 1.

If the distance between the stakes at the edges of the pond were
exactly 1 mile and the midway stake were exactly halfway between the
extremes, then the line of sight from the top of the first to the top of
the third would hit the middle stake about 2 inches below the top.

vi. Points (i), (iv), and (v) prove that the earth’s surface is convex,
while point (iii) suggests that it is spherical. This conclusion is con-
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firmed by eclipses of the moon. Under certain circumstances, to be
described later, the earth passes directly between the sun and the moon.
When this happens its shadow falls upon the surface of the moon. It
is found that the edge of this shadow is always an arc of a circle; this
is the shape of the shadow cast by a spherical body. We may, then,
assume as our starting-point that the earth is not a flat but a spherical
body, and that it is suspended in space by some means still to be
determined.

THE SIZE OF THE EARTH

It is of importance that we should know at the outset of our investiga-
tions not only the shape of the earth but also its size. It might be sup-
posed, since we can never get far enough away from the earth to be
able to see it as a whole, and since it is not practicable to walk round it
with a tape measure, that its measurement must present a very difficult,
if not an insoluble, problem. This is not the case, however, the theory
of the process being extremely simple. Such difficulties as are en-
countered are practical ones.

Let us go out of doors on a clear and preferably moonless night. At
once it will be seen that the sky is dotted with innumerable points of
light, the stars. These stars have several interesting properties which
are perceptible to the unaided eyesight, but for the moment we shall
confine our attention to one only. Quite a short period of observation
of the southern sky will reveal the fact that the stars are moving ez
hloc—that is, without altering their relative Eam;t-o another-
from east to west. This absence of Tetative motion makes it possible for
us to imagine that they are fixed to the inner side of a gigantic vault
with the earth at its center, and that this vault is in rotation, carrying
the stars with it.

Imagine, for a moment, a large bowl on the inner surface of which
are marked a number of dots; the bowl is pivoted at the center of its
base and may be rotated about this pivot (Fig. 2). If the bowl is made
to rotate through one quarter of a turn, the dots which were at a,b,c.d.e,
and f will now be in positions .4’ . . . f, and the paths that they have
traced out will be the dotted lines in the diagram. A study of this
diagram will reveal two obvious, but important facts.

i. The nearer a dot.is-to the center of rotation, the shorter will be jts
‘pa.th for a given movement of the bowl.

i. The.dats on. the opposite sides of the pivot moye in opposite
dlrcctxons.Jn the figure the rotation is clockwise, with the result that
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those dots above the pivot move from left to right and those below it
from right to left.

We shall return now to the night sky; careful observation shows that
stars about halfway up the southern sky move farther—i.e. describe
a longer arc—in a given period of time than those at a greater distance
above the horizon; and those, in turn, move farther than the ones di-
rectly overhead. And so on until we reach_a point_in the sky about
~iway between the northern horizon and the zenith (the point directly

\
\
\
|
T
I
¢
[

’

Figure 2.

abeveThe observers tread). At this point in the northern sky there
happens to b¢fp star which, duri -course of an hour’s observatiog,
appaceatly.ddcs.not. move -a aflf fEiven longer periods of observation
fail to detect any motion in it,[did we may therefore conclude that it
must lie very near the point on the star sphere about which the whole
vault revolves (see f in Fig. 2). This star is called Polarjs, or the Pole
_Stac.and the point on the star sphere close to it about which the whole

here revc th cefestial pole. nt_diamerrically’ op-
posed to 1t is the oth%?u_pivm&d«dd—paje; this obviously
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cannot be seen from places in the northern hemisphere of the earth,
any more than inhabitants of the antipodes can see Polaris. [We may
elestial poles/hs those poi

In accordafice With fom our experiment

with the bowl, WQ—MPLM—M@E
between—it~and the zenith, plus those between the zenith and the
southern horizon—revolve in an ¢hst-wesrditzztigad while thgse below
or_to-he-nesth of it revelye in the oppositg. direction, from west to
SeolofL, o veS
east=—These elementary facts of the diurnal rotation of the star vault
will be obvious to anyone who has spent an hour or two in intelligent
observation of the night sky.

All this is preliminary to the determination of the earth’s size. It has
been discovered that the angular elevation of the Pole Star (which, it
will be remembered, is very near the north celestial pole) above the
northern horizon, depends upon the position of the observer on the
earth’s surface—more accurately, upon his latitude. In our latitudes,
approximately midway between the equator and the north pole, Polaris
is seen to lie approximately midway between the zenith and the north-
ern horizon. As we travel north, the Pole Star rises higher and higher
in the sky until, when we arrive at the north pole itself, it is directly
overhead. Similarly, as we move south towards the equator it sinks

T and lower toward the northern horizon. When we reach the
equator itself we find that it lies on the northern horizon; further
southward movement will render it invisible, since it lies below this

horizon. Put in another way, we may say that whea-thesaacth colestig)
. A :

at i5.902 (the north
pole); when its altitude is _45° our latitude is 45° (we are midway
between the equator and the north pole—at Minneapolis, perhaps);
and when its altitude is 0° (actually on the horizon) our latitude is 0°
(the latitude of the equator). Incidentally it is to be noted that this
fact provides us with another xeason for believing that the earth is

spherical—or at any rate nog for if jtsware, the glevation.ofuthg
o DELE he -. Q »v-) Re ,.»

In fact, the Jatitude of a place is nothing mare than the angulag
clevation of the.nacth. celesgal pole. (az-the-seuth.celesiial. pole in-due
southern. terrestrial hemisphere) above the nesthern (or southern)
peint-om-the-horizan, as observed from.that plags. The reader who has

a sextant available can quite easily determine his latitude. If he lives
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drk he will find that/fhe an

izag averages about 41°;if he looks in his atlas he w
is close to the 41st parallel of latitude. Since the Pole Star is
actually about 1° from the celestial pole of rotation he will find that
his measurements will differ if taken at the same time in the evening
throughout the year. However, the average of a long series of observa-
tions will give him a good value of his latitude.

The ground is now cleared for £he-determination of the earth’s size.
First, two points on_the earth’s surface, exactly north and sayth of each
other, are chosen, and the distance between themdetermined. Then the
Tatitude of each point js found b jons of the stars. From the
difference of lgti theYi i
tne size of the earth nfhy be defermined, Suppose, to make the explana:
tion concrete, that the two stations ilcs apart and that their
difference of latitude is Then, since the circumterence of a circle
contains 360°, the circumference of the earth should be 360<69.5 or
25,000 miles (approximately). Then by using geometry—with which
high-school students should be familiar—the diameter, radius, and
volume of the earth may be deduced. The figures have been kept
approximate and simple intentionally; in practice the distances between
stations is determined by geodetic survey and the latitudes obtained
by precise astronomical methods.

Having prepared the way for our inquiry by discovering what sort
of a body it is that we inhabit, and from which we must perforce make
all our astronomical observations, we can proceed to the investigation
of the motions and, so far as they can be deduced without the aid of
instruments, the positions and distances of those other celestial bodies
that are visible in the day and night skies. It is assumed that the reader
undertakes to spend a short time in the open each evening, there to
study the appearance of the night sky.

P

DITIRNAIL ROTATION OF THE STAR SPHERE

The stars are sizeless points of light, varying in brightness and also in
color. The differences in color shown to the naked eye by individual
stars are not striking. Nevertheless, they can be noticed quite clearly in
the case of a number of the brighter stars.

We have already discovered that the star sphere rotates steadily from
east tg wegst (if we are looking at that part of it that lies south of the
north celestial pole—as we usually are, since it is by far the larger part)
about a pivot in the northern sky which is nearly marked by the star
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Polaris. Since we are now engaged in practical observation, it will be
as well to find this star at once. an_g_bxmnsl;umpomm@ncuon of
Eglms"is to give the direction of the D to any sailor or other
observer situated north of the equator; another, as we have seen, to giyg

it Most people who know
no other astronomy are familiar with that group of northern stars
known variously as the Big Dipper, the Great Bear, and Ursa Major; it
is represented in Fig. 3. If the observer carries his eye along the line
joining the stars marked B and a for a distance equal to about five

T+
17 B &
€
z Ursa

Ursa Minor
Major @€

45 « 8

v Polaris
a y «
8 Cassiopeia
1
©2nd mag: ¢~ 3rd. mag. ® 4th mag,

Figure 3. Three circumpolar constellations.

times that separating them, he will find a star which, though of only
medium brightness, is nevertheless rendered unmistakable by its isola-
tion. This is Polaris.

One feature following from the rotation of the heavens about the
north celestial pole will soon be noticed. The_glewation-ef-LRalaris-above
the horizon, is, as we have seen, equal to.the latitude-of.the observer.
But this angular elevation is the shortest distance from Polaris to the
horizon. Hence a star which is distant from Polaris by a number of
degrees equal to the observer’s latitude (41° in the case of New York)
will never dip below the horizon in the course of its rotation about the
pole. It will indeed just touch the horizon once in every diurnal period,
and may therefore set if the northern horizon is not clear of obstruc-
tions. MMWM—mC

whole of their circuit about the pole must be described above the
horizon. Wmmﬂed—éﬁ@ and in our latitudes the
stars of the Big Dipper are an example of this class. All stars farther
from the Pole Star than the latitude of the observer will, of course carry
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out part of their circuit below the horizon, rising above it in the east
and setting below it in the west. This distinction will be made clear by
a glance at Fig. 4.

The reader will perhaps have been impressed by the fact that the
star sphere has many points of resemblance to a model globe of the

® Polaris

Horizon N M Horizon

Figure 4. Circumpolar stars. The altitude of Polaris in the diagram (the radius

of the circle) is 33°. The appearance represented is, therefore, that of the northern

sky as seen from any place whose latitude is 33°, e.g. the Sea of Galilee or
Charleston, S.C.

earth* such as is to be found in most schoolrooms. In the first place
the globe rotates between two pivots which correspond with the north
and south celestial poles. Furthermore, if we imagine a plane to lie
horizontally through the center of the globe it will be appreciated that

*This statement does not beg the question of the earth’s rotation; the demon-
stration of this fact will come later. A comparison is simply being made between
the star sphere and the type of model mechanism of which a child’s globe is
an example. .
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the pivot which we call the north celestial pole lies not immediately
above it (i.e. at the zenith) but at a point intermediate between the
zenith and the horizon. In the model we must call this section of the
horizontal plane the north horizon. By rotating the globe and watch-
ing the parallels of latitude (which may be regarded as the paths of
certain stars in their diurnal rotation about the earth) the difference
between circumpolar stars and stars that rise and set will immediately
be made plain.

Midway between the pivots of the globe is drawn a great circle—
ie. a circle whose plane passes through the center of the globe—

N

S

Figure 5. The circle sSnN represents the observer’s meridian on the star sphere,

bisecting which is the observer’s horizon nestw. The observer is situated at O, and

N and S are the north and south celestial poles. It will be seen that the celestial

equator, of which only the visible half is shown, cuts the horizon at points due

east and due west of the observer, and reaches its maximum altitude due south of
him.

known as the equator. Similarly, in the celestial sphere there is an
imaginary circle drawn about the whole heavens, the visible section of
which lies between the American observer’s zenith and his southern
horizon. A moment’s thought will reveal the fact that this circle, the
celestial equator, will cut his horizon at points due east and due west
of him, and will attain its maximum height above the horizon where
it is due south (Fig. 5). By definition, the shortest distance of any point
on the celestial equator from the north celestial pole (or the south
celestial pole, which is below our horizon, for that matter) is 9o°. In
the same way all points on the terrestrial equator have a latitude of 0°,
that of each pole being go°. This is, of course, only another way of
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saying that thecelestial coualamiscers-the star spherc iniautua e mie
pheres. jg cach-afuhicheonewobthapalosis contrallinlacoty

THE SIDEREAL DAY

Having noted the fact of the rotation of the star sphere about the earth,
and having discovered the positions of the pole of this rotation and of
the celestial equator, we must now discover the time required for one
complete rotation of the sphere. The obvious way of doing this is to
note the time at which some conspicuous star is due south—or, to ex-

press it in technical }inc, the time that it transits or, culminates on
the meridian, the{meridiag}being real i
" ey — s i ey .

pole, the zenlith. and. the nosth-aad-south paunts SETHE AN Zong-then
to note the time of the next culmination, and to measure the time
interval separating the two observations.

We shall suppose that the observer produces a compass during the
day preceding his first observation, and discovers that the point on his
horizon that is due south of him is marked by a church spire. On the
succeeding night he goes out at 8 p.m. and notes that there is a bright
star slightly to the east of the vertical line passing through the steeple—
that is to say, east of the meridian. He therefore waits, and at 8:30
precisely he decides that the star is directly over the steeple. He makes
a note of the time and perhaps constructs a rough star map of the
southern sky so that he will be sure of recognizing his star on the next
occasion.

The following night he again begins observation at 8 p.m. and notes
that the appearance of the southern sky is, so far as he can tell with the
naked eye, exactly the same as on the preceding night. Not only are
the stars in their same relative positions—that, as we have seen, is to
be expected—but their positions in the sky, their compass bearings,
appear to be the same. He therefore jumps to the conclusion that the
star sphere rotates in a period of twenty-four hours. However, being of
a scientific disposition, he decides to wait and see if his star really will
culminate at 8:30, thus substantiating his guess. He waits less patiently
this time, and when at last the star appears to be directly over the steeple
he glances at his watch. He finds that the time is not, as he had ex-
pected, exactly 8:30, but about 8:26. Unfortunately, his disposition is
not truly and sufficiently scientific. He comes therefore to one of two
conclusions, perhaps to both. Since this observation is not in accordance
with his preconceived notion that the star sphere rotates in exactly
twenty-four hours (a guess based on-comparatively inaccurate data, be
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it noted), then one or other of his observations was inaccurate and that
the star was not exactly over the spire; or else his watch needs regulating.

But when he comes out on the third evening he is disturbed to find
that the discrepancy between the expected and the observed is even
greater. The star culminates at, according to his watch, 8:22 and at
8:30 it is quite obviously to the west of the spire. Clearly something
has gone wrong, and as the result of a little thought he decides that
his guess at twenty-four hours as being the exact period was slightly
in error; further, that this error has now been doubled by the second
rotation of the star sphere, thus becoming more easily detectable. He
therefore begins all over again, and a week’s observations carefully
made and recorded show him where his mistake lay. The star sphere
does not rotate in precisely. twenty-four_hours, but in a period-abeut
4_minutes _shorter. known as .tbr..mml_ggx} Thus, if our observer
began his observations on Sunday night and the star was then due
south at 8:30, on Monday it would culminate at 8:26, and at 8:30 would
be a short distance past (i.e. to the west of) the meridian; on Tuesday
it would culminate at 8:22; on Wednesday at 8:18; on Thursday at
8:14. Since the star makes a complete circuit of the heavens in about
twenty-four hours, it will travel an appreciable distance in a quarter
of an hour and will therefore be very noticeably to the west of the
meridian at 8:30 on Thursday night. It will, in fact, be to the west of
the meridian by a distance equal to one ninety-sixth of its entire circuit

of the star sphere. Socar Pay = AHERS.
ciperAL ¢ =AY 0 e
ANNUAL ROTATION OF THE STAR SPHERE

This discrepancy of four minutes per diem berween the sidereal and
the solar day has an important effect upon the appearance of the night-
sky. At 8:30 p.m. on Monday all the stars in the southern sky will be
slightly farther west than they were at the same time on Sunday: stars
that were on the meridian will now be slightly to the west of it; stars
that were on the east horizon, now slightly above it; stars that were
exactly on the west horizon will' now have sunk below it and will be
invisible. The difference in the aspect of the heavens occasioned by the
passing of one day is of course small, since the diurnal shift accom-
plished in four minutes is only slight. But consider what happens as
the result of a lapse of three months. The stars which were originally
on the meridian at 8:30 p.m. are now on the west horizon at that hour;
stars that were on the east horizon are now on the meridian; and a
number of new stars which were invisible below the eastern horizon are
now rising above it.
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In fact, the star sphere makes one complete revolution in one year
in addition to its diurnal motion. One year after his first observation,
our observer will again notice that his star is on the meridian at 8:30
p-m. In the meanwhile every star that crossed his meridian between
8:30 on that original Sunday and 8:26 on the following Monday (only
about half of which he could have seen, the others being above the
horizon during the daytime) will have been on the meridian, or at any
rate very near it, at 8:30 p.m. on one of the 364 intervening nights. In
other words, the summer stars, those that occupy the southern sky on
cummer midnights;-let-us-say—are-not-the. same. as. the. winter. stars.
(Note in passing that the circumpolar stars will have been visible
throughout every one of the intervening nights.) Hence anyone familiar
with the constellations and the motions of the star sphere who had
fallen asleep like Rip Van Winkle and awakened during a clear night
could determine at once what the season was. If he heard a clock strike
he would be able to make an accurate guess at the month. If in addition
he were armed with a set of astronomical tables, he would be able to
deduce the date—though not, of course, the year.

THE MOTION OF THE MOON

The next celestial body to be studied is the moon, and a single month’s
observation, for a few minutes each night, reveals the main character-
istics of its motion and varying appearance. Further observations, made
during subsequent months, will show that these features are recurrent
or cyclic: the moon does the same things in the same order month
after month.

The first thing that the observer will. notice, and a few hours’ or
even minutes’ observation are all that are required is that the moon

shares.thestasd dinnal easi-west motion. It giscs |

this may be cloaked by the fact of its rising in the daviime, and sets
in.in. the.cast.abaut fwenty-four hours later; It

in-the-wwest, sising-aga
will be remembered that the mhﬂm&w;?w
rapidly than. terrestrial (w easured

by _sglas, not sidereal, time) ; thaf every star arrive ity
a ioth;r selectedpoint-on_the star spl i :
Now the moon does somewhat thc same thing, though in the opposite
direction. In short, it is, as has been said, carried round the star sphere
from east to west with the stars, but its motion appears to be slower.
Thus the stars in its neighborhood are always passing it, with the result
that it has a residual west-east motion in respect of them.

Suppose, for example, that on Sunday at midnight the moon is due
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south of the observer. He memorizes its position with reference to a
bright star which is also on the meridian, but further south, i.e. directly
below the moon. As he watches, he notices that the moon and the star
(together with all the other stars) are moving across the sky towards
the western horizon. But since, in this motion, the moon is proceeding
more slowly than the star, he will on the next night observe that when
the star is again on the meridian the moon has been left a certain
distance behind. It is now considerably to the east of the star and he
would say that besides its diurnal east-west motion the moon has a
motion of its own from west to east, relative to the starry background.
As a result of this motion the moon is displaced to the east at a given
time on succeeding nights. Whether the observer regards the moon as
traveling eastward of its own accord while at the same time being
carried westward by the diurnal motion of the star sphere, or regards
the moon as having no true eastward motion but only as traveling
westward with the star sphere though more slowly than it, is imma-
terial. What is important to realize is that the moon takgsore than
wenty-four 2 diurnal circuit of the heavens, whi

stars take slightly less.

THE MOON AND THE ZORdC

A careful observer will also notice that the moon is not only moving
slowly eastward relative to the star sphere, but that it is also slowly
moving north or south relative to the stars. This motion is restricted
toa comparatively narroy ¢_star sphere known as the zodiac.
Thi : b m was recognized at least 4000
years ago. For all re51dents of Europe, and for those of the United
States north of the latitude of Atlanta or Los Angeles, the zodiagssosses
¢ 21 | W) and the south point of the horizon.
Along this'ce - see, certain
other objects) always moves; sometimes nearer one side of the road
than the other, but never jumping the curb.

THE LUNAR PHASES

The most interesting point to be noticed with the naked eye is the cycle
of the moon’s phases and the time it requires to complete one eastward
circuit of the star sphere. It will be remembered that owing to the fact
of the stars revolving en bloc in slightly less than twenty-four hours, it
requires a lapse of a year for a given star once more to be in the same
position in the sky at the same time of night. Owing to the moon’s
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considcrable lag among the stars, it r
an interval of abo
d’ “This is known as the sider i

ror the layman, the lunar month starts when for the first time he sees
the moon as a fine crescent low down in the west, soon after sunset. Two
things are to be noticed: the moon is close to the sun in the sky, and
the illuminated sickle lies on that side of the moon that faces the sun.
Disregard of the latter fact has led artists to perpetrate absurdities times
without number. As the month proceeds, the moon moves eastward
along the zodiac. With its daily recession from the sun the proportion
of its whole face that is illuminated increases. In a week it is on the
meridian at about the hour that the sun sets; it is now half illuminated,
or dichotomized, the illuminated hemisphere being that on the right-
hand side, the side facing the sun. During the second week the moon
continues its course away from the sun, and the terminator (i.e. the
boundary between the illuminated and the unilluminated portions of
its disk) moves further across its face from west to east (right to left).
At the end of the second week, midway through the lunar month, it is
fully illuminated, and rises in the east at about sunset. Halfway through
the night, when the sun, below the horizon, has traversed half its course
from the west horizon to the east, the moon will be on the meridian.
As it sets in the west, the sun rises.

The moon is now as far from the sun, measuring angularly around
the star sphere, as it ever can be: the two bodies are 180° apart, i.e. at
diametrically opposite points on the sphere. In continuing its eastward
motion, therefore, the moon begins to approach the sun again, but from
the opposite side. During the first half of the month (new-full) it has
been moving away from the east side of the solar disk. Henceforth (full-
old) it is approaching its wesz side. As it does so, the terminator, which
has vanished at full, reappears as before at its west limb and moves
eastward across its disk ; but now the opposite hemisphere is illuminated
—darkness on the west, light on the east—since the moon’s other limb
is now nearer the sun. After three weeks the moon is about go® to the
west of the sun: it is on the meridian at sunrise, setting towards midday.
It is again dichotomized; the illuminated hemisphere, being that facing
the sun, is on the left-hand or east side of the disk. During the final
week of the month it approaches nearer and nearer to the sun, becoming
an increasingly narrow sickle as it does so, rising above the eastern
horizon later each night, and setting in the west later and later in the
afternoon. Toward the end of the fourth week it is a very fine sickle,
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rising shortly before the sun. Finally, as its eastward motion continues,
it becomes invisible in the sun’s glare. Thus invisible, it passes the sun
and a few days later is again visible as the new moon low down in the
west shortly after sunset. Another lunar month has begun.

THE MOTION OF THE SUN

The investigation of the sun’s motions and positions is complicated by
the fact that when we can observe the sun we cannot observe the stars.
Since the sky is itself a featureless waste it is a great convenience to
have the stars, whose motions we have studied and can allow for, as
reference points. It is easy, for instance, to determine the exact position
of the moon throughout the lunation, for we only have to make a
direct observation of it and then plot the observed position upon a star
map. In dealing with the sun, indirect methods of study must be used

But no special observations are required to establish our first point;
common experience and what we have already discovered of the
motions of the stars provide the necessary data. We know that, what-
ever the season, the sun is always due south at midday.* We also know
that the same star 15 Bot always south at midnight. Each twenty-fou
hours it has moved a little more than once round the star sphere anc
the sum of these daily increments amounts to one complete circuit ir
a year. Combining this knowledge of the movement of the stars witk
the observed fact that the sun is always due south at midday, we sec
that theesig, must have a motion relative to the stars, and, moreover

that it gust co ne west-to-east revoluti
1 yeat, It also makes a diurnal apparent circuit of the earth, rising ir

the east and setting in the west. During this interval it will have movea
across the (invisible) starry background approximately one three hun-
dred and sixty-fifth of its complete circuit. Thus, like the moon, the

*The term midday is used here to indicate the middle of the interval between
sunrise and sunset and not, necessarily, 12 o’clock as indicated by a mechanical
clock. It would be 12 o’clock as indicated by a properly adjusted sundial. Owing
to two factors, of which we shall learn more later (the obliquity of the ecliptic
and the eccentricity of the earth’s orbit), the apparent motion of the real sun is
not uniform. On some days it moves slightly faster than average and on others
slightly slower. For convenience in building mechanical clocks, a fictitious object,
known as the mean sun, is defined. The mean sun moves with uniform motion
along the celestial equator. Time measured by the real sun is known as local
apparent time (LAT) while that measured by the mean sun is called local civil
time (LCT). The difference between the two, in the sense local apparent time
minus local civil time; is called the equation of time (LAT-LCT=equation of
time). Still more complication is introduced by the use of Zone, or Standard, time.
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sun has an individual motion among the stars, though a slower one,
since it accomplishes in a year what the moon does in a month.

THE ECLIPTIC

The general fact of the sun’s motion among the stars is thus not very
difficult to establish. But a question will have been suggested to the
observer which the practical difficulty already referred to makes less easy
to answer immediately. He has discovered that the moon’s possibilities
of position upon the star sphere are strictly limited; as we have seen, it
never moves off a track 18° widem-an angular distance about equal
to that covered by a stick g inches long when held at arm’s length
against the sky. Since the star sphere appears to be curved—it looks like
the inner side of a hollow sphere, not like a flat surface—the lines traced
out by all celestial objects in the course of their motions are likewise
curved. In watching the moon pursue its curved and circumscribed
path across the heavens, the observer will have been struck by the fact
that this is just about, as far as he can judge with the naked eye, the
sagae_path as that pursued hy. the sun durigg.the daytime, It is in
endeavoring to find out more about this interesting and as yet inex-
plicable correspondence that he will encounter the difficulty already
referred to. He is therefore forced to deduce the position of the sun in
relation to the stars, from its observed position in the day sky, by an
indirect method. There are several such methods to choose from. That
employed by the ancient Egyptian astronomers, though not partic-
ularly accurate, is easily understood. Since, the Egyptians reasoned, we
cannot observe the sun and the stars simultaneously, and yet want to
know the position of the former relative to the latter, we must do the
next best thing, which is to observe them in the quickest possible suc-
cession. Consequently they systematically noted the last bright star
visible near the east horizon before sunrise, and by its aid deduced the
approximate position of the sun in relation to the star’s invisible
neighbors.

Thus the path of the sun across the star sphere can be mapped and
our observer’s suspicions are confirmed: ath does in f

lie v . This path is known as th
(which is, strictly,
tha ~ nd so nearly does it coincide with that of the

moon that it is possible to trace out a zone 18° wide in which the
ecliptic is ¢ placed and out of which the moon never moves.
This is the which is, in fact, thateitkioeofgtamtalhastuid o
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° on each side The zodiac is divided into_twelye
SECtLO. known as the signs of the zodiac. Since the sun

completes one circuit of the zodiac in a year, it passes one month in
each sign.

THE SUN AND THE SEASONS

There is still one further characteristic of the sun’s yearly motion that
must be mentioned. It is a fact of common experience that the sun is
higher in summer than in winter; also that the days are longer in the
former season than in the latter. The first fact can be used to determine
the length of the year, and in primitive times was so used. Let the
reader mark on the ground a north-south line and at its southern end
fix a vertical stick. Now when the stick’s sun-cast shadow lies along the
line the time must be midday and the sun at its maximum height above
the horizon. Between sunrise and this time it will have been rising
progressively higher in the sky from the eastern horizon; from then
until sunset it will sink lower and lower towards the western.

The passage of the seasons provides us with a rough and ready
method of determining the length of the year, but the result obtained
can never be more than very approximate, except by a fluke. A study
of the stick’s shadow, on the other hand, allows the determination to
be made with some accuracy. Suppose that every day the reader makes
a scratch on the ground to mark the apex of the noon shadow. If he
begins his experiment at about Christmas-time he will find that the
il_g_cig_w_;s.shgahdy.shmge_r each day until it rMmum value
on 21 June. Thenceforward until about 21 December it will grow
progressively longer again. Since the seasons are regulated by the noon-
day height of the sun, and the length of the shadow gauges this with
fair accuracy, we_are now in a position to say that the interval from

Wwand that the total number of
ays in a complete year is equivalent to double the number in this

interval.

THE; GNOMON

It is interesting to note in passing that this most primitive of astronomi-
cal instruments, the gnomon, is possessed of considerab Fsatility in

the hands of ingenious users. We have already seen that ican be-used
Wmnlﬁngm,gﬁm‘war. The varying directions
of the shadow on either side of the marked line record the passing of

the hours, i.e. the time of day. It can be used to measure the obliauitv
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of the ecliptic—a point to which we shall return. And, finally, it
presents an alternative and approximate way of determining the ob-
server’s latitude. Suppose that W (Fig. 6(i) ) is the apex of the sun’s
longest shadow (on the shortest day), and § the apex at midsummer,
when the shadow is shortest and the day longest. Both these distances
can be measured, as can the height of the gnomon, AB. Since WAB

VA

)

(i) ¢

N A4 F
Figure 6.

and SAB are right-angled triangles, a simple trigonometrical operation
will give the angles WAB and SAB.* But these angles=angles ZAw
and ZAs respectively. These are clearly the sun’s maximum and mini-
mum zenith distances, and their mean equals the angular distance
from the zenith to the celestial equator, since the sun is on the equator
when midway be#ween its maximum®and minimum altitudes. (This

*Suppose, for instance, that WB=14 ft., SB=2 ft., and AB=4 ft. Then
tan L WAB = Ef, and tan Z SAB = i

Hence £ WAB == 74° and £ SAB = 27°.
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fact will be made clear in the next paragraph.) We have thus succeeded
in discovering the angle subtended between the celestial equator and
the zenith. Refering for a moment to Fig. 6 (ii), 4 is the position of the
observer, NAF his horizon, AP the direction of the celestial pole, and
the angle NAP his latitude. AE is the direction of the celestial equator,
the angle PAE being a right angle by definition. The angle ZAE is
the zenith distance of the equator, which we have already discovered,
and this is clearly equal to the angle NAP. Hence the angle ZAE is
the observer’s latitude, .

.

OBLIQUITY OF THE ECLIPTIC

It will immediately be asked how this annual bobbing up and down
of the sun in the sky is connected with its west-east path among the
stars. Having plotted the daily position of the sun on a star map
throughout a complete year, we ﬁnd that the ecliptic_(its path) is

either coincid nor_is it par it.
They are, in fact, related to one another in the same way as two hoops
jammed together, one within the other (Fig. 7). Now since the latitude
of any given point on earth is invariable, the altitude of the north
celestial pole is also invariable. itude of the.pei inter-
mmmwlmmwuﬂm
day of the year. Since the sun, in its course about the ecliptic, is some-
mhe celestial equator and sometimes south of it, its mid-

day elevation above the horizon will vary from season to season. When
it is at onggr other of the points of intersection of the equator and
the ecliptic&hcn, in_fact, it lies on the equator—-il_sm W
will be of equal duration, the sun will rise due east and’3 € west
(since we have seen that the celestial equator always cuts the observer’s

horizon at points due east and west of him), and its altitude at noon
will be midway between 1t;mﬁmuww_s_ti_§g and its

mmmw These points are called the equinoxes,

and the sun arrives at them on or about 21 March (vernal equinox)
and 23 September (autumnal equinox).

The angle between Wmut

2315 and 1s knOWnas the ob ic. It follow

the dlstance js 2214°. Hence the midday sun in midsummer is 47°
higher above the horizon, for observers outside of the tropics, than is
the midday sun in midwinter.

It is quite simple for the reader to determine the value of the
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obliquity of the ecliptic for himself by means of the gnomon. As
before (p. 21 and Fig. 6) welgball assume that 4B, the height of
the gnomon, is 4 feet, that the length of the noon shadow at the
winter solstice, is 14 feet, and that SB, the length of the noon shadow
at the time of the summer solstice, is 2 feet. Now since the difference

%

=

7
"

=

Figure 7. The circle represents the star sphere, seen from without. The intersect-

ing great circles may-sepresent the celestial equator and the ecliptic, in which case

A and B are the equinoxes and § = 23%°; or they may represent the moon’s

orbit and the ecliptic, in whith § = 5° and 4 and B are the nodes. In either
case the earth is at O, the center of the sphere.

in the angular height of the sun above the horizon at the two solstices
is double the angle between the ecliptic and the celestial equator the
angle sdw is twice the obliquity of the ecliptic. But sdw=WAS,
and this angle==WAB—SAB, both of which we have determined to
be 74° and 27°, respectively (p. 21, n.). Hence WAS=47° and
the obliquity of the ecliptic is half this value or 23}5°.
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THE PLANETS

We now come to the last class of celestial object that repays study with
the naked eye. When we made our observations of the stars we found
that one of their most obvious characteristics was their immobility
relative to one another. Thus, if we were to make a map of some con-
spicuous star group (the Great Bear, say) we should find that year
after year it would be as accurate as on the day it was made. Yet if the
reader observes regularly he will sooner or later discover that there are
exceptions to this rule: there are stars (or so they seem) v which not only
change their positions relatlve to_the.vast mass_of the1r nelghhm:s but
also relative to one another. These objects are called planets, and five
are visible t6 the naked eye.¥ The word ‘planet’ is connected philologi-
cally with the idea of a wanderer. In appearance the planets are indis-
tinguishable from stars; only their motion, which requires.sesial ol
servatioa.for jts detectlon& can..intallibly betrzy-their-diferent aatui
ta.the naked eye. It is widely supposed that whereas on some nights
the stars twmklc«“hc planets never do. But this is an unsure guide, and
it is extremely doubtful if anyone unfamiliar with the appearance of
the night sky could distinguish stars from planets by this means alone.

MOTIONS OF THE OUTER PLANETS

Careful observation of the successive positions of the planets reveals
the fact that they may be divided into two groups, the members of
which behave in quite different ways. We shall consider the planets
belonging to the larger group first. They are three in number and to
them the names Mars, Jupiter, and Saturn have been given. Like the
sun and moon they travel eastward among the stars, but their motions
differ from those of the brighter bodies in two important respects:

- _they are very much slowez;
Lthey are not smooth, butferrggic |

aking the second point first, the motioh of a planet belonging to
#His group may be described as follows (Fig. 8). When first observed
we shall suppose that it is moving eastward with increasing velocity.
After an interval, the length of which varies from planet to planet, it
begins to slow down, finally becoming stationary among the stars.

*A sixth, Uranus, is just visible to the naked eye when its position is known
beforehand. Tt was not known to the ancients, however, and was discovered
telescopically by Herschel in the eighteenth century.
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Then it begins to move in the reverse direction (westward), accelerating
at first, then slowing again, until once more it is stationary. Lastly it
resumes its eastward motion. Thus the planets Mars, Jupiter, and
Saturn move eastward in a series of loops; since more ground is always
covered by the direct motion than by the retrograde there is a residual
eastward motion. Observations over a number of years permit the
determination of the period required by each planet for one circum-
ambulation of the star sphere. It is found that for Mars this is about
one and three-quarter years, for Jupiter about twelve years, and for
Saturn about twenty-nine years.

e

Capricornus 4 'Y

Sagittarius
o

Figure 8. Successive positions of Mars in the constellations Sagittarius and
Capricornus during 1939:

1. 1 April 6. 27 July

2. 1 May 7. 1 August
3.1 June 8. 1 September
4. 1 July 9. 1 October
5. 23 July 10. 1 November

During July and August the planet was retrograding.

MOTIONS OF THE INNER PLANETS

The second planetary group has two members, Venus and Mercury.
As with all the other bodies we have so far considered, the motions of
these planets are recurrent. To illustrate them we shall describe a single
cycle in the motion of Venus. Let us suppose that when first observed,
Venus is situated in the southwest sky in the evening; it is visible for
several hours after sunset before following the sun below the horizon.
Nightly observations will show that at a given time each evening Venus
is a little nearer the horizon. Thus the period of its visibility is steadily
diminishing, since the sun’s glare does not permit it to be seen till some
time after sunset. Eventually the planet has moved so near the sun in
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the sky that it is not visible until on the point of setting. Last of all, it
becomes entirely invisible, for by the time that the sky is dark enough
for its visibility, it has already set.

The observer need not feel stultified by this disappearance, for the
situation is not without precedent in his experience. In his observations
of the moon he encountered an analogous case: once in each lunar
month the-moon -approaches sa_near that mffhtsky-eeeﬂp;cd—by
the sun that it becomes invisible (new-1fioon), appearing on the other
side of the SLMIC lapse . of time Tt will obviously be worth
scrutinizing the eastern horizon before dawn in the hope that Venus
too will pass through the sun’s glare and reappear on its western side.
The observer’s foresight and patience will eventually be rewarded.
Low down in the east he will notice, shortly before dawn, a shmmg
point of light which in a few minutes is rendered invisible by the rising
sun. As the days pass he will notice that Venus is slightly farther from
the sun when first seen and is consequently visible for a longer period
of time. Day by day its angular distance from the sun increases.

Unlike the moon, however, Venus does not recede continuously from
the sun, eventually to approach it again from the oppositc (eastern)
side. When it has receded about 48° from the sun it stops in its west-
ward progresragtngg_lps to retrace its steps towards the sun’s west
side. Evcntually it is lost in the morning glare just as formerly, when
aiievening star,” it was lost in the glare of the setting sun.
swings back and forth from the east of the sun (when

ituiaJisible-Ts-rmr-leveniag. star’ N thing star’) andﬁ back
ta the-ease-emeemere. This cycle is repeated endlessly. Mércury’s motion

is of exactly the same type. It differs from Venus in two respects: it
never recedes as far from the sun as its brighter neighbor (the maxi:
mum distance between Mercury and the sun is only 28°), and it com:
pletes its cycle of changes in a shorter period of time. Because of the
first point of difference, it is in practice very much more difficult tc
observe than Venus. Most people are familiar with the appearance of
Venus as the ‘evening star,” but few who have not deliberately set out
to do so have ever caught a glimpse of the fugitive Mercury.

Thus we see that neither Venus nor Mercury can ever be in opposi-
tion to the sun, as can the planets Mars, Jupiter, and Saturn.

THE PLANETS AND THE ZODIAC

Lastly, let an important point be noted. All-the-fueplanets are—con-
fined_ta_she zodiacIike that of the moon, their paths are neither
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coincident with nor parallel to the ecliptic, but are inclined to it at small
angles (all less than 9° since they never move out of the 18°-wide
zodiac) in the same way that the ecliptic is inclined to the equator.

RECAPITULATION

In the present chapter we have reviewed the main characteristics of
the motions of the sun, moon, stars, and planets as they may be dis-
cerned by elementary naked-eye observations. A number of facts

have been omitted. The sun_and-meendomot, for instance,move abso-
lutely uniformly--in-ther-eeurses. though the irregularities in these

motions are neither so noticeable nor so important as those affecting
the planets. Again, Polaris has not always marked, and will not always
mark, even the approximate position of the north celestial pole. But
to explain the growth of our astronomical knowledge step by step and
yet to keep the account within manageable proportions one must
inevitably omit less important points. All those facts that are stepping
stones to the demonstration of further astronomical essentials have
been included.

These leading facts may be summarized as follows:

1. The earth is approximately spherical and its size can be deter-
mined with great accuracy. ——

2. Eva%skmemﬂ:ﬁ[@:wes
the_star. sphere—in-wbaus twenty-four hours. This ¢ wn ac

the diurnal revolution of the body in question.

3. The star sphere rotates as a coherent body between two poles—the
north and the south celestial poles.

4. The stars are mere points of light and do not change their posi-
tions relative to one another—at any rate not noticeably within the
period that can be covered by the observations of a single man.

5. The period of the diurnal rotation of the star sphere being slightly

shorter than twenty-four hours of solar time, thg stars-appeactobe
mgm.g—s{eadd%.wd one complete circuit being accomplished

in a year. P ot

6. Besides_jts _diurnal east: i oon h nnthly
west-east motion. During the month it passes through a cycle of phases
which Ras been described.

5. All the planets and the moon are confined, in their motion across
the star sphere, to a z 1de It is known as_the zodiac, and
placed centrally within it lies the ecliptig i.e. the yeamd out
by the center of the suw’sdisk. ’
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‘9. The sun makes its west-east circuit of the star sphere in one vear.
Ry T——

(This is the same as five, looked at from the reverse point of view.)

10. Besides partaking of the east-west diurnal motion of the star
sphere, the planets have proper motions of their own among the stars.
In this respect they may be clearly divided into two groups:

i. Mars, Jupiter, and Saturn. Their paths are looped, i.e. at times
they are traveling not eastward, but westward. Nevertheless, their
eastward motions always more than counterbalance their periodic
retrograde motions.

ii. Venus and Mercury. They oscillate from. one.side of the sun
to the othetl),‘. doggmexhibit the looping that characterizes group i.
11. i. Jupiter requires a longer period for its circumambulation of
the star sphere than Mars, and Saturn a longer period than either
of them.

ii. Mercury never recedes from-the sun-to-se—great 4 distance as
Venus, -and-campletes one oscillation in a shortgr_peried of time.
The problem is to find a single hypothesis that explains this variety

of observed appearances and/or facts.
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*

The most obvious explanation of these phenomena is that the heavens
as a whole revolve about a stationary earth in slightly under twenty-
four hours, and that the sun, moon, and planets, while partaking of this
motion, have in addition motions of their own, for the most part in the
reverse direction. This possible explanation being the first to hand, it
will be convenient to develop it in ways suggested by a more detailed
consideration of the visible behavior of the sun, moon, planets, and
stars, and to see whether it can be made to render a coherent and reason-
able account of these.

THE PTOLEMAIC UNIVERSE

Such an investigation was made by Ptolemy (f. c. a.p. 130), working
along lines suggested by Hipparchus some three hundred years earlier.
Ptolemy made three basic assumptions, the first two being dependent
upon the obvious evidence of the senses and the third upon fallacious
@ priori reasoning:

i. Since the celestial bodies appear to revolve about the earth, they
do so revelve.

ii. Since the earth appears to be moti it is motionless. ~

iii. The circle is the most perfect @&?ﬁfﬂ@ﬁ;ﬂﬂa
Wm@u@w

oun Tircles. Furthermore, not to detract from this mys]ﬁill

perfe ;Their motions in their orbits must be uniform—they t.

neither accelerate nor decelerate.

Centrally placed in the universe lies the motionless earth. On tne
confines of the universe are the stars. These are regarded as being
equidistant from the earth and embedded in a giant sphere centered
upon the earth, the star sphere. It is  the rotation of this sphere that

29
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causes the diurnal motion of the stars. Within the space between the
earth and the star sphere are situated seven other spheres,* each of
which bears an orbitt—either of the sun, or the moon, or of a planet
That the more distant bodies may not be obscured by the spheres
carrying the nearer, these spheres are regarded as composed of perfectly
transparent crystal. We have already seen that the sun and moon pursue
direct, unfaltering courses across the heavens. Hence these bodies may
be regarded as moving with a uniform velocity about circular, circum:
terrestrial orbits.

To explaip the periodic retrograding .of Mars, Jupiiesy-and.Sasun
epicygles,, The planet does not itself move in a circular circumsolar
orbit but about a second orbit, smaller but also circular; the center of
this epicycle lies on the main orbit, or deferent, and travels uniformly
around it (Fig. 9). Furthermore, the radius of the epicycle which
connects each of the planets with its fictitious planet (i.e. the center of
the epicycle—the point that travels around the deferent) must be
parallel to the line joining the earth and the sun.

A moment’s thought, and the study of Fig. 9, will show that such
an arrangement will in fact impart to the planet an apparently looped
motion, despite the fact that it is moving with uniform velocity in an
orbit composed entirely of circles—the ‘perfect’ figure. In copying in
this way the particular motion of each individual planet, Ptolemy and
subsequent astronomers experienced a good deal of difficulty, but it
is easy to see that in general the plan will work. The planet’s motion
in that part of the epicycle marked by the letters a—# will be observed
as acceleratingly direct; from b—c deceleratingly direct; at ¢ it will
appear to pause momentarily, and then from ¢—d to move with in-
creasing velocity in a retrograde direction; from d—a its velocity will
be on the decrease again, and at a itself the planet will be momentarily
stationary. Then once more it begins its direct eastward motion.

To see how Ptolemy accounted for the observed motions of Venus
and Mercury, we must first comment upon his estimation of the rela-
tive distances of the various celestial bodies from the earth. Of two
bodies traveling with the same velocity, that which is nearer the ob-
server will appear to be the faster moving. Thus, to an observer sitting

*The crystal spheres were, strictly speaking, a feature of the Aristotelian system
(which Ptolemy was seeking to reconcile with the observational facts), though
he never explicitly disclaims them.

tActually, in most cases, a deferent: vide infra.
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on an esplanade seat, the people strolling past at perhaps 2 m.p.h. move
farther across the field of vision during a given interval than a ship on
the horizon traveling at 2 m.p.h.—or even 20 m.p.h.

We have seen that, of all the celestial bodies, that which makes a
complete circuit of the heavens to its original position in the shortest
time is the moon: it circuits the star sphere in one month. Of those

Deferent

Figure 9.

bodies that appear to swing back and forth on either side of the sun,
Mercury moves more quickly than Venus and has the apparently
smaller orbit; both of them complete one cycle from elongation to
elongation in less than a year. Next comes the sun, which requires a
full year to circuit the heavens; then Mars, Jupiter, and Saturn in
that order. Ptolemy therefore concluded that the moon was the nearest
body to the earth; then Mercury, then Venus, then the sun. Now since
Mercury and Venus are limited in the distance that they may retreat
from the sun, Ptolemy decided that the motion of their epicycles must
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be such that it is always possible to join their centers, the earth, and the
sun by a single straight line. Their oscillations on either side of the sun
would then result simply from their epicyclic revolution, one complete
revolution being accomplished in the observed period. Figure 10 will
show that if this condition is fulfilled, their epicyclic motions will in
fact cause their observed motions. It will also demonstrate the interest-
ing fact that Venus and Mercury, if they shine only by reflected light,

Epicycle of

Epicycle of Venus

Mercury

e e e

Deferent of
Mercury
Deferent of
Venus
Orbit of
Sun
Figure 10.

can, under the Ptolemaic dispensation, never appear more than half
illuminated to an observer on earth.

A further device that Ptolemy was forced to introduce—tied as he
was by the twin considerations of explaining the observational facts
while invoking none but ‘perfect’ circular motions—was that known as

movable eccentrigs. This highly artificial arrangement consists of a
M\fhmmmgmmmcmwmmmm
but lies always.an.the line joining the earth and the planet in ques

tion. Thus the earth was not, after all, at the center of the universe
though it was admittedly nearer to it than any other body.
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This, in general outline, is Ptolemy’s geocentric theory of the structure
of the solar system. Up to a point it works admirably. But as it became
possible to make more and more accurate measurements of the posi-
tions of the sun, moon, and planets it was found that the model, as it
stood, did not exactly represent the observed phenomena. In fact, the
sun, moon, and planets do not move exactly as they should were
Ptolemy’s account of their relative positions and orbits correct. Con-
sequently, the theory had to be patched up, and the more accurate
astronomical observation became, the more drastic had the patching
to be.

First, it was found sufficient to elaborate and proliferate the movable
eccentrics, applying them also to the epicycles. But the tale of woe did
not end there. Still the observed positions of the planets did not agree
with the theoretical positions (derived from the application of Ptolemy’s
hypothesis), and it became necessary to add further epicycles. Instead
of a planet’s moving around an epicycle moving around a deferent—
which many people will think a sufficiently complicated and unnatural
arrangement—the planet was supposed to move around an epicycle
which itself moved around an epicycle which in turn moved around

an epicycle . . . which moved around a deferent~Soon the number of
epicycles-in-the systesmy-if.it-were to work, had mounted to eighty, and

urne geosenwic hypothesis had become one of literally ifconceivable
complexity.

More fatal to its chances of being true than its superficial complexity
was the fact that its complexity was not of the type that rests upon a
fundamental simplicity or unity—it was impossible to formulate any
general laws regulating the behavior of the bodies concerned. Each
individual body had to be given individual attention, and it was not
possible to relate the mass of particular variations and idiosyncrasies
to a single elementary hypothesis. To account for the observations of
each planetary motion it became necessary to employ a separate and
highly complicated piece of juggling with the relative lengths of the
radii of the epicycles (with additional new epicycles if required), with
the velocity of the planet about its epicycle and of the epicycles around
one another and around the deferent, and also with the degree of
eccentricity of the epicycles and deferent. And then the publication of
a newer and more accurate set of observations would necessitate still
more juggling, still more ‘saving of the phenomena.” That the mechanics
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of the heliocentric cosmology—to be described presently—are based
upon a single, simple hypothesis (as Newton showed), the apparent
complexity of which is owing to the manifestation under the varying
conditions of this single hypothesis, is perhaps the most impressive
argument in support of the heliocentric theory.

THE GEOCENTRIC HYPOTHESIS REFUTED

Since this is not a strictly historical survey, it is unnecessary to follow
step by step the overthrow of the geocentric hypothesis. It will be
enough to consider certain of its essential implications and then to show
that these are not substantiated by observational data. For this the fol-
lowing points will be sufficient:

i. The solar system consists of a number of nearly concentric crystal
spheres which contain the sun, moon, and planets or their deferents.

ii. Neither Venus nor Mercury, supposing they were large enough
to have sensible disks (the telescope was, of course, not invented till
long after Ptolemy’s day), could ever show more than a single
hemisphere illuminated by the sun.*

iii. The earth is motionless upon its axis.

iv. The earth has no orbital motion; on the contrary, it is the sun,
together with the rest of the solar system, which revolves about it.

THE CRYSTAL SPHERES

Points (ii), (iii), and (iv) are essential to the hypothesis. If it can be
demonstrated that they are false, the hypothesis falls to the ground.
Point (i) is not essential since there is no evidence to show that the
deferents are not unsupported in space. Nevertheless, it was this point
that was first called into question, and its failure to stand up to ex-
amination marked the beginning of the overthrow of the entire hypoth-
esis. In the sixteenth century the Danish astronomer Tycho Brahe
was able, from his observations of comets, to demonstrate conclusively
that these objects pass freely to and fro through the space supposed to
be occupied by the crystal spheres. The spheres, as material objects,
clearly did not exist.

THE PHASES OF VENUS
More accurate observations—this time made by Galileo, armed with
the recently invented telescope—then showed that Venus passes through

*That is to say they would never show an apparent phase greater than ‘half
moon.’
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a complete series of phases exactly similar to those of the moon; the
same was later shown of Mercury. It is clear, again, that Ptolemy was
in error, at least as regards the relative positions of the earth, the sun,
Venus, and Mercury.

ROTATION OF THE EARTH

Busshrefoundatiom.of the geocentric systeg (disregarding the irrational
assumption that the circle is the ‘perfect’ figure and that therefore the
planetary orbits must be circles or composed of circles) is that the earth
i« motionless. It is this conception that makes the w}m
system of epicycles and circumterrestrial motions necessary. Once it is
shown that the earth moves—that it rotates on its axis, or revolves
about the sun, for instance—the basic assumption of the hypothesis is
demonstrated to be false. Thenceforward we may legitimately look for
a hypothesis_that gives a more natural and universal explanation of

the facts. ‘o
In_18s1 devised an experiment that established once and
for all the at the earth rotates on its axis. If a heavy weight is

suspended by a considerable length of wire, no rotation of the support
to which the wire is attached will alter the plane in which the weight
is set swinging. Suppose that the wire is fixed to a movable beam in
the roof of a lofty hall and that the weight is set swinging accurately
north and south. Suppose, too, that at the outset of the experiment the
beam also lies along a north-south line. Then if it is rotated slowly
through 9o°, so that it is now lying east-west, it will be found that the
pendulum is still swinging north-south. Further rotation of the beam
has no more effect: ho_wgyer the support is rotated, the pendulnm
always swings in the planc in which it is started. The reason for this
is that it is easier for the wire to twist* than for the heavy weight to
alter its direction of swing.

Here, then, in the immovable plane of the swing of a freely sus-
pended pendulum, we have something not provided by the stars—a
reference system which we know to have no motion of its own. When
we see the stars apparently moving around the earth there is no a priori
means of knowing whether the stars are really moving from east to west
or whether the earth is rotating from west to east: the two motions
would result in the same appearance. But the pendulum always swings
in the same plane in space, and therefore if we find that the earth

*If the bearing is frictionless, or pracucally s0, even the torsion of the wire is
eliminated.
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appears to move relative 1o jt (or vice versa, it is the same thing) we

W is_the earth, and not the plane of swing, that is

changing its position.
WTO the lower side of the bob he attached a
pointer of just the right length to scratch a groove in a tray of sand
on the floor as it swung; in this way the direction of each swing could
be recorded. After the pendulum had been swinging a few minutes,
the startling discovery (it would at any rate have startled Ptolemy)
as made that the direction of the-swirrgwas stowly~changing-refative
g’—&h&waﬂs_af_ahmm;—m—plant was rotating;/But we know_that
?s cannot be so. Hence it must be the earth #hat is rotating and

rrying the Pantheon gnd-tf€tray of sand w1th)k Lf the gendulum
spended at the north pole/i a0 that 1ts plane o
~p—————

: .-mm..wmmm ETE rota:
rotates on 1ts 08

This prov1des satisfactory evidence that the apparent diurnal rotation

here may be due to the_earthl’s rotation in _the reverse
m There are ?evergl other. experiments
ag hesis, One of them was suggested by
Newton in 1679 1 the eart is at rest and a weight is dropped from
a height—down a long clevator shaft, let us say—it will land at a point
vertically below the point of release. But suppose that the earth is rotat-
ing_from EEE to east: Sn that case the t5~'€’§‘h_a have a
fr_()m_thg_,axis__gmw,gw Hence the weight, since it will
retain its eastward speed, wxll land at a point shghj;l;L.m_tha.cast.Qf_tb
point_verti . The effects of air resistance
complicate the actual observational results, but the results obtained
from a number of experiments are in accord with the result predicted
on the assumption that the earth is rotating.
It is clear, therefore, that we are not compelled to hypothesize a
stellar universe rotating daily about a central and stationary earth. A
in é&&hﬁv'vdl guzc;xactly the same appearance of rotation to the
$ ar sphere, though ng;cgsar‘l'gr u;,.nhe rcvetsrdf’ecm;tm
!ﬁ"v\e," tsome time in their hves, been seated at the window of a rail-
road train that is standing in a station with another train standing close
beside it. They observe that the near-by train appears to move and are

unable to determine, merely from visual observation of the side of the
other train, which of the two is actually in motion. Not only is the
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conclusion that the earth is rotating on its axis a great advance upon
Ptolemy’s hypothesis from the point of view of simplicity and economy
of means, but it is categorically forced upon us by experimental evi-
dence, such as that mentioned above.

EFFECTS OF THE TERRESTRIAL ROTATION

There is a further aspect of terrestrial motion that we have not yet con-
sidered: the earth, we have learned, rotates on its axis in a period of
twentyfeur Rours; does evidence exist of motion in any diréction other
than this? Since the earth undeniably feels and appears to be at rest,
yet equally undeniably is in motion about its axis, we need feel neither
outraged nor surprised should we discover any such evidence.

The ancients, refusing to believe that the apparently solid, unmoved,
and immovable earth could be in rotation, were forced to read the
cffects of this rotation into the external universe. Let us reverse this
process, deducting the effects of the earth’s rotation from the apparent
motions of the heavenly bodies, and see what is left. Let us, in fact,
suppose that the carth’s axial movement is arrested, and that (for
simplicity) this occurs on either 21 March or 23 September, the vernal
or the autumnal equinox.

Thenceforward the sun will be alternately above and below the
horizon for six-monthly periods. It will proceed steadily and slowly
eastward across the sky, spending, as we have seen, one month in each
of the signs of the zodiac. Only its diurnal east-west motion will have
been eliminated. In the same way, the moon and planets will perform
their west-east motions, the moon passing through its phases and the
planets pursuing their looped or back-and-forth motions, undisturbed
by daily risings in the east and settings in the west.

It will be seen that we have only eliminated the appearance of the
daily rotation of the heavenly bodies about the earth, not their slower
rotation—yearly in the case of the sun, longer for Mars, Jupiter, and
Saturn. The question we must now try to answer is, is this motion
really inherent in the bodies concerned or is it the effect of another
and as yet undiscovered terrestrial motion? Are these bodies really
revolving about the earth in their different periods?

THE ABERRATION OF STARLIGHT

The final and ineluctable answer to these questions was provided by
Bradley, the then Astronomer Royal, in 1727. It is a commonplace
that although a heavy downfall of rain, falling vertically on a windless
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day, strikes a man on the top of his head as long as he stands still, yet
it strikes his face once he starts to walk or run forward. Everyone

who has tilted his umbrella forward as he hurries for shelter is well
aware of this fact. Again, the vertically falling rain seen from inside

a stationary railroad car d

38
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Figure 11.

(1)
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but when the train is in motion the falling drops are seen to cross the
window from the upper forward corner toward the lower rear (Fig. 11

(1) and (ii). The fas i the

vertical does t ction of the downpo ;
ifferent example will help to show why it is that the apparent

direction from which the rain is coming is deflected toward the direc-
tion of the observer’s motion. Figure 11 (iii) illustrates a rigid tube
standing upright in our vertically falling rain storm. A drop entering
the center of its mouth will fall axially down the tube and strike the
base centrally. Now let us suppose that during the time that the drop
is falling from X to the bottom of the tube, the tube itself has moved
horizontally through a distance equal to half its diameter. While the
drop is falling from X toward C, C has moved away to its right and
its place has been taken by D. Consequently the drop will have fallen
slantwise down the tubc from X to D (Fig. 11 (1v) (v)). If we wxsh

P

its.si aralle in Ei vi); in other words we must
draw back the bottom of the tube by an amount equal to the tube’s
horizontal motion during the interval required by the drop to pass
down it. This_is of course what the pedestrian does when he tilts his
umbrella forward to protect his face against the rain which 1s talling

— T . . Y e e cesnnam——
verticall but slantwise relative to him.
It can now be seen that the more rapidly the tube is movéd-across

the direction of the rainfall, the farther back must the lower end of
the tube be drawn in order to keep the drops traveling within it
parallel to its axis. In other words, the apparent displacement of the
direction from which the rain is coming depends upon the relative
speeds of the tube in the horizontal plane and the rain in the vertical
plane. In Fig. 11 (vii) the drops fall from A to B in the same time that
the tube moves from C to B, the drop thus being kept in the axis of
the tube. Clearly then, the distances 4B and CB are proportionate
respectively to the velocity of the rain and of the tube. If we write ¢ for
the former and » for the latter, we have

AB=CD=c,
CB=AD=v,

and o, the tilt of the tube, is given by

v
tan a=-
c
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showing clearly that the apparent displacement of the direction from
which the rain is falling depends on the relative velocities of the tube
and the rain. When ¢ is very large compared with v, the displacement
will be small, and vice versa.

TITE EARTH’S ORBITAL MOTION

The reader may well be wondering what al has to do with the
astronomical status of the earth. The connectigh iA this: if for our tube
we substitute a telescope, and for the rain drops a ray of , we

encounter a similar phenomenon. Just as the motion of the tube, or of
the walker im rain coming from X appear to come
from Y, so motion of the telescope toward B makes the light from, say,
a star whose true direction is BX appear to come from the direction

CY; in other words, the widingbcaislobe displased dmeibadanac, direc:

]

Such an elie result from the combined motions of what
for the moment we shall call the light rays, and of the telescope. The
Danish astronomer Rémer had demonstrated as early as 1675 that light
travels with a finite, though very great, velocity.* But what of the
required motion of the telescope? Since it is at rest relative to the earth,
the earth itself must necessarily be moving. Let us suppose for the sake
of argument that the earth is traveling in a circular orbit about the sun;
then deduce from our previous experience of the tube and the umbrella
what the nature of the resultant stellar displacements would be; and,
finally, compare these with the observed displacements. If the two tally,
we have a convincing proof of a terrestrial motion in an orbit about
the sun.

Figures 12 (i) and (ii) represent this hypothetical orbit, at the center
of which (not shown) lies the sun; the four positions, 4, B, C, and D
are those which the earth would occupy at three-monthly intervals. To
be quite sure of our ground, let us once again refer to the results of our

experiments: (i) if the motion of the telescope is inclined to the light
rays, the source of the latter will appear to be displaced in the direction
of the_telescope’s W £ the telescope anRves in the giregtiog
i aves sougce will sufter ndlfsplacemeft; if, in Fig.
11 (ii1), the tube were moVed vertically Bipward or downward, the drops
would still fall parallel with its axis.

Returning to Fig. 12 (i), we shall suppose that there is a star in the
direction AS at right angles to the plane of the orbit; to make the

*See p. 214.
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diagram clearer, the plane is drawn in, though it, of course, has no
material existence. Owing to the phenomenon of aberration, the earth
moving toward B, the star will appear to lie in the direction A4S’; at B
it will appear to be displaced outward from the page since the earth at
this point is moving toward the reader; from C it will appear to lie in
the direction CS’, displaced toward the right; and at D it will be dis-
placed ‘into the page,’ since the earth is here moving directly away from

>t

(i)

Figure 12.

the reader. The star, in fact, will in one year appear to describe a small
circle on the star sphere, a minute replica of the earth’s orbit.

But consider (Fig. 12 (ii) ), a sccond star lying not at the pole of
the orbit, but in its plane. From A it lies in the direction A4S, and since
the earth is moving toward S, it will also appear to lie in this direction,
that is, it will not be displaced. At B, the earth is approaching us ‘out
of the page’ and the star will appear to be similarly displaced toward §”.
At C, the earth is moving directly away from the star, which will again
be undisplaced. Finally, at D, the star will appear to be displaced ‘into
the page’ in the direction DS’. It has thus in the course of one year
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moved back and forth over a straight line from a central undisplaced
position (earth at 4) to maximum displacement ‘out of the page’ (earth
at B), back to the undisplaced position (earth at C), and on to maxi-
mum displacement ‘into the page’ (earth at D), ending up again with
no displacement (earth at A, whence it started). A moment’s thought
will show: (i) the nearer a star is to the pole of the orbit, the more
closely will its aberrational displacement approximate to a true circle,
while the nearer it is to the plane of the orbit, the more elliptical will
it become, until in the plane itself it will have been flattened completely

(i)

@)

®

Figure 13.

to a straight line (Fig. 13); (ii) in every case the major axis of the
ellipse must be parallel to the plane of the orbit.

Now if, as we are supposing, ABCD is the earth’s circumsolar orbit,
the intersection of the plane of this orbit produced to meet the star
sphere will be the ecliptic, for in looking at the sun (i.e. in looking at a
point on the ecliptic) the terrestrial observer must necessarily employ a
line of sight that lies in the plane of the earth’s heliocentric orbit. Thus,

from A the sun’s position on the star sphere will be beyond C,
from B the sun’s position on the star sphere will be beyond D,
from C the sun’s position on the star sphere will be beyond 4,
from D the sun’s position on the star sphere will be beyond B,
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and one revolution of the earth about the sun will result in the sun’s
making a complete apparent circuit of the star sphere.

Therefore Fig. 13 (i) should represent the annual aberrational dis-
placement of a star at the pole of the ecliptic, (ii) of a star midway
between the pole and the ecliptic, and (iii) of a star lying on the ecliptic.

Bradley, with the aid _aof telescopic equipment-denied—te—Ieepler,
showed that the stars do actually exhibit annual displacements of this
character, and thus clinched for all time the heliocentric argument.
The_eacth _revolves about the sun*

EFFECTS OF THE EARTH’S ORBITAL MOTION

Here, then, is an entirely new (and, so far, much more promising)
foundation for our speculations and deductions concerning the observa-
tional facts outlined in the last chapter. We do not have to go right back
to the beginning, to the Ptolemaic hypothesis in its entirety, for the
basis of our reconstruction, since we have already discovered that the
earth possesses a motion of axial rotation and have reasoned how this
rotation must affect the apparent motions of the heavenly bodies.
Subtracting the effect of the earth’s rotation from.the obscrved solar
mommmmmmmg steadily eastward roggg the
ecliptic, completing-oas.ciscuie-inmaycar. Now exactly , this effect will be
produced if the earth revolves about the sun in a period of one year.
In Fig. 14 the inner circle represents the earth’s orbit, the sun being
centrally placed within it, and the outer circle the star sphere (or, more
accurately, a section of it, which is the ecliptic) against which the sun is
projected. When the earth is in position e, the sun appears to be at a
point on the star sphere marked by the symbol S;; when the earth has
moved to e, the sun appears to be at S;; when at ¢;, at S;. By the time
the earth has completed a quarter-revolution the sun will be at S,, hav-
ing also completed one quarter of its entire yearly circuit of the ecliptic.

THE JELIO SIS AND THE FOUR-MINUTE
DISCREPANCY

One further point connected with the apparent motion of the sun
must be cleared up. It will be remembered that every star culminates
four minutes earlier each night. We may express this fact in a dif-

*Two further phenomena which are only explicable in terms of the heliocentric
hypothesis—the parallactic motions of the stars, and certain periodic shifts in
stellar spectra—will be described later. At this juncture, the aberration of starlight
is sufficient to establish the earth’s heliocefitric motion.
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the assumpuon that t_;_canbm&aymd‘hs—ew&,anﬁh.ﬁh:wh

that the sun appears tofbe sTowly advancing fram west 1o casD In fact
this is just what we should expect to find were the earth truly revolving

Figure 14.

about the sun. Figure 15 (which, to make the demonstration clearer,
is not drawn to scale) represents the sun, the earth’s orbit, and the earth
in two positions in that orbit. These two positions are those that would
be assumed at each end of a time interval of twenty-four sidereal
hours—the period of one complete axial rotation. In the first position
an observer at @ sees the sun on his meridian at the-same-time that an
observer at &, in the antipodes, sces a_ certain star on his. But when
the carth has completed one rotation its orbital Thotion has changed its
spatial position and therefore the direction of the sun, but not that of
the incomparably more distant star. The result is that when the night-
side observer, now at #’, sees his star on the meridian (the figure shows
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the earth and the two observers at this moment) the day-side observer,
now at 4/, observes the sun still to the east of his meridian. The sun
will not culminate until the earth has rotated a little further—through
the angle 0, in fact. Hence the jnterval hetween successive culminatigns
of the sunisali i inatians of
the star. Actually, the time required for the earth to rotate through
the angle 0 is about four minutes. Hence-the_salar day is—semre—fons

minutes longer than the sidereal daW—dm:epan@gpwcd.by
the earth’s osbital-mation

Sun Sun

Stah Star
Figure 15.

THE LUNAR MOTION

The moon appears to circle around the earth in a period of one month.
Can it be that the earth is really revolving round the moon? The answer
must be negative, because if the moon is revolving steadily around the
sun, and the earth around the moon, then the sun would appear to
move across the sky in a series of loops, just as the epicyclic motion of
the planets in Ptolemy’s model gave them a looping motion. If, how-
ever, we suppose that the moon revolves about the earth, and the earth
about the sun in a simple circular orbit, this difficulty vanishes. The

moon, then, retawfmwmmm,md

revolvés about its primary.
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EXPLANATION OF THE LUNAR PHASES

In this way, too, the lunar phases are simply accounted for* When
the moon (Fig. 16) is in position @ in its orbit, it is invisible; for not
only is it so near to the sun in the sky that it is swamped in the latter’s

Pl

Light from Sun

Figure 16. The hemisphere of the moon facing the earth is stippled. The hemi-
sphere on which the sun is not shining is shaded.

glare, but its illuminated hemisphere is turned directly away from the
earth. A few days later it has moved to & and is then far enough
(angularly) from the sun for a narrow crescent of the illuminated
hemisphere to be seen from the earth. At ¢ it has moved round one

*Though this in itself is no advance, since they were also accounted for in the
Ptolemaic system.
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quarter of its orbit and, as can be seen from the diagram, is dicho-

tomized as observed from the earth. W
the earth: as seen from the moon, the earth and sun are both in the
same direction. Three weeks after new it will be at e and will once more
be dichotomized. But now the left-hand, or eastern, half of its disk is
illuminated, whereas at the end of the first week it was the right-hand,
or west, side. This, as will be remembered from our account of the
monthly apparent behavior of the moon, exactly fits the facts. Finally,
toward the end of the fourth week, it is once more a narrow sickle;
the east (left-hand) side being illuminated, whereas at 4 it was the west.

THE HELIOCENTRIC HYPOTHESIS AND THE OUTER PLANETS

We saw in the last chapter that the planets Mars, Jupiter, and Saturn
make complete circuits of the star sphere. And since the periods in
which they do so are all longer than that in which the sun appears to
make one circuit (i.e. one year) it follows that it is possible for any of
these planets to be in that part of the zodiac that is diametrically
opposite to that containing the sun. That is, they may culminate at
midnight. Thus it is possible for any of them to be in Aries, for in-
stance, when the sun is in Libra (Fig. 14). But when the sun is in
Libra the earth is in position e; approximately. It is obvious that if one
of these planets is to be between the earth and that part of the star
sphere opposed to the sun, then it cannot be between the earth and the
sun. The orbits of Mars, Jupiter, and Saturn, in fact, must lie outside
the orbit of the earth. And since their apparent velocities across the star
sphere, and hence their periods of revolution, can be used to gauge
their relative distances, we may conclude that the relative positions of
their orbits to that of the earth are as shown in Fig. 17.

Regarding the planets Mars, Jupiter, and Saturn, therefore, our
hypothesis requires that

1. These planets (and the.carth) all re

=ualve about the syn.
i. They revolve about the sun_in orbits situated outside that of
thc.can-h.

iii. Tt takes longer for them to-traverse-these-fonger-orbits thare it
dogs for the easth-to-traverse-its-smalerenew

Assuming that this is so, can we account for their apparent looping

motions as projected against the star sphere? The answer. is that we

can, quite_simply and inevitably, and without having recourse to any

S

comphcatcd smmpﬂgpmyclcs.
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Figure 18 shows the orbits of the earth and of some outer planet
(Mars, for example), with both orbits assumed to be circular and with
the two bodies in corresponding positions in their respective orbits.
When the earth is at e;, Mars is at m,; when at e,, Mars is at m,, and
so on. These positions are marked on the diagram according to our
maxim that the earth revolves about the sun in a shorter time than any

of the outer planets. The apparent moti upon the star sphere

Orbit of
\enus

Sun

OrpinS
Alercut“l

Orbit of Jupht

Figure 17.

i-elearly the resultant of its own orbital motion and that of-theab-

server’s motion on the terrestrial orbit. This apparent motion is shown
on the outermost circle, which represents the distant starry background
against which Mars is, to a terrestrial observer, projected. It will be
seen that at first Mars appears to be moving in a direct west-east direc-
tion, but with decreasing speed; the interval M,-M, being longer than
M,-M,, which in turn is longer than M;-M,. At position 5 it appears
to pause, and then doubles back in its tracks to position 6; this restro-
grade (east-west) motion continues as far as position 7, when the planet
again appears to pause, being for a short time stationary on the star




THE PROBLEM SOLVED: REAL MOTIONS 49

sphere. Then it resumes its direct motion, passing eastward through
8, 9, 10, and 11 with increasing speed. This accounts for the direct and
retrograde motions which are observed for the outer planets. By a
further assumption that the planes containing the orbit of the earth
and the orbit of the planet are slightly inclined to each other, the looped

motion shown in Fig. 8 can be expldmcd m;:hro‘b‘smd-eﬁees-af

Theee lnnng

M(that is in that portion
y the sun) and in this
position the..outer Elaua nnloscsLLqihg_ggth The explanation of the
looped motion in terms of a heliocentric system is more satisfactory
than that of Ptolemy. It is more satisfactory because it is simpler,
eliminating the necessity for complex and quite arbitrary epicyclic
gearing.

THE HELIOCENTRIC HYPOTHESIS AND THE INNER PLANETS

Early in our observations we found that the planets had to be divided
into two groups, the dissimilarity between the members of which is
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manifested in their completely dissimilar apparent motions. Since one
group consists of those planets (Mars, Jupiter, and Saturn) that we
now know to lie farther from the sun than the earth, we might make
a guess at the nature of the other group and say that Yenus and.Mgy-
cury are nearcrto the su.u.mq_ig_thggr-th. We can establish this result
by better methods than hit-or-miss guessing. Three bits of observational
evidence point to this conclusion:

i. We have seen that if a_planct revalvesahout the sun in aa-osbit

more distant from the sun than that of the earth thep it must.at times
culminate_at_midnight—that is to say be in W\ In
this position the angle measured at the earth between the planet and
the sun (defined as.the angle of elongation) swill.be-&30°, Venus and
Mercury can never occupy these positions at midnight since their maxi-

mum elopgati imited to 48° in the case of V, °in the
ggsc of Mercury. Hence they cannot be farther from the sun than is
the earth.

ii. From time to-time-both Venus and Mercury transit the sun; that
is, they are observed ta.csoss the sun’s disk. When in transit Venus is
visible to the ngkcd!yg(if the eye is shielded with a dark glass) as a
sm.all__bhlma*c_}gmgg‘twmoving across the face of the sun. Now a glance at
Fig. 17 will show that under no circumstances could an outer planet
ever be in a position between the earth and the sun. Hence Venus and
Mercury must move in orbits situated between that of the earth and the
sun itself.

iii. Figure 19 is drawn to represent the orbits of the earth and an inner
planet, with both orbits assumed to be circular. The points é1, e, ¢s, €t
cetera indicate positions of the earth corresponding in time to positions
of the inner planet represented by ps, p2, ps, et cetera. The position of the
sun is indicated by S. The positions e; and p, show the inner planet at
maximum eastern elongation with the angle Sp, ¢; equal to go°. Since
the illuminated face of a planet must always be directed toward the
sun, the apparent phase of the inner planet at maximum elongation
will be that of ‘half-moon’ or, in other words, the planet is dichotomized.
As the earth and the planet move along in their orbits, the apparent
phase of the planet will become crescent. The crescent will diminish
as the earth and the planet move along until the planet disappears in
the glare of the sun. At a poi i i
inferi Junct i nd would appear to be in ‘new phase’
if it could be seen at all. At inferior conjunction a transit of the sun
by an inner planet may occur. The planet will next make its appearance
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west of the sun and will be in a narrow crescent phase. This crescent
will increase in size until maximum western elongation is reached, at
a point between ¢; and e,, and the planet will again be dichotomized.
From this point the western elongation will decrease, but the phase of
the planet will increase until the planet is again lost in the glare of the

sun. Superior conjunction will occur at a_poj en ¢z a

4

Figure 19.

e planet will appear j The planet next appears
east of the sun and the gibbous phase steadily decreases until greatest
eastern elongation is reached, at a point between e; and es, where the
planet is again dichotomized. To the naked eye neither Venus nor
Mercury exhibits the complete phase cycle described above, although
the apparent brightness of either planet does vary with change of
elongation. The fact that these phases ‘were not visible without tele-
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scopic aid prevented Ptolemy and his immediate successors from detect-
ing an important error of his system, in which an inner planet could
never exhibit any phase greater than ‘half-moon.” It was not until the
seventeenth century that Galileo first observed the phases of Venus
through a telescope and thus provided strong evidence for the validity
of the heliocentric hypothesis.

