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INTRODUCTORY

constitution, dimensions, motions and distribution in space
of the stars and nebulae.

The advance to an unexpected degree in ascertainment of the
distances and disposition throughout the Universe of the stars,
during the past two or three generations, can perhaps not be better
illustrated than by a quotation from a book by the well-known
astronomical writer, R. A. Proctor, published seventy years ago.
By no means a pessimist as regards the progress of scientific discovery
he nevertheless wrote as follows :—“Even the mighty instruments
of our own day, wielded with all the skill and acumen which a long
experience has generated, have not sufficed to enable us to measure
the distance of more than about a dozen stars. Nor probably will
it ever be possible for man to count by the hundred the number
of stars whose distances are known. The real architecture of the
stellar system must remain for ever unknown to us, except as
respects a relatively minute portion, lying within certain limits of
distances from the Earth.”  (“Our Place among Infinities,”
p. 188, 1875).*

In this book the extent to which the above views have become
far from correct, owing to great improvement in old methods and
development of new means for estimating celestial distances, will
be made evident.t

The new ideas which are partly the consequence of these advances,
and partly the sequel to revolutionary discoveries in physical science,
make it difficult for even the most assiduous to follow progress.
In order, therefore, to give the student an idea of the places
in which he may expect to find the results of investigations and
also to help him in studying more thoroughly the work of the past,
a short bibliographical note is appended to each chapter.

At the outset it is desirable to give brief definitions of the chief
terms used, leaving to an appendix more technical questions of

* And in a lecture delivered in the ’sixties of last century, Sir John Herschel re-
marked, in connection with recently determined parallaxes of a few stars, that
‘““A stepping-stone is thus laid for another upward struggle towards the infinite—
to the nebulae, the remotest objects of which we have any knowledge, though the

stride here is too vast, as it may seem, for the limited faculties of man ever to take”
(“Familiar Lectures on Scientific Subjects,”” p. 181, 1867).

t+ The number of fairly reliable trigonometrical parallaxes (of course,»not quite
the same thing as well-established distances) has grown as follows :—in 1840, 3 ;
1880, about 20 ; 1900, about 60; 1915, nearly 200; 1925, close on 2000 ; 1935,
nearly 7,500.

THIS book gives an outline of the state of knowledge of the
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derivation and explanation. It is assumed that the reader is
familiar with the meaning of the commoner terms such as “trigono-
metrical parallax,” “stellar magnitude,” “proper motion,” and so
forth and also with the main features of stellar spectroscopy.*

In other words, this book is meant for readers with slightly
more knowledge than that necessary for perusal of ‘“‘popular”
astronomical literature.  But it will be found that no advanced
mathematics is involved, all that is essential being an acquaintance
with logarithms and with very elementary trigonometry.

Only the chief terms are given in the following paragraphs.
Appendix A gives fuller explanations and derivations of formulae.

Absolute magnitude is defined as the apparent stellar magnitude
which any celestial object (e.g., star, cluster of stars or nebula)
would have if placed at a distance of ten parsecs, the “parsec’ being
the distance corresponding to a parallax of one second of arc.

Bolometric magnitude is the stellar magnitude corresponding to
the total energy radiated, and is a measure of the total intensity
in the same way that wvisual magnitude is a measure of luminous
intensity, and photographic magnitude a measure of photographic
intensity, which may be photovisual (with yellow light filter), or red
(with red filter). Bolometric magnitude is so adjusted numerically
as to give the same value as visual magnitude in the case of a star
of about 6500°K effective temperature. It is consequently nearly
the same as visual magnitude in the case of a GO type star such
as the Sun, which has an effective temperature of 5800°K.

Radiometric magnitude is sometimes referred to. It is a measure
of the radiation from a star which reaches the earth’s surface, the
zero being chosen to agree with the visual magnitude of type AO.
It differs from bolometric magnitude in this respect, and also from
the fact that the earth’s atmosphere reflects and absorbs part of a
star’s radiation.

Effective temperature is “‘a conventional measure, specifying the
rate of outflow of radiant heat per unit area ; it is not to be regarded
as the temperature at any particularly significant level in the star”
(Eddington).

Colour index is the difference between photographic and visual
magnitude, the hotter bluish or white stars having a negative value
of this factor, the yellow and red cooler stars having a positive
value.

Surface brightness is usually given in stellar magnitudes. It is
the measure of average brightness per unit of radiating area, com-
pared with that of the Sun, and it is not to be confused with Lumin-
osity wnich is a measure of the total light received from a star.

* A short glossary of some of these and of other important terms is appended
at the end of the book.



Introductory 3

Other terms of less frequent occurrence will be explained as they
arise. :

With regard to Designation of Nebulae, there are two systems of
nomenclature current. The older is that of the catalogues of
Messier (1730-1817) who listed 103 bright clusters and nebulae,
mostly found during his comet hunting ; they are referred to by
the use of M and a number (for example, the Orion Nebula is M42).
The other is by the numbering of the New General Catalogue or the
Index Catalogues of Dreyer (1852-1926) which contain 7840 and 5386
objects respectively; the letters NGC or IC are used with the
appropriate number.

Although the progress of so intricate a subject as stellar as-
tronomy must necessarily be the result of work by trained profes-
sional specialists, yet the writer feels that something of minor
importance may be achieved in this branch by amateurs, even if
they are only acting as sources of suggestion to those better qualified.
It is partly in this hope, as well as with the purpose of providing
a useful outline of astrophysical knowledge, that these chapters
have been written.

An attempt has been made throughout to give concisely by
tabular presentation, wherever this is practicable, some of the
data from which the theories of astrophysics have been constructed.

For the sake of consistency the unit of distance used throughout
is the light year, a unit based on a fundamental physical constant—
the velocity of light.

Readers of the first edition of this book will find that this is
practically a new work, owing to discoveries of the past twenty
years, such as the rotation of the galaxy, the absorption of light
by interstellar matter, the establishment of the status as external
galaxies of the extragalactic nebulae, and the development of the
pulsation theory of stellar variability, all of which are dealt with
in the following pages.

The author is indebted to Dr. Martin Davidson, F.R.A.S., who,
although not responsible in any way for errors of fact or opinion
which may exist in the book, has read the manuscript and made
some valuable suggestions.






Part |—The Individual Star—Observational Data

CHAPTER I

DIMENSIONS, LUMINOSITIES AND MASSES OF THE
STARS

not seem too sanguine to hope that in a not too distant

future we shall be able to understand fully so simple a thing
as a star.” This rather optimistic remark was based on the cir-
cumstance that the high temperature matter of which a star is
composed is thought to be the simplest kind of substance that a
mathematical physicist can study ; simpler than material at terres-
trial temperatures which has complex properties certain to be very
difficult to deal with. Nevertheless astronomers are not yet agreed
on any comprehensive theory, although there are some points upon
which there does not seem to be any substantial difference of
opinion.

As a necessary preliminary to a description of modern theory,
sections giving the data of observation are first submitted, covering
as far as possible in the space at disposal the observed results for
dimensions, movements, luminosities and other physical properties
of individual stars and multiple systems.

ONE of our greatest authorities once remarked that “it does

THE DIMENSIONS OF THE STARS

In the very earliest times the anthropocentric trend of human
thought was displayed in the attribution of small dimensions to
the Sun and still smaller sizes to the stars. On the other hand,
astronomical distances were underestimated to a yet greater degree,
the fixed stars being considered by Tycho Brahe and his sixteenth
century contemporaries to show to naked-eye observation diameters
of a minute or two of arc, although Hevelius in the seventeenth and
Cassini in the early eighteenth century thought they had found a
diameter for Sirius of five or six seconds. ~These were, however, only
spurious images formed by small telescope apertures, and were
suspected to be such by Horrocks and Halley because of the in-
stantaneous disappearance of stars when occulted by the moon.
After unsuccessful attempts at parallax determination it became
evident that stellar distances were so great that the apparent angular
diameters of the stars could be only a few hundredths of a second
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of arc, unless stellar dimensions were very much greater than those
of the Sun.* That remarkable astronomical theorist, the Rev. John
Michell (1725-1793) pointed out in 1767 that even in the case of the
brightest star, Sirius, the apparent angular diameter must be less
than ‘“‘the hundredth, probably the two-hundredth part of a second,”
although he thought that “it is not unreasonable to suspect that
very possibly some of the fixed stars may have so little natural
brightness in proportion to their magnitude as to admit of their
diameters having some sensible apparent size” ; and he further
considered that this “‘natural brightness” would be according to
colour, the white stars having the brightest surfaces. The largest
telescopes having failed to show any sensible disc to the brightest
or reddest stars, it became necessary to attack the problem by some
method other then that of direct vision.

Each star image on a photograph is a cluster of silver grains
which is enormously larger than any real stellar disc. Even if
there were a supergiant star like a Herculis (see Table 1) as near to
us as the nearest star (a Centauri, 4.3 light years), its real diameter
on the scale of a photograph where the moon was six inches in
diameter, would be less than a fiftieth of an inch.  There is no such
large star within a distance many times as great ; and as stars are
generally much smaller and further away, the true stellar dimensions
on photographs are very greatly less. For instance, on the scale
of Plate 7b, the brightest fixed star Sirius would be one two-hundred-
thousandth of an inch. In fact, it may be shown (see page 27)
that if all the stars of our stellar system were concentrated into one
stellar disc its size would be less than a two-thousandth of an inch
on the scale of the plate mentioned, the area of which plate covers
less than a ten-thousandth of the whole sky.

The application of spectrum analysis resulted in schemes of
classification by Secchi (1818-1878), Vogel (1842-1907), Norman
Lockyer (1836-1920) and E. C. Pickering (1846-1919), which,
although arbitrary and empirical, have formed the foundation upon
which theories of stellar constitution and evolutionthave been built.
Into the modern Harvard system, now definitely adopted univer-
sally, the main features of over 99 per cent. of stellar spectra fall in
a continuous linear sequence, O, B, A, F, G, K, M, where O is the
Wolf-Rayet, B the helium star, A the Sirian, F the type of Canopus,
G the Capellan, K the Arcturian and M the red stars with banded
spectra and sometimes bright lines (in the case of Long Period

* In his “System of the World” (1727), Newton showed, assuming that the planet
Saturn reflects a quarter of the sunlight on it, that the Sun, if removed to a distance
from which it would shine as a star of Saturn’s stellar brightness (about 1m.0 with

the rings edgewise), would have a disc a very small fraction of a second in diameter.
(It would be 07.0056).
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variables). There is also a relatively small number of stars of
R, N and S types (see Appendix B),

The existence of a great diversity in luminosity and size among
the stars has long been obvious from the composition of star clusters.
There was, however, no knowledge of any systematic trend until
in 1905 Professor Hertzsprung pointed out that the absolute mag-
nitudes of the redder stars, derived from trigonometrical parallaxes
and proper motions, were divisible into two distinct classes, one of
great luminosity and the other relatively faint. As these stars
are of similar colour and spectra and presumably therefore of about
the same surface brightness per unit of area, they must be of very
different sizes to account for the great inequality in the luminosities
of the two classes. The names “‘giant” and “dwarf” were therefore
adopted to indicate this disparity in dimensions. In 1913, H. N.
Russell independently reached the same conclusion as Hertzsprung.
An extract from his summary of the facts follows :—

“The surface brightness of the stars diminishes rapidly with
increasing redness. . . . . The mean density of the stars of classes
B and A is a little greater than 1/10th that of the Sun. The den-
sities of the dwarf stars increase with increasing redness from this
value through that of the Sun to a limit which cannot at present
be exactly defined. This increase in density, together with the
diminution of surface brightness, accounts for the rapid fall in
luminosity with increasing redness among the stars. The mean
densities of the giant stars diminish rapidly with increasing redness
from 1/10th that of the Sun for class A to less than 1/20,000th of
the Sun for class M.  This counteracts the change in surface bright-
ness and explains the approximate equality in luminosity of all
these stars.”

This statement is founded on observational results, described
more fully later, study of eclipsing binary systems, considerations
of the relation between surface brightness and colour and also on
the work of the physical scientist. In the laboratory the relations
between temperature and radiating power have been determined
for fairly high temperatures and the distribution of energy in the
different wave lengths has been ascertained. These have given
laws of radiation which are exact when applied to a perfect radiator
or “black body.”  Material which is blackest when cold, shines
brightest and radiates most heat when it is hot, z.e., its emitting
power is large if its absorbing power is great. The perfect radiator
would appear absolutely black when cold ; its radiative properties
are the simplest possible and can be derived theoretlcally and
experimentally.  The distribution of radiative energy’ in the
spectrum of most stars is found to be similar to, or not very dis-
similar from, that of this theoretical black body and consequently
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the effective temperatures of the stars can be fairly closely
estimated. (See Appendix G). The approximate amount of light
radiated per unit of surface may then be computed, and if we know
the star’s distance and the amount of light received from .., the
diameter can be calculated. Sizes calculated in this way are found
to agree with the giant and dwarf grouping, giving great difference
between M giants and dwarfs and progressively less disparity with
increasing temperature through K, G, F, to A and B type.