In regard to the relative positions of Mercury and Venus, we may
now confidently assert that Mercury is closer to the sun than Venus.
The maximum cloagaden-ef Mercury is only 28° wheseas-Venus may
ecede to 48° from the sun, or nearly twice as far.

Projection of the lines connecting the simultaneous positions of the
earth and the inner planet to the star sphere will indicate that an inner
planet has both direct and retrograde motion. In Fig. 19 this motion is
indicated on the outer edge. By making the further assumption that
the plane containing the orbit of the inner planet is inclined to the plane
containing the orbit of the earth we can show that the inner planets, as
well as the outer, move across the star sphere with a looped motion as
shown in Fig. 8. Furthermore the retrograde motion of the inner planet
occurs when the planet is close to inferior conjunction, or, in other
words, when it is closest to the earth.

DIURNAL MOTIONS OF THE PLANETS EXPLAINED

So far, we have only considered the annual motions of the planets, but
there is the discrepancy between the diurnal period of each of the
planets and that of the stars, which we discovered when making the
observations recorded in the last chapter. It will be clear by now that
this discrepancy between the time interval separating successive culmin-
ations of a star and of any of the planets is due to two factors—the
earth’s orbital motion and that of the planet. When its orbital motion
is carrying an outer planet castward among the stars, with an apparent
velocity that is pastly determined by the-earth’s mation it will require
longer than the stars to complete one diurnal revolution. But, when

(and the apparent retrogressions of the outer planets are
due entirely to the earth’s orbital motion) the outer planet-wilt-aecom-
plish two_successive culminations in a period slightly shorfer than the
23h. 56m. requ1red by the star sphere. In the same way the apparent
motions of the inner planets among the stars cause a small difference
between their diurnal periods and that of the stars, and the apparent
motions are due both to the orbital motions of the inner planets them-
selves and also to the orbital motion of the earth.
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THE COPERNICAN COSMOLOGY

The concept of a heliocentric system goes back for something more
than 3000 years, for we find Pythagoras and other philosophers of
ancient Greece, as well as philosophers of the countries east of the
Mediterranean, speculating about the possibilities of a heliocentric sys-
tem of planets and a rotating earth. However, the philosophy of
Aristotle, with its geocentric universe and its perfect curves (circles),
carried far too much weight. This formed the basis for the so-called
Ptolemaic system and later became the authority and dogma of the
Church.

that the apparent diurnal revolutions of the stars and planets could be
explained on the basis of a rotation of the earth on an axis just as easily
as by a rotation of the star sphere itself. This transfer of the center of

the system from the earth to the sun was as far as he, a devout church*

man, felf that he could go. He retained. the “peeecl Cves of the
Aristotelian philasaphy and assumed that the carth and all of the other
planets must move in circles. Try as he would he could not satisfy all
of the available observational material on the simple assumption that all
planetary motions were in circles centered on the sun. He was forced
to introduce a few epicycles and to assume that the circular planetary

orbits themselves were not exactly centered on the sun.

IYCHO-4ND KEPLER

The years immediately following the publication of the Copernican
hypothesis were exciting ones to all persons who had any interest in
the universe in which they lived. A few were willing to accept the
break with Aristotelian philosophy that the hypothesis required, but the
e S et e e I, .
great majority sought carniéstly Tof @ return to the older doctrines.
Amon 6-1601), the eldest son of a wealthy
Danish nobleman. Tycho was sent to the University of Copenhagen
to study law but he became interested in astronomy. He could not ac-
cept the new hypothesis and set to work to prove that it was wrong, not
by philosophical reasoning, but by means of accurate observations of

*Copernicus (Nikolaus Kopernicki 1473-1543), a Polish churchman, completed
the publication of the first complete account of the heliocentric hypothesis in
De revolutionibus caelestium during the last years of his life.
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the planets. Tycho was never successful in the development of astro-

nomical theories, but as an instrument designer and as a careful observer
he was without-esequal. His first instruments yielded data of an ac-

curacy never before attained and his zeal attracted the attention of the
Danish king. Under royal grants Tycho built Europe’s first real astro-
nomieat-observatary at Uraniburg in 1576. He spent” the next fifteen
years tirelessly collecting observational data regarding the planets, but
was never able to publish any truly satisfactory theory regarding plane-
tary motions. Eventually he incurred the wrath of the King of Denmark
and was banished from his native land. He wandered all over Europe,
carrying with him his previously collected data and setting up portable
instruments to make further observations whenever opportunity pre-
sented itself. At this time Emperor Rudolph wanted an accurate set of
tables of planetary motions for use by astrologers, and in 1599 he 1nv1ted

Tycho to come to Prague. T

was of farr CaChanWWOmy

in_particular.
Johannes_Kepler (1571-1630) was born of humble parentage in

Wiirttemberg. By hard work and frugality he was able to obtain the
funds needed for his matriculation at the University of Tibingen.
There he displayed a remarkable aptitude for mathematics and theoreti-
cal astronomy. Being a devout churchman he could not accept the
Copernijcan hypethesissand he was destined to spend the rest of his life
in the vain search for some theory that would bring back into cosmology
that simplicity and perfection that is required by Aristotelian philos-
ophy. His first attempt was a ¢ trical hypothesis, pub-
lished in 1597, which satisfied Kepler only in that it employed the
regular solids approved by Aristotle as perfect. The hypothesis has
but little astronomical value, but its publication had an indirect effect
of great importance. Emperor Rudolph heard of it and immediately
invited Kepler to Prague to work on the Rudolphine Tables. Tycho
was also at Prague, with his mass of accurate planetary observations that
extended back for a period of about thirty years. Kepler set to work to
unravel the mysteries contained in Tycho’s data, but he was unable
to reconcile the observations either with the Ptolemaic or the Copernican
hypotheses. He then abandoned all attempts to fit the data with any
previously published theories and in 1609 published the volume that
contains the first two of his now famous laws of planetary motion.

Kepler was not at all pleased with these laws for, as we shall see
below, they violated the Aristotelian perfection. Nevertheless, in the
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spirit of the true scientist, he published the relations that would best
satisfy the data at hand. Nine years later he was able to publish a
second volume on planetary theory, which contained the third, or the
harmonic, law. This was the relationship that Kepler regarded as his
greatest triumph, for it at least approximated the Aristotelian doctrine

of harmony and perfection. The_Rudolphine Tables of planatary,
i d ] y i in

motions
support of the theory, were finally published in 1627 and were used

for many years by astrologers, astronomers, and by navigators.

EETLEL'S LA Wi O PJANETARY MOTION)

i] The orbit of each planet is an ellipsg, having the sun at one of it
fogi. The non-mathematical reader may not have a very clear idea of
what an ellipse is (many people suppose that an egg is elliptical), and
the simplest way of elucidating the matter is to draw one. Rule a line
across a sheet of paper and fix the sheet to a drawing board or table-
top with drawing pins. Then stick two ordinary pins firmly into the
sheet, piercing the line and lying about 3 inches apart. Make a loop
of thick cotton or fine string and place it over the pins. Pulling the
loop tight, and keeping it so with the point of a pencil, draw a free
curve from that part of the transverse line on the left of the left pin to
that on the right of the right pin. Then place the loop on the opposite
side of the line and draw the other half of the curve. JLwill then be seen

that an ellipse-ie-nethingsnose-thana forcshortened cirgle; itis agieclg
logked at not from directly above.but aslagr. Alternatively it may be
regarded as a circle with two centers—the points marked by the pins—
instead of one; these-pointsare known as the foci, and if the ellipse
we have drawn represents the orbit of a planet the sun will be sit-
uated at one of them. It should be noted, by experimenting with dif-
ferent positions of the pins but using the same sized loop, that the
eccentricity of an ellipse depends upon their distance apart: the greater
this distance the flatter the ellipse, the nearer together the closer the
approximation to a circle. When they are as close together as they can
be—that is, in the same position—the figure described is a circle. This
is what is meant when it is said that the ellipse may be regarded as a

ircle with two centers.

Kepler discovered that even if the planets move in elliptical orbits,
the sun occupying one of the foci, they will not behave in the observed
fashion so long as their motion is uniform; i.. so long as they travel
around their orbits with unvarying velocities. The second part of his
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problem was to formulate the law that states the orbital velocity of a
planet at any point in its orbit. After following up a number of false

trails, he eventually arrived at the solution: W of each planet
is such that the radius vector describes equal areas in equal times, (The
radius vector is the line joining the planet and the sun.) Figure 20
represents a planetary orbit with the sun at the focus S. Within this
orbit are described four sectors, all of whose areas are equal. Now, ac-
cording to Kepler’s second law, the radius vector will sweep out these
sectors in equal times. Hence the planet will require the same interval
to travel from A to B as from C to D, E to F, and G to H. A general
and less precise way of expressing this law is to say that the orbital

F E
G
»
o}
H
A B
Figure 2o0.

Seeny-the more dlstammplanets require a longer period in whlch to com-
plete one circuit of the star sphere than those nearer the sun. Kepler
was convinced that this fact could be expressed in an exact form. As
before, the solution persistently evaded him, but finally he discovered

that t he;g wag, as he had suspected, a_strict_relation holding betwee

f a planet fr riod in which it rey
ahout it his relation may be expressed in several forms, of which thlS

is one: if the squares of the periods in which the planets describe their
respective orbits are divided by the cubes of their mean solar distances,
the quotient will be the same for every planet; in other words. the.
sauares of their periods are proportional to the cubes of their mean
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solar distances, Thus, if P and p are the periods of two planets, D and

d their mean distances from the sun, then

and this is true for any two plan®ts

the peri f two planets are kng ir_jpean solar distances
that the periods of the two planets are 0.24085 years and 248.43 years
respectively (Mercury and Pluto). Then
0.058010 61717
D3 = d3

thererore  0.058010 d°=61717 D?

ot #=—817

0.058010

. —

and d= 61717 D=102.09 D

0.058010

That is, the mean distance of Pluto from the sun is about 102 times
the mean distance of Mercury from the sun. If we could determine
the mean linear distance of any one planet from the sun, we could, by
applying the harmonic law, calculate the mean solar distances of all of
the other planets in the same linear units. For instance if we knew
that Mercury were 36 million miles from the sun, from the relation
demonstrated above we should know that the mean distance of Pluto
from the sun must be more than 3675 million miles. In the same way
the linear mean solar distances of all other planets could be calculated
from their known sidereal periods.

KEPLER’S ACHIEVEMENT ANALYZED

It is worth while summarizing the methods by which we may assume
that Kcpler reached these results, for otherwise his immense achieve-
ment must appear as mysterious as that of a conjuror who produces
rabblts from an empty hat. His {rst task was to determinethe toug
moti i the lanets from the lons,.i
the o i

)

s. This -in itself could not have been
accomplished until after Kepler was willing to accept the hypothesis
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of the heliocentric system and the moving earth. To solve the problem
Kepler had to find a way of allowing for the effects of the earth’s motion
and then subtracting this effect from the observed motions of the
planets. Before his solution of the problem can be understood, the
reader must be introduced to the relation between synodic and sidereal
periods.

SIDEREAL AND ODIC PERIODS
M

Figure 21 shows the circumsolar orbits of two planets, 4 and B, drawn
on the assumption that both orbits are circular. The assumption is also

Figure 2r1.

made that the planet closer to the sun (4 in Fig. 21) moves with greater
angular speed than the outer one. At a certain time both of the pla=~*
are on the line SA,B, drawn from the sun to a star. Th L

Benod bf either planet is defined asthe-time required for the plancito

LOUKC in. In any
given unit of time, say T, 4 will move from Ay to A, (ie. through the
angular distance a as measured from the line between the sun and the
star) and B will move from B, to B, (i.e. through the angle B). Because
of the fact that 4 is moving more rapidly than B, the two objects will
no longer be on a line from the sun and a hypothetical observer on the
sun would notice that 4 had gained on B by the angular distance 6 in
the time interval T. The timae required for 4 to gain one complete lap



Returning tp/Fig. 21 we see that a = 8 + 6. Now let P, represent the
sicereadpetiod of A, P, represent the sidereal period of B, and § repre-
sent the synodic period of A relative to B. Since there are 360° in a cir-
cumference and we have said that «, 8, and 6 represent angular motions
in the time interval T, we have

T . T T
a=7{36o, 6=~P—b36o° and 0=§36o°.

Substituting these fractions in « = 8 + 6 and canceling out the common
factors we have

1

1 I

PRTS BRTRTS
For a consideration of the earth and the planets we will now let A
represent the earth when B is an outgrplanet, or B represent the earth
when 4 igan inner planet. If we letéﬁcgresent the sidercal period of

the caubAPlthe sidereal period of a planet; and.J represent the synodic

—
Ao

thegsidg 3l
eplangs on
d only
to determine the time from maximum elongation, either east or west
of the sun, back to the same maximum elongation, and then compute
the sidereal period of the planet in terms of that of the earth. For the
outer planets the time from opposition (i.e. culmination twelve hours
after the culmination of the sun) back to opposition again can be deter-
mined and the sidereal period determined. For the ancient astronomers,
without telescopic aid, this was of great advantage.
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DETERMINATION OF THE MARTIAN ORBIT. ANQMI,HE DISCOVERY
_ QFE.THE-FIRST IW.Q ,}.mw,s

The planet Mars is a very important planet from the astrologer’s point
of view, and Kepler was working on the Rudolphine Tables for the
use of astrologers. Hence Kepler concentrated his attention first on the
orbit of Mars. Tycho, perhaps because Mars was of importance to
astrologers, had a large number of observations of this planet and they
were just what Kepler needed.

Figure 22 shows the orbits of the earth and of Mars. We shall suppose
that Mars is first observed from position E;; after one sidereal period

“ M
~,

Figure 22.

Mars will again be back at M, but the earth, with its more rapid
motion, will have carried out more than one revolution and have
arrived at some point E,. Mars is now reobserved from E.,. Knowledge
of the earth’s motion gives the values of SE,, SE., and the angle
E.SE,, the latter depending upon the interval between the two observa-
tions. The observations themselves (E;M and E,M) give the values
of the angles SE;M and SE,M. These five quantities are sufficient for
the solution of the quadrilatcral SE,ME,, whence SM and the angle
E.SM can be calculated: SM is the distance of Mars from the sun when
at point M in its orbit, and E,SM its direction as seen from the sun.

Thus by means of a series of paired observations, the members of
each pair being separated by 687 days (the sidereal period of Mars),
spread over two sidereal periods, a large number of points on the
Martian orbit may be plotted and the complete orbit reconstructed,
showing both its size and its form.

Once the orbit had been determined in this way, simple inspection
led to the discovery of the first law; and since the times of the various
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observations were known, together with the solar distance of the planet
at each, trial and error would eventually lead to the formulation of
the second law.

DISCOVERY OF THE THIRD LAW

Having reached this stage, it only remained to discover the nature
of the relationship which Kepler was convinced held between the
planets’ periods and their distances from the sun. The sidereal periods
of the planets were easily deduced from Tycho’s observations by means
of the equations (i) and (ii), given on p. 59. Kepler still had to
discover their relative distances. We have seen how easily these may

/N,

Figure 23.

be deduced from their periods by means of the harmonic law, but
Kepler obviously could not avail himself of this device as he was still
in the process of discovering it. An independent geometrical method
is illustrated in Fig. 23, which shows the orbits of the earth and of an
inner planet. As the figure stands, the planet is at greatest elongation:
the line of sight from the earth to the planet, EV, is therefore a tangent
to the orbit, and the angle EVS a right angle. VES, the angular separa-
tion of the planet and the sun, is measured, whence VSE=180°—
(90°+VES). These data permit the calculation of the relative lengths
of SV, the solar distance of the planet, and SE, the solar distance of
the earth. The method is essentially similar, though rather more in-
volved, in the case of an outer planet.

Kepler was now in a position to tabulate his information as follows:
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PLANET SIDEREAL PERIOD (P) MEAN SOLAR DISTANCE (D)

Mercury .. 0.241 years .. 0.3871
Venus .. 0.615 . 0.7233
Earth .. 1.000 .. 1.0000
Mars .. 1.881 .. 1.5237
Jupiter .. 11.862 e 5.2028
Saturn .. 29.458 .. 9.5388
Uranus .. 84.015 .. 19.1910
Neptune .. 164 .788 .. 30.0707
Pluto . 247.7 .. 39.5

The final stage in the solution of the problem of planetary motion
consisted of the identification of a single relationship which held be-
tween each of the first six pairs of figures in the table. (Uranus,
Neptune, and Pluto were not known in Kepler’s day.) A laborious
process of trial and error eventually revealed the relationship expressed
in the third law: the square of the ratio of a planet’s period to_that of

e

h. This, then, was the climax of Kepler’s life work,

d.of it he wrote exultantly, “The die is cast, the book is written, to be

rcaci either now or by posterity, I care not which; it can await its reader;
has not God waited six thousand years for an observer?’

NEWTON § LAW OF UNIVERSAL GRAVITATION

Some fifty years after Kepler had enunciated the three empirical laws of
planetary motion Sir Isaac Newton (1642-1727) formulated his law of
universal gravitation. This law states that gvery particle of matter in the
univesse-attractsevesy—ocherauith o facce that is proportional to the

o i inv 1 to
the square of the distance between thery. This may be expressed sym-
bolically as

F= Gml Tz
d
in which G is a numerical factor of proportionality whose value depends
upon the units in which mass and distance are expressed. The idea thata
gravitational force might exist between physical objects dates back
several millenniums. From the first announcement of a heliocentric
universe scientists had been speculating that it might be this mysterious
gravitational force that held the planets in their orbits. It remained fo-
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Newton to prove that this could be the case. The importance of the
Newtonian law lies not so much in its accuracy, although this was never
seriously questioned until the announcement of the theory of relativity
during the early years of the twentieth century, but rather in its ability
to synthesize so many apparently diverse physical phenomena. The
motions of the planets about the sun, the motions of two stars about their
common center of gravity, the motions of the stars in general about the
common center of gravity of all stars can all be explained, within obser-
vational limits, on the basis of the Newtonian law. By this law the
weight of all objects on the earth can be determined, and the ability of a
planet to hold an atmosphere be established. Even the tides in the
ocean can be calculated, principally, by the gravitational pulls of the
moon and the sun on the water of the ocean.

Those readers who do not shy away from a little elementary algebra
may be interested to see how the inverse-square character of the New-
tonian law may be established on the basis of the information that was
available to Newton. In the first place, he was familiar with Kepler’s
harmonic law, which is expressed analytically as

o .

~,

Newton also was familiar with the character of that force required to
hold a rock that is being whirled about in a circle at the end of a string.
If P is the period of revolution of the rock, d is the radius of the circle,
and m is the mass of the rock, the tension in the string (which is equal to
the so-called centrifugal force) may be expressed as

F.=g 4

in which £ is a factor of proportionality whose value depends upon the
units used for mass, distance, and time. This expression had been devel-
oped and published before Newton used it in his gravitational research,
but there is some question about whether he had actually seen it or
whether he developed it independently. Let us now assume, with
Newton, that the gravitational attraction between two masses varies as
the product of the masses and that it is some inverse function of the dis-
tance between the masses, i.e. that the force diminishes as the distance
increases. Then we should have an analytic expression for the gravita-
tion attraction between the sun of mass M and a planet of mass 7 distant
d units from the sun as
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Mm
&’
in which the exponent of 4 (i.e. x) is unknown. If the planet is going

around the sun in a circular orbit, then there will be a centrifugal force
that must be counterbalanced by the gravitational attraction. Hence

F,=G

which may be transposed by ordinary algebra to
ad'_GM
P2 1(47!'2
All of the terms in the right hand side of this expression are numerical
constants and the equation may now be written as

d(l+:)

=K  (a constant).

We have seen above the Kepler’s harmonic law may be written as

%5= C  (a constant)

and we see that 1 + x = 3 or x = 2 and the force of gravitational
attraction must vary directly as the product of the masses and inversely
as the square of the distance between the sun and the planet. This is one
of the simplest of the many problems that Newton had to solve. In
some of them he had to develop new methods of mathematical analysis.
Nevertheless, with the inverse square law established in Newton’s mind,
perhaps on the basis of the harmonic law as discussed above, Newton set
to work and was able to prove that all three of the Keplerian laws are
direct consequences of the fundamental law of universal gravitation.

NEWTON’S MODIFICATION OF KEPLER III

Mention must be made here of a slight modification which Newton
made in the harmomg_}aw as_enunciated by Kepler, The planets move
in the mammér déscribed by Kepler since they are acting under_the
central gravitational mﬂuem;r.,o.f the sun, which attracts_each.planet
with a force inversely .dependent upon the square of the distance
separatmg the twg. bodies. But another facfor that e enters s_into this

attraction is the respective masses of the sun and'the planer concerned:
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the attraction is in fact et tending to make fne.sun
tcuelxmmund.u.ar_ﬂmame time that the sun makes it revolve about
it. That the law as stated by Kepler appears to ngﬁ?s‘ﬁgmry ac-

count of appearances means that the mass of any planet is so small
compared with that of the sun as to be, for practical purposes, negligible:
this conclusion will be shown accurate when we come to determine
the masses of the sun and planets. But when the masses of the two
bodies are less disparate than those of the sun and a planet—for ex-
ample, in the case of a double star—the mass of each body has to be
taken into account, and this is what Newton’s modification of Kepler I11
does. Where Kepler’s third law states that

P2 2
bes
Newton’s modified form of the equation states that

P’ (M+m) _p* (M+m,)
D? a’
where M=mass of the sun, and m,, m, the masses of the two planets.
It can be seen that where m, and m, are negligible, as in the case of
the planets, we are simply multiplying both sides of the equation bv
M,_thus not materially affecting Kepler’s equation.

THE_MASS OF THE EARTH NA ,

In the description of the physical properties of the carth in the previous
chapter, one in particular was not mentioned: its mass. Now that some-
thing has been learned of the law of universal gravitation it will be
well to return to this point, for not only does it illustrate very clearly
the power and application of Newton’s law, but the value for the
earth’s mass so derived is a stepping stone to further astronomical
quantities, as described in Chapter vi. First, a possible source of

confusion must be cleared up. The distinction between mass.and.weight
is usually a little diffjcnlt ta grasp whenemcommtercd-for-the—first-tme,

but to put the matter sunply we may say that th¢mass ¢
nd that the sprin
while the scales measure mass. If a body just turns the scales at one

poung %s do 50, no miatter how strong or weak the gravita-
tional field in which the scales are set up:_the mass of the bady does

WWOn the other
hand, the stretch of a spring balance depends both upon the mass of
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body being weighed and on the gravitational field attracting it: the
weight of a body, unlike its mass, does vary with the strength of the
gravitational field within which it is situated.

Expressed in mathematical terms, )ton’s law states that

e k Mt
’ F=GM? 1’"2 ; LA
F X - 2
My
M
Figure 24.

where F is the attractive force between the two bodies; m, and m, their
masses; 4 their distance apart; and G the so-called gravitational con-
stant (the attractive force between unit masses at unit distance apart).

Figure 24 shows schematically the apparatus known asfJo
To the undersides of the two pans of a strong balance is suspended a
second pair of pans by long wires: m, and m, are twe-sphericat-bodies
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of equal mass. When they occupy the same pair of pans, whether the

upper or the lower, the beam will be horizontal, since they are equi-
distant from the earth’s center and therefore equally attracted by the
earth’s gravitation. But suppose that m, is placed in one of the lower
pans and #, in the opposite upper pan, as in Fig. 24. Then m,, being
nearer the earth, wi t : ther
words it will weiFE more, E%d the right-hand side ofthe %?g wil] be

- depressed. THis can be rectified by placing a small additiona
n% containing m;; let its mass be x. When this second
equilibrium has been attained a lead sphere of great mass, M, is placed
close below the pan containing the mass m,. Again, the beam of the
balance will tilt down on the right, for although the lead mass in at-
tracting m, the distance between the two pairs of scales is too great for
it to attract m, appreciably. To bring the scales back into proper balance
a second and even smaller mass, y, must be added to the pan already
containing m, and x.

It is clear, now, that the attraction between M and m, is balancing,
and therefore equal to, that between the carth and y. Applying the law
of gravitation already stated, we may express this in the form:

GMm, GEy
PR = 2
where d=the distance between the centers of M and m,,

= the radius of the earth,
and E=the mass of the earth.

That is
Mm,r®
y d2 ’
in which all quantities are known or can be deduced. The result is

approximately 5,800,000,000,000,000,000,000 tons_(5.8 X 10?* tons) or
nearly six thousand million million million tons.

E=

THE IMAGINARY CASE OF A CLOUD-GIRT EARTH

At this point it may prove enlightening to reconsider briefly our knowl-
edge of the earth’s motions and physical properties from an entirely
hypothetical point of view. Suppose that the earth’s atmosphere, instead
of being reasonably clear and transparent, were composed of dense
cloud-banks similar, let us say, to those that blanket the planet Venus.
Under these circumstances—with all the heavenly bodies permanently
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invisible and the science of astronomy unknown—how much informa-
tion should we then be able to deduce concerning the earth we inhabit?
A glance through the two previous chapters will show that a surprising
amount of knowledge could be arrived at even under these unfavorable
conditions; indeed, the_garth’s-siewsasalar motion would alone remain
undetected.. since it depends on observations outside the earth itself—
stellar observations connected with aberration or with parallactic or
spectral shifts. Of the other terrestrial characteristics which we have
considered, the axial rotation could be proved by Foucault’s pendulu,
or the eastward deviation of falling bodies from the vertical; certain
meteorological phenomena might also hint at it though these could not
furnish a rigid proof. The s Id be

oly’s B explained on pp. 66-7, as well as by other methods not

here described. And finally, a simple calculation based on the results

of the pond experiment (p. 5) would yield the curvature _Q_g the cath’s
surface, and hepce-the-sizsot-shecasth itsclf.

THE HELIOCENTRIC IHYPOTHESIS AND THE STAR SPHERE

If we continue down the list of observations that concluded Chapter 1,
we return to the star sphere. One of our first discoyeries, was that this
sphere appears to rotate bctween two diamctrically opposed pcﬂes, ]ust

opposit ,c,oac’ﬁﬁbther But since then we have discovered “that th
rotates on its axis and that it is otion which causes the
e, e

rotation of the star sphere in the reversg(’i/lr,emon ¢ north and south
celestial poles must therefore be the points on the star sphere where the
produced axis of the earth would cut that sphere. It follows from this,
of course;-that the-celestial poles are directly overhead for observers
situated at the earth’s poles; also that if the earth’s equatorlal plane

Wm%rly pro ced it would i intersect the star sphere at the CCICStlal
gquator. Now since the ecliptic, which is the plane of the ;

produeed-to—the-starsphere, is inclined to the celestial equator at about

2314 °, the earth’s equator must be inclined to the plane of its orbit at a
similar angle. The earth’s axis is therefore not perpendicular to the
plane of its orbit, but is inclined to it at an agle of about 6615 °. All these
relations should be made clear by Fig. 25.

THE MEANING OF THE ZODIAC

On page 16 it was pointed out that the moon always remains within
a belt around the sky sphere which is known as the zodiac. The central
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line of this belt is the trace of the plane containing the earth’sarbit
about the sun and is known as the cchptxc, or in other words M_;?

Exammatlon of the tablc on page 82 will show that the orbi

of the planets, except Pluta_are inclined-to-the-echiptie-by-tess than-9°

Cdl. Fauutor __ _

Cel. Equator

S.C.p.
Figure 25.

(the half widch-of-the-godiee)—Hence it is to be expected that all of the

R

planets bright enough to be seen with the unaided eye should always be
found on the zodiac. It is because of this fact that this celestial highway,
with its twelve ‘houses’ or ‘stations,” played such an important part in
the astronomy of the ancients. Under certain very particular conditions
Venus may be observed from the earth very slightly outside of the
zodiac, but this overstepping of the boundary is too slight to be observed
without precision instruments. Pluto, a number of the asteroids, and a
number of comets are frequently to be found outside of this belt.



lll. Spanning the Solar System

The knowledge at which we have so far arrived has been obtained
solely with the aid of the human eye, and without recourse to telescopes,
spectroscopes, or other instruments. It is true that at several points
during the development of the argument appeal has been made to tele-
scopic evidence—the phases of Mercury and Venus, for instance, and
the aberrational displacement of the stars—but such appeals were no
more than short cuts to conclusions that could be reached without them.
For Copernicus conceived his first intimations that the sun and not the
earth is the ruler of the solar system before the invention of the tele-
scope; and Kepler, although the telescope was actually being used for
astronomical purposes by Galileo and others before he had formulated
his three laws, worked throughout on Tycho Brahe’s observations
which were made with the naked eye.

INTRODUCTION OF THE TELESCOPE

From now onward the naked eye must be assisted by a variety of
instruments if the growth of our astronomical knowledge is to con-
tinue. At first, the telescope will only be required as a precision in-
strument—that is, as a means to the more accurate estimation of the
positions of bodies than could be possible with the naked eye alone.
The optics of the instrument need not detain us here, for even the
most skeptical man of common sense will admit (i) that.a telescope
magnifies, and (i1), ghat if we see a thi ith the aj
L . IR — . ouch it
may.be invisible o thesaked-eye~te may not have realized, however,
that the funcrinn af the TP]PcrnnP le tizabad IILM‘?W
ifieg: it increases the apparent separation of all points within its

field. In thc second, it increascsthe-appassni-beishinen-ot-amobserved

object—at any ratc withinlimitss Thus not only do stars appear to be
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brighter in the telescope than without it, but stars which are otherwise
too faint to be seen at all are rendered visible.

ASTRONOMICAL DISTANCES: PRELIMINARY

One of the most important aspects of the astronomer’s work consists
of the determination of the distances of remote bodies. In this work he
is fortunate in having a number of independent methods at his dis-
posal, and, in theory at least, the discovery of the distances of most
celestial objects is comparatively simple. The practical difficulties, on
the other hand, are usually great, and except in the case of the nearer
bodies such as sun, moon, and planets, the margin of inaccuracy is
always undesirably wide; furthermore, the more distant an oblect-isy
the wides-dessthis margin of uncertainty become.* The task of measur-
ing the distance of an object 1000 units away is more than twice as
formidable as measuring that of an object 500 units away. Not only the
practical difficulties but also the effects of instrumental, personal, and
systematic errors are increased out of proportion to the increase in
distance. Whereas an accuracy of about 0.02 per cent may be expected
in the distance of the sun, we cannot hope for better than 20 per cent
accuracy in the distance of the remotest members of our stellar system.
Expressed in linear units these expectations would represent about
18,000 miles in the case of the sun, but up to as great as perhaps
1,000,000,000,000,000,000 miles (10'*) for the remote objects.

There is a further source of inaccuracy which inevitably blurs the
clarity of our distance determinations of the more remote celestial
bodies, and which may even, without our suspecting it, entirely
invalidate them. The basis of all these measurements is the simple
trigonometrical method used by surveyors and map-makers. But this
can only give a worthwhile degree of accuracy when confined to the
nearer stars; for more remote objects, indirect methods must be used.
These, though admittedly based upon the results of the fundamental
trigonometrical method, nevertheless involve new assumptions, new
sources of potential inaccuracy, and the use of analogies whose validity
is less certain than it might be. At each successive extrapolation the
chances of accurate results are diminished. Thus not only the mechanics

*This statement, and much of the discussion that immediately follows, is not
correct for measurement of distance by radar techniques. All that can be said about
this at the present time is that radar contact has been made with the moon, and
that radar specialists believe that further development of their instruments and
methods will yield values of distances within the solar system of an accuracy far
greater than anything that we have at present.
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of the problem, but also its principles become less accurate the farther
we reach out into space. Even the basic method, from which all others
are ultimately derived, is not without its tacit assumptions. It has to
assume, for instance, that light travels in straight lines—the so-called
rectilinear propagation of light. It is only with this proviso that the
trigonometrical operations are valid. And although it is within limits a
safe assumption to make (and the results of its use likely to be ac-
curate), scientists have nevertheless grown less dogmatic and sure of
the infallibility of their fundamental assumptions than were their
fathers in the hey-day of cocksure Victorian research, when the universe
appeared to be unfolding itself as a structure built upon the principles
of the naive mechanical materialism then in vogue.

For all these reasons the astronomer counts himself fortunate when
he has independent methods of unlocking the secret of astronomical
distances. When the results obtained by two or more methods are in
close agreement he may feel confident that the average value is, in all
probability, approximately correct. For although one method may give
an erroneous value, it is stretching probability too far to suggest that a
second and a third method—quite unconnected but also erroneous—
should give practically identical wrong answers.

The purpose of these cautionary remarks is to dispel at the outset
any misapprehensions the reader may have nourished as the result of
casual readings in ‘popular’ scientific periodicals or even in popularized
approaches to astronomy written by professional astronomers. Wg have
a less_exact knowledge of the scale of the universe, of the distribution
of the stars and globular clusters, of the dimensions of our galaxy, and
of the distances and real spatial distribution of the mysterious spiral
nebulae, thag the reader of this type of literature(wish—ite—inevitable
simplifications and avaidance of cansrant gualifications) might be led
to eeretrde- Or rgthcr, there is g maggin of yncertaint ociated wj
all sych statements of whose xyidt jstence e jasufs

ic APALE e greater the distance under discussion, the more
Tmportant is it to bear this in mind if a reliable picture of our present

kngsledge is to be acqu1r§d. 4}
T@NOMETRICAL PARALLAX _J *
When a surveyor wishes to determine the distance of a not readily

accessible object such as a mountain peak, he does not pace out or
measure with a chain the intervening space between the peak and his

place of observation. Instewwmmith
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the greatest accuracy (a few millimeters in 10 miles is possible), and
then notes the direction of the peak from each end of it; that is, he
measures the base angles of a triangle whose sides are the known
baseline and the lines joining its extremities and the peak (Fig. 26).
Assuming that the light reflected from the peak into the lens of his
theodolite is traveling in undeviating straight lines, and that there-
fore his measurements of the base angles are correct to the limit im-
posed by the instrument itself, these data permit him to calculate the

Distant
Peak

Figure 26.

required distance trigonometrically. Ihi‘gffgt__l_l}_ili_tx_of..thi&mﬂhﬂd

lies in the fact that it enables the sufveyor to determine the distance
of a point without going there, It can be seen from the figure that the
greater the distance, the smaller becomes the angle subtended by the
baseline at the object. This is the reason for the exaggeration of sys-
tematic errors at great distances. Let us suppose, for example, that an
instrumental defect such as backlash in the telescope bearing introduced
a systematic error of 1°. If the subtended angle were 10° this error
would amount to less than 0.2 per cent. But if the peak were so distant
that the subtended angle were reduced to % °, then the error would be
1 in 30, or 3.3 per cent. We can also discern here the reason why
trigonometrical parallax cannot be employed on objects whose distance
is greater than a certain limiting value..For with any given baseline a
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limit will eventually be reached at which the angular differences
recorded at its two ends are so small as to be swamped by the estimated
error, or else are too small for instrumental measurement; in the latter
case the lines AB and AC may for all practical purposes be regarded
as parallel. The only ways of escape from this difficulty are to increase
the length of the baseline, or else to construct a series of triangles from
the original baseline towards the peak via a number of intermediate
points. Unfortunately the latter course is not open to the astronomer
(since he cannot transport himself and his instruments out into space),
and the former cannot be followed beyond a certain point.

THE DISTANCE OF THE MOON

These difficulties do not arise, however, in the case of a body as near
to the terrestrial observer as the moon, where the direct trigonometrical
method based upon parallactic observations from two stations separated
by an accurately determined distance, gives results correct to within
0.0005 per cent. Figure 27 represents the earth and the moon. M is the

M

Figure 27.

moon, WXY the earth with its center at O, and X and Y two points
on its surface on or near the same meridian of longitude, and widely
separated from one another. Since OZ” and OZ” are perpendicular to
the horizon at X and Y respectively, Z* and Z”” must be the zeniths at
these two stations. Hence the angles Z’XM and Z”YM are the zenith
distances of the moon as observed from X and Y. These distances are
measured simultaneously, and with the greatest degree of accuracy
possible, at the two observatories. From these data the angles OXM
and OYM can be derived, for

OXM=180°—Z'XM
and OYM=180°—Z"YM
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Since the lengths of OX and OY are known (they are the earth’s radii
at the two observatories), the quadrilateral MXOY can be solved
trigonometrically. Hence the distance OM—that separating the moon
and the earth’s center—can be deduced.

It is found in this way that the mean distance of the moon is 238,86
miles, the variation on either side of this mean value amounting to
some 15,000 miles.

THE FORM OF THE MOON’S ORBIT

In Chapter 11 we learn it to be an inescapable fact that the moon revolves
about the earth. We now know its mean distance. But since the orbit is
elliptical and. not cisculesitedistanceuill steadilvacy and can be
determined at any given moment either by simultaneous parallactic
observations, or else by constructing a ‘spider” and thus determining
the actual form of the orbit. This simple graphical method involves
(1) theaccurate determination of the distance that the moon has traveled

acrass-he-star-sphrere-fromagivei-stasting-paiatan-alarge number of
accasions-throughout the month, (ii) the accurate measurement of its
apparent-diameter on cach-efthesewccasions Hrom a point E (Fig. 28),
representing the earth, lay off a line EM, to represent the direction of
the moon at the time of the first observation. If at the subsequent three
observations it has traveled 2°, 5°, and 8° from the starting point, lay
off EM,, EM,, EM, such that £ M,EM ,=2°, £ M,EM,=5°,
ZM,EM,=8°; and so on through the entire lunation. These ‘spider’s
legs’ then represent the direction of the moon from the earth on suc-
cessive occasions; and on each of these its apparent diameter was
measured. Now since the moon’s apparent diameter is inversely pro-
portional to its distance—the nearer we are to an object, the larger it
appears—our table of angular diameters tells us the relative distance
of the moon when in positions M, M,, M, . . . If, then, on each leg of
the spider we lay off a length inversely proportional to the moon’s
angular diameter at the corresponding time of observation, and then
join all these points by a smooth curve, we have drawn the true form
of the lunar orbit. And since, finally, we already know the linear length
of one of the legs (the moon’s mean distance, 239,000 miles) we can
easily calculate the linear lengths of all the others.

In this way it is established that the moon’s orbit is.a neacly.cizaular
ellipsesand that, as we have been led to expect, the earth lies at one
focus while the radius vector describes equal areas in equal times; the
mean orbital velocity being rather less than 2300 m.p.h.
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THELUNAR ORBIT AND THE ECLIPTIC

If the moon’s path among the stars is plotted on a star map“it 1s dis
covered that this geocentric path is inclined to that of the sun in the same
way that the latter is inclined to the celestial equator (Fig. 7). In othe:
words, thd plane o . se-s-inclined ro the ecliptic (or the
plane of theearth’s heliocentric.ardit), intersecting it at diametrically
opposite points To discover the degree of this
inclination we have only to measure the maximum angular distance of
the moon from the ecliptic, for clearly 0 in Fig. 7 (the angle in question)
is that bounded by the two orbital planes. The inclination is about 5°

Figure 28.

SUMMARY

Thus by progressive stages we have learned the following facts about
the position and motions of the
It_gravelsin a pearl
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Its mean distance from thc earth 1L3g,ooo mla and its mean
orbital velocity som

Its orbit is inclined to_that of the carth about the supn at an angle
of approximately 5°.

RELATIVE SOLAR DISTANCES

This is the first step toward constructing in imagination a scale model of
the solar system. Much of the effort preliminary to taking the second
step—that of establishing the spacial relationship of the sun to each of
the planets—has already been made. In the previous chapter we saw
how Kepler first used a geometrical method for determining the relative
solar distances of the planets, and thence deduced his much more valuable
period-distance relationship.  Direct observation gives the synodic
period of each planet; the application of the

r_r,1

PTETS
relationship (see page 59) gives its sidercal period. With the sidereal
period known, Kepler’s harmonic law gives the heliocentric distance in
terms of the earth’s distance. The relative distances of all of the planets
from the sun are thus obtained, but until oze linear distance is measured
our picturc of the solar system must remain a perfectly proportioned
map lacking a scale of distance. The sun is the most obvious celestial
body and we might as well begin with it: for when we have determined
its distance from the earth we shall have the one linear heliocentric
distance we require.

THE SUN’S DISTANCE FROM PLANETARY DISTANCES

1 he( can distance of the earth from the qunlm one af the mast Jmportant
values in astronomy and js known as g astronomlcal unit. This quan-
tity cannot be determined with any accuracy by direct trigonometric
methods, since the sun, unlike the moop, is too distant for a haselinec
the earth to yield a satisfactory parallax.

Even though the distance of the sun 1s too great to permit of satis-
factory determination by direct parallax methods, some of the planets
ire not. For example, at the time of a favorable opposition (see page
198) of Mars, the distance of the planet from the earth is less than 0.4
that of the sun from the earth. An accurately measurable parallactic
lisplacement from widely separated points is yiclded for this smaller
{istance, and the linear distance from the earth to Mars can be deter-
nined. From this distance the linear distance from the earth to the sun
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can be computed. For purposes of illustration let us consider the case
of Mars, or any other planet for that matter, assuming, for simplification,
that both Mars and the earth are revolving about the earth in circular
orbits with radii R and p, respectively. Let usassume further that Mars
is in opposition and at the node of its orbit so that the sun, earth, and
Mars are on a straight line. If 4 is the distance from the cacth i Marsas
determined by parallactic methods, we have R — p = d. Now from
Kepler’s harmonic law we have

R* P
ST
which may be solved for
P’
R=p } o

in which P and E are the sidereal periods of Mars and the earth respec-
tively. The substitution of this value of R in the equation R — p = d
will yield a value for p, the radius of the earth’s orbit. In actual practice
none of the assumptions can be made and the computation of the dis-
tance of the earth from the sun is a complicated problem.

Some of t : page 205) may come even closer to the
earth at favorable opposition than does Mars. Eggs, for example, may
come within 0.15 astronomical units from the earth. This smaller dis-
tance, coupled with the fact that the asteriod has a small star-like image
as contrasted to the disk of Mars, permits of much more accurate
measurement of the parallactic displacement. Another method, invclv-
ing the parallactic observation of a transit of Venus across the disk
of the sun, gives somewhat less accurate results, though it provides a
valuable confirmation of those based on the observations of Mars and
Eros.

In 1931 a favorable oppasition of Fros occurred and observations were
made at a large number of observatories scattered over the earth. All of
the observational material was forwarded to H. Spencer Jones, Astro-
nomer Royal of England, and in 1944 the result from the 1931 observa-
tions, combined with all available results from previous observations,
was published. This most recent value of the astronomical unit is
03,00 tatute Miles with an uncertainty of about gooo miles.

Astronomers frequently use for the astronomical unit not the value
of the distance in miles, but instead the angle that would be subtended
by the mean radius of the earth from a distance of one astronomical
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unit. This angle is known as the solar parallax and, on the basis of the
above-mentioned value of the astronomical unit, is 8”.790 with an
uncertainty, according to Jones, of the apparent angular width of a
human hair at a distance of 10 miles.

THE SUN’S DISTANCE FROM THE ABERRATION OF LIGHT

B

An entircly independent method employs the phenomenon of the aberra-
tion of light. We have scen (page 39) that |

[
tan a=z_ orv=ctan «

where v_js the carth’svelocity, cis the velocity of light, and « is the
obscrved displaccment of a stellar image situated at right angles to the

direction of the observer’s motion. .
-
! "

S N

Figure 29

The story of Romer’s discovery of tfie finite velocity of light from
observations of the satellites of Jupitdr will be told in Chapter vir
‘Two experiments devised nearly a centfiry ago by the French physicists
Fizeau and Foucault determined this|velocity with a high degree of

recision ;

g) a source emitting a narrow beam of light;(M) is_a lightly silvered
Thirror which. while reflecting the beam from S toward M,, a second
mirror, yet allows the returning heam to p H

séi‘?er’s eye at 0. A is a toothed wheel of known circumference which
can be rotated at known velocities; its position is adjusted so that its
teeth just intercept the beam between M, and M,. When the wheel is
rotated a series of ightflashes will be tra-:smitted toward M.. At high
speeds rthese will appear_to coalesce and form a continuous bem
the same reason (t ] 1siQn) that the ra ssion_of
statiGOary 1mages on a moving-picture screen gives rise to the illusion

of smwl;rg_lf the speed of the wheel is steadily increased; 2

certain stage will be reached at which each of the teeth has moved half
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the distance separating it from its companion during the time required
for the light to travel from A to M. and back to 4. Hence on reach-
ing A each flash will encounter not the gap between teeth which it
originally passed through, but one of the teeth themselves. All the re-
turning light will be blocked by the cog tceth and it will gppear to the

culation of thec¥elocity o gl c...tﬁe ﬁrst three data will give thc length
of the interval required for the teeth to move round through half the
distanceseparating thesas-and-thtsethe fjime required for the beam to
travel twice the known distance AMZ. Carried out under the most
stringent experimental conditions, the modern modification of this
method yields 299,776 km. per second (186,272 m.p.s.), which is the
accepted yalug-of the velocity of light.

A long series of observations for the value of the angle a, the so-called
constant of aberration, yields a value of 20”.5. Hence in the equation
v = ¢ tan a we have only one unknown since ¢ = 299,800 km./scc. and
tan 20”.5 = 0.0000994. Substitution of these numerical values gives
v = 29.8 km./sec. or 18.5 mi./sec. for the speed of the earth in its orbit
about the sun. If we now assume that this orbit is a circle we can find
its circumference since there are 31,560,000 seconds in a year and the
earth moves 18.5 miles in each one of them. Hence the radius of this
circle, the mean distance of the earth from the sun

_ 18.5X31,560,000

21T

=02,900,000 miles,

a value which is in reasonable agreement with the result of the paral-
lactic methods.

OTHER METHODS OF DETERMINING THE SUN’S DISTANCE

Other means of deriving the solar distance that should be mentioned,
though they do not call for detailed descriptions, involve (i)_an_inde-

pendent spectroscopic method of determining the earth’s arbiral velocity

which Cmplov< the so-called Deppler-prmciple,* (ii) thestudy of the

’

pertu itati ions of Venus
and-Eros, (111) a somcw}mt similar crnrhz of the 1nPan]1rv a.the lunar

motion, All these methods permit the determination of the earth’s
mean solar distance with an inaccuracy not in excess of about 0.013 per

*Qee nace TH7.
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cent, or 12,000 miles in 93,000,000. Since the orbit is not strictly circular
the actual distance varies from midsummer to midwinter by rather
more than a million miles on either side of the mean value.

THE MASS OF THE SUN

Because the mass of the sun is a quantity that we shall require later
for the determination of certain stellar distances, it will be convenient
at this point to see how Newton’s work made its derivation possible.
Since the force exerted upon one body by a second is proportional to
their masses and inversely proportional to the square of their separation,
it follows that the relative attractions exerted by the sun (f) and the
earth (g) upon a body of unit mass situated at the earth’s surface
are given by

where M =—mass of sun,
m=—mass of earth,
R—=distance of sun,
r=—radius of earth.

Of the quantities in this equation,

M is the unknown,

r we have already discovered (Chapter 1),

m we have already discovered (Chapter 1),

R we have already discovered (Chapter 1),

g, the force of gravity at the earth’s surface, can be found from
experiments with pendulums, and by a variety of other means,

f is easily calculated from Newton’s laws once the earth’s orbital
velocity is known (Chapter ).

The value obtained for M by this and other methods is approximately
332,000 times that of the earth.

THE ORBITS OF THE PLANETS

Just as in the case of the moon, we may determine the inclination of
each planet’s orbit to that of the earth, thus completing our three-
dimensional scale model of the solar system, some data of which are
given in the following table.
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Synodic Studereal Mean dis- | Mean dis- | Mean orb- | Inclination
Planet period in period in | tance from | tance from | ital speed of orbit
days years sun sun (million | (mifsec.) | to echptic
(earth=1) miles)
Mercury 116 0 241 0.387 36 0 29 5 7" 00
Venus 584 0.615 0 %723 67.3 21.9 3° 24
Earth R 1.000 1.000 93.0 8.5 | .....
Mars 780 1.881 1.524 141.7 15.0 1° 51’
Jupiter 399 11.862 5.203 483.9 8.1 1° 18
Saturn 378 29.458 9.539 887.2 6.0 2° 29’
Uranus 370 84 o15 19.191 1784.8 4.2 0° 46
Neptune 367 164 788 30 071 2796 7 3.4 1° 406
Pluto 366.7 248 430 39.518 3675.3 2.9 17° o9’
How Observa- 1_141 | Kepler's One linear | Mean dis- | Observa-
derived tion P E s | harmonic | determina- | tance and | tion.
law tion. period.

THE SCALE OF THE SOLAR SYSTEM

If the information contained in the fifth column is expressed in a dif-
ferent form it may convey a more concrete impression of the im-
mense size of even our parochial corner of space. Light, traveling with
a velocity of 186,000 m.p.s., covers a distance equal to nearly eight
round-the-world trips every second. To travel from the moon to the
earth it requires rather more than 1Y% seconds; and from the sun to
the earth, about 814 minutes. If the sun suddenly ‘went out, we on
earth would _continue to bask in its rays for-a-further—8b4-minutes.
The corresponding times for the other planets are given helow:

Mercury . . . . . . 3 mins.
Venus . . . . . . 6 mins.
Earth . . . . . . 8 mins.
Mars . . . . . . 13 mins.
Jupiter . . . . . . 43 mins.
Saturn . . . . . 1 h. 20 mins.
Uranus . . . . . 2 h. 40 mins.
Neptune . . . . . 4 h. 10 mins.

Pluto . . . . . 5h. 30 mins.



IV. Outside the Solar System

If the reader looks at this page, while rapidly opening and closing
alternate eyes, it will appear to him to jerk from side to side against
the more distant background, whatever that may be. This simple ex-

rallactc upon the fact that the rcader is using
two_viewpaints.shich are about two. .inches ‘apart.So small a baseline
gives a noticeable shift only for near objects. To produce a parallagic
displacement .in.more. distant . abjects,-some bodily movement .is. re.
quired, while the two.viewpoints.of a body as distant as the moon must
be separated by .a.thousand miles or more..A baseline of this magnitude
also gives reasonable displacements for the nearer planets, such as Mars
and Eros, but when the stars are studied with a view to determining
their distances it is found that their relative positions as seen from the
two stations on the earth’s surface are indistinguishable, no matter what
instrumental refinements are employed.

Clearly, then, the limit that is necessarily associated with every base-
line is reached at distances short of even the nearest stars; we have
successfully solved the problem of distances within our own local
planetary system, but it now appears that the immensely more distant
and numerous agglomeration of stars is going to offer even more
difficult problems for the astronomer. If the scientific advance is not
to be stemmed, astronomers must forge new tools capable of penetrat-
ing beyond the limits of our solar system; and then, if necessary, devise
new methods for carrying the research out into the remotest depths
of space.

HELIOCENTRIC PARALLAX

The tool that was finally used to get outside the solar system had been
talked about for centuries before Bessel first used it with successi it ir
the simple fact_that the earth-is-pet-stationasy—in—space, but revolves

83
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about the sun, Over two millenniums ago, Aristotle had derided the

conception of a moving earth, quite reasonably pointing out that such
motion of the terrestrial viewpoint would cause apparent displace-
ments among the constellatlons as between the nearer and the more
distant stars. Sin ] T ments of
this nature, he argued that the earth must be stationary. The alternatlve
SXplanation of this lack of visible parallactic displaccment, an alternative
which Aristotle rejected, was that.possibly the stars are so distant thar
the displacements, though they exist, are too small to-be perceptible to
the naked eye. It was this alternative that Bessel showed to be the
Zotrect. one, thus driving another and by now quite superfluous nail
into the coffin wherein are interred the remains of the geocentric
hypothesis.

Since the earth makes one complete circuit of the sun in one year,
it must occupy diametrically opposite positions in its approximately
circular orbit at six-monthly intervals. And since the radius of this
orbit is 93 million miles, the terrestrial observer’s position in space alters

Tomyiles between, say, 1 January and 1 July. It is this longer
showed to be capable of yielding perceptible shifts in
€ nearer stars; but this achievement involved the use of
instruments such as neither Aristotle nor Kepler had dreamed of. When
the potentialities of this baseline are exhausted, the terrestrial astronomer
has come to the end of his resources so far as the determination of
stellar distance by means of trigonometrical parallax is concerned: in
order to be able to use this method for the measurement of the distances
of stars lying beyond the reach of the 186-million-mile baseline provided
by the earth’s orbit, he would have to transport himself to one of the
outer planets—for there astronomers, if they existed, would have the
advantage of still greater orbital diameters. Fortunately, however, once
we get outside the solar system by direct parallactic methods, other and
more powerful methods are at hand to carry us still farther and to
assure us that astronomical investigation will utilize the first,steps
taken by Bessel to continue on a long journey out through space. {These
methods will be described in detail later on in this chapter; for the
present, let us inquire more closely into the trigonometric method
of determining stellar parallax, or the distance of a star.

TRIGONOMETRICAL PARALLAX

Figure 30 represents (i) X, a sheet of glass upon which a circle has
been engraved with a diamond, (ii) a small ball, Y, conveniently
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mounted, and (iii) Z, a screen. If an observer places his eye behind 4
and looks at the ball, its position as projected against the screen will
be a; as the observer moves his eye around the circle toward B, the
position of the ball against the screen will change to &; when the
observer is looking from C, the apparent position of the ball will be
¢; and from D, at d. T | has traced out upon the screen an
exset—rephica—af_the circle ABCD, The size of this circle, abed, will

4

b d
c
b d
a
Y, / z
Il 4 Ty
s
ey AAY,
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Y, ] '
~
— X P \
I B red
Figure 30.

depend upon the distance of ¥ from X—the greater it s the smaller
will he the circle, It is further to be noted that the apparent path of
Y is only circular (as is the path of the observer’s eye) when the

line from Y to the center of the circle ABCD is perpendicular to the
sheet of glass in which this circle lies. If the ball were moved to some
position such ag i ot 5

agaipst the screen (which can now be considered as the ceiling) will
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be—a—straight line, as the observer’s eye travels around the circle
ABCDA, the path of Y, will be from a to 4, back through ¢=a to 4,
an equal distance beyond ¢=a, and finally back to 4. Balls situated in
positions intermediate between the projected plane ABCD and the
perpendicular to it will describe ellipses whose eccentricity varies with
their position. Finally, it is to be noted that the ball revolves with
reference to its background in the same direction as the observer’s eye,
but 180° in advance of it.

So much by way of introduction. If we now rename ABCD the
earth’s orbit, Y a relatively near star, and Z the background of more
distant stars, we have a replica of th mechanism_of stellar dlstggce

the earth’s orbital motiop. Suppose a certain star is observed to shift
against thc'l)acl\ground of stars (which, since most of these are many
times more remote, do not themselves shift appreciably) by a distance
of 1”7 in the course of six months. We then have sSs”—=ASB=—=1"
Therefore at the star’s distance (OS) the radius of the earth’s orbit
(AO0) subtends an angle (ASO or BSO) of 0”.5. By trigonometry,

pp————

-
93,000, ooo

O0S=

tan o5

Or. writing D for the distance of the star (OS), \\
R for the radius of the earth’s orbit (?j);

p for the star’s measured parallax (4SO

Owing to the enormous distances..of .even the nearest stars, their

ml wgarallactic _displacements_are excessively minute: M
bigger than a.twenty-five_ceng piece vxemed.irom,a istance.

ﬁy}f‘g‘ur mlles This accounts both for the flaw in Aristotle’s argu-
ment, and also for the fact that the displacements were not detected
for over two hundred years after the invention of the telescope. It was
not, indeed, until 1838 that Bessel detected and measured the first angual
stellar parallax, that of the star known as 03 Cygni. He and subsequent

workers proved observationally what we have already seen from our

model, namely that (i) the annual parallax described by a star at the

*The definition of the annual heliocentric parallax of a star is: the angle sub-
tended at it by the semidiameter of the earth’s orbit. This is clearly half the total

annual displacement.
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p_wt;._,gi the ecliptic is a small circlg, (ii) a star qmmred on the ec]mn(

planc of the ecliptic. (iii) WWW
WMWW

versely. propar-
tional to _their n_ngnlar distance from. the cdipnc~ ltSﬁlf These con-

figurations may be imitated by viewing a penny edge on, when it
appears as a straight line, and then by turning it gradually over so that
its visible shape becomes, first, a very flattened ellipse, and subsequently
a less and less eccentric ellipse, until finally, when viewed at right
angles, it is circular. Observation has also shown (iv)_that the parallactic
otbits are described in the same direction as the.carth’s motion around
the sun, bur 180° ahead of the.gazth This fact helps us to distinguish
between parallactic and aberrational displacements, for it will be re-
membered that the latter involve a difference in position of go°.
Another factor that has to be eliminated from the total observed

displacement of a star is_the compeneataf jts real spacc motion. i

right ; t: this may be of
negligible proportions, but it must nevertheless be considered. The
modern method of detecting and measuring parallaxes is photo-
graphic, and was initiated by Schlesinger in 1903. Previously to that
date the measurements had been made visually at the telescope, a
laborious method which had yielded about sixty stellar parallaxes.
Schlesinger’s method, now universally adopted, is both quicker and
more accurate, and also permits the measurement of parallaxes toc
small for detection by the older methods. Today_some 5000 trigo-
nwua&g_hﬁ”qbggn easured Thc procedure is as Tollows:
At an interval
the star whose parallax it is required to determine, exceptional practical
prggg_t_l_tlgm_bggg_gbxxyﬂd.The relative positions of the star and the

‘background’ comparison stars are then measured on the two phorn-
graphs with the greatest degmof a@cumc.ympqssj.blg The movemeng,
b, d

comepaunded. of parallactic dlsglacemcgt and actual prgper,motion
Consequently, a third photograph is taken after a further interval ol
six months. The parallactic dlsplaccmcnt will once again be zero,
while any displacement due to the star’s motion will have been doubled.
In this way the two may be disentangled: it may be necessary to take
up to rwenty phatographs, covering. a period of ten years, before safis
faction can be obtained that the effect of the star’s motion has hees
climinated.
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The moment we come to mention the results of these investigations
we encounter what can only be called ‘astronomical’ pumbess:.that.is

WW@MMWn&
0 the realm.of astzonesam At this point, therefore, it will be advisable

to digress long enough to explain two notations which have been
devised for dealing (i) with very large numbers, and (ii) with very
great distances.

THE INDEX NOTATLOM

The function of the first i is to express unmggagca.bly,,lmmmbm in
When a number is multiplied by

itself it is said to be ‘s,qg_amdi and is wr1tten W1th a small 2 above and

,,,,,

the index 2 is replaced by a 3. Thus:

10X 10=10°= 100
10X 10X 10=10°= 1,000
Similarly 10'= 10,000

10°= 100,000
10°=1,000,000

In fact, the index tells us how many ciphers follow the initial unit.

But this notation is not limited to the expression of exact powers of
10. Intermediate numbers can be expressed with equal facility, and
nearly as concisely. Consider the number 15,000.

10,000=10X 10°
20,000=20 X 10°
Therefore 15,000==15 X 10°

By convention, however, the factor not containing the index always
lies between 1 and 10. Thus we divide the 15 by 10, making it 1.5,
and, in order not to alter the value of the whole expression, multiply

the other factor by 1o, making it 10*. Thus 15,000 can be rewritten

1.5X10%,

The rule to remember when expanding the contracted notation into
the longhand form is: move the decimal point to the right a number
of places that is indicated by the index. In our example the index is 4;
hence the value of the expression is

15,000.0
Similarly, 1.5X10°=1,500,000; 7.542X10°=7,542,000,000, and so on.
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The very great convenience of this device will be brought home by
the fact that instead of having to write, for example, a 1 followed by
enough ciphers to cross the entire page from margin to margin, we
may simply write 10%.

ASTRONO OF DISTANCE

The second notation is one of distance. When the distances of the first
stars were measured it was found that they were so staggering as to
render their expression in any unit as small as the mile prohibitively

laborious; even the ‘astoncmical uadt’ (the sacth’s pean dispce4tom
the §u9§ or 93 m(illjon ilgs) is in little better case. A very much larger
unit had to be discovered, and for all scientific urposes thll‘parsec’fis
now used. This may be defined afthe distance at

7T houghramextrermety Tonvenient unit
“to work in, the parsec is not particularly revealing of the actual distance
involved: one may form a clear mental picture of how long a mile is,
and even some sort of idea of the astronomical unit, but the parsec is
singularly reticent in this respect. For popular works, intended rather
for the general public than for fellow astronomers, the Jight.ygar’ is
accordingly more commonly used. We have already learned something
of the velocity of light, that it takes 8%4 minutes to travel from the sun
to the earth, and a further 5% hours before it reaches the orbit of Pluto.
We may therefore say that the distance from the sun to the earth is
814 light minutes, and fyom the sun to Pluto, 5 light hours. In the
same way, L light ycarfis the distance covered by light in_onc ycas
traveling at an invariable velocity f 186,000 m.p.s. It is as many times
greater than the earth’s distance from the sun as 1 year is greater than
8 minutes; a quick calculation will prove that it is therefore about 63,300
astronomical units. This fact provides a further way of giving some
reality to the conception of a light year, for there are 63,360 inches in
one mile. So we can say that there are as many astronomical units in a
light year as there are inches in a mile.

A word must now be said of the relation between light years and
observed angular parallax. The distance of a star whose parallax is 1”
is 1 parsec, which is equivalent to 3.26 light years. If the parallax is
0”.1, the distance will be 10 parsecs, if 0”.01, 100 parsecs, and so on.
Hence, putting D for distance, and p for parallax expressed in seconds
of arc,
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1
D=‘;parsccs,

vhence D=——;—§ light years,

DENSITY QE.STARS.IN SPACE

To take an example, the nearest star yet discovered is a faint object
in the southern constellation of the Centaur, to which the name
Proxima Centauri has been given. Its parallax, the largest yet detected,
is only 0”.785 (this is about the angle subtended by a plate, two feet in
diameter, when viewed from a distance of fifty miles).

Therefore D= 3:20
0.785

=4.2 light years.

This is equivalent to about 265,000 astronomical units.

It thus becomes clear not only that enormous distances are involved
when_we come to the stellar system but also that space is exceedingly
empty.” The distance separating the sun from its nearest neighbor is
about ¢Y% light years, while its own diameter is less than 45 light
seconds, or about one thirty-millionth of that distance. So far, 18 stars
have been discovered with distances smaller than 12 light years, though
there are very probably other faint neighbors yet undetected. This figure
gives a density of stars in the region within 12 light years of the sun
of about 1 in every 400 cubic light years!

LIMITATIONS OF TRIGONOMETRICAL PARALLAX

Finally, a word on the accuracy and scope of Schlesinger’s direct
photographic method of measuring stellar parallaxes. The margin of
probable error varies from about 1 per cent for the very nearest stars, to
from 10 to 15 per cent for stars at a distance of about 8o light years.
Thus the distance of a star, measured as 8o light years with modern
astronomical accuracy, would be correctly stated as 808 (eighty plus
or minus eight) light years: the chance is even that it is between 72
and 88 light years, but it is probably nearer to 8o than to either of these
limits. Up to about twice this distance—say to 150 or 200 light years—
tolerable results may be expected, but for still greater distances the
method is practically useless: the potentialities of the longest baseline

available to us have now been exhausted.
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PROPER_AND RADIAL STELLAR MOTIONS.

[t has been known for several centuries that the stars have motions of
cheir own: that their relative positions upon the star sphere do not
appear to alter from year to year, or even from century to century, when
observed with the eye alone is due solely to their very great distances
from the observer: with telescopic aid, the angular motions of a great
number of stars have been detected and measured. Let us imagine that
we are sitting in a captive balloon floating above a field (Fig. 31).
Directly beneath us is a man, A4, at a certain distance from whom is a

et C

A4

Figure 31.

second man, B, who, in the space of time covered by our observations,
walks to another position, C. It is clear that B has moved across A’s
field of vision by the distance BC’, and has at the same time moved
dlrect]y away from A by the amount C’C. Bs space motion from B

C may thercfore be resolved into fwo mutua]ly Berpcndlculamm_
nnnents, BC and C’C one of ‘which lies in the observer’ s line of sight
amed-she other at right angles to it. Supposing that for any reason the
observer at 4 were unaBlc%o estimate B's true space motion, BC, he
could nevertheless calculate this distance if he were able to determine
BC’ and C’C.

If we call A a terrestrial observer and B a star whose space motion
in a given unit of time is BC, then
star_sphege, and_C’C is.its. i
matioq, The former can be measured directly in angular units;—the
angle BAC’, and is referred to as the \proper motion of the star. The
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latter can be deduced from a study of the star’s spectrum, as will be
explained in detail in Chapter v M motion,.as.determined by the
spectrum, is glven directly. in, linear units of speed ie, in kilometers or
miles per second. To convert proEgr motion,. frgma.ngula: to -linear
units rg_qmms,aknn»dcdgc ol the d f the

An idea of the minuteness of proper motions may be gained when
it is learned that the largest proper motion yet detected is that of a faint
star (invisible to the naked eye) discovered by Barnard, the annual
angular motion of which amounts to 10”.25—roughly 0.02 of the
angular diameter of the moon. Among the brighter stars, Arcturus has
one of the largest proper motions, having moved across the star sphere
a distance equal to twice the apparent diameter of the moon since the
time of Ptolemy.

THE POSSIBILITY OF A GREATER BASELINE

Singg_the. .stars .ate -in-sandom- motion selative to the.sun, the sun.is
dlearly. moving—in-a-certain-directon and-with a-certain-speed-=relatine
to_them. If such motion could be accurately defined, we should have
a new and more extensive baseline upon which to base parallactic in-
vestigations. For no matter how long we wait, the earth’s orbital motion
cannot carry us more_thap. 18.million. mies (the diameter of the
terg;mkesb&}««ﬁsemwwm “This.-is. the limifation
imposed. by.the-fact that-the earth moves Tepetitively. in.a closed orbit.
But if it couldwhc,fsublnhad,lhﬁhghe sun is proceedmg ina direct
course with a_velocity of x m.p.s. foward a_certain point.op. the star
sphere, the.tessesisial obscrver's-spasiel-displacement due to this motion
woutd-frrerease steadily with the passage-af.sige. If the sun’s displace-
ment after one year were insufficient to reveal a parallactic shift for a
distant star, it would only be necessary to wait another year (when
the shift would be doubled), or a third (when it would be trebled);
this could be of course be carried on indefinitely until the observer’s
displacement were great enough to cause a measurable shift in the star’s
position. Theoretically there should be no limit to the scope of this
method, owing to its indefinitely extensible baseline. One drawback
we shall consider in a moment, but first the problem of the sun’s motion
must be briefly touched upon.

THE SUN’S MOTION

The reader will probably have noticed, while driving at night down a
long, straight road on either side of which is a row of street lamps, an
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‘opening out’ effect among the lamps ahead of him; and the reverse
effect. that the two rows of lamps are converging upon one another,
when he looks out of the rear window. At the same time, the whole
panorama of lamps is slipping backward away from the apex of his
motion and toward the direction from which he came (the antapex of

hlS motion). TIW&WWC I—h/

problem is compllcated without being essenually altered by the fact
that the stars have peculiar motions of their own—it is as though the
street lamps were not fixed in the pavemcnts, but were wandering
erratically about. In order to detect the ‘opening out’ of thgse stars
sltuated in_the direction of the sun’s motion, and the clos;ng in’ of
_;h;o.ppoﬂmduseaeaﬁhew-epaee motions must. fizst be deter-
icrametrically and. _spectroscopically/ and these. effects elim-
inated. from. cansider 4 a sufficiently large number of stars is used
as the basis of the investigation, individual anomalies will tend to cancel
one another out (since the motions are random), and it is possible to
arrive at a sufficiently accurate result dependent solely upon the sun’s
motion.

Herschel, in 1783, was the first astronomer to achieve this, and his
first approximate result has been abundantly confirmed and refined
by subsequent workers, notably by Boss, Wilson, Campbell, and
Moore. The most accurate determination yet made is that of the latter
two workers: the. sun.is.amaving taward.a point on the star sphere ot

thg gdg&aﬁ;hamnsﬁdlammﬂ:mﬂmmm.thc
ar. Veegapsuisha velocity of 123 mp.s.. relative to_th
w\ged as ‘street Jampss

STATISTICAL PARALLAX

2,149 stark

In a single vear, therefore, the.sun’s. maotion

a0_apount Lwiee ﬂnwmmaﬁmﬁanhk_mbﬁ.lf, now,
the stars were stationary with respect to one another (the truly ‘fixed’
stars of the ancients) the observed proper motion of any star would be
due solely to the sun’s motion, and its distance could be derived direct
from its observed shift. But since the stars all have motions of their
own—known as their peculiar motions—it is impossible to disentagle
the component of their total observed motion due to parallax from
that due to peculiar motion, without first knowing the star’s distance;
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which is precisely what we hoped to derive. It therefore seems that our
proposed new method-a f deteNnining stellar distance is to be stillborn.
There is, hgwever, a comprodgise way out of this difficulty. Thoug*

it is true thatAke-sun’s.motiodfcannot. be utilized to determine the
digtance of 7 inddgdudl stars { yhose peeuli&r moti(ms cannot be known),
1 d _”l' 14 ..-.-t--...;,__* Qe edl RArA LA grQud

of starsf For ¥ a large enough group of stars is cons1dcred the random
peculia W ,J,mmembers will tend to cancel one anothcr om,

gna the Jlargeg_the group the more pearly true w1ll t.hxs be The drift
of the whole group toward the antapex of the sun’s way can then be
directly related with the mean distance of all the members of the group.

Certain characteristics of such statistical parallaxes are to be noticed:

i. they can be deduced for stars too distant for investigation by
either of the methods already deseribed;

i thcy cannot be derived. for.individual stars, but only as an
average f for” 3 number -of stars;

iii. their accuracy depends upon (a) the number of stars for which
the motions are deduced, and (%) the accuracy with which the
proper .motions are measuredr Thus optimum results would be ob-
tained for a group consisting of a very large number of stars, all of
whose proper motions were large enough to be measured with a
high degree of accuracy.

THE NEXT STAGE

Statistical parallax, though reaching beyond the limit at which trigo-
nometrical parallaxes are too unreliable te be of any value, is confined

to stars (far short,;of the maost. distant that are known to exist; Jt is,
moreovdr, not_applicable to. _individugl. stars, What is required is a
mcthod of dctcrrmmng the instrinsic lummosmgs_ of the brightest stars,

invisibility there shall still be tell—tale beacons by whose means those
distances can be discovered: this has been achieved, the stars in question
being of the types known as Cepheids and Novae.