Another and more direct method of enquiry has been developed
by means of an application of the principle of light interference.
An “interferometer” at Mt. Wilson Observatory has enabled as-
tronomers to measure the apparent angular diameters of certain
giant stars as given in the table, Sirius and the Sun being added for
comparison. The diameters in miles are derived from the angular
diameter and the parallax by the formula :(—

Angular diameter

Diameter in miles = x 93,000,000
Parallax
Table |
Angular Diameter
Star. Spectrum. Diameter. Pavallax. wn miles.
aHerculis ... M5 0-030 0-004 700,000,000
Betelgeuse ... M2 0-047* 0-012 363,000,000*
Mira Ceti ... M5ev 0-056* 0-017 307,000,000*
Antares e cMO 0-040* 0-015 248,000,000*
a Ceti e MO 0-012 0-011 97,000,000
B Pegasi MS5 0-021 0-020 97,000,000
B Andromedae MO 0-016 0-033 45,000,000
Aldebaran ... K5 0-020 0-059 31,000,000
Arcturus e KO 0-020 0-092 20,000,000
Sirius . A0 0-0065 0-376 1,600,000
Sun GO — — 864,000

* Maximum value : variable diameter.

The first nine of these stars are giants, the two last are main
sequence stars. The difference in diameters is a striking confirma-
tion of the giant and dwarf grouping, although it must be appre-
ciated that the diameters in the first half of the table are not close
values owing to the uncertainty of parallaxes of such small amount.

Studies of the grouping of the stars by spectral types and ab-
solute magnitudes were at first largely dependent on directly
measured trigonometrical parallaxes, or on distances derived from
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proper motions. More recently, however, the quantity of data has
been much enlarged by modern methods of estimation of distances
(see Appendix D). Fig. 1 shows' the results for more than 2000
stars, as plotted by H. D. Curtis.
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Fic. 1--THE GROUPING OF STARS INTO GIANTS AND DWARFS (after
CURTIS),

showing the results of measurements of 2375 stellar distances and brightnesses. The
stars are all plotted for the magnitudes at which each star would shine if placed at a
distance corresponding to a light journey of thirty-two and a half years (parallax
one tenth of a second of arc), so that their true relative brightnesses are as shown.
The grouping into two branches, one of very bright stars averaging nearly one
hundred times the Sun’s luminosity and the other branch of stars diminishing in
light with increasing redness of colour, is well brought out. In the diagram the
dots and circles indicate the methods by which the parallaxes (on which the absolute
magnitudes are based) were determined
. = modern direct (photographic only). o = spectroscopic only.

. = direct and spectroscopic or dynamical. o = dynamical only.

Most of the naked-eye stars are giants, the proportion of dwarfs
increasing generally as the limit of apparent brightness is reduced.

It will be noted in Fig. 1 that the difference in average luminosi-
ties of the two classes of stars, giant and dwarf, varies from nearly
ten magnitudes (a ratio of 10,000 to 1 in light output) in.the case
of M stars, through about four magnitudes (a ratio of 40 to 1) in

G type, to zero in the hotter stars.
B
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MEAN ABSOLUTE MAGNITUDES.

The relationship between absolute magnitude and spectral type
has been the subject of much research by astronomers who have
published mean figures based on parallaxes found by all methods.
Their results are given averaged in Table 2 and graphically in
Fig. 2, the latter showing mean lines for the values of Fig. 1.

Table 2
Spectrum. Giant Branch. Main Sequence.
05 — -45
BO — -2:4
A0 — +0-6
FO -0-6 +26
GO +0-3 +4-4
KO +0-6 +6-2
M 0-0 +9-8

The averages for the giant branch cannot be usefully stated for
types hotter than F, owing to relatively great scarcity and dispersion
of values. Curves are also given in Fig. 2 for the corresponding
bolometric magnitudes.

The dwarf branch is now more frequently referred to as the
“main sequence,” a name due to Eddington. One great value of
these mean absolute magnitudes will appear in considering the
indirect methods of estimating celestial distances. (See Appendix D).

Certain stars are characterised by very narrow and sharp lines
in the spectrum ; these stars are denoted by the use of the letter c.
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Typical examples are ¢ Canis Majoris (¢ B1), aPersei (¢ F5) and
a Scorpii (¢ MO) ; such stars are known to be luminous super giants,
The prefixes g and 4 are used to denote giant and dwarf stars
respectively ; as, for example, Arcturus, g KO, and Procyon, 4 FS.

STELLAR MASSES AND DENSITIES.

The mass of a star is ascertainable directly only if it is a member
of a binary system of which the parallax and orbit are known.
From Kepler’s harmonic law,

as
P2 n
where m, and m, are the masses of the two stars of a pair, P the
period in years, a the semi-axis major of the orbit, and = the parallax
in seconds of arc. =~ The combined masses m, + m, are known for

a considerable number of pairs, but for the individual stars of pairs
there is not so much information.

m1+m2 =

By means of measurements showing the mutual perturbing
action of the components, the masses of a number of binary stars
have been calculated, and for components of eclipsing binary pairs,
and (by statistical methods) for spectroscopic binaries, with varying
degrees of accuracy. This showed a marked correlation between
mass and luminosity, and when Eddington and others derived from
theoretical considerations formulae giving bolometric magnitude as
a function primarily of mass and secondarily of temperature, corres-
ponding fairly closely to observed results, a very great step forward
in astrophysics was achieved.

Simpler empirical formulae have been published which connect
luminosity with mass, one of which, derived by the writer, of some
value for quick estimation of approximate masses or luminosities,
is as follows :(— -

10 —

5
Log Mass (Sun =1) = K (2 -2-05)

K being 0-31 when M is visual absolute magnitude, and 0-26 when
bolometric values are employed, the use of the formula in the latter
form being preferable.