APPARENT STELLAR BRIGHTNESS

Before we can learn how astronomers have developed this field of
inquiry it will be necessary to digress, as briefly as may be, on the sub-
ject of the apparent and real brightness of stars. The former is measured
in terms of an arbitrary scale of ‘magnitudes,’ a magnitude being the
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unit of apparent brightness just as the pound is the unit of human
weight or a fathom the unit of water depth. Rou hly sgeakmg, the
brightest stars in_the night sky are of.the fisst. stars a-little
fainter of the. Sﬁcand _magnitude, and so on till we come to those which

are only just perceptible with unaided visiom these are of the sixth
magnitude. The faintest which are capable of impressing their images

upon photographic plates after long exposure with the world’s largest

telescope are of abgut the twenty-second —magnitude. It is impor-
tant to realize thatdeparting fro

nothing whatever to do with size: it j :

as this appears to the terrestrial observer.
wl scrutiny of diffcrent stars, notably by Pogson and the
durmg the €arher half of last century, showcd (1) £hat

as bright 3 (i) .an

average ﬁl:SI magmtudc star is abo
sixth magnitude ssar. These two cstimations of the relative brightness
of different magnitudes differ only slightly from one another; but
differ they do, for if each magnitude were exactly 2.5 times as bright as
that below it, then a first magnitude star would be (2.5)° times as bright
as one of the sixth-—and (2.5)° approximately equals 95, not 100. It

thercfore had to be decided which was the morg convenient relation on

hich to base the arbitrary magnitude gcale. ¢Herschel’s emmatg (that
ajn numerical decrease of five magnitudegmeans.a hundr bughmcss

We—mo when m, — m, = ) 1should be remembered that on the,
mag_;tméms‘&ﬁ" “star with the greater brightness has the smalleg.
magnitude, i other words the scale is inverse in character. We must,
now proceed to find an expression that will give the ratio of brightnesg of
any..twa. stars whose magnitudes differ by any given amoygt, In the
first place we shall assume that the ratio of brightness between two stars
whose magnitudes differ by 1 shall b a constant. Our problem now
reduces itself to one of algcbra and it may be proved that if the ratio of

brightness of anv two stars 14 —._—land their magnitude difference is_m;,_
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— m,, then
amanmully

B,

k(mn ma)
el —

in which £ i the nymerical constantcepcesentiagthe ratio of brightgess
of two stars whose magnitudes differ by.d. To determine the value of £

wé Use Herschel’s criterion that when the mdgmtudc difference is 5 the

brightness ratio is 100 and find that 100 = £*or k = 2.512 approximately.
The substitution of this value for ,k.gixﬁih%mfm the
magnitude scalg gs ‘

(mp ~ma)

B._,

B, = 2512
Those readers who are familiar with logarithmic notation will realize
that this expression may be written as log B,—log B,=0.4 (m,—m,)
with logarithms on the base 10.

ACTUAL STELLAR BRIGHTNESS

If an obscrver looks down a long straight street on which there are
street lights of equal intensity spaced at equal intervals, he will at once
notice that the more distant lights appear fainter than those close at

hand. We learn from elementary physics that fhe apparent intensity. of

light, from. any-seurce-varics-dnversely as the square of the distance gf
the source. from.the-ebserver=Hence careful measurement ‘nt would show

that a street light 200 yards away would appear to be only one fourth
as bright as a light 100 yards away.
The stellar magnitudes that we dlscussed above referred only to the
T
apparent brightnesses of the stars. , ent brightadss. depends

the dist (For the present we
are making the assumption that space is transparent.) For the purpose
of making comparisons between the stars themselves as individuals, we

define absolute magnitude as the apparcnt brightness that the siag
would have if it was at.a.distance.of-so-pareecs-fremthe observer ie

auﬂmmﬁma&@qm&mw&ﬂwc
1. By proper manipulation of the analytic expression for the magni-
tude scale and taking into account the m apparent brightness
with distance we can determine that thelabsolut®ymagnitude M of a star

expression

in which » is the parallax-6f the star.

we know any two of the
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values, M, m, or p we can find the third. Hence if we have any way of
discovering the absolute magnitude of a star at unknown distance we
can find that distance from a knowledge of the apparent magnitude.

SUCCESSIVE EXTRAPOLATIONS

The superlative importance of being able to determine the absolute
magnitudes of stars is therefore evident. Trigonometrical and statistical
parallax have provided us with a mass of information concerning the

dlstanccs of the nearer stars, and ;hg_pmblem—*—io—dmm

lute_magni To do this is merely to take one further step in the
extended extrapolation represented on the following page. At each new
stage in this sequence, data are discovered which transcend that stage,
thus establishing a further stage; this in turn contains not only the data
from the preceding stage which made possible its determination, but
also new data which transcend it and allow a third stage to be estab-
lished.

In a way, the process is not unlike that whereby a convict, confined
in a prison cell, managed to escape from the cell, the prison, and the
country, although his initial equipment consisted of nothing more
elaborate than a piece of wire: with this wire he was able to pull into
his cell the key a careless guard had dropped on the floor outside; once
out of the cell he was able to steal a ladder from a storchouse and climb
through the window of the warden’s bedroom; there to change into
civilian clothes, steal a key ring, and let himself out of the prison by the
warden’s private gate; once outside he was in a position to return to
his home and collect his passport and some money; and, thus provided,

he boarded a steamer and sailed for South America. Neithes.the wire,
t the ladder, the suit, nor the passport would of itself have
secured_his escape: but, using each in turn to extend the range of hxs
freedom by an amount that placed the pext within his grasp, the case
was.quite otherwise. -

At the moment we are in the position of holding the key (statistical
parallax)—whlch the piece of wire (trigonometrical parallax) provided
for us—in our hand, and of looking round to see how it can be used
to lead us to the next stage in our expansion.

CERHEIRS Lo
This next stage, which transcends trigonometrical and statistical parallax
while at the same time being based nnon their results. is known as the
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period-luminosity_relationship of the Cepheids. The importance of
mlax in establishing the much more valuable Cepheid
method of determining stellar distance will appear in a moment. First,
the Cepheids themselves, for a fuller account of which the reader may
turn to p. 267. There are in the skies many stars whose brightness is
not steady, bur fuctuatingtheso-catedwasablesars. If_the magnityde
of one such star is measured ar intervalsqver a given periad and the
results incorporated. in a.cusve—whase axes represent magnitude and
time respectively, this curve will be a ‘picture’ of the star’s light varia-
tion, showing at a glance the manger in which the brightness increases

3.6 N\

. L\

1 2 3 4 5 6 7
Time in days

Figure 32.

MThc light curves of all variables fall into a comparatively
e

w, easily distinguishable types, each star of a given type behaving in
1 similar manner to all other members of that type, and differing in
obvious respects from variables of other types. The light curve of d
Cephei (the type star which has given its name to the Cepheid variables)
s shown in Fig. 32; the stespriseto maximum.brighwess fallowed

ntle decrease, is characteristic of all Cepheids.
THE PERIOD-LUMINOSITY RELATIONSHIP

Situated in the southern half of the star sphere and invisible from the
latitudes of the United States are twa-gsat clouds of faiasgtarg which
to the naked eye resemble detached lumps of the Milky Way; they
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are known as thew In 1908 it was
discovered that the latter contained a number of Cepheids, and a most

surprising connection between their periods (i.e. the interval separating

successive maxima) and their mean_apparent magaitudes was fouqd

to exist: th ‘ & :
ag/Since all at€mpt etect parattaxes for mndividual star

cl ad proved abortive, it was clear that it must lie at a very great

distance from the sun—as had already been suggested by the faintness
of its stars. It was thus safe to say that its size was negligible compared
with its distance, and that therefore all the stars of which it was com-
posed were at materially the same distance from the observer. Under
these circumstances, the apparent magnitudes of its stars would be
directly proportional to their absolute magnitudes, and the correlation
could be extended to the latter: thus, the period and luminosity gf
Cepheids are interrelated. But since the distance, and therefore the abso-
lute magnitude, of no single Cepheid had at that date been determined,
it was impossible to state the numerical relation between the two; in
other words, the curves constructed in 1908 showing the relation be-
tween Cepheid period and mean absolute magnitude could not be
calibrated. The_reason for this failuse—rrrr—thattheCepheids—are
intrinsically brilliant stars.and can therefore be seen. at distances too
great to be spanned by _either the spectroscopic or_trigonometrical
methods: the nearest Cepheid yet discovercd 1s sttaated at a distance of
about 200 light years from the sun. It was not until 1917 that Shapley
made determinations of Cepheid distances, thus enabling him to deter-
mine their absolute magnitudes and assign a zero point to the period-
luminosity curve. His method was to determine statistically the average
parallax of eleven Cepheids possessing unusually large proper motions.
Thus a scale of absolute magnitude values was fitted to the uncalibrated

curve, and sheasefarth Cepheide-could-he ysed as celestial milestones

whereyer _they were visible; and owing to their great 1ntrinsic brilliance
greater distagges were -measurable than ha. ore b ought

= The procedure consists simply in measuring the Cepheid’s
period, teading off the corresponding absolute magnitude from the
curve, and comparing this with the observed mean apparent magnitude.
This very powerful method has, particularly in the hands of Shapley,
provided a great part of our present knowledge of the structure of the
universe of stars; this application of Cepheid parallax will be returned
to in the next chapter.

There is no reason for doubting the exactness of the relative values
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(i.e. those derived in 1908), but the absolute values of the calibrated
curve are certainly in some error, owing to doubtful ﬁxmg of the zero
point; and they may be gravely in error. Thi

point results from a variety of causes, among them.beigg: (a)_the

numberebLephaids used in-thedetermination ol the statistical parallax
was.far tao small fo insure that the. derived.value.s irue
mean.parallexs (b) owiag.to their great distances.theproper.mations
of the.Cepheids are uniformly smal], and even the largest, as selected by

Shapley, are small enougjl ‘for material error to enter into their measure-

ment; and (c) there is the ever-presenl. questioR-+egarding-the-absosp-
tlgnﬂi“hghtmspascioahemhmmhmmyabhshed between apparent
mmmspm.uup::&cd

and..absolus
The estimated inaccuracy from all these causes is of the order of about
0.5 magnitudes. At a later date Shapley and others have been able to
refine the original calibration by utilizing a larger number of Cepheids
for the fixation of the zero point, although even now there is still a
margin of uncertainty associated with all distances determined by this
method. This disadvantage is to a certain extent counteracted by the
great distances that can be investigated: better to have a rough idea of
the distance of a very remote object than none at all. In Shapley’s appli-
cation of the period-luminosity law there is another source of possible
error: we shall see in Chapter v that most of his results have been based
upon observations of the so-called cluster variables, stars which, though
being of the Cepheid type for which the relationship was worked out.
nevertheless differ from true Cepheids in certain important respects—
and this, also, must be borne in mind when considering Shapley’s
conclusions.

xlluBILLLWC

NOVAE AS SOUNDING LINES

Another type.of.star

ness. by _many magnitudes in B‘C‘Ii_l s now{@&m at
maximum a nova 1s often the Fost conspicuous object in the night
sky. Maximum having been attained, a much lengthier and more
erratic phase of fading sets in, till finally (usually not for several years)
it has sunk to something like its original magnitude. Some of the
nearest of these novae have been within the reach of methods of deter-
mining parallax already described, and it has been found that at maxi-

*See p. 267 for a fuller account of these objects.



102 QUANTITY—A GEOMETRIC PICTURE

mum they not only appear abnormally bright, but are intrinsically so.
Their absolute magnitudes characteristically lie between —5 and —To,
the most favored magnitudes being —6 and —7. If, therefore, a nova
is discovered which.is.sofaint a5 to require a large telescopetashow it,
the reasonable conclusion is that it is many times more distant, pot only
than “thie-stars visibte to the. naLcdcyc but also Ihan.:.clcsmpm-ms-a

.b_rlght as, or brighter than itself. If we assume, as we can with reason-
able saféty,; that “frs-absotate-nmagnitude lies between —5 and —10 we
can derive a very rough idea of its distance; and if a number of novae
have been observed which are known to occupy the same region of
space, we can assume a mean absolute magnitude of —6 or —7 and
achieve a considerably more definite result without sacrificing the as-
surance of at least approximate accuracy.

The reader may object that the Cepheid method has just been
criticized for an uncertainty amounting to 0.5 magnitudes, yet we are
now thinking worthy of serious discussion a method with an indeter-
minacy of at least several magnitudes. It must of course be admitted
that individual distances derived by this method may be as many as
ten times as uncertain as those based upon Cepheid observations. But
where several novae in the same region of space are observed, this
margin is considerably decreased. Moreover, novae have been mainly
utilized in connection with the class of objects known as extragalactic
nebulae, concerning whose status there have been, as we shall see in
Chapter v, two schools of thought: either they are members of our
stellar system and therefore comparatively near the earth (their dis-
tances being of the order of 100,000 light years or less), or else they are
external to it and situated at distances not much less than ten times as
great. The value of the novae that have been detected in these nebulae
lies in the fact that, even with the wide margin of uncertainty men-
tioned above, they provide a clear indication of which of these widely
different alternatives is to be preferred.

DYNAMICAL PARALLAX

Still aeriErtype of star can be used for detcrmining distap
ﬁmh Most stars pursue their courses through space in lonely
solatlon, separated by many light years from their nearest neighbors.
But an appreciable percentage of the ste le
i + ; 0 il -
wolled by their mutual gravitation. These binary systems behave like a
sun-planet system in that they travel through space together; but since
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the difference between the masses of two stars is many times less than
that between a star and a planet, each will revolve about the other—or
more accuratel nter_of gravity. of of ‘the
systeqn. From observations of a binary, coupled with the knowledge
crystallized in the laws of Newton (in accordance with which their
motions are performed), it is possible to calculate its distance. Parallaxes
derived in this way are known as dynamical or hypothetical parallaxes.

Since the mathematics involved is quite simple, and the process is
difficult to fathom when described verbally, we shall run through the
train of reasoning which starts from the angular separation of the
members of a binary system and their period of mutual revolution, and
ends with their distance from the observer.

Tt will be remembered that Kepler’s harmonic law was shown by
Newton to be strictly accurate only if the planets had no mass what-
ever; Newton therefore adjusted the equation to bring in the relative
masses of the two bodies, planet and sun. From this modified equation
it follows that for a pair of stars in_mutual revolution

m+m,_ A
S+F TP

where mi, m, are the masses of the two stars,
AJ thejr distance apart (in astronomical units),

P ,g_b'eir revolution period (in years),

S, khe mass of the sun,

E Athat of the earth.
If A7is the stars’ linear separation in astronomical units, a their separa-
tion as observed (measured in seconds of arc), and p their parallax
(also measured in seconds of arc), then

A==.
?
We have seen that the mass of the earth is negligible compared with
that of the sun; it may therefore be omitted without materially affecting
the equation. Making this omission, substltutmg the value of 4 in
the above equation, and expressing m, and m; in terms of the sun’s
mass, we have
3

a
m1+mz=m§ ,

whence, bringing p to one side,
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a

? '\VP 2(m1+m2)
Making the assumption that each star is as massive as the sun,* we
can substitute 25, a known quantity, for (m;-+m):

a
4 V/P’X2S
and solve for p.

By the mathematical ‘trick’ of successive approximations—use being
made of (i) a certain relationship between stellar mass and luminosity
which we have not yet discussed, and (ii), the known relation between
apparent and absolute magnitude, and distance—this method is capable
of giving results with only a small percentage inaccuracy. Though not
of wide application, it is useful in that it permits the determination of
the distances of binaries which are too remote for trigonometrical in-
vestigation. The nearer binaries (those within 30 light years or so)
may be dealt with as accurately by the direct method.

GROUP PARALLAX

ti " ination,
Since it is of only secondary importance, and restricted in scope, it may
be dealt with more summarily than those hitherto described.

Most of the readers of this book will be familiar with the group of
stars, visible on winter nights, known variously as the Pleiades and
the Seven Sisters. They mark Taurus, a constellation many of whose
stars have been shown by a study of their proper motions to be moving
in the same direction at the same speed. Further, their paths if pro-
duced forward all converge upon a single point on the star sphere. This
is to be expected, since parallel lines (and the stars are moving parallel
to one another) appear to meet at infinity. Now if the earth were a
member of the group, it would also be moving toward this convergent;
therefore the terrestrial observer’s line of sight to the convergent is
parallel to the stars’ space motions. If, in addition to its proper motion,

*]t is because this assumption has to be made, the true masses of the two stars
being unknown, that dynamical parallax is sometimes known as hypothetical
parallax. The assumption is well founded, however, for we shall see in Chap-
ter vin that the stars vary less among themselves as regards mass than in any
other respect; the sun, moreover, is a quite ‘average’ star.
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the radj i in the group is known—and the spectroscope
quickly provides this datum—it is possible to construct a formula linking
the star’s parallax,

its space motion,

its proper motion,

its radial motion,

the angle between the observer’s lines of sight to the star and to
the convergent respectively.

It 1s to be noted that although this method gives the parallaxes of
individual stars, it can only be applied to members of a group whose
proper motions are large enough to be perceptible. Though not, there-
fore, of extensive application, group parallax is a neat and successf'!
method of determining certain stellar distances.

RECAPITULATION
Tr «um up:
Trigonameatsicalpasallax,
istical (m X,
- T :omshi ids
Theabsalyte magnitudes of newae-at—rrrrxima,

X,

Group parallax—

“These are the more important tools with which the modern astronomer
has equipped himself for his work in penetrating the more remote
regions of the visible universe.* We shall now turn to the results and
rewards of this labor.

*A [seventh method} known as_spectroscopic parallax, is dealt with in Chap-

ter viir, where the physical conceptions involved in its formulation are discussed.
Though it has played an important role in the past, it is today tending to fade out
of the picture in favor of trigonometrical and statistical parallax.




V. To the End of Knowledge

We are now in a position to inquire what information regarding the
organization and extent of the visible universe is provided by the criteria
of distance with which we have so far largely concerned ourselves, as
well as by such additional methods of specialized application (developed
from those already discussed) as we may from time to time devise.

THE NATURE OF THE PROBLEM

During the sixteenth century the belief that the stars were minute
points of light equidistany from the earth was shown to be false, but it
ww@wwwmm.
tlonal mwﬁmzﬂmmcﬁuimwlﬂgﬂfm ygone
2 al-datar The prob-
lem to be so,lved mlght be stated as follows Are the stars distributed
more or less uniformly throughout the whole of space;-or do they-form.
a dlww@mwwﬁf space?
If the latter, then what are the dimensions, shape and structure of this
system? And, it might be added, is the system unique, or has it peers
in other regions of outer space? A priori theorizing could give no
answers to questions such as these, and the only procedure whereby the
problem could be attacked with any prospect of success consisted in a
careful study of the apparent distribution of the stars upon the face
of the star sphere, followed by an attempt to correlate this with some

sort of spatial distribution.

THE MILKY WAY

Thenost naticeable featuse-of-stellar-distributiomrm-the-moonless-night
MJEEMHKXMTMS is a faint band of light, varying in width

from 45° to less than 5°, which traverses the visible half of the star
sphere from horizon to horizon. ip_round the wor at

106
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the Milky Way girdles the entire star sphere, forming a continuous,.ar
nearly continuous, belt about the heavens Furthermore, it is very nearly

a great circle; that is to say, it divides the star sphere into two almost
equal sections. One of the earliest discoveries of the telescope was that
the Milky Way, or galaxy, consists of vast hordes of stars too faint and
too closely crowded to be individually distinguishable by the naked eye,
although their integrated light is visible as a misty band. More detailed
study shows that the richness of the Milky Way varies along its length:
one area may be almost starless, while near by the stars are so con-
gested, so piled upon one another, that they present a ‘solid” wall of
light.

It is also noticeable with the naked eye, and still more so in long-
exposure photographs, that the Milky Way is materially. richer in one
direction—roughly.in the direction of the constellation Sagittarius—than
in the opposite direction. Finally, although there is a colossal piling up,
or concentration, of the fainter stars in the galactic regions, the brighter
stars show a less marked crowding.

STRUCTURE OF THE MILKY WAY

The stellar concentration toward the galactic plane, with progressive
avoidance of the regions approximating to the galactic poles, can be
explained in one of three ways. We may suppose, in the first place, that
the sun is surrounded by a ring. of stars within which the star deasitymis
higher than elsewhere. Since this ring, the Milky Way,apparently bisects
the star sphere, the sun must lie near its median plane. Since there is nc
reason why the ring should not be very distant, this theory can account
for the observed fact that the brighter stars (in general, the nearer ones)
are less restricted to the galactic regions than the fainter. According
to this explanation, the apparent concentration of stars within the
boundaries of the Milky Way is a reflection of a real spatial crowding:
than that separating adjacent stars outside it This conception of a ring
is, however, artificial to a degree, and bears no relation to any con-
figuration of stars known to exist elsewhere within the boundaries of
the observable universe.

The appearance of the Milky Way can also be reproduced without
recourse to any actual concentration of stars within a certain spatial
zone: the laws of perspective alone could achieve it. Suppose that the
stars form a disk-shaped system similar to a biconvex lens, within all
regions of which the star density is uniform. Suppose, further, that the
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sun lies in the median plane of this system but at some distance from
its center. Then a terrestrial observer will, in gazing out into space, be
looking through a greater thickness of stars when he is facing the
periphery of the disk than when he is looking toward either of its
poles. In the former direction, therefore, the stars will appear to be
more closely crowded together than in the latter, and the observed

sffect will be that of a Ws
regi T ] it sun wighi alacti ne
will, furtherwmwmme
Wmmewwmmmm

[lOIl W

/
Figure 33. If the telescope were capable of reaching only to a distance represented
by the dotted circle, star counts would give an apparent shape of the galaxy as
hounded by the dotted line and circle. Furthermore, the sun would appear at the
center of the system.

A third possibility is a combination of the two just considered; the
stars—do—nat_indeed permeate all space, but are concentrated-iate-a
MWMW median n|am= the star rlpnmn; i

T i i it This was the conclusion at which the
elder Herschel arrived in the early years of the nineteenth century.
He was led to this result by the simple observational method of star-
counts: he divided the entire celestial sphere into a large number of
equal adjoining areas, and then, using the most powerful telescope at
his disposal, proceeded to count the number of stars visible in each
area. Only one assumption was made—that his telescope was capable
of penetrating to the confines of the star system in all directions. Were
it incapable of achieving this, the derived shape would inevitably be
to a greater or less extent misleading (as shown in Fig. 33), since he
regarded it as axiomatic that the distance to the edge of the system in
any direction was proportional to the number of stars per unit area in
that direction. At the outset of his surveys he made the further, and
not entirely unconnected, assumption that the system was homogeneous;




TO THE END OF KNOWLEDGE 109

later, he was forced to conclude that this assumption was not strictly
justified, and that, as is now known to be the case, the star density is
not uniform throughout the system. Nevertheless, the results of his
survey convinced him that the observed star crowding in the Milky
Way was very largely optical.

DISTRIBUTION OF THE BRIGHTER STARS

Herschel’s star counts showed clearly that
up of the fainter stars toward
nown shortly as the galactic plane, or galactic equator—but that, as is
proved by a glance at the night sky with the naked eye, the brighter
stars are not similarly restricted. Indeed, what slight degree of crowding
there is among the brighter stars is not about the galactic plane but
about a plane inclined at some 15° or 20° to it. This second plane—
known as Gould’s Belt of Bright Stars, after the astronomer who first
drew attention to it—is most clearly seen in winter, when the bright
stars of Canis Major, Orion, and Taurus, all components of the belt,
are above the horizon during the night time and are conspicuously
aslant the Milky Way itself. For many years this freedom of the
brighter stars from galactic concentration was held to constitute a
conclusive argument against the validity of Herschel’s disk theory, for if
the appearance of the stellar universe is due entirely to its shape and
to the position of the sun within it, then it is to be expected that the
brighter stars as well as the fainter would be subjected to the laws of
perspective and would therefore exhibit galactic concentration.

THHE LOCAL STAR CLOUD

More recent work has resolved this difficulty and has at the same time
vindicated Herschel in the main outline of his universe-picture, though
his early assumption of approximately uniform stellar distribution is
very wide of the mark. Telescopic examination of the Milky Way
shows that its structure isTar Irom homogeneous (see Plate 1). It con-
sists"6f Vast_star_clouds in which the individual stars appear to be so
closely crowded as to merge into an undifferentiated haze of light,
inter¥persed with areas of lower star density or even of apparent absence
of stars altogether. Also there are in galactic regions many small clusters
or clouds of stars, humble and more localized editions of the vast star
clouds. It has been established as the result of work on star motions
that the sun itself is a member of one such minor star cloud, all of
whose members are—compared with the faint stars of the Milky Way—
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close neighbors of the sun. For this reason they are to be seen in all
directions about the sun and, since the terrestrial observer is inside the
cloud, are exempt from galactic concentration. In point of fact, the
median plane of this Local Star Cloud—for, like the galaxy, it is a
flattened lens-shaped structure—is inclined at some 12° to that of the
galaxy, and is closely coincident with Gould’s Belt of Bright Stars, all
of which are members. In general, it is true to say that all the brighter
stars of the constellation figures are members of our Local Star Cloud.

Shapley_and Charlier have shown by their studies—ef-the distribution
of the bnghter blue* stars that these also characterize the Tocal Star
Cloud and consequently show a tendency to crowd around a plane
inclined at about 12° to that of the main galaxy This is true of blue
stars down to the sixth magnitude, it being statistically correct to say of
the brighter stars of any type that they are nearer than the fainter. Blue
stars fainter than magnitude 7.5 congregate about the galactic plane in
the normal way of faint stars, while those of intermediate brightness
show a preference between those of the galaxy and the Local Star
Cloud.

Using criteria of distance already described, Charlier has discovered
that the Local Star Cloud is a flattened spheroid with a diameter of
some 2000 light ygars, and a thickness, measured.perpendicularly to the
median plane, of perhaps 600 or 700 light years, The sun is located
slightly to one side of the median plane at a distance of about 300 light
years from its center. Charlier’s Cloud may be the nucleus of a larger
conglomeration which measures, according to Seares, some 20,000 by
7000 light years.

METHODS OF PLUMBING THE GALAXY

The discovery of the Local Star Cloud—a minute galaxy within the
galaxy—was made possible by the study of apparent stellar distribution
and of stellar motions and distances. Owing to its comparatively small

*Stars are classified into a number of types, each possessing distinctive spec-
troscopic features. These types are more fully described in Chapter v, after the
functions of the spectroscope have been systematically set forth. Here it will be
sufficient for the reader to note that the correspondence between the colors and
spectral types of different stars is roughly as follows:

Type Type
B: blue stars G: yellowish-white stars
A: blue-white stars K: yellow stars

F: white stars M: red stars.
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dimensions it was practicable to use distance determinations based upon
individual stars, as already described. The rough outlines of the galaxy
as a coherent, isolated, roughly lenticular system were traced by Herschel
purely from studies of star numbers in different directions. When the
problem of scale-mapping the star system arises—discovering the dis-
tances to its edges in different directions—the solution is less easy than
in the case of the Local Star Cloud, owing to the very much greater
distances involved. Even the brightest stars are invisible at distances of
a galactic order (mainly owing to the existence of amorphous absorbing
material within the galaxy) and although Cepheids and novae have
provided a partial solution, single stars are in the final analysis of little
value except for approximate statistical purpose. To probe the galaxy to
its limits we must fall back upon the clusters an S, Or

evotving~distance criteria for these objects.
e

EVIDENCE OF SINGLE STARS

Before proceeding to a description of the clusters, their appearance,
their classification, and the distance criteria that have been elaborated
for them, let us first see what light has been thrown upon the scale of
the galaxy by such sounding lines as Cepheids, novae, and other in-
dividual stars of great intrinsic luminosity.

Cepheids in the galactic plane have been detected in all directions
to distances of about 20,000 light years, their average distance on either
side of the plane being less than 500 light years. At such distances they
are extremely faint and difficult of detection, and it is not to be sup-
posed that none fainter and more distant exist. This is borne out by
the evidence of other types of variable whose distance can be approxi-
mately determined from an only narrowly varying mean absolute
magnitude. Such variables have extended the minimum distance to the
edge of the galaxy in the direction of Sagittarius to over 30,000 light
years.

This is the limit to which we are led by single stars. That even this
is not the end of things is clearly indicated by figures, the results of
detailed star counts, which show the numbers of stars visible at each
successive magnitude level. For when star numbers are arranged in
this way it is found that in the regions of the Milky Way—but not of
the galactic poles—their numbers are still increasing rapidly at magni-
tude 21, which is about the limit of photographic detection. A star
similar to the sun would have to be removed to a distance of 50,000
light years before sinking to this threshold; so far, then, the evidence
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indicates that within the galactic plane and at least in one direction
stars are to be encountered for more than 50,000 light years.

ECCENTRIC POSITION OF THE SUN

This question of direction is of some interest: even if the sun is cen-
trally placed within the galaxy (we have seen that it must be near the
central plane, i.e. near the line 4B in Fig. 33, since the Milky Way is
approximately a great circle) the edge of the system will lie at different
distances in different directions. This depends upon the faq that tha,

W But if, in addition, the sun is
eccentrically placed within the median plane, the distance to the edge

will vary with different directions even within this plane. It has been
found that the most distant variables yet detected are confined to one
hemisphere of the Milky Way, and congregate particularly in the
constellation Sagittarius, where the star clouds are also densest. Further-
more, the faintest novae show an identical distribution. Finally there
is the evidence of the globular clusters; these will be described later in
the present chapter, and it will sulfice to say at this point that they like-
wise appear to be centered upon the Sagittarius region. We may there-
fore assume, at any rate until contrary evidence appears, that the galaxy
is deeper in this than in the opposite direction, since the faintest ob]ects
characterize it; in other words, the sun is-et-as-dd

nated at, or even very near, the center of the galaxy. Figure 33 shows
how this misconception is liable to arise if the telescope employed for
the star counts is incapable of reaching the edge of the galaxy in all
directions. That Herschel's great reflector was able to plumb the
galaxy in the direction of its poles is demonstrated by the fact that more
powerful instruments show very few more stars per unit area in this
direction than did his. This, however, is not true of those directions
which lie in the galactic plane.

PRELIMINARY RESULTS

These preliminary results, together with considerations based upon
Shapley’s studies of the globular clusters which we shall consider later,
suggested 200,000 light years as a very provisional diameter for the
galaxy, its thickness being perhaps one sixth as great. It is true that this
early figure has been whittled down by Trumpler, van de Kamp,
Stebbins, and others by something like one half, but even with these
revised figures the galaxy remains a structure built to a scale im-
measurably greater than that of the solar system or even of the Local
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Star Cloud. A say-eflightsakes cightminuiestemscach the carth from
the sun; ﬁve hours latcr it crosses the orbit of Pluto, whils-fousandaa
ha ofhearzyr¥tar) Yet a ray of light
leavmg one edge of the stellar systcm would not reach the diametrically
opposite edge for something like a thousand centuries.

MOVING CLUSTERS

Stars show a marked proclivity for going t in groups; one such
group, the Local Star Cloud, we have alread¥ mentioned. Sigge the sun
is an Wnd is therefore sur-
rounded on all sides by other members, this grouping does not appear
as a cluster to the terrestrial observer. In fact, as we have seen, its ex-
istence avoided detection until comparatively recent times, when astro-
nomical methods of probing behind the mask of appearances had
reached a considerable degree of finesse. This is also true of star groups
which, though not actually containing the sun, are nevertheless com-
paratively near to it in space. The.smaller the distancg of two.ahiegts
idesmi i ion, Hence the
members of a comparatively proximate grouping appear to be widely
dispersed upon the star sphere. They do not in fact look like a star
cluster, and their coherent nature can only be demonstrated by proving

a community of motion among the er_of stars—no matter
how_grear their appaseat-separation=—are found to be traveling.in the

same dxrgcnmwmhmm@uba%wmmmmmg
them to ;gwmxmg]q.gmmmmmﬂx&ohsmWea]

to coincide o be in re
another that they.canngt be affecting-encanceher-gs satationally ro.any

WThc greater the number of stars that are found to

hare @ particular motion, the more fantastic becomes the coincidence.
Though the study of proper and radial motions is necessary before
the true nature of a cluster of this type can be proved, it can neverthe-
less sometimes be guessed. The stars of the Big Dipper, for instance,
look as though they might form a single system, and the same may be
said of the Orion stars; but before this can be shown beyond doubt to
be the case, a very careful investigation of their motions must be car-
ried out.

In the case of the nearest groupings, however, it may be quite im-
possible even to guess that the individual stars are gravitationally

connected. The stars Sirius, B Aurigae, i Leonis, @ Coronae, and,
among others, five of the s sa m such a cluster.
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Since their true nature can only be discovered through a study of the
motions of their components, these clusters are known as moving
clusters. Though they are described as ‘comparatively near’ the sun, it
must be remembercd that the most distant stars in the galaxy are
perhaps 100,000 light years distant, so that a cluster 130 light years
from the sun (as is the Taurus moving cluster of eighty known mem-
bers), though inconceivably remote by terrestrial standards, is yet a
next-door neighbor compared with the whole galaxy.

OPEN CLUSTERS

are more distant than these moving clusters appear to
be.more highly concenesated; the angular separations of their com-
ponents are smaller, and their cluster—nature can. b_c perceived v1sually
Clusters of this catcggm,ag_ﬂx_x}_own as open clustersy and the Pleiades
s a prominent example. It is to be noted that a closer crowding of the
stars within the confines of the cluster would give the same appearance
as greater distance, but it is probable that the majority of the open
clusters appear to be more condensed than moving clusters because
they are more distant and not because of greater spatial concentration.
A moying cluster at 100 light years, in fact,azould be an open clpster
at_10,000. The angularly largest of the open clusters are visible to the
naked eye, and in some cases, though not all, the individual stars may
be scen without instrumental aid. An example of an open cluster whose
individual stars are imvisible to the naked eye, though. its integrated

hght allows it to be seen asa faint misty spot, is the great double cluster

eye. Telegcoplcally thcy are seen to be clouds of famt stars, whose
arrangement is characteristically random, the cluster as a whole having
no obvious structural symmetry, although this generalization is not
universally valid.

APPARENT DISTRIBUTION OF THE OPEN CLUSTERS

About 400 of these clusters are known..Their-distribution upon the
ere is characténstlc and has given them their most usual name
astEenyfor they share with the fainter stars a strong galactic
con ~ThCir distribution in galactic longitude is more or less
1rregular and in general follows that of the fainter stars: the galactic
clustes, in other words, whi

regioneimthe-viHeyWayw~occur haphazardly along its length,
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DISTANCES OF THE OPEN CLUSTERS

The problem of their distances and spatial distribution was attacked
systematically by Trumpler some fifteen years ago, and his researches
uncovered facts whose significance extends far beyond the realm of the
open clusters. The fixst_distances of the nearer clusters were discovered
L)Ldﬁ.t.c.r.m.m__g__thc spectroscopic parallaxes of the involved..stass.
Trumpler’s_technique was to single out the twenty or_thirty brightest
stars in a cluster and to determine their spectroscopic type. As we shall
see in Chapter vin, stars of each spectroscopic type are closely similar
to one another in a number of respects—mass,_ temperature, size,

lu@ﬂc_)é_liy, and | so on. Thus a fairly precise ggm:lapon is to be estab-

lished emm—wmww;and among other things,.its
lumiaasity; hence from the type of each of Trumpler’s forty-odd bright

stars in each cluster its intrinsic luminosity or absolute magnitude
could quickly be derived. Since, in completely transparent space, appar-
ent brightness decreases with the square of the distance, the distances
of each of the selected stars could now be calculated in a few seconds.
And since each star is, within the limit of the inaccuracies inherent in
the method, situated at the same distance from the observer, it.is only
necessary_to average the results, omitting any stars that givé values
differimg~sadidely from the mean (probably background or forsg_r__und
stars unconnertﬁd with.the r‘]"vfm‘) wn.order.to (]m{.hc clustcr S dlS-

tance vvulgh_.ambablc.mmzf.ahaupamwppagg;m_
The meu&-m_pmdud: the
accurate, determination-ef-the cnprrrncrnnm f‘\lr\nb af. Amﬁwtest
mmm&mgm#mwghmqs
thin-bisscheme-Lrumpler-had-te-evolve-a-further-distanee eriterion
based_mn_ohse;meneoﬁ-theee-e}mrs whose distance he had already
detesmmined-He found tharthe-galactic-clustersy although at first glance

their linear dimensions varied within wide limits, were nevertheless
susceptible of classification_according to their structure—degree...of

central condensggion, numbers of stars comprising the cluster, degreg
of symmetry, et cetera—and that members of each group of this classi-

fication were much more nearly of equal linear dimensions. Thus for
the most_distant clusters, to which the spectroscopic method is in-
applicable, wwmnﬂmmwbxh

gr ion_they_belonged, to measure their angylar
diametet, and then to compaze.this with the-Jinear- diametsr-already

derived for the group by a study of the nearer ¢l s whose distances
had been determined bv the independent spectroscopic method.
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EVIDENCE OF LIGHT ABSORPTION IN SPACE

The preliminary survey of one hundred clusters yielded distances with
1 probable maximum inaccuracy of 10 per cent to 20 per cent for about
hree quarters of them. From this survey an extremely interesting fact
merged, a fact whose significance has necessitated the reviewing of
Al previous work on the size of the galaxy and the distances of in-
lividual components of it. Knowledge of the distance and angular
li the averag
in i the clusters includ

alated. When this was done, and the clusters arranged in order of

fistance, the further fact came to light that tmw

systematically smaller than the average, while the sacst-distantacre
wstematically larger. It appeared that, on the scale of distances derived,
‘he more distant a cluster is from the sun, the larger it must be—an
altogether fantastic proposition. Obviously, some syqtematic error had
-rept into the distance estimates. After considering various possibilities,
mm Intergeellac space s not
arent, and therefore appa htne

sapidly than with the square of the distance; thereforeallshe.distance
determinations were. foo large, the error being inappreciable at small
d1stances, but growmgjo measurable ;W

: Ce_the greater_the error. It was found
hat it”was required to
between distances and
per 3,250 light years. In

that the degree of light absorptxon in space
hypothesize, in order to remove the discrepaj
diameters, amountcd to about 0.8 magnitudes

gected the derived
e cluster will there-

perfectly n:aaspa::n,t hen thls correction 1s

Qistance will be larger than the true distance and
fore appear to be larger than in fact it is.

SPATIAL DISTRIBUTION OF THE OPEN CLUSTERS

The survey was then extended to include all of the 350-0dd known open
clusters; the light absorption correction was applied to the distances,
and the results were correct within a probable error of 10 per cent to
12 per cent. The following facts emerged. The galactic clusters form
a flattened system similar in shape to the supposed shape of the galaxy
itself, but exhibiting a degree of concentration upon their median plane
even more marked than that of the fainter stars upon the galactic plane;



TO THE END OF KNOWLEDGE 117

two thirds of all the open clusters are situated within 325 light years
of the median plane of the cluster system. This plane of symmetry is
nearly, though not quite, coincident with the galactic plane. The
diameter of the system is something like 40,000 light years, its maximum
thickness something over 3000 light years, although the outer regions
are very sparsely populated. Within it, there is a strong concentration
of clusters, not only upon the median plane, but also toward the center
of this plane. The sun is situated at something over 1000 light years
from the center of the galactic cluster system as at present defined.

The bearing of these results upon the structure and dimensions of
the Milky Way itself—the star system in which the clusters arc em-
bedded, like currants in a cake—must be shelved until we have learned
something of the next type of cluster, the globular cluster.

GLOBULAR CLUSTERS

The globular clusters, though having some obvious points of resem-
blance with the open clusters, difjer from them.in appearange jn much

the same way_that the open clusicss-diffes-from—the-moving-clusters.

ThCy resemble the mare. distant open clusters in their. faintness and

PLEY 216 1910 L@Eyi: e " BESEECIUCTE e

parison of4t with Plate 11 will immediately reveal both the resemblances
and differences between the two classes of object. All r clusters

3 r clasgers ar rally—the
average distance separating TWo adjacent stars is smaller in the center
of the cluster than in the outskirts—while a trace of central condensa-
tion is shown by only a minority of open clusters. Furthermore, the
star density does not fall off steadily from the center of a globular
cluster toward its periphery, but rapidly at first and then more slowl

These clusters are faint objects, only a few of the hundred-odd that
are known being visible to the naked eye: we shall see shortly that
this feature is dependent upon their great distances, for they are the
most remote class of object in the galaxy. An interesting characteristic
is that they are all roughly the same size; their average diameter is
about 100 light years, while that of the condensed central portion is
normally little more than one tenth of this figure. Shapley, who is
responsible for the greater part of our knowledge of the globular
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clusters, established this fact in the following manner. Most of the
clusters contain variables in great numbers, and a very careful study
of these has shown that their light curves are of the typical Cepheid
variety. By their means Shapley was able to determine the distances
of a number of clusters; once this was done their linear size could of
course be deduced from their angular size.

APPARENT DISTRIBUTION OF THE GLOBULAR CLUSTERS

We shall return to this point in a moment, but first something must
be said of the distribution of the globular clusters about the star sphere.
This distribution has two outstanding features.

25 <—
Figure 34. That more globular clusters are visible in one direction than in the
opposite direction indicates an eccentric position of the sun within the system.

In the first place, the clusters are confined almost exclusively to one
hemisphere of the heavens. The pole of this hemisphere, which contains
over 80 clusters, lies in the Milky Way in the Sagittarius region; in the
other hemisphere there are only four. The only conclusion to be drawn
from this, W&W@We
of uniformity. is that the sun is eccentrically placed both with regard
to the system of the starsand ta that of the globular clusters, Figure 34

shows how such a location of the sun within the system would result
in the asymmetrical distribution of the clusters in the sky.

Secandly, although clusters are to be found on both s1des of the
Mllbhﬂa%ﬂwhoﬂxmmimmwxg;ons

their distribution in galactic latitude shows a concentration in two zones
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lying approximately alongside the Milky Way, outside which they occur
with diminishing frequency and between which they are almost com-
pletely absent.

DISTANCES OF THE GLOBULAR CLUSTERS

Shapley’s main objective was to discover_the shape and size of this
system of globular clusters, and the first_step toward accomplishing
it was the accurate_determination of as many of their (distancey as
possible. We have already encountered thiee methods that he had at
his disposal: Cepheids; the fact that_the clusters are all of about the
size, fwhich size can be determined initially through Cepheid
observatlon? and thirdly, the absolute magnitudes of the-hrightest sars
ig_each cluster, forche found that the average ahmlmc_m_gggig_u_d_e__of
the apparently_brichrest stars in. a number of different clusters was
much the-semre=lt seems reasonable to assume that if this Jaw held good
for those clusters whose distances had already been determined, it
would also apply to those clusters whose distances were yet unknown.
For, the mean absolute magnitude of, say, the dozen brightest stars
being known, it required only the sufficiently accurate determination
of their mean apparent magnitude for their distance to be calculated.
Before we proceed to an account of the results of this investigation,
it would be advisable to glance a little more closely at the varioys
assumptions inherentin the three distance criteria employed by Shapley,
for apon their validity depends the validity of the results. The founda-
tion of his series of criteria is the Cepheid method, for the subsequent
discoveries of the uniformity of the-size—ef~the~clusters and of the
luminosity of the brightest stars were the result of applying this method
to tho j i isible. The period-luminosity
relation of these stars has been confirmed time and time again, and
results based on it may be considered absolutely reliable within the
small margin introduced by inexact fixing of the zero point. But the
variables in the globular clusters differ from true Cepheids in one im-
portant respect, and it has been suggested that this difference vitiates the
results derived by applying the period-luminosity law to them, Though
the shape of their light curves is that of true Cepheids their periods
are i ery much shorter—less y. Despite this
divergence of the cluster variables from typical galactic Cepheids.
Shapley considered that the striking similarities between the twc
justified his assumption that the period-luminosity law held for both.
His use of the cluster variables has been attacked from a somewhat
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dlﬁerent direction by Kapteyn and van Rhijn. Cepheids are known
ars, Now these workers showed that cluster variables

have large proper_motions, and from this they argued that
n than Shaple Hence, since
their apparent brlg’h_tgiu is.that of 2 giant at Shagl_e_ys distance, they

and the clustersin which they occurmust be poth fam;g.and nearer
than Shapley suppased.dlthough it is now known that this is indeed

the case, the particular argument under consideration is not to the
point. Shapley retorted quite correctly that large proper motions are
characteristic of variables in general, and Lindblad appears finally to
have clinched the matter by showing that the spectra of at least some
of the cluster variables are those of giants.

The assumptions involved by the other two criteria have already
been indicated: that because some of the clusters are about the same
size they all are; and that because the mean absolute magnitudes of
the brightest stars in some of the clusters are the same this uniformity
applies to all clusters. Yet not only are these assumptions prima facie
reasonable but they also appear to be justified by the close concordance
between the results that are yielded by different methods. The odds
against this being so in a large number of cases, if one or all of the
assumptions are mvahd are so great as to be unacceptable.

One furth ey unhesitatingly made, since at

not considered a™ME tIetitat the distances mentioned in the next
paragraph were being derived.

The nearest cluster is @ Centauri, which is also the largest (angularly)
and the brightest; its distance from the sun was derived by Shapley as
22,000 light years. That of the furthest, N.G.C. 7006, is in the neigh-
borhood of 200,000 light years, nearly ten times as great. It will be

recalled that the maest-dtstamt-grircticriusrerswwhich-are-obreets-virow-
ing.no preference for one hemisphere of the sracvaultare.distang ghout

figh : . ; ] i ” l
aearest globulerehrstessee

SPATIAL DISTRIBUTION OF THE GLOBULAR CLUSTERS

If we accept as the explanation of the one-sided distribution of the
globular clusters that the sun is eccentrically placed within the system,
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we have immediately at hand a logical explanatiofi tor the different
distributions of the open and the globular clusters. The open clusters—
all of Wthh are nearer than the nearest globular clusters——-are t00 closc
for any _‘pilin u  eff

u is is
not_the cas. Figure 35 may help to clarify this distribution.

The second feature of the distribution of the globular clusters—their
avoidance of a zone stretching for about 10° on either side of the
galactic plane—at once reminds us of Trumpler’s discovery that the
light is absorbed by, presumably, diffuse dusty or gaseous material
permeating the central plane of the Milky Way. His experience of
the distribution of the open clusters led him to believe that this material
constitutes a thin sheet, probably of varying density and light-absorbing
powers, probably not more than 600 to 1000 light years thick, and
extending centrally through the system of galactic clusters—that is,
with a minimum diameter of something like 40,000 light years. This
stratum of obscuring matter would effectively mask any globular
clusters lying in its plane at still greater distances, and result in the
observed bilateral distribution of these distant objects.

Evidence is not lacking that this account is in the main true. Ac-
cording to Trumpler, the heaviest absorption would occur within 10°
of the galactic plane, the very region from which the remote globular
clusters are missing. The fact that the vast majority of visible globular
clusters lie outside this region explains why they are free from the
color excesses that characterize the remoter galactic clusters within it.

MECHANISM OF LIGHT ABSORPTION

At this point a few words on the mechanism of light absorption must
be interpolated in order to make the meaning of the last sentence plain.

MaW%WMDg
through irinone of two waw to whether the particles are
larger or smaller than a certain critical value. T}_litllrrishgmuhput
the wavedength.ollight * if the diameter of the particles is larger than
this value, they will scatter light of all wave-lengths to an equal extent,
so that the source will appear to be dimmer than in fact it is; if, on the

*Because of the systematic description of the nature and behavior of light given
in the next chaptcr, it will sufﬁcc to state the followmg facts in elucidation of the
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other hand, the diameters of the particles are on the whole smaller than
the wave-length of light, the absorption will be selective, the degree of
scattering varying inversely with A* where A is the wave-length of the
incident light. Thus.bluc light will be scaucred more than the red—
just as the sun’s light is scattered by the molecules of the terrestrial
atmosphere, giving us a blue sky, and a red sun at sunrise and sunset—
and the light from the source will appear to be redder than it actually
is. Absorption by small particles, as against absorption by large particles,
changes the observed color of light from a source beyond them.

N.

Galactio Shapley’s

Pqle -centre
Trumpler’s wTone of
Opgl;“ 11;5‘61” AT Avoidance”

Galactio
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Plane of
Open Clusters

Magellanic
L Clouds .
=~ ~Q _____ -
—_ Shapley’s
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Figure 35.

Now the color of a star may be expressed in the form of the color
index, or c/i. Photographic plates and the human eye are sensitive to
slightly different wave-length ranges, the eye being comparatively more
sensitive to red light and less sensitive to blue; hence the apparent
brightnéss of a star as shown by a photographic plate may be greater
than, less than, or the same as recorded by the eye; a red star photo-
graphs fainter, compared with a blue star, than it appears visually.
The difference between the photographic and visual magnitudes of a
star depends upon the color of the star—it is, in other words, an index
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of the star’s color. If we write mp and m» for the photographic and
visual magnitudes respectively, we have c/i=mp— ma.

Since stars of different spectrostopic types are of different colors, the
¢/i of each type is distinctive and has been established carefully by
using near-by stars that are not materially affected by interstellar absorp-
tion. If the light of a distant star is subjected to selective absorption in
transit to the terrestrial observer, its ¢/i will be altered, and this dif-
ference between the observed c¢/i of a star and the normal c¢/i for stars
of its spectroscopic type is called its color excess. If, then, the absorption
detected by Trumpler is of this type, the stars of the more remote open
clusters should have noticcable color excesses, and the excess should be
a direct function of the distance. This has actually been found to be the
case, adding one further buttress to the edifice raised by Trumpler.

LIGHT ABSORPTION AND THE SYSTEM OF GLOBULAR CLUSTERS

It was noted on p. 121 that the majority of globular clusters are free
from color excesses, although more distant than the open clusters, for
the reason that light passing to the terrestrial observer from an object
outside the 20°-wide band centered on the galactic equator would travel
through only a negligible thickness of the absorbing medium. This
interpretation is borne out by the fact that the few globular clusters that
have been detected within 10° of the galactic plane do show the cffects
of the same absorption to which similarly situated open clusters are
subjected. For these globular clusters are measurably fainter than their
distance, as determined by their diameters, would warrant.

Shapley’s estimates of the distances of the clusters lying far from
the galactic plane are therefore not largely affected by the new light
that has been thrown on the question of interstellar absorption. But
whereas his globular cluster system was originally thought to be a
flattened structure, drawn out to a diameter of fully 300,000 light years
in the direction of the edges of the ‘zone of avoidance,” it now appears
that the distances to clusters in this region of the system have to be
pulled in to counteract the effects of absorption upon the original dis-
tance measurements. The result is that the globular cluster_systermg—
nnlike hoth the galactic and the open cluster systemns—is more or less

s ight years. Figure
. . . —
35 give¥some idea of this; both the scale and the outlines are neces-

sarily uncertain at the present stage of our knowledge, but are likely to
be approximately correct at least.
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THE GLOBULAR CLUSTERS AND THE STELLAR SYSTEM

The point at issue at the present time is whether the known galactic
clusters are coextensive with the galaxy, or whether the latter is not
coextensive but concentric with the system of globular clusters. That
the globular clusters and the galactic system are not coextensive in all
directions seems highly probable, for whatever the extent of the galaxy
in its median plane beyond the star fields of Sagittarius, it apparently
is (as Herschel suggested nearly one hundred and ﬁfty years ago) a

highly flattened structure. The farther : arclusters in high galactic
latitudes seem almost _¢e 3 g ites of
the galaxy, if we th, or flics hovcrmo ahmm a Mbruxahv ed
raisins

But though the globular clusters may not be coextensive with the star
system, the latter will be of very different dimensions if it is (i) ex-
clusively coextensive with the system of known open clusters or (ii)
concentric with the globular cluster system. 1f the latter, the center
of the galaxy lies at g Aicrnnpp aof nerh’n\c 20 nnn_L"n]wf VeaLSwia-bhacdinec

fiog Sagittarj 00,000 in
W35) * If, on the other hand (i) represents the true

picture, then the sun is much more centrally placed in the star system,
whose diameter is at the same time reduced to something like 40,000
or 50,000 light years. These opposing schools of thought are cham-
pioned, respectively, by Seares and Shapley on the one hand, and by
Trumpler on the other. The pros and cons may conveniently be
tabulated as follows, their statement in such a forthright form being
justified by the fact that at present one man’s guess is as good as his
neighbor’s.

THE STELLAR AND GLOBULAR CLUSTER SYSTEMS ARE CONCENTRIC

i. Thar theposicen-et-the-sun within the galaxy is eccentnig is sug-
gested by

(a) the comparativ_e__gighncsg,pf the Milky Way in the directign
of Sagittarius, as against the direction 180° away in galactic longitude,

(%) the upilateral distribution of the globular clustgrs, also centered
upon the Sagittarius region,

(¢) the preference shown by the most distant types of galactic
object, such as novae, for the galactic hemisphere centered on
Sagittarius.

*Before correction for absorption, Shapley’s figures were 300,000 and 100,000
light years for the diameter and the eccentricity of the sun respectively.
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ii. Since the globular clusters are disposed with approximate symmetry
about the galactic plane, it is assumed by Shapley that the two centere
are coincident.

iii. This center, in the case of the globular clusters, lies in the same
direction as that suggested by the foregoing considerations for the
galactic center, at a distance of very roughly 30,000 to 50,000 light years

THE STELLAR AND OPEN CLUSTER SYSTEMS ARE COEXTENSIVE

. More significant than the roughly symmetrical distribution of
glowww, is the entirely
unstellar distribution of these objects. Whereas the stars are concentrated
into a flattened, pancake-like system, the=elusters accupy.a.mare qf less
spherical volume of spaac.

ii. The distribution of the galactic clusters, on the other hand, is pre-
eminently stellar in character. The concentration of the open clusters
upon the galactic plane (or one very close to it) is, in fact, even more
marked than that of the fainter stars.

iii. The closeness of the correspondence between the two systems is
indicated by the closeness of the correspondence of their respective
median planes.

iv. Mere inspection shows how intimate is the association of the
galactic clusters and the star clouds of the Milky Way.

v. Other stellar systems are known, and are shortly to come under
discussion. Shapley’s estimate of the size of our own stellar system
makes it about five times as large as these similar star systems. One
of the nearest of these ‘island universes’ is about 40,000 light years in
diameter, an approximate figure which agrees well with Trumpler’s
figure for the diameter of the open cluster/galactic system. That this
nebula (M. 31) is known to be exceptionally large, accentuates the
discrepancy in Shapley’s figures, although, as we shall learn later, not
too much reliance must be placed on this analogy.

THE REALM OF THE EXTRAGALACTIC NEBULAE

The objects referred to in the last paragraph are the extragalactic
nebuea,.gr so-called 1sland universes. Ihey are exceedingly numerous,
the positions of some 20,000 having been specifically determined, this
perhaps representing one tenth of the number whose images are rec-
orded on existing plates. Hubble, the foremost authority in this branch
of astronomy, has estimated that were the galaxy perfectly transparent,
something like 100,000,000 extragalactic nebulae would be within long-
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exposure photographic range of the Mt. Wilson 100-inch reflector—
within, that is to say, a distance of about 5X 10® light years. The recently
completed 200-inch reflector should, theoretically, double this distance.
Thus the observable region of space is a sphere centered upon the earth
whose present diameter is of the order of 10° light years (cf. the dis-
tance to the remotest galactic objects—probably of the order of magni-
tude of 10° light years).

These myriad, faint, enigmatic objects have been the subject of
energetic speculation for the better part of two centuries, and the idea
that they may be stellar systems similar in general outline to our own—
ie. true ‘extragalactic’ objects—is far from new. In the time of Kant
(mid-eighteenth century) the conception of ‘island universes, was
already considerably developed and bandied about as a philosophical
speculation. The conception remained in this category of human ideas
until little more than twenty years ago, when the distances of some
of the nearer nebulae were at last determined, and the theory of external
systems elevated from the plane of speculative fancy to that of ascer-
tained fact.

APPARENT DISTRIBUTION OF THE EXTRAGALACTIC NEBULAE

Before we can describe in any detail the methods whereby this most
important advance was achieved, however, something must first be said
of the distribution of the extragalactic nebulae. Their disposition upon
the star sphere is even at first glance peculiar and unlike that of any
class of object that we have yet studied.

Briefly, the spiraland clliptical nebulag (see Plates xvir, xvi, x1x,
and xx) _are orienteduponthe Milky Way, a fact that was for many
years held to indicate that they were dependent to some extent at any
rate upon the galaxy, and therefore probably not extragalactic; from
the Milky Way itself they are completely absent; they are of rare oc-
currence for some distance on either side of it; and it is only in the
regions nearer the galactic poles than the equator that they are en-
countered in large numbers. Thus they reverse the usual procedure as
exemplified by the galactic clusters, faint novae, and distant variables,
and star clouds, all of which congregate about the galactic plane and
are conspicuously absent from the regions of the galactic poles. Before
the first extragalactic distances were incontrovertibly established this
aspect of their distribution was the usual rejoinder of adherents of the
‘extragalactic school’ to the intragalactic argument just mentioned.
Although the extragalactic objects of all types share with the globular
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clusters an avoidance of the galactlc plane, they ‘difter trom them in
occurring w1th equal freque all galactlc longltudcs Thus in the

a sort of halfway house between galgctigghigets-on the one hand and
the W : r.
Methodical and painstaking surveys have filled in the details of this

rough outline. Three distinct zones may be distinguished. The-firstis
an i . o o gl 2.
the median line of this strip is th ic_cquaior. This,;gw

of comaplesasamoidance. The second zone, or rather pair of zones,.con
qlStW&g—&dMM%ﬂ&MML@vmd

ance. The last pair of zones.consists-of.+he-rest-af-she star sphere: two
polar_caps._extending from.the. galactic- -poles dowa. 0. the edges of
zone 2. It is in this third zone that the.spirals-anéelliptical nebulae are
found in their myriads, but even here their distribution is not precisely
uniform: area for area, progressively larger numbers of nebulae are
encountered the farther one moves the direction of observation from the
lower galactic latitudes toward the poles. The precise nature of this
numerical increase is peculiar and its significance will be discussed
shortly.

EFFECT OF INTERSTELLAR ABSORPTION ON APPARENT DISTRIBU-
TION OF THE NEBULAE

We have determined the apparent distribution of the extragalactic
nebulae but it now remains for us to account for its pecularities in
terms of three-dimensional or space distribution. The clue to this transla-
tion has already been placed in our hands by Trumplgr. Not only is the
piling up of star clouds and diffuse nebulosity in the plane of the
galaxy apparent from any photograph of the region, but the spectro-
scope and the investigation into the linear diameters of the open
clusters both indicate the existence of an absorbing layer, probably

gal&qu;_abamm&“zhmmm

apparent_distribution of tg. extrag
avoidance_js_rather. o al obscurati

trom our eyes those extragalactic objects that lie bcyond it in the
extensioa—of-its-median=plane.

The second zane, the fringe along cither side of the Zanc.ab-averd-
ance,” derivesfrom the gradual thinning.of the.absosbing.layer. alogg
its limsits. But whatof.the third zone, that extending from the second
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toward the poles? Since obscuration, rather than a graded spatial dis-
tribution, is the cause of the apparent anomalies of distribution within
the first and second zones, it is natural to look for a similar cause here.
And that this is correct is shown by the fact that the number of nebulae
visible in successive galactic latitudes from the edge of zone 2 up to
the poles themselves increases in the same manner that the visibility
of faint stars increases as they move from the horizon toward the zenith
in their diurnal revolution of the star sphere. In other words, the par-

ticular increase in numbers visible in increasingly higher latitudes-is-of

such a nature as indicates a nmgrrwvc]v smaller degree of absesptian
By so i i
in different latitudes being proportional to_the respective lengths of

The Tight paths through the absorbing medium. N_g;gnly__gb,cmfg;c_,l

there a heterogeneous and relatively dense layer of absorbing matter
S EElRSaS B IESE, but also a tenuous_absorbing cloud probably
<cosxtensive with the whole star system.

Hubble has estimated that the optical thickness of the galactic
absorbing layer is about half a magnitude, and when allowance is made
for this absorption, the apparent dependence of extragalactic distribution
upon galactic latitude vanishes. The large-scale distribution of the
nebulae is seen to be uniform in different galactic latitudes, and at the
same time no appreciable systematic variation of numbers with galactic
longitude is to be detected. Furthermore, the distribution of the nebulae
throughout the two polar caps is, within the limit of error, identical,
indicating that the sun is approximately centrally placed relative to the
minor axis of the absorbing layer, and that this layer is indeed coin-
cident with the galactic plane.

LARGE-SCALE SPATIAL DISTRIBUTION OF THE NEBULAE
This_impartant cesul—that, whenthe—safects. of galactic_absqaption
are allowed for, the largesscale disrsibusian of extragalactic abjects is (e
] irections—was reached by means of surveys of nebula-
numbers down to a limiting magnitude of 20 in over 1000 sample areas
distributed over the whole star sphere. But in addition to a ‘surface’
survey of this sort, it is possible to carry out surveys in depth. Granted
thawassumpiionmeestatmiy-rrstified drrrrpesscela faintacbulais more
distantthan g bright onc, it s passible o plot. their numbers ig sugees
swe concentrlc sphw‘pa&whmm_aamatec

simply to count the numbers of
nebulae brighter than each limiting magnitude is to provide us witl
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When this is done, the same spatlal homogeneity is encountercd Fhre

whole of the present observable 2
appears to it 1mpartlally popula ith _nebulae. Nor

is thereany indication that 1t of observation is anywhere
near the limit of the system of extragalactic objects, for with their
numerical increase in magnitude their numbers increase steadily and
(when corrections for the red-shift are made)* exhibit no appreciable
falling off as the limits of the observable region are approached. This
is in striking contrast with the stars; we know that, in the direction of
the galactic poles, Tesent instruments can probe almost, if not
quite, to the confines of the galaxy, for fewer of the faintest stars are
visible than would be expected were there no thinning out of stars in
these distant regions. Since the extragalactic nebulae show no such
thinning-ewt, it follows that with numerically increasing magnitude
the nebulae catch up with the stars in number. From magnitude 1 down
to magnitude 21 there are at the galactic poles more stars than nebulae,
area for area, though the numerical superiority of the former decreases
with each successive magnitude. At magnitude 21.5, however, stars
and nebulae are equally numerous. This happens to be the limiting
magnitude of the Mt. Wilson 100-inch reflector. Observations are now
being made with the new 200-inch, which may show that at magnitudes
lower than 21.5 the extragalactic nebulae are actually more numerous
than the stars.

WheW
system i f ghe poles, the system of egxtragalactic nebulae
stretche ond our reachy is no observational indication that
they do not ‘go r.” It is worth noting that this cIear distifiction

between the extragalactic nebulae and the stars in the matter of their
distribution in depth is a conclusive demonstration of their true

extragalactic status and remains so independently of any linear distance
determinations.

SMALL-SCALE SPATIAL DISTRIBUTION OF THE NEBULAE

Although the large-scale spatial distribution of the extragalactic nebulae
is uniform in all directions and at all depths throughout the observable
region—the average separation one from another being 2)10° light
years—their small-scale distribution is highly irregular. Apart from

*Badashifts, a spectroscoplc phenomenon which will be discussed later, tend to
make the mor hence they
appear to be more distant than they are, which in turn produces a spurious
effect of thinning out.
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single nebula and small groups consisting of several members, there
is also a number of giant clusters each containing some 500 nebulae.

Of the former the ‘local group,’ consisting of 13 known members
all within about 10° light years of the galaxy, may be taken as tolerably
representative. The largest member of this sub-family of ‘extragalactic’
systems is the galaxy 1tself The. Magcllamc clouds (see Plate vr), on

prob-

from the sun_are abogg ,000_and, 95,000 llghtuym:&xssp@;acly, and

their diameters 12,000 and 6000 light years. The giant M.31 of
Andromeda (the central portion of which is shown in Plate vir) is to
northern terrestrial eyes the most striking member of the group. It is
distant some 760,000 light years. M.33, a late spiral, is the most distant
of the ‘local group.’ It was to this group of nebulae that the initial
Cepheid observations were confined.

The giant clusters are of infrequent occurrence, only about twenty
having been definitely established so far. The largest and nearest is
situated in the constellation Virgo at a mean distance of some 7X10°
light years; that of the most remote yet studied is about 2.4X10® light
years. The proof by distance determinations that these are true spatial
clusterings is reflected in the fact that the members of any one cluster
are mostly of the same type: in one, for instance, spirals predominate,
in another the globular and early elliptical types. But the diversity
of types within any glven cluste on51derablc enough for the 1r1—

conttmGown A6S LD

.....

als Jt is not even
of-1iebulae in order
to establish this fact, for all its constituent ncbulae are at substantially
the same distance from the observer and consequently linear diameters
are directly proportional to apparent diameters.

DISTANCES OF THE EXTRAGALACTIC NEBULAE

The ground is now cleared for a dlscussmn of the linear distances of
the extragalactic nebulae. The problem has been attacked and solved
from a number of angles; their extragalactic nature is now established
beyond possibility of reversal—less by any single and conclusive proof
than by the uniform consistency of results derived by independent
methods.

It was not until the early ’twenties of the present century that in-
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dividual stars were finally and incontrovertibly detected in an extragalac-
tic nebula; but before that time—indeed, as long ago as 1889—there had
been indications of the stellar nature of certain regions in the larger
spirals. Photography had effected partial resolutions, but whether the
quasi-stellar points whose images were imprinted upon the plates were
stars or unresolved clusters, or possibly some form of stellar progenitor,
was not certain. Again, novae had been found in some nebulae, but
the evidence of these was to a certain extent contradictory and the
significance of the observations difficult to evaluate, owing primarily to
incomplete knowledge of these objects. The status of the ‘extragalactic’
nebulae was, in fact, a matter for speculation, but, on the incomplete
data then available, for speculation only.

EVIDENCE OF INDIVIDUAL STARS

In 1923, however, the whole complexion of the controversy was changed.
The Mt. Wilson 100-inch reflector not only carried resolution of M.31
further than had been achieved previously but for the first time estab-
lished that the doubtful stellar points were indeed stars: for some of
them exhibited Cepheid variation. As so often happens in the progress
of science, the breaching of a long unassailable barrier was quickly
followed up by a spurt of new developments in the same direction, and
by the end of the decade forty Cepheids and well over eighty novae hiad
been discovered in the Andromeda nebula, while Cepheids had also
been detected in other spirals. The maximum magnitude of the first
Cepheid in M.31 was only 18.2; yet its period of about one month
indicated an absolute magnitude of —4, or 7000 times that of the sun.
For a star of this luminosity to be reduced to an apparent magnitude
of 18.2 it must be removed to a distance of some 9oo,000 light years
from the observer. Subsequent investigations involving the absorption
of light in space have reduced this distance to approximately 760,000
light years. At such a distance it would be well beyond the farthest
frontier of the galactic system. On the evidence of a single star, abun-
dantly confirmed later, the Andromeda spiral was thus.shown to be truly
extragalactic: a hypothetical observer on an imaginary planet revolving
about a star in the nebula M.31 would call our stellar system an
extragalactic nebula—probably of late spiral type.

Parallel investigations confirmed this general order of distance. The
brightest stars visible in the nebulae to which these early examinations
were confined would, at such distances, have absolute magnitudes com-
parable with those of the most intrinsically luminous stars in our
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galaxy. Having established the distance of some of the nearer nebulae—
all of the general order of one million light years—it became possible to
transcend this scale and by successive extrapolations extend the sphere
in which distance determinations were possible beyond that in which
Cepheids were visible. Cepheids are not the brightest stellar objects
that may be distinguished in the spirals, just as they are not the most
intrinsically brilliant galactic objects: they are surpassed by novae, by
the abnormally bright novae known as supernovae, by certain irregular
variables, and by the stars known as blue giants (of which we shall
learn more in Chapter vi).

With increasing faintness of the nebulae it is found that these objects
fade into invisibility in the order of their normal luminosity as exempli-
fied by galactic counterparts which have been exhaustively studied.
Not only_does this fact demansirate thatApRarent brichines.of the
ncbula as.a whale can be emploved .2 general criterjon.of irsadis-

—a criterion that, once estabhshed remaing valid after the final
traces of resolution.heve byecomme-: s WMS
@Jerr can have assignedetomiteanealy > oni ich
it is known (as a result of close-rangeinvestigatianssaithin the calaxy
not_to deviate widely Even, therefore, in the case of those nebulae
which are too distant for Cepheids to be detected, these further classes of
star allow the distance to be determined, though admittedly with a
wider margin of probable error.

APPARENT BRIGHTNESS AS A DISTANCE CRITERION

Yet even when we have passed the limit at which the last blue giants
and supernovae have faded from sight, and have reached the borders
of the vast realm of nebulae which show no trace of stellar resolution
whatever, we are still in the close neighborhood of the galaxy—close,
at any rate, by comparison with the whole obscrvable region. Does
this mean that the distances of only our nearest extragalactic neigh-
bors can be plumbed? Emphatically not, for our knowledge of the
latter distances has already provided us with the key to the next leap
outward. Though stellar resolution is possible in only about 125 nebulae
—just reaching to the nearest of the great clusters, that in Virgo at a
distance of about 6.7 10° light years, or 1/80 of the radius of the ob-
servable nglOl’\—thlS nevertheless represents a fair enough sample
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upon_i

tolerably constant at all stagesfrom glabular tg late spiral, Thus a_new

method of calibration is established—a W
m. The permitted range of

luminosity among the extragalactic nebulae was quickly discovered to
be small: the luminosities of half the near nebulae whose distances
had been established by observations of involved stars lay between
one half and twice the mean value of 8.5 10" times that of the sun.
With this new weapon, the distance of any visible nebula may be esti-
mated with a probable error not in excess of 20 per cent to 30 per cent—
an incredible achievement, as will readily be acknowledged when it
is reflected that the frontier of the visible universe is somethine like

1000 million light years distant.
—————

THE RED-SHIFTS AS A DISTANCE CRITERION

It has already been remarked that inner consistency is the main justifica-
tion for confidence in the scale of distances revealed by the extragalactic
nebulae. The correctness of the extrapolation from the Cepheid and
other stellar determinations of the nearer nebulae to the brightness de-
terminations of all nebulae within the observable region is strikingly
confirmed by the so-called ‘distance-velocity’ relation, or, more pru-
dently, the red-shifts. This phenomenon—the happy hunting ground
of popular-science writers in the press, and the subject of much loose
and illegitimate speculation by the scientifically minded man in the
street—remains one of the foremost enigmas of the fundamental pattern
of the universe as at present discerned.
The reader is already familiar with the fact thae radial velocities=
i.e. velocities in the observer’s line of sight—are revealed and measured
ctroscope. When the source is approaching the observer, the
wave-length of the radiation is shortened, and the whole spectzum
shifted toward the blue—ead; when receding from the observer, the
wave-length is lengthened and the shift isconsequently—toward—the
ted.* In the former case, the radial motion of the source is said to be
negative, and in the latter positive.
The measurement of the radial velocity of an extragalactic nebula

was first accomplished by-Slipher jn 1912; the_pebula was the geeat

Andromcda_spuaL_md_Lbr_deaLdeﬂnL.dﬂmd-Jm——JQﬂ—m p-s.

1e. i i results for other of

*The mechanism of velocity shifts will be more circumstantially described in
the next chapter.
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the nearer nebulae, and by the time that the first distances of the spirals
were being determined, some forty radial velocities had been measured.
A few of these, which had been derived for the brighter and therefore
presumably the nearer spirals, had been negative, but as the determina-
tions accumulated, positive radial velocities quickly predominated.
Some of these were of a high order of magnitude, strikingly contrasted
with the velocities of various galactic objects with which astronomers
had, at the time, been solely familiar: another clear indication of the
galactic independence of the spirals. The limiting velocities of the
group of 45 known in 1925 were —190 and 41,125 m.p.s., the mean
being 375 m.p.s. At this time, too little reliable knowledge of the
distance criteria had come to light for any correlation of distance with
radial velocity to be attempted, but by the end of the decade the startling
discovery had been made that the size of the red-shift of the spectrum
of any nebula was dependent upon that nebula’s distance: the more
distant the nebula, the greater the shift.

SAll_measurements 1 madc .thus_far_indicate that the relation between

distance and the r Js.direct and lincas éj the distance i mg[casg
by millions o tyears, the velocity of recession apRAIe ntly igcreasg<

bx huggieds of miles per §£E§Ea More precisely, every increase of 10¢
ight years in distance adds 107 m.p.s. to the positive radial velocity
We may express this relation in the analytic form v==107 d where v i
the velocity in m.p.s., as indicated by the red-shift, and 4 is the nebula’s
distance in 10° light years. At once we are furnished with an additional
distance criterion which provides an independent check on those already
derived. The distances as derived from the red-shifts, combined with
the apparent magnitudes of the nebulae, led to their intrinsic luminosi-
ties by a simple calculation, brightness decreasing with the square of the
distance. Intrinsic luminosities of a number of nebulae had also been
calculated on the basis of distance determinations by means of involved
stars. And it was {ound that there was a good correspondence between
the two sets of results. The validity of both lines of approach to the
problem of extragalactic distances was thereby strengthened, for it
would be quite beyond the bounds of probability that an identical
numerical error was involved in each.

Humason, using the 100-inch telescope and the most sensitive photo-
graphic materials, has carried the distance and radial velocity deter-
minations out to about 2.4 X 10® light years and finds the radial velocity
of recession to be about 26,000 m.p.s., or one-seventh the velocity of
light! If we assume that this linear relationship holds to the present
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limit of observation we should expect to find these objects receding
with velocities of the order of 50,000 m.p.s., while it is at a distance only
three times as far as we can explore with the 100-inch that the velocity
of recession reaches the velocity of light. This is a problem of tre-
mendous importance to all present-day philosophy of the physical sci-
ences. While the 200-inch will not reach out to the distance where a
velocity of recession is equal to the velocity of light, nevertheless one of
the early problems with this new instrument will be to determine
whether the relation between distance and the red-shift remains linear
to the limit of observational distance.