There is a class of stars which do not conform to this mass-
luminosity relationship. These are the “white dwarfs,” about 80
of which are listed. The best known are the companion of Sirius
and the B component of o? Eridani. = When distance and mass are
known (the latter for such as are components of a binary), diameters
can be estimated, using the surface brightness appropriate to the
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spectral type, which is usually that for stars whiter and hotter than
the Sun ; the densities are then computed and values of the enormous
order of 50,000 times that of the Sun are found.

In the case of Sirius B (mass 0-96 of the Sun’s) the absolute
bolometric magnitude for its mass would normally be of the order
of +5, but it is found to be +11-3 or about 300 times fainter than
the normal. The spectrum is between A5 and FO and the diameter,
calculated as in Appendix E, is only about 24,000 miles, giving a
mean density 45,000 times the Sun’s or about one ton per cubic inch.
These extraordinary figures were confirmed by Adams at Mt. Wilson
Observatory and later by Moore at Lick Observatory. According
to the general theory of relativity a large mass acts on light emitted
from it so as to increase its wave length.  This effect is not great
enough to be observed in an ordinary star, but in one of large mass
and relatively small diameter it should be possible to measure it.
For Sirius B the displacement should be that corresponding to a
velocity of 12 miles per second and exactly that amount was found
by Adams and by Moore.

The white dwarf companion of o2 Eridani mentioned above is
of about the same luminosity as Sirius B (absolute magnitudes
+11-1 and +11-3 respectively). Its spectrum is of a hotter type,
A0, and the diameter corresponding is 16,700 miles, which with a
mass of 0-455 of the Sun, gives a mean density still higher—63,000
times the Sun’s. Even greater densities seem probable for certain
other white dwarfs, the masses of which have been estimated on
the assumption that part of their radial velocities is a “relativity
shift.”

White dwarfs must be quite frequent, particularly as they are
not easy to find and identify owing to their low luminosity. In
fact, Luyten considers that perhaps one in twenty or thirty stars
will prove to have white dwarf characteristics, which would make
the class one of the commonest in space.

A number of stars of an abnormal sub-dwarf kind have recently
been noted.  With spectra similar to those of white dwarfs (A and
F), their absolute magnitudes fall between the main sequence and
the white dwarfs on a Russell-Hertsprung diagram (as Fig. 1).
Their diameters are of an order of a third or a half that of the Sun
or about ten times that for white dwarfs, but their densities, although
certainly abnormal, are much less.

At this stage it will be of interest to present in tabular form
figures which give a rough idea of mean figures for absolute magni-
tudes, mass, diameter and density for the commonest star of each
type, based on the observational data and empirical mass-luminosity
relationship of the‘precedlng pages. Table 3 gives these particulars
for giants and main sequence. The absolute magnitudes are as in
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Table 2 and Fig. 2; mass is estimated by means of the empirical
formula, using bolometric magnitude ; diameter is calculated from

the formula— '
log diameter (Sun=1) = 0-2 (J +49 - M)
(See Appendix E).

For mass, diameter and density (mass/diameter?) the units are
the values for the Sun.

Table 3

ABSOLUTE MAGNITUDES, MASSES, DIAMETERS AND DENSITIES OF
STARS OF VARIOUS SPECTRAL TYPES.

(GIANTS.

Spect. M, M, Mass. Diam. | Density.

BO — — — — —
A0 — — — — —
FO 06| -07| 39 79 | 0008
GO +03 | +02 | 30 95 | 0-0035
K0 +06 | +00 | 32 | 21 | 000035
MO 00| -15| 56 | 75 |0000013

MAIN SEQUENCE.

Spect. M, M. Mass. Diam. | Density.

BO -2-4 -46 | 275 66 0-10
A0 +0-6 +0-3 29 2:5 0-19
FO +2-6 +2-5 1-6 1-8 0-27
GO +4-4 +4-4 1-1 1-3 0-50
KO +6-2 +59 0-85 0-95 0-99
MO +9-8 +8-4 0-6 0-6 2-8

Researches on the O-type stars indicate a mean visual absolute
magnitude of about -4-0, and masses of about 30 to 50 times the
Sun’s.  But it may be noted that the relativity effect mentioned
earlier appears to have been observed in certain O stars Of high
luminosity and mass infgalactic clusters, and from their probable
surface temperatures, luminosities, and observed shifts of spectral
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lines to the red as compared with the fainter and less massive stars
of the clusters, Trumpler has derived diameters of 7 to 20 times
and masses of 75 to 300 times the Sun’s. Mean densities of the
order of 0-04 to 0-25 of the Sun’s seem likely. The N and R types
appear to be of considerable luminosity and mass, averaging about
-2 and -0-'5 absolute magnitudes respectively while the S stars
are of the order of -1-5.
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CHaprTER II

THE MOVEMENTS, NUMBERS AND DISTRIBUTION OF
THE STARS.

STELLAR MOVEMENTS

HESE may be divided into two observational categories,
I apparent angular motions (proper motions) and velocities
in the line of sight spectroscopically measured (radial veloci-
ties) of both of which many thousands are now known. The motion
of a star may be in any direction in space, but only that component
at right angles to the line of sight will be the cause of apparent
displacement in the sky relative to other stars.  Proper motion
is compounded of the angular displacements caused by the star’s
own movement and by the movement of the solar system in space.
Large proper motion usually means proximity rather than great
space velocity ; on the average the brightest stars, being nearer
than the fainter ones, have larger proper motions. Nevertheless,
when individual stars are considered, it is found that the biggest
motions belong to rather faint stars, as will be seen from the following
short list to which some similar examples discovered lately could
be added.

Table 4
Annual proper

Star. Mag. motion.
Munich 15040 ... 97 10-3
Cordoba V"243 ... 92 88
Groombridge 1830 6-4 7-0
Lacaille 9352 ... 7-4 69
Cordoba 32416 ... 83 6-1
61 Cygni ... 54 52
Wolf 359 ... 13 4-8
Lalande 21185 ... 76 4-8
¢ Indi 47 47
Lalande 21258 ... 86 4-5
o? Eridani 45 4-1
Wolf 489 13 39
pCassiopeiae e . e 53 38
a Centauri 0-0 37
Washington 5583-4 85 37
Cordoba 29191 ... 67 35

¢ Eridani ... 4-3 32
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In more than 200,000 measured annual proper-motions, the
following are found :—

2" or more, " at least 50 stars.
1” » ) » » 200 ”
0.5” 2 bR 2 PR 2400 ”»”

One proper motion worthy of special reference is that of Arcturus
(magnitude 0-2). From its movement of about a degree of arc
and that of Sirius of half that amount, since the time of Ptolemy,
Halley, in 1718, discovered the proper motions of the stars.* Arc-
turus moved at the rate of 2”-3 per annum or 115 times its own
diameter of 0”-02 as found by the interferometer. This movement
is due to a relatively great velocity, at right angles to the line of
sight, of 74 miles per second, as its distance is about 35 light years
from us. The annual proper of Sirius is 1”-3.