RECAPITULATION

In brief outline, the foregoing account represents the extent of our
present knowledge relating to the dimensions of the extragalactic
universe, and of our galaxy as a member of that universe Erom naked:
w_gh;ﬂrvnrinnc of the diurnal and aanual behavior of the star vault we
havye, by a.scries of .averlapping bounds,.reached a limit—1000_million
light years dissant—at. which-our knewledge.is finally arrested..

The initial step of this journey was to establish the true figure of
the earth. This necessary preliminary was followed by the disentangle-
ment of terrestrial from extraterrestrial motions, and the discovery
that the veil of delusive appearance that distorts our vision of reality
is largely the creation of the earth’s own motions—its axial rotation and
circumsolar revolution, neither of which is directly apprehended as such
by the senses.

Man’s progress in cosmological understanding was then traced from
Ptolemy, to Copernicus and Kepler, and on to Newton; it was shown
that Kepler’s laws of planetary motion were corollaries of the single
law of universal gravitation.

The true spatial arrangement of the various members of the solar
system was thus established, but it was still a map without a scale.
The rst_ohject to be. suryeyed in was theCgod, by means.of trigo-
Wal]ax_from widely separated stations on the earth’s sur-
face. To determine the sun’s much greater distance, however, required
new principles of distance determination. Of these, the most important
is the prior determination by_irigonometrical parallax of the distagce
of a near planet such as Eros, whence the solar distances of all the other
planets (including the fundamental earth-sun distance) can be derived
by the harmonic law.

The leap from the solar to the stelldr system involved yet another
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search for new and more powerful distance criteria, interstellar dis-
tances being incomparably greater than those between planets. The
successive extrapolations, by means of which further and further reaches
of the stellar universe are brought within the astronomer’s grasp, were
then described; this led to a discussion of the stellar system as a whole,
and of its structure and size as revealed, in particular, by studies of
the clusters.

Again a_gigantic legp had to be takcp——.fgg‘rgﬁ_;hg;calm__gﬁ____ﬁa;.

And once again, the discussion was
restricted to the problem of their spatial distribution, including their
distances.

But of the nature of these various bodies—planets, stars and nebulae—
next to nothing has been said. The picture that has been drawn is
no more than a geometrical diagram. It is now necessary, therefore, to
retrace our steps and to reconsider the heavenly bodies, not merely as
stenpning stones across the observable region, but as things in themselves.
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VI. Entry of the Spectroscope

The man in the street will believe the evidence of his eyes—little
realizing what a fallible criterion of the truth this may be—provided
that such evidence is, so to speak, direct and not in need of interpreta-
tion. Thus he does not regard the astronomer as trangressing the
bounds of reason when he states that the existence of mountains on
the moon is proved by the fact of their being visible with a telescope.
A photograph of the moon, taken with the aid of a telescope, requires
no more interpretation than does ‘common-sense’ everyday experience:
there are the mountains, plain and clear for anyone to see.

But presented with a spectrogram of the sun—a photogr
with_a_spectroscope in_addition to..a telescape—and told that it con-
stitutes conclusive proof (i) that-the-sta-i i 0 _its axis in a
period-of.some-fous-weeks; (i) tharits-susface-temperature is ip the
neighborhood of 6000° C.; (iii) that it isin early life; (iv) that it is

Eg-sggqged of an atmesphere—whosetemperatuse is lower than that of
the. radiant-surfaces~and (v) that this atmosphere contains calcium,
iron, hydrogen, and nearly sixty other elements, all of which are also
found on the earth—told all this, and our ‘common-sense’ man may
well be skeptical. For the spectrogram seems to be—and, without proper
interpretation, is—totally unconnected with any of these facts; this
will be appreciated from Plate vira. A considerable degree of interpre-
tation of the spectrogram is necessary before this information emerges:
the fact of the sun’s surface temperature does not stand out from the
spectrogram in the same obvious way that the fact of the moon’s moun-
tainous surface stands out from a photograph of the moon.

It is the ultimate purpose of this chapter to show that such interpreta-

tion of spectroscopic data is valid: that, for example, the existence of
salar_calcium is-as-indisputably praved by the spectroscope as-is-the
existence—af lunar mountains-by-the—telescope.

139
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THE ROLE OF LIGHT

The connccting k between any celestial body and the astronomer’s
instruments 1 Mlc when\lgh; is seflected from it
tot (_jg;grvc; % €yg, as in the case of the moon and planets, or radiated
rom it as in the case of the sun. In the latter case we know, incidentally,
that the source of the light must be hot, since a body has to reach a
tolerably high temperature before it incandesces; we know this of the
stars also, although their great distances render their heat imperceptible
without the intervention of delicate instruments.

It must be our first concern to discover what we can about this
radiation, by whose agency all our knowledge of the heavenly bodies
has been derived—to learn why some bodies radiate light while others
do not, what form the radiation takes, the manner in which different
forms of radiation are related to one another, and, most important of
all, what changes are actually occurring within a substance while it is
rgdlatlngwther words, the.physical operations. underlying. the
process. .

In order to tackle this last point, the crux of a vast amount of the
physical research of the past few decades, we have to readjust our
mental focus from the gigantic cosmic distances of the last chapter to
those most minute, ultimate particles of which the material universe is
constructed. Whereas we have up to now been dealing with distances
measurable in thousands or millions of light years, we have to turn to
the realm of the ultramicroscopic, in which one hundred thousandth
of a centimeter is a handy unit of measurement.

THE ACTION OF THE PRISM

A few simple experiments will serve to make clear some of the funda-
mental characteristics of the behavior of light. The scene of the first of
these is a darkened room; a small crack in the shutters admits a
narrow beam of sunlight. If this beam is intercepted by a white screen
it will be observed that there is a thin line of colorless light upon the
screen’s surface. Now interpose a glass prism between the screen and
the shutter (Fig. 36), in such a position that the beam falls obliquely
upon one of its faces. The appearance of the line of light upon the
screen is immediately changed. The narrow streak of white light is
drawn out laterally to form an elongated band of color. It is of the
same height as the ﬁngnismakbunmmmeL_gcg from one end
to the other of this band there is a steady gradation of color from red
through orange, yellow, green, and blue ‘to_vialet,,
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Since the prism is only acting upon the light that is already there—
upon the beam of white light—and is not adding colors of its own, it
follows that the lights of different color now separated upon the screen
were originally constituents of the white beam. The prism’s action on

this beam is merely to disentangle the various components whi hen
blended, COHStltutC WhltC light. The inference lS__Lha.L#BJI.ﬂM' LIS

polychr : ors.

It will be seen from Fig. 36 that the prism bends or refracts the
incident polychromatic beam, and, furthermore, that it refracts the
violet constituents through a larger angle than the red. It is this
property of refracting lights of different colors in varying degrees that

enables the prism to form the colored band known as the spectrum.

o

oW

\

g

Figure 36.

CORPUSCULAR AND WAVE THEORIES OF LIGHT

The experiment with the prism and narrow slit was performed by
Newton in 1665 and he then began a truly scientific study of reflection,
refraction, and dispersion of lightl Newfonlwas able to explain all of
the phenomena that he observed on the basis of a hy Fothesm that light
is composed of minute particles of matter, known as corpusclesLWh1ch
travel through space with a finite velocity and produce the sensation-of
Tight when they impinge. on the retina.of the_eye. This corpuscular
hypothesis was by no means original with Newton, for it had been
discussed, in various forms, by many of the ancient natural philosophers.
However Newton was the first to subject the hypothesis to truly scien-
tific experimentation and analysis. The weight of Newton’s opinion
was so great that the corpuscular hypothesis was accepted for many
years following the annguece L his results. Before the end of the
seventeenth century..Ch

a theory of light which heldrimtthitenesaytatramsported-aeress—empty.
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space’ in the forms of transverse waves (1 .. waves whose direction_of
vibration_is_perpendicular to the direction of velocity of the light). In
1801 Thomas Young, an English physicist, experimented with various
phenomena involving the so-called interference of light and showed
that these effects could be explained only on the basis of a wave theory
of light. The defenders of the corpuscular hypothesis refused to accept
Young’s explanation of interference and it was not until about fourteen
years later that Ergsnel was able to prove by additional experiments
that, if the corpuscles did exist, they must be vibrating back and fazth
perpendicular to the direction of propagation of the light in such.s
'manner that they made up waves. About the middle of the nineteenth
century Clerk-Maxwell attacked the problem from thc point of view
of theory and advanced the so-called|e

which postulates that@i&_{nﬁd of. wam__tm,e.lmg téro yugh
spacedn a_medium Kiown 35,."1:116 lurmn.l.fﬁrousmcthcr Maxwell’s
hypothesis received strong support from the later experiments of Hertz,
a German physicist, who was able to produce .y electrical-inethods

eleetzomagnetic waves, which had many of the properties of light but
did not produce the sensation of light on the human eye. These so-

called_Hertzian waves have since become known as.radig_waves
During the first quarter of the twentieth century one series of experi-
ments cast serious doubts about the existence of the luminiferous ether
which is necessary to carry the electromagnetic waves of Maxwell and
Hertz. Another series of experiments on the so-called photoelectric
effect could not be explained on the basis of any simple wave theory,
but required that the energy of light must be moving through space
in finite particles, or corpuscles. The problem in regard to the validity
of either the corpuscular or the wave theory of light is not completely

settled at the present time, X with some confidenc

ultimate solution wi les
of matte ~In the discussion that follows we shall employ the
fieral terminology and symbolism of the wave theory, but we do this

merely as a matter of convenience.

WAVE-LENGTH AND FREQUENCY

Suppose that at the center of a pond there is a source of disturbance
which breaks the surface of the water at regular intervals: it might be
a succession of pebbles dropped into the water at one-second intervals.
Let us assume that each time a pebble hits the surface a single wave
travels out from the source toward the banks. A cork floating on the
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pond somewhere between the bank and the center of the wave system
will bob up once a second. Now, the point where the peb ml‘ggml,e the
surface _rp_z_tx,b&mnade-red——aﬂalogeus to a §oureedalradiarioh:—the sun,
for example, or the filament of a lamp—in which energy sets the light
waves_in motion. These travel out through three-dimensional space just
as the waves of the pond spread out across its two-dimensional surface.
Finally, we may consider-the-energy-that.causes the cork to move on
the surface of the-pond -analogous with the eiwrgywoqfwth.c .hght,,wavc<
that produces the sensation of light in the retina of the eye. Iavat:

If the fall of the pebbles is manipulated in such a way that the surface
of the pond jg disturbed at regular intervals, it will be found that the
distance scparating adjacent wave crests or wave troughs js the same i«
all directiops.  This distange is known as the_wave-length of the particiy
lar wave systamgnd ic will dcpﬁnd,ppowthe-imcrva%ﬁf'»ﬂme«bmﬂ
disturbances of the surface and the speed with which.-the waves mow«
over the surface. If, instead of at one-second intervals, the pebbles arc
dropped at intervals of half a second, it will be noticed (i) that the
wave-length has been halved and (ii) that the cork will now ,make, tWe
oscillations per second. Twice the number of waves now occupy a given
distance and therefore twice as many pass a given point in a given length
of time provided the speed of the waves has remained constant. In
other wordj’ the greater the wave-length the smaller the frequc anc
vice versa.” This relatlonshlp may be expressed in analytic form

P’ 3

]

in which—ﬁi&lhﬁ.ﬁgg,ugzg_y in v1bm;¥cl&p§;xgmd‘m1ham
lengﬂt and ¢ is the speed of the wave, _ In the case of light waves we
have Scen that c=3X 10" cm. per sec., and it may be proved by a
varicty of experimental methods that this is the same for all electro-
magnetic waves traveling through ‘empty space.’

THE ELECTROMAGNETIC SPECTRUM

By a variety of instrumental methods the wave-lengths of different
radiations may be measured with great accuracy. It is found that the
only difference between red light and violet light is one of wave-
length (and with it, of course, frequency), ight is found to have
a Jor 2 but they are both examples of electro-

magnetic radiation. The wave—lengths are very short in comparison
with the distances used in describing the structure of the universe,
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being about 8X10™° cm. for red and 4X10™° cm. for violet. These

correspond to frequencies of about 3.75X 10" vibrations per second
for the red and 7.5X 10" for the violet.

These values represent the extreme limits within which electro-
magnetic radiation can be detected by the human eye. But there are
electromagnetic radiations whose wave-lengths lie beyond these limits
of visible radiation and which are detectable by instruments other than
the eye. If the wave-length is sli — cm., the
radiation is invisible to the eye but. leaves.its. Lm rint on the photo-
graphic plate; . such radlatlon is known as If it ig slightly

8% 107° the radiation is known > or radiant
heat, and can ctected as heat by the human skin or measured
quantitatively by various types of radiometers. If the wave-length is still
longer it is capable of detection by electronic circuits and this radiation,
with wave-lengths from about 1 cm. to about 2.5 10° cm,, is utilized in
radio transmission. At the other end of the scale that radiation with
wave-lengths shorter than the ultra-violet is known as X-rays, gamma
rays, cosmic rays, and other types.

This vast range of radiation, known as the complete electromagnetic
spectrum, is of the same general nature throughout, although the human
organism uses different senses to perceive different sections of it or even
has to fall back upon special and complicated instruments for its detec-
tion. These different sections are differentiated from one another solely
by difference in wave-length and by the effects which they produce.

Returning now to the action of the prism upon the visible white light
—that section of the electromagnetic spectrum with wave-lengths be-
tween 4X 107" cm. and 8X 107" cm.—we are now in a position to say
that this action consists in refracting the various radiations through
angles that depend upon their wave-lengths. Thus to any point in the
visible spectrum, or the invisible for that matter, a definite wave-length
can be assigned. For convenience in discussing wave-lengths, partic-
ularly in the visible Tegion or iii the-near. ndn:a-vxolet or infra-red, a
unw.of——wavclength known as the Angstrom unit is emplo

he W is equal in lcngth Wan
systcm of units the visible spectrum is from about 4000 -

8000 Angstroms.

stroms

s A

DISCOVERY OF THE FRAUNHOFER LINES

In 1801 Wollaston repeated Newton’s experiment with sunlight passing
through a prism, but he used a much narrower slit than that used by



ENTRY OF THE SPECTROSCOPE 145

Newton. Wollaston noticed that the band of color was not absolutely
continuous, but that it was crossed by some dark lines. He failed com-
pletely to recognize the importance of his observation and merely
assumed that the five strongest lines marked the boundaries of the
simple colors.

About fifteen years later Fraunhofer developed an instrument for
observing the solar spectrum that employed lenses as well as the slit
and the prism. He found the dark lmes and pubhshed a carcful map
of the sola
incs, He lettered the more prominent lines, and his original designa-
tions are still used. Subsequently many more lines were found by other
observers but they are all referred to as Fraunhofer lines in recognition
of the pioneer observer. In 1883 Rowland began an accurate and sys-
tematic study of the solar spectrum, using photographic methods, and
he listed, with accurate wave-lengths, about 20,000 Fraunhofer lines in
the region from 2975 to 7330 Angstroms. The improvement of photo-
graphic emulsions for work in the infra-red has permitted photographs
of the solar spectrum to be obtained out to 13,500 Angstroms and about
5000 lines have been added to Rowland’s list.

ZTeo ’s EXPERIMENTS

We may next turn to the brilliant work of Kirchhoff, which was
brought to its culmination in 1859. At that time there was no acceptable
theory regarding the method of radiation of spectra, but this in no way
detracted from the practical value of his results: fortunately one does
not have to Know the technical details of the locksmith’s art in order
to be able to use a key for unlocking a door. Nevertheless, the sig-
nificance of Kirchhoff’s observations has only been appreciated in
comparatively recent years.

The apparatus, used in these experiments is almost the same as that
required for Newston’s demonstration of the polychromatlc nature of
white light. On a‘bench in a completely darkened room is placed a
prism; to the right ‘of it stands the screen on which the spectrum is to
be cast (actually, a shall telescope for direct viewing of the spectrum);
to the left of the prisn\ stands another screen, in which is cut a fine slit.
The relative positions e prism and the two screens are adjusted
so that the spectrum of ht source placed behind the slit is cast upon
the right-hand screen. WWMd
heatedatoinenrdeseerrveatinyons. spectrimds formed; jf consists
of a band of color, red at one end, violet at the other, with orange,
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yellow, green, and blue between. Clearly, the source is emitting radia-
tion of all wave-lengths within the visible range. No matter what solid
is used as source—it may be copper, lime, tin, zinc, or what you will—
the same continuous spectrum is produced. Furthermore, liquids give
identical continuous spectra, as also do gases when subjected to suf-
ficiently great pressures; thus mercury vapor has been made to yield
a continuous spectrum when subjected to a pressure of some 20,000
pounds per square inch in the laborat

waxclcnghbss 10 other words, their spectr and mutually
indistinguishable, no matter what the chemical constitution of the
source may be.

A volatilized solid is now placed behind the slit. If, for example, the
spectrum of sodium is to be studied, a colorless Bunsen flame is placed
behind the screen and a few grains of common salt (which contains
sodium) are blown into it; alternatively a piece of sodium may be held
in the flame on the end of a platinum wire. In either case the flame is
colored a livid yellow, and a spectrum quite unlike that in the last
experiment is produced. Instead of a continuous polychromatic back-
ground there is now nothing but a pair of fine, closely ad)garasdgibs
yellow lines on a dark background; nothing else is visible. This clearly
indicates that no visible radiation of wave-lengths other than these two
is being emitted; the lines are yellow because they lie in the yellow
region of the (awisible) continuous spectrum, i.e. they have the wave-
lengths of yellow light. This can easily be demonstrated by marking
their positions on the screen, and then, taking care not to alter the
relative positions of the prism and the two screens, replacing the sodium
flame by a solid source. It will then be found that the marks indicating
the original positions of the sodium lines lie in the yellow region. No
matter how often the experiment is repeated, the two lines are always
produced and always in exactly the same posltlons, so lopg-as-the source

MMWThercfore, if we find these lines
in the spectrum of a star, for example, we know beyond a shadow of
doubt that the visible portions of that star consist partially of sodium.
Experiments with numerous other elements prove that the bright-line

emission spectrum of each is invariable and unique.
Kirchhoff also demonstrated that incandescent gases likewise yield
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bright-line spectra when they are not under pressure, and that the
spectrum of every gaseous element is unique. When the source con-
sists of a gaseous or volatilized compound—whose ultimate particles
are molecules, or closely knit groups of atoms—the bright lines are
extremely numerous and crowded into groups which appear as bright
bands. These complex-band spectra are, like the line spectra of elemen-
tary substances (whose ultimate particles are single atoms), unique for
each compou
« Kirchhoff’s

bands.

Kirchhoff next tried combining the two foregoing experiments. He

placed an incandescent lump of some solid hehind-the-slit, and between
it and. the slit itself intesposed-asedium-fame, The result was, to him,
somewhat startling, for although a co osite spectrum was formed,
the sodium lines were not bright, ;5 they stood out against the
yellow region nﬁ.xhcmn.t.mgg_u_s_mtrum as two_{i ﬁne black lings, If the

source of the continuous radiation is removed or screened, the dark
lines are immediately replaced by bright ones in precisely the same
pesitions; the dark lines, in fact, become hright with the.removal of the
continuous. background. Since the two vertical strips of the continuous
spectrum that underlie the dark lines would be bright were the sodium
vapor not interposed between the prism and the incandescent solid, it
follows that this vapor is absorbing from the polychromatic radiation
passing through it just those two wave-lengths which it itself emits.
The significant point in this experiment is that the sodium vapor.is.as
a lower temperature. than the “sp,,uxgg_giﬂ.;h;mm.d. r,a,simm.e_g..ug.z
the Lontmuoumpemm,—aad—e&a.mbum

absorbs ite-own-wave-leagthes When it is hotter than the 1ncandesccnt

solid the sodium lines appear bright once more, and are superimposed
upon a less bright continuous background. The same phenomenon is

observed if the volatilized solid,is replaced by a gps. The third law may
therefore be stated as follows: Lgﬂw
k .’ 0 a - " -' > 4 o O , ,: e y
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BLACK-BODY RADIATION LAWS

Following the anuouncement of Kirchhoff’s empirical laws a tremendous
amount of research, both theorctical and observational, was undertaken
in the field of radiation analysis. It had been noticed for many centuriae
that the color of a bar of iron changes as it is heated to higher and higher
temperatures. When first heated the bar appears black, as the tempera-
ture is raised the bar appears to glow with a dull red color, as the
temperature is increased the bar becomes bright cherry color, next
orange, and finally, just before melting, the bar appears to be whitc hot.
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Wave length in Angstroms
Figure 37.

A blacksmith can make,a good estimate of the temperature of his work
by merely noticing its color. Careful study of the radiation from a bar
of metal at different temperatures showed that the rate of radiation in
all wave-lengths increased as the bar was heated, but that the relative
intensities of the various wave-lengths varied with the temperature.
Figure 37 shows several curves in which the relative intensity of radiation
is plotted against wave-length for several different temperatures. It
will be noticed that the wave-length of maximum jotensity.of radiatioa-
sh;fts toward the violet with each i mcrease “of tempcratmof the source.
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in which 4 is a constant who ical v upon. its
in which X and T"are expressed. Most modern scicntists express tempera-
tures on what is known as the Kelvin scale. The degree divisions on this
scale arc the same as those of the centigrade system, but o° on the Kelvin
scale is —273° centigrade. On this modern scientific scale water would
freezc at 273°K and boil at 373°K.

A further study of the relation between rate of radiation of energy
and temperature indicated that the total energy radiated, i.e. the sum of
the rates of radiation for cach particular wave-length, is proportional to
the fourth power of the temperature on the Kelvin scale. This was
found by Stefan while working by purely empirical methods, and inde
by Boltzmann, who had attacked the problem from the
theoretisal paint view. The Stefan-Boltzmann law is given by
E=BT"in whidh B is\a constant whose value depends upon the units

in which E is ssed.
Wnd the Stefan-Boltzmann law give us much important

information, but they do not tell the whole story. While they do give us
the wave-length of maximum intensity of radiation in the continuous
spectrum and also the total rate of radiation of energy of all wave-
lengths as functions of the temperature of the source, nevertheless they
do not give us the rate of radiation at each individual wave-length.
At the very beginning of the twentieth century Max Planck, a German
theoretical physicist, attacked this problem from the purely theoretical
point of view, using 2 his source what is now known as the black

body. This hlack body i ' atis both a perfegr

aheorber and iliﬂ aperfect radiato% i.e. itwill absorb all energy incidegqt
upon.it.and.will re-emit all of this energy as radiation. The closes

approximation to this theoretical object that can be used in the laborz
tory for experimental purposes is.a_small hole in a relatively large bo
whese-susfaces.are tharoughly blackened baoth onrside-and ig

Prior to the twentieth century all scientists had assumed that radiation
was due to the vibrations of atoms and that these vibrations could be of
any frequency. The emission of radiant energy from such a system was




150 QUALITY—THE NATURE OF THINGS

assumed to be a steady process analogous to a stream of water at constant
pressure coming out of a prpe & assumed tha he emission of

of hrs time would even consider it, but it was destined to become one of
the most important principles of modern physical science. The assump-
tion is equivalent to saying that a set of brass tuning forks can be con-
structed only with certain definite frequencies, say 5, 10, 15, 20, et
cetera vibrations per second, and that all intermediate frequencies, say
7 or 18, are impossible. Classical mechanics did not put any such re-
striction on the frequencies of vibrations of tuning forks and it seemed
highly improbable that there should be any such restrictions on the
vibrations of atoms. Furthermore Planck assumed that the quanta of
energy radiated by the atoms must be directly proportional to the
frequency of the radiation or, of course, inversely proportional to the

wave- length. In other words, thelass.abemersyliom any atom must be

where ¢ is the . : , a] o

he spe 1 the wavel iation, and gt
1, 2, 3. 4. etc,. This implies that radiant energy is not emitted like water
out of a hose, but in a manner more analogous to a stream of machine-gun
bullets. However, it must not be imagined that these quanta are the
so-called corpuscles used by Newton in his theory of light, since unlike
the corpuscles they are further assumed to have a vibratory nature. It
should also be noted that the energy of a quantum of violet light is
greater than that of red light.

On the bysis of the quantym theory of radiation Planck w35 able to
derive a ggneral law of radidtign givihg the rate of radratron f energy
at any pafticular wave-length from/a black body in terms
perature/of the sgurce. THis law rfay be expressed/analyti

a\~®

b

AT
e —

E,

In yhis exprssiog 3

ehperatug MWM
and & are numerrcal constants dep Ma o th
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This equation will yield the curves shown in Figure 37. Wien’s law
and the Stefan-Boltzmann law may be shown mathematically to be
special solutions of Planck’s general equation. Planck’s law has been
tested in the laboratory for temperatures between 300°K and 1700°K
and there is no evidence of failure at much higher temperatures. The
question of the practical value of Planck’s law may very well be raised,
since it was derived for a black body and no such object exists in nature.
At this point it is sufficient to say that there are many objects that, in
spite of the fact that they are not black bodies but gray, satisfy Planck’s
equation to within a few per cent.

RLY S P Vhepta e e

During the period that so much work was being done on Kirchhoff’s
first law of spectral analysis, the second and third laws were by no
means neglected. Immediately following the announcement that the
wave-lengths of the spectral lines, either of emission or of absorption,
were characteristic of the chemical elements or compounds involved in
the production of the lines, careful investigations of the spectra of vari-
ous elements and compounds were begun. Identification tables of the
various lines characteristic of the elements and compounds were com-
piled and these tables were used for qualitative analysis of both labora-
tory and celestial sources.

A study of the spectrum of the element hydrogen, a photograph of
which appears in Plate VIIIb, indicated that the wave-length difference
between successive lines becomes smaller and smaller as the violet end of
the spectrum is approached. In other words the lines are apparently
arranged in some form of converging series. The point of convergence
was found to be at about 3647 Angstrom units. In 1885 Balmer, a
Swiss scientist, made the first determination of an empirical formula for
the prediction of the wave-lengths of the spectral lines due to hydrogen.
He found that the wave-length of each line could be computed by the
formula

2
n

n’—4

A=3647

in which 7 is any integer greater than 2. For example if n=3 in this
Balmer formula, we obtain A= 6565, which is the wave-length in Ang-
stroms of the red line of hydrogen known as H,; when n=4 we find
A= 4863 A, which is H, and so on for all of the lines in what is now called
the Balmer series of hydrogen.
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Following the announcement of Balmer’s formula for hydrogen a num-
ber of studies were made of the wave-lengths observed for other ele-
ments, and other series relations were discovered and their formulae
determined. For the heavier chemical elements several formulae are
necessary for the representation of all of the observed lines.

THE STRUGTURE OF MATTEf—m
From the earliest days of natural philosophy, that branch of learning
which has been divided, since the early nineteenth century, into the
various fields of science, there has been the fundamental hypothesis that
all matter is composed of fundamental particles which cannot be sub-
divided. These particles were known originally as atoms, but as science
advanced this term was reserved for the fundamental particles that
make up the different chemical elements. Atoms are.now.assused to
combine o form the individual particles. of the vasiaus.chemical com;
p_unds and these particles are known as molecules. By suitable methods
the molecules may be broken down to the individual atoms composing
them. The atoms and molecules were assumed to be too small to be
observed by any known instrumental methods, but various experiments
indicated that they did exist, that they were of different masses and
sizes, and that they were in rapid and random motion, Jrwas further
proved-shet-thespeeds 6f the partieles increased with-an increasein the
temperature of the material. -
The year _ggjlmay be faid to ma:kmg dawn of modern atomic

rhaps, the atomic age,’In that year Masson, a French

XSICS or,
scientist, ¢ igh-voltage duction coil tg/electrodes inserted

gas at lovy/ pressure. Instedd of the spark that
e obserfed

ressure tube. This

and its character

homson, R/A. Millikan] and a nurfber of othér scientists.
accented values for the/mass and fharge of the

electron are:
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Mass—g.1066 X 10-* grams oy m”’

10 absolate electrqstatic units.
&

4. The agnount of this

. ki
magnitude to th?*chargc on the

THE RUTIHHERFORD NUCLEAR ATOM

The results of the researches on the particles produced by the passage
of electricity. through gases indicated that thefatom could be broken u.
inta_small negatively .charged. pasticles known as electrond and mugn
larger pogitively charged particles whose masses are proportional” tg
the atomic weight-ofthe gas-used in the tubg, However, until the begin-
ning of the twentieth century there was no satisfactory theory or model
to explain how these particles were distributed in the atom, or the
mechanism by which they are separated by external energy.

In 1895 Roentgen found that if a solid ifiside /a vacuum tube was
bombarded by & stream of high-velocity elgctrons, some form pf very
penetrating rayf appeared outside the glassfof th¢ tube. Tlfese rays were
called x-rays #nd were thought {6 be a sgreamfof unchgrged garticles.
Subsequent gxperimengs proved that xfrays fare a fgrm off electro-
magnetic padiation of wave-fngth mjich shorter than thef shortest
known uftra-violet ljght. Thf importafit fegture of this radfation for
our imr ediate problem is tjfat when —raysarg passgd throgeh air, or
any .other.g mespiesic-presdire ckcirons dre_reledsed. This
means that high-ghergy elgctromagndtic ragiation, agwell as electricity,
can break up thf atom. If was later foundf that visilfle lightf or energy
in ‘any form, cAn drive flectrons ot of ptoms. i

In 1896 Becfiuerel digfovered byfacciddnt that rpdiation§capable of
fogging a phftographid plate enclosed iy black pgper wygpping, was
given off frgm a salt pf uranium. Thi was furgher inveptigated by
Madame Curie, who found that the at¢ms of a previously unknown
element, radium, were breaine nn withant the abnlicatioh of outside
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energy. LOXE lgatiod..Q he particle ven.off b hi nantaneous

disintegration of the radium. atem-shawed.ch heee, types.of rays
were given off. Thlese were known as a-ra s’ﬂ and xzays The
; = he yzrays.werefound. e
be _electromagneifc radiation of a slightly.sharte wpave-tersth-h
x-rays, but the frray found. o he thade up of .particle a0
entirely. diffecepr character from . anything. that had previonsly-been
observed. Thege a-rays, or ¢ particles as ghey are called at pre'sent, have

posisive chige twice thfl of the progon and a mass fouf times tha

-I'd Gl sl dalddld AWIA T el IS0 ol QLLS,
$

Ofthg ‘

In 1903 Pf Lenard, a (German physfcist, after a ong/geries of experi-
ments withl positively charged partigles, concludg¢d that the mass of a
solid body is not distribfuted througit an object upiformly but is concen-
trated in/small particlgs. During the next few years Sir Ernest Ruther-
ford and a number pf co-workers carried on,an epoch-making series
of experiments on the scattering of @ particles in-passing-through thin
ious materials. As{a Tesult of these experiments _Ruther:
ford was the atom is nuclear in nature.and.has
the following characteristics: (i) gll of the positive charge of an atom
is.confined to a particle smaller than 10727 cm. in.diameiess (i) the
amount of this positive cha{ng‘ using the charge on.the.proton as a
unit, is equal to half the atomic weighty (iii), practically all of the masg
of the atom is contained.in.this particle, or nucleus of the.atamRuther-
ford assumed further that electrons are arranged in some manner about
this nucleus with the number of electrons equal to the number of unit
proton positive charges on the nucleus. Hence the negative charges on

theglectrons just neutralize the positive charges on the nucleus.
-

THE BOHR ATOM

In 1913 Dr. Nijels Bohz. a young Danish physicist, proposed certain
specifications for the Rutherford nuclear atom. These were so radical
that at first physicists in general would not accept them but they ac-
tually mark the beginning of a new era in the history of physical science.
Chemists had been able to make considerable progress in the theory
of chemical reactions by using various models for the nuclear atom,
and several physicists had proposed that the electrons might be revolving
about the nucleus in circular orbits. However, neither the geometric
models proposed by the chemists nor the planetary models proposed
by the physicists could adequately explain the origin of the line spectra,
either of emission or absorption, which were believed to be due to
changes within the atom itself.
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Bohr 9onsxdered first the Slﬁw&mwﬁb‘ﬂs

eral other phys1c1sts
the n

balanced by the-slecsrostatic-and-gravitationat-attractions-between the
charges and masses of the rwa-pacticles, For the atom to be in a stable
condition there is one and only one value for v, the speed of the electron
in its circular path, for each value of r, the radius of the circular orbit.
Bohr introduced the condition that there are only certain particular
orbits possible for the electron, and that the radii of these orbits are
subject to certain quantum conditions. In other words, Bohr introduced
to atomic structure the quantum theory used by Planck in his theory
of continuous spectra. After making the assumption of quantum con-
ditions Bohr proceeded by perfectly standard methods and found that

n 5 A AR S b AT

—— )
n’h’ l’}t .
¥ o

r=—3—3 (D

4m° me
In this expression % is Planck’s constant, m is the mm{hg_clgcnqn,
¢ is the charge on the-electron, and 2 _is any integer. The numerical
values for 4, m, and e are all known from experimental determination
and when we set 7=1 we find r to be approximately 5 107" cm. as the
radius for the innermost orbit that the electron may occupy in the
hydrogen atom. The next orbit will have a radius four times that of
the first, the third will have a radius nine times that of the first, and so
on. In the Bohr model the electron may occupy any one of these orbits
and may move from one to any other, with a corresponding change in

the mternal energy of the system. th;ﬁ_ﬁuw

Under _normal condmons the electron is assumed to occupy the

innermost orbit. MMW%

put into the atom and under such condmons the atom is sa1d to be
excited, If : ‘ = A RaaTaibin .. W (il -_l datelde R bIaIalTole M aaT=
electron wij ite di -

state it will tend to return to the normal condition. The electron may
return to the innermost orbit in one jump, or it may go back by a
number of successive ]umps from orbit to orbit, always moving closer

to the limiting position in the innermost orbit, If an ionized-atam
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comes relatively._close to a_free electron the clectron. will he captused
and will go to thC lnne;mgﬁ; QL !!&E _ﬂ],];]),ﬁr by 2 an()‘]f- nlmn ru:__b*_g

awpber of successive hopsweAs the electron returns toward the inner.
most orblt, energy is given out by the atom. Since the electron must
move by specified jumps from orbit to orbit and never occupy the
spaces between orbits there must be certain definite energy levels in
the atom. The existence of these energy levels in atoms other than
hydrogen had been demonstrated experimentally before the announce-
ment of the Bohr atomic model, but there had been no logical explana-
tion for them.

Bahosfinal postulate concerning the ato,

W@W- If £ repre:
sents the energy level in the atom for the electron in one orbit, and E”

represents the cnergy level awith. rhe electron-in-another-orbit, M

Mtwmmmmmadm
mshed-mzeunﬁ:d::&.m:rsex proportional to the enesgy_change.

Expressed analytically we have

l E—E'=I J

in which ¢ is the speed of light and )\ thc wave-length of the radiation,

both _expressed in centimeters.

Mathematical analysis enabled Bohr to show that the value of the
energy E in ayﬁ] energy level is mvprsely propgrtional to #° the square
of the quangum number for th¢ partlcula electron orbit involved.
Hence the i
hydrogen

As an example let
ing from outer
radiation, or fro
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4 J_"_z_u)= —s(_ﬁ_'f_)
A 109,678(71”2"'4 3647)( 10 72”2—4 cm.

2
nll

or 3647(75:;) Angstrom units.
Reference to page 151 will show that this is the empirical formula
derived by Balmer for thq’{previously observed lines of hydrogen. Thus
Bohr’s introduction of the quantum-theory conditions to the nuclear
atom seemed to accomplish for the emission and absorption spectra of
hydrogen something approximating what Newton’s enunciation of
the law of universal g,i"aviation did for the structure of the solar system
—it placed an empirjcally determined law on a theoretical foundation.

The final step toyl/ard the establishment of a physical hypothesis is
to predict phenomena that have not previously been observed. With
this in mind Bohr computed the wave-lengths of the lines to be expected
when 7’ takes on/values other thaf 2, the value that gave the previously
known Balmer geries of lines. When the clectrons in an excited atom
return to the innermost orbit, or in other words, when the energy levels
settle down to/normal condition, #” has the value 1. Substituting this in
(iii) yields ; /

zf n'’”

f )\’43 911.75(;;;73:)
or a serief of lines converging on A=g11.75 A. Substituting in this ex-
pression fthe values 2,3, ett. for 7 we find that the wave-lengths of the
individuial lines should be at about 1216 A., 1026 A, et cetera. Air is
opaqué to radiation in this extreme ultra-violet region but Lyman, after
enclosing all of his apparatus in a vacuum chamber, was able to observe
and verify the wave-lengths of the predicted lines in the extreme ultra-
violet, now known as the Lyman series of hydrogen. When »” is given
the values 3 and 4 the predicted lines are found to be in the extreme
infra-red region. The lines were found at the predicted wave-lengths
and make up what are now known as the Paschen and the Brakett
series of hydrogen.
gtof the nuclear atom seemed well established for
hydrogen and the next step was to determine the orbits, or energy
levels, for the atoms of the other elements. The helium atom,.on the
basis of the nuclear-model, has two protons in.the nucleus and two
electrons outside. Each of the electrons will have its particular set of
orbits, but the computation of the constant-in (iii) is complicated by the
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fact that there will be electrostatic forces between the two electrons as
well as the increased attractions of the nuclear particles on the electrons.
The first case attempted was to consider that the helium was in a strong
enough energy field that the atom was singly ionized, i.e. one of the
electrons is forced out of the atom. We now have an approximation
to the hydrogen atom with one electron, but with two or more particles
in the nucleus. However, the computation of the constant for (iii) is
not difficult for the singly ionized helium atom and, as might be ex-
pected, the series of lines predicted were arranged in a group of series
not unlike in appearance the various series for hydrogen. Some time
before these computations were made Pickering, an American astro-
nomer, had observed a series of lines in the spectrum of the star Zeta
Puppis which were arranged in a manner similar to those in the Balmer
series for hydrogen. However, the wave-lenghts of these lines did not
agree with those of the Balmer series but did agree with those which
were subsequently computed for the spectrum of singly ionized helium.
This was a great triumph for the Bohr atomic model and spurred
workers on to determine the necessary constants for the heavier atoms.

When the attempt was made to extend the simple Bohr model of-he-
nuclear atom to include the atoms of the heavier elements almost -in-
surmountable complications were encountered. Furthermore continued
improvements in spectroscopic techniques permitted determinations of
wave-lengths to a very high order of precision, and slight variations
from the wave-lengths predicted by the Bohr model were found. Within
recent years the early quantum theory and certain details of Bohr’s
atomic model have come under considerable suspicion and to an extent
have been superseded. Regarding the latter, it remains firmly established
that atoms can and do exist in various energy levels, or stationary states,
and that they pass from one to another of these in the processes of
emitting and absorbing radiation. It is doubtful, however, if Bohr’s
actual model of the atom with electrons revolving about the nucleus
in circular or elliptical orbits corresponds to any objective reality. The
original quantum theory has come under graver suspicion, and although
it was undoubtedly a very great advance on any previous conception, it
has been tentatively replaced by the matrix mechanics of Heisenberg
and the wave mechanics of Schroedinger. These are only susceptible
of discussion in mathematical terms of an advanced order, and in an
account of this nature the work of Bohr and Planck may be accepted
as a reasonably satisfactory account of the theoretical background.
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THE NUCLEUS OF THE ATOM

In the discussion of the Bohr atom we were interested primarily in the
electrons outside of the nucleus, which are believed to give rise to the
energy levels so important in the theory of spectra. We were interested
in the nucleus only in so far as it provided the necessary positive charges
to attract the electrons and hold them in their various stationary orbits
or states. The number of these electrons and hence the number of posi-
tive charges on the nucleus is believed to be the characteristic factor of
the individual elements and is known as the atomic number Z of the
element.

\_&Lh_(_:_g_l_gr_lj;msm—arpangcd in order of increasing atomic number
it will be noticed-that the order -of arrangement is that-of increasing
atomic weight. It will also be noticed as we  pass down through the list
that the rate of increase of atomic weight is not any direct function
of the atomic number. The atomic numbers and approximate atomic
weights for a few elements are given in the following table:

Element — Atomic number Z  Atomic weight.

Hydrogen I I
Helium 2 4
Lithium 3 i
Carbon 6 12
Silver 47 108
Gold 79 197
Mercury 8o 201

It is assumed that the nucleus of the hydrogen atom consists of one
proton which carries unit charge and is assumed to be of unit weight.
Since the value of Z for helium is 2 there should be 2 protons in the
nucleus to provide the necessary positive charges to neutralize the two
electron charges, and if the protons contained all of the mass the atomic
weight should be 2. The atomic weight of helium is actually 4 and it is
assumed that there must be something other than 2 protons in the
nucleus to provide for the observed atomic weight. It was assumed that
in addition to protons atomic nucleii contain particles that have no
electric charge but do have mass equal to that of the proton. These
particles were known as neutrons, and when in 1932 Chadwick, an
English physicist, was able to isolate these particles the whole field of
modern nuclear physics was opened.

It is now believed that the atomic number Z is characteristic of the
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element itself. The number of neutrons in the nucleus may vary slightly
for different atoms of the element, thus giving rise to what are known
as the isotopes of the element. For example, in the case of the element
iron Z=26, indicating 26 protons in the nucleus and 26 electrons out-
side. The number of neutrons in an iron atom may be 28, 30, 31, or 32,
providing for four isotopes of iron of atomic weights 54, 56, 57, and 58
respectively. Of the various isotopes of any element, one is the most
common in nature and this one strongly influences the value of the
atomic weight determined for a relatively large sample of the element.
In the case of iron the isotope of atomic weight 56 is the most common
and the average atomic weight of iron is given as 55.84. Furthermore
zertain of the isotopes may be unstable in nature, as is the case with the
iron isotope 58.

The amount of energy bound up in the nucleus of an atom is very
great; we shall have occasion to return to this subject in connection
with the discussion of the source of radiant energy in the sun and in

h .
the stars (see pagc‘271%m %mluui — Ne D - —

FORBIDDEN LINES /

A further class of sp¢fctral lines must now engage our attention—the
so-called “forbidden’ fines. This is somewhat of a misnomer, for under
exceptional circumstances forbidden lines do make their appearance in
astronomical as wéll as in laboratory spectra. The forbidden lines of
an elementary mAy, however, be dg¢fined as those lines. that do not ap-
pear in the nofmal spectrum byt make their appe{é’rance when the

<

; and in the
as involve widély spaced atoms

even the Jowest experimenfally produced pregsures.
ception of statignary states goes faf toward an eluciflation of
the forbidden lines, and the mechanism of gheir production.

These/are shown on the left in a single folumn of ascending energy-
values. To the right they are sorted opt into four separate columns,
S, P, D, and F. From a study of the gbdium spectrum iffis possible to
determine what transitions are responsible for the indiyidual emission
lines, and each such transition is shown in the diagram by an arrow
linking the two stationary states concerned: for exasple, three lines
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in the gpectrum result from transitions between the states 25, 3S, 4S,

e states i columns §,; P, D, and F
transitiogs—i.e. thoseproducig§ lines
rmal spgttrum—ogtur only bgtween Atates in

P D F
5P
j— 5D 5F
4S
AP
p— 4D AF
38
3P
3D
95

18
e

ormal State of the Neutral Atom
Figure 38. (Modified from Darrow) Normal transitions within the sodium atom.

adjacent columns. That this is not éntirely arbitrary, byt does i :f/facu

reflect some significant facet of the structure of the atory itself, is ;aow

by the ordered disposifion of the/levels in egch of these colunrztis.
ThiXbrinciple of sefection is, owever, vi in linés, which

ated by gertain li
.. . . 4
result Arom transitigns betweep states in fhé same/column or betyeen
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TEMPERATURE FROM SPECTRA

In the first place, it will be remembered that Kirchhoff’s third experi-
ment gave information regarding the relative temperature of the sources
of a composite spectrum; we can tell by inspection only which of the
two is the hotter.

Bright-line and absorption spectra give us detailed and accurate in-
formation regarding the_chemical composition of the source, but con-
tinuous spectra (those of glowmg soha“mlﬁiil‘a's, or dense gases) give
us no information of this sort since, whatever the chemical composition
of the source may be, they are always a continuous band of color. Never-
theless, continuous spectra can give us valuable information about
the temperature of the source. As has been pointed out already in
our discussion of black-body radiation, the relative intensities of the light
at different wave-lengths are not the same in a continuous spectrum.
The measurement of the relative intensities is made by the methods
of spectrophotometry and curves can be obtained that show the observed
values of intensities plotted against wave-length. The determination
of the wave-length of maximum intensity from such a curve will give
a value of the temperature of the source by a direct application of
Wien’s law. A comparison of the shape of the plotted curve with those
computed theoretically from Planck’s general radiation formula (Fig.
37), plotted for different temperatures, may be made and, when a
matching curve is found, the temperature of the source is determined.
If we can determine the total energy radiated at all wave-lengths from
the source producing the continuous spectrum, either by direct measure-
ment or by integrating the area under the plotted curve from spectro-
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phometric data, we can determine the temperature of the source by
application of the Stefan-Boltzmann law. /

All three of these methods of temperature determination from Ahe
continuous gpectrum are pased upon the assumption that the soyfce is
a black boMy. Since the/black body is a purely theoretical objgct and
does not/exist in nat}r{e, corrections to the determmed te

spectro owa];v& qﬂmm The hne spectrum of an element
whetller ht or dark—e n or absorption) consists of a series

er ‘may vary frgm a%l—c'me or two to several
e r9rat;vely widelyl spaced; widely enough, at any
how as epapatt; ‘and 1nd1v1 al hncs But the spectra of com-

al,L chemical compounds are dis-

afc split info coqétltucgt ele-

igaentally.
the sun
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but also_of a yolatalized-selted; tiquid; or-rarefiet-gas;-may be_deter-
mined by / specteabanalysis, [n the laboratory three ranges of temperature

in particular are available for study: the temperature of the flame, such
as the Bunsen burner (about 2300°K) that of the electric arc (about
4000°K), and the high-tension electrical discharge (effective tempera-
ture up to about 20,000°K). Experiments carried out at these tempera-
tures have proved that the number and relative intensity of the spectral
lines of each element differ to some extent in the flame, arc, and spark
spectra. Those lines which can be produced in the labortory only
by the high-tension discharge are known as enhanced lines. Thus, if
the spectrum of a star shows the enhanced lines of calcium we can assign
a minimum temperature to that part of the star containing the calcium.
In point of fact this technique is capable of giving more detailed results
than the foregoing account might lead the reader to suppose; for the
gradual emergence and subsequent strengthening of the enhanced
lines is a direct function of increasing temperature, and a close correla-
tion between the two has been established.

IONIZATION

With the development and modiﬁc;iti,tin of the Bohr model of the
nuclear atom the reason for the correlgtion between the enhanced lines
and the temperature of the source wis established. We have seen that
under conditions of strong excitation one electron is driven out of the
atom and the atom is said to be singly ionized. The partially stripped
atom carries a pgsitive charge andss known as an ion. When the excita-
tion conditions are sufficiently 117tense for an appreciable portion of the
atoms to be idnized the lines/due to the ionized atoms make their
appearance in the spectrum {ong with the lines due to the normal
atom. As the etrength of the field energy increases, which is frequently
due to a rise in the temperature of the region, more and more of the
atoms becgme ionized angd the normal lines fade in intensity at the
expense of the enhanced/ lines. If the strength of the field energy is
increased still further anpther electron may be driven out of the ionized
to be doubly 1qmzed O;her spectyal lines due
to the doubly ionized/atoms make th¢ir appeayance and fhe intensity
of these lines increasgs with the strezéthemng f the field energy. The
temperatures at which the atoms of the varioug/elements Jecome ionized
(singly, doubly, triply, et cetera) cgn be computed from atomic theory
and have been verified in the labgratory. Afcordingly/if a mass of gas
contains a number jof different elements the/numbers gnd relative inten-
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sities of the normal and ionized lines of the dlﬁe;entclemcnts may be
f to«obtaln a very good value for the tempcm’fure of the gaseous
vs’(turc ' : ;

PRESSURE AND DENSITY FROM SPECTRA

Two other important physical conditions of a source, which may be
millions of miles distant, can be measured spectroscopically. The first
of these is pressure, which modifies the spectrum in certain recognizable
ways. The most important of these modifications has already been
noted: a_gas under great pressure behaves spectroscopically. like a solid
giving a continuous spectrung, while a.rareficd gas gives the character-
isticLlincvspew But line spectra themselves are modified by pres-
sure, just as they are by temperature. In general, the effect of decreasing
the pressure of a gas or vaporized solid is the fading and finally, with
great rarefaction, the disappearance of all but the strongest lines. Con-
versely, high pressures tend to widen the lines of the normal spectrum,
with the possibility of adjacent lines merging if sufficiently great pres-
sures are applied, and sometimes to shift them slightly toward the red.
Reduction of the quantity of a radiating gas likewise produces the
gradual disappearance of all but the strongest spectral lines; the very
fine lines that remain even under great rarefaction of the source are
called raies ultimes, and a consideration of the number of these ultimate
lines relative to the other lines of the normal spectrum allows a fairly
close estimate of the source density to be made. In the same way, the
pressure-shifts and the widening of the lines can be related to an
approximate quantitative scale.

MAGNETIC FIELDS AND SPECTRA

It has been proved by laboratory experiments that if the source of a
radiation is placed between the poles of a strong electromagnet a
curious spectroscopic effect results. In a relatively weak field the spectral
lines are thickened, and if the field is strong enough they are split into
pairs and triplets. The extent of this doubling and trebling of single
lines allows the strength of the field to be calculated with considerable
accuracy. One application of this effect, known as the Zeeman effect,
will be described when we deal with that section of our khowledge
of the sun which has been gained spectroscopically.

RADIAL MOTION AND SPECTRA
One further application of the spectroscope must be mentioned before
we can proceed to a more detailed description of the instrument in its
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astronomical form. Probably everyone has at one time or another
noticed the effect that motion has upon the pitch of a sound. An
observer standing on a station platform will notice that the.whistle-ok
an _express trainmmﬁm&w&enmmm-mw
volume as the train appmmmm; onge it _hag
passed and is receding from. him, the pisch.draps.agaia. The reason for
this alteration of pitch is that while the train is approaching the
observer it is all the time catching up the squad.impulses which it is
emitting; they arethezefore crowded closer together than they would
be were the whistle stationary. Since they are closer together, more of
them pass a given point in a second, and more therefore impinge upon
the observer’s tympanum in that time. Since the pitch of a note is
determined by the frequency of its impulses ( _small tuniag-fesk gives

i .a.lacge.ane hecayse it.vibrates moresapidly), the
pitch of the whistle will appear to rise. In the same wa , when the
source oﬂmmﬁswmﬁé:ﬂﬁgvcr the distance

iy

. . . Bt i 1 4
b ecutiv thep“gi, and a lower note is heard.

This can be demonstrated quite simply:

s H

-
P

Suppose that S is the sounding body, that it is emitting » impulses
per second, and that in one second they travel the distance from S to O,
where there is an observer. The space between S and O will there-
fore be occupied by » impulses. Now suppose that § is in motion
toward O, and that in one second it covers the distance Ss. The dis-
tance sO will now be occupied by » impulses; hence they will be closer
together (sO being shorter than SO); hence a greater number will
pass O in a second; hence he will hear a note of a higher pitch than
that emitted by S when stationary. If S is moving away from O the
reverse effect will obviously result.

Sound and light affect different human senses because they are
phenomena of a fundamentally different character; sauond.arayes, to
cite one example, require a.medium.(normally. the. 2is-iasuhich to
travely, Whereas ljg%t-— and other electromagnetic radiatiogs are pro-
pagated 27 Puc evertheless, the term ‘light waves’ may be sub-
stituted for ‘sound impulses’ in the foregoing account without in-
validating the argument, and it is found that analogous alterations in
the wave-length and frequency of a system of electromagnetic radia-
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tion are caused by movement of the source relative to the observer.
If S, now a source emitting light, is moving toward O, more waves
will pass O per second than would be the case if § were stationary.
Hence—since wave-length and frequency are inversely proportional
to one another—the wave-length of the radiation is shortened. Let
us suppose, to take an example, that the radiation is monochromatic
and that its spectrum consists of a single line in the red; the wave-
length of the line can be accurately determined with the interferometer.
If the source of the radiation is moving toward the observer, the wave-
length will be shortened, with the result that the line will be displaced
toward the violet, or short wave, end of the spectrum; were the source
receding from the observer the displacement would be toward the red.
In either case the amount of the displacement would depend directly
upon the velocity of this motion in the line of sight. The size of thg
displacement, or the amount. by.suhich.-the.suzave lpngfh bas. beeg

altered, will be given by the simple relation.

_ @
c

AN

AR

where AL=difference betw¥en displaced and nowmal wase-length of
the line,

v=line-of-sight velocity of the source,
c=velocity of light,
A=the wave-length of the undisplaced line.

A can be accurately measured, and since the other two terms in the
equation are known the velocity of the source can quickly be calculated.

As a numerical example of the application of this so-called Doppler
principle let us assume that the hydrogen line with A= 4863 A. is ob-
served in the spectrum of a certain star to have a wave-length of A= 4862
A. Then, in the analytic expression for the Doppler principle, A= 4863
and AA=1. Substituting these values in the equation we have

10
hence v==3—4x—8%c;—cm./sec. =6.169X 10°cm./sec.=61.69km./sec.

or about 38.4 mi./sec. Since the observed value of the wave-length is
shorter than it would be if the source and the observer were relatively at
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rest, we can say that the line-of-sight, or radial, velocity of the star is
38.4 mi./sec. toward the observer.

SUMMARY OF SPECTROSCOPIC DATA

We may now tabulate the varied information that thespectrum of, say,
a star gives us about the visible regions of that star:

i. Tts physical nagure: whether it is liquid, solid, volatilized solid,
dense gas, rarefied gas, or a combination of these.

ii. Ttsehermeabcamposition, and whether compounds as well as

elements occur.
iti. The rglative temperatisssmof the component sources of a com-
pound spectrum, e.g. a continuous spectrum with superimposed
absorption lines.
iv. Its actual temperagure, ascertained by independent methods.
Its densyy:
vi. The presence or abscnci of a.magnenis. ol

vii. Its llﬁC-Of-§ng]‘ velocity®,

TR

THE SPECTROSCOPE

T ———
The spectroscope, as an astronomical instrument, is essentially the same
as the apparatus on the work bench in the experiments already out-
lined. The three components, or their equivalents, are combined in a
single instrument which can be attached to a telescope. The construc-
tion of the prismatic spectroscope is shown diagrammatically in Fig. 39.
The tube a is known as the collimator, whose function it is to prepare
the light of the observed object for the prism. It screws into the draw-
tube of the telescope at f, and at g there is a fine slit through which a
narrow beam of light passes to the lens e. The light emerges from e as
a parallel beam which falls upon one face of the prism. The emergent,
refracted beam then encounters the object lens of the view telescope, c,

Figure 39.
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the spectrum being viewed direct instead of being cast on a screen as
before. This lens focuses the spectrum upon the eyepiece d, where it is
magnified and observed. The view telescope is pivoted at the center of
the instrument so that it may be directed at different regions of the
spectrum.

This is the basic type; two modifications must be mentioned, but
need not be described in detail. To secure wider dispersion, thus in-
creasing the length of the spectrum and securing greater separation
of closely adjacent lines, a train of several prisms may replace the
single prism shown in the figure. Alternatively, an entirely different
principle may be utilized, the formation of the spectrum resulting from
the diffraction instead of from the refraction of the incident light.
The position of the prism or train of prisms is now occupied by a
small sheet of glass or metal upon which are engraved many thousands
of fine lines to the inch. When a mixed radiation is reflected from such
a surface the different wave-lengths are sorted out, as with a prism. A
crude example of a diffraction grating can be provided by a phonograph
record. If the disk is held up slantwist against the light from a window,
it will be seen that the band of light reflected across it contains some
of the spectral colors. The dullness of these colors and the poor quality
of the spectrum are due to the coarseness of the grating, the disk having
comparatively large and few ridges to the inch.

It is usually more convenient to photograph spectra than to study
them visually, for not only is a permanent record made in this way but
the measuring of the positions of the lines and the comparison of un-
known lines with spectra obtained in the laboratory are greatly
facilitated. For this purpose a photographic plate is exposed in the
focal plane of the lens of the view telescope, where normally the eye-
piece would be.



VIl. The Moon and the Planets

The moon is the nearest body to the carth that is comparable with the
planets in size: han
wanerabibhesanth’s We have seen in an earlier chapter that it revolves
about the earth in a somewhat eccentric orbit, completing one circuit
in about twenty-seven days at a mean distance of 238,857 miles.

FHE MOON’S ORBIT AND MASS

is less than one eighti a may be deter-
mined by means of an interesting application of Newton’s law of uni-
versal gravitation. Up to this point we have always envisaged the earth
as describing a perfectly elliptical orbit about the sun, and the moon as
revolving about the earth. This is not strictly true, for the carth-and

. 0] asional nod Lo i ol ‘
graviry.ofthis system.which describes the. elliptical ciscusmasalac orhit;
M_MMWMMWY
. The phe-
nomenon is somewhat similar to that of a pair of exhibltlon dancers
performing one of those athletic maneuvers in which the man turns
rapidly over the same spot, with his partner, held at arms length, flying
through the air around him. If such an exhibition is watched carefully
it will be observed that it is an incorrect description to say that the man
is rotating on his axis, while his partner revolves round him: in fact,
bath.partners ase-sevalving ahaut 2 point hetween thess, but-this-peint
is.much-meares-she.man. (han the woman,

If, to employ more accurate terms, M in Fig. 40 represents the moon,
and E the earth, the center of gravity of the system would be at some
point C such that were the two bodies connected by a rigid, weightless
rod, the system would balance at this point. If we write

M. far the mase of the earth.
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M for the mass of the maan,
> I
h M ’ .y

then,
MeXDc:M mXDm

Though small, the movement of the earth about the center of gravity
of the two bodies is large enough to cause observable parallactic dis-
placements of the nearer planets such as Mars or Eros when they are
in the vicinity of the earth. Measurement of these displacements allows
the distance of the earth from the center of gravity to be determined,*
from which Mm can be calculated by means of the equation just given.

C
@ (-

Figure 40. (Not to scale)

THE LUNAR SURFACE

The naked eye shows that the moon’s surface is patched and mottled,
and observations extended over a period of time prove that the same
lunar hemisphere is always turned toward the earth, a fact which must
be held responsible for the anonymous housemaid’s memorable lines:

O Moon, when I gaze on thy beautiful face,
Careering along through the boundaries of space,
The thought has often come into my mind

If T ever shall see thy glorious behind.

Telescopically the moon is a wonderful sight, especially when a com-
paratively narrow crescent. At this time the sun’s light falls obliquely
upon the whole of the visible surface, and throws its innumerable
ridges, craters, valleys, and mountains into sharp relief against their

jet-black and unfathomable shadows. Acfullitisa much less.spectacular
object, because these-isthen po terminator on the disk..a0d the termina

to e have seen
tiands.nccessarily mast oblique, The shadows which gave an appearance

*The parallactic displacement of the sun, for example, amounts to about 12”.5.
At the sun’s distance of 9.3 107 miles, 12”.5 is subtended by 5.760 miles. Hence
the radius of the earth’s orbit about the center of gravity of the earth-moon system
is 2,880 miles. This indicates that the point C in Fig. 40 should be inside the
surface of the earth. ‘
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of such stark grandeur to the crescent moon are absent, and the general
effect is of flatness, lack of relief, and unalleviated glare.

THE MARLA

The most obvious lunar surface features are the dagk plains, or

which are easily visible to the naked eye. They are seen telescopically
to be vast smooth, or nearly smooth, plains, sprinkled with minute
craters, low ridges, and occasionally mountain peaks and larger crater
rings. The name ‘mare’ is a misnomer, since these flat areas are not
seas and almost certainly never held water. Our knowledge of the
physical conditions prevailing upon the moon proves that they cannot
be areas of water, but at this point it will be a good enough demon-
stration of this fact to point out that the sun is never observed to be
reflected in the maria, as it would be were they seas. It will be noticed
at first glance that the maria are approximately circular and that they
are largely confined to the northern hemisphere, the southern being
much rougher and more broken up, consisting largely of crowded
and often contiguous crater rings and walled plains. The largest of the
maria, Mare Imbrium, has an area of about 350,000 square miles.

THE CRATERIFORM OBJECTS

The most numerous type of lunar surface formation is the so-called
crater. The name ‘grater is perhaps unfortunate, since they cannot be
likened to the volcanic craters of this planet, as regards either origin
or appearance. They vary in size from small, wall-less pits a few hun-
dred feet across, to huge plaine—~+ge-milesin diameter and rimmed with
mountain walls many thousands of feet in height. The larger craters
frequently have a central mountain mass and a floor bearing much
detail in the way of craterlets, rings, ridges, and isolated mountain
peaks. In general, the smaller a crater is, the more regular aze its shape
and ramparts, but apart from this and such minor details as the presence
or absence of a central mountain, they differ very little among them-
selves. One almost universal characteristic is that the floor of the crater
;_s___g,a_lm:—lewl-r.han ‘the surroundmg terrain; thus the drop from
the summit of the rampart is greater within the crater than on the
outer side.

THE LUNAR MOUNTAINS

Like the earth, the moon possesses several great mountain ranges and
masses; these, when seen under oblique illumination (when near the



THE MOON AND THE PLANETS 173

terminator, that is), are_perhaps the-mest asresting features-of the

telescopic view of the moon. The height of a lunar mountain or other
fcatureWktammE‘d‘qmremﬂrbrﬁeasuﬂngAh&mgulamegth
of-its shadow. From this datum its height can be calculated since the
moon’s distance, and hence the linear length of the shadow, is known,
and the only other factor in the problem, the angle of illumination,
may be derived from the mountain’s distance from the terminator at

hght ﬁrst _catches its summit makmg it shine like a star from the
darkness beyond the terminator.

In this way it has been found that the highest of the lunar mountains
are comparable with the carth’s most notable examples. But taking into
account the size of the body on which they are situated they far out-
strip any terrestrial mountains, since the diameter of the moon is only
about one quarter that of the earth. The Leibnitz Mountains, situated
on the moon’s southern limb, rise in places to 30,000 feet, the equivalent
of well over 100,000 feet on the earth.* For the most part, however,
the great lunar ranges are confined to the northern hemisphere where
they are commonly the bulwarks separating adjacent maria.

THE BRIGHT RAYS

The_mnariathe-csatesifermeobiects, and the mountain ranges are the.

mastimportant of the lunar surface formatians, The telescope reveals
in addition a multitude of minor features such as ridges, valleys, faults,
and clefts. These are all topographical or ‘geological’ features, objects of
rock and soil; but perhaps the most interesting and certainly the most
baffling of all the objects visible on the moon are the bright streaks,

because they have no terrestrial counterpart. These rays, which occur
most prolifically in the southern hemisphere, are well illustrated in
PIM 1x. They are apparently surface markings only, for they cast no
shadows and are invisible under low illumination when all objects in
relief cast the longest shadows; on the contrary, they are character-
istically a feature of the full moon. At this time they contribute ap-
prec1ably to the glare already referred to and even render invisible
whole ring formations which happen to lic on the territory that they

*It must be remembered, however, when comparing the heights of lunar and
terrestrial mountains, that whereas the latter are measured from sea level, the
former are measured from a plane of reference that is roughly equivalent (on
the earth) with the ocean bed.
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cross. For the most part they are not distributed haphazard over the
whole lunar surface but are grouped into definite systems which usually
radiate in all directions from a central crater. One of the most important
of these systems is that connected with the crater Tycho; the longer of
the rays from this center cover hundreds of miles. Besides their shadow-
lessness, their invisibility under a low sun, and their grouping into
separate systems, a gotable characteristic of the bright rays is their
ipflexibility. They proceed for hundreds of miles across broken, moun-
tainous, and crater-strewn terrain without suffering the slightest devia-
tion or interruption from these formations. When a ray encounters a
large crater ring or mougtai e i
the whole formation with its whiteness. In only about one known
instance does another formation cause any deviation of a bright streak.
The markings and formations of the lunar surface present two
major problems, as yet virtually unsolved. The first concerns these
bright streaks. What is their nature, and (when that has been an-
swered) what was their origin? If the first question could be answered
conclusively, the answer to the second would probably follow. But

ial-analogys Since the systems radiating from central craters
bear a superficial resemblance to the splashes formed when a viscous
object or a squirt of liquid is projected at a hard surface, or when a
solid object is thrown at a viscid or liquid one, it has been suggested
by Wiirdemann that the streaks may be the - ‘ at
impacted with the lunar surface when it was still in a semi-liquid state.
Again, it has been suggested that they may mark cracks in the lunar
surface which strike out radially from the central craters and through
which some white substance at a past epoch oozed up from the interior.
The drawback of these theories is that they cannot explain the observed
fact that in no instance does a streak throw a shadow under a low sun—
that they are, in fact, flush with the surface.

Perhaps the most ingenious and attractive theory is that developed
by Stewart and Buell, and supported experimentally at Princeton
Observatory. It has been known for a number of years that moon-
light is polarized in a manner that can be most nearly matched among
terrestrial materials by powdered pumice. If the surface of the moon
does largely consist of this volcanic material, it is probable that it is
in a broken and shattered condition, owing to the rapidly fluctuating
extremes of temperature to which it is subjected. Stewart and Bucll

S
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surroundmg lunar surface, and in this position would only be vxsxfz
under a high sun; under oblique illumination it would be hidden from
view in the multitudinous small shadows of the larger particles of
which the surface consists.

THE MOON’S PAST HISTORY

No instrument is more powerful in the hands of scientists than mathe-
matics. Newton generalized the laws of Kepler, showing the nature
of the ‘why’ that underlay his ‘how,” and all subsequent work has gone
to ratify the universality of the law of gravitation. By its means the
behavior of bodies in space can be calculated for almost any set of con-
ditions. The physical constitution and behavior of matter, investigated
in the laboratory by means of experiments which the reader can find
described in any textbook of physics, also allow of mathematical ex-
pression and investigation. Thus it was that G. H. Darwin was able
to proceed from premises generally believed to correspond most closely
with the past condition of the solar system to a mathematical demon-
stration that the moon was very probably ‘born’ of the earth.

Before describing the results of his investigation a word must be
said of the currently accepted picture of the earth’s origin; it is well
to bear in mind, however, that this account of the birth of planets is
entirely lacking in anything approaching proof. At _some..epach.in
thg past a star is said to have swung out of the depths of space, passed
compazatively near to. the sin. and .once. more. receded. into the un
known, Ag the distance separating the two bodies—sun and star—
grew steadlly smaller their increasing gravitational attraction raised
gigantic tides in theg_gla,,m_c_.bodns for a similar reason the moon
today raises tides in the earth’s oceans. The solar tides increased in
volume as the two bodies drew nearer to each other, until a point was
reached when equilibrium could no longer be maintained, and a jet
of solar material was drawn out toward the star. From this liquid
or gaseous filament the planets later condensed.

It follows from this hypothesis that at some period in the past—the
study of radioactive minerals in the earth’s crust suggests some two
thousand million years ago—the earth was a plastic body with a tem-
perature of several thousand degrees; it also follows that its rotation
period was very much shorter than it is today. It was from this stage
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in the earth’s supposed early history that Darwin began his deductions.
He proved that this body would contract and that l;he contraction would
be accompanied by a steady acceleration of its rotation, Then came the
crucial stage of the demonstration in which it was proved that if this
acceleration increased beyond a point when the earth was rotating once
in about three hours, then it would disrupt with the formation of two
bodies of unequal size. At first these would be in contact and in rapid
revolution about their common center of gravity. But just as the moon
now raises tides in the terrestrial oceans, and as the earth’s two ‘parents’
are supposed to have raised tides in one another, so each of the two
bodies would cause enormous tides in the semi-plastic body of the
other. It was shown that the immediate effect of these tides would be
to put a brake upon their axial rotations: and since the angular momen-
tum of the whole system must be conserved, this would result in the
two bodies moving further apart. The.sneon weuld continue to recede
tides.and the assumption of their present relative. positions, Observa-
tional confirmation of a single point in this hypothesis is possible.
Darwin proved that not only would the tides affect the lunar orbit,
but that they would also decelerate the moon’s rotation until its axial
rotation and its circumterrestrial revolution occupied the same period.
As can be observed, this actually is so; the moon rotates on its axis in
the same period as it revolves, and therefore always turns the same
hemisphere to the earth. Furthermore, the oceanic tides must have a
similar retarding effect on the earth’s rotation, and though the effect
is slight it is large enough for detection: the day is steadily but very
slowly lengthening.

Thus we have sound cause to believe—it is generally regarded as

proven—that_at some .past.epach.the maon. was.a-plastic-bady at a
yesysauch-higher semperature,.and 2 very. much smaller. distance from
the earth, than at presents These facts have been made use of in one of
the many attempts that have been made to solve the second great prob-
lem propounded by the moon’s surface features: that of the origin of
the maria and crater rings. & .

£
M&WWW~W
Only two of the more interesting suggested explanations of the existence
of lunar craters will be discussed here; even so, the treatment must be
unsatisfactorily brief. The first supposes that the moon was once sub-
jected to a prolonged meteoric bombardment. At this epoch it is
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envisaged as having lost whatever atmosphere it may once have pos-
sessed, but as having developed, through cooling, a solid crust. At each
point of impact between a meteoric fragment and the lunar surface an
intense temperature would have becn m_gtamaneously generatea By
the translation of the meteors kmctlc _energy. into heat energy. The
resultant” explosion, glven a metcor of considerable mass, would have
mad)_.rhc,amm--bomb.»leok»—l-d&e a—-ea-p—pmto] Assummg meteors ot
dimensions comparable with the asteroids,* there is no difficulty in
envisaging the formation of even the greatest of the walled plains by
this means.

Other points in the theory’s favor are the satisfactory explanation it
provides of the astonishing circularity of formations often 150 miles in
diameter, and its provision of a mechanism for the expulsion of jets of
pulverized material called for by recent suggested explanations of the
bright rays.

Two of the commoner objections that have been leveled against the
meteoric theory are easily disposed of: that the earth also _should_be
pockmarkgd with.craters, and that sinc€ ot all of the impacts would
be in a vertical plane a large proportion of the craters should be
elliptical. The former neglects the fact that the earth’s atmosphere
provides a protective screen with the moon lacks, and also that erosion
and sedimentation are terrestrial smoothing agencies not to be found
on the moon. The latter makes the false assumption that an oblique
impact must cause an elliptical crater: if the impact were explosive, as
it would be, the crater would always be circular. This fact is well
known to readers who have had experience of aerial or artillery
bombardment.

It is, however, a valid criticism of the meteoric theory that it cannot
account for the maria, and it seems probable that these do represent
areas of subsidence such as are gpvisaged in the seismic theory.

ORIGIN OF LUNAR ‘CRATERS™"SEISMIC THEORY
The seismic or tidal theory proceeds from entirely different premises.
According to this hypothesis, the first age of crater formation eceurred

when the maon had a thin solid crust over a stlll ‘molten }_gl_;_exmnwhmh
d.h;z..thc.mm.pa:atmdy

T ]

was-scowred. by .gigantic tides raisg

The progressive cooling of the moon would result in the contraction

of this crust, strain being set up in it, and the final collapse of points

which were either weaker or thinner than the surrounding surface.
*See p. 205.
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Each time the internal tide swept past such a rupture, the molten
material would be forced up through it, enlarging it and leaving a
cooling deposit round its edge. Since each vent-hole would be con-
tinuously growing, the older craters would be larger than the more
recent. Finally, the crust, cooling gradually throughout this period of
crater formation, would grow sufficiently thick to prevent the periodic
uprushes. The maria are represented as areas of subsidence and second-
ary crater formation at a later epoch. The fact that they are darker
than the areas of initial crater formation is explained by supposing
that the less dense materials which would float to the molten surface
were of a lighter hue than the denser substrata. The subsidence theory
of the maria receives support from the observed fact that they contain
many reduced and partially melted ring plains of a light color, relics of
the primary stage which escaped complete destruction at the time of the
formation of the maria.

Against the seismic theory it may well be urged that such geome-
trically circular formations could not invariably have resulted from
the ‘eating away’ of the periphery of the original vent or subsidence.

It seems reasonably safe to believe that for the true explanation of
the origin of the craters and maria we must look to one of these two
theories, or more probably to some modification or combination of
them. On the other hand, it would be invidious in a book of this nature
to support one against the other: all that can be said is that the case
for neither is yet proved, and that the debate continues.

THE LUNAR ATMOSPHERE

Perhaps the most striking feature of the lunar landscape, as seen tele-
scopically, is its unrelieved starkness. Shadows are dead black, and land
and surface markings hidden from the direct rays of the sun by the

terminator are completely invisible. The_definitionmitmasmthasmas—ihat
ofa-sicel cngioingeand-balisoncspgrmpehadows, blurred details, and

soft distances are conspicuously absent. This alone would lead one to
suspect that the moon has no atmosphere, for these are characteristically
atmospheric effects. Still more important, objects near the limb are
seen with a stark clarity which is in no way inferior to that of objects
near the center of the disk. Such a dimming would inevitably result
from the existence of any but an extremely rare atmosphere.
Genegal-eppessances, then, lead one to suspect that the_moop has
no_atmospherg, But this is not enough, ana“mm——_—[cobsaw:ifns

can be found to confirm this conclusion. Several times a month, on the
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average, the moon passes in front of a tolerably bright star. Because the
moon’s motion is eastward the star disappears at the eastern limb and
reappears at the western. If the moon had no atmosphere, the dis:
pearance (and the reappearance) of thestarsseuld-be-metantoncal
at one moment the star would appear to be perched on the moo
limb and the next it would be gone. If the moon had an appreciabls
atmosphere the light from the star would pass through it just Defare
reashing-the-Hmofthe~moon. 1he star’s light would gradually fade
out, its color would change, and the apparent rate of approach of the
star toward the limb would be changed. Many hundreds of occultations
of stars by the moon have been observed and in every case the disap-
pearance of the star has been j Qus wi e
in the brightness or appearance of the star just before it disappeared.
Hence it is concluded that the moon has no appreciable atmosphere.
Observation of the occulted star cannot tell us that the moon has zo
atmosphere: on this point it can give us no information. All we are
justified in concluding is that if there is an atmosphere at all, it is
below a certain threshold density at which the occulation phenomena
referred to would be sufficiently marked to be noticeable with our
most accurate instruments. This threshold is 10™* of the terrestrial;
the atmospheric pressure at the surface of the moon cannot therefore
be greater than one ten-thousandth of that at the surface of the eartk
or 0.076 mm. of mercury. Rare though such an atmosphere wonddl he.
it would not be nonexistent.
The_Necond poirger which indi
atmospherg_1 ilight. On earth darknesy does
not fall the instant that the sun is obscured by the horizon; hig
levels of the atmosphere are still lit by the direct light of the sun for
an hour or more after sunset, and the molecules of this atmosphere
reflect and scatter the light, thus preserving the indirect illumination

known as twilight. An observer-Jeeling-acthe carth from outer space
would not_see. a..shasply--defined—termirrator-—separating—night -fran

day, such as we sce on
#hich s neither day nor night.hur aa.in

[T Ras been csumated that a lunar atmosphere with a density exceed
ing 107° that of the earth would cause an observable twilight effec
in the cusps.

The spectrogeope clinches the matter. Since the moon shines/ b
reﬂectea‘%ﬁﬁt, its spectrum is a faint replica of the solar spectum.
But should the moon possess an atmosphere, it would be betraved
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spectroscopically by the presence of absorption bands, provided its
density is sufficiently high. For the solar light when reflected from the
moon’s surface would have to pass twice through its atmosphere, once
before reflection and once after. Yet the lunar spectrum is identical
with that of the sun, and no lines that might be.attributed to [unar

ospheric ,a,bs_dfpiibn“can be detected. There are non-solar lines, it is
true, but these have all been established as telluric, i.e. caused by absorp-
tion in the earth’s atmosphere. The lunar atmosphere, then, if it exists
at all, does not exceed one ten-thousandth of our own in density.

THE LUNAR TEMPERATURE

From the point of view of life, the next most important environmental
factor is temperature. The earth’s atmosphere contains considcrable
quantities of water vapor, and acts as a blanket wrapped round the
day-warmed hemisphere which retards the radiation of its heat into
the night sky; it is well known that a clear, starlit night is colder than
one that is overcast and cloudy. But whether or not the moon does
possess an atmosphere 10™* or 107" as dense as our own, an atmosphere
of lower density than this would certainly be incapable of performing
this blanketing function. Hence. the lunar surface must not only get
very_much hotter than the earsh’s-durmg-the diy,; but also becsifie very
much_colder during the aight. Still more so, since the lunar days and
nights are equal in length to fourteen terrestrial ones.

The measurement of the moon’s temperature would be impossible
were it necessary to do so directly. The measurement of very minute
units of heat presents considerable practical difficulties. It is fortunate,
therefore, that heat can be converted into electricity, for minute electric
currents can be detected and measured more easily than minute units
of heat. The galvanometer (an instrument that performs this opera-
tion) is a very much more delicate and sensitive piece of apparatus than
the thermometer. If two pieces of metal—one, say, of iron and the
other of copper—are soldered together and then heated, an electric
current will flow between them. It has been discovered that the metals
that give the strongest current for a given temperature are antimony
and bismuth. A number of these antimony-bismuth units, known as
thermocouples, are joined in series and connected with a highly sensi-
tive galvanometer. Then the light and other radiation from the moon
is allowed to pass through a telescope of large aperture and is focused
on the bolometer; the galvanometer is read, and a simple calculation
(based on data derived from laboratory experiment) permits the




THE MOON AND THE PLANETS 181

temperature of the source to be deduced. It is found that the tempera-
ture of the night side of the moon is very low indeed, and different
workers are almost unanimous in their estimate of a temperature near
to absolute zero (—273° C.). This is the absolute cold, the complete
lack of heat, which characterizes interstellar space.

Unfortunately, estimates of the temperature of the sunlit side that
have been made by different workers and at different times do not agree
so closely. But the most reliable recent work on the subject makes it
probable that the temperature at the center of the sunlit hemisphere is
some 30° above the boiling point of water (130° C.); it falls off rapidly
during the long afternoon, freezing point being reached shortly before
sunset. During even the few hours that the sun is obscured at lunar
eclipse, the temperature may fall to the neighborhood of —r120° C.

Thus the moon, judged by terrestrial and human standards, is not
a hospitable place. It has an atmosphere which is at best almost non-
existent, and the surface temperature fluctuates between about 200°
below zero and that of superheated steam. It is hardly surprising,
therefore, that the moon has generally been regarded as a dead world.
Within the last fifty years, however, some doubt has been cast upon this
easy assumption, notably by W. H. Pickering. Even before this time
it had been known that the face of the moon is not entirely change-
less, though such minor changes as had been noticed were consistent
with a ‘topographical’ explanation—that is to say, were probably in
the nature of landslides, subsidences, and the like.

HI LUNAR SURFAC

The most famous case of such lunar change is that which occurred to
the r Liggé. This is a small, wall-less crater situated on the flat
expanse of Mare Serenitatis. It first figures in the map of Riccioli, con-
structed in 1651, where it appears as a deep crater some 4% miles in
diameter. At the end of the eighteenth century Schréter described it as
a doubtful crater consisting of a small, brilliantly white spot. Not only
do these two accounts conflict with one another, but had the crater
been no larger during the seventeenth and eighteenth centuries than
it is today neither Riccioli nor Schréter would have been able to detect
it with their relatively primitive instruments. In 1823 Lohrmann
described it in terms reminiscent of Riccioli, and in 1831 Midler, as
the result of several observations, stated that it was a deep, bright, and
distinct crater 6 miles in diameter. Twelve years later Schmidt con-
firmed this general description after having observed the crater care-
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fully on eight separate occasions; he estimated its depth to be at least
1000 feet and its diameter something between 5% and 7 miles. Up to
this time, then, different observers’ estimations of the size of Linné
had varied widely, but, if we ignore Schroter’s observation, no change
of structure had been definitely established.

In October 1866 Schmidt re-observed Linné and noticed that its
appearance had altered strikingly since he had last observed it twenty-
three years previously: where before there had been a deep and dis-
tinct crater there was now a featureless white patch. In the following
month he announced that the crater had disappeared. After several
more months had elapsed he announced that a minute crater-pit, not
more than a quarter of a mile in diameter, was just visible on the
white patch that had replaced the vanished Linné. By 1868 this crater
had increased in diameter to about one and a half miles. Today Linné
appears to be a small crater about one mile in diameter.

1t may-beregarded-as-eTtabtished-thatF1Ane 15 ow simatter-+han it
was during the period 1651-1866, Itsdisappearance and what looked
[ike Tts Teplacement by a white cloud in the latter year may possibly
be explained as the subsidence and collapse of the original deep crater,
though the subsequent formation and gradual growth of the present
crater is puzzling.

OTHER TYPES OF LUNAR SURFACE CHANGE

The floor of the crater Plato has also furnished some well-attested
examples of lunar surface change. This crater floor is of a dark tint,
smooth and featureless but for a number of minute crater-pits inter-
connected by a system of faint rays. Independent observers at dif-
ferent times have reported the disappearance of some of these pits,
and it is safe to say that their visibility is variable. In addition to these
unpredictable disappearances, the floor of Plato itself is subject to a
periodic variation of brightness, the depth of tint being dependent on
the time of lunar day (terrestrial month). This is impossible to explain
by recourse to any ‘topographical’ theory of lunar change, and leads us
on to the work of Pickering and his followers, which within the last
half century has strongly suggested—although the suggestion has
not been universally or even widely accepted—that so rimitive for

of vegeta ] ] existence on the moon’s
gliftace.




THE MOON AND THE PLANETS 183

THE DARILGRRIGET AREAS |

The first discovery produced by Pickering s intensive study of the moon
was that of the new type of surface feature which he named the partly
bright areas. These are small, light-colored areas which most usually
otttr on broken ground—crater floors and ramparts, and the upper
slopes of mountain ranges are common sites. What gives these partly
bright areas their outstanding interest is the fact that their brightness
varies with the lunar day. Some twenty-four (terrestrial) hours after
sunrise they begin to rade and-decreme i SZe and by the middle of
the lunar afternoon they may baye disappeared-completaly. Presumably
they increase in size again during the long lunar night, for when they
are next visible soon after the following sunrise their size and intensity
is once more maximal. The peculiar nature of this variation—the size
and brightness of the area being inversely proportional to the sun’s
altitude—suggested to Pickering that they might possibly be deposits
of spow.gr, more probably, Roarfrost, As we have seen, other considera-
tions indicate that the moon has long been without any trace of water;
nevertheless, no more satisfactory explanation of these partly bright
areas has yet been proposed.

| THE _YARIABLE SPQTISe,
The next feature to be discovered—also by Pickering—which hinted
that the picture of a dead and waterless moon might need some revision
was the variable spots. These spots first appear some hours after sun-
rise and increase in size and depth of color to a maximum some hours
before sunset, when a rapid change in the opposite direction sets in;
by the time the sun sets, and the terminator reaches the spot, its color
is normal once again, and as a spot it no longer exists. Variable spots
are not found within about 30° of the poles, and the nearer a spot is
to the equator the more rapid is its cycle of changes. What are these
spots, and what is the significance of their monthly changes? Pickering
asked whether they might not be patches of some kind of lunar vegeta-
tion. This explanation, though once again at variance with earlier
ideas concerning the nature of the moon’s surface and of the conditions
prevailing upon it, gives a satisfactory account of the phenomena that
it sets out to explain.

But the revolutionary implications and disregard of theoretical con-
siderations which characterize Pickering’s theories have resulted in
their somewhat unenthusiastic reception by the astronomical fraternity.
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MECHANISM OF ECLIPSES

The moon, in revolving about the earth, traces out a great circle upon
the star sphere. Similarly the sun describes in the course of a year the

great circle known as the ecliptic. The two points where these circles

intersect are called nodes: the ascending gode Where the moon crosses

from the south to_the north of the-sekiptic, ard t ] (d
where it passes bask again mf;om north to_south hen. the' sun and
moon are a -die-directly

betwgen them, since the nodes are 180° apart; in this case _a_l_llll_l_a[_gdipﬂsc_

will occur. Hence it is that eclipses of the moon can only occur at or

Figure 41.

near full moon. Thus there are two important differences between
lunar eclipses and those of the sun: the former always occur at full
— o . ) y .
moon, and it _is the carth’s shadow on-the-moon’s surface thatis ob-
served; the latter occur at pew maan-and this time it is the moop’s
shadow which crosses the carth’ssurface

To say that the moon isin-eelipseytherefare, means that jt is passing
thraugh the easth’s-shadew. This circular shadow, as it sweeps across
the moon’s surface, is seen to consist of a ntra] core, or umbra,
surrounded by a less dense fringe called the "he formation
of these two zones in the shadow 1s explained in Fig. 41, which shows
a spherical body casting a shadow upon a flat surfaceg the illuminator
is llkewise a spherical body and not a point source, Actual experiment
will demonstrate that the outer edge of the penumbra and the junction
of the umbra and penumbra are not sharply defined, as in the diagram,
but are hazy and indeterminate. A little thought, and the inspection
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of the figure, will show why the two shadow zones are formed. An
observer stationed in the umbrg 4B will discover that the illuminating
body is completely blotted from his vision by the eclipsing body; no
light from the source can penetrate the cone ABba. An observer under
the penumbra CD will not see a totally eclipsed illuminator, but a
partially eclipsed one. The further he is from the umbra—i.e. the nearer
to the outer edge of the penumbra—the smaller will be the fraction of
the illuminating body that is observed to be eclipsed, and the lighter
will be the tone of the shadow upon the screen.

Now suppose that the body X is in motion, so that its shadow
moves across the screen. The umbra will trace out some such zone
as AA’BB’, and the penumbra the zone CC’DD’. We have now
reproduced the mechanism of eclipses. In the case of a lunar eclipse,
Y is the sun, X the earth, and the screen the moon’s surface (here
represented, for simplicity, as a flat instead of a curved surface).

If the sun and moon reach, not epposite, but the same node
simultaneously, then a central solar_ eclipse will occur. The fact that
there is not a total solar eclipse at each new moon proves conclusively,
without its being necessary to plot the paths of the sun and moon on a
star map, that these two paths do not lie in the same plane. That is,
that the planes containing the orbit of the moon and the apparent
orbit of the sun (the terrestrial appearance of the earth’s circumsolar
orbit) are inclined to one another; since they both pass through the
center of the earth, they must nevertheless intersect. The necessary result
of this inclination of the ecliptic to the moon’s path is that when either
the sun or moon are not near a node there cannot be an eclipse.

Suppose that the sun and moon reach a node, not simultaneously
but in close succession. The body of the moon will then not com
pletely cover that-of-the.sun, and the result will be a_partial .solas
cd;ps;_(_s&l?g_. . 42). The farther the sun is Trom the node, the smaller
will be the Fraction of its disk which is obscured. Beyond a certair
distance (which is easily calculable) there will, of course, be no eclipse
at all.

At the same time, it must be noted that the simultaneous arrival of
both bodies at the same node does not inevitably result in a total solar
eclipse, though the eclipse must under these conditions always be cen-
tral. For we have seen that planetary orbits are not circles but ellipses,
one of whose foci is occupied by the center of the sun. Hence the
distance of the moon from the earth and of the earth from the sun are
subject to small variations which cause a variation in the apparent sizes
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of any two of the bodies concerned as seen from the third. Thus it is
possible for the earth and the moon to assume positions in their respec-
tive orbits such that the angular diameter of the moon is slightly smaller
than that of the sun. Under these circumstances, and when the centers

of thc sun and the moon are in the same line of sight, the sun will not
o nh p.(mm 1

Ecliptic

Figure 42.

The distances and sizes of the moon and sun are related in such a
way that the shadow of the former on the earth’s surface cannot exceed
167 miles in diameter; usually it is much less than this. Thus as the
moon moves across the face of the sun its shadow traces out a com-
paratively narrow band across the earth’s surface. An observer stationed
more than about 84 miles from the center of the totality zone (assum-
ing that its size is maximal) will see a narrow lune of sun round the
moon’s limb at the moment of the nearest approach to totality; he
will, in fact, observe a partial eclipse. The further away he moves, the
larger will be the observed solar lune. If he is situated more than about
2000 miles from the center of the totality zone he will observe no eclipse
at all. These zones of course correspond exactly with the umbra and
penumbra of Junar eclipsesW}WS
<hadawg, the zone from which the eclipse is observed as partial, is the
penumbra. A4’B’B, in Fig. 41, is the totality zone, and the wider area
covered by the penumbra (still a band-shaped zone, longer than it is
wide) is the g000-0odd mile wide zone of the earth’s surface from
which the sun appears to be partially eclipsed, and which therefore
receives some light direct from the sun.
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LUNAR ECLIPSE PHENOMENA

i.e. the whole disk will lic

under the umbra. If they-de-aotr-the-earth's-shadow.nill-swcep-acras:
a ssstien-af the lupar. disk-egly. Under these circumstances, nothing

but the penumbra may fall on the moon, but at total eclipses the
shadow can"mlﬂ seen to consist of a central dark umbra and a
peripheral, lighter penumbra.

Since, in eclipses of the moon, it is the shadow upon the observed
object that is seen, and not the echpsmg body itself as in the case of

solar eclipses, a.Junar.eclipse  is visible .over -the-whale .terrestrial
hem;sphﬁzmimmmmm&_lls_l_bl% We have seen that the
lunar territory under the umbra receives no direct light from the sun.
It might therefore be expected that it would be invisible. Actually,
however, the gotally eclipsed moon is only reduced in brightness, and

usually rendered a deep red color: it_is still visible, and—on account
of _its color—wery~strikinglysa The reason for this visibility is that
. \ ; . .
shadow  cone, just as a_stick

beng Thus all the light that illuminates the totally eclipsed moon has
passed through the earth’s atmosphere, and for this reason terrestrial
meteorological conditions (especially the incidence of clouds) affect
the appearance of a lunar eclipse. The redness of the refracted light is
due to the preferential action of the atmosphere upon the radiation of
mixed wave-lenghts of which sunlight is composed. The blue light js
scattered, &hile the atmosphere has little effect on the red, which it

transmaits.almost. in its entirety Tt is for the same reason, as has already
been pointed out, that the.day.sky.is hlue, and that sunsets (when the
sun’s Iight has to pass through a maximum thickness of atmosphere

QD

THE PLANETARY FAMILY

The order of the planets from the sun outward is Mercury, Venus,
Eaxshy Mags, Jupiter, Saggrn, Uranus, Neptune, and (most distant and
most recently discovered of all) Pluto. We saw in Chapter 111 that the
dist

methad, either directly or indirectly. Further, that the distances of the
planets may be similarly determined; and, since the distance of the
sarth from the sun is known, we can arrive at the solar distances of



188 QUALITY—THE NATURE OF THINGS

those planets too remote for direct investigation, by the application of
Kepler's third law. By a close observation of the motions and successive
positions of each planet, it is also possible, with the assistance of the
laws enunciated by Kepler and Newton, to reconstruct its complete
orbit: to discover its eccentsicitsy the lengths of the major. and minor
axes_(the planet’s greatest and least distances from the sun), the period

of revolujon, and the velocity of the planet in any. part of its.arhit.
MERCURY : SOLAR DISTANCE

In this way it has been established that the mean distanee-of-Mercuny
from the sun is 36 mill.i.eyw rgjjj;ﬁ,_or about one. third. of theearts. But
the orbit is markedly eccentric—more so than that of any other major
planet except Pluto—with the result that the solar distance varies con-
siderably with different positions of the radius vector: it may be as
great as 43 million miles or as little as 28 milliond Thus Mercury’s
distance from the sun varies by abou its mean value, as
compared with the earth’s 3 per cent. This alone will cause appreciable
temperature differences at the Mercurian surface at different times
during its year.

MERCURY: OBSERVATION

But even 43 million miles is a relatively small distance, and it is this
nearness of Mercury to the sun that causes the apparent proximity of
the two bodies in the sky; we have seen that Mercury can never be
further than about 28° from the sun. This restriction has important
practical effects, for it means that whenever Mercury is visible to the
naked eve it is near the horizon—certainly not _more than about 20°

the

i ] Now the least favorable way of ob-
serving a celestial object is to view.it when it is near thehorizon, for it
is then being seen through a maximum thickaess of-aamosphere (see
Fig. 43). The effect of the atmosphere upon telescopic ‘seeing’ is com-
parable with that of a thick, cloudy plate-glass window of uneven thick-
ness and density, and studded with flaws, interposed between the
observer and the object observed; a window, moreover, which is in
constant and erratic motion. Fortunately, Mercury is a bright object,
and it is this fact that allows the difficulty to be overcome. For when
its position in the sky is known—as, through the application of Kepler’s
laws, it is known, and recorded in almanacs—it can be picked up
telescopically during the daytime. Its altitude above the horizon is then
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greater than in the evening or early morning, and the effects of the
atmosphere upon the ‘seeing’ are therefore lessened.

Those who aspire to see Mercury with the naked eye will do well
to note the following facts. Elongations, when Mercury and the sun
are, as seen from the earth, farthest apart, and when the interval be-
tween the rlsmg (and setting) of the two bodies is greatest, are most
favorable in the north hemlsphere when they oceur in W
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or maximum elongation west when it occurs in September or October
(morning observation), consequently provide the best conditions.
Telescopic viewing will of course show that it is dichotomized at
thesc times.

MERCURY ! AXTAL ROTATION

Mercury’s sidereal period is easily determined by inspection, allowance
being made for the observer’s motion, and is found to be a little less than
eigh_[y_&g_h'.;__days: this is the planet’s ‘year,’ or period of circumsolar
reveatrors But its period of axial rotation is less easily determined, and
is, indeed, not yet beyond doubt. The obvious directions to an observer

wishing to determing a planer’s rotation period are as follows. Observe

the tra i surface marking across the planet’s

central meridian_nate the time ah T azain

the time.and-then-subtract the first fime from the second, But, unfor-
tunately, Mercury exhibits no sharply defined markings that can be




190 QUALITY—THE NATURE OF THINGS

used for this purpose. Such markings as it has are so vague in outline
that it requires telescopes of considerable aperture, employed when the
planet is high above the horizon, to show them at all; even so, their ill-
defined nature renders them quite unsuitable for the determination of
the rotation period. Schréter believed that Mercury rotates on its axis
in about twenty-four hours, and this view was generally accepted until
1889, when Schiaparelli suggested the much longer period of eighty-
eight days, that in which Mercury completes one revolution of the sun.
If this is so, Mercury always turns the same hemisphere toward the
sun, just as the moon always turns the same face inward to the earth.
This longer period is consonant with the negative results of the attempt
made at Mt. Wilson to measure with a thermocouple the radiation
from the dark side of Mercury, which also suggest that one hemisphere
never receives direct heat from the sun.

How difficult it is to estimate the rotation period from observations
of surface markings may be appreciated from the fact that the angular
diameter of Mercury at elongation is the same as that of a twenty-five
cent piece seen from a distance of about half a mile. This difficulty is
aggravated by the persistent lack of sharply defined markings of any
kind, the characteristic features being vague areas of a slightly darker
tone than the general background of the planet’s disk. Other observa-
tions which have been described at various times are a blunting of the
cusps when the planet is in the crescent phase, irregularities in the out-
line of the terminator, and certain minute projections over the limb.

MERCURY: TEMPERATURE

Were it possible to isolate the problem of the rotation period from
all others connected with the planet, this hiatus in our knowledge would
not be of any great importance. But this cannot be done, for the prob-
lem is intimately bound up with the further problem of the tempera-
ture at the planet’s surface. If one hemisphere is always turned toward
the sun and the other never receives any solar light and heat whatever,
the temperature difference between the two will be considerable. But if,
on the other hand, Mercury rotates rapidly upon its axis, the difference
of temperature between the sunlit side and the dark will be very much
smaller. Radiometric measurements undertaken at Mt. Wilson Observa-
tory indicate a

auplit side. Owing to the great variations in Mcrcury s distance from
the sun, to which attention has already been drawn, this will vary
between a minimum of about 280° to a maximum in the neighborhood
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of 410°. As one travels from the sub-solar point* toward the edge of
the illuminated hemispherc the altitude of the sun will decrease (since
Mercury, like the earth, is a spherical body) and the temperature will
drop. The _temperature of the dark_side seems to be very low indeed,
and no radiation from it of measurable intensity can be detected with
our present instruments. The extremely high temperature of the center
of the sunlit side of Mercury (about equal to that of molten zinc and
nearly twice that of molten tin) is of course due to the planet’s rela-
tively small solar distance, while the great difference between the tem-
peratures of the sunlit and the dark hemispheres confirms the longer
rotation period.

MERCURY: ATMOSPHERE

Though the lack of definite knowledge regarding the rotation of
Mercury must also render our knowledge of its temperature regrettably
inexact, one thing is certain. On account of its proximity to the sun and
its high temperature (whatever the precise figure may be), Mercury
cannot possibly have retained such atmosphere as it may once have

possessed. The_factor controllingmthe~sotonbianatdossaf .o planet’s
atmaspheged is WWW

)

. The first of these velocities is de-

termined by the tempemu-;e-ef—dae—a-t-mesphere (since the hotter a gas
is, the greater is the velocity of its component particles), and by the mass

of the-smalecules. concerned. The second depends upon the planets
Inase—eince a greater mass involves more powerful gravitational at-
traction upon the atmospheric particles, and correspondingly higher
velocities are required in order to escape from that attraction), and upon
its radius (since the atmosphere is farther away from the center of mass
of a large planet than that of a smaller one).

We have already scen that the temperature of the sunlit side of
Mercury is very high. If the planet has any atmosphere, convection
currents would cause a circulation of air that would raise the tempera-
ture of all the atmosphere to a uniformly high value. Calculations show
that the molecules of any atmosphere that Mercury may have will be
moving with speeds considerably higher than, for example, those of the
earth’s atmosphere. Escape of molecules may therefore be expected
unless the planet’s gravitational pull is correspondingly greater than
the earth’s. But it has been found that this is not so, and the raising

*That is, the point on the surface at which the sun is directly overhead.
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of the first threshold together with the lowering of the second make
it quite certain that Mercury cannot have retained an atmosphere, As
in the case of the moon, this conclusion 1s verihied by the spectroscope,
for the spectrum of Mercury bears no trace of absorptions other than
telluric.

MERCURY: LINEAR DIMENSIONS

That Mercury’s gravitational pull is less than that of the earth may be
suspected as soon as its linear size is determined. This can easily be
done—all that is required is the measurement of its angular diameter.
This is found to vary from 5” to 13" according to the relative positions
of Mercury and the earth in their respective orbits. Since the distance
separating the two bodies is known, one has only to calculate what
linear diameter ¢ required to give the observed apparent
diameter at thg question. This linear diameter has been
miles. Mercury is thus a much smaller body

. it half as blg again as the moon. Thc;_.mg_fa__g_

avity of a planet, tional pull of
mass-on..xts_gl_l_r__z_ig_g may oportios

d to the density of the material of whlch thc
phanet is constructed. Accordingly, if Mercury is made up of the same
sort of material as is the earth, the surface gravity would be only three-
eighths that on the surface of the earth. This would mean that a man
weighing 200 pounds on the earth would only weigh 75 pounds on
Mercury, although his mass would be the same. However, we cannot
be certain of this value of the surface gravity until we have determined
the mass of Mercury, since density is directly proportion to mass and
inversely proportional to the volume of the object.

MERCURY: MASS

WM@ME’MSW
p . . . 5 P

of m otlog But Mercury has no satellite, and we are thrown back upon
the less accurate and more tedious method of perturbations. As Newton
discovered, any two bodies attract one another with a force that is
dependent upon certain properties and relations of those bodies. Hence

MWW per-
turb Venus® orbital motion. A careful study of the nature and degree

of this Eegturbatlgn allows the mass of Mercury to be calculated by

the application of Newton’s laws, though the comparative proximity of
pp g p p y
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both planets to the very much more massive sun largely deadens the
perturbations, and the result is correspondingly inaccurate. As would
be expected from its small size, however, the m
siderably less than that of the earth about 4 per cent.)

MERCURY : TRANSIT PHENOMENA

Several other observations that confirm the conclusion that Mercury
has no atmosphere must be noticed in passing. When one of the inner
planets approaches the limb of the sun it is being lit from ‘behind’ by an
extremely brilliant light. This light must pass through any atmosphere
that the planet may possess, thus rendering it visible as a bright halo.
Venus, which is known to possess a dense atmosphere, exhibits such
a halo when passing into and out of transit, but nothing of the sort is
to be seen surrounding the limb of Mcrcury under similar circum-

stances. 2 “ - 6‘7 j\t( Yo

MERCURY : ALBEDO

The planet’s albedo suggests the same conclusion. When a beam of
light is directed upon an object a certain proportion only is reflected.
Different types of surface reflect the incident light in different degrees,
but no_terrestrial Qb.lESE or substance is more hlghly reflective than
newly fallep-snow, whick returns‘gbo 1 per cent of the incident

cent or 0.75. bedo of ¢ ouds is also high—that of some terrestrial
clouds is about 70 per cent. In the same way, those planets known to
have atmospheres have high albedos; those of Venus and Jupiter are
about Go.per cent and 50 per cent respectively Not only do those bodies
with dense atmospheres have high albedos, but the moon, with no
appreciable atmosphere, has a_JQw_ongs—about 7 per cent only. And

measurements of the albedo of Mercury-show that it also is 7 per cent.

usl ‘ .may. be regarded. as
sizilasbodics. Both.are consider: r than.the earth; both arg
vgjj‘.b.auL : le_atmosp €y are consequently subject to

Latmciha.n the. carth; -and their identical
Wm&-ﬁ&mtmgpf their surfaces is similar_or

VENUS: SOLAR DISTANCE, SIZE AND MASS

No difficulty is to be encountered in finding Venus, provided that it is
not too near conjunction. It is more conspicuous than Mercury be-
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cause it is larger and nearer to the earth; it is also brighter both because
its albedo is a higher and because at elongations it is farther from the
sun and therefore shines from a darker sky.

We have seen how Mercury’s distance from the earth and from the
sun, its linear size, and its mass may be determined; the methods of
determination are the same in the case of Venus, and need not be

again described. Suffice it to say that_in many yespects Vepus is morc

like the cautho-and-lessdilio-the-meonyshasderemy. Its diameter of
about %600 miles is only slightly less than that of the earth, and ite
mass is about four fifths of the earth’s. Hence the value of g at the
surface of Venus is only about 20 per cent less than that at the ter:
restrial surface. Provided, then, that the temperatures of the two bodies
are not of a very different order, Venus may be expected to have ar

AUDQspheIC.,y

VENUS: TEMPERATURE AND ATMOSPHERE

The questions of Venus’s temperature and rotation period have received
less certain answers than those of Mercury’s. Its orbit lies within the
earth’s, though farther from the sun than that of Mercury, its mean
solar distance being 67 million miles. The orbit is almost circular—
less eccentric, in fact, than that of any other planet—and this value does
not vary by more than one million miles throughout the course of the
planet’s year. It might be expected, therefore, that its temperature is
somewhat higher than that of the earth Thotigh considerably lower
than that of Mercury. Calculation, based upon its solar distance, would
suggest a temperature of over 100° C., yet direct measurements record
the very much lower figure of about —25° C. for both sunlit and dark
sides. It is certain, however, that the relation between its temperature
and its mass is such that it could have retained the molecules of all but
perhaps the lightest gases.
Every line of independent research substantiates this result. ¥gnus’s
is high: betwee t. Although this is
a little lower than the albedo of the brightest terrestrial clouds, it is
higher than that of any known surface of rock or soil, and would
suggest most strongly that we are not looking down on the solid sur-
face of the planet but upon the upper layers of a dense vaporous atmos-
phere. That this atmosphere is both dense and deep is shown by two
furtfiet=observations. When describing the appearance of the totally
eclipsed moon we found that a gasecous envelope is penetrated more
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deeply by red light than by blue; that is, by radiations of long wave-

lengths than radiations of short. Xer photographs of Venus taken in
ipfraaced Jight the saxe-lenath-et-wirel-ts-even-tonges—than thar of
isibl | Liol Ble dasely il Led ol

planct: they show a-pesfeedymunsfosrmand. featureless surface. JVe must
therefore conclude that even the infra-red radiations do not penetrate
the fog blanket to the depth of the solid surface, and that the infra-red
photographs merely depict a lower atmosphere level than that visible
to the naked eye.

That it is not only dense but deep may be discovered from transit
observations. The atmospheric halo that surrounds Venus when just
outside the sun’s limb has already been alluded to. Since the distances
from the earth to all points on Venus’s orbit are known, the measure-
ment of the angular thickness of this halo will give us its linear thick-

ness, Jo thisssaeys-hachecn established that the atmosphere of Venus
canpor.be less.than 5010 20 miles. deep, |

VENUS: SPECTROSCOPIC EVIDENCE

All these telescopic indications of the existence of a dense atmosphere
are confirmed by the spectroscope. Even if the atmosphere is so dense
that no light can penetrate as deep as the planet’s surface, some of it
will penetrate for a small distance, at least, before being scattered and
reflected; absorption bands will accordmgly be present in the spectrum.

A faint band in the Infra-red region has been identified as that of
carbon dioxide. Curiously enough, the absorptions of water are not
found in the spectrum of Venus, despite the impenetrability of its
atmosphere; neither are those of oxygen. It does not follow, however,
that these gases do not occur in the atmosphere of Venus, but only
that they do not occur in measurable quantities (about one thousandth
of the concentration in the earth’s atmosphere, in the case of oxygen)
in the upper atmospheric regions which constitute the planet’s visible
surface. Sunlight only penetrates a comparatively short way into the
fog blanket, and what the constitution of the lower levels may be we
have no means of knowing. This being so, it is possible that light is
thrown on the apparent absence of water in the atmosphere of Venus
by the fact that nearly all the water vapor in the terrestrial atmosphere
occurs within 7 miles of the earth’s surface—that is to say, in the lowest
atmospheric levels.
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VENUS: AXIAL ROTATION

The fact that no surface markings are visible renders the estimation
of the rotation period more difficult than that of Mercury. It is true
that Venus’s disk does bear some markings, but these are not of a type
suited to the purpose of recording the period of the planet’s rotation.
They are vague, grayish areas, particularly noticeable near the termina-
tor when Venus is in crescent phasc, and are certainly atmospheric.
Nevertheless, the older observers concluded that Venus rotates upon
its axis in about the same period as the earth. Schiaparelli, however,
favored a much longer period, and suggested 225 terrestrial days as the
correct period. If this is so, the temperature difference between the sunlit
and dark hemispheres must be considerable; yet bolometric measure-
ments, although indicating a lower temperature than might be ex-
pected, show only a negligible difference of temperature between the
two hemispheres, indicating that the dark side does radiate a measurable
amount of heat. This appears to eliminate the very long period favored
by Schiaparelli, and though nothing is yet certain, it is probable that
the planet’s day is longer than several terrestrial weeks but shorter
than one terrestrial year.

The determination of the rotation period by means of the Doppler
effect at opposite limbs is made difficult by the fact that when both
limbs are visible (at superior conjunction) the angular diameter of the
disk is too small for measurements to be made. Conversely, when the
disk is large enough for accurate work to be undertaken, only one of
the limbs is visible and therefore the size of the shift is reduced by
half. Not too much weight can therefore be attached to such results
as have been obtained, and the only conclusion that can be drawn
from their negative character is that the rotation is not rapid, and is
probably not completed in a period shorter than several weeks.

VENUS: PHASES

Venus, moving in an orbit nearer the sun than that of the eart its

a_full series of phases. When it is farthest from the earth, at superior

conjunction, it will be fully illuminated; as it approaches and then
reaches elongation, it will become first gibbous (i.e. of a shape inter-
mediate between full and dichotomy) and then dichotomized; and
as it proceeds from elongation to inferior conjunction it becomes an
increasingly fine crescent, until at inferior conjunction it is invisible,
having its illuminated hemisphere turned directly away from the earth.
Now the distance separating Venus from the earth varies from about
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26 million to 160 million miles, and this considerable difference is
correlated with wide variations in its angular size. At superior con-
junction the angular diameter is only 117, while near inferior con-
junction as a very fine sickle, the diameter is 64”. Hence the larger the
fraction of the whole disk that is illuminated, the smaller is its angular

di: ametcrhﬁngh&msmMmu&w.bngh&es&whe&iull‘y Huminated,
but }thm a [b]‘;L g[cﬁ‘lﬁ[”r""‘ ,‘,,tmunls - ”u, A the..fve r")v-n]r']

moon. At this time Venus is the most brilliant object in the sky (the
sun and moon excepted); it is about fourteen times as bright as the
brightest star, and is visible to the naked eye in broad daylight.

MARS: OBSERVATIONAL ADVANTAGES

Although Mars, the carth’s neighbor on the side farthest from the sun,
is smaller than Venus and never approaches as near the earth, yet we
have a much more exact knowledge of its size and mass and of the
physical conditions prevailing upon its surface. This is due to three
factors in particular: the orbit of Mars lies outside that of the earth
whereas tharaf Meaug lics within it; Mars has two satellites; and Mars
has aclear atmosphere which permits study of the actual surface of the
Bl;l;antét./lx will be remembered, in connection with the last point, that
the surface of Venus is hidden from us and that of Mercury is scen
with difficulty owing to the smallness of the disk and its unfavorable
position for observation.

Figure 19 shows that when Venus is fully illuminated it is farthest
from the earth and consequently subtends the smallest angle at the
observer’s eye; when it is near and comparatively large in angular
measurement only a small fraction of the hemisphere that is turned
toward the earth is illuminated. These circumstances represent a grave
hindrance to telescopic study, a hindrance to which the study of the
outer planets is not subject. It will be clear from Fig. 44 that the earth
and Mars are nearest one another when the line joining them would,
if produced, pass through the sun. When Mars is in such a position
in respect of the earth it is said to be in opposition; it is then 180°
removed from the sun and culminates at midnight. It is particularly to
be noted that, unlike an inner planet, Mars is fully illuminated when
nearest the earth and therefore subtending the greatest possible angle
at the observer’s eye: a concourse of circumstances that greatly aids
satisfactory observation. Mars does not, of course, exhibit a complete
cycle of phases as the inner planets do, but when in quadrature it is
noticeably gibbous.
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MARS: GEOCENTRIC POSITIONS AND LINEAR SIZE

There is another feature of Mars’s orbit which is of the greatest practical
importance and which must therefore be mentioned. The orbit is, like
that of Mercury and unlike that of Venus, markedly eccentric. The
planet’s mean solar distance is 142 million miles, with a variation of
some 13 million on either side. One result of this eccentricity will be
seen from Fig. 44. If a number of radiating lines are drawn from the
sun to the Martian orbit it will be found that the sections of these lines
that lie between the orbits of Mars and the earth are of different lengths.

That is, at some oppositions Mars is nearer_the carth than at others.

M

m
Figure 44.

When the two bodies are in the positions m and e respectively the op-
position distance is minimal, and the opposition will be a particularly
favorable one for observational purposes. The distance of Mars under
these circumstances of favorable opposition is 35 million miles—9 mil-
lion miles farther than Venus when at inferior conjunction. At least
favorable oppositions the distance may be as great as 63 million miles,
while at conjunction Mars recedes to an average distance of 235 million
miles; it then has an angular diameter of only 3”.5, and is an incon-
spicuous object in the morning or evening twilight.

But at favorable oppositions its angular diameter is 25”, an angle
subtended, at a distance of 35,000,000 miles, by a linear distance of
4200 miles. As regards size, Mars is thus intermediate between the
carth and the moon.
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MARS: MASS

Mars has two satellites, and this fact allows its mass and thence its sur-
face gravity to be calculated with much greater facility and accuracy
than is the case of moonless planets such as Mercury or Venus. On
page 65 the Newtonian modification of Kepler’s harmonic law is
discussed briefly. Let us call M the mass of the earth, m the mass of
the moon, A4 the mean distance of the moon from the earth, and P the
sidereal period of the moon about the earth. Now using Mj,ms,a, and
p for the corresponding quantities for the planet and its satellite we have

M,+m, P4d’

MHm pA
From this the mass of the planet and its satellite may be computed in
terms of the known masses of the earth and moon and the observed
periods and distances. In case the planet has two or more moon’s, as in
the case of Mars, the effects of their masses can be eliminated and the
mass of the planet determined with considerabje accuracy.

This method is not only simpler but also more accurate than that
dependent upon perturbations, and it is found that the mass of Mars
is 11 per cent of the earth’s; from this, and its known linear size, it
follows that its surface gravity is only 38 per cent that of the earth’s.

MARS: TEMPERATURE AND ATMOSPHERE

Mars is half as far again from the sun as the earth, and radiometric
work has shown that its surface is correspondmgly cooler. During the
day the temperature in equatorial regions probably rises to 10° C., but
during the pight it falls to arleast =<85° emes which are con-
sistent with a rarefied atmosphere. Considerations of this fact and of
the known mass of the planet show that the velocity of escape is high
enough for Mars to have retained an atmosphere, though one of lower
density than that of the earth. A number of independent observations
confirm this and establish quite definitely that a Martian atmosphere
exists. Perhaps the most striking of these proofs is that provided by
photographs of the planet taken in infra-red and ultra-violet light by
means of color screens. Mars as depicted in the former is similar in
appearance to the planet as photographed with ordinary light or as
seen with the naked eye, all features known to be surface markings
(they will be described shortly) being shown. But the ultra-violet
photographs show a featureless blank. Clearlv. the infra-red radiation
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has penetrated the atmosphere to the surface and thence been reflected
to the camera in the terrestrial observatory. But the ultra-violet radiation
of short wave-length is scattered in the upper reaches of the atmos-
phere, never reaching the surface; the ultra-violet photographs, in fact,
are photographs of the planet’s atmosphere. The particular significance
of the photographs, however, lies in the fact that the images of the
Martian disk are of different sizes in the two series, the ultra-violet
and the infra-red: in the former they are measurably larger than in
the latter. Obviously, then, since the former record the outer limits of
the atmosphere and the latter the body of the planet itself, the dif-
ference between the sizes of the two sets of images represents twice
the thickness of the Martian atmosphere. By carcful measurement of
this difference it has been estimated that the atmosphese-eédMacsisat
least 60 miles.in. depth

The albeda of Mars is bigherthen—shatof Mercury or_the moon,
thoug i hat of This is not
incompatible with the assumption that Mars has a clear and, compared
with the terrestrial, rather rare atmosphere; that it is clear is shown,
too, by the fact that we can see the surface of the planet through it. Three
other corroboratory facts should be noted. When the planct is in the
gibbous phase a distinct twilight zone is observed; furthermore, surface
details situated near the limb are fainter than those at the center of the
disk, and than themselves when in thc latter position. This, as has
already bcen pointed out, can only be accounted for on the supposition
that there is a rarefied atmosphere overlying them and that it is the
greater thickness of this atmosphere through which the objects near
the limb must be viewed that causes their partial obscuration. Finally,
clouds have been observed floating above the Martian surface, espe-
cially near the limb where the sun is rising, and this would appear to
put the matter beyond all doubt.

MARS: SPECTROSCOPIC EVIDENCE

The spectroscope, as usual, provides the final and conclusive piece of
evidence. The bands of water vagﬁve been identified in the Martian
spectrum, a The atmosphere is nevertheless
rare by terrestrial standards, and it has been estimated that at the
Martian surface the concentration of these two gases cannot exceed
about 5 per cent and 15 per cent respectively of that in the terrestrial
atmosphere. More recent work has suggested that the latter figure
may be too high, and that the incidence of oxygen is nearer o.1 per cent
of the earth’s.
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It is worthy of note, in passing, that the spectra of Mercury, Venus,
and Mars are in complete contrast with one another: that of Mercury
lacks all trace of atmospheric absorptions, that of Venus contains bands
due to carbon dioxide but none of oxygen or water vapor, while that
of Mars has unmistakable absorptions due to these two gases.

MARS: SURFACE FEATURES

A glance at Mars with quite a small telescope, when the planet is in
favorable opposition, will reveal that the general color of the surface
is orange and that a number of greenish markings are superimposed
upon it. The old astronomers called these blue-green areas maria, or
seas, and the name has persisted although it is now understood that
they are not areas of water; for one thing, the sun is never reflected in
them as it would be if they were liquid surfaces. In 1719 were seen for
the first time the features to which the name polar caps was given.
Mars rotates upon its axis in about 24% hours, and at each pole of this
axis is situated an approximately circular white patch. The color and
position of these patches suggested the obvious conclusion that they
were composed of snow and ice, and were in every way analogous
with our terrestrial polar icefields.

MARS: SEASONAL CHANGES

This guess was elevated from the realm of supposition when their
changes of appearance were worked out in detail. Mars’s axis of rota-
tion is, like the earth’s, inclined to the plane of its orbit,* and it is the
varying position of this axis relative to the sun, as the planet moves
round its orbit, that causes the change of seasons: when the northern
hemisphere is inclined inward toward the center of the orbit it is
summer in the northern hemisphere and winter in the southern, and
vice versa. When the northern half of the axis is just beginning to
tilt over toward the sun—when midwinter has just passed in the
northern hemisphere—it will be noticed that two changes occur: the
northern polar cap begins to shrink, while the southern, which has
been small during the past summer, begins to grow larger. As the
northern, ‘summer’ cap continues to shrink it is often seen to be sur-
rounded by a dark band. For some time this band increases in width,
its outer edge remaining approximately stationary while its inner edge
remains contiguous with the retreating cap. At the same time the tint

*That is, to a Martian (as to a terrestrial) observer, the ecliptic is inclined to
the celestial equator.



V2 QUALITY—THE NATUKE OF THINGS

of the greenish areas of the northern hemisphere begins to deepen, the
darkening being first noticed in the vicinity of the cap itself and thence
spreading south toward the equator.

The generally accepted explanation of these annual changes is that
with the coming of summer and the gradual rising of the temperature
in the summer hemisphere, the polar cap begins to melt. The ap-
pearance of the dark band surrounding the diminishing cap would
seem to indicate the existence of a temporary sea; on account of the
prevailing low atmospheric pressure, however, it is unlikely that water
in the liquid state could exist—the snow evaporating straight into water
vapor without passing through the liquid stage. However this may be,
the released water vapor disseminates throughout the atmosphere of
the whole hemisphere, traveling southward. The darkening of the
green areas is regarded as the germination and proliferation of some
form of plant life under the stimulus of increased temperature and the
liberated moisture. The polar caps provide another proof of the ex-
istence of a Martian atmosphere, for their changes are only explicable
on the assumption of the alternate evaporation and precipitation of
water into and from an overlying atmosphere. The conjecture, to be
found in old textbooks of descriptive astronomy, that the caps may
consist of solid carbon dioxide as now known to have been unfounded,
since the temperature may be higher than the vaporizing point of this
gas (—80° C.) while the deposit is still in the ground.

MARS: THE ‘CANALS’

At the favorable opposition of Mars which occurred in 1877 Schiaparelli
announced the discovery of a new type of Martian surface feature, to
which he gave the name canali. These appeared to him as faint dusky
streaks, more or less straight, which traversed the orange areas of the
planet’s disk. The Italian word canale connotes ‘channel’ rather than
‘canal,’ and it is therefore unfortunate that the English-speaking world
accepted the translation ‘canal,” which the Concise Oxford Dictionary
defines as ‘an artificial watercourse for inland navigation’; no idea of
artificiality is associated with the Italian canale. It is probably this cir-
cumstance, more than any other, that has convinced the popular mind
of the existence of ‘Martians, for which there is no direct evidence
whatsoever.

Two years later Schiaparelli confirmed his original observations. At
neither of these oppositions was any other observer able to see the canali
and, until the first independent observation was made in 1888, con-
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troversy raged in scientific circles regarding their objective reality. In
1893 Percival Lowell established an observatory in Flagstaff, Arizona,
for the purpose of studying the surface features of Mars and also study-
ing other planetary characteristics. Dr. Lowell was convinced of the
reality of the canals on Mars and that they had been constructed by
inhabitants of the planet for the purpose of irrigation. Many observers
were able to see the canals, and maps of the surface of the planet, drawn
by independent observers, agreed in their essential features. An equally
well qualified group of observers was never able to see the canals, and
controversy lasted throughout the early part of the present century.
From the earliest days of their observation the canals have presented
themselves to different observers in two main guises: as fine, straight,
well-defined lines that might have been ruled across the planet’s
image with a sharp-pointed pencil; and as much thicker, blurred mark-
ings which lack both the definition and the geometrical appearance of
the others.

Schiaparelli’s original papers, together with the conventionalized
method of drawing the Martian markings adopted by some American
observers, undoubtedly exercised a potent influence at the time upon
Martian observers generally: the danger of seeing what one expects to
see (especially when the object is near the limit of vision) is very real.
It is only in more recent years that the extreme linearity of the early
observations of the canali has given way to the ‘leopard-skin’ conception
of their true appearance. Briefly, what were seen and drawn by Schia-
parelli, Lowell, and others as fine, geometrical lines are now recognized
to be more truly represented as the demarcations of darker and lighter
areas, or as series of more or less discontinuous markings. But to say
that the canals, as originally described, were largely an optical illusion
is far from saying that markings, which may have been misrepresented
as linear canali, have no objective reality. Until photographs are taken
with telescopes of large aperture and high resolving power, such as the
new 200-inch, under excellent conditions of seeing, it seems futile to
spend time debating the characteristics and purposes of surface features
so close to the limit of modern telescopic equipment and visual observa-
tion alone.

MARS: SATELLITES
Mars has two satellites, discovered in 1877 at the same opposition that
yielded the canali to Schiaparelli’s sharp eyes. Their small linear size*

*Observations of their apparent brightness, combined with the assumption that
their albedo is similar to that of Mars, suggest diameters of some ro and 5 miles.
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combined with their nearness to Mars itself renders them extremely
difficult to observe, and accounts for their relatively recent discovery;
while their ouzré behavior qualifies them for the title of most interesting
and peculiar satellites in the solar system. Phobos is only 3,725 miles
from the Martian surface, and since its orbit lies very close to the
equatorial plane of the planet it never clears the horizon to latitudes
above 70°. It revolves about its primary in 7h. 39m.; that is to say, the
Martian month as determined by Phobos is only about one third as
long as the day. Consequently, to an observer on the planet’s surface
it would appear to rise in the west and sct in the east, passing from
the new to the full phase in about four hours. Deimos, the second
satellite, revolves at a distance of about 12,500 miles from the Martian
surface in a period of 30h. 2rm. This is so very slightly longer than
the Martian day that it remains above the horizon for three days, during
which time it passes through all its phases twice over.

BODE’S LAW
It was pointed out by Titius of Wittenberg as long ago as the eight-

eenth century that the dist ' n
jou matl i i r. This relationship

is usually expressed in the form known as Bode’s law. The terms of

the series
o1 2 4 8 16... XB

.are each multiplied by 3, giving
0 3 6 12 24 48...

If 4 is then added to each term, a fairly close correspondence is obtained
between the terms of the series and the relative solar distances of the

planets, taking that of the earth as 10:

Bode’s Series 4 7 10 16 28
Solar Distances : 3.9 B 72 - 10 15 2 ?
Planet Mercury Venus Earth Mars ?
Bode's Series 52 100 196 388 772
Solar Distances 52 95.4 192 301 » 305
Planet Jupiter Saturn Uranus Neptune i Pluto

In the first place it is to be noticed that the correspondence deteriorates
progressively in the case of the four outermost planets of the solar
system. Secondly, there is no known planet occupying the gap which
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Bode’s series reveals between Mars and Jupiter at a distance from the
sun equal to 2.8 times that of the earth.

THE ASTEROIDS

What can be the meaning of this gap? Its existence had been noted
by Kepler, who suggested that it might be occupied by the orbit of a
planet which was too small to be perceived. In 1800 von Zach cal-
culated the orbit of this hypothetical planet and organized a band of
twenty-four astronomers to undertake a systematic search of the zodiac
in the hope of detecting it. Early in the following year Piazzi discovered
a previously unknown planetary object, subsequently christened Ceres,
and Gauss calculated its orbit and showed that it did indeed occupy
Bode’s gap. In quick succession, however, three more faint planets
were discovered and named Pallas, Vesta, and Juno. This unexpected
result of the work of the ‘Celestial Police’ suggested that the planet
that originally occupied the Magslupitciemen might have disintegrated
into a number of fragments, of which Ceres, Pallas, Vesta, and Juno
were the first four to be discovered. Nowadays, however, it is not con-
ceived that the disruption of a single planet affords a likely explanation
of the origin of the asteroids. It has been found that these bodies
revolve about the sun in widely dissimilar orbits—both as regards
eccentricity and inclination to the plane of the ecliptic: this does not
suggest a common point of origin. In the second place there is no
known reason why an already formed planet should disrupt in this
fashion. What does appear more probable is that the asteroids represent
material which has never condensed to form a single planetary body.
The whole question is still wide open to conjecture, however.

The discovery of new asteroids proceeded apace from the early years
of last century, and by the time that Wolf introduced the camera as
an asteroid-hunting instrument in 1891 some 300 had been discovered.
Wolf’s technique accelerated the rate of discovery considerably, and
today over 2000 are known, a small percentage of which are probably
duplicated discoveries.

What the total number of asteroids is cannot possibly be laid down
with any precision, although one calculation has suggested 50,000 as a
possible rough figure. On the other hand, it is known that their aggre-
gate mass cannot exceed about 1 per cent of the earth’s, for if it did
they would cause perceptible irregularities in the motion of Mars,
whereas no such perturbations occur.

The asteroids are all small bodies, a fact which accounts for their
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having escaped discovery until less than 150 years ago. Only one, Vesta,
is visible to the naked eye, and even it is very near the limit of naked-
eye visibility. Some of the larger present measurable disk in large
instruments, and Ceres, the largest, is known to have a diameter of
about 480 miles. There is probably a continuous decrease in size from
this figure, the smallest asteroids being indistinguishable from the
largest meteors. None of the asteroids is sufficiently massive to have
retained any trace of atmosphere, and they may be envisaged as com-
pletely barren lumps of rock, without air, water, or life in any form;
probably the smaller ones are not spherical, like the major planets, but
irregular in shape. This conjecture is borne out by the fact that the
brightness of many of them varies in a regular manner which is sug-
gestive of the axial rotation of asymmetrical and therefore unevenly
reflective bodies.

The_width of the zone occupied by the asteraids.bounded approxi;

ately b i iter, is four times
distance n. Within this zone lie the orbits of
the asteroids. But, as has already been mentioned, these are typically
eccentric to a degree more reminiscent of cometary than planetary
orbits. The eccentricity of some is so great that part of the orbit may
lie beyond that of Jupiter or within that of Mars, the earth, or even
of Venus. At the same time many of the orbits are steeply inclined
to the plane of the ecliptic, the orbital inclination of Pallas being as
great as 35°. They are thus not confined to the zodiac, as are all the
major planets (except Pluto), the sun, and the moon.

In 1898 the asteroid Eros was discovered. A faint object, only about
17 miles in diameter, it was nevertheless of very great interest because
at the time of discovery and for many years afterwards it was the
nearest known planetary body to the earth, its minimum distance being
14 million miles. In 1932 Eros was dispossessed of this title by the
discovery of an even smaller asteroid, Apollo, not more than a mile in
diameter. Since that date the asteroids Adonis and Hermes have been
discovered, both of which approach the earth even more closely than
Apollo. Hermes, discovered in 1937, is at times less than one million
miles from the earth; with a telescope, its movement against the starry
background can actually be seen from moment to moment.

JUPITER: SOLAR DISTANCE AND LINEAR DIMENSIONS

The next planet outside Mars and the asteroid zone is Jupiter, the first
of the so-called ‘giant’ planets. In almost every respect it is strikingly
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different from the planets we have already described, all of which in
greater or small degree resemble the earth.

Jupiter’s mean solar distance is 483 million miles, but owing to the
eccentricity of its orbit it may be 23 million miles nearer or more distant
than this. Its distance from the earth consequently varies from 367
million miles at the most favorable oppositions to nearly 6oo million
miles at conjunction. Yet at favorable oppositions, despite the great
gap of nearly 370 million miles that separates Jupiter from the terres-
trial observer, its angular diameter is 50”. Its corresponding mean
diameter must be nearly 86,700 miles; that of the earth, it will be
remembered, is less than 8ooo. The volume of Jupiteristhereforeszaq

rimes_tharof the carthe | -

JUPITER: MASS AND DENSITY

Its mass can be determined with greater accuracy than that of any
other planet, for not only has it eleven satellites, each of which allows a
different and independent estimation to be made, but it is sufficiently
massive and sufficiently far from the sun to cause easily measurable
perturbations of Saturn. It has been found that the mass of Jupiter is
318 times that of the earth, or more than that of all the other eight
planets together.

Enormous though this value is, it is not as great as one would expect
from an inspection of the figure representing its volume. For since its
volume is 1300 times that of the earth and its mass 318 times that of
the earth, its density can only be one quarter of the earth’s. The possible
explanation of this surprisingly low density will be discussed later.

JUPITER: TELESCOPIC APPEARANCE, FORM, AND AXIAL ROTATION

Owing to the large size of its disk, the smallest telescopes will show
the more obvious features of the Jovian system. Three in particular

will be noticed at first glance Jupitesis-natatucsphese-burisfarcped
very ;Qnmd.ﬁra.blx.at_r.hc_pnlﬁs,bulgmg a corresponding amount in

equatorial regions; its disk is crossed, parallel to the equator, by a
number of belts, alternately dark and light; four of its satellites move
back and forth in the plane of the belts.*

The degree of Jupiter’s polar flattening is greater than that of any
other planet in the solar system with the exception of Saturn, and
careful measurements of the angular subtention of its polar and equa-
torial diameteres have shown that there is a difference of nearly 6ooo

*The remainder of the satellites are not visible in small instruments.



208 QUALITY—THE NATURE OF THINGS

miles between them. The polar diameter is 82,800 miles in length
while that of the equatorial is 88,700 miles. It is known from laboratory
experiments on the constitution and behavior of matter, and from
mathematical deductions based upon such experiments, that when a
non-rigid body rotates it will bulge equatorially, the polar regions being
drawn down toward the equator. Up to a certain point the amount of
the distortion from the spherical is proportional to the velocity of the
rotation. The telescopic appearance of Jupiter would therefore lead
one to expect a somewhat rapid axial rotation. When this is measured
it is found that the expectation is justified. The belts and zones that
stripe the Jovian disk contain many irregularities and individual fea-
tures, any one of which may be used to determine the rotation period.
If the reader were to observe an equatorial spot as centrally placed
upon the disk at, say, 6 p.m. one evening, he would find that it is back
again on the central meridian at ten minutes to four o’clock the follow-
ing morning. But if he decided to check this determination by making
a number of different observations and then taking the mean of the
different values obtained, he would find himself in difficulties. Suppose
that for his second estimation he chose a spot in high latitudes and, as
before, observed it to be on the central meridian at 6 p.m. Then the
next morning it would return to the center of the disk at five minutes
to four. This discrepancy of five minutes in the two observations is
much too large to be accounted for on the grounds of observational
error, and he would quickly discover that the rotation period is actually
different in different latitudes. Jupiter (or at any rate the visible portion
of Jupiter) does not rotate as a solid body. The equatorial regions
rotate once in about gh. som., whereas the period in high latitude is
about five minutes longer. Two points are to be noted inthe first place

the rotation is, as we expected, extremely rapid—it imparts to an equa-

torial object a speed of nearly 27,000 miles per hourﬁndﬁn__[hga&on»d

place (as we shall sec), we have here a remarkable analogy betweer
Jupiter and the sug

JUPITER: SURFACE FEATURES

The second conspicuous feature of Jupiter as seen in a small telescope
is the system of belts and zones with which its disk is crossed. These lie
parallel to one another and to the equator, and since the axis of rotation
is very nearly perpendicular to the plane of the orbit, while at the same
time the orbits of Jupiter and the earth are only inclined to each other
at a small angle, their edges appear as straight and not as curved lines.
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In the same way a spot or other marking traces out a straight path
across the planet’s disk, and not the curved one it would pursue if the
axis were inclined appreciably toward or away from the earth.

Though the minor detail of the belts is constantly changing, the
larger divisions themselves remain tolerably stable, and changes in the
relative positions, sizes, or general depth of color of the belts usually
require several months at least for their consummation if a large area
of the surface is involved. A telescope of quite moderate aperture shows
that change of a minor order is going on the whole time. If the ap-
pearance of the disk is carefully recorded, preferably by drawing, and
then re-observed about nineteen hours later, it will be seen that the
finer detail of the belts, invisible in small instruments, is teeming with
differences of shape, position, size, and, to a lesser degree, color. The
equatorial region is in a particularly unstable state, and it is there that
the most widespread and rapid changes in the configuration of the
markings occur. Toward the poles the visible surface appears to be in
a more stable condition and the belts much less susceptible to dis-
turbance.

After the bright and dark belt-zone system the most important
markings are the spots. These may be either dark or light and are
sometimes very short-lived, though they normally persist for several
months. New spots are being formed and old ones dying out con-
tinuously. Further alterations in the appearance of the markings are
provided by the fact that the spots may have rotation periods slightly
different from those of the substrata in which they lie. It is a sig-
nificant fact and establishes another similarity between the sun and
Jupiter, that the most rapid and frequent changes connected with the
spots occur in two zones, in low latitudes on either side of the equator.

One other feature of the Jovian surface must be mentioned, for its
size and semi-permanence place it in a class by itself. In 1878 a peculiar,
oval-shaped marking was noticed in the south-temperate latitudes. It
was pale pinkish in color and of abnormal size. The color darkened
and the size increased until the spot was a great, dark-red patch, measur-
ing about 30,000 miles by 7000. After being the most conspicuous object
on the Jovian surface for a period of nearly thirty years it began to fade;
in 1919 this fading accelerated, and by 1922 the Great Red Spot, as it
had been named when in its prime, was only just visible. It experi-
enced a slight and temporary revival in 1927 but is now rather incon-
spicuous. The cause of this gigantic and prolonged disturbance of the
visible surface has been the subject of endless controversy from which
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no acceptable conclusions have yet emerged. Like the smaller and more
ephemeral spots, its position relative to the substratum was not fixed—
i.e. its rotation period was not the same as that of other objects in the
same latitude. Furthermore, its velocity of rotation was not uniform,
but fluctuated in a regular and cyclic manner. The significance and
cause of this fluctuation are not known.

JUPITER: ATMOSPHERE

It will be clear from this short account of the appearance and behavior
of the visible surface of Jupiter that we are not looking at the planet’s
solid surface but upon the upper reaches of a dense atmosphere. In no
other way can the continuous and, terrestrially speaking, gigantic and
cataclysmic upheavals, together with the dependence of rotational
velocity upon latitude, be explained. Again, we can hardly suppose
that a surface bearing so many points of similarity with that of the
sun can be solid; the state of constant turmoil, the birth and decay of
spots, often extremely rapid, the more rapid equatorial than polar
rotation, the restriction of greatest activity to two zones situated be-
tween the equator and each pole, are all characteristics shared by the
two bodies, and their significance cannot be ignored. The high albedo
(about 45 per cent) suggests that same conclusion, while the spectro-
scope knits all these loose strands together, as it were, to form a rigid
demonstration that the visible portions of Jupiter are gaseous.

JUPITER: SPECTROSCOPIC EVIDENCE

The spectra of the outer planets, unlike those of the inner, are all of
a type, certain characteristics growing merely more pronounced as we
move outward from Jupiter toward Pluto. The spectrum of Jupiter
consists of a continuous background due to reflected solar radiations,
and in addition a number of strong and broad absorptions; these occur
particularly in longer wave-lengths, the infra-red region being almost
completely absorbed. The strength of the bands indicates that the
atmosphere is dense, and their identification as the absorptions of
ammonia and methane is now complete; the former is estimated to
occur in quantities equivalent to a layer of 30 feet thick at atmospheric
pressure. Even if the other physical conditions were favorable to life
in any form resembling the terrestrial, such an atmosphere would
preclude the possibility of its occurrence on Jupiter: for neat smelling-
salts and marsh gas would be as lethal as cyanic acid.
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JUPITER: INTERNAL STRUCTURE
not only dense, but extremely deep. For the abnormally low density ot
tne planet entails one of two alternatives: either the material of which
it is composed is in some fundamental way different from that of the
earth and of the other planets we have described, or else the solid body
of Jupiter is small compared with the whole visible sphere; that is to
say, the atmosphere accounts for a considerable fraction of the observed
diameter. Since the planets are generally believed to be formed of solar
material torn from the sun by the gravitational drag of a passing star
in some remote epoch, it is believed that the densities of the solid
planetary spheroids are not widely divergent (a belief supported by
observation wherever this is possible), and consequently the latter
alternative is favored.

It is on such considerations as these that the modern views regard-
ing the physical nature of Jupiter are based. Though it was at one time
widely believed that Jupiter might be entirely gaseous, it is now sup-
posed that it consists of a small solid core* surrounded by a dense and
exceedingly deep atmosphere. Jeffreys, from his mathematical studies
of the densities, sizes, ellipticities, and temperatures of Jupiter and
Saturn, concludes that the former probably consists of a small rocky
core surrounded by a thick layer of ice, the whole enclosed by an
atmosphere whose depth is about g per cent of the planet’s radius.
This atmosphere is probably chiefly composed of such gases as
hydrogen, helium, nitrogen, oxygen, and methane and carries par-
ticulate clouds of some substance such as solid carbon dioxide, which
occurs in our own atmosphere in the gaseous state.

’ T

JUPITER: TEMPERATURE

Jupiter’s solar parallels, its probably largely gaseous constitution, and
its great size led astronomers to suppose that it might have retained
some heat of its own, that the core might still be molten or at least
hot. But recent radiometric work has shown that its surface tempera-
ture is very low, certainly between —100° C. and —200° C., and prob-
ably not far off —140° C. This is the temperature that a body with no
heat reserves would assume if placed at a distance from the sun equal
to that of Jupiter. Jupi i s
receives from the sun. These measurements also dispose of any idea
that the cloud belts may consist of water vapor.

*Small, that is, relative to the visible atmospheric sphere.
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JUPITER: SATELLITES

The last readily noticeable feature was the system of four satellites.
On account of their high albedo and large linear size these are bright
objects, and were it not for the proximity of the much more brilliant
Jupiter they would be visible to the naked eye. Indeed, some observers
possessed of abnormally acute long sight have claimed so to have seen
them when at elongation. In the experience of the author, however,
and probably in that of the majority of observers, field glasses will be
required to show them. Two are slightly smaller than the moon, and
two are larger than Mercury; with the doubtful exception of the satellite
of Neptune, no other satellite in the solar system approaches them in
_size. Their orbits lie close to the equatorial plane of Jupiter, so that
they appear to swing back and forth in front of and behind its disk.
Their revolution periods vary from about one and three quarter days
to just under seventeen days, and the outermost is rather more than
one million miles from the planet. Since they were first seen by Galileo
in 1610, seven more have been added with the increasing perfection of
the telescope and the addition of the camera to the astronomer’s equip-
ment. These are all small bodies, and consequently, on account of their
distance, very faint. The outermost moves in an orbit whose radius is
15 million miles and completes one revolution in about two terrestrial
years; thus Jupiter has eleven different months, ranging in length
from less than one terrestrial day to over two terrestrial years.

The three outermost satellites (XI., VIIL, and IX.) exhibit the inter-
esting phenomenon of retrograde motion. All of the planets in the solar
system revolve about the sun in the same direction; the majority of
the satellites likewise revolve about their planets in this same direction.
Only a few of the satellites of the outer planets have motion in the
opposite direction, or retrograde motion; those found to date being
Jupiter XI., VIIL,, and IX,, Saturn IX,, Uranus I, I, IIL,, and IV,, and
the only known satellite of Neptune.

Figure 45 (not to scale) shows the relative positions of the earth, the
sun, Jupiter, and one of its satellites. It will be seen that a number of
different things can happen to the satellite, as seen from the earth,
during the course of its revolution about Jupiter. We shall assume that
the satellite is moving in a counter-clockwise direction; when it reaches
position 2 it will be directly between the earth ¢; and the limb of Jupiter.
Moving to position 3 it will be seen to cross the planet’s disk (it will
be remembered that the planes of the orbits lie near the equatorial plane
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of the planet) and pass off it when it reaches 3. Between 2 and 3, that
is, it will have been in transit. Just before it passes out of transit at
position 3 its shadow will fall upon Jupiter’s limb; as the satellite
moves toward position 6 the shadow will cross the disk and leave it
when the satellite actually reaches 6.* Continuing around its orbit, it

Figure 45.

comes to position 4, when it passes behind Jupiter, i.e. is occulted. But
before it can pass out of occultation at 5 it has entered the planet’s
shadow and is therefore eclipsed, not passing out of eclipse and becom-
ing visible once more until it has reached position 1. Like the relative
positions of the transiting satellite and its shadow, the order of occur-
rence of eclipses and occultations is clearly dependent upon the relative
positions of Jupiter and the earth. At opposition (to take the simplest
case) there can be no observable eclipses of the satellites, since Jupiter’s
shadow falls directly behind it, as seen from the direction of the earth.

*The relative positions of the satellite and its shadow against the planet’s disk
are obviously determined by the relative positions of Jupiter and the earth. At
opposition, for instance, when the earth is at e, the shadow will be invisible, since
directly behind the satellite.
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DISCOVERY OF THE FINITE VELOCITY OF LIGHT

It has alrcady been mentioned parenthetically that light is propagated
with a velocity of approximately 186,000 miles per second. Though this
value may now be derived with greater accuracy experimentally, it was
first determined (and the finite velocity of light established) by the
Danish astronomer, Ole Romer, as the result of observations of the
eclipses of Jupiter’s satellites: He found that predictions of the times
at which eclipses would occur were marked by a curious rhythmic
inaccuracy. Also that the-extent of the -diserepancy-between. the pre-
dicted and thie observed could be correlated with the relative positions
of Jupiter and the earth in their respective orbits, and specifically with
their distances apart. When the planet was in opposition the eclipses
would occur as predicted; as the earth moved away from Jupiter toward
the other side of the sun their unpunctuality would increase; the maxi-
mum value of this lag—sixteen-and a half-minttes—would be attained
at conjunction. Thenceforward, as the distance between Jupiter and
the earth decreased once more, so would the difference between the
predicted and the observed. Romer therefore made the brilliantly
original suggestion that the extra sixteen and a half minutes was re
quired by the solar light, reflected from the Jovian system to the carth

to travel the extra distance 4B in Fig. 7. That is, light travels thc
diameter of the earth’s orbit iii SiXIEER 7 kg\TFMﬁu
plish this mmmm%md of 186,000 miles
per seconde——— R —

There is another point of historical interest about the Jovian satellite
system. This system is a miniature replica of the solar system: Jupiter
taking the place of the sun, and its satellites the place of the planets.
Galileo’s telescopic observation of the Jovian system was for this reason
of particular importance as a factor in the astronomical renaissance
and the supersession of the Ptolemaic by the heliocentric hypothesis.

SATURN: SOLAR DISTANCE AND LINEAR DIMENSIONS

Saturn is in many respects similar to Jupiter—and, in so far as this is
so, unlike the ‘terrestrial’ planets—but in one respect, to be discussed
later, it is to be sharply differentiated not only from Jupiter but from
all the other members of the solar system.

Its mean solar distance is 886 million miles, and its distance from
the earth consequently varies from %93 million miles to nearly 1000
million. Its angular diameter of 20” at the former distance corresponds
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with a linear diameter of about 75,000 miles. It is thus slightly smaller
than Jupiter, although its polar flattening is more pronounced, the
polar diameter being only 67,000 miles. We should consequently expect
to find that its axial rotation is more rapid than that of Jupiter.

SATURN: SURFACE FEATURES AND AXIAL ROTATION

Saturn’s disk bears indistinct equatorial bands, very much fainter than
those of Jupiter, and also occasional white spots. The faintness of
Saturn’s surface markings as compared with those of Jupiter cannot
entirely be accounted for on the grounds of Saturn’s greater distance,
not only from the observer but also from the sun; they are intrinsically
less boldly marked than Jupiter’s. The observation of spots has allowed
the rotation period to be measured, however, and it has been found to
be ten and a quarter hours in equatorial regions. Owing to the rare
occurrence of spots, particularly outside the equatorial zone, it has not
been easy to determine accurately the rotation period in high latitudes.
Such data as are available indicate that Saturn rotates more slowly
near the poles than at the equator.

SATURN: INTERNAL STRUCTURE

Saturn thus rotates more slowly than Jupiter* despite its greater polar
compression. This is somewhat puzzling, but it may indicate that tne
atmosphere of Saturn is deeper in proportion to the size of the planet
than that of Jupiter: Jeffreys gives the depths of the atmospheric shells
of Jupiter and Saturn as, respectively, g per cent and 23 per cent of their
radii. This supposition does not conflict with the results of other lines
of inquiry which will be mentioned later.

SATURN: MASS AND DENSITY

Light has been thrown on the problem of the size of the solid core of
Saturn, as compared with that of the observed oblate spheroid, by a
consideration of the properties dependent upon its mass. Fortunately,
Saturn has a large family of satellites—nine certainly, and perhaps ten
—so that its mass can be determined with accuracy. It has been found
to be g5 times that of the earth. Since the volume of the visible spheroid
(an uncertain proportion of which is atmosphere) is 7735 times that of
the earth, its density is even lower than that of Jupiter: less than one

*We have seen that the rotation of Jupiter would impart a velocity of some
27,000 m.p.h. to an object on its equator. The corresponding velocity in the case of
Saturn is only about 22,000 m.p.h.
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fifth of the earth’s. Such a density has been likened to that of a lightly
packed snowball. This again suggests that the core is smaller, relative to
the size of the visible body, than that of Jupiter. Furthermore, mathe-
matical investigation of the motions of the satellites suggests that the
visible globe is strongly condensed centrally. It is interesting to note
that of all the planets, Saturn is the only one which, were it placed in
an ocean of cosmic dimensions, would float.