THE SuUN’s MOTION IN SPACE

The motion of translation of the Solar system with reference to
the stars in its neighbourhood (i.e., within about 1000 light years),
first discovered in 1783 from the directions of proper motions of
only 13 stars by Sir W. Herschel, shows itself by an apparent re-
cession of the stars from a point in Hercules, and a closing up of the
stars towards the part of the sky diametrically opposite, the co-
ordinates of these two points, the Solar Apex and Antapex, being
R.A.18" Dec. 30° North, and R.A. 6" Dec. 30° South, respectively.
The line of sight velocities of the stars also show clearly the same
direction of motion of the Sun, most of the stars in the hemisphere
towards which the motion is directed having radial velocities of
approach (i.e., negative values), while in the other half of the sky
they are recessive (positive values).  This is well shown in the
illustration, Plate 1.

By means of stellar radial velocities the rate of motion of the
solar system with reference to the surrounding stars can be best
found, and this may be taken as about 12-5 miles per second. In-
vestigations have shown, however, that both the direction and
velocity of the solar motion seem to depend on the magnitudes of
the stars to which they are referred and also to some extent on their
spectral type. The velocity appears to be greater when faint stars
are employed, being considerably greater than the figure given
above when only dwarf stars are employed in the calculation.

* The tremendous increase in accuracy of measurement of stellar positions, on
which proper motions depend, since the earliest times, is shown by the following
estimates of average errors : Hipparchus (2nd cent. B.C.),4’; Tycho Brahe (16th
cent.), 1’; Flamsteed (17th cent.), 10”; Bradley (18th cent.), 2”; Bessel (helio-

meter, early 19th cent.), 072 ; first photographs (mid-19th cent.), 0”1 ; modern
long-focus photographs, 0:025. Before Flamsteed'’s time telescopes were not used.
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PrROPER MouTIONS, RADIAL VELOCITIES AND SPECTRAL CLASS.

The table gives averages for the brighter stars; the radial
velocities are corrected for the effect of the Sun’s motion.

Table 5
Spectral ~ Mean Annual Spectral Mean Radial Velocity
Class. Proper Motion. Class. miles per second.
Seconds of arc.
Oand B 0-028 B0-BS 4-6
A 0-05 B8-A3 50
F 0-079 AS-F2 7-7
G 0-052 F5-GO 9-8
K 0-057 G5-K2 9-6
M 0-050 K5-M3 10-3

There is a rough general correspondence in these proper motions
and radial velocities. The O and B stars are highly luminous ; and
on the average at great distances, their proper motions being thus
very small.  The increase in radial velocities with advance in
spectral class is marked by a progressive reduction in mass, the more
massive stars moving more slowly.

Tue K-TErM' IN RADIAL VELOCITIES

Professor W. W. Campbell, of Lick Observatory, found in his
radial velocity determinations that there appeared to be a
systematic recessive motion of the stars from the Sun, shown by an
excess of positive over negative values, which is greatest in the case
of the B type. This apparent movement of expansion seems
a priori very unlikely, and has led to explanations being offered
other than movement of the stars in space, such as downward con-
vection currents in stellar atmospheres, a relativity effect greater
in stars of large mass or high density shifting the spectral lines
towards the red, and systematic errors in the wave lengths of the
spectral lines employed. The amount of the K-term in B stars is
about 3:5 miles per second recessive, and the probabilities seem
to be that it arises from a complex cause in which are to be found
downward currents in the stellar atmospheres (which appear to be
greatest in hot stars like B type), relativity shift (also great in the
B type stars which are massive and relatively small in diameter as
compared with cooler giants), with perhaps systematic space motion
and some effect of erroneous wave lengths of the spectral lines. The
opinion is held generally, however, that this K-effect requires
careful further study both observationally and analytically.
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KiNneETIC ENERGIES OF STELLAR MOTION

When the space velocities of stars are derived from radial velo-
cities and motions at right angles to the line of sight, corrected for
the Sun’s movement in relation to neighbouring stars, kinetic

velocity
2

using mean masses appropriate to the spectra or luminosities of the
stars concerned.  Some investigators have found that these energies
appear to be fairly constant for several of the different spectral
types. There are notable exceptions, however. The B type have
smaller values than usual, while for K and M giants they are some-
what greater and for short period Cepheids they are much larger.
Uniformity of kinetic energy would indicate equipartition of energy
among the stars, but it is perhaps too much to expect equipartition
of energy in a mixture probably composed of interpenetrating
systems, which in themselves might show more approach to equi-
partition if the necessary segregation of stars could be made for an
investigation.  Only in a system composed of stars which have
been neighbours practically from their origin, does it seem reasonable
to expect equality of kinetic energy between the more massive and
less massive stars, the former moving more slowly. A mixture of
systems might easily conceal any such tendency, especially if the
mean masses of the stars in the systems were not similar in amount.

On the other hand, these individual space velocities, relative to
the neighbouring stars as a frame of reference, are probably only
the more or less random differences among stellar orbital motions
round the centre of the Galaxy, which will be referred to in a later
section of this chapter.

energies of motions, (mass x ( ) ), can be computed,

PARALLAXES FROM PROPER MOTIONS

As already stated, part of a star’s angular proper motion is due to
the solar motion in space, and in order to ascertain the motions
of the stars at right angles to the line of sight, it is necessary to
separate the component which is caused by the Sun’s movement.
This component is called the “parallactic motion,” and is usually
referred to as the v-component. It is that component which is
on the great circle passing through the solar apex and the star.
The other component, at right angles to this, is the r-component.
Each gives a method of finding the average distance of a group or
class of stars or other objects. Using the parallactic motion, the
individual random motions are assumed to cancel, and the average

parallax results as follows :—
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v sin A

Vo sin2 A

Vo, being the solar velocity, A the angle between the solar apex
and the star, and v the parallactic component of the annual proper
motion in seconds of arc. The bar over the quantities indicates

that averages for the group of stars are to be employed.
In the case of the r-component,

Mean parallax = 2:94

T

7
V being the mean of the radial velocities, corrected for the solar
motion, in miles per second, of the stars concerned. In both for-
mulae 2:94 is the velocity in miles per second corresponding to a
motion per annum of one astronomical unit (mean distance from
earth to Sun).

Should the mean corrected radial velocity be less than about
eight miles per second, the v-component method gives the better
results, but for stars of greater velocity the use of the r-component
is to be preferred.

From studies of proper motion, Seares finds that the solar motion
varies with the magnitudes of the stars employed in the calculation,

so that

Mean parallax = 294

Solar velocity in mjles per second = 80 + 0-75 m,

where m is apparent visual magnitude. Seares’s latest values of
mean parallax for stars of visual magnitudes down to the 13th,
are given in Table 6. The second column is according to the above
formula, the third is for a constant solar velocity of 12-5 miles per
second.*
Table 6
MEAN PARALLAXES OF STARS OF GIVEN MAGNITUDES

Using 12-5 miles

Mag. Using formula. per second.
Seconds of arc. ”
1 0-0830 0-0880
3 0-0376 0-0307
5 0-0175 0-0164
7 0-0082 0-0087
9 0-0039 0-0045
11 0-0018 0-0024
13 0-0009 0-0013

* The figures are averages for the whole sky. For Milky Way regions they are
about an eighth smaller ; near the Galactic poles a third greater. These differences
are due to the greater proportion of stars of lower absolute magnitudes found among
stars of a given apparent magnitude as Galactic latitude increases.
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It will be appreciated that these figures can only be taken as
averages, since the stars of a particular magnitude in any star field
are of very different luminosities and therefore range over a con-
siderable distance. But they may be useful for a number of stars
in an area, and, for instance, in correction of relative trigonometrical
parallaxes to absolute values by their application to the comparison
stars used. And they are also of value when counts of numbers of
stars to different apparent magnitudes are being utilised to obtain
some idea of distances for involved objects such as nebulae or
obscuring clouds. (See page 111).
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F16. 3—TAURUS MOVING CLUSTER

More than forty stars are known to have apparent converging movements towards
a point not far from the bright red star Betelgeuse. =By these movements and the
velocity in the line of sight measured by the spectroscope, the distance of the group
has been found to be such that light takes 130 years to travel from these stars to us.

(The lengths of the arrows correspond to motion in about 65,000 years).

THE MoviNG CLUSTERS

It has been known for a long time that there is community of
motion amongst certain stars for which physical connection would
not otherwise be clear. In 1869, Proctor pointed out that five
stars in the Plough had parallel proper motions and he also drew
attention to the same features for certain stars in the Hyades. Later,
work hy Boss, Eddington, Kapteyn, Rasmuson and others indicated
the probability of connection in these and a number of other groups.
The chief are the Taurus (Hyades) cluster, the Ursa Major group,
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the Perseus cluster, the Scorpio-Centaurus group, the Stars in Coma
Berenices, a group of which 61 Cygni seems to be a member, and the
stars in Orion. .

In the Taurus group there are nearly 80 stars, ranging from
about 3'5 to 6:0 magnitude and spectra A to K, the proper motions
of which strikingly converge to a point in the sky about 6° east
of Betelgeuse (see Fig. 3). The receding radial velocities of a
number of these stars being measured spectroscopically, the
true paths can be computed, assuming that they are really parallel
in space, by a simple trigonometrical calculation; the conver-
gence being thus assumed only apparent and due to the recessive
movement from us. The parallax can also then be derived as
about 07.025, a value confirmed by several other methods. The
diameter of this cluster is about 50 light years, or roughly 40 per
cent of its distance from us.

The Ursa Major group is a very large and scattered one, dis-
covered by Hertzsprung, who found that it contained stars in all
parts of the sky, including such prominent members as Sirius,
B Aurigae, B Eridani and a Coronae Borealis, as well as the five
stars, B, y, 8, e and { Ursae Majoris. More than 40 stars are
believed to belong to it, and it has a flat disc shape disposed
perpendicularly to the galactic plane, 130 light years in its largest
diameter, and moving as a whole parallel to the Galaxy.

The Perseus group, discovered by Kapteyn, Boss and Eddington
almost simultaneously, has at least 45 stars in it, from second
magnitude to below sixth, nearly all of B type. Most of the
stars in this group lie in an extended chain formation in the sky,
which may indicate a flat disc shape as in the Ursa Major group.
In this cluster the motion, according to Rasmuson, is also parallel
to the Galactic plane and the distance is roughly 330 light years.

The Scorpio-Centaurus group contains more than 150 members,
mostly of B type, scattered over the sky in a zone about 50° wide,
from 8" to 18" R.A., the width of the zone increasing somewhat
in the direction of Right Ascension. Such prominent stars as
a and B Crucis, B and 5 Centauri, 8 Scorpii and possibly Antares
seems to be members, the average distances varying from about
160 to 250 light years, the narrow end of the zone apparently con-
taining the nearer objects. Some of the stars in the Southern Cross
and its vicinity belong to this group and are at a distance of about
230 light years. The motion of the cluster is also nearly parallel
to the Milky Way plane and is in the direction of its own longest
axis. -

The Coma Berenices group contains at least 75 starse from
about 4-5 down to 9-0 or fainter, situated between 11 and 15* R.A.
and Dec. 10° to 50° North, all moving nearly westward in the sky.
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The distance to the centre of the cluster is roughtly 240 light years.
The 61 Cygni group is composed of about 60 stars scattered all over
the sky from about the third to the eighth magnitudes. It is
marked by three sub-groups of F, G and K type stars. The physical
connection of the stars in Orion is considered to be shown by
their similar radial velocities, on an average about 13 miles per
second recessive.  As their situation is roughly directly opposite
to the direction of the solar motion towards Hercules at about the
same speed, this shows only the reflex effect of that motion. The
distance of the group (much nearer than the great Orion nebula)
is about 600 light years.

The exact status of some of these extended moving clusters has
recently been shown to be very doubtful. A few of them are
certainly connected groups moving together with reference to the
surrounding ‘““field” stars.  Although those of Taurus, and Ursa
Major are undoubtedly real, there appears to be not the same cer-
tainty for the groups of Scorpio-Centaurus, Perseus and Orion,
which are perhaps composed only of field stars with small individual

motions.