SATURN : SPECTROSCOPIC EVIDENCE AND ALBEDO

Moving progressively farther from the sun, we encounter also a progres-
sive change in planetary spectra. The bands occurring in the spectrum
of Jupiter occur also in those of the more distant planets, but their
intensity increases continuously with increasing solar distance; a few
new absorptions are also added. This suggests dense atmospheres and,
as is known to be the case, decreasing temperature.

Wt 45 per cent), its Jupiter-like system of
parallel belts, and the evidence of the spectroscope, all indicate that the
visible surface is certainly gaseous. The extent of this atmosphere is,
like the size of the solid core, a still unsolved problem.

SATURN: TEMPERATURE

In general, then, we may say that so far as is at present known the
physical conditions prevailing upon Saturn are similar to those of
Jupiter, only more so. This similarity extends to the planet’s tempera-
ture. Radiometric measurements indicate a temperature certainly as
low as —100° C. and probablv-aslaw as —150° C. but nolawger. That
this is somewhat higher than the figure obtained by calculation on the
basis that Saturn has no source of heat other than the sun must be
attributed to the uncertainty attaching to all such measurements. It is
tolerably certain (and the temperature of Jupiter, which is not only a
more massive and therefore more slowly cooling body, but is also half
as near the sun as Saturn, confirms this) that any heat which Saturn
may once have possessed has now been dissipated.

SATURN: RING SYSTEM

But the feature that differentiates Saturn from all the other planets
and sets it in a class by itself is its unique ring system, well illustrated
in Plate x. IWMS breadth
and diameter, lying in the plane of the planet’s equator and separated
from it by a wide gulf. This flat expanse is composed of two con-
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centric and closely adjacent rings, separated by a narrow rift which
was discovered by Cassini in the second half of the seventeenth century
and which bears his name. Under favorable observing conditions it is
visible in quite small instruments as a fine black line running round
the whole expanse of the ring. That it is a real fissure in the surface
of the ring and not merely a surface marking is shown by the fact that
it is visible on both sides of the ring; furthermore, when it happens
that the ring system occults a star it can be seen shining through
Cassini’s division with undiminished brightness. In the nineteenth
century Encke saw a very faint marking on the surface of the outer
ring, A, and concluded that it was another and smaller division. Owing
to its faintness, however, it is believed that it may be a thinning out
of the material of the ring rather than an actual gap; it is nevertheless
known as Encke’s division. But the nineteenth century did add a third
ring to Saturn’s system, though not by the subdivision of one of the
already known rings. The Crepe Ring, or ring C, is a faint and semi-
transparent extension of ring B inward toward the planet. It requires
fairly large apertures for its observation on account of the fact that it
is of such diaphanous texture, the planet being clearly visible through it.

The total width of the ring system from the outer edge of A to the
inner edge of C is more than 40,000 miles. This can be determined by
direct micrometrical measurement when the linear distance of Saturn
from the earth is known. In order to make even approximate estimates
of the rings’ thickness and mass, other methods than direct measure-
ment have to be employed. Unlike the equator of Jupiter, that of
Saturn is inclined at a considerable angle (27°) to the plane of the
orbit. Hence, as demonstrated in Fig. 46, the plane of the rings will

Orbit of Earth

Figure 46. When Saturn is at A4 or C the rings are presented edge on to the
carth. When at D the southern, and when at B the northern, side of the rings is
visible from the earth.
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pass through the earth twice in each complete revolution of Saturn
about the sun; that is, in a period of about thirty years. At these times
the rings will be viewed edge-on, and when this happens they disappear
completely for several days; at most they are only just visible for a
short distance on either side of the planet. This observation provides
us with an upper limit for the thickness, for, if they were more than
some ten to fifteen miles thick they would be visible from the earth
when in the edge-on position. Compared with their breadth, there-
fore, their thickness is negligible: 10 miles as against 40,000, or less
than 0.03 per cent. It may, of course, be very much less than this; all we
can say is that it certainly is not more. The determination of the mass
of the ring system is entircly mathematical and consists in the cal-
culation of the maximum mass they could have without their gravi-
tational pull affecting to a noticeable extent the motions of the satellites,
for no such perturbations are to be observed. Here, too, we can do no
more than assign an upper limit, greater than which their mass cannot
be. The value obtained is one twenty-seven-thousandth that of the
body of Saturn; this is equivalent to about 0.003 times the mass of
the earth.

The nature of these gigantic and unique rings engaged the specula-
tions of astronomers from the earliest days of telescopic observation.
Nothing definite was established until Laplace, the French astronomer
and mathematician, demonstrated mathematically that they could not
be solid—that is, continuous planes like concentric rings of cardboard.
He showed that such a structure would be unstable and that the gravita-
tional pull of Saturn would disrupt it into a large number of fragments.
Though this was only negative information, it was nevertheless a
great advance, and paved the way for the further elucidation of the
problem by Clerk Maxwell. Maxwell proved that not only could the
rings not be continuous, but that they must be composed of innumer-
able discrete particles, each of which revolves about Saturn in its own
orbit and may be regarded as a small, individual satellite.

The Doppler shift has been utilized to prove observationally the
truth of Clerk Maxwell’s theoretical account of the structure of the
rings. The two possible explanations—in so far as Maxwell’s allowed
of any alternative—were that (i) each ring is a solid structure, or that
(ii) it consists of a large number of individual particles, each revolving
about the planet. If (i) represents the true picture of the ring, it is
clear that the outer edge will revolve with a greater linear velocity
than the inner, since it has farther to travel and the same time to do
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it in. But if the ring is composed of separate particles, cach will move
in accordance with the laws of Kepler. That is, the nearer a particle
is to the planet, the higher will be its linear velocity. Thus the rela-
tive velocities of the inner and outer edges of the ring system will be
the touchstone by which the rival hypotheses may be put to the test.
These velocities can be measured by the amounts of the Doppler shifts
of the Fraunhofer lines of the reflected solar spectrum when the spectro-
scope slit is adjusted to cut the outer and inner edges of the ring.
Keeler, who first made this crucial observation, found that the radia-
tions reflected from the inner edge of the principal ring were displaced
to a greater extent than those from the outer, the displacements cor-
responding with velocities of 12% and 10 m.p.s. respectively. Hence
the ring cannot be a solid structure, but must consist of a large pumber

planete

ROCHE’S LIMIT, AND THE ORIGIN OF SATURN’S RINGS

>

After the nature of the rings, the most intriguing problem connected
with them is probably that of their origin. Here again mathematics
comes to the aid of the observer, and we are indebted to the theoretical
work of Roche for some invaluable information concerning the inter-
actions of planets and their satellites. When a satellite is far from the
more massive body, the gravitational force exerted by the planet upon
different parts of its substance is very nearly uniform. But the nearer it
is to the planet, the more disparate will be the stresses within it, until,
if the satellite were imagined continuously approaching the planet’s
surface, a point will be reached at which the conflicting stresses and
strains will have become so acute that the satellite will be disrupted.
Roche proved that in the case of a large planet and a small satellite,
both of the same density, the satellite will be disintegrated when it
passes a limit equal to 2.45 times the radius of the planet. Observation
affords negative confirmation of this, for no satellite of any planet in
the solar system lies within what is known as Roche’s limit.

Now the significant fact about the Saturnian ring system is that the
radius of the outer edge of ring A is 2.3 times the radius of Saturn
itself. The obvious interpretation of this fact in the light of Rochc’s

£

discovery is that at some past epach one or more-of-Seturas satelhtes

_ o Lo d
have been torn _to pieges; and that each individual fragment has con-
tinued to revolve about Saturn as one of the many components which
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together make up the rings. Three observational facts appear to lend
support to this hypothesis: all the extant satellites revolve about Saturn
in or close to the plane of the rings; both the rings and the inner
remaining satellites are of abnormally high albedo, which may in-
dicate similar composition and origin; and thirdly, the innermost
satellites both of Saturn and of the other planets are in every case at
distances from their primary which are well beyond Roche’s limit. On
the other hand, it is possible that the rings result from the reverse
process. They may consist of matter which at some past epoch in the
planet’s history was ejected from the body of Saturn itself and which
has not yet condensed into satellites. The whole question is still exceed-
ingly obscure, but although no definite answer can be given it does
seem probable that Roche’s work holds the clue to the enigma.

SATURN ! SATELLITES

Saturn’s family of moons has nine members; a tenth was claimed by
W. H. Pickering in 1905, but the discovery has never been confirmed.
The largest, Titan, is larger than Mercury and the largest Jovian satel-
lites. Their periods of revolution range from slightly less than one day
to one and a half years; their distances from Saturn from 115,000 to
8 million miles. The main feature of interest about these bodies is that
some, if not all, vary in brightness in a regular manner. This light varia-
tion is most marked in the case of lapetus, and was even noticed by
Cassini with the poor telescopic equipment of the seventeenth-century
observer. The period of variation coincides with the period of the
satellite’s revolution about Saturn, and it is concluded from this that
Tapetus (and others, which exhibit the same phenomenon) always turns
the same hemisphere toward Saturn; in this it would resemble our own
moon and, probably, the five inner satellites of Jupiter.

THE FURTHERMOST PLANETS

As regards size, mass, and other physical characteristics, Jupiter and
Saturn are somewhat similar. The similarity between Uranus and
Neptune, the next two planets in order from the sun, is even closer.
Owing to their great solar distance (that of Uranus is twice Saturn’s)
they are faint and were not known to the ancients, although Uranus
is just above the limit of naked-eyed visibility and can be found with
the help of a star map when its approximate position has been deter-
mined from an almanac. They were discovered in the eighteenth and
nineteenth centuries respectively, while the most distant of all, Pluto,

was discovered in 1930.
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URANUS: SOLAR DISTANCE AND LINEAR SIZE

Uranus’s mean solar distance is 1,783 million miles; this is so great a
distance compared with that of the earth from the sun that the planet’s
brightness and apparent size do not vary to any considerable extent
during the course of the terrestrial year. Its mean angular diameter is
slightly less than 4” and corresponds with a linear diameter of about
31,000 miles. It was discovered accidentally by Herschel in 1781. That
is to say, he was not engaged in a systematic search for a new planet
outside Saturn, but merely noticed a strange object in the field of his
telescope; it was at first taken to be a comet.

URANUS: AXIAL ROTATION

Its period of revolution about the sun is approximately 84 years, but its
axial rotation is less easily determined. Telescopes of large aperture have
shown faint equatorial belts similar to those of Saturn, but no surface
marking is sufficiently well defined to be used for an accurate estimate
of the rotation period. The polar flattening, however, suggests a fairly
rapid rotation, and the period is believed certainly to lie within the
limits of 8 and 12 hours. The most accurate estimate yet made is that
of Campbell. Photometric* work has shown that Uranus is subject to
a slight and recurrent variation of brightness, the period of which is
about 10h. 50m. The most reasonable explanation of such a cyclic varia-
tion is that the planet is rotating on its axis in that period and that
some areas of its surface reflect less of the incident solar light than
others. Campbell’s figure agrees well with that of about r0% hours
derived spectroscopically by Lowell.

URANUS: MASS, DENSITY AND TEMPERATURE

The mass of Uranus can be derived from the motions of its four satellites
and is found to be fifteen times that of the earth; this gives a density
about equal to that of Jupiter. This fact, taken in conjunction with the
high albedo (similar to that of both Jupiter and Saturn), the evidence
of the spectroscope, and the similarity of such surface markings as are
visible with those of Saturn, indicates that Uranus has a dense and
probably extensive atmosphere. It receives less than 1/360 of the solar
light and heat received by the earth, and its temperature of about
—190° C. is slightly higher than would be expected were the sun the
only source of heat. But the difference is too small and the practical

*A photometer is an instrument which measures small differences of brightness.
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difficulties attendant upon the radiometric investigation of so distant
a body, radiating so little hcat, are too great for it to be stated cate-
gorically that Uranus has still some reserves of heat unspent, Its physical

-onditions, therefore, are of the cnmgww
ind Saturp,

URANUS: SATELLITES

Uranus possesses five satellites, the fifth having been discovered with
the 82-inch reflector at the MacDonald Observatory early in 1948. The
four satellites that had previously been known have periods ranging
from 21 to 13 days and distances from the planet from about 120,000
to 365,000 miles. The most notable feature of the four-satellite system is
its high inclination to the plane of the planet’s orbit; this amounts to
more than one right angle, with the consequence that the satellites do
not move cast and west across the telescopic field (as do those of Jupiter,
for instance) but north and south. Very few data are available at present
regarding the fifth satellite other than that it revolves about Uranus in
approximately 30 hours and that its orbit is well within those of the
four satellites previously known.

NEPTUNE!: DISCOVERY

Neptune is so_similar to U that it may be regarded

twin, In size it is slightly superior to Uranus, but because of its greater
solar distance (nearly 2,800,000,000 miles) it is never visible to the
naked eye. The story of its discovery is one of the best known and
most interesting in the history of astronomy. Herschel’s unexpected dis-
covery of Uranus inevitably led astronomers to wonder whether there
might not be other and still more remote members of the solar system.
We have seen how the mass of a planet that has no satellites may be
calculated by a consideration of its perturbing effects upon the orbits
of neighboring plancts. Each planet, were it the only member of the
solar system other than the sun, would pursue an orbit which is exactly
described by the laws of Kepler; furthermore, its motion in that orbit
would be similarly calculable. If, however, there is another planet also
revolving about the sun, its gravitation will distort the ideal motion
of the first, as described by Kepler. Since the mass of the sun is much
greater than that of any single planet, these perturbations will be small,
just as an object held by a strong man can only be moved slightly by a
small boy. Accurate observation and mathematical calculation based
on the laws of Newton do, however, permit the astronomer to estimate
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not only the mass of the disturbing planet but also the direction of its
action and therefore its approximate position.

About a hundred and fifty years ago it became increasingly clear that
Uranus was not moving to schedule; that is, its observed motion and
positions were deviating more and more from the calculated, even after
a suitable allowance had been made for all the six planets then known.
The only explanation of this disparity between the calculated and the
observed was that some factor affecting the latter was not included in
the former. That is, that there was a still more distant planet whose
perturbing effect was not being taken into consideration. A detailed
and extremely laborious mathematical examination of these perturba-
tions led Adams and Leverrier to predict, almost simultancously though
independently, that the unknown planet was situated in such and such
a region of the ecliptic. In 1846 Galle, at Berlin Observatory, discovered
the new planet close to the predicted position. The discovery was a
striking vindication of Newton’s theory of universal gravitation.

NEPTUNE: PHYSICAL CHARACTERISTICS

On account of its great distance very little is known about Neptune,
though its physical conditions are probably similar to those of Uranus
(which it resembles closely in all ascertainable respects), allowance of
course being made for the effects of its greater solar distance. Faint belt-
like markings have been thought to have been seen upon it, but since
the angular diameter of its disk is only about 2”.5, all such observations
must be accepted with caution. Its linear diameter of rather more than
31,000 miles and its mass, approximately 17 times the carth’s, are slightly
greater than those of Uranus. Nothing definite is known of its tempera-
ture. Assuming that it has no internal heat and is entirely dependent
upon the sun for such heat as it has, its temperature must be in the
neighborhood of —200° C. Spectroscopic measures made at the Lick
Observatory in 1928 indicate a rotation period of about 15 hours 50
minutes; this is in agreement with the evidence provided by a slight
periodic variation of brightness observed many years ago by Maxwell
Hall, from which a half-period of 8 hours was subsequently derived.

NEPTUNE: SATELLITE

Only one satellite is known, Triton. It completes its retrograde revolu-
tion about Neptune in a period of 5% days at a mean distance of some
220,000 miles. Its size has not been determined with certainty, but it
may be even larger than the giants of Jupiter’s satellite system.
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PLUTO

Most distant of all the known planets is Pluto. Since it was discovered
as recently as 1930, little is yet known of it. Its discovery was made as
a result of a planned search based upon calculations of its approximate
position upon the star sphere. In broad outline the history of the search
and the final discovery was a repetition of that of Neptune. Since, how-
ever, Neptune had not completed one revolution of the sun since its
discovery in 1846, certain elements of its orbit were not yet determined
with great accuracy. Thus any apparent anomalies in its motion were
not necessarily due to perturbations on the part of an ultra-Neptunion
planet, but possibly to our inexact knowledge of its own motion. For
this reason the mathematicians were thrown back upon the perturba-
tions of Uranus for their data. Since the distance from Pluto to Uranus
is many times greater than that from Neptune to Uranus, their predic-
tions were less accurate than those of Adams and Leverrier, and Pluto
escaped discovery for a correspondingly longer period. When it was
identified on a photographic plate exposed in January 1930 it was 5°
from the position predicted by Lowell.

Pluto’s mean solar distance is approximately 3,673 million miles, or
39.5 times that of the earth. The orbit is abnormally eccentric for a
planet, its solar distance varying by something under 2000 million
miles, and at perihelion Pluto is actually nearer the sun than Neptune;
the period of revolution is about 248 years.

Its temperature is undetermined, but probably lies in the neighbor-
hood of —240° C. to —250° C.; an observer situated upon its surface
would receive only 1/1600 as much light and heat as we receive on
the earth. These figures follow from Pluto’s known solar distance.

The angular diameter of the disk is less than 0”.4, which cor-
responds with a maximum linear diameter of about 4000 miles. Our
present knowledge of its mass is even less definite, and all that can be

said_is_that it is certainly less than that of the earth. and nrohahly less
than half this.




Vill. The Sun and the Stars

THE SUN: STELLAR STATUS AND SIZE

The sun is the central and most massive member of the solar system,
and is gravitationally the ruler of that system. It is fundamentally
unlike the planets; as we shall see, its spectrum alone proves that it is
an incandescent body. In fact, it is a star, only differing from the myriad
stars of the night sky in its comparative proximity. That it owes its
greater conspicuousness to nothing but its nearness is shown by the
fact that its absolute magnitude is only 4.85: if viewed from a distance
of fifty light years it would only just be visible to the naked eye. At a
distance of 32,000 light years (which may be roughly the distance to
the center of the galaxy) its magnitude would be 20, and it would be
invisible to the eye even with the aid of the Mt. Wilson 100-inch
reflector although it would be within the photographic range of the
instrument.

The calculation of the size of the sun is a simple matter, for we know
both the size it appears to be (its angular diameter at mean distance
is 31”7 59””) and also its linear distance. Thus, for a body to subtend an
angle of 31’ 59” at a point 93,000,000 miles distant from it, its linear
diameter must be 864,000 miles. The volume of a spheroid of known
diameter is also easily calculated, and it is found that nearly 114 million
earths would be required to build a body the size of the sun.

TELESCOPIC APPEARANCE

On turning a telescope (suitably adapted) upon the sun for the first
time, the reader will probably be struck immediately by two things:
the solar surface bears upon it one or more small black.spats; and the
center of the disk is noticeably brighter than the.edges. The latter facy

indicates that above the shining surface of the sun (known as the
photosphere) there must be a cooler atmosphere. Figure 47 demon-
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strates that it is possible to see to a greater radial depth at the center
of the disk than at the limb. And since the former is brighter than the
latter it follows that brightness increases with increasing radial depth;

“rom which, in turn, it follows that_the temperature-inereasesfram the
juter atmosphericlevels-toward-the. solar center.

SPECTRUM

The solar spectrum (Plate vira) consists of a continuous background
crossed by many thousands of fine absorption lines. These lines were

Solar Surface
(Photosphere)

the sun’s atmosphere are
all of the same length

Solar
Atmosphere
Figure 47.

first studied and mapped by Fraunhofer in 1817, fifteen years after
their discovery. The general type of the spectrum thus confirms the in-
ference which we have already drawn from the telescopically observed
darkening of the limb: namely, that the_photosphere is overlaid by a

relatively coglfFaseoudatmasphers It goes beyond this inference, how-

ever, in showing that the photospheric surface behaves spectroscopically
like an incandescent salid or dense gas under great pressurc. Kirchhoff’s
experiments and the theoretical work reviewed in Chapter vi demon-
strate that it is the constituents of this atmosphere that impress the
Fraunhofer lines upon the continuous spectrum of the photosphere.

SURFACE TEMPERATURE AND THE SOLAR CONSTANT

‘That the photosphere is a radiating surface at a high temperature is
obvious without having to undertake any elaborate instrumental in-
vestigations. Precisely how hot, can be determined spectroscopically. In
Chapter v1 the laws of radiation as worked out by Wien, Planck, and
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Stefan, and Boltzmann were stated. Any one of these may be employed
to derive the temperature of the photosphere, and it is a satisfactory
confirmation of the validity of all of them that the results obtained are
in close agreement with one another. Wien’s law, based on a maximal
intensity at a wave-length of A4750, yields a temperature of 6070° K.;
Planck’s equation gives 6200° K.; and the Stefan-Bolizmann law,
5900° K. TN

It may be of interest to follow the applicatiof of the latter law as
applied to this specific problem of the sun’s syrface temperature. It will
be recalled that the equation is

wher

1S a constant.

The practical difficulty lies in the accurate determination of E. This
is dcrived from the so-called solar constant, which is, in effect, the
amount of solar heat received by a unit area of the earth’s surface. It
may be expressed in calories per square centimeter per minute, when
its value is 1.94; or in ergs per square centimeter per second, when its
value is 1.35X 10°%

But the sun is pouring out radiation in all directions, and not just
upon our one square centimeter. In order, therefore, to_dis
total ameunt-of k&m&m-w&mm:xte the area of the sphere
centered upon the sun whose radius equals »t“bg ‘MEan. S0

the cacth,and. then mulup]y the numbm“gﬁgguarg_gcmmm.:his
area—by—-(—;f—we afewg:hng,gp ergs) 1.35 X 10% If we write R for the

mean distance from the sun to the earth in centimeters, the area we
require is 47R* Writing £ for the solar constant, the total radiation
falling upon this sphere in one second=total radiation of the sun in
one second=4nR*k. Writing r for the radius of the sun in centimeters,
we have: radiation emitted by 1 square centimeter of the solar surface
per second

_ 41rR2k

g4’
All the terms in this expression are known, and it can therefore be

evaluated. The answer is 6.25 10" ergs. This, then, is the term, E,
which we require.
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The value of the constant B has been found to be 5.735X10™° ergs
per square centimeter, and substituting the numerical values of B and
E in the Stefan-Boltzmann equation, we get

T=5740° K.

A correction for the fact that the sun is not a black body (see p. 151),
while the law strictly refers only to a perfect radiator, adjusts this
figure to the 5960° K. already given.

THE SUNSPOT CYCLE

A great deal of information regarding the sunspots can be gained by
telescopic observation alone, provided that it is continued over a long
enough period. Moreover, a detailed study of the spots will yield valu-
able information regarding the sun itself. Early in the nineteenth
century, Schwabe, a German amateur astronomer, turned his tele-
scope on the sun for the first time and took note of the spots upon it.
He continued his solar observations for nearly twenty years without
interruption, except from cloudy days. Each day he made a note of
the number of spots visible, and from this simple observation, and as
the result of his great patience and perseverance, he discovered their
most notable characteristic. Their numbers fluctuate in a fairly regular
.rhythm. At spot minimum no spots may be visible for days or even
weeks on end. Gradually their occurrence becomes more frequent
until at maximum there is rarely a day when several spots or groups
of spots are not visible. The numbers then begin to fall off again until

ijs once more reacheJ This cycle from minigaum fo mini.
maximum to maximum, occupies rather more than

s 1s only the mean value, however, and periods four or
longer and shorter have been recorded. It must be
at i i u and
not their individual size; large and small spots occur indifferently at
all times throughout the cycle.

SOLAR ROTATION FROM SUNSPOTS

A few days’ observation of the sun will reveal that the spots are moving
slowly across the disk from east to west. New spots appear around the
sastern hmb “and, having passeqorig ss the disk (if they persist

—
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sun, _lil(ﬂc_;h;mh,.isming_on_igs_gg_i‘s- The earth is revolving round

the sun in the same direction as the sun’s rotation, and therefore the
observed rotation as exemplified by the spots is not the true, or sidereal
rotation period, but the synodic period. To obtain the former from
the latter we must employ the equation with which we became familiar
in Chapter 1. If %
27 days as revealed by the spots; E i i A

of 365 days; and P_the sidercalsatation period-afshesun; then

B

1_1.1
P STE

will be found that the

If the equation is solved for the values aboyg,
sidergz san.neriad Js approximale

But a curious anomaly makes it impossible to state simply that the
sun rotates in such and such a period. For the derived figure depends
upon the latitude of the spot upon whose motion the determination
is based. A spot in high latitudes takes longer to travel from limb to
limb than one nearer the equator. The sun, in fattf rotatesm zones
and not as a rigid body: the equatorial regions rotate more rapidly
than the polar,* the two periods being about 24Y days and 34 days
respectively. All that we can say briefly is that the sun’s mean sidereal
rotation period is approximately 25 days.

LATITUDE DISTRIBUTION OF SPOTS

The regular observer of the sun will sooner or later discover that spots
do not occur in all latitudes with equal frequency. They are, in fact,
] i bout 40° N. ard S.f 1
slightly higher latitudes than these they are extremely rare and they are
completely unknown in the vicinity of the poles themselves. But even
the attainment of this conclusion will not have taught the observer the
whole story of the distribution of the sunspots, for about twenty years
after Schwabe published his discovery of the eleven-year cycle, Spoerer
showed that the distribution of the spots in latitude varies with this
cycle. At minimum there may be a few spots in high latitudes—usually
about 35° N. and S. As the cycle proceeds, new spots are born in

*Since no spots occur in the polar regions, another method of determining the
rotation period has to be employed, and will be described shortly. In the highest
latitudes at which spots normally occur, the period is about 27% days.

+ More precisely, to two bands, one north and one south of the equator, for few
spots occur between 5° N. and S.
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progressively lower latitudes until, by the next minimum eleven years
later, they are confined to the immediate vicinity of the equator. Shortly
before the cycle comes to a close and these equatorial spots die out, the
first few spots which herald the opening of the new cycle will have
appeared in the higher latitudes again. The two zones occupied by these
spots and their successors will in turn converge upon the equator, pass
their maximum, and dwindle away in the equatorial regions at the
next minimum.

Thus we can, by direct telescopic observation carried out over a period
of years, establish ghree facts about SunSROLs:

i. Thei ‘ ian, ig--ap-

L. s

ii. Th : iely to 1m iy W
g arallel (o thecquator and situated on either side of it, the lati-
tude Of which varies with the eleven-year cycle.

iii. "The sup’s~yotation carries them across the visible hemisphere
from } with velocities which vary with' the solar-latitude.

phenos hllows the rotation of the sun in any latitude

be-mensTTEd Sigce estimates based on spot observations are restricted

to the equatorial and temperate zones of the sun, this is of great
oscope the determination of the rotation period
in the spotless polar reg
represents the sun as seen 4Ql\a point in space directly above one of
its poles. It will be seen thatBRingJade~axial rotation,.Que limb is
approachi while the other is recedi it. The velocitv
of this line-of-sight motion can be measured by the extent of the di:
wre%; it amounts to about 1% m.p.s.-

the east limb approaching the earth, and the west receding from it.
Hence, since the linear size of the sun is known, the period of rotation
in any latitude can be calculated. In this way it has been discovered,
and could have been discovered in no other way, that the+esationpegiod

oles 1s ten da than in equatorial regions.

APPEARANCE, SIZE, AND STRUCTURE OF SPOTS

Thus far we have been considering only the motions and positions of
the spots and for these purposes telescopes of low magnification or
even naked-eye obscrvations are sufficient. For study of the details of
individual spots either a telescope equipped with a moderately high
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magnifying eyepiece or a photographic telescope of long focal length
is desirable. With such instruments it will be noticed that an individual
spot consists of two regions, an inner called the and an outer,
less-dark region called the penumbra. These two main divisions of an
individual spot consists of two regions, an inner called the umbra, and
an outer, less-dark region called the penumbra. These two main divi-
sions of an individual spot may be observed on Plates xr1, x111, and x1v.
(On Plates xur1 and x1v the left-hand picture should be studied.) Plate x1
shows a highly magnified photograph of a large group of sun spots. The
sizes of the individual members of this group may be estimated by com-
parison with the small circle in the lower left-hand corner of the plate
which represents the size of the earth on the scale of the photograph.
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Figure 48.

In addition, one or several minute black spots, known as nuclei, may
be visible within the umbra. It will often be noticed that the photosphere
in the neighborhood of spots, and particularly of large spot groups, is
brighter than elsewhere. Close scrutiny of individual spots sometimes
reveals that filaments or bridges of this brighter material are thrown
across the dark umbra from the surrounding photosphere.

In November 1769 A. Wilson, professor of mathematics at Glasgow,
made a careful study of a large spot that had passed the center of the
disk and was approaching the western limb. He noticed that the umbra
was apparently displaced toward the center of the sun’s disk. Two
weeks later be re-observed the same spot after it had reappeared on the
eastern limb and found the same displacement of the umbra relative
to the penumbra, a displacement that decreased as the spot approached
the center of the disk. He explained the displacement by assuming that
the sunspots are actually depressions in the disk of the sun and that
the effect is a foreshortening as illustrated in Figure 48. This so-called
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Wilson effect has been a subject of dispute up to the present time.
Many observations have been made during the past century and a half.
One long series of observations indicates that the average large circu-
lar spot has an average depth of 450 miles. In some cases displace-
ments away from the center of the disk have been reported. In 1939
Pettit made a long series of observations and found the displacement
toward the center of the sun in the case of 26 spots observed near the
limb of the sun. However, he explains the phenomenon as due to a large
column of gas extending high up above the surface of the sun and
surrounding the umbra of the spot.

Spots vary enormously among themselves as regards size, shape,
motion (for spots usually have motions of their own, distinct from the
motion imparted to them by the sun’s rotation), and length of life.
Some, typically the smaller, may be of only a transitory nature, while
the larger ones may last through two, three, or, exceptionally, more
rotations of the sun. In size the spots show great variety. The smallest
that can be observed are about 500 miles in diameter,* while the largest,
and even the more moderate ones, would engulf a body many times

the size of the earth (see Plate x1). Indeed_g spot must be 15.000 miles
in diameter before it can be scen wijth the naked ¢yg,and spots four
times this size have been observed.

Sunspots are frequently found in clusters or groups. Such groups are
illustrated in Plate x1 and in the left-hand photographs on Plates x1i1
and xiv. It is customary to speak of the_wester of the grou

i0g.s jnce. the other members as they are
carried across the disk of the sun by the solar rotation. The leading spot
usually appears first with the following members developing a few
days later. In a group which later becomes a large one, the leading
spot and its immediate followers develop at about the same rate but
with the distance in solar longitude between them increasing up to as
much as ten degrees. At the time of maximum area of the group small
unstable spots are frequently to be found between the leading spot and
its large followers. As the life of the group progresses the principle
following spot breaks up into smaller units and gradually fades out,
with the leading member losing its collection of small spots and remain-
ing as a single round spot which gradually fades out and disappears.

Lastly, it must be noted that spots appear to be centers of some form
of electrical disturbance. Frequently the transit of a large spot or spot

*Since we have discovered the linear size of the sun it is a simple matter to
discover the linear size of any object upon its surface.
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group across the sun’s central meridian is the herald of magnetic storms,
heavy earth currents, and the occurrence of aurorae on this planet. It is
significant that these terrestrial magnetic_distur do _not occur
simult ] disturbances believed to be their causg;
the two are separated by a time lag of abouttwenty-four hours. This is
most fortunate in its practical applications, for it permits the forecasting
of magnetic storms by the observatories. The generally accepted ex-
planation of these terrestrial counterparts of solar activity is that gizcamgs

ectrified particles are ejected from the disturbed areas of the sun’s
wﬂmwmw%@mmis supposition
receives additional confirmation from the fact that very strong magnetic
storms are frequently repeated after an interval of about twenty-seven
days. Now this is the period of the sun’s synodic rotation, and it seems
legitimate to conclude that the stream of particles, having encountered
the earth, is swept completely around the sun by the latter’s rotation

and after twenty-seven days encounters the carth once more. Interrup-
tion of short-wave radio, on the ot i

and 1s probably caused by the cmissioneafua.food.of uliza

In addition to specific correlations of this kind, there is a marked
relation between the ebb and flow of the spot cycle and diurnal varia-
tions of the earth’s magnetic field. At maxima the variations are large,
and magnetic storms (which are nothing more than sudden and acute
variations) common. At minima the extent of the diurnal variation is
reduced by anything up to 50 per cent, while storms occur practically
not at all.

TEMPERATURES AND SPECTRA OF SPOTS

We have seen that t}rn::_tg_nw&#hmmm
js.ahqyr 6gp0°. At such a temperature no compounds could remain undis-
sociated. But the spectra of spots show the characteristic banded spectra
of compounds, and in particular those of titanium oxide, calcium and
magnesium hydride, and molecular carbon. Now the dissociation tem-
perature of titanium oxide is in the neighborhood of 3000°, and gpots
are thetefore shown to be considerably cooler than the surrounding
photosphere—a conclusion suggested by their inferior Kyilliance. Tem-
perature modifications of individual lines in spot spectra tell the same
tale. These are of the general type described in Chapter vi: some lines
are oreatlv strengthened while others, especially lines in the infra-red,
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Another common feature of spot spectra is the widening, doubling,
or trebling of many of the lines, especially those situated in the longer
wave-lengths. This is an example of the Zeeman effect and indicates,

ed eye. It might be suggested that the forces that normally lead
to the formation of a spot are here operative but are not strong enough
to create a visible disturbance of the photosphere.

PHOTOSPHERIC GRANULATION AND FACULAE

When the surface of the photosphere is examined under conditions of
excellent secing it will be noticed that its surface. is..mattled and
granular, It appears to be made up of innumerable contiguous grains,
only slightly brighter than the photosphere, which are commonly

referred to as the rice grains. These granules are from t0_1300
miles_indi r, and Keenan estimates that at any given moment

‘more than 2% million are visible over the whole disk. The exact cause
and nature of this granulation of the solar surface # unknown, but
it has been suggested that the granules are the crests of waves of
unequally heated photospheric material.

Close examination of the brighter material that characterizes the
vicinity of spots and spot groups show that it is not homogeneous or
{ gther, it consists of numerous irregular patches
5, which are some 15 per brighter than
ground. These are d. Yand at this
point 1t fice to note two facts about them™Gehgregations of
faculae tend to precede the formation of spots and to survive after
they have vanished. Secondly, they appear to be more numerous near
the edges of the solar disk than toward its.eemtter.~T'he iono"
this, as we shall see later, is that they arfe clo re
situated at considerable heights above the swcface of the photosphere.
Thus they are not diminished in brightness to thesame-extent as the
photosphere in the peripheral region, while at the same time the reduced
luminosity of the background renders them more easily visible.

THE FLASH SPECTRUM AND THE REVERSING LAYER

Both visual observation and the nature of the solar spectrum demon-
strate that overlying the photosphere there is a cooler atmospheric
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layer. The question arises, is this atmosphere cool and therefore non-
incandescent, or is it incandescent but nevertheless cooler than the
photosphere? In either case its spectrum would consist of dark absorp-
tion lines. The question can only be answered if we have an oppor-
tunity to observe its spectrum when that of the photosphere (the
continuous background) is blotted out. Then, if it were not radiating
at all, the Fraunhofer spectrum would be invisible; whereas if it were
incandescent, but less so than the photosphere, the Fraunhofer spectrum
would be reversed, i.e. would consist of bright lines instead of dark.

\

\_Exposed
“l/ crescent of
| reversing
1 layer
!
'

Limb of moon.

——— -—— Surface of photosphere.
------- Upper edge of reversing layer.

Figure 49.

These conditions are provided at total eclipse. Figure 49 shows the
solar disk, surrounded by the reversing layer, and the body of the moon
at a moment just before totality. (To make the diagram clearer it is
not drawn to scale, nor are the chromosphere or corona shown.) It will
be seen that at this moment the photosphere is hidden by the body of
the moon while a narrow lune of the reversing layer is still visible.
At the moment of the final obscuration of the photosphere the Fraun-
hofer spectrum flashes forth as a set of bright lines; a second or two
later, as the moon moves over the reversing layer also, they disappear.

It is clear, therefore, that the reversing layer, though-eoeler—han the

photosphere, is nevertheless incandescent.
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The matching of Fraunhofer lines with lines of spectra produced
in the laboratory, the constitution of whose sources is known, has
led to the identification of many terrestrial elements in the reversing
layer of the solar atmosphere. This matching of solar and laboratory
spectrograms is carried out as follows. The spectroscope slit is divided
transversely into an upper and a lower half, either of which may be
opened or shut independently of the other. The lower half of the slit
is opened, the spectroscope is focused upon the sun, and the plate
exposed. Then the upper half of the slit is opened, the lower half
closed, and the spectroscope focused upon a source in the laboratory—
incandescent iron vapor, let us say—care being taken not to move the
plate. The plate is once again exposed and developed The spectrogram
then -
engths directly abewea
MMWR can be seen at a glance
whether any of the iron lines occur in the solar spectrum, and whether,
therefore, iron occurs in the reversing layer. By taking a large number
of such comparison spectrograms, changing the constitution of the
laboratory source each time, it is possible to identify about 60 of the
92 terrestrial elements in the reversing layer. Some are represented by
only a few lines, others by scores or hundreds; over 3000 lines of the
iron spectrum have been mapped. Altogether, more than 23,000 in-
dividual lines figure in the most recent catalogue of the Fraunhofer
spectrum. It is highly probable that the 30 apparently missing elements
do in fact occur in the sun. Not only are all wave-lengths shorter than
about A3000 absorbed by the ozone in the earth’s upper atmosphere,
but it must also be expected that the heavier elements in the sun would
sink below the reversing layer where alone they are capable of produc-
ing absorption spectra.

When the flash spectrum is observed without a slit, each line is
curved (being an image in monochromatic light of the still exposed
segment of solar atmosphere) and as the moon’s limb obscures suc-
cessively higher and higher levels, so the lines of those elements that
occur at different heights above the photosphere will drop out of the
spectrum. Finally, only calcium, hydrogen, and helium remain before
the spectrum disappears altogether. Knowing, as we do, both the sun’s
distance and the rate of the moon’s motion across its disk, we can thus
determine to what approximate heights above the photospheric surface
the various elements extend. The reversing layer, the lowest of the
atmospheric levels, stretches for from 100 to 200 miles above the
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photosphere; some of its constituents are confined to the lower levels
while others occur throughout the whole stratum. As already explained,
it is possible to deduce the density and pressure of a gaseous or vaporous
source from its spectrum, and it has been found that the pressure in
the reversing layer is no more than one ten-thousandth that in the
earth’s atmosphere.

THE CHROMOSPHERE

Without the aid of the spectroscope, the solar atmosphere can be studied
only one rare occasions, and even then not in its entirety. By a cosmic
fluke, the relative sizes of the sun and moon and their distances from
the earth are just such that their apparent sizes as judged by a terrestrial
observer are almost identical. It periodically happens that the moon
passes directly between the earth and the sun; when this occurs the
sun is said to be totally eclipsed, and at the instant of totality—which
‘instant’ may be as long as 7m. 4os., but is usually very much shorter—
the solar disk is hidden by the body of the moon. Thus the glaring
photosphere is obscured, while the less brilliant atmospheric levels are
visible round the moon’s limb. Two different zones can then be dis-
tinguished. The inner is blood-red, and appears as a narrow rim of
flame to the moon’s black disk. This atmospheric layer is the chro-
mosphere, and it may be noticed that its outer edge bears small projec-
tions, which in fact are gigantic flames and clouds of incandescent gas.
These prominences may be attached to the chromosphere at one or
more points or may be entirely severed from it.

The spectrum of the chromosphere may also be observed during
totality, and it has been established that it does not consist of a com-
plete set of the Fraunhofer lines; furthcrmorc, the lines are. .bnght.and.
not dark.. The ele tai
WML&&@WW

i j Nor, as we shall see, are they situated
in the corona, which is the outermost atmospheric region. This estab-
lishes that the reversing layer is.situated immediately above the photo-
sphere and below the chromosphere.

One feature of the chromospheric spectrum, which was unexpected
at the time of its discovery, was that lines which are weakened in the
spectra of spots are here strengthened. Since the solar atmosphere is
cooler than the photosphere, just as the spots are, this was somewhat
surprising. Later, however, the explanation was revealed by Saha, a
physicist. Tonization, the line-modifying agency, is promoted not only
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by increased temperature but also by decreased pressure, and in the
chromosphere the latter overrides the former. Thus line-modifications
which were at first thought to indicate certain conditions of tempera-
ture are also in fact indicative of reduced pressure.

Until 1868 astronomers could only study the chromosphere during
the short and isolated intervals of total eclipse; at all other times the
glare of the more brilliant photosphere swamped it utterly. In that
year, however, Janssen and Lockyer devised independently a spec-
troscopic method of observing the chromosphere at any time. Spec-
troscopic observation of the sun’s atmosphere as the moon moves in
front of it at total eclipse has proved that when not only the photosphere
but also the reversing layer is obscured, there still remain some bright
emission lines whose source must be looked for in the chromosphere.
Now the effect of high dispersion upon a continuous spectrum is to
weaken its intensity, the spectrum being lengthened and the same
amount of light spread over a larger area. But the monochromatic
lines of the chromosphere are not weakened by using a spectroscope
of high dispersion; they are simply moved farther apart. Hence, if a
spectroscope of high dispersion is adjusted upon the sun’s limb and
moved round it till one of the bright chromospheric lines appears, and
the slit is then opened, the chromosphere in that region will be visible
to the eye; for the intensity of the photospheric light in the sun’s
vicinity, which usually blots it out of visibility, is greatly reduced by
the wide dispersion.

Since this discovery our knowledge of the chromosphere has increased
rapidly. Its most remarkable feature is its instability. It is in a constant
state of turmoil and upheaval, great flames and clouds of incandescent
gas being ejected from its surface. These eruptions are known as
prominences and can be clearly seen by the open-slit method with quite
smail telescopes. They may be roughly divided into two groups,
quiescent and eruptive. The former are usually about 50,000 miles in
height, and change neither their shape nor their position very rapidly.
The eruptive prominences, on the other hand, are subject to very rapid
changes: prominences have been observed to be ejected from the
chromosphere with velocities approaching one million miles per hour
to distances of more than half a million miles from the sun. By regular
observation of the numbers and distribution of the prominences
Evershed has been able to demonstrate that both are subject to cyclic
variation whose period is about eleven years.

The thickness of the chromosphere is about ten times as great as
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that of the reversing layer, as can be estimated from observations with
the slitless spectroscope at total eclipse. Its lower edge tails imper-
ceptibly into the upper rcaches of the reversing layer at a height of
100-200 miles above the photosphere, while the highest constituents such
as ionized calcium occur exceptionally at heights as great as 8700 miles.
Its chief constituents are calcium, hydrogen, and helium, and it is the
red light of hydrogen that gives to the chromosphere its characteristic
color. The quiescent prominences, which usually take the form of semi-
detached portions of the upper reaches of the chromosphere, have the
same spectrum and chemical composition as the regions from which
they spring, but the eruptive prominences often contain certain sub-
stances, such as iron and tin, that are normally confined to the lower
levels of the chromosphere.

THE CORONA

_The outermost atmospheric shell-is-the-corona. This appears as a pearly
whité radiance (the most beautiful of the various striking phenomena
witnessed at total eclipses) surrounding the sun to a very much greater
depth than the chromosphere (see Plate xi1). Its outer edge is not con-
centric with the sun’s limb, as is that of the chromosphere, though it
may be approximately so. On the other hand, its figure may be much
distorted from the circular by great beams or petal-like rays.

The study of the corona has been rendered excessively difficult by
the fact that until 1931 it could only be seen for the short and isolated
periods of total solar eclipse: serial or continuous observation has thus
been impossible. That this deplorable state of affairs has been remedied
is due solely to the historic work of Lyot, whose photographing of the
corona without an eclipse has been one of the foremost observational
achievements of this century. The difficulty of the observation, which
had for so long proved insurmountable, sprang from three causes. In
the first place, the enormous brilliance of the photosphere completely
swamped the much gentler radiance of the corona: at a distance of 2’
from the solar limb, the brightness of the corona is about one million
times less than that of the photosphere, and toward the outer regions
it falls off even from this figure. In the second place, there was an in-
strumental defect to be overcome. A lens does not transmit 100 per cent
of the light directed upon it, a certain proportion being scattered by the
two faces and the edge of the lens, as well as by any bubbles in the glass,
surface scratches or particles of dust. The resultant halo, when the sun
is observed, is at least 200 times as bright as the corona. A third source
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of diffusion of the photospheric light is dust in the lower levels of the
earth’s atmosphere: this produces a halo which is at least 100 times
brighter than the corona under normal conditions at sea level. Any one
of these three sources of diffusion is thus capable of swamping utterly
the much fainter glimmer of the solar corona, and all must be elimi-
nated before it can be rendered visible.

Lyot managed to overcome the first two by constructing a type of
telescope which he named the coronagraph; this consisted essentially
of a system of diaphragms and screens. Also, only lenses of the finest
quality were used. The third difficulty was overcome by erecting the
coronagraph at the observatory on the summit of the Pic du Midi at a
height of nearly 3000 meters above sea level.

Lyot’s first coronagraph was built and put into commission in 1930,
in which year also the first coronal spectrogram was obtained without
an eclipse. In the following year came the first photograph of the
corona itself.

Although the shape and outline of the corona are constantly chang-
ing, its general shape varies in a regular manner which is connected
with the spot cycle of eleven years’ duration. At spot maximum the
depth of the corona is about equal all round the disk; it is at any rate
not markedly deeper in one region than another, and certainly bears
no particular relation to the solar equator and poles. But at minimum
it consists of short tufts at the poles and long, more or less parallel-sided
beams or rays at the equator.

Although the whol€ corona is extremely faint compared with the
photosphere, its brightest regions may at times be intolerable to the
naked eye. From the immediate vicinity of the chromosphere its bril-
liance decreases steadily; the inner regions are also yellower in tint than
the outer. It is thus possible to make a rather vague distinction between
the inner and outer corona, a distinction which is confirmed by the
spectroscope. The spectrum of the inner corona consists of less than
thirty bright lines, some of which have been known for upwards of
seventy years, while others were only detected in 1937. That of the outer
corona is quite distinct from this, consisting as it does of a faint replica
of the ordinary Fraunhofer spectrum. This region is therefore under-
stood to consist of non-incandescent particles which merely reflect and
scatter the sun’s light, superimposing little or no radiation of their own.

But what of the inner corona, with its emission lines? None of these
has been matched with laboratory spectra, for the reason that the
peculiar physical conditions prevailing in the corona (particularly its
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great rarefaction, favoring advanced states of ionization) cannot be
reproduced experimentally. It was not until as recently as 1941 that
Edlen of Upsala fathomed the secret of the inner coronal spectrum,
and showed that nine tenths of the radiation from this structure de-
pended upon ‘forbidden’ transitions in iron atoms more highly ionized
than had previously been envisaged. In addition to iron, calcium and
nickel were identified, and at the present time less than 3 per cent of
the total coronal emission is still unaccounted for. It is instructive to
reflect that without the theoretical background of ionization conditions
and stationary states, discussed in Chapter vi, and relying solely upon
laboratory work, this solution of the coronal spectrum would never
have been achieved.

C;I'HER USES OF THE CORONAGRAPH

Following the publication of the photographs of the outer atmospheres
of the sun obtained by Lyot with his coronagraph, the construction of
other instruments of the same fundamental type was begun. It was

found that not only could the corona-iesel-be-phorographed-wida-this
instrument but also excellent images of the solar prominences could be
obtained. Certain types of these promillcnc;;m
found to be associated with the type of disturbances on the sun asso-
ciated with sunspots. Since sunspots in turn are associated with electro-
magnetic disturbances on the earth it was realized that photographs
taken with the coronagraph could be used gkcast radio interference.
Several coronagraphs were set up by the Germans during the Second
World War for the sole purpose of forecasting radio conditions. A
coronagraph of very high quality was established by the Harvard
College Observatory at Climax, Colorado, and observations obtained
by it were used by the armed services.

THE SPECTROHELIOGRAPH - -

During the last fifty years a vast new field of solar research has been
opened up as a result of the invention of the spectroheliograph. This
instrument was devised independently by Hale and Deslandres in 188q.
If the slit of a spectroscope is brought to bear upon any region of the
sun’s disk, and the spectrum is observed to contain the lines of, for
example, hydrogen, we know that a part at least of the region visible
through the slit is composed of hydrogen. Now suppose that the eye-
piece of the view telescope is replaced by a screen in which is cut a
second fine slit. A narrow section of the spectrum will pass through
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this slit, the rest being caught on the screen. The position of the second
slit is adjustable, so that any part of the spectrum can be made to fall

upon it. If it is adjusted onto a hydro ] rom
incandescent eii will be able to pass to the photographic plate

behind the second slit. The plate, when developed, will record thc
distribution of hydrogen through )
a : if the first slit is long enough to cover the whole
solar disk, and is moved across it from limb to limb, the second slit
being moved with it, a photograph of the sun in hydrogen light will be
built up on the plate by a large number of adjoining strips, the images
of the second slit. In this way the distribution of hydrogen, calcium, or
whatever element is chosen, over the whole visible hemisphere of the
sun can be photographed. Plate x1r shows a direct photograph of the
surface of the sun (on the left) together with a spectroheliogram of the
sun taken at the same time in the K-line of calcium. Plate x1v shows a
direct photograph of the sun together with the corresponding spectro-
heliogram taken with the H, line of hydrogen.

DISTRIBUTION OF SOLAR CALICUM

The solar calcium is distributed, as may be seen from an examination of
Plate xu1, in clouds of various sizes. These clouds are larger than the
faculae and are known as flocculi. It will be noticed from an examina-
tion of the direct photograph. and the calcium spectroheliogram in

Plate xmr that lme%r Wﬂw
occur in the regions where spots are to be found on the photospherg

proper. In some cases the nucleus of the spot extends up through the
bright cloud of calcium vapor. In most cases the calcium flocculi are
bright, and hence hotter than the underlying photosphere, but occasion-
ally they appear as dark objects at a lower temperature than the ma-
terial below,

DISTRIBUTION OF SOLAR HYDROGEN

As is the case with calcium the hydrogen in the upper solar atmosphere
is distributed in large clouds or flocculi. The characteristic difference
between the hydrogen flocculi and those of calcium is that the majority
of the hydrogen flocculi are dark. Furthermore, the calcium flocculi are
usually compact, more or less rounded masses, while those of hydrogen
are typically wisp-like. The bright hydrogen flocculi usually appear in
the vicinity of sunspots, and close examination of spectrohehograms
reveals a vortex structure, indicating a sort of cyclonic disturbance in
the hydrogen gas above the sunspots.
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We have already mentioned the fact that the larger sunspots fre-
quently appear in groups with two main members separated by several
degrees in solar longitude. Careful study of Zeeman effect indicates that
the magnetic polarity of the leading and following spots of a large
group are of opposite magnetic polarity. Examination of the vortex
motions in the hydrogen flocculi above such a group of spots indicates
that the direction of circulation of the hydrogen is opposite in the
leading spot to that in the following. Furthermore, the types of mag-
netic polarity of the leading and following spots are such as could be
accounted for if there were masses of free electrons associated with
the glowing hydrogen vapor.

It has been found that when the hydrogen flocculi approach the limb
they are often associated with prominences. This shows that, as might
be expected from their relative darkness and therefore coolness, they
are located in the upper reaches of the solar atmosphere; many of them,
in fact, are nothing more than prominences seen in projection against
the sun’s disk. It is probable, indeed, that the prominences, calcium
and hydrogen flocculi and faculae are all objects of a similar nature—
ie. clouds of gas or vapor—diflering from one another only in respect
of their height above the solar surface and, consequently, temperature.

It does not appear unreasonable to seek a connection between the
darkness—and therefore the relative coolness—of the hydrogen flocculi
and the fact that hydrogen is lighter than calcium vapor, for we might
expect to find hydrogen at greater heights above the photosphere than
calcium, and at this level it would certainly be the cooler of the two.

This inference has been verified by an interesting and very impor-
tant refinement of spectroheliographic technique. Some of the lines
of the solar spectrum, particularly those of calcium and hydrogen, are
reversed, i.e. in the center of the absorption line there is a fine, bright
emission line. In view of what has already been said of the formation
of emission and absorption spectra, it will be recognized as probable
that the dark line is caused by absorption in relatively low levels of
the atmosphere, while the central bright reversal is caused by the same
gas (since the wave-length is the same) at higher levels and in a state
of greater incandescence. Thus, in adjusting the second slit first upon
the edge of the line and then upon the bright central component, we
are photographing different levels of the sun’s atmosphere. In this way
the vertical distribution of the solar calcium and hydrogen may be
studied, and the supposition that the bright flocculi are at a lower
level than the dark is substantiated.
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THE STARS

Many facts about the stars can be learned from direct observation, and
it will be convenient to open the following account of the nature of
the stars with a description of these observables, considering in turn
spectra, temperatures, colors, luminosities, masses, sizes, and densities.

SECCHI'S CLASSIFICATION OF SPECTRA

It has already been emphasized that the sun and the stars are funda-
mentally similar. This fact is a certain deduction from their spectra.
Some seventy years ago, Secchi; a pioneer in astrophysics, showed that.
the vast majority of stellar spectra can be divided into four general
groups. A characteristic spectrum of any one of these types is easily
distinguishable from that of any other type, while at the same time
being closely similar in most of its details to other spectra of its own
type. Later work has refined and elaborated Secchi’s classification of
stars according to spectra, by the division of each of his types into a
number of sub-types, and has enlarged its scope by adding several
new ones.

THE HARVARD CLASSIFICATION

Today the accepted stellar classification is the Harvard or Draper
Scquenss, consisting of a dozen spectroscopic types, decimally sub-
divided. The advantage of a classification based on spectra is obvious,
for the spectrum of a substance or of a star (a conglomeration of
substances) is determined by its chemical and physical nature, and
thus two stars with similar spectra are also similar in the most im-
portant and fundamental respects. In the same way, a classification of
the animal kingdom according to skeletal structure is more funda-
mental, and therefore of greater value, than one depending upon some
unsignificant characteristic such as, let us say, color of skin or hair.

The Draper classification is of the utmost importance in the under-
standing of modern stellar physics, and without some knowledge of it
the general reader will miss much of the significance of the fact and
theory of this great branch of astronomy. Over g9 per cent of all the
stars whose spectra have been classified—a total of over a quarter of
a million—fall into six of the twelve Harvard types. These are desig-
nated B, A B G K..and M, g'Pd since stars of the remaining six types
are of such infrequent occurrence we may profitably, with one excep-
tion, neglect them in this outline account.
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Type B: All stars of this type are bluishawhitg in color, and their
SurTace temperatures in the region of 36,606° K. The typical spectrum
consists of a continuous background upon which are superimposed
several prominent absorption lines; although ionized oxygen and
nitrogen have been identified, these are primarily due to helium.
For this reason, stars of type B are often called Helium stars. This
name is, however, liable to lead to confusion, since the primary factor
in the production of spectral differences among the stars is not con-
stitution but temperature. For this reason, such names as ‘Helium
stars, ‘Calcium stars’ and the like, should be taken as describing
spectra and not the stars themselves.

Type-A+ These -stars are of a_yellowgr tint than those of type B,
though the majority of them are still whitish; their surface tempera-
tures are of the order of 10,000° K. The strong absorptions of helium
have been replaced by those of hydrogen, and faint ionized metallic
lines are present in some instances. Sirius is a typical example, and
the members of this type are sometimes known as Sirian, or Hydro-
gen, stars.

Type F: Typically yellowish-white stars, with temperatures of
about 7000° K., of whmn example. Just as the helium
absorptions whlch characterized type B had faded in type A, so now
the hydrogen lines of the latter are relatively inconspicuous. In their
place the metallic lines which appeared faint in type A have risen
to prominence; the lines of calcium are particularly prominent.
F-type stars are known also as Calcium, or Procyon, stars.

Type G: Wd which the sun is a typical example. The
spectrum is characterized by the very great number of neutral
metallic absorption lines that it contains. The hydrogen lines typical
of type A are even fainter than they were in the Procyon stars, while
the calcium absorptions in the violet are very strong. G-type stars
are often referred to as Solar stars. The sun’s temperature of rather
less than 6000° K. is typical.

Type K Despyallow stars. wigh temperatures of about 4000° K.,
of which Arcturus is an example. The hydrogen lines are once again
fainter than in the preceding type, the absorptions due to ionized
calcium now being at their maximum intensity. The characteristic
feature of these spectra is the presence of absorptions due to carbon
and certain of its compounds; in this respect they are reminiscent
of spot spectra. Type K stars are known also as Arcturian, or Red-
Solar, stars.
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Type M: Bﬂi}_a“,—with temperatures of 3000° K.-or-fower;
Antares is an example. The fluted bands which first appeared in the
last type are here much stronger, while the high temperature lines
have disappeared.

The O-type stars must be mentioned at this stage, for although they
are of little account numerically, yet their abnormally high luminosities
have already drawn them into the discussion at several points. This
great intrinsic brightness derives from their high temperaturess which
range up to at least 50,000 K, At such a temperature, metallic lines
would only occur in wave-lengths too short to penetrate the terrestrial
atmosphere, and they are in fact absent from O-type spectra. Charac-
teristic, however, are lines of ionized helium, doubly ionized oxygen
and nitrogen, and trebly ionized oxygen.

PRELIMINARY DEDUCTIONS FROM THE HARVARD SEQUENCE

Perhaps the most remarkable thing about this sequence of types from
B to M is the gradual transition both of the color and of the spectra of
the stars throughout it. Blue-white. merges-into -white, white into
yellowish-white, into pure yellow, into orange, and finally into red. In
the same way we find a progressive fading of certain absorptions and
their replacement by new ones. Bands which characterize one type and
are strongest in it have faded in the next type and are fainter still, or
non-existent, in the next. The discussion of the significance of this
feature of the Harvard Sequence must, however, be left till later.

In the meantime it should be noted that the discovery of the con-
ditioning of the spectrum of a substance by its chemical composition
and physical condition allows us to make two presuppositions regard-
ing the stars that fall within these six classes of the sequence; that is
to say, regarding 99 per cent of all stars. (i) We should expect the
chemical composition, as well as such physical properties as tempera-
ture and mass, of all stars of the same type to be very similar, and (ii)
since the spectra change gradually from type to type without any
sharp breaks in the continuity of the sequence, we should expect the
physical properties of the stars in adjacent types to be more nearly
similar to one another than to those of stars belonging to more remote
types. Arcturian and Antarian stars, for instance, resemble one another
more closely than either resemble Solar stars or, even more, B-type
stars. Both these presuppositions have been verified observationally.
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STELLAR TEMPERATURES

We saw in Chapter v that the temperature of a body which is too
distant for direct investigation with a thermometer or thermocouple
can be determined spectroscopically in two ways. (i) The brightness
of the continuous background is not uniform in all regions of the
spectrum; furthermore, the position of the zone of maximum intensity
is dependent upon the temperature of the radiating source. The higher
the_temperature, the nearer to_the violet, or short-wave,.end of the.
spectrum does it oceurs. the Jower the remperature, the nearer o the.
re ed nd (ii) Not only is polychromatic radiation affected in recog-
nizable w ways by temperature, but monochromatic radiation likewise.
That is, the absorption lines in a spectrum, each caused by radiation
of a single wave-length, are modified by the temperature of the source
of the radiation. Comparison of the stellar spectrum with the flame,
arc, and spark spectrograms obtained experimentally allow the tempera-
ture of the radiating surface layers of the star to be estimated.

By these and similar means it has been possible to verify our two
suppositions in regard to temperature. It has been found that there is
a steady temperature change along the sequence—the direction of the
change being a drop from B toward M—and also that the temperatures
of all stars of the same spectral type are of the same order; m other
words, the gpectral classification. isabeeu-gm
The hottest B-type stars have tcmperatures of about 23,000° K., while
that of the coolest M-type stars is about 2500°. The highest tempera-
ture of any star yet prec1sely investigated is that of Plaskett’s star, about
28,000°, although stars of type O normally have temperatures in the
neighborhood of 40,000° or more. At the other end of the scale there
are certain stars of types which we have not mentioned, with tempera-
tures as low as 2000°. These figures represent, with infrequent excep-
tions, the limits of observed stellar surface temperature. It is to be noted
that stars whose temperatures are lower than about 2000° may well
exist, for at such temperatures they would be non-incandescent and
consequently we could not expect them to be visible.*

STELLAR COLORS

Since star colors are directly dependent upon temperature, it might
be well to interpolate at this point a word on the connection between

*& Aurigae, the coolest known star, has an estimated surface temperature of
1700°; the greater part of its radiation lies in the infra-red, i.e. is invisible.
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color and spectroscopic type. Everyday experience demonstrates that
as a lump of metal—an iron poker, for instance—is heated, it passes
through the successive stages of non-incandescence, dull red heat, red
heat, yellow heat, and finally white heat. If we had studied its spectrum
throughout the changes we should have observed the.brightest zone
of the continuous background passing steadily from the red toward
the violet end of the spectrum. This common knowledge might have
led the reader to guess that the temperature is falling steadily along
the sequence from B to M, for we have seen that the color change in
this direction is the exact reverse of that just described for the poker.
Since the temperature drop along the sequence is gradual, it follows
that all tints of the color range from a blue-white heat to a dull red
heat are represented. The following table shows the nature of this cor-
relation between color and spectral type:

Percentage occurrence of
Type Color stars bright enough to be
visible to the naked eye

B Rlyigh-white 16.6

A Pure whisg 26.8

F Yellagish-white 9.8

G Yellgw I1.2

K Deep yellqw or orange 26.0

M Organge-red 9.6
{R Even deggper red Negligible

N Even deeper red Negligible

The reader may be surprised to learn that stars of these conspicuous
colors exist, for the majority of those visible to the naked eye appear
to be of a nondescript white tint. This is due mainly to the fact that
most of the reddish stars are faint, as can be seen from the third column
in the above table. Antares is, indeed, the only conspicuous example
of a really deeply tinted star. The colors of the majority of stars are
various tints of yellow or white, but the difference between, for ex-
ample, Sirius or Vega (pure white) and Arcturus (yellow) may be
seen at a glance. Greenish and bluish stars also exist, but, with one
exception, they resemble the deep red stars in being faint. The one
exception mentioned is the star known as f Librae, a tolerably bright
green star.
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STELLAR LUMINOSITIES

The luminosity or real brightness (as distinct from the apparent bright-
ness) of a star may be determined in several ways. Just as, having dis-
covered the distance of the sun, we can calculate its linear diameter
from its observed apparent diameter, so in an analagous way, having
once discovered a star’s distance, we can calculate its real brightness
from its apparent brightness. The apparent brightness of a star clearly
depends upon two factors: its distance from the earth and its real
brightness. Without knowing one we cannot discover the other. The
fact that two stars appear to be equally bright is no evidence of their
really being so, for one may be twice or a hundred times as distant as
the other. But once we know their distances a simple calculation will
give us their real brightnesses. To facilitate this, the conception of
absolute magnitudes was introduced, as explained in an earlier chapter.

Besides the absolute-magnitude scale, luminosity may be expressed
by a figure which compares it with that of the sun. whose
Jumin oSy i | inous as the sun, a star with a

een found that the range of luminosity is greater than that of almost
any other stellar property. It varies from about 0.000002, the luminosity
(discovered in 1944) of the companion of the star whose catalogue
number is B. D.4-4° 4048, to about 300,000, the maximum luminosity
of a variable star named S Doradus.

VISUAL BINARIES

The basic observation in the determination of stellar mass is that of
the binary star, of which something must now be said. A careful study
of the night sky with the naked eye will soon reveal a number of pairs
of stars, the two components of which appear to be very close to one
another. Telescopic observation shows that they are comparatively
common objects. We might at first be led to assume that in each such
case the two stars really are near one another in space, as they certainly
appear to be. But a moment’s thought will show that this need not
necessarily be so, for the sun and moon appear to be close together at
solar eclipses although the moon is nearly four hundred times nearer
the earth than the sun. Thus if two stars happen to lie close to the
observer’s line of vision—that is, in nearly the same direction from the
carth—their angular separation will be small even if one is a hundred
times more distant than the other. Angular proximity between two
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stars on the star sphere is not, therefore, sufficient evidence for their
binary nature; the relationship may be purely optical.

There are, however, two ways in which a binary system may be
distinguished from an optical double. Figst, by-the-detection—of orbital
smationabout.thelr camypon center ofig‘;vuv in-enc or both of the

sompongats, and;\secondly, by the Wﬂgﬂ%&
€ tWo compo " Even if no trace of orbital motion can be

detected, we may be tolerably certain that the two stars form a binary
system if they have a common proper motion. For the chances against
two unrelated stars which happen to appear close together as seen from
the earth having an identical proper motion, both as regards direction
and speed, their real velocities being graded to their respective dis-
tances from the sun, are too enormous to permit us to appeal to
coincidence.

STELLAR MASS FROM THE OBSERVATION OF BINARIES

The study of binaries has provided us with the fundamentals of our
knowledge concerning stellar mass. If the distance of a binary system
is known, its linear size may quickly be calculated from its angular size;
furthermore, mere observation will give the period of the components’
mutual revolution, prowdmg this period is not too long for their orbital
motions to be peLss le. Mh_ghgﬁgmm-'—thg Jinear.separation
walhg“mmwﬁm perlod of their revolution about.the system’s

center.of gravity—it is possible to deduce the sef ste
by means of Newton’s revision of the harmonic law as enunciated
by Keple-

For

where

me_is Wthc ,mass..onhlch being negligible compared

with the other quantities in the equation, may be disregarded,

4_isthe-scparatica-ei-the-twotompeacatsjn terms of the sun-

earth distance, i.e. in astronomical units,
.cheir‘ period in years.
If; furthermore, the motion of each star relative to the center of gravity

can be determined, their individual masses may be calculated, just as
the mass of the moon was calculated.
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Such work as this has shown that the limits of stellar mass are more
circumscribed.than those of size or luminosity. The average total mass
of a number of binary systems that have been investigated is 2.2 times
that of the sun, the average mass of all these components only differing
from that of the sun by 10 per cent. Stars even three times as massive
as the sun are rare; so are stars less than one fifth as massive as the
sun. Stars up to ten times as massive are very rare, while still more
massive stars are quite exceptional.

SPECTROSCOPIC BINARIES

In addition to the more than 17,000 visual binaries known at the present
time there are many binary stars in which the apparent angular separa-
tion between the two components is t0o small to be observed even with
telescopes of the highest resolving power. The fact that such pairs do
actually exist has been established by an interesting application of the
spectroscope and the Doppler effect. Let us assume that we have two
stars close enough together in space so that they are bound together
by their mutual gravitational attraction. In order that the two stars
shall not actually fall together both of them must be revolving about
the common center of gravity of the pair. Unless the plane containing
the orbital motions of the two stars is at right angles to the linc of sight
from the earth, each of the two stars will alternately be approaching
and receding from thcgbseweﬁ-—ﬁor conventence in description, let us

call one of these stars the{primarjyand the other th;% hen
the pnmary is approaching the observer the secondary will be reced-
ing, and vice versa. We have already seen that _v_vh;na.w_of_lg%l)lt
is. approaching .an. obsesver hmm-sh&ftﬂmm.ﬁw.

toward the red. If we assume Mat both the primary and the secondary
are of equal brxghtness the spectral lines will be alternately double
and single. This perlodlc doubling of the spectroscopic lines in a star
was first announced in 1839 at the Harvard College Observatory after
examination of a series of spectrograms taken of the star Mizar (T
Ursae Majoris). If the brightness of one of the stars is more than three
or four times that of the other, as is usually the case, the spectroscopic

lines due to the fainter star will not be seen. @W
fro/r,p the Jed to.the v,mlet and %ﬁck)thuw&bﬂ&a}@g@j

from?ﬁc observer. T se_physical dauble sts hasaote
. . . -

as SCCtl‘OSCODl pinaries.



252 QUALITY—THE NATURE OF THINGS

STELLAR MASS FROM SPECTROSCOPIC BINARIES

Except in the cases of eclipsing binaries (to be discussed below) it is
impossible to determine the angle between the plane containing the
two stars of a spectroscopic binary system and the line of sight. Accord-
ingly, it is impossible to determine the complete orbit of the system
even though the distance is known. The best that we can do is make
a statistical assumption that the orbit plane is inclined at an angle of
45° to the line of sight. With this assumption and a knowledge of the
distance of the pair we can make an estimate of the combined mass of
the system, since the period is known. Results indicate that the masses
of the spectroscopic binaries are of the same order of magnitude as
those discussed above for the visual binaries.

The relative sizes of the shifts of the two sets of lines (where both
are visible) give the relative line-of-sight velocities of the two stars,
therefore also their relative distances from the center of gravity, and
therefore their relative masses. If, for example, the shift of one set of
lines is seven tenths as large as that of the other, then,

(a) line-ofsight velocity of star A: line-of-sight velocity of star
B=7:10,

(%) linear distance of A from center of gravity: linear distance of
B from center of gravity=7:10,

(¢) mass of A: mass of B=7:10.

Only the relative masses of the two components of a spectroscopic
binary can be deduced, since the orbit cannot be completely recon-
structed owing to our ignorance of its inclination to the line of sight.

STELLAR MASS FROM ECLIPSING BINARIES

We shall see when we come to discuss eclipsing binaries, that in some
cases the inclination of the orbit plane to the line-of-sight may be ac-
curately determined. In such cases, since the line-of-sight velocities of
the two are determined in linear units, the linear size of their orbits

may be found. If any method is available for determining thg aggulgr
ﬁsgir%tion of Ehe two stags (as, for exam mple, by an Interlerometer,-see
page 255). we can determine the distance of the system. Thewgé

of o cach star about the center of gravity is given by the
time i its spectrum to_travel fram greatest displacemene to-
..d.mp]amgm;_t ward.the.yvialet.and thence

back to the red again. From the period and the linear separation of
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the two stars, their combined mass can be calculated, as we saw a few
pages back. And knowing both the combined mass and the relation
in which each stands to the other (7:10 in the example), we arrive at
the individual mass of each star.

FURTHER DATA FROM ECLIPSING BINARIES

It is interesting at this point to note how much information the ingenu-
ity of the modern astronomer is capable of deriving from the study of
these eclipsing binary systems. wagjwmww
their.cambined..apparent magnide.the.astronomer is.in.a positign
tecalculate their Luminasitygither in terms of the aw

scale or as compared with that af the sun, by means of the inverse-
square law. The surface temperatures of the stars can be measured
spectroscopically, and this, combined with their luminosity, takes us
one step further—to the linear surface area which would be required
to produce the observed brightness. From the surface area, the diameter
is quickly calculated. And finally, from the linear sizes and masses,
their densities can (as we shall see shortly) be derived.

Let us summarize the results of this chain of astronomical detective
work: the following data have heen.derived for the spectroscopic binary
which we have been congidering:

Radial velocity .of each component,
Orbital velocity. of each component,
Combined and individual masses,

Linear semjon at Any.-Jassat,

Dlstance,

" Absolute.magnitude and temperatyre,
Linear diametegs,
Densitjgs.

Bearing in mind Kepler’s third law, and the fact that the com-
ponents of a spectroscopic binary are nearer to one another than the
components of a visual binary, we should expect to find that the periods
of spectroscopic binaries are shorter than those of the wider pairs which
can be resolved visually. This has been found to be so: the shortest
period of those binaries so far investigated is the two and a quarter
hours of ¥ Ursae Minoris; the upper limit merges into the shortest
periods of the visual binaries, there being a smooth transition of period
from a few hours to several thousand years. At the lower end of this
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sequence are the spectroscopic binaries, and at the upper the widest
visual pairs. '

STELLAR SIZE

The_lumingsity of a star must depend upon two factors: the brightness
of its incandescent surfase, and the amount there.is.of it, Increase both,
and the luminosity will increase; decrease both, and it will decrease;
while an increase in one may just counterbalance a decrease in the
other, the luminosity remaining unchanged. This relationship may
be crudely expressed in the form

Surface brightness X Surface_area==I,uminosity.

We have already seen (Chapter vi) that the surface brightness of a
black body varies as the fourth power of the temperature, for radiation

in all wave-lengths. It follows, therefore, that if we know the Lesspcra

ture _(or the color index, a function of
absolute magnitude its. linear diam

"This indirect method at arriving at stellar diameters has proved to
be of the greatest value. For both stellar temperature and absolute
magnitude are qualities about which a considerable mass of data has
been accumulated.

Secondly, as just explained, stellar radii may be derived for. agertain
type of binary star=the.cclipsing binagy. """ T

A third method is valuable in that it is especially applicable to the
class of star known as white dwarfs, so that the impossibility of apply-
ing the interferometer (method 4, below) to these stars is mitigated.
It is a deduction (beyond the scope of this book) from the general
theory of relativity that the entire spectrum of a source will be dis-
placed by an amount that varies with the value of the expression

wher&m.i&mwf_t_hziﬂlUCf’ and r its radjus. Before this method

can be put into practice, therefore, the star’s mass must be discovered.
Although the method is theoretical and highly mathematical, it is in-
teresting to note that in the case of the sun it yields a result which
agrees very closely with the independently ascertained figure.

The final method of W
quires two data: its angular_diametgr and_its distange from the sun.
If we know the values of bothithese. it reanirec nnlv a csimnle calenla-
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tion to discover how great its linear diameter must be in order to
subtend an angle of x” at a point y light years distant. Despite the
enormous linear sizes of the stars (some have diameters running into
hundreds of millions of miles) their distances are of such relative im-
mensity that their angular diameters are minute. So minute, in fact,
that not until the construction of the 200-inch telescope has it been
possible to observe them as more than points of light.

Even the largest telescope can show a measurable disk for only the
very largest and nearest stars. In order to determine the diameter of
wny_appreciable number of stars,.the mode of behaviar of light.known
1s interference manst he ntilized, If light from a source is split into two
seams and then recombined, these two rays will, under certain circum-
stances, interfere with one another with the production of a characteris-
ic effect. To avoid going into too detailed and technical an explanation
of the phenomenon of interference, it will be enough to take a specific
sxample. Suppose that the upper end of a telescope is covered with a
screen in which two fine slits, some distance apart, are cut. Then hght
from a source in front of the telescope will be split into two bearus,
each passing through one of the slits, which are made to converge by
the object glass to a focus in the plane of the eyepiece. The result o
this combination of the two rays at the focus of the object glass ig the
formation of Wo the image of the slits.
These are known as interference fringes and their formation dcpends
upon_.thi icular ty of wave systems.

Now the appearance of the fringes dcpends, for a given source, upon
the distance separating the slits. Adjustment of the positions of the
slits will reveal the fact that at a certain distance apart the fringes will
disappear. It can be proved, and verified experimentally, that this dis-
tance is related in a certain known way to the diameter of the source
of the radiation.

This is the principle of the interferometer constructed and used at
Mt. Wilson. By its means the angular diameters of a dozen stars of
known distance have been measured, and from these data their linear
diameters derived. The diameters of these twelve stars range from 12 to
500 times that of the sun. The diameters of at least four are larger
than that of the orbit of Mars. They are Mira (o0 Ceti), Betelgeux (o
Orionis), Ras Algethi (o Herculis), and Antares (& Scorpii), and their
linear diameters together with those of two other giants are given in
the table below:
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DIAMETER COMPARED

STAR DIAMETER IN MILES WITH THAT OF THE SUN
o Ceti 4.3X10° 500
a Orionis 3.9X10° 450
o Herculis 3.5X10° 400
a Scorpii 2.5X10° 290
o Tauri 2.9X10" 34
« Bootis 2.1X10° 24

The star € Aurigae is worthy of mention at this point. It is a variable, a
star whose brightness fluctuates. As recently as 1937 Struve and others
have shown that in reality it consists of a close pair of stars, in mutual
revolution, and that the brighter is some 3000 times larger than the sun:
if it were placed at the center of the solar system, where the sun now
is, its surface would lie between the orbits of Saturn and Uranus! It is
also an interesting object in that it is both the most rarefied and the
coolest (1700° K.) star known.

These stars which we have just been discussing are of course sit-
uated at the upper end of the range of stellar size. A more balanced
conception of average stellar size is obtained from eclipsing binaries.
The mean diameter of twenty-eight stars of this type is a little less than
three times that of the sun. This result is substantiated by the indirect
methods, already described; these indicate that the average size of stars
throughout the galaxy is even lower than that derived from studies of
the eclipsing binaries.

The angular subtention of the smallest stars is too minute for meas-
urement by the interferometer, and the first method—that depending
upon surface temperature and Juminosity—must be employed. The
smallest stars of all belong to the class known as the white dwarfs,
and are considerably smaller than the sun. The following table illus-
trates this lower limit of stellar size:

DIAMETER COMPARED COMPARED WITH
STAR IN MILES  WITH THE SUN  THE PLANETS
Sirius B 30,000 0.034  3}Xearth
Procyon B 77,000 0.008 less than earth
o Ceti B 155,000 0.178  about that of Saturn

STELLAR DENSITIES

Qnce the. mass and.sadius-ef-e-stes-aseknowy, its mean density may
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. mass
density=—F——
7 volume.
We have learned that whereas the masses of different stars are confined
within rather narrow limits; thei mes vary gigantically: the
smallest stars are comparable with the earth, while the diameters of
the giants are in certain cases comparable with that of the solar system.
It follows that stellar density must likewise vary within very wide
limits. The mean density of such a giant as Antares is only about 0.03
per cent that of ordinary air; a supergiant like € Aurigae would be
even more rarefied—probably about 3107 times water. At the other
end of the scale, among the dwarfs, where volume has decreased out
of all proportion to mass, densities of the order of 50,000 times that of
water are encountered. How matter can be compressed sufficiently to
yield such densities will be discussed later.

Having reviewed the methods and results of studying the observable
stellar characteristics, reference must be made to two fundamental
relationships which connect, respectively, spectral type and mass with
luminosity.

THE SPECTRAL TYPE-LUMINOSITY RELATION (RUSSELL DIAGRAM)

In 1913 Russell first produced the diagram that represents one of the
most fundamental forms in which astrophysical data may be arranged.
He arranged the luminosities of those stars for which data were avail-
able, in order of spectroscopic type. As soon as this was done, it became
apparent that these two observables—type and luminosityg-were inti-
mately connected one with another. The nature of this interdependence
is most clearly brought out when it is presented in graphical form. If
a blank is prepared, the axes representing spectral type and luminosity
respectively (see Fig. 50), and the position of each star marked with
a dot—thus one whose type is G and absolute magnitude 4-5, would be
represented by a point at the intersection of the horizontal line from
+5 and the vertical line from G—then the disposition of these dots is
not random. On the contrary, they cluster about two zones or lines, the
first crossing the diagram obliquely from the top left-hand toward the
bottom right-hand corner, the second branching off about two thirds
of the way up the first and thence running out toward the upper right-
hand corner of the diagram.

Let us inquire more closely into the significance of this two-branched
distribution. St op_of the dj high luminosi

irrespective of type, and those at ‘the bottom of lgw.gvhile
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right (speciroscapic types B to M) the star becomes progressively
reddeg, irrespective of luminosity. Lreating hirst of all the main zone
about which the points cluster—that crossing the diagram diagonally—
we see that_thg redder a star is, the lower is its luminosity. Reading
off approximate values from the axes, we may derive the following
values:

TYPE ABSOLUTE MAGNITUDE

B —2.5
A +o0.5
F +2.5
G +4.5
K +6.0
M “+10.0
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This primary zone is known ks the main_sequence, and stars which
lie on or close to 1t, as main sequence stars. About two thirds of the
stars whose luminosities and spectral types have been accurately deter-
mined lie within 1 magnitude of the curve that the plotted points
define.

The second branch of the diagram is particularly interesting. The
plotted points of the Russell diagram are not in fact confined precisely
to the two main branches, any more than the bullets of a good shot are
confined exclusively to the bull’s-eye, though they will be clearly con-
centrated upon this point. We have seen that in the case of the main
sequence there is in fact an impressive concentration upon the curve
defined by them. But in the second branch the crowding upon the
central curve (marked, like the main sequence, by a continuous line
in Fig. 50) is less clearly marked, and to a certain extent points occur
over the whole area which is roughly indicated by the broken line,
though progressively less frequently at greater distances from the cen-
tral zone.

Let us consider what this distribution implies in terms of luminosity.
All B-type stars are of much the same intrinsic brightness, the limiting
absolute magnitudes being about —3 and +-1. For each succeeding
type, however, the range of luminosity increases; the extreme case is
provided by the M-type stars, the vast majority of which (those be-
longing to the main sequence) have absolute magnitudes in the region
of 12, though very much more luminous stars of the same type are
infrequently encountered, up to absolute magnitudes of about —2. All
the high luminosity stars are of course represented in the diagram by
scattered points lying above the main sequence.

"Thus, whereas red stars may be divided into two groups—those with
high and those with low absolute magnitudes—this distinction becomes
less and less clearly marked as we move back along the main sequence
toward type B. Hertzsprung had drawn attention to the dichotomy
among red stars eﬁjong ago as 1905, when he named the two groupr
‘giants’ and_‘dwarfs’ respectively. But it was not until Russell investi
gated the relation between spectral type and luminosity, eight years
later, that this division was also applicable, though in a decreasing de-
gree, to the yellow and blue stars.

The terms ‘giant’ and ‘dwarf’ have subsequently come to be used in
a rather different sense, Hertzsprung’s_‘dwarfs’ now being known as
main-seauence stars, the term ‘dwarf’ being kept for a special class of
stars which we shall consider shortly, and the term ‘giant’heino gen-
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erally applied to all stars of greater luminosity..than .mainsequenge

stars of the same type, i.e. to those stars lying well above the main
sequence on the Russell diagram, in the area so labeled (Fig. 50). As
can be seen from the figure, the main zone of the giants branches away
from the main sequence roughly at right angles to the lJuminosity axis:
in other words, the giants, unlike the main-sequence stars, are all of
the same order of luminosity—several hundred times that of the sun.
We shall learn presently that the term ‘giant,’ though originally based
solely upon luminosity, is particularly appropriate in that these stars
are also more massive than the stars originally termed ‘dwarfs.’

WHITE DWARFS
sy

The third occupied area of the Russell diagram lies well below. and
separated from, the main sequence, where a few scattered points record
the existence of the peculiar class of star known as white dwarfs.* In
thoscoi-mainsequencestarsbelonmma-te~thasame Lvpe, Only a hand-
ful of white dwarfs have so far been discovered: this, however, does
not necessarily indicate that they are of rare occurrence, but rather re-
flects the fact that owing to their exceedingly low luminosities only
those in the immediate vicinity of the sun are likely to be detected.

The following table demonstrates their low luminosities and the
apparent faintness which goes with them; all five stars are nearer than
about 8o light years:

EQUIVALENT
MAIN SEQUENCE
ABSOLUTE ABSOLUTE VISUAL
STAR MAGNITUDE MAGNITUDE MAGNITUDE
Sirius B +11.3 +2.5 +8.4
Procyon B 16.0 (2.5) 13.5
0Ccti B 7.5 0.0 9.6
40 Eridani B 1.2 0.6 9.7
van Maanen’s Star 14.3 2.5 12.3

The investigation of the nature of the white dwarf, Sirius B, illus-
trates well the Holmesian procedure which the astronomer follows in
discovering the mass, luminosity, density, size, and other properties of

*Properly so called, in the modern terminology. The stars that used to be
known as ‘red dwarfs’ are those lying at the bottom of the main sequence, i.e
main-sequence M-type stars.
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a star. m_i.;self is a comparatively near neighbor, so that the paral-
lactic method gives accurate results. its dlstance is 8.8 light years. Its
spectral type is early A; thusj

termined spectroscopically) of some 10,000°. Since we know its distance
we can calculate the linear dimensionis of the orbit of its companion
from its angular dimensions. Thus we can discover that Sirius B re-
volves about its primary in an orbit of about the same size as that of
Uranus about the sun; its period is 49 years. Hence it may be deduced
that the combined masses of the two stars is 3.5 times that of the sun.

Thus:

k(m1+m2) =%;

where k=a universal constant,
a=the mean separation of the components,
P=the period of revolution.

In the case of Sirius, observation gives P=49 years and a==7".55. This
angular separation at a distance of 8.8 light years is equivalent to a
linear separation 20.4 times as great as that between the earth and the
sun. Hence, substituting in the equation,

Or, my+m,=3.5.

Sirius B turns out to be one third as great as that of its prlmary yet it
is very much fainter, only emitting one ten-thousandth as much visible
radiation as Sirius A. In other words, its mass is 85 per cent that of the
sun while its luminosity is less than %5 per cent. The obvious conclu-
sion to be drawn from this is that it is a very low temperature star,
radiating much less intensely than either the sun or Sirius A. But it
has been found that its spectrum is almost identical with that of Sirius
A; that is, it is an A-type star, and must consequently have a consider-
ably higher temperature than the sun. This being so, the only way to
account for its faintness is to assume that it is very small. Calculation
based on this assumption shows that it cannot have a diameter of more
than about 25,000 miles. It is thus a body whose volume is about 27
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times that of the earth, and diameter about 3 times that of the earth.
Yet its mass is 250,000 times the earth’s. From which it follows that its
density is some 40,000 times as great as that of water: 1 cubic inch of
the matter of Sirius B would weigh a ton. Even this fantastic figure is
surpassed by some other white dwarfs: the type F dwarf known as van
Maanen’s star has an estimated density of several million times that of
water, while the density of another, discovered by Kuiper, is estimated
by him to be in the region of 40 million times that of water!

The position of the red dwarfs at the end of the main sequence ap-
pears to be secure, but the place of the B, A, and F white dwarfs in the
stellar evolutionary process is unknown. All that can be said is that they
resemble the red, main-sequence stars as regards size and mass, while
differing from them in the matter of their higher temperatures and
therefore whiter color.

THE MASS-LUMINOSITY RELATION

The second important relationship that has been found to exist be-
tween the observable stellar characteristics which we have already re-
viewed is that between mass and luminosity. Once a sufficient number
of binaries had been studied, it was possible to treat their data statis-
tically, and in 1924 Eddington pointed out that if the masses and
luminosities of these stars were plotted against one another, the re-
sultant pattern was a smooth curve. Hence we learn that the mass »n
the luminosity of a are in_some way interdepend Roughly
speaking, the relation between them is such that if the masses of two
stars are in the ratio 2 : 1, their luminosities will be as 10 : 1. Mass and
luminosity are directly proportional to one another: a star whose abso-
lute magnitude 15 —2.5 will be about twelve times as massive as the
sun; one whose absolute magnitude is +-4.8 will be equally massive
as the sun; and one whose absolute magnitude is 10 will have only
fbout one third the sun’s mass. This relation holds good irrespective
of spectral type and of temperature: thus, for example, a star of abso-
lute magnitude 0.0 will be about four times as massive as the sun, no
matter whether it be a white, type-A star of the main sequence or a
reddish, K-type giant.

Combining this new knowledge with the already ascertained rela-
uon between spectral type and luminosity illustrated in the Russell
diagram, it is clear that stellar mass syffass.acantinugusdecrease alang
the length of the main séqUhice from B to M, whereas among the

giants it maintains, with luminosity, a tolerably steady value.
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One notable exception to the mass-luminosity relation is the white
dwarfs. These are uniformly too massive for their luminosities. As an
instance of this, we have alrcady seen that the mass of Sirius B is more
than three quarters that of the sun, while its luminosity is less than
three thousandths of the sun’s.

Had the investigation of stellar mass been confined to binaries, only
a comparatively small amount of data could have been accumulated.
But it was nevertheless sufficient to open up, by disclosing the mass-
luminosity relation, a very much wider field. Once the relationship has
been expressed in graphical form, it is only necessary to drop a per-
pendicular from the appropriate point on the luminosity axis to the
curve for the mass to be read off with a probable maximum error of 20
per cent in the case of any star, binary or otherwise, whose luminosity
is alrcady known. This welcome extension of the field of opcrations
substantiates the conclusion drawn from work in the more restricted
arena of binary stars: that the masses of the vast majority of stars are
not startlingly different from one another, differing at most by a factor
of 200.

SPECTROSCORIC DARALIwdR
From what we have just learned of the mass-luminosity relation we
should expect that there might be found some distinctive spectro-
scopic differences between the hicrhly luminous giants and the com-
paratively dim ‘dwarfs’ of the main sequence, particularly the lower
end of the main sequence. For whereas the masses af the giantshase
been shown to be of the order of ffty times those of the dwarfs, we
ave already seen that ¢ i ds

of times as great, Hence the force of gravity at the surfaces of the
highly rarefied giants will be, compared with the dwarfs and despite

the giants’ greater masses, Wal We have seen in Chapter vi

that ionization is favored not only by an increase of temperature, but
also by reduced pressure. It follows, therefore, that a_more advanced

Such has actually been found to be the case: briefly, as the lusine
osity of a star increases, certain lines in_jts spectrum increase in in:
tensity, while others”weaken. Adams and Kohlschiitter in 1914 .con:
“r - L . .

intensiti fat~¥mes. Thenceforward these curves
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o ili 4 ny star bright enough to
yretd-a—spagirum that could he distingtly photographed: from the ob-
served condition of the crucial lines its absolute magnitude could be

read off the curve, and a comparison of this with its apparent magni-
tude led straight to its distance by means of the formula,

=m+5+5 log p.

This, one of the most surprising and extraordinary developments of
recent astrophysics, has proved a powerful weapon in the hands of the
astronomer. Thousands of spectroscopic parallaxes have now been de-
termined, many of which would never have been discovered had the
only available method been that of trigonometrical parallax. Neverthe-
less, the resources of spectroscopic parallax have today been rather ex-
haustively explored, and the spotlight has shifted to other of the
methods, of wider application, described in Chapter 1v. Within its limits
—and it cannot be profitably applied to the upper half of the main
sequence—it is reliable; indeed, beyond a certain distance (some 65
light years) it is more accurate than the photographic method. For
whereas the margin of inaccuracy in the latter method widens with in-
creasing distance, the error in the spectroscopic is constant and in-
dependent of the smallness of the parallax, being a slight indefiniteness
in the calibration of the curves themselves, which results in a uniform
uncertainty of about 0.5 absolute magnitudes. This is equivalent to an
error in the derived parallax of about 20 per cent. The percentage error
to be expected has been arrived at by determining the spectroscopic
parallaxes of stars, other than those employed in the calibration, whose
trigonometrical parallaxes were already known; the correspondence be-
tween the two was found to be reasonably close.

THE SUN AS A STAR

Once we have arrived at some idea of the range of stellar sizes, lumin-
osities, temperatures, and other characteristics, the conclusion is forced
upon us that the is a very ordi me e stellar hier :
. T —" . L
r in any other istingu sThe essence of the sun’s

stellar status 1s contained in the simple statement that it is a_G-t
. yatcg-sbout _midway bctwﬁ

The sun’s mediocrity can best be demonstrated by tabulating the
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maximum and minimum normal values for the different stellar char-
acteristics, adjusted in each case to bring the solar value to unity (the
figures are necessarily approximate):

CIIARACTERISTIC MAXIMUM MINIMUM
(Sun=1)

Temperature . . . 5 0.4

Luminosity . . . 50,000 0.000002

Mass . . . . 10 0.1

Linear diameter . . 500 0.01

Density . . . . 400,000 0.0000003

VARIABLE STARS

One further stellar characteristic must be mentioned—variability. A
very large number of stars vary in apparent brightness: this may be
intrinsic in the star—i.e. its luminosity is variable—or may be ex-
trinsic. In the latter case the star cannot truly be considered as variable;
such stars have already been mentioned in connection with the de-
termination of stellar mass: they are the eclipsing binaries.

IABLES: ECLI ES

The types of variation exhibited by different variable stars are diverse,
but several general types may be distinguished. The simplest way to

f a variable is to note its magnitude at
intervals, spaced according to the period of variation fro i
] e Time

and Magnitude. This curve will be a direct representation of the star’s
changing brightness and the magnitude of the star at any instant dur-
ing the period covered may be read off at will. Such a curve is known
as a light curve and Fig. 51 is, an example. The data plotted is for the
star Algol (B Persei) obtained by Stebbins from photoelectric measure-
ments. Even a cursory glance at the curve will yield a considerable
amount of information regarding the binary system involved. In the
first place, since the duration of minimum light is very short, the eclipse
must be partial; were the eclipse central (ie. total or annular) the
magnitude at minimum would remain fairly constant for an appreciable
time before mounting toward maximum again. The appearance of the
shallow secondary minimum indicates that one of the two stars_ 1

2 ie. the
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hed indicates that the fainter component is illuminated by
the licht from the brichter star and is approaching full phase (as
wgwed from-the carth) jusi before it passes behind the brighter siar,
Detailed mathematical analysis of the curve yields a large amount of
information regarding such things as the inclination of the orbit plane
to the line-of-sight, the relative sizes and brightnesses of the two mem-
bers of the system, et cetera. The insert in Fig. 51 represents, in approxi-
mate relative scale, the orbit of such a system with the fainter star
partially eclipsed by the brighter one. In many eclipsing binaries the two
stars are so close to each other that tidal forces produce actual distortion
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Figure s51.

of the members of the system from spheres to ellipsoids, and careful
study of the light curve will indicate the amount of distortion of the
individual components.

INIRINSIC VARIABLES: CEPHEIDS

Eclipsing variables—other than those that are distorted by tidal forces
—cannot be regarded as true variables, for the actual light-output of
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cach star is constant. Such variations as-ase-ebserved from the earth are
é_l_l_e__S_Qlﬁl)L v . . . v
But there are certain types of variables whose light curves do not permit
of interpretation along these lines. These stars are not binaries, but
isolated stars, and the observed variation is intrinsic, involving not only
apparent but also absolute magnitude. We must confine our attention
to only one of the several groups into which such variables may be
divided—the Cepheids.

Figure 32 shows the light curve of d Cephei, the type star after which
the@ﬁa'agare named. It exemplifies three of the most characteristic
features of this type of star: the variation is continyous, the rise fo
maximum is quicker than the fall, and the decline is nar represented
bya smooth_curve. Why Cepheids should behave in this manner is not
known, but the theory that they are pulsating stars is regarded as the
most likely explanation. A star in such a condition would undoubtedly
be variable, while other considerations indicate that its variation might
well be of the Cepheid type. For example, the spectroscope shows that
Cepheids have fluctuating radial velocities. These, however, are not of
a type that could be accounted for on the grounds of the mutual revolu-
tion of two stars, for the maximum brightness is attained while the
line-of-sight motion is toward the observer, and is minimum when the
radial velocity is positive.

The period of a Cepheidmmay lie anywhere between a few hours
and about fifty days; those whose periods are less than twelve hours
are, as we have already learned, called cluster variables, although they
are not entlrely confined to the globular clusters. Their great 1ntr1g§|g

viewpoint of dlSCOVCI‘l
tanc : ot jod-lumi
eid of short period (say 24 hou i jngsity about
100 times greater than the sun: if the perjod is increased aply.so far

as 10 days, the luminosity leaps to about 1000 fimes the sun’s.

" ——
NOYAL—s

One further class of variable deserves mention. Occasionally it happens
that, for no ascertained reason, a f:mltstr__ﬁr_iu_d_dg;h{_bhm.lm
with a brilliance that may oytrival any other object in the night sky,
onmmwwmmd
novae. The name dates from pre-telescopic days when novae really did

appear to be new stars, for in almost every case they are too faint to be
seen with the naked eye before the outburst. It is now known that we
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are concerned rather with the sudden brightening of an already
existent star than with the birth of a new one, since the examination
of photographs (where available, and of sufficiently low limiting
magnitude) taken before the outburst invariably establishes the fact
that a faint star existed in the exact position of the nova.

Little is known of the early history of novae, for the reason that they
are not usually noticed until well on_the way to maximum brightness.
This rise to maximum is extremely rapid, the peak usually being
reached within a day or two (at most, several weeks) of its discovery;
during this interval its brightness may have increased a hundred thou-
sandfold. Maximum having been reached, the brightness at once be-
gins to decline, rapidly at first and then more and more slowly; the
original magnitude is reached, in typical cases, several years later. This
decline, many times more gradual than the meteoric leap to maximum,
is usually varied by considerable oscillations of brightness.

It is therefore possible to summanze th i
as follows. A s

outMgaagbjMJx&th sky; Lund-
mark calculates that at maximum the average nova is 25,000 Limcs make
lurmaausshan the sun. The glory is short-lived, however, and gradually
the star slips back toward its former inconspicuous level; a few years
later it is not even visible to the naked eye. Such a story as this might
well be told as a cautionary tale to astrologically minded dictators.
Novae do not occur with equal frequency in all regions of the star
sphere, but tend to congregate about the plane of the galaxy. Of thirty
prominent novae whose positions and histories are accurately known,

16 lie within 10° of the galactic plane,

23 .. .. 20° ..
28 .. .. 30°
20 .. .. 40°
30 .. .. 50°

These figures show a sharp falling off of numbers in zones progres-
sively farther from the plane of the Milky Way. Furthermore, novae
tend to occur near the edges of the Milky Way rather than in its more
central regions.

What can be the cause of the cataclysmic conflagration that ghe
typical nova must repres our main lines of approach have been
employed in an endeavor to answer this question. The first assumes
the existence of binaries with very long periods, and also highly eccentric
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orbits and close periastron passage; that is, the two components pass
extremely near to one another once in each period of revolution. It is
argued that at periastron we may suppose great tides to be raised in
each star, possibly with urmwdy, at any rate, it is
assumed thatsidal flaments would be wicnched omashebodiasob the
two stars. The weakness of this sugwwt in order
to produce anything like the appeara 2 nova, the mutual ap-
proach of the two components at periastron would have to be very close
indeed, and it is doubtful whether binary systems possessing at the
same time highly eccentric orbits and a sufficiently close periastron
passage do in fact exist.

A more general hypothesis on the same lines supposes that when
any two stars—not necessarily the components of a binary system—
approach closely or possj 1d
have all hile this contention may very
well b& true, it is difficult to believe that all novae are caused in this
way. For, as we have seen, it is possible to arrive at some sort of idea
of the density of stars in space; and this, combined with our knowledge
of stellar motions, indicates that such stellar conjunctions must be too
infrequent to cause all novae, bearing in mind their known rate of
occurrence. (Though there may not be more than half a dozen bright
novae in the course of a century, faint novae, discovered by the ex-
amination and comparison of photographic plates, are of comparatively
frequent occurrence.) Furthermore, it is difficult to see how, after such
an interaction between two—stars,Stable~sonditions could be restored
in the space of a fgw zear?.__\

The third theory supposes that a_starmearkortemirronemiowsasscd
into a jon occupied dark nebulous material, and that it causes
a conflagra
incandescence dur
This theory can claim to furnish an explanation of the prefcrencc
shown by novae not only for the Milky Way (which is the zone both
of the diffuse ‘galactic’ nebulae and also of the obscuring medium)
but more specifically for the edges of the Milky Way. It also gives an
explanation of some of the features of the complex spectroscopic history
of the typical nova. It does not, however, explain all the observed
spectroscopic changes and it is furthermore extremely unlikely that
there exist any nebulae of sufficient density to cause the outburst.

It is th th hypothesis that is regarded with the greatest favor
by astronomers today. 1his suggests that the nova is a—perhaps abnor-
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mal, perhaps common, perhaps mevxtable——stage in_the life-history of
every star.and results from changes in its internal constitution and

structure. A rapid expansion of the internal material of the star,
a is hypothemzed This may or

may not be the result of a sudden temperature rise, but in any case
the outer and visible regions of the star would be ‘blown out’ very
rapidly without at first rising appreciably in temperature. This would
explain certain of the spectral changes associated with the rise to
maximum which indicate high negative line-of-sight velocities com-
bined with little or no alteration of temperature as indicated by change
of type. At maximum the star would begin to shrink again, while its
temperature would rise steadily, perhaps as far as the 50,000° mark.
This shrinkage associated with increasing temperature would con-
tinue until, some years after the initiation of the outburst, the star
would be a white dwarf.

Stated briefly and baldly in this manner, the hypothesis may sound
like pure romancing, an ad hoc fitting of the facts, without regard to
probability or even possibility. Nevertheless, it does appear to follow
from the mathematical investigation of the internal structure of stars

that such e of events may wcll be a _stage—even—a-nesessary
e—in the evolution of each individual star. The whole matter is
still in an uncertain state, however, and few astronomers would be

bold enough to state categorically that they know what causes a star
to burst forth as a nova.

EXCURSION INTO SPECULATION

It was stated in the Preface that in this book would be found a sys-
tematic presentation of demonstrable and established facts, involving a
minimum of controversial topics and such as require the reader to
accept statements on trust. To the present point this claim has been
faithfully substantiated, with only one or two lapses: as, for instance,
the supposed origin of the lunar craters and ring plains.

The allied problems of stellar energy production and stellar evolution
are still subjects for controversy and some speculation. Such great
advances have been made in the fields of subatomic and nuclear physics
within the last two decades that something should be said of them.
The treatment will necessarily be summary, and it must be recognized
that the results mentioned in these last sections are very far from final.
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SOURCES OF SOLAR ENERGY

We saw earlier in this chapter that the sun pours forth energy at such
a rate that 1.35X10° ergs per second of radiant energy cross every
square centimeter of a sphere with radius equal to the average distance
of the sun from the earth. This means that the total radiation from
the sun each year is of the order of magnitude of 1.2X10* ergs. By
a number of independent methods geologists have gained the belief
that the earth’s crust solidified at least 310" years ago and that the
radiation from the sun has been approximately constant throughout
this period. From these figures we can see that during the lifetime of
the earth in its present form the sun has radiated somcthing of the
order of magnitude of 4X10% ergs or about 2)X 10" ergs per gram of
its mass.

Three theories have in the past been proposed to explain whepre

tfwt
a) By _simple burning. This is the obvious explanation: the sun is

burning up its substance in the same way that, for example, a coal fire
transforms its fuel into ash. But a coal sun would burn out in some
5000 years, and we know that it has in fact been ‘burning’ for at least
600,000 times 5000 years. Clearly, some other explanation must be
sought.

(b) ction. When a gas is compressed, as every user of a
bicycle pump knows, its temperature rises. If the sun were once a
much larger, less dense, and cooler body than it now is—a giant, in
fact—its own gravitation would have caused it to contract. Helmholtz,
about the middle of last century, suggested that the heat of the sun had
derived from gravitational contraction in this way. Yet this explana-
tion, though an improvement on the combustion hypothesis, can only
account for one thousandth of the 43X 10°° ergs that represent the sun’s
actual radiation during the life of the earth in its present form.

(c) A third suggested source of the sun’s remarkable source of
energy has appeared during the twentleth century. In essence it is sug-
gested that the sun’s : that is to say, it is derived
from changes within the very nuclei of the atoms contained within its
vast bulk.

NUCLEAR DISINTEGRATION

By 1919 the phenomenon of radioactivity, or the spontaneous trans-
formation of the atomic nuclei of one element into those of another,
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was a commonplace and had been the subject of much investigation
since its discovery by Becquerel twenty-three years previously. But in
that year Rutherford changed the outlook of physics by approaching the
medieval alchemists’ ambition of artificially transmuting one element
into another. Into a chamber containing ordinary air (which consists
largely of nitrogen) he projected a stream of high-velocity o-particles—
the nuclei, bereft of their orbital electrons, of the element helium. One
of Rutherford’s o-particles achieved a head-on collision with the nucleus
of a nitrogen atom, and smashed it, with the resultant formation of
two nuclei, one of oxygen and one of hydrogen. Since that epoch-
making experiment, the new science of nuclear physics has progressed
rapidly, and today many dozens of nuclear reactiops have been pro-
moted in the laboratory.

Two characteristics of such reactions are particularly to be noted:

(@) They are characterized by epormoustiberations. oieaesgy., a
typical nuclear disintegration releasing many thousand times more
energy than even so violent a molecular reaction as the combustion of
T.N.T. Whereas 1 gram of coal, on complete combustion, liberates
only 310" ergs, 1 gram of a mixture of lithium and hydrogen, enter-
ing into the nuclear reaction which produces helium, would liberate
22X 10" ergs of subatomic energy—io million times as much!

(6) Nuclear reactions are extremely difficult to promote, since only
rarely does a direct collision between a nucleus and a projectile—
a-particle or proton—occur. And the stability of nuclei is such that
nothing but head-on collisions with extremely powerful projectiles has

any dxsruptlve effect upon them. Hencwm#b;m&ﬁd-éﬂr—
it otherwise, the physietst; his laboratory, and Half the county as well
would be blown sky high.

THERMONUCLEAR REACTIONS

Whereas a sun composed of coal would go out in about 5000 years, a
sun deriving its energy from nuclear reactions would have ample
reserves to continue radiating for the thousands of millions of years
which are required. But how is it that elements like nitrogen and carbon
will enter into nuclear reactions in the sun, while they will not, except
on the most niggardly scale, in the laboratory?

In 1929 this question was answered by Atkinson and Houtermans,
with their theory of thermonuclear reactions. Eddington has shown
that the sun’s temperature reaches a figure of about 210" degrees at
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the center. Under such conditions, nuclear transformations would be
greatly facilitated, for the individual nuclei (and free electrons) would
themselves be traveling with velocities comparable with the projectiles
of the physicist’s laboratory—the component particles of a gas becom-
ing more and more violently agitated as its temperature rises. Thus
instead of there being, as in the laboratory, comparatively few projectiles
with high enough kinetic energy to shatter nuclei, all the nuclei them-
selves become ‘bullets’ capable of disrupting one another. Nuclear
reactions would then be possible which in the laboratory would re-
quire millions of years to complete. Such reactions are termed ther-
monuclear reactions.

Once started, thermonuclear reactions will generate enough heat to
keep themselves going indefinitely, without the application of any
further energy from an external source.

THE SOLAR REACTION

The theory having been established that conditions in the solar interior
are such as would permit the nuclear transformations of the common,
stable elements, and the further fact that these reactions would con-
stitute a rich enough source of energy to provide the 2.4X10% ergs
which are required, it remains to identify the precise reaction or re-
actions that are responsible for the sun shining at the present moment.
And here we are treading on very unsure ground.

The energy liberation of each individual reaction can easily be cal-
culated for any given temperature, and this figure compared with the
observed energy-production rate of the sun. In 1938 Bethe and
Weizsicker independently hit upon the reaction—or, more correctly,
chain of reactions—that would produce the sun’s 1.2X10** ergs per
year. Bethe concluded that the thermonuclear reactions proceeding
within the sun are six in number, and form a closed chain whose first
and last stages are the same. The cycle is thus repetitive, and will con-
tinue until the raw materials used up in the reactions are exhausted.
Its net result is the building up of one helium nucleus from four
hydrogen nuclei, energy being liberated in the process.

This energy does not, of course, appear from nowhere. According
to relativity theory, mass and energy are equivalent terms, so that the
‘destruction’ of mass involves the liberation of the equivalent amount of
energy. Now the mass of four hydrogen atoms is slightly greater than
that of one helium atom. This lost mass reappears as energy, according
to Einstein’s equation linking mass and energy (E=mc?).
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Bethe concludes, therefore, that the sun is deriving its energy from
the synthesis of helium nuclei out of hydrogen nuclei. Hydrogen is the
‘fuel’ and helium the ‘ash’ of the solar thermonuclear production of
energy.

ENERGY PRODUCTION IN MAIN-SEQUENCE STARS

The question is at once suggested, do the other main-sequence stars
derive their energy from the same reaction as is responsible for the
sun’s energy production?

Just as the physical conditions at the center of the sun can be cal-
culated, so it is possible to discover the central pressure and tempera-
ture of any star whose mass, total radiation, and radius or surface
temperature are known. It is also possible to calculate the energy pro-
duction of the solar thermonuclear cycle at different temperatures, and
it is found that the figures derived agree well with the observed lumino-
sities of stars in the center and upper regions of the main sequence.

But among the low-temperature red dwarfs the solar reactions would
be retarded or inhibited by the comparative thermal slowness of the
protons. Here it is possible that the thermonuclear interaction occurs
between protons themselves: three hydrogen nuclei combining in two
stages to form a helium nucleus (o-particle) with the liberation of
energy.

ENERGY PRODUCTION IN THE RED GIANTS

In the still cooler red giants, thermonuclear reactions would be virtually
at a standstill. Gamow and Teller suggest that during the early stages
of a star’s existence it is a giant with large diameter and low density,
and that gravitational contraction is the sole source of heat. Contraction
would continue until the internal temperature had risen to a level at
which the easiest and most rapid thermonuclear reactions are possible
(about one million degrees). The generation of subatomic energy with-
in the star would thereupon put an end to contraction, and a self-
regulating, thermostatic mechanism would come into operation.

As soon as the supply of each element is exhausted—first those most
easily induced to enter into thermonuclear reactions, and then those
progressively more recalcitrant—gravitational contraction would set in
again, and would continue until the central temperature were high
enough to permit the reaction involving the next heavier element.

The temperature of a giant will therefore rise continuously from the
onset of the first reaction. In other words, it will pass backward across
the Russell diagram, traversing the Harvard sequence in reverse order;
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eventually it will reach the main sequence, where, as we have seen,
the temperature is high enough for the solar cycle to begin operation.

PASSAGE ALONG THE MAIN SEQUENCE

On rcachmg the main sequence, the star swshol:r.yomh.xs.oves,—and it
is envisgged a5 enicring- upen—its-tomg-periodt of maturity.

It would be natural to suppose that as its hydrogen supply is depleted,
it will grow cooler and pass down the sequence toward the red-dwarf
region. This, however, is not so, for the cloud of helium nuclei gen-
erated by the process is sufficiently opaque to radiation to prevent the
internally produced radiation from escaping to the stellar surface
whence it may be radiated away from the star. Thus the star’s tem-
perature and luminosity will increase with increasing rapidity, the star
meanwhile passing #p the main sequence.

The last hydrogen nuclei will ultimately be converted into helium,
and the final contraction will begin. The star will shrink very rapidly,
with a parallel falling off of luminosity, and since it has no further
effective energy-producing reserves to offset this, it will fade out into
darkness beyond the cooler end of the main sequence.

It must not be assumed from the foregoing account that all stars
follow exactly the same stages in their evolutionary processes. The total
mass of the original diffuse body of gas is in all probability the major
governing factor. It may well be that a relatively small mass will pass
backward through the Harvard sequence only as far as, for example,
a G-type or F-type star and will then turn down along the main
sequence. On the other hand, an infant star of relatively large mass
may pass above the giant sequence and reach temperatures considerably
above those to be expected for stars at the normal turning point to
the main sequence. It should be pointed out that we actually find stars
scattered throughout the Russell diagram.

Calculations, which are long and laborious, have been made for stars
of different masses. In the case of a star of a mass approximately equal
to that of the sun, the calculations lead to conditions for the sun at its
present age which differ from those that we have observed by a factor
of approximately 1oo. Such a discrepancy is not to be unexpected when
we consider the numerous assumptions and uncertainties in the various
hypotheses.

Any attempts made thus far to fit the white dwarfs into the sequence
of stellar evolution have been unsatisfactory. Rapid advances are now
being made in the researches of nuclear physics and it is futile to specu-
late about what the results will be.




IX. The Nebulae

ABSORBING MATERIAL WITHIN THE GALAXY

It will be recalled that the problem of plotting out the extent of the
star system by assigning distances to such galactic objects as the open
clusters was comphcatcd by the hitherto unsuspected existence of a
rarefied absorbing medium. This material pervades the galaxy and has
the effect of stretching distance determinations that are based on appar-
ent brightness. Two lines of approach led to this conclusion: first,
Trumplers—wark on the sizes and. distances_of the open clusters; and
secondly, the marked avoidance of the galactic plane by the globular
clusters and extragalactic nebulac. To remove the discrepancies follow-
ing from the neglect of this factor, Trumpler was forced to assume an
optical density of about 0.8 magnitudes per 3250 light years for the
absorbing medium. He was further led to conclude that, although ex-
tending for considerable distances in the galactic plane, the medium’s
thickness measured at right angles to this plane was no more than a
few hundred light years.

Not only did interstellar absorption cause the dimming of the light
from distant objects, but it also implanted color-excesses upon the most
remote sources of all, provided that these were within about 10° of
the galactic plane. This not only indicated clearly that the absorbing
layer was thin, but also that it was partly gaseous in composition.
Different investigators of the characteristics of the interstellar absorp-
tion have reached curiously various conclusions. Seares, for example,
deduces from his star counts that absorption of the type outlined by
Trumpler cannot occur; a similar conclusion was reached by Elvey
from different evidence; while Hubble and Humason have shown
that the few extragalactic nebulae situated near the galactic plane
exhibit little or no trace of general galactic absorption.

Theee diversent results may probably be reconciled on the assumption
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that although diffuse material concentrated in the galactic plane does
effect absorption, yet it is far from homogeneous, probably being more
accurately thought of as a patchy, flocculent structure, with areas of
higher and lower density, than as a uniform medium.

GALACTIC NEBULAE

So far we have only considered indirect evidence for the existence of
galactic absorbing material. There is, however, a great deal of direct,
visual evidence also. The stars—isolated, in binary and multiple sys-
tems, and in clusters—and, perhaps, a few planets here and there, are
not the sole constituents of the stellar system. There are, in addition,
nebulae of various kinds. Nebula (Lat. cloud) was the name given to
these objects by the early astronomers as being descriptive of their
appearance, and the first class that we shall consider are in fact vast.
structirelessclouds of apparently glowing-gas. Plates 1v and v show two
of these nebulae, the first being situated in the constellation Cygnus,
the second being that which involves the stars of the Pleiades. These
iHas e_of the more characteristic
ae. They have nc
5 » n (long exposure
photographs have shown hat the nebula 1n the Sword of Orion, visible
to the naked eye, extends over a great part of the constellation); and
they_are intimately associated—wittrstars, which, as can be seen from
Plate v, are not merely super-imposed upon the nebula or seen through
it, but are actually involved in it. Thus the distances of many of the
galactic nebulae may be determined from the distance of the stars
embedded in them.

RADIATION FROM GALACTIC NEBULAE

At one time it was thought that these bright galactic nebulae shone
by virtue of their own incandescence, and even that the involved stars
might have been born from them by some process of condensation.
Both beliefs have now been discarded; our ideas concerning the nature
of the diffuse nebulae have undergone a complete revolution within the
last fifty years. In 1912 it was discovered spectroscopically that the
Plgmdcubula is not_sclf-lunrimcts, as had previotsly beem-believed,

s by the reflected light of involved stars; without these
stars it would not be incandescent and would therefore be invisible.
In one circumstance only it might be indirectly visible: were it projected
against a rich part of the galaxy its presence would perhaps be deduced
from the absence of stars in that region.
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Later it was shown by @b’lathat both_the spectroscopic type and
the visible size of gr’lx_gg___nctm nebula are determined hy the tempera-
ture and-lamimesity ~of “the—Tnvolved—stars; the higher the tempera.
ture-and-the-greater the tuminosity of the stars, the greater will be the
illuminated expanse of nebulosity. Furthermore, no bright nebulac exist
that do not contain stars of sufficient brightness to account for their
visibility. Another observation that points to the same conclusion, that
the more luminous stars are capable of rendering this type of nebula
visible, is that faint stars are noticeably absent from those regions
occupied by high-temperature stars and diffuse nebulae. This is be-
lieved to indicate that while the brighter stars are capable of illuminat-
ing the nebula, the fainter stars are either at too low a temperature to
do so, or are situated at very much greater distances from the sun than
the nebula; in either case the ncbulous material would obscurc them
from the sight of the terrestrial observer.

GALACTIC NEBULAE AND INVOLVED STARS

The theory that the involved stars are born from galactic nebulae has
suffered a complete reversal, and instcad of believing that an inward
movement of nebulous material toward a number of points resulted in
the formation of stars at these points, modern astronomy favors the
view that the radiation pressure of the high-temperature stars is scatter-
ing-the nebulous material away from them in all directions. . After what
we have learned of the nature of electromagnetic radiation in Chapter
v, it should not come as a surprise to learn that radiation possesscs
momentum and therefore exerts a pressure upon any body, surface,
or particle that either reflects or absorbs it. The force of repulsion
depends upon the temperature of the source of the radiation; the
higher the source temperature, the more violent the repellent farce, It
is the radiation pressure of the sun, acting upon the particles in the
tail of a comet, which forces this tail always away from the head, with
the result that when the comet is receding from the sun it proceeds
tail foremost.

Two conflicting forces, therefore, are centered in the massive ‘early
type’ stars which are found to be associated with diffuse nebulae:
gravity, Wars centers, and the _rcpellent
sadiatiop pressure. The mechanism o Fadiation pr pressure being known,
it is possible to calculate the relation between these two forces for stars
of the types concerned, and it is found that in_their immediate vicinity

the radiation _pressure-eutstrips-the-gravity-meny-times. At the surface
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of the sun, which is a comparatively cool star, radiation pressure
amounts to 65,000 tons per square mile; at the distance of the carth
this is reduced to 2.6 pounds per square mile. Hence any nebulous
material in the neighborhood of the involved stars would be swept
away toward regions devoid of the hottest B-type and A-type stars.
Internal motion has been detected in some of the diffuse nebulae
spectroscopically, and so far as it goes (for these motions are not large)
the evidence does not conflict with the conclusion arrived at through
the theoretical consideration of radiation pressure. The spectroscope also
shows that the diffuse nebulae are for the most part practically stationary
after allowance has been made for the component of the velocity shift
due to the sun’s motion.

DISTANCES AND DISTRIBUTION OF THE GALACTIC NEBULAE

tioned, their distances can be deduced in those cases
istages of the involved stars are kngwn. Some at least of
Jff 3 nebula are near nelohbors of the sun, the Plcmdes nebulosity

beyond the limits to our telescopes can reach.
Their alternative na galactic gebulae, derives from the fact that,

like the qpen clusters, they wr-rrrostfreo in and near the
galactic plane. The majority are to be found within 10° of the galactic
plane itself. It will be remembered that this is_the zone of

of the globular clusters. — '

SPECTRA AND COMPOSITION OF

Characteristic lines in the spectra o eBulae were for many
years not matched by any produced in the laboratory. It was therefore
supposed that an unknown gas, which was named ‘nebulium,” was
present in the nebulae, and that it was through the excitation of the
atoms of this gas that the unknown radiations were produced. But
more recent knowledge of the structure of matter and of the table of
elements has rendered this explanation highly improbable; it is naw

known that the lings-of ‘nchuliur’ do ot indicate the presence of an
W rather that of familiar_elements existing undej
unfamiliar ph mggl_.condmnm._EXtremely low pressure—representing
densities far below the minimum attainable in the laboratory—would

be such a condition, and it is even possible to arrive at an idea of the
mechanism whereby the ‘forbidden’ lines are produced.
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Under normal conditions of pressure, the atoms of a gas suffer many
thousands of collisions every second; even at the most extreme rarefac-
tion the physicist can achieve, the average interval between inter-
atomic collisions is only 1/1000 of a second. In the gaseous nebulae,
however, it is estimated that this interval is increased to from 10* to 10
seconds. Any transition that requires an appreciable time for its con-
summation, therefore, would be impossible at normal pressures and
densities, since interference from another atom would always occur
first; but under the conditions prevailing in the gascous nebulae this
would not necessarily be the case, and the atom would be left undis-
turbed for a long enough interval to complete the transition. These
atomic.states, from which transitions can-only WIQD&MQL‘L‘LS‘
are called the metastable states, and Bowen has shown that they are
at the back of the unknown radiations from galactic_nebulae once

thought to he due to‘nehuljuni~ T Tact, they gre-eatsed by daubly
WWWO&& familiar
ies”in the spectra of the diffuse nebulae were long ago identified as
belonging to the spectra of hydrogen, helium, carbon, and neutral
nitrogen and oxygen. e

Spectroscopically, therefore, the diffuse nehulae fall intoL;wo classes;
those with gascous emission spectra consisting of hright lines only; and
those, like the Pleiades nebulosity already mentioned, that have cos
tinuous speetra-with superimposed dark lines, similar to those of the
involved stars. This difference is attributed to the involved stars rather
than to the nebulous material itself: for it is found that where the
stars are of the hot early types (O and B), the gaseous spectrum is
produced; where the stars are cooler than type B, continuous stellar-
type spectra are produced. In the former case, the gaseous material is
being excited to incandescence in a way perhaps similar to that produc-
tive of aurorae; whereas in the latter, the nebula is simply shining by
the reflected light of the involved stars. This discovery in turn throws
light upon the probable constitution of the nebulous material. For the
emission spectra must depend upon the presence of isolated atoms,
while the capacity of the cloud to reflect starlight argues the existence
of larger particles than atoms. In other words, the diffuse nehulae are
pactly gaseeus—aad partly dusty or meteoric—a conclusion in complete
agreement with those of Trumpler which, it will be remembered, in-
volved the existence of large particles (total absorption) and small
particles (causing the observed color-excesses).
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DARK NEBWLAE

1t ure airuse nebulae do not shine by virtue of their own unassisted
incandescence, we might expect to find certain nebulae which, being
situated near no high-temperature stars, are dark. Such nebulae, did
they exist, would necessarily be confined (so far as human observation
is concerned) to the galactic zone, since nowhere else is there provided
a bright background against which they might be silhouetted. In 1919
Barnard published the first catalogue of 182 dark nebulae, one of which
is illustrated in Plate xv. Their existence is an integral part of the
theory that diffuse nebulae do not shine by their own light. The oc-
currence of dark nebulae had been known for over one hundred years,
but until comparatively recent times they were regarded as starless holes
running through the stellar system and aligned upon the earth. Once
the frequency of their occurrence had been demonstrated by Barnard,
the highly improbable nature of this explanation became clear, and
the theory of obscuring clouds was substituted. Like the bright diffuse
nebulae, they are not very distant, some being only a few hundred
light years from the sun and none that are visible being more distant
than, probably, about 1000 light years. (The distance can be gauged
when, as often happens, they are associated with bright nebulosity and
high-temperature stars.) This does not mean that they are necessarily
restricted to the comparative vicinity of the sun—on the contrary, they
are without a doubt distributed through the whole stellar system: but
a dark nebulae situated at a much greater distance than 1000 light
years would be difficult to detect since the obscuration of still more dis-
tant stars would be masked by the superposition upon it of nearer stars.
These diffuse oth brig e certain

Wlty, as shown by their ,hnumd_.pnw.cgg,gf,jbmr‘pmn

despite_enormous extent. Though more rarefied than even the most
perfect vacuum that can be produced in _terrestriak-laboratories, they

must nevertheless be regarded as localized areas of exception sit

ir—the-general-absaching stratum which _pervades_the whole galactic
plane.

INTERSTELLAR CALCIUM

Mention must be made of two other types of nebula encountered in
the stellar system. The first of these is not a nebula in the usual sense
of the term, for it is not visible (even by superposition upon a bright
background) and appears to pervade the whole of galactic space: it is,
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indeed, something very like the absorbing medium that Trumpler
was forced to hypothesize. Its existence went unsuspected until 1904,
in which year Hartmann noticed that prominent calcium lines in the
spectrum of the spectroscopic binary ® Orionis did not share the oscilla-
tions of the rest of the spectrum caused by the orbital motion of the
brighter component about the center of gravity of the system. Similar
stationary lines have since been detected in the spectra of hundreds of
high-temperature white stars, and in some cases the lines of sodium,
titanium, and potassium are also stationary. Slight displacements of
the stationary lines toward the red or violet are accounted for by the
sun’s motion, and when this effect is eliminated it is found that the
residual displacement is in the majority of cases negligible. The most
plausﬂ)le _explanation . is_that between the star_and Vi

is a certain amount of calcium, sodium, potassium, titanium, and pos-
sxbmmms mﬁm of an_extremcly tenuons intes-

stellar_clond; and that it is abggxp&mby-&h;s.mg_tger which implants
the statiunax;c.,ll.n‘ca,.upm,t,hc..‘spcc.tm .of.certain stars. "1t is estimated

that the density of this interstellar matter is of the order of magnitude
of 25,000,000 particles per cubic yard. Its extreme tenuity can be appre-
ciated when we realize that a cubic yard of air at atmosphere pressure
contains a billion billion times as many particles as does this interstellar
gas. However, tenuous as this matter may be, there is a tremendous
depth between us and a distant spectroscopic binary and a large number
of atoms would be available for producing the absorption lines.

The spectra of all binaries do not contain these stationary lines. In
general, two conditions must be fulfilled: the star must be distant, and
it must be of an early spectral type, usually O or B. The first condition
is readily understandable, for a great thickness of such rarefied matter
would be necessary for an absorption of detectable strength to be caused.
Their apparent preference for the spectra of the early-type stars is pre-
sumably due to the fact that even were they present in the spectra of
stars of later type than about Bs, they would be obscigped by the heavy
lines that normally occur in these.

PLANETARY NEBULAE

The thir late xvi shows
that these objects are quite unhke the dlffuse hey are small,

seen with smaﬂ telescopes. They are comparatively rare objects, fewer
than 200 being known, and are all invisible to the naked eye; this is
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due both to their faintness and to the smallness of their dlsks, the
majority of which are not more than a few seconds of arc in diameter.
Their apparent smallness is, however, the result of distance rather
than of linear insignificance, for van Maanen has shown that the
diameters of over twenty planetaries are not less than several thousand
times that of Pluto’s orbit.

In small instruments even those planetaries with the largest angular
diameters show no detail; they appear as faint, round disks of pale
greenish or bluish light. But instruments of larger aperture reveal the
existence of a faint central star in many of them. The spectroscope
shows that they resemble the galactic nebulae in two important respects,
however dissimilar the two cases of object may appear at first glance.
The planetaries are gascous, and they shine by reflection (or at least
by excitation) of the central star; this is typically of the high tempera-
ture O-type. That they are not the flat disks they appear to be, but are
spherical, is indicated by two observational facts; in no instance is any
foreshortening of the disk observed, and it is proved by the Doppler
effect that at least some of them are rotating axially.

The spectroscope has been instrumental in providing almost all our
knowledge of the planetary nebulae. The spectrum is of the type that
we saw in Chapter vi to be typical of glowing gases; the bright lines
of hydogen are invariably present, those of helium usually, and those
of nitrogen frequently. The temperature modifications of those lines
show without a doubt that the temperature of the central star cannot
in the majority of cases be much below 50,000°. Yet th%—}uﬁﬁﬁﬂm&
these stars (which can be deduced as soon as_the distance is l\nown)'
pr()vesm__toT ow )Comldermg their temperature therefore they must
be very small.

The spectroscope has also revealed that the planetaries differ from
the diffuse galactic nebulae in the matter of velocity. It will be remem-
bered that thc spcctra of the latter showed, at most, small velocity
shifts. sof-the l,rnxrn.,kar} aebulae an the other hand
Nin extreme cases they may reach 125 m.p.s., the
av € neighborhood of 20 m.p.s.

The planetaries follow the same distributional pattern as novae, open
clusters, and galactic nebulae. That is, they crowd about the galactic
plane and are only rarely encountered at any considerable distance from
it. That is, at any rate, true of the apparently fainter planetaries, which
from their faintness are assumed to be the more distant; the brighter
and angularly larger are found outside the galactic region, but if we
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conclude that their relative size and brightness indicate nearness to
the earth, then their real divergence from the galactic plane will nat-
urally appear to be greater than it is. That the faint planetaries are
in general more distant than the brighter is also indicated by the fact
that they occur most commonly in that region of the galaxy with which
we are by this time becoming somewhat familiar—the Sagittarius region
where lies the galactic center.

EXTRAGALACTIC NEBULAE: SUMMARY OF DISTRIBUTION

Whereas in Chapter v we treated the extragalactic nebulae rather as
anonymous counters in the game of probing the universe to the very
limit of human inquisitiveness, we are now better qualified to inquire
more closely into their nature. First, however, let us briefly summarize
what we have already learned of their spatial distribution:

i. The extragalactic nebulae visible with present equipment occupy
a volume of space stretching from less than 100,000 light years to
5 10° light years distant.

ii. It is estimated that within this region there are some 10° nebulae.

iii. Throughout the whole of the observable region, the large-scale
distribution of the nebulae is uniform.

iv. Their small-scale distribution is, however, irregular, consisting
of single nebulae, small groups, and great clusters. The nearest of
these clusters, that situated in Virgo, is about 7X10° light years
distant.

v. No falling off of numbers toward the outer edge of the observable
region can be detected, indicating that we have not yetfathomed-the
system_of extragalactic nebulae.

vi. The red-shifts in nebular spectra, if 1ntcrpretcd as velocity shifts.

indicate that W greater Ei Eﬁlﬁﬁiﬁi of
m

It is expected that observations with 200-inch reflector will extend
the limit of observable space to 10° light years.

CLASSIFICATION OF THE EXTRAGALACTIC NEBULAE

The extragalactic nebulae are for the most part extremely faint objects,
and only one, that in Andromeda, can be detected easily with the
naked eye; on clear moonless nights it appears as a faint misty spot
resembling a nebulous star. When studied with telescopic cameras the
extragalactic nebulae are found to present a number of closely allied
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forms, and a classification based upon the systematic differences dis-
played by the several hundred brightest nebulae has been evolved; for
only these few are angularly large enough for anything of their struc-
ture to be made out, the vast majority of the white nebulae showing
on photographic plates as formless specks, hardly distinguishable from
faint and ill-defined stars. Among the more conspicuousextragalactic
abjects, however, two main classes are distinguishable, the second of

which may be further subdivided:

1. Irregular,
2. Regular: (a) globular, ortoa greater-er Jesser_exent elliptical;
(&) spiral: (i) normal,
(i1) barred.

IRREGULAR NEBULAE

Irregular nebulae need hardly detain us, since they comprise only about
2 per cent of the total. The Magellanic Clouds (see Plate vi) are promi-
nent because near examples of this type of system, and about half of
all known irregular extragalactic nebulae are generally similar to them:
they show no traces of rotational or other symmetry, and are largely
resolvable into stars, star clusters, and clouds, and irregular nebulosity
of the galactic type. Without doubt they are stellar systems.

ELLIPTICALNFBetAR,
Members of Class 2 (a) are to be observed in a graded variety of forms,
but all differ from the irregular nebulae in three important respects:

their rotatiopal-sysametry, their lack of resalutian, and the_cxistence
of a bright nuclcus Thls varlety of form is due to a combination of

two factors; i o th f and real differ-
g_gms\lr}’_sjme. Visually they vary from round disks to elongated, cigar-

shaped, or spindle-shaped forms (Plate xvir) whose axes are related
to one another as about 3:1. Nebulae exhibiting every gradation of
flattening between these limiting forms are known.

Now if these nebulae were truly discoidal (as two plates, rim to rim)
these varying appearances would result merely from different inclina-
tions of their major axes to the line of sight: if viewed edge-on they
would appear cigar-shaped; if directly from the prolongation of the
minor axis, round; and intermediately, elliptical with a greater or lesser
degree of flattening. But a sufficiently large number of these nebulae
are known to treat them statistically, and by this means it has been
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found that more of the circular nebulae occur than the law of averages
would warrant. Some of the round nebulae must, therefore, not be
discoidal and viewed from a point on the projection of the minor axis,
but truly spherical; thus they would appear spherical from whatever
direction they might be viewed. Once this was established, it was real-
ized that many of the intermediate types might be ellipsoidal (viewed
edge-on) rather than discoidal (viewed from a point between the
projections of their median plane and minor axis). Thus we have a
transition from a spherical nebula through increased polar flattening
to a discoidal nebula which may appear either cigar-shaped or circular,
according to the angle of vision.

SPIRAL NEBULAE

The spiral nebulac resemble the elliptical in being flag’;. that js, their
diameters are very much greater than their thickness. Normal spirals
consist of a centraldiscoidaynucleus, from diametrically opposed points
on whose periphery project two arms. These arms leave the body of the
nebula approximately tangentially, and the nebula, when seen from a
point on the projection of its minor axis, is reminiscent of a pyrotechnic
pinwheel (Plate xvir). That it is a flat structure may be seen in those
cases where the nebula is viewed edge-on (Plate x1x). In some spirals
the two arms appear to have bifurcated with the formation of a four-
arm spiral.

About one spiral in three is not of this normal type, but falls into the
category of ‘barred’ spirals. Plate xx shows examples, and it can be seen
that the arms, instead of issuing direct from the nucleus as in normal
spirals, issue from the outer ends of a bar of matter in which the nucleus
is centrally placed.

Just as a sequence of forms—from spherical, through increased polar
flattening, to the critical 3:1 figure—is observed among the elliptical
nebulae, so a formal sequence, which in all probability also represents
a temporal sequence, is exhibited by the spiral nebulae, both normal
and barred. Treating the sequence as temporal—i.e. as one through
which each nebula passes in the course of its existence—we may de-
scribe the successive changes as follows. At the beginning of the
sequence the nebula is hardly distinguishable from a ‘late’ elliptical
nebula. The arms are inconspicuous and small compared with the main
body or nucleus of the nebula. A steady outward transference of matter
from the nucleus to the arms results in the latter becoming increasingly
more massive at the expense of the former. Simultaneously the arms
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uncoil. About halfway along the sequence the homogeneous texture
of the nebulous matter begins to break down: condensations start to
form, at first sparsely, in the outermost regions of the arms; these
increase in number and spread inward to the nucleus, which by this
stage will have shrunk to a mere shadow of its former state. In.the
ﬁwams@tuclx of widely opencd arms (the
nucleus haying disappeared), which in_turn_ consist of clouds_and
clusterings of faint star-like points, mtersperscd with unresolved ma-
terial which may either be nebulous or may consist of stars too faint
and too numerous to be individually visible. Another feature of late
spirals which is reminiscent of our own galaxy is-theCommon oc-
currence of patches and blotches of dark W&I presumably
analogous with our “dark ncbulae. Obscuring matter is also to be ob-
served among early spirals of the normal type; here it takes the form of a
pcrlpheral band encircling the nebula in its median plane; this forma-
tion is consequently only visible in the case of nebulae that are oriented
:dge-on to the observer (Plate x1x).

THE EXTRAGALACTIC SEQUENCE AS A PROCESS

During the course of the modifications of the early globular type whose
end point is the late spiral, the brightness of the nebula does not alter
to any material extent. Its size, on the other hand, does. How this in-
teresting fact has been established will be explained at a later stage. As

the nebula passes along the sequence its diameter gews sicadilyfzom
(taking average and only approx1mate figures) about 6oq light.years

to 30,000 _hghl;my;:ars rhm Pvrenmnn in_the median plane-is-of €ourse
the necessary. concomitant of. the reduction of -the- axis-perpendicular
to it as flatteping proceeds.

The most striking feature of the extragalactic objects, when classified
in thls way, is the uniform-pature-of- thc charrge -

throughout the sequence: starting-4S updiflere ef )
hey ar - when a certain cue®dStage
Bcess 1s reache ctor,cmex.gcs,-and the fgmgatlon of
arms beglns more and more matter is transferred from the body of the
nebulm arms, Whlch at a second crucial pomt begm to break up

that we are dealing wit Mers of a single family, all of
which conform to a basic pattern which is modified systematically
from the beginning to the end of 2 limited cennence.
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‘THE ROTATION OF GASEOUS MASSES

Added significance is attached to this conclusion by Jeans’ theoretical
investigation of the behavior of a rotating gaseous mass, and the bear-
ing of this work upon the question of the size and nature of the
extragalactic nebulae. It is supposed that the mass is far enough from
other bodies to be gravitationally insulated. It will then assume a
spherical form which rotation will flatten at the poles. Under stress of
its own gravitation it will shrink, and with increasing shrinkage its
rotation will increase in accordance with the law of the conservation of
angular momentum. This in turn will cause an increasing flattening
of the poles and bulging of the equatorial regions. When a certain
stage in the accelerating rotation is reached, the mass will become
unstable; in the same way a flywheel that is allowed to rotate too
rapidly will shatter into fragments. Jeans has shown in another con-
nection that a liquid mass on reaching this critical stage of instability
will split in two. The gaseous mass, however, behaves differently. It
will now be discoidal with a comparatively sharp periphery. As the
rotational velocit ity | increases, matter will be gjected from two diametii:
cally opposcd points on the circumference. This.. matter will issue as

jets -and-witt-beof-dew-deasity, since the heaviest constituents would

have gravitated to the center of the mass, leaving the less dense in the
upper levels. With always increasing’ shrimkage and-rotatior; 16t and
Troreof the substance of the nucleus will be forced into the arms; these
will gradually assume a spiral configuration as a result of rotation.
Thus, starting with a perfectly spherical body of gas, we reach a stage
when it is transformed into a discoidal nucleus of decreasing mass and
spiral arms of increasing mass. The more rarefied matter in these arms
will tend to condense into separate agglomerations until they have been
transformed into discontinuous systems of knots, clusters, and single
condensations. Ihu&;hz__mglg_condcnsed the arms the smaller will
be the.nuclens, since both processes start gné'mmcmdy.lxm/
tually the nucleus will “havebeéri” complctely sapped, the arms will
have become entirely condensed, and the original gaseous mass will
have been transmogrified into a heterogeneous spiral system of isolated
masses.

THE OBSERVED AND THEORETICAL SEQUENCES COMPARED
The various stages in this process are strikingly reminiscent o

diﬁng%t types of extragalactic nebula that are to be observed. Iy @
~f i e ha

on the analogy of the theoretical sequence,
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sEhcncal nebulac} sllg.h&bh.ﬂﬂt&ﬁﬁ.ﬁd_nﬁhuh&_a dwmbjﬂatyall
these are, so far as telesco 9 resolutlon is concernedw

Next we have

arms, followg by all st_g,“gtjhumnsjﬁmm_nﬁmtcn.fmm__he
nuclei to ; along this sequence it is noticed that progressive
condcnsanoruﬁ_;b_;_anms, with the formatiop-ef-ster-like—paints and
clusterings, is_occurring. Even in details the correspondence between
the theoretical and observed sequences is exact; for instance, the rotation
of the nebulae, the outward movement of matter from the nuclei along
the arms, the inversely related size of the nucleus and degree of con-
densation in the arms have all been established observationally.
Whether the problem is approached from the observational or theoret-
ical direction, therefore, it is tolerably certain that the fundamental
difference between the various types of extragalactic nebula is one

of age.

SPECTROSCOPIC EVIDENCE

The spectroscopic observation of the extragalactic nebulae is rendered
difficult by their faintness, which forbids the use of the high-dispersion
prisms required to produce a spectrum long enough for detailed study.
Not only are the spectra necessarily short, but spectroscopic examina-
tion is confined to the brighter central regions of the brighter nebulae.
The majority of these yield spectra of a stellar type—a continuous
background upon which are superimposed numerous fine absorption
lines—and most commonly of type G, that of the sun. A minority of
spiral nuclei have spectra of quite a different type: the bright-line
emission spectra, similar to those of the planetaries and some diffuse
nebulae, which are indicative of incandescent gases under low pres-
sures. Owing to the practical difficulties just mentioned, quantitative
analysis of extragalactic spectra has not progressed far, but calcium,
iron, and hydrogen have been identified in a number of nebulae. So
far as the evidence goes, therefore, the spectrascape indicates that even
the a undifferentiated nuclei of the majority of spirals ar¢ not
gaseous masses but star clouds. The first step toward the direct photo-
graphic resolution of a spiral nucleus (M. 31) was made by Baade in
1944, an observational achievement of first importance.

THE NATURE OF THE RED-SHIFTS

We have seen how the discovery of the red-shifts provided astronomers
with an additional distance criterion—or, rather, with a welcome con-
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firmation of results obtained by the use of other criteria. The red-shifts
are an objective phenomenon, and the linearity of the relation between
distance and spectral displacement is unimpeachable. So long, in fact,
as the displacements are merely accepted as spectral shifts to the red,
and no questions asked, all is plain sailing. Inevitably, however, the
nature and cause of the shifts became the subject of speculation. When
first detected and measured, they were unquestioningly accepted as
velocity shifts of the normal, familiar type. But as Humason pressed
on his investigations among more and more remote nebulae the im-
mense velocities* encountered threw the gravest suspicion on the
validity of the theory seeking to explain the red-shifts in terms of the
Doppler phenomenon. It is verging on the incredible that such veloci-
ties as have already been measured are real, yet what alternative ex-
planation is there of the observed shifts? The question is of the most
fundamental importance, for upon it depends the nature of our whole
world picture and a great deal of theoretical cosmology. The question
is still- upanswered, although some preliminary clearing of the ground
has been achieved.

At present no_agency other than recession is known that could pro-
duce-the red=shifrs, If, therefore, they are not velocity shifts, they are a
reflection of some physical principle of which we are ignorant. Al-
though this alternative is of altogether too problematical a nature for
unquestioning acceptance, the phenomena force us to explore its possi-
bilities. We saw in an earlier chapter that the energy and correspond-
ing wave-length of a quantum were related in the manner.

E.=C

where E is the energy, A the wavelength, and C a constant. If the
7ave-length.is-ipcreased—i.e. the spectrum is shifted toward the reat
'}L’S— enerey of the rgA.nruor@%krﬂQ@mmg\Tllls loss of
cnergy attendant upon a red-shift may be envisaged as occurring pri-
marily in one of two ways. Either the wave-length is increased, as it
would be were the source in motion away from the observer, which
would result in the familiar Doppler or velocity shift; or else the energy
itself might be reduced in transit from the source to the observer. If
such a decrease of energy could be effected, the spectrum would be

shifted toward the red, and the natural deduction would be that the
source had a positive radial motion. It is at this point that we have to

*It must be borne in mind that these velocities are purely geocentric, i.e. relative
to the terrestrial observer.
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fall back upon the mysterious ‘unknown’ as an explanation, for we are
ignorant of any mechanism whatever that could effect the leakage of
energy during transit without causing parallel effects which would
easily be observable, but which are in fact absent from nebular spectra.

Nor is it possible to differentiate between a red-shift due to a
lengthening of the wave-length by movement of the source and a shift
due to leakage of the energy carried by the quanta as they traverse
inter-nebular space. For while it is true that a source in rapid recession
would appear fainter than an equally luminous stationary source at the
same distance, we utilize apparent luminosities as the only distance
criterion capable of reaching to the most distant nebulae where these
effects are of considerable proportions. Until, therefore, a-distance cri-
terion mdcpendent of apparent luminosity can be developed, no certain
answer_can be given to the cruc1al question: Do the red- shlfts really
represent Iecession? S

For all these reasons th.t_slnfure commonly referred to, outside the
popt s, where sensation is rated more highly than truth, either

k “or as apparent Vcloc1ty shlfts and whzm_lhqaﬂm.c_ll&

evidence is forlhcommg

r—

LINEAR SIZES OF TITE EXTRAGALACTIC NEBULAE

It has already been stressed that although luminosity remains suffi-
ciently constant all along the sequence from globular to irregular
nebulae to be used as a criterion of distance, this is not true of linear
diameter; for if a spherical object is subjected to a process of flatten-
ing, it must expand in a direction at right angles to the axis of flatten-
ing: thus a rubber ball, compressed between two plates, will expand
laterally between them. In the same way it might be expected that the
extragalactic nebulae will exhibit linear diameters which are a func-
tion of their degree of flattening. This is in fact the case. As soon as
distances, and therefore linear diameters, of a representative collection
of each type of nebula had accumulated, it became apparent that the
globular nebulae had the smallest diameters and late spirals the largest,
intermediate types having diameters appropriate to their positions be-
tween these two extreme types. The ascertained data regarding the
linear diameters (in light years) of the extragalactic nebulae may be
summarized as follows:
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Early Late
Globular Late barred normal | (Irregular)
elliptical spiral spiral

16,000

Diam. 6,000 18,000 31,000 (21,000)

(L.Y.)

These figures are only approximate and, if anything, are on the low
side: the true figures may well be twice, or even three times, as great.
The reason for this is that the longer the photographic plate is ex-
posed, the larger grows the image of the nebula, showing that the
outer regions are not only faint but extensive. These figures refer to
what is rather vaguely known as the ‘main body’—that part of the
nebula which is visible on any well-exposed plate.

MASSES OF THE EXTRAGALACTIC NEBULAE

Similarly approximate figures may be derived for the masses of the
nebulae. One method was developed by Opik and depends upon a
single datum: the shift in a nebula’s spectrum at a given distance from
the_nucleus, due-te-retatton..If a nebula is viewed edge-on, and is in
rotation, one side will be approaching the observer, and the other
receding from him (see Fig. 52). Hence one edge of the nebula will
show a Doppler shift indicating recession, the other a shift indicating
approach. The nebulae exhibit such unmistakable signs of rotational
symmetry that even were such shifts not measurable, we should still
be perfectly justified in postulating their rotation about their minor
axes. But the spectroscope proves this to be a fact by revealing the

®

Figure 52.
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existence of these rotational shifts. Clearly the size of the-shift; varying
vith the line of sight velocity, will depend npon haw far out from the
aucleus_the spectroscope slit.is-adjustedh-Knowing, in the case of a

1ebula whose distance has been determined, the linear diameter of the
mass between the two positions of the slit, and also the velocity of rota-
tion at a pre-selected distance from the axis, the laws of motion allow
the calculation of the total mass within this limit. Since the outer
regions of any extragalactic nebula are too faint for investigation, it
follows that this method will yield results short of the true figures for
the whole nebular mass. The masses of four of the brighter nebulae
derived in this way as respectively (in terms of the sun) 1,000,000,000;
0,000,000,000; 30,000,000,000; and 35,000,000,000.