ROTATION OF THE GALAXY

As might be anticipated, the flattened form of our Galactic
system suggested by the Milky Way zone, has in the past led to
conjectures that it is in rotation in its own plane. The motion of
the Sun with reference to its surrounding stars discovered by
Herschel, was surmised (erroneously) by some to be an orbital
movement round the centre of the Galaxy. [Following the analogy
of the planets revolving round the Sun, several have speculated on
the possibility of the existence of a central sun of enormous mass.
Kant thought that this might be Sirius, while Herschel put forward
the idea that the great globular cluster in Hercules (M 13) or, alter-
natively, the “compressed parts of the Milky Way,” might be the
governing mass. Madler believed, however, that the ruling power
is not concentrated in any single mass, but that it is situated at the
centre of gravity of the whole system of the stars. From certain
indications of stellar proper motions he conjectured that this point
is in the vicinity of the Pleiades cluster. These speculations were
all (except Herschel's alternative) ruled out ; in the case of Sirius
by inadequacy of mass, and for the Hercules cluster and the Pleiades,
by positions much too far out of the Galactic plane in which the
rotation might be supposed to occur. If there is rotation and the
control.is principally by a concentration of mass at the centre, the
speeds of the stellar motions round the centre will decrease with
distance from it, just as in the Solar system, with the mass con-
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centrated in the Sun; we find the orbital motions of the planets to
be slower for those farthest from it. In the case of a system of
stars of more or less uniform distribution, the greatest attraction is
found at the outside parts, as there the mass of all the stars is acting
in the one general direction. As we pass inwards the attraction
towards the centre is acted against by outward attractions and at
the centre there is a balance of forces. In this case the bodies
on the outskirts would move the most rapidly. Evidence for or
against rotation may be sought in proper motions and also in the
differences of velocities in the line of sight connecting the star and
observer.

If the stellar system rotates as one body so that the stars,
although moving among themselves, keep on the average the same
relative positions to each other, there will be no possibility, except
by reference to the “Invariable Plane” of the Solar system (see
B.A.A. Jowrnal, 39, 167), of discovering rotation of the system by
means of relative changes in their positions or differences in their
radial velocities. To use a homely illustration, if a number of
people were situated on the spokes of a large rotating wheel at
various distances from its axis, none of them could see any altera-
tions of apparent position among themselves which would indicate
rotation. On the other hand, if the rotation were such that the
speeds decreased outwards, as is found in the planets of the solar
system, then by study of the apparent cross motions and line of
sight movements, rotation might be deduced and measured.

Among the most remarkable of recent achievements in astronomy
may be placed a demonstration by such methods of a Galactic
rotation of this nature. Stellar proper motions, and line of sight
velocities of O, B, N type stars, Cepheid variables, ¢ stars, planetary
nebulae and inter-stellar diffused matter, all objects with distances
ranging out to 2000 light years and more, have been studied by
Lindblad, Oort, Plaskett, Joy and others, and results of such great
consistency obtained as to leave no doubt that our Galaxy is rotating
in its plane, in a clockwise direction as seen from the northern side
of that plane, with great velocity, the speeds of revolution of the
stars decreasing from the centre outwards. This centre is in
exactly the same direction and at about the same distance away
from us in the constellation Sagittarius, as is suggested by the
distribution of stars and other objects in the Galactic system, and
also by the disposition in space of the globular clusters surrounding it.

The velocity of revolution for the stars in the Sun’s neighbour-
hood is found to be about 150 or more miles per second with a perlod
of rotation of about 200 million years, which would require’a con-
trolling mass of the order of two hundred thousand million times
that of the Sun. Strong support is given to these conclusions by
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consideration of the line of sight velocities of globular clusters. The
system formed by these objects is much less flattened than the
denser parts of the Galaxy itself and is presumably rotating more
slowly if at all.  The rotational general motion round the Galactic
centre of the system of stars can therefore be related to this globular
cluster system as a frame of reference, and is then found to agree
with that derived from the motions of the Galactic stars. In fact,
it can be shown quite simply from the radial velocities of the globular
clusters that this is probably the case. =~ Of twenty-one velocities
(18 of them are given in Shepley’s “Star Clusters,” page 199), eight
are recessive from the Sun, twelve are approaching, and one is zero.
Seven of the eight recessive values are for clusters with Galactic
longitudes in the half of the Galactic circle between 155° and 335°
longitude, and eleven of the approaching twelve are in the other half.
Two of the three remaining are at longitudes relatively near the
accepted centre of rotation and the third (the zero one) is almost
exactly at it.

As this centre in Sagittarius (longitude 330°) is close to the
chosen point of division for the two halves of the Galactic circle
(8335°) this disposition of the radial velocities, which has been
obtained by simple inspection, is what might have been
expected for the centre of the rotation, and its direction, as de-
termined from stellar motions.  Or, alternatively, it might almost
have been predicted* from the radial motions of the globular clusters
alone, that the Galaxy would be found to rotate about a point in its
brightest region in Sagittarius, the direction of rotation being so that
the part in our neighbourhood is at present moving towards a goal
beyond that region of the sky in which a Cygni is situated.

Study of the velocities of stars with speeds greater than about
60 miles per second, by Oort and others, led to the discovery that
these bodies appear to be streaming systematically in the direction
of the constellation Argo (R.A. 8", Dec. 44°S), the opposite part
of the sky, in the direction Aquila - Cygnus - Cassiopeia, being
strictly avoided by them. The explanation of this is to be found
in the rotation of the Galaxy; and in fact this preferential motion
constitutes in itself a corroborating fact.

It appears that most of the stars near the Sun have orbits round
the Galactic centre of an approximately circular shape.  Some
(e.g., the high velocity stars mentioned above, and other fast-moving
bodies such as the short-period Cepheids and Long Period variables)
probably have long elliptical orbits, crossing the Sun’s orbit at a
large angle, on their way into, or out from, their “peri-galactic”
positivn.  They will appear, as a class, to be moving rapidly back-

* The prediction would scarcely have been any bolder than that of Herschel’s
first determination in 1783 of the motion of the Solar system (see page 186).
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wards towards Argo, which is 90° in Galactic longitude from Sagit-
tarius, as compared with the Sun whose path crosses their orbits
in its track round the Galactic centre; those ahead of the Sun
having in general approaching line-of-sight wvelocities and those
behind receding speeds. They will thus seem to have high space
velocities, the Sun’s speed in its orbit being, as stated, 150 miles or
more per second.