MEAN DENSITY OF MATTER IN THE UNIVERSE

Knowing the volume of the observable region, the approximate num-
ber of nebulae in the region, and the average nebular mass, it is a simple
matter to calculate the average density of matter in that region of space
which we know. The result emphasizes the extreme emptiness of the
universe: for if all the matter in the observable region were distributed
uniformly through it, the density of the resultant medium would be
between 107** and 10 grams per cubic centimeter, equivalent to
one grain of sand distributed throughout a volume equal to that of the
earth.

THE GALAXY AND THE EXTRAGALACTIC NEBULAE COMPARED

The idea has for many years been entertained by speculative thinkers
that the galaxy might itself be a late-type spiral. Our knowledge both
of the extragalactic nebulae and of the galaxy has now reached a stage
at which it is possible to give serious consideration to this hypothesis.
In view of the facts that have already been set out in the preceding
pages, let us compare the extragalactic nebulae)) more especially the

late splrals, with the galaxy, p @]lowmg
cherssieristics of each: (if siz@\and (iv)
content. -

\f(rfé)utset it might be said that perhaps the most attractive general

feature of the hypothesis is that it introduces umformlty into the large-
scale organization of the observable region of the universe. On the one
hand we have some hundred million extragalactic nebulae, all closely
related, and one other object of a different type, a unique system which
also happens to be our home—a conception uncommonly like an after-
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taste of Aristotelian geocentricity. And on the other, we have an uni-
verse stocked exclusively with nebular-stellar systems, all built to the
same fundamental pattern.

I. ROTATION

The discovery and subsequent measurement of the axial rotation of
extragalactic nebulae naturally raised the question, Is the galaxy like-
wise rotating about its minor axis? If the reader goes out of doors on a
starlit night and, gazing up into the firmament, considers this ques-
tion for himself, he will probably be forced to admit that, if the mat-
ter rested in his hands alone, we must for ever be ignorant of the
answer. Yet the problem has been tackled and solved. We not only
know that the galaxy ic rotating, but we know approximately how
long the sun requires to complete one galactic revolution, the direction
of the galactic center, and the direction of the sun’s orbital motion at
the present time.

The fact of stellar motion was already a commonplace in the eight-
eenth century, when the elder Herschel set himself to discover the
direction and velocity of the sun’s motion relative to its stellar neigh-
bors. We have already learned in Chapter v that later studies of the
proper motions and radial velocities of large numbers of stars situated
in all regions of the star sphere have permitted the location of the solar
apex and antapex, as well as its velocity toward the former and away
from the latter relative to the stars chosen for the investigation. But
what information does this discovery, itself a masterpiece of observation
and deduction, provide about the supposed rotation of the galaxy?
Unfortunately, none. For all the stars chosen as ‘street lamps’ were
comparatively bright and near and therefore members of the Local
Star Cloud. This was the result neither of chance nor mistake: bright
and near stars were deliberately chosen so that their spectra should be
clearly visible and accurately measureable for velocity shifts, and also
because a near star may be expected to have a larger proper motion
than a remote one. Hence, although the derived velocity of 12 m.p.s.
towards a point near Vega is likely to be accurate, it refers only to the
motion of the sun within the framework of the Local Star Cloud, and
not to the motion of the sun within the framework of the galaxy. The
problem of what the Local Star Cloud itself is doing—whether or not
it is rotating about the galactic center—is not touched. The only way in
which information concerning this rotation can be obtained is to use
stars outside the Local Star Cloud, i.e. faint and distant stars.
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If the Local Star Cloud, and wich-it-the-sun,.is.revalving about the
galactic center, non-cluster stars between the sun and the center will
mlg more rapidly than stars situated_between the sua-and-the
edge of the Ws consider the case of the eight stars repre-

To
Galactic
T Center

4 Sun 3

Figure 53.

sented in Fig. 53. It is assumed that they are all galactic stars lying well
outside the Local Star Cloud; also, for the sake of simplicity, that they
have no random motions, their only motion being that imparted to them
by virtue of the galactic rotation. In the case of each star the length of the
arrow is proportional to the distance that it will be carried by galactic
rotation in a given period of time. If a terrestrial observer now studies
the motions of these stars, making the necessary allowance for the mo-
tion of the earth about the sun, he will get the following results. Stars
1 and 2 will possess no measurable proper or radial motions—they are
stationary, relative to the sun. Star 3 also will possess no radial motion,
but will, owing to its greater space motion, appear to drift forward.
Similarly star 4 will drift backward, while showing no line-of-sight

*This follows from Kepler’s harmonic law, and assumes that there is a con-
centration of mass at the galactic center. Subsequent work on stellar motions has
indicated the correctness of this assumption: the galaxy does not rotate ‘solid,’
like a flywheel.
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motion. Stars 5 and 6, on the other hand, will not only show a forward
drift but will also have, respectively, negative and positive radial mo-
tions. In the same way, stars 7 and 8 will combine a backward drift with
radial motion.

The clearly defined differences in the observed motions of stars lying
in different directions, assuming the galaxy to be rotating, are sufficient
to provide the basis of a crucial investigation. If stars do in fact exhibit
motions of this character, notably of drifting in two preferential direc-
tions, then we not only know that they are due to galactic rotation, but
may also distinguish the direction of the galactic center. Independent
analyses of the proper and radial motions of different groups of remote
stars by a number of observers have shown conclusively that such is the
case; furthermore, they mutually agree in placing the galactic center in
the direction already indicated by Shapley as the result of his work on
the spatial distribution of the globular clusters—toward Sagittarius.
That this result is materially correct cannot be doubted: independent
analyses of the motions of the bright O-type and B-type stars, of Cep-
heids, and of planetary nebulae up to distances of 60,000 light years all
yield the same result.
an approximate dlsE:émcc of 30,000 Tight years—— """
$Tnear neighbors, is at present moving to-
ward the constellanon of Cygnus. The velocity imparted to them by the
galactic rotation is in the neighborhood of 170 m.p.s. From these two
facts it follows that the sun completes one revolution of its galactic
orbit in about 220,000,000 years.

II. MASS

Once these facts were established, it was further possible to gain a
rough idea for the mass of the galaxy by means of the Kepler-Newton
laws of motion. The average mass of a star being known, simple
division gives the number of stars in the galaxy. Approximations being
involved in each of the steps to this result, it is not to be wondered at
that the results obtained should be discordant within fairly wide limits.
They range from about 3X 10", the more probable estimate of Seares,
to 2.7X 10", that of Eddington; the estimates of other workers mostly
fall between these limits. Considering the nature of the data, it is a
matter for surprise that the agreement is so close. It seems probable,
therefore, that the stars in our system are to be numbered in ten-thou-
sands of millions, and perhaps in hundreds of thousands of millions.
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The first two stages of our comparison of the galaxy with the late-
type spirals are complete. Like the extragalactic nebulae, the galaxy is
{n_rotation. Though only established in recent times, this conclusion has
been suspected ever since the characteristic ellipsoidal form of the galaxy
was demonstrated by Herschel at the end of the eighteenth century.
And sccondly, the galaxy and the only spirals concerning which we
have data are comparably massive. The figures in each case are of neces-
sity only approximate, but the correspondence is suggestive and prob-
ably significant.

III. SIZE

The Cepheid determinations of twenty years ago established beyond
cavil that the apparently largest and also the brightest—and therefore,
as a safe bet, the nearest—spiral was extragalactic. But this conclusion
was not without its attendant difficulties; and though all these have
now been resolved, one of them is worth a brief glance. Not only had
speculation long toyed with the idea that these objects might be extra-
galactic, but had constantly added the rider ‘and stellar systems like our
own’, or, as they were often termed, ‘comparable galaxies.” The first
spirals to be plotted on a linear scale of distance all turned out to be
considerably smaller than the galaxy: astronomers have never forgotten
the salutary lesson that Kepler and Copernicus taught the believers in
the unique status of the home of homo sapiens, and any theory that
sets our earth or our galaxy on a plane above the normal scheme of
things is viewed with suspicion, and will only gain provisional accept-
ance as a last resort to save the phenomena. Yet if the spirals were as
near as they were thought to be, and the galaxy as large as was thought,
then certainly the galaxy was a giant among them. The distance de-
terminations were accordingly suspect. This slur on the early distance
determinations was, however, removed by two subsequent develop-
ments. First, it transpired that the estimations of galactic diameter were
too large: its supposed diameter of 300,000 light years has been reduced,
as a result of new knowledge about galactic absorption, to something
nearer 100,000 light years. And at the same time the spirals have been
shown to be larger than originally suspected. That the brightness of a
spiral such as M.31 falls off gradually toward its perimeter has been
demonstrated by the fact that the longer a plate is exposed, the larger
the area of nebula that is recorded. But the degree to which this exten-
sion could be carried was not realized until extremely delicate photo-
metric investigation with a photoelectric cell proved that the nebula is
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at least twice as large as is visually apparent. The combination of these
revised estimates of the size of the galaxy on the one hand, and of the
spirals on the other, has gone far toward removing the original dis-
crepancy and has reduced the star system to a scale comparable with
that of the late-type extragalactic nebulae. Though there is still con-
siderable uncertainty regarding the precise size of the galaxy, the in-
vestigation has proceeded far cnough to justify the confident statement
that the spiral nebulae are indeed ‘comparable galaxies.’

IV. CONTENT

Having established these preliminary agreements between galaxy and
spirals as regards rotation, size, and mass, we can now proceed to a
comparison of their respective contents, so far as these are known.
And here some of the most impressive evidence for the identity of the
two is to be found.

Stellar resolution in a considerable number of the nearer nebulae has
been confined to the late-type spirals. A number of interesting facts
concerning the stellar and other identifications are worth collecting to-
gether. )

i. The luminosities (absolute magnitudes) of the brightest galactic
stars and the brightest stars in the spirals arc of the same order: so far

as the evidence goes, galactic and nebular stars are built on the same

pattern.

ii. Variables of precisely the same types.as.galactic variables are found
in great profusion in the resolvable nebulae.

iii. Novae, .which also occur in great numbers in the spirals, are
similar to galactic novae in appearance and behavior.

1v. w&,agbulosity, are of common occurrence
in the spirals, as in the galaxy.

v. Dark_nebulae_likewise occur abundantly in both. Among spirals,
it is most noticeable in the edge-on nebulae, where it appears as a

peripheral band.
vi. Vast star clauds and even open clusters of the galactic type occur

in the late spirals: in addition, the spectroscope indicates that in many
cases the visually unresolvable nebular nuclei consist of star clouds,
which, seen from a smaller distance, would no doubt resemble the
clouds of our Milky Way.

vii. The peculiar distribution of the globular clusters has already
been described: though certainly to be classed as galactic objects, they
are for the most part situated outside the galaxy as defined by the stars,
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galactic nebulae, and open clusters (see Fig. 35). In 1932 Hubble an-
nounced the discovery of 140 objects similarly situated with regard to
the great Andromeda spiral. These are conjectured to be globular
clusters, though the identification has not yet been definitely established.
If they are, the discovery will provide still another, and very striking,
detailed similarity between the galaxy and a representative extragalactic
object.

viii. Finally, there is the close correspondence between the observed
shapes of the spirals.and the conjectured shape of the galaxy. Both the
W are circylar.in plan.and highly flagened in the
direction of the axis.of zotation. In each case the flattening is the result

of this rotation.

TIIE GALAXY AS A LATE-TYPE SPIRAL

All this constitutes an impressivc mass of evidence that __ﬁ_sp.l.raJS-and

es’; that they. dxﬁe.r.,.fmm QJ;IQ another pnmanly as
or dggree of development alopg the Wd
y..probable that tth%That
it is not an early splral is indicated by the prevalence of sapglaids and,
generally, the high degree of resolution reached. That it is not an 1r-
regular nebula, despite this advanced stellar resolution, is established
by the evidence for rapid rotation, which must involve rotational sym-
metry—a characteristic which the irregular nebulae notably lack.

We may, then, envisage the galaxy-as—a-lenticular, heterogeneous
congeries of stars and other matteFrprobably-betucen 50,000-a8d-ro0;000

hghtﬁe&;s-q.n_:.hamw major axis is from seven to ten times as

great as its minor axis, this highly flattened form deriving from its
rapid rotation. The galactic center lics among or beyond the star clouds
in the Sagittarius region of the Milky Way, and at a distance of about
one quarter of the galactic diameter.

In addition to stars and star clouds, the system contains a vast
amount of undifferentiated matter, partly gaseous and partly meteoric.
Not only does irregular nebulosity, capable of the complete obscuration
of radiation passing through it, abound in the median plane, but the
whole system is permeated by an even more tenuous absorbing medium
which is probably of a gaseous nature. An analogy may possibly be
drawn between the peripheral absorbing matter seen in edge-on spirals,
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and that which is responsible for the great rift which splits the Milky
Way into two streams between the constellations of Cygnus and
Centaurus. The obscuring matter is concentrated toward the galactic
center and probably masks this center from the terrestrial observer.

It is probable that the remains of spiral arms unwinding from the
central regions would still be visible to an extragalactic observer. Not
only do the studies of the extragalactic nebulae show the existence
of such arms to be most probable, but Oort’s complex and painstaking
analyses of stellar distribution and comparative star density may be
interpreted as revealing their actual existence. It is within them that
the star clouds (including that containing the Local Star Cloud) would
be chiefly located, the regions between the arms being characterized
by considerably lower star densities.

Trumpler’s three-dimensional model of the open cluster system also
reveals traces of spiral structure. In particular, the clusters in Auriga,
Cassiopeia, and Perseus appear to delineate a spiral arm, and Trumpler
believes that the galaxy is, as viewed from the north galactic pole, a
right-hand spiral.

This is as far as we can go with existing equipment. All the more
fundamental problems connected with the large-scale structure and
organization of the universe must probably await observations with the
200-inch giant of Palomar for solution. The future will always hold in
store greater and more magnificent conceptions than the past; and,
despite the awe-inspiring achievements already realized, it is to the
future that we must turn our eyes.
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AN INTRODUCTION TO SPHERICAL ASTRONOMY AND
SYSTEMS OF TIME MEASUREMENT

SPHERICAL SPACE

The concept of the sphere as the perfect solid has been familiar to
philosophers and scientists for at least three millenniums. In all of the
ancient systems of astronomy we {ind the sky referred to as a spherical
dome spreading above the earth. In the carly years of the fourth century
B.c. the concept of the earth itself as a sphere was introduced, and by
the latter part of the third century actual observations had been made
for the determination of dimensions of this spherical earth. Hipparchus
invented trigonometry during the second century B.c. and applied it to
calculations of distances and directions in a space confined to the sur-
face of a sphere. In all of the ancient systems the cacthasascansidercd
ﬁxed at the center Qf a qnhere carcying.the SLals, This sphere revolved
about the earth once cach day, with the moon, sun, Mercury, and the
other planets all moving in spheres between the outer star sphere and
the spherical carth. This system was completely described by Ptolemy
during the second century of the Christian era and remained virtually
unchallenged until the sixteenth century.

In spite of the fact that we now know that the earth is not spherical,
that the planets do not move in spheres, and that the stars are not
attached to any sphere that revolves about the earth, nevertheless for a
great many problems in spherical astronomy the ancient concept is still
employed in a modified form. For all except the refined problems of
geodetic surveying the earth may be considered a sphere. In all except
the complicated problems of modern cosmography we may consider
the stars at attached to a celestial sphere centered on the earth, with the
moon, sun, and other members of the solar system projected out to
the surface of this sphere. The general problems of this projecting of
relatively close objects out to the star sphere are discussed under the
general topic of parallax in Chapter 1. In the discussion of problems
of spherical astronomy it is more convenient to speak of the star sphere
as revolving about a fixed carth than it is to s t is to speak every time of the ap-
parent revolution of the star sphere due to the real rotation of the earth
on its axis.

303
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CO-ORDINATE SYSTEMS IN SPHERICAL SPACE

The method of locating the position of a point in a plane relative to
some fixed point in the plane by the so-called rectangular Cartesian sys-
tem is known to most people. For example, in a well-ordered class-
room a teacher may locate any student in the-room by counting rows
from the front of the room toward the back and seat numbers to the
right or left of the aisle immediately in front of the desk. For example,
John Doe in fifth row third seat right. To be more explicit we draw
two_ perpendicular lines through the, reference point and measure co-
ordinates of X as plus or minus distance from this origin of co-
ordinates.along one line and co-ordinates of Y as so many units of dis-
tance plus or minus along the perpendicular.

In spherical space (that is, space confined to the surface of a sphere)
we encounter difficulties with the so-called rectangular Cartesian co-
ordinates: There are no ‘straight’ lines, and there are no familiar units
of distance. Any plane passed through the center of a sphere will cut out
on the surface a circle known as a great circle. Lines drawn from the
center of the sphere to two points on the surface will subtend a definite
angle at the center of the sphere. In astronomy we use three systems
for measuring angles:

1. The familiar degree, minute, and second system in which 60" =
one degree and 60” = one minute. Accordingly, one circumference is
360°, or 21600, or 1296000” of arc.

~3. The hour, minute, and second system in which one circumference
= 24 hours, 1440 minutes, or 86400 seconds of time.

3. The radian system in which 2 & radians = one circumference.
Hence, one radian = 57.°29578 = 3.'81972.

The length of the arc of the great circle between the two points in
spherical space may be given in either one of the three systems of angle
units mentioned above, the numerical value being equal to the plane
angle subtended at the center of the sphere between the radii to the
two points. This distance cannot be expressed in linear units (i.e. feet,
yards, miles, meters, et cetera) unless the radius of the sphere is known
in those units.

To_set up a system of &phcrical co—ordinates!wc first pass a line
throngh the center of the sphere (C in Fig. 54) that will intersect the
surface of the sphere in the points P and P/, We next pass a plane
through the center of the sphere that is perpendicular to the line just
described. This plane will cut out on the surface of the sphere the
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great circle QDVQ’. The line PCP” is known as th: ine

the plane is known as the fundamental glagg, and the great circle

ODV Q' is known as the fundamentalsiscleafihe spharical cosardinate
sksiem We next select a point D on the fundamental circle (or a direc-
tion CD in the fundamental planc). Thg fundamental line, plane, and

-
-
——-———’
————

X

Figure 54.

point or direction define what is known as the in
spherical space, just as the origin and the two perpen!xcular lines !axes)
define the reference frame for rectangular Cartesian co-ordinates in
planc space. To locate the position of a point B in the spherical space

relative to the reference frame just established we pass.a plane through
B that contains. the fundamental line. This planc cuts out on the
spherical space the great circle PBVP’V’. From elementary conditions
of solid geometry this plane must be perpendicular to the fundamental
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plane and the great circle must be perpendicular to the fundamental
circle at points V and V”.

The first co-ordinate of B is measured from D along the fundamental
circle to V and the second is measured along the great circle containing
B from V to B. In Fig. 54 these spherical co-ordinates are designated by
a and P respectively. It will be noted that they are numerically equal
to the plane angles DCV and VCB.

SPHERICAL CO-ORDINATES ON THE EARTH

As early as the second century of the Christian era cartographers had
discussed the spherical co-ordinates of latitude and longitude on the
earth. The terms probably arose from the fact that the then-known
civilized world extended around the Mediterranean Sea, which is long
in the east-west direction and wide in the north-south. In terms of our
definitions of general spherical co-ordinates we define those on the
earth in the following manngr:

nter of the

2. The fundamental circle, known as the terrestrial gquator, is cut
out by the equatorial plane passing through the center of the earth
perpendicular to the axis of rotation.

3. Planes passing through the carth that contain the axis of rotation
cut out on the surface of the earth great circles known as terrestrial
meridians. The fundamental point in the terrestrial system of spherical
co-ordinates is the point of intersection of the meridian through Green-
wich, England, and the equator.

To define the position of a place on the spherical earth we pass a
meridian through that place and measure the co-ordinate of longitude
from the point of intersection of the meridian through Greenwich
cither east or west along the equator to the point of intersection of the
local meridian through the place and the equator. The co-ordinate of
latitude is measured along the local meridian north or south from the
equator to the place in question. Lonagitude-may be expressed either in
hours, minutes, and seconds of time, or in degrees, minutes, and sec-
onds of arc east or west from Greenwich. Laticude-is always expressed
in degrees, minutes, and seconds north or south of the equator. "

Navigators frequently find it convenient to express distances on the
surface of the earth in linear rather than angular units. For this purpose
the nautical mile is defined as one minute of arc on a great circle of a
sphere whose area is equal to the area of the theoretical geoid (a sphere
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slightly flattened at the poles). Using the values for the dimensions of
the earth accepted at the present time the nautical mile is found to be
equivalent to 6080.277 feet. Within an error of 2/10 of 1 per cent this is
equivalent to 15/13 of the statute mile of 5280 feet.

HORIZONTAL SYSTEM OF SPHERICAL CO-ORDINATES ON THE
CELESTIAL SPHERE

he celessialsphere. is defined as a _sphere of infinisesadius with.dh
earth atthe center. On such a sphere all distances must be expressed in

angular units. In the horizontal system of spherical co-ordinates the
fundamental line (see Fig. 54) is_the direction. of the plumb line for

-ver_on the surface of the cargh. 1his line intersects the celes
tialsphere in the chserver’sizenihan WT he p W
to this line, or the fundamental plane, is the plane o RSELVCT
ronomjcal horizon. The fundamental direction is the direction of true
north on the horizon. All great circles on the celestial sphere that con
tain the direction of the plumb line, and hence pass through the ob
server’s zenith and nadir, are known as vertical circles. To define the
position of an object on the celesual sphere in this horizontal system
of_ca-grdi. ] he. co-
ordinate of bearing is @casuggum.mndmcntﬂ dir on (1 e.
true north) on the astronomical horizon toward the east through 360°
o the point of intersection of the vertical circle through the object and
the horizon. The co-ordinate of altitude is measured from the plane
of the horizon along the vertical circle to the object. For many cen-
turies the word azimuth was used to indicate the direction of the point
of intersection of the vertical circle through the object and the horizon.
The astrongmical_definitan of azimuth/i the angular. distapce from
the south Qomt of the horizo h _360°. This means
that azimuth, in the strict sense of the term, is equal to the bearing as
defined above minus 180°.

This system of co-ordinates is more or less familiar to everyone. If you
should look out of the window and notice a strange object in the sky
which you could not identify you might well call your neighbor on the
telephone. Since he cannot see you, you could not point to the object
and say, ‘It is right up there,’ but you could say, “The object is in the
southwest and up about a third of the way from the horizon.” To ex-
press these co-ordinates scientifically you would say, “The object has a
bearing of 225° and altitude of 30°.” If the object were in the east, you

would say, ‘Its bearing is go°’; if in the northwest, ‘Its bearing is
[

315°.
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Since the fundamental line in the horizontal system of co-ordinates
is the direction of the plumb line through the observer, it should be evi-
dent that at any particular instant the horizontal co-ordinates of an
object on the celestial sphere will be different for every individual on
the surface of the carth. If two obscrvers are separated by a distance of
one nautical mile, the positions of their respective zeniths will differ
by one minute of arc. As a matter of fact, all of the astronomical
methods for determining the position of an obscrver on the surface of
the eamb educed to thg one fundamental problem of determin-
ing_the location of the zenith on the celestial sphere.

The most Casual observer of the heavens has noticed that the hori-
zontal co-ordinates of practically all celestial objects are continually
changing from minute to minute. These diurnal motions are described
in Chapter 1. Because of these variations of horizontal co-ordinates with
change of position of the observer and also with the passage of time,
they cannot be used conveniently for compiling a general catalogue of
positions of stars for the entire heavens.

EQUATGRbrlomeb U6 LM QF S PHERLChlmCQ-QRRINATES ON THE

CELESTIAL SPHERE

In Chapter 1 we saw that the changes in the horizontal co-ordinates of
an object are due to the rotation of the earth. To compensate for this
motion we set up on the celestial sphere a reference frame directly cor-
related with the direction of rotation of the earth.

The fundasmeatal line in thiscquatorial system of celestial co-ordinates

is. the axjg of rotation of e celestial sphere
in ] th poles of rotat he fu ne, per-
pendicular to this line, is congruent with the equararial plane of the
earth f ¢ i as_the

celestial equasor. Planes passed through the celestial sphere that contain
the axis of rotation cut out on the surface of the sphere great circles
known as hour circles. That particular hour circle that passes through
the observer’s zenith and nadir is also a vertical circle and is known as
the local celestial meridian of the observer.

g C UIIUd 8 ol vl

this inates.eithe : v :
(1) that poing of intersection of thelocal meridian with the-equatar
which.g c the hari : jgati jal equator) ;
(2) that pojn i atod which

is known asthe vernal equinoxe
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To define the position of an object on the celestial sphere by the
equatorial system of co-ordinates we pass an hour circle through the
object.

1. The first co-ordinate is measured from upper culmination in the
direction of rotation of the celestial sphere through 360° or 24 hours
to the point of intersection of the hour circle through the object with

the equator. The second casasdinateismeasured along the hanccicdle
from the equator north () or south (—) to the object. Thetwo cg-

ordinates are _lgnmun_ag,l}_wk and declinatjon respectively.
2. The ﬁwmw
the equatar in-the—disessonmsontiany. Lo that of the catarianof le

C o

r_circl j - bRl linown.gs
righteaseencien. The other co-ordinate of declination is as defined
under 1.

As the celestial sphere rotates, the co-ordinates of declination and
right ascension remain fixed, since the rotation of the sphere is parallel
to the equator and the vernal equinox is a point on the equator. How-
ever, the co-ordinate of hour angle continually increases from zero with
the object on the meridian at upper culmination around through 24
hours or 360° back to culmination again.

Catalogues are published for the stars that are ‘fixed’ on the celestial
sphere, giving the right ascensions and declinations for some particular
epoch such as 1950.0. Due to precession and nutation, the position of
the vernal equinox on the equator changes slightly with time, and small
corrections have to be applied to the catalogue positions to get the
actual positions of the stars on dates other than that of the epoch of the
catalogue. Slight corrections to catalogue positions must also be applied
to allow for proper motions when these are known. Ephemerides and
almanacs are published each year giving the right ascensions and de-
clinations of the various members of the solar system for each date.

OTHER SYSTEMS OF SPHERICAL CO-ORDINATES ON THE
CELESTIAL SPHERE

A number of other reference frames for spherical co-ordinates are
used in certain particular fields of astronomy. Among these may be
listed:

_&system using the ecliptic_as the fundamentg! plapge, and the

tic. In this system
celestial latitude and longitude are defined. These are used by workers
in the field of celestial mechanics.
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TABLE OF SYSTEMS OF SPHERICAL CO-ORDINATES DISCUSSED IN THE TEXT

Figure 54 Terrestrial Horizontal Equatorial
Line PCP’ Axss of rotation  Plumb line at Axis of rotation of the celestial
of earth station sphere
Plane QDVQ’  Plane of equator  Planc of horizon Plane of celestial equator
Circle QVQ'V’" Terrestnal Astronomic Celestial equator
equator horizon
D Meridian of True north Upper culmina-  Vernal Equinox
Greenwich, point of tion of equator
England horizon
vBP Local Terrestrial ~ Verucal circle Hour circle Hour circle
meridian
a Longitude Bearing Local hour angle Right ascension
Long. or X LIIA RA or
West A=-+\
East A=—\
B8 Lautude Altitude Declination Declination
Lat. or ¢ h dec. or & dec. or &
north o=-4¢ north =446 north 6=-48
south o=—¢ south §=—38 south é=—28

The symbols shown below the various terms above are standard 1n astronomy and in navi-
gation. These symbols are those used 1n the text.

2. The galactic system, which uses the plane of the galaxy as the
fundamental plane. The fundamental point on the ‘galactic equator’
is one of the points of intersection of the celestial equator with this
great circle. This system of co-ordinates, in which galactic latitude and
longitude are defined, is used by workers in the field of general
cosmography.

TRANSFORMATION OF CO-ORDINATES

In order that the horizontal co-ordinates of an object may be deter-
mined when the equatorial co-ordinates are given or the equatorial co-
ordinates determined when the horizontal are given, both systems of
co-ordinates must be represented on the celestial sphere. In Chapter 1
we saw that the altitude of the pole of rotation of the celestial sphere is
equal to the latitude of the observer. Figure 55 is a representation of
the celestial sphere for an observer in latitude 42° North. The plane
of the paper is the plane of the observer’s celestial meridian shown as
the circle NPZSP’. The zenith, Z, is shown at the top and the horizon
is shown as the circle NESW. P represents the north pole of rotation
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and is on the meridian at an altitude above the north point of the hori-
zon by an amount equal to the terrestrial latitude of an observer in
north latitude (in this case 42° N.). The celestial equator is shown by
the circle LEUW. The direction of the arrow indicates the direction
of rotation of the celestial sphere. On the diagram we have shown a
celestial object at O and through it we have passed the vertical circle
ZOB and the hour circle POH. The horizontal co-ordinates of O are

Z

Figure s5.

represented by the altitude, BO, and the bearing, NESB. (In the figure
the altitude is approximately 52° and the bearing approximately
218°). The equatorial co-ordinates of O are shown as hour angle UH
and declination HO. (In this case the hour angle is approximately
1* 30™ and the declination approximately 10° N.) The right ascension
of the object cannot be determined unless we know the hour angle of
the vernal equinox. If we assume the vernal equinox to be at the point
represented by the point V' at hour angle of 05" 10™, then the right
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ascension of the object. would be VH, or about three hours and forty
minutes.

The spherical triangle PZO is known as the astronomical triangle.
The sides of this angle may be seen to be equal to:

PZ=g9o—¢ (p=latitudc)
Z0=9o—h (h=altitude)
PO=go—35 (&=declination)

The apex angles of this triangle are:

ZPO= (t=hour angle)
PZO= 360— B (B= bearing)
ZOP=q (g= parallactic angle)

If we know any three parts of this triangle the others may be deter-
mined by the methods of spherical trigonometry. The various prob-
lems in that branch of astronomy known as spherical astronomy—and
the majority of the problems in celestial navigation—are concerned
with the trigonometric solutions of this astronomical triangle.

For those who are not familiar with trigonometric methods or those
who are interested only in approximate results, very satisfactory solu-
tions may be made by graphical methods. The first step is to draw a
circle that will represent the observer’s celestial meridian. Place on that
circle the zenith and draw in the cclestial horizon; then place on the
meridian the pole of rotation, at an angle above the horizon equal to
the latitude of the observer, and draw in the plane of the celestial
equator. Since the equator is go° from the pole, by definition, the alti-
tude of the point of upper culmination will be equal to go- latitude.
The point of intersection of the horizon nearest to the elevated pole
will be the north or south point of the horizon, depending upon whether
the observer is in north or south latitude. The east and west points of
the horizon may be established by remembering that objects rise in the
east and set in the west and, therefore, once the direction of rotation of
the sphere is indicated, as by the arrow in Fig. 55, the east and west
points are determined.

In-erder-that-en-ebject may be located-on-the diagram it is necessary
to_know either. the horizontal or the equatorial co-ordinates. If the
horizontal co-ordinates are given, the bearing is estimated around the
horizon from the north point toward the east through 360° and a point
marked on the horizon. In Fig. 55 the bearing is given as 218° and the
point on the horizon will be 38° along from the south point (180°)
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toward the west point (270°). Through this point the vertical circle is
drawn through the zenith and the nadir. The object is then located by
estimating the altitude up from the horizon along this vertical circle
(52° in the case discussed in Fig. 55) and the point O is marked. To
represent the equatorial co-ordinates of the object, the hour circle
(POF’) is drawn through the object and the poles of rotation. The
hour angle, UH, is estimated along the equator from its point of upper
culmination to the intersection of the hour circle through the object
(1" 30™ in Fig. 55). The declination, HO, is estimated along the hour
circle from the equator to the object (4-10° in Fig. 55). The declina-
tion will be either north or south (4or—) depending upon whether
the object is between the equator and the north or south pole of the
celestial sphere.

These cstimations of angular distances along the various circles,
which are projections of great circles on the sphere onto the planc of
the paper, require considerable practice before proficiency is attained.
More accurate results can be obtained by drawing the circles on the
surface of a sphere, and the most accurate results are obtained by
trigonometric solution of the astronomical triangle, PZO. However,
with sufficient practice, results accurate to within 10° in each of the
unknown co-ordinates can be obtained. A set of sample problems will
be found at the end of this appendix. If the object is east of the meridian,
that is, with bearing less than 180° or hour angle greater than 12 hours,
it may be more convenient to bring the east point of the horizon to
the front side of the diagram. This can be done by simply considering
the sphere to rotate in the opposite direction from that indicated in
Fig. 55, that is, by pointing the arrow on the equator in the opposite
direction.

Small circles drawn through the object parallel to the equator will
represent the diurnal path of the object and the points of intersection
of this circle with the horizon (i.e. where the altitude is zero) will
give the bearing of the points of rising and setting. The altitude of
the point of intersection of the diurnal circle with the equator (i.e.
the point of upper culmination of the object) may be proved, by simple
geometry, to be equal to go—the latitude of the observer. Navigators
and surveyors measure the meridian altitude of an object of known
declination for the purpose of determining their latitude.
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PHYSICAL TIME AND ITS MEASUREMENT

In the physical sciences time is regarded as a measured duration. Two
intervals of time are equal, by dcfinition, when an object moving in
qu,umgpum n_passes through equal.distances in the two intervals. The
moving object may be considered as the clock and for many millen-
niums mankind, either consciously or unconsciously, has used the
rotating earth as the fundamental clock. To be in equilibrium an object
cannot be acted upon by any external forces, or if such forces do exist
they must completely cancel each other. A moment’s consideration will
show that the earth is acted upon by a great variety of external gravita-
tional forces, and timekeeping devices developed within the present
century have begun to detect slight irregularities in the rotation period
of the earth. However, for timekeeping within an accuracy of a few
seconds per century the rotating earth, or the apparently rotating celes-
tial sphere, may be considered as satistying the definition of the funda-
mental clock.

To determine the distance moved by the fundamental clock there
must be some fixed point outside the object relative to which the move-
ment can be measured. Up to the present time no such fixed point has
been found outside of the earth. The systems of timekeeping developed
through the ages have used various objects that we now realize are
not fixed points on the celestial sphere. At the present time three such
objects are employed: the real sun, the mean sun, and the vernal
equinox.

APPARENT TIME

The carlicst systems of timekeeping of which we have any records used
the true sun as the reference point. The Babylonians and early Greeks
divided the day, from sunrise to sunsct, into twelve equal parts and
the night into twelve equal parts. This meant that the day hours were
longer than those of the night during the summer season, while in the
winter season the reverse was true. Our own method of dividing the
day comes from the Egyptians and Romans, who divided the whole
day into twenty-four equal parts numbered in two groups of twelve.
The various peoples began their day at different times. For the Baby-
lonians the day began at sunrise, for the Jews and Greeks at sunset,
and for the Egyptians and Romans at midnight. In every case.the
twenty-four-hour day was equal in length to the time required for the
sun to pass from culmination with the meridian back to the same
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culmination again. Due to the fact that the apparent motion of the true
sun along the ecliptic is not uniform, the length of the solar day varies
with different seasons of the year. For the ancient peoples this presented
but little difficulty. During the interval while the sun was above the
horizon the hours could be marked by the position of a shadow cast
by an obelisk or a gnomon. The crude timekeeping instruments for
marking the hours of darkness or cloudy days were so inaccurate that
the variations in length of the day introduced but little confusion. In
these modern days truc solar time is seldom used by the general public
except for the ornamental sun dials that are found on various buildings
and in many parks and gardens.

For many problems in surveying and in navigation, apparent time
is still used and the apparent solar time at any instant is defined as the
hour angle of the true sun. From the definition of hour angle we find
that the apparent solar time is 00"00"00® with the sun above the horizon
and on the meridian. For civil purposes it is more convenient to have
the day begin with the sun below the horizon and on the meridian
(i.e. at midnight). For this reason it has become the standard practice
to usc apparent civil time, which is the hour angle of the true sun
—+12" rather than true solar time. This means that when the true sun
is on the observer’s meridian and above the horizon the apparent civil
time (frequently called apparent time) is 12"00™00

MEAN AND CIVIL TIME

With the improvements in the design of mechanical clocks the varia-
tions in length of the true solar days became intolerable. These varia-
tions in length are due to the fact that the true sun is moving in the
ecliptic with variable speed, while the celestial sphere is rotating paral-
lel to the celestial equator. To compensate for these motions a mean
sun is defined as a fictitious object that moves along the equator with
uniformly increasing nght ascension, completlng its rev

regions of the earth, civil time is generally used and this is defined as
mean time 12 Since the mean sun is a fictitious object it cannot be
observed, and mean time can never be found by direct observation.
Apparent time, which can be directly observed, is converted to mean
time by use of the equation of time. The equation of time is defined
as apparent time minus mean time. The following table indicates the
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values of the equation of time for the first day of each month of the
year 1950:

a.m. a.m.
1 January — 3™ 14° 1 July — 3m3I1®
1 February —13 25 I August - 6 16
1 March —12 38 1 September — o 15
1 April — 4 12 1 October +10 o1
1 May + 2 50 1 November +16 18
1 June + 2 27 1 December 11 16

These values remain constant from year to year to within a few seconds.

In many countries the archaic custom of dividing the day into two
twelve-hour periods is still in use. The day begins at zero hours mean
time and then continues until twelve o’clock noon. From this point the
counting is repeated from one hour to twelve hours midaight. On this
system the morning, or a.m., hours are actually civil time while the
afternoon, or p.m., hours are mean time or true hour angle of the mean
sun. The mean solar day, that is the interval from midnight to mid-
night, is equal in length to the average of the lengths of all the apparent
solar days during a year.

SIDEREAL TIME

by astronomers for the purpose of determining
-ToNyal objects when their right. ascensions-aze

fide ¢ is defined as the hour angle of the vernal
equinox. In Fig. 55 theAernal equinox is assumed to be at V and its
hour angle, UV ours and 10 minutes. This means that the sidereal
time at the instant for which the diagram is drawn is o5"10™. The
hour angle, HA, of the object represented in Fig. 55 is o130™. Since
we have already defined right ascension as the angle measured
along the equator from the vernal equinox in a direction contrary to
the direction of rotation of the celestial sphere to the point where the
hour circle through the object intersects the equator, it should be im-
mediately evident that the right ascension of O must be os"10™ minus
or"30™ or 03"40™. Conversely, if the sidereal time 6 is given and the
right ascension of any object, @, is known, then the hour angle of the
object, #, can be immediately determined from the relation 6-a=tz.

Since the. vernal equinox is defined as a point of intersection of the
equator-and the eclipticit-has no objective reality and hence sidereal

time cannot be directly observed. However, a brief consideration of the

Sidereal time is uscd
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relationship between sidereal time, hour angle, and right ascension will
show that when an object is on the meridian at upper culmination its
hour angle is zero, by definition, and the sidereal time at that instant
will be equal to the right ascension of the object. In the almanacs pub-
lished by all of the major governments of the world the ‘clock stars’
are listed at great length. The right ascensions of these clock stars are
accurately known and, by means of an instrument known as a meridian
transit, the exact instant, or sidereal time, of the passage of these stars
across the meridian can be determined by observation. Observations of
the transits of these clock stars are made at the U.S. Naval Observatory
and at the government observatories of many other nations; these
accurate determinations of sidereal time form the fundamental basis
for the timekeeping systems of the world.

SIDEREAL AND MEAN TIME

From the definition already given for the mean sun it should be evident
that there is one more ‘sidereal day’ in a year than there are mean solar
days. This means that a clock keeping sidereal time will gain on a
clock keeping mean time by one day in a year or approximatcly four
minutes per day (3™ 55°746 M.S.T.). Looking at it from another point
of view, we may say that the right ascension of the mean sun is increas-
ing at the rate of approximately four minutes per day. Mean time has
been defined as the hour angle of the mean sun and hence the sidereal
time at any instant is equal to the mean time plus the right ascension
of the mean sun (6=MT+a MS). An accurate value of the right
ascension of the mean sun may be determined for any instant of mean
time by interpolation from an almanac. While this interpolation must
be carried out for all problems where great accuracy is desired, never-
theless values of sufficient approximation to locate the position of the
vernal equinox on a diagram of the celestial sphere similar to that in
Fig. 54 may be obtained by assuming that the sun moves ahead four
minutes per day. The determination of sidereal time by this method
is comparable in accuracy to that of determining civil time at any
instant by a mechanical clock whose minute hand advances by jumps
of one minute.

If we assume that every month is thirty days in length this would
give a motion to the mean sun of two hours per month. The right
ascension of the mean sun is zero when it passes through the vernal
equinox, which takes place on 21 March approximately. Accordingly,
we should say that the right ascension of the mean sun on 21 June is
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six hours, on 21 September it is twelve hours, and on 21 December it is
eighteen hours. If we wish to find an approximate value of the right
ascension of the mean sun on any particular date, we find the number
of months that have elapsed from 21 March to that 21st day of the
month closest to the given date and multiply this number by 2. This
will give the number of hours of right ascension. Then find the number
of days before or after the 21st of the selected month, multiply this
number by 4 and subtract or add the number of minutes thus deter-
mined from the hours. For example, to find the right ascension of the
mean sun on 15 August: 21 August is the closest integral month date
and this is the fifth month from 21 March. Hence, 5™°X2"=10". The
date for which we are determining the right ascension is 15 August
or six days before the 21st. Therefore, we must subtract 6 4"=24"
from the 10". This gives the value aMS=ogh. 36m. on 15 August; a
value that differs from that given in the U.S. Nautical Almanac for
1950 by about five minutes. Since five minutes of time is equivalent
to 1° 15’ of arc, the error of determination of the right ascension of
the mean sun is considerably less than the errors of estimation of angle
on diagrams similar to Fig. 54.

TIME, TERRESTRIAL LONGITUDE, AND STANDARD TIME

In all of the definitions of time given thus far we have used the hour
angle as measured from the observer’s local celestial meridian. Since
any celestial meridian is the projection of a terrestrial meridian onto
the celestial sphere, the times at any particular instant for observers on
different meridians of longitude will not agree. The angular difference,
measured along the equator, between any two meridians is equivalent
to the difference of terrestrial longitude and, hence, is equivalent to
the difference in time. Since the fundamental meridian for defining
terrestrial longitude is the meridian of Greenwich, England, it should
be evident that the difference between any local time and the cor-
responding Greenwich time at the same instant is equal to the longi-
tude of the observer. Because of this, many writers define longitude
as the difference between local time and Greenwich time and express
this longitude in units of time measurement. Expressed in symbolic
form this definition becomes A—=GXT—LXT, in which the X refers
to the symbol for any sort of time, either solar, apparent, mean,
civil, or sidereal. In even more general terms longitude may be defined
as the difference between the Greenwich hour angle of a given object
and the local hour angle of the same object at the same instant
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(GHA—LHA=L)). As mentioned above (p. 310) west longitude is
called plus (A is west and —2 is east).

Before the days of rapid transportation, individual localities used
their own local times. Usually the municipal clock indicated the local
civil time on the twelve hours am. and p.m. system. By 1870 the rail-
road operators had found the confusion of local times to be intolerable
and each railroad adopted as ‘railroad time’ the local civil time of its
main office. While this simplified matters for the railroads it merely
served to increase the confusion for the traveling public. In 1884 an
international conference was held and the present systems of zone time
and standard time were agreed upon.

For zone time the fundamental meridian is that of Greenwich, Eng-
land, the meridian from which terrestrial longitudes are measured. The
time zones are centered on every integral hour (15°) meridian west or
cast of Greenwich. These zones are numbered -1, +2, 43, et cetera
for the 1", 2", 3", et cetera (4 15°, +30°, +45°) if the longitude is
west of Greenwich, and —1", —2", et cetera, if the longitude is east.
The zone boundaries are halfway between the zone meridians. Ac-
cordingly the 41 time zone is entered when a traveler crosses the
terrestrial meridian 30™ (or 7°.5) west of Greenwich when he is mov-
ing toward the west, or the meridian 1" 30™ (22°.5) west if moving
east. The 12" zone is centered on the 180° meridian from Greenwich
and is divided into two half zones 412 from longitude 172°.5 west to
longitude 180 and —12 from 172.°5 east to the 18oth meridian. When-
ever time is expressed on the zone-time system the zone designation
should be given; e.g. (+7) 14 20 33 indicates that the civil time of the
7th hourly meridian west of Greenwich is 14 20 33 or 02 20 33 in the
afternoon.

Zone time is in general use by navigators both on the sea and in the
air. Approximations to zone times are used by most of the nations of
the world. In the United States we use standard time and there are four
zones. These are known as Eastern, Central, Mountain, and Pacific
standard times and are centered on the 45, +6, 4%, and +8 zone
meridians. The boundaries of the zones are determined by commercial
considerations rather than by the strict zonal rule. Standard time sys-
tems have been set up by the various nations. In the small nations the
standard meridian adopted is frequently that of the national capital or
that zone meridian which is closest to the capital.

During the present century the practice of establishing so-called
Daylight Saving Time has become quite general. This is accomplished
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by shifting the clock readings so that they carry the zone time of the
meridian one hour closer to Greenwich than is used on the standard
time. For example, Eastern Standard Time becomes -4 zone time,
Central Standard Time becomes -5 zone time, et cetera.

DATE AND THE INTERNATIONAL DATE LINE

Calendar dates and days of the week are always begun at midnight
(zero hours) of the civil time that is used by the particular locality.
This may be either local civil, standard, or zone time. Whenever a
date is mentioned in connection with solar, apparent, or sidereal time
that date is the civil date—there is no such thing as a solar, apparent,
or sidereal date or day of the week. The data given in the American
Ephemeris, the American Nautical Almanac, and the American Air
Almanac, in common with similar publications of most of the nations
of the world, are given for zero hours Greenwich Civil Time
(00" GCT).

In these days of rapid communication and of rapid travel over very
long distances over the earth the question of calendar date has become
a most confusing one. This confusion was first experienced by the of-
ficers of Magellan’s first voyage around the globe. They traveled from
Spain westward across the Atlantic, passed around Cape Horn, and
continued back to Spain. Very accurate count was made of the elapsed
days throughout the long voyage and when they returned to port they
found that one day less had elapsed for them than for those who had
remained at home. In other words, if they had returned on Tuesday by
their own reckoning they would have found that it was Wednesday
at the shore station. The explanation of this can readily be understood
by assuming that a plane flies due west at such a speed that it will re-
turn to base in exactly twenty-four hours. This would be possible for
planes operating from a base in high north or south latitudes. If the
plane left base at eleven o’clock in the morning on Monday, 20 June
the mean sun would remain one hour east of the meridian of the plane
throughout the twenty-four hours. In other words, when the plane
returned to basce the pilot’s time would still be 1100 Monday 20 June
since the sun had not moved relative to his meridian throughout the
flight. However the commander of the base would report that the
plane returned at 1100 Tuesday, 21 June. In order that the pilot’s date
should be in synchronism with that of the base at the time of return,
the pilot would have to alter his date at some time during the twenty-
four hours of flight. Had the pilot flown in the opposite direction, i.e.
toward the east, the sun would have crossed his meridian thirty minutes
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after departure, would have crossed his meridian at lower culmination
six hours and thirty minutes after take off, would have crossed again
at lower culmination eighteen hours and thirty minutes later, and
would have been one hour east of his meridian at upper culmination
when he landed. Since the sun had passed through lower culmination
twice during the eastward flight the pilot’s date would have been 1100
Wednesday 22 June on arrival but the time at base would be 1100 Tues-
day, 21 June.

By international agreement a meridian of longitude has been estab-
lished where moving ships alter their dates on crossing. This so-called
international date line is theoretically the 12" (180°) meridian of longi-
tude from Greenwich. In actual practice the date line varies in places
from the 180° meridian to bring some of the Pacific possessions of the
various nations on the same side of the date line, and hence on the
same date, as the national capitals. An interesting problem relative to
the international date line arose when Alaska was purchased by the
United States from Russia. Originally the international date line bent
eastward to bring Alaska on the Russian side of the line, but after the
purchase the line was shifted to pass through Bering Strait and thus
put Alaska on the American side of the line.

Ships crossing the Pacific Ocean alter their calendars when crossing
the date line. If a ship is proceeding from the United States to Japan
and arrives at the international date line at three o’clock in the after-
noon (1500) ship’s time on Monday, 4 July the date is immediately
shifted to 1500 Tuesday, 5 July. If the ship had been on passage from
Japan to the United States and arrived at the international date line at
1500 Monday, 4 July, the date would have become 1500 Sunday, 3 July.

PROBLEMS

The following problems are based upon the material discussed in
the various sections of this appendix, with frequent use of subjects that
have been discussed carlier in the text. The symbolism used is that
given on p. 310. Whenever a symbol is used that is not given in that
table its significance will be indicated the first time that it is used. The
problems should be solved in order, since methods of solution frequently
depend upon principles illustrated in previous solutions.

In the transformation from one type of spherical co-ordinates to
another, the diagrams should be carefully drawn to moderately large
scale. The printed answers were obtained by trigonometric solution of
the astronomic triangle. With care in the construction of the diagrams,
and with sufficient practice in the estimation of angles on the projected
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circles, results may be obtained that will be accurate to within 10°.

Problems in conversion of time may be solved by a graphical method
using a circle to represent the celestial equator and showing on it the
points of intersection of the various hour circles and meridians used in
the conversion. More accurate results can be obtained by use of the
various definitions, expressing them in analytic form, and then making
the conversions by simple arithmetic. In problems that involve two or
more terrestrial longitudes many computors prefer to transfer the given
time directly to Greenwich by adding the stated longitude (either local
or zone)—making the necessary conversions in terms of Greenwich
time—and then returning to the final longitude by subtracting the
proper value from the final Greenwich ime. Whenever dates are given
they are civil dates (cither local or zone).

In the solution of problems that require both conversion of time
and transformation of spherical co-ordinates it is a waste of effort to
carry through the time conversions with an accuracy of more than one
minute of time. The crrors in the estimation of angle on the diagram
of the celestial sphere, and also the errors introduced in finding the
right ascension of the mean sun (& MS) by the short cut method, are
greater than one minute of time.

Suggested methods of solution are illustrated below by the printed
solutions of a few of the problems.

1. An observer in latitude 42° North (p=+42°) finds an object on
the celestial sphere to have an altitude of 40° and a bearing of 105°.
Find the hour angle (HA) and declination (8) of the object.

HA=20"38 6=+1626' See diagram

Z 2. An observer in latitude
54° North finds a star to have
an altitude of 30° and a bear-
ing of 290°. Find the 114
and § of the star.
HA=osP45™  6=+435" 21

See diagram

00"

3. An observer in latitude
30° South finds a star of an
altitude of 20° and a bearing
of 330°. Find the hour angle
and declination of the star.
HA=o02r15  §=+432° 16’

See diagram.

Problem 1.
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4. In latitude +26° a planet is found to have an altitude of 65° and to

be bearing 124°. Find the hour angle and declination of the planet.
HA=22"36m d=+410° 39

5. A star is found to be bearing 52° South of East and at altitude 34°
by an observer in latitude 20° North. Find the hour angle and declina-
tion of the star.

HA=21"43™ 6= —25° 00’

6. A certain object on the
celestial sphere has an hour
angle of 19"40™ and a dec-
lination of +36°. Find the
altitude and bearing of this

object for an observer in lati-

tude 42° N.

h=40° 21 B=074° 10/
7. A star with hour angle

02"30™ and declination +15°

is observed from latitude 32°

North. Find the altitude and
Problem 2. bearing of the star.

h=51° 54"  B=252° 24’

8. The same star as that used in (7) is observed at the same hour angle
by an observer in latitude 32° South. Find the altitude and bearing of
the star.

Z h=30° 51" B=316" 47
‘ 9. A star of declination
+68° is observed from
latitude 66° North at an
hour angle of 14"50™
Find the altitude and
bearing of the star.
h=47° 17" B=o021" 54

10. A star of declina-
tion —11° is at hour angle
03"40™ for an observer in
latitude +32°. Find the
altitude and bearing of
the star.

Problem 3. h=22° 06’ B= 2400 13/
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11. The local civil time (LCT) is 15h. 24m. 34s. on a date when the
equation of time (equ.T) is +14m. 155. Fnd the local apparent
time (LAT).

LAT=15h. 38m. 49s.

12. On a date when the equation of time is —1om. 24s. the true sun
in found to be at hour angle 03" 16™ 41 Find the local civil time.

LCT=15h. 27m. o5s.

13. Find the local sidereal time (L 6) corresponding to LCT 20h. 30m.
(i.e. o8h. 30. p.m.) on 15 August.

L6=18h. o6m. See solution

Solution: On 21 March  (3m. 21d.) the aMS =00 oo™

+5m. 5x2h. =710
21 August 8 ar aMS=10 00
— 6 —6X4m. =— 24
15 August 8 15 aMS=o09 36
HAMS=LCT —12 =08 30
6=HAMS + aMS =18 06

14. Find the local sidereal time corresponding to 03h. 42m. LCT on
27 May,

L o=20h. o6m.

15. Find the local civil time corresponding to o6h. 24m. local sidereal
time on 25 December.

LCT=o0h. 08m. (i.c. 8 min. after midnight)

16. Find the Eastern Standard Time corresponding to local civil time
13h. 24m. 18s. for a locality in longitude o4" 50™ 06® W.

EST=13h. 14m. 24s.

Solution: LCT = 13h. 24m. 18s.
+A=4+4 50 06
GCT= 18 14 24
—zone description  —+5 —5
EST = 13 14 24
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17. Find the Central Standard Time corresponding to local sidereal
time 2th. 15m. 24s. on 30 June for a station in longitude os" 20™

13° W.
CST=o1h. 59.6m.

Solution: L@ = 2r1h. 15m. 24s.
+2A +5 20 13
G6 = o2 35 37

—aMS  —o06 36
GMT= 19 59.6
GCT = o7 59.6

-ZD  —+6
CST = o1 59.6

18. Find the Eastern Standard Time corresponding to zone time
o7h. 34m. 56s. 16 July for an observer in X og" 18™ 10° E.

EST=17h. 34m. 56s. 15 July
Solution:  ZT =(—9) o7h. 34m. 56s. 16 July

GCT= 22 34 56 15]July
—7D —+5
EST = 17 34 56 15]July

19. An Independence Day speech is to be broadcast from Manila, P.L.,
at noon zone time. The longitude of Manila is 08" o3™ E. At what
date and time will the speech be heard in a region using Eastern Standard

Time?
EST=23h. oom. 3 July

20. A radiogram is sent from Washington, D.C., at 02h. oom. EST on
5 May to the Hawaiian Islands which are on zone time (4-10). At what
date and time will the message be received?

ZT (410) 21h. oom. 4 May

21. A ship is on passage from the Philippine Islands to the United
States and is approaching the international date line at ZT (—12)
16h. oom. on Tuesday, 10 March. Find the date, day of the week, and
zone time two hours later, the ship having crossed the date line in the

meantime.
Monday, 9 March, ZT (4-12) 18h. oom.

22. At the time of the total eclipse of the sun in October 1939 many
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newspapers carried the headline ‘Eclipse Ends the Day Before It
Began.” Explain the circumstances of an eclipse that would make this
possible.

23. The length of the forenoon is usually reckoned as the time elapsed
between sunrise and noon as indicated by a clock carrying standard time,
while the afternoon is the clock interval from 1200 to sunset. A city in
longitude os* 35™ W is on Central Standard Time. Which is the
longer, and by how much, the forenoon or the afternoon at this city on
a date when the equation of time is 4+-1om.?

The forenoon is longer by th. 1om. than the afternoon.

24. The navigating officer of a ship on passage from England to the
United States observes the altitude of a certain star at SCT 23h. 17m.
56s. on 16 November (Greenwich date). He solves the astronomic
triangle by trigonometric methods and computes the hour angle of the
star to be 20" 12m 34°. From the Nautical Almanac he finds that the
right ascension of the star is 03" 37 17° and the right ascension of the
mean sun is 15* 38 19% Find the longitude of the ship.

A=03" 06™ 24° W. or +46° 36".0

25. The navigating officer of a ship on passage from the Philippines to
Japan measures the altitude of the sun at ZT (—10) 17h. oom. 41s. and
by trigonometric solution of the astronomical triangle finds that the hour
angle of the sun is 04" 52™ 36° From the Nautical Almanac he find
the equation of time to be —rom. 17s. Find the longitude of the ships

A= 10" 02™ 12° E. or —150° 33".0
26. Find the right ascension and declination of a star that has an

altitude of 18° and a bearing of 145° at Eastern Standard Time 21h. 46m.
on 4 July at a station in latitude 38° N. and longitude o5 20 W,

a=18" 44m  §=—25" 04
27. Find the altitude and bearing of the star Vega (a=18" 35m

6=4138° 44’) at EST o2h. 37m. on 19 June for an observer in latitude
42° N. and longitude o4t 50 W.

h=66° 177  B=272° 30’

28. Find the altitude and bearing of the star Betelgeux (a=o5" 52m
3= +07° 24") for an observer at Bloemfontein, South Africa, in latitude
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29° 06’ S. and longitude o1* 45™ E. at ZT (—2) 23h. 46m. on 23
January.

h=45° 20"  B=320° 36’

29. At the same instant (not the same clock time) as in problem (28)
the same star (Betelgcux) was to be observed at Washington, D.C., in
latitude 38° 55" N. and longitude os" o8» W. Find the Fastern
Standard Time for the Washington observation and the altitude and
bearing of the star at that time.

EST=16h. 46m.  h=15°08  B=092° 41’
30. Find the Eastern Standard Time of sunrise and the number of

hours that the sun will be above the horizon for an observer in latitude
42° N. and longitude 05" 20™ W. on the following dates:

Date 8 of sun  Equ. of ime  Sunrise Duration.
21 March 00° —7m. o6h. 27m.  12.000hr.
21 June +23.5 -1 04 49 15.073
21 Sept. 00 +7 06 13 12.000
21 Dec. —23.5 +2 07 50 8.927

31. The most southerly star of the Southern Cross is « Crucis
(a=12h 24m, §=—062° 49'). Find the greatest northern latitude in
which this star can be observed and find the approximate date that this
star will be on the meridian and above the horizon at midnight.

e=27° 11" N. 27 March

32. The most southerly star of the Big Dipper is in a= 10" 19™ and
6=+41° 44’. Find the smallest north latitude in which this star is
circumpolar and the approximate date that it will be on the meridian
above the horizon and below the pole at 8 p.m.

o= 48° 16’ N. 26 October

33. Anitem in the daily press of 16 November states that a comet has
just been discovered that is visible to the eye without telescopicaid. The
position given is right ascension 12" 40™ and declination 15° S. If you
are living in latitude about 40° N, at what time during darkness would
you expect to see the comet and in what direction would you look?

At about 5 a.m. the comet will be above the horizon about 12° and be in
the southeast by cast.
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34. At aseashore resort on the Atlantic coast a flashing buoy is noticed
off shore. At 21h. 30m. Eastern Daylight Saving Time on 25 July you
notice that the star Markab (a=23" 02™, §=+414° 56') is directly over
the buoy at an altitude of about 12°. Find the bearing of the buoy if
your latitude is 41°N.

B=080°5



INDEX






Aberration of light, 37-40

Aberrational motion of stars, 40-43

Absorption of light in space, 101, 121,
276

Albedo, 193

Altitude, 307

Angstrom unit, 144

Angular mecasure, 304

Apparent time, 314

Aristotle, 54

Asteroids, 205

Astronomical unit, 77, 89

Atom, 152-62

Atomic energy, 160

Atomic nuclear disintegration, 271

Atomic number, 159

Atomic weight, 159

Azimuth, 307

Balmer series of hydrogen, 151

Barred spirals, 286

Bearing, 307

Bessel, 84

Bethe, 273

Binary stars, 249

Black body radiation, 148-50; see also
Kirchhoff, Planck, Stefan-Boltzmann,
Wien

Bode’s law, 204-5

Bohr atom, 154-8

Bradley, 37

Brahe, Tycho, 53

Calcium, interstellar, 2812
Cclestial sphere, 12, 303
Centrifugal force, 63

INDEX

Cepheids, 94, 97, 100, 266
Chromosphere, 237
Circumpolar stars, 10
Color index, 122
Copernicus, 53
Coronagraph, 239-41
Cosmic rays, 142
Culmination, 13

Dark nebulae, 281

Daylight saving time, 319
Declination, 309

Deferent, 30

Diffuse nebulae, 279-81

Direct motion, 25

Diurnal motion, 15, 277

Doppler principle, 8o, 166-7
Draper stellar classification, 244

Earth, 4, 6, 25, 65

Eclipses (lunar and solar), 6, 184-7

Eclipsing binaries, 253, 265

Ecliptic, 19; obliquity of, 20-22

Einstein equation, 273

Electron, 152; see also Atom

Ellipse, 55

Elliptical nebulae, 126

Epicycle, 30

Equation of time, 16, 316

Equator, 12; celestial, 22

Equinoxes, 22

Eros, 78, 206

Evening star, 26

Extragalactic nebulae,
classes, 28s;

285-95;
203-8;
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125,
and galaxy,
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distance, 130-34; distribution, 126,
128-30; masses, 292; red shift, 133

Faculae, 234, 242

Fizeau, 79

Flash spectrum, 234

Flocculi, 242

Forbidden lines, see Spectra
Foucault pendulum 35; see also Light
Fraunhofer lines, 144, 236

Galactic nebulae, 277-81
Galaxy, 109, 299

Gamma rays, 142

Gamow and Teller, 274
Geoid, 306

Giant and dwarf stars, 259
Globular clusters, 117-20
Gnomon, 20

Gravitation, 62; see also Newton
Great circle, 12

Greenwich meridian, 306

Harvard sequence, 244

Heliocentric hypothesis, 43-53

Hertzsprung, giant and dwarf classifi-
cation, 259

Hipparchus, 29, 303

Hour angle, 309

Interferometer, 142, 255
International date line, 320
Ionization, 164; see also Atom
Isotope, 160

Joly’s Balance, 66
Jupiter, 206-14

Kepler, 43; laws of motion, 55-62; har-
monic law, 103
Kirchhoff’s laws of radiation, 145-7

Latitude, 8; celestial, 309; galactic, 310;
terrestrial, 306

Light; black body radiation 148-50,
corpuscular and wave theories, 141;
electromagnetic theory, 142; speed
of, 79, 214; see also Aberration of
light, Absorption of light, Spectra

INDEX

Light curve, 98

Light year, 89

Local star cloud, 109, 292

Longitude; celestial, 309; galactic, 310,
terrestrial, 306, 318

Luminosity, 257; see also Stellar mag-
nitude

Magellanic cloud (Plate v1), 130, 283

Magnitude, 94; see also Stellar magni-
tude

Mars, 197-204

Mass and weight, 65

Mass-luminosity relation, 262

Mean solar time, 315

Mean sun, 315

Mercury, 188-94

Milky Way, 106-7; see also Galaxy

Month, 18

Moon, 170-83; distance, 74; mass, 170-
71; motion 15, 170; orbit, 75; phases,
16, 46

Morning star, 26

Moving clusters, 113

Nautical mile, 306

Nebula, sce Barred spirals; Dark ne-
bulae; Diffuse nebulae; Elliptical ne-
bulae; Extra-galactic nebulae; Galac-
tic nebulae; Planetary nebulae; Spiral
nebulae

Nebulium, 279

Neptune, 222-3

Newton, law of universal gravitation,
62-5; theory of light, 141

Novae, 94, 265; distance, 101

Nuclear physics, 270

Open clusters, 114-17
Opposition, 26
Orbit, 30

Parallax, 72; see also Stellar parallax

Parsec, 89

Perturbations, 222

Photoelectric effect, 142

Planck, quantum hypothesis, 150; gen-
eral law of radiation, 150

Planetary nebulae, 282-3
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Planets, 24; table of data, 82; motions,
24-7; see also Asteroids, Jupiter, Mars,
Mercury, Neptune, Pluto, Saturn,
Uranus, Venus

Pluto, 224

Pogson, 95

Polaris, 8

Proper motion, g1

Proton, 153; see also Atom

Ptolemaic hypothesis, 29-35

Ptolemy, 20, 303

Quantum, see Planck

Radial velocity, g1, 133, 165
Red shift, 133, 28990
Retrograde motion, 25
Reversing layer, 234

Right ascension, 309
Roche’s limit, 219

Romer, 79, 214

Russell diagram, 257

Satellite, 45; see also Planets

Saturn, 215-20

Seasons, 20

Secchi’s spectral classes, 244

Sextant, 8

Shapley, 100, 110, 117

Sidereal day, 14, 45

Sidereal period, 58

Sidereal time, 316

Solar constant, 226

Solar day, 14, 45

Solar energy, source, 271-4

Solar motion, 93

Solar prominences, 238

Solstice, 22

Spectra, absorption, 144; bright line,
I51%7; continuous, I4I, I45-50; en-
hanced lines, 164; forbidden lines,
160, 279

Spectroheliograph, 241

Spectroscope (spectrograph), 168

Spectroscopic binaries, 251

Spectroscopic classification of stars, 244
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Spectrum, 141

Spherical co-ordinates, 304; ecliptic,
309; galactic, 310; horizontal, 307;
table, 310

Spiral nebulae, 126, 286

Standard time, 18, 319

Star clusters, see Moving clusters, Open
clusters, Globular clusters

Star colors, 247; see also Color index

Star sphere, g

Stefan-Boltzmann law of spectroscopy,
149, 163

Stellar densities, 256

Stellar energy, 274

Stellar interferometer, 255

Stellar magnitude, 94; absolute, g6; ap-
parent, 96; photographic, 122

Stellar parallax, 84-90; dynamical, 102;
spectroscopic, 263; statistical, 093;
trigonometric, 84

Stellar temperatures, 247

Sun, 225-43; galactic position, 112

Sundial, 18

Sunspots, 228-33

Synodic period, 58

Terminator, 17
Transit of Mercury and Venus, 49

Uranus, 221-2

Variable stars, 265-7; see also Cepheids;
Eclipsing binaries; Light curve

Venus, 193-7

Vernal equinox, 308

Wien’s law of spectroscopy, 149, 162
Weizsicker, 273
White dwarfs, 260

X-rays, 144
Zenith, 7, 308

Zodiac, 16, 68; signs of, 20
Zone time, 18, 319





















	00000001.tif
	00000002.tif
	00000003.tif
	00000004.tif
	00000005.tif
	00000006.tif
	00000007.tif
	00000008.tif
	00000009.tif
	00000010.tif
	00000011.tif
	00000012.tif
	00000013.tif
	00000014.tif
	00000015.tif
	00000016.tif
	00000017.tif
	00000018.tif
	00000019.tif
	00000020.tif
	00000021.tif
	00000022.tif
	00000023.tif
	00000024.tif
	00000025.tif
	00000026.tif
	00000027.tif
	00000028.tif
	00000029.tif
	00000030.tif
	00000031.tif
	00000032.tif
	00000033.tif
	00000034.tif
	00000035.tif
	00000036.tif
	00000037.tif
	00000038.tif
	00000039.tif
	00000040.tif
	00000041.tif
	00000042.tif
	00000043.tif
	00000044.tif
	00000045.tif
	00000046.tif
	00000047.tif
	00000048.tif
	00000049.tif
	00000050.tif
	00000051.tif
	00000052.tif
	00000053.tif
	00000054.tif
	00000055.tif
	00000056.tif
	00000057.tif
	00000058.tif
	00000059.tif
	00000060.tif
	00000061.tif
	00000062.tif
	00000063.tif
	00000064.tif
	00000065.tif
	00000066.tif
	00000067.tif
	00000068.tif
	00000069.tif
	00000070.tif
	00000071.tif
	00000072.tif
	00000073.tif
	00000074.tif
	00000075.tif
	00000076.tif
	00000077.tif
	00000078.tif
	00000079.tif
	00000080.tif
	00000081.tif
	00000082.tif
	00000083.tif
	00000084.tif
	00000085.tif
	00000086.tif
	00000087.tif
	00000088.tif
	00000089.tif
	00000090.tif
	00000091.tif
	00000092.tif
	00000093.tif
	00000094.tif
	00000095.tif
	00000096.tif
	00000097.tif
	00000098.tif
	00000099.tif
	00000100.tif
	00000101.tif
	00000102.tif
	00000103.tif
	00000104.tif
	00000105.tif
	00000106.tif
	00000107.tif
	00000108.tif
	00000109.tif
	00000110.tif
	00000111.tif
	00000112.tif
	00000113.tif
	00000114.tif
	00000115.tif
	00000116.tif
	00000117.tif
	00000118.tif
	00000119.tif
	00000120.tif
	00000121.tif
	00000122.tif
	00000123.tif
	00000124.tif
	00000125.tif
	00000126.tif
	00000127.tif
	00000128.tif
	00000129.tif
	00000130.tif
	00000131.tif
	00000132.tif
	00000133.tif
	00000134.tif
	00000135.tif
	00000136.tif
	00000137.tif
	00000138.tif
	00000139.tif
	00000140.tif
	00000141.tif
	00000142.tif
	00000143.tif
	00000144.tif
	00000145.tif
	00000146.tif
	00000147.tif
	00000148.tif
	00000149.tif
	00000150.tif
	00000151.tif
	00000152.tif
	00000153.tif
	00000154.tif
	00000155.tif
	00000156.tif
	00000157.tif
	00000158.tif
	00000159.tif
	00000160.tif
	00000161.tif
	00000162.tif
	00000163.tif
	00000164.tif
	00000165.tif
	00000166.tif
	00000167.tif
	00000168.tif
	00000169.tif
	00000170.tif
	00000171.tif
	00000172.tif
	00000173.tif
	00000174.tif
	00000175.tif
	00000176.tif
	00000177.tif
	00000178.tif
	00000179.tif
	00000180.tif
	00000181.tif
	00000182.tif
	00000183.tif
	00000184.tif
	00000185.tif
	00000186.tif
	00000187.tif
	00000188.tif
	00000189.tif
	00000190.tif
	00000191.tif
	00000192.tif
	00000193.tif
	00000194.tif
	00000195.tif
	00000196.tif
	00000197.tif
	00000198.tif
	00000199.tif
	00000200.tif
	00000201.tif
	00000202.tif
	00000203.tif
	00000204.tif
	00000205.tif
	00000206.tif
	00000207.tif
	00000208.tif
	00000209.tif
	00000210.tif
	00000211.tif
	00000212.tif
	00000213.tif
	00000214.tif
	00000215.tif
	00000216.tif
	00000217.tif
	00000218.tif
	00000219.tif
	00000220.tif
	00000221.tif
	00000222.tif
	00000223.tif
	00000224.tif
	00000225.tif
	00000226.tif
	00000227.tif
	00000228.tif
	00000229.tif
	00000230.tif
	00000231.tif
	00000232.tif
	00000233.tif
	00000234.tif
	00000235.tif
	00000236.tif
	00000237.tif
	00000238.tif
	00000239.tif
	00000240.tif
	00000241.tif
	00000242.tif
	00000243.tif
	00000244.tif
	00000245.tif
	00000246.tif
	00000247.tif
	00000248.tif
	00000249.tif
	00000250.tif
	00000251.tif
	00000252.tif
	00000253.tif
	00000254.tif
	00000255.tif
	00000256.tif
	00000257.tif
	00000258.tif
	00000259.tif
	00000260.tif
	00000261.tif
	00000262.tif
	00000263.tif
	00000264.tif
	00000265.tif
	00000266.tif
	00000267.tif
	00000268.tif
	00000269.tif
	00000270.tif
	00000271.tif
	00000272.tif
	00000273.tif
	00000274.tif
	00000275.tif
	00000276.tif
	00000277.tif
	00000278.tif
	00000279.tif
	00000280.tif
	00000281.tif
	00000282.tif
	00000283.tif
	00000284.tif
	00000285.tif
	00000286.tif
	00000287.tif
	00000288.tif
	00000289.tif
	00000290.tif
	00000291.tif
	00000292.tif
	00000293.tif
	00000294.tif
	00000295.tif
	00000296.tif
	00000297.tif
	00000298.tif
	00000299.tif
	00000300.tif
	00000301.tif
	00000302.tif
	00000303.tif
	00000304.tif
	00000305.tif
	00000306.tif
	00000307.tif
	00000308.tif
	00000309.tif
	00000310.tif
	00000311.tif
	00000312.tif
	00000313.tif
	00000314.tif
	00000315.tif
	00000316.tif
	00000317.tif
	00000318.tif
	00000319.tif
	00000320.tif
	00000321.tif
	00000322.tif
	00000323.tif
	00000324.tif
	00000325.tif
	00000326.tif
	00000327.tif
	00000328.tif
	00000329.tif
	00000330.tif
	00000331.tif
	00000332.tif
	00000333.tif
	00000334.tif
	00000335.tif
	00000336.tif
	00000337.tif
	00000338.tif
	00000339.tif
	00000340.tif
	00000341.tif
	00000342.tif
	00000343.tif
	00000344.tif
	00000345.tif
	00000346.tif
	00000347.tif
	00000348.tif
	00000349.tif
	00000350.tif
	00000351.tif
	00000352.tif
	00000353.tif
	00000354.tif
	00000355.tif
	00000356.tif
	00000357.tif