This provided a satisfactory explanation for the high-velocity
stars, but for the generality of stars in the Sun’s vicinity another
remarkable phenomenon had been discovered by J. C. Kapteyn
earlier in 1904. This consisted of a general systematic motion
suggesting two streams of stars passing through each other, each
stream moving on the whole in a certain direction, although indi-
vidual stars have movements relative to one another; the Sun,
for instance, having a motion towards Hercules with regard to the
neighbouring stars of about a twelfth the rate of its velocity of
Galactic rotation.  The streaming motion discovered by Kapteyn
can be shown to be a natural consequence for the stars with orbits
round the Galactic centre that are not circular. These stars are
moving in elliptical orbits which, in the Sun’s neighbourhood, have
an inward or outward trend as compared with the average of the
more circular motions of the nearby stars. = When these outward
and inward differences are considered, a preference is shown by them
for a direction towards or away from the centre.  This is what was
found by Kapteyn—a direction lying nearly in the plane of the
Milky Way in a line joining Scutum and Orion. Between this and
the line from the Sun to the Sagittarius centre there is an angle of
only 15°, a deviation no doubt capable of explanation on the ac-
cepted theory when further knowledge of the stellar movements
concerned has been obtained.

NUMBERS AND DISTRIBUTION OF THE STARS.

Important determinations of the numbers and disposition of the
stars over the sky were made by Seares and van Rhijn.  The value
of such data has been recognised since the gauges of the Herschels
made between about 1780 and 1838. This work was continued by
others, notably Seeliger, Pickering, Chapman and Melotte, Kapteyn,
and Seares and van Rhijn.  Progress in stellar photography has
led to extensions of the counts to larger sky areas and to lower
limits of brightness, and also to improvements in the accuracy of
the stellar magnitude scales. It is in the last-named factor that
the chief difficulty in the way of accuracy has lain, the problem
being one of photometry of a range of brightness covering over
20 stellar magnitudes and therefore involving the setting up of
accurate standards over an interval ranging in intensity more than

c
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100,000,000 to 1, which is about the same as the ratio between the
width of the Atlantic in our latitudes and a couple of inches. The
difficulties are particularly great when visual methods are employed,
large errors then occurring, but the introduction of photography,
using a scale of stellar magnitudes defined by a field of stars near
the North Pole of the sky, the “Harvard North Polar Sequence,’ has
produced much more dependable results than formerly.

Down to ninth or tenth magnitude the numbers of the stars in
each magnitude grade are known, all such having been catalogued.
For the fainter stars, the numbers have been obtained by counts
in sample areas.

Table 7 is the result of such methods applied under the direction
of Seares and van Rhijn. The figures are for the whole sky (41,253
square degrees) down to the twenty-first visual magnitude—the
limit visually of a telescope about 250 inches in aperture—corrections
from photographic to visual magnitude having been made.

Table 7

ToralL NUMBERS OF STARS BRIGHTER THAN A GIVEN
VIsuAL MAGNITUDE.

Mag. Number. Ratio. Mag. Number. Ratio.

0 3 11 865,000
37 26

1 11 12 2,280,000
36 2-5

2 40 13 5,700,000

36 2-4

3 144 14 13,600,000
35 2-3

4 510 15 32,000,000
32 2-2

S 1,620 16 71,000,000
30 2-1

6 4,860 17 150,000,000
2:9 2-0

7 14,300 18 299,000,000
2-9 19

8 41,300 19 560,000,000
2-8 1-8

9 117,000 20 990,000,000
" 2-8 1.7

10 330,000 21 1,690,000,000

26
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It will be noticed that the ratio between the numbers of stars
down to successive magnitudes steadily becomes smaller with
decrease in brightness. It was thought that if this continued, as
indicated by the run of the numbers, there could not be many stars
fainter than about the thirtieth magnitude and that the total number
of stars in our stellar system would be roughly thirty or forty
thousand millions, 7.e., about 20 per human inhabitant of our globe.
Seares and van Rhijn also found that the total light of the stars is
equivalent to 1092 first magnitude stars and that 98 per cent of this
light is from the stars brighter than 21st magnitude.

TueE AMOUNT OF STAR-OCCUPIED SKY.

In view of the enormous numbers in Table 7, it is surprising to
note the very small part of sky surface occupied by the stars of our
system. An idea of this may be obtained as follows. The aggre-
gate light is, as stated above, equal to 1092 first magnitude stars.
This is equal to one star of -6-6 magnitude, and it is obvious that
the total disc area of the stars will be between that of, say, one
B star or one M star of this visual magnitude, closer to the latter
owing to the great preponderance of later spectral types. From
the formula in Appendix E it can be found that the angular dia-
meters of these hypothetical stars are 0”-04 and 1”-0 respectively.
There will not be much wrong therefore in a statement, meant
merely to indicate the smallness of the fraction of the sky, that an
area substantially less than that of a disc a second of arc in diameter
is occupied by the luminous stellar material of our Galaxy. That
is to say, less than the area covered by a half-penny at a distance of
over three miles.

Loss OoF LIGHT IN SPACE.

If the stars were equally distributed in space at all distances
from us and if there were no loss of light in space, there would be a
constant ratio between the numbers of stars brighter than successive
magnitudes. The light ratio being 2:512 for one magnitude differ-
ence, the ratios of distances and spherical volumes corresponding

are 2-512% (1-585) and 2:512% (3.98) respectively.  The ratios of
Table 7 being progressively less than this figure (3-98), there must
be either a progressive thinning out of stellar light or a loss of light
in space, or both. If there is a loss of light in its passage through
space to us from the stars, then the density of stellar distribution
does not necessarily decrease as we go outward from the Sun ; which,
moreover, need not occupy a central position in the space populated
by the stars counted, as might otherwise be assumed.
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It is now thoroughly established that there is interstellar ab-
sorption of light. The existence of dark Galactic nebulae near
the central axis of the Milky Way has long been known. But what
is perhaps more important in connection with the present discussion
is the possibility of a more general presence of obscuring matter.
Such a general obscuring medium has long been suspected* and has
now been demonstrated to exist.

During the early years of the present century a number of
investigations were made on the possible loss of light through
reddening by interstellar material, without much in the way of a
definite result. = As regards general absorption an enquiry was
made by Trumpler in 1930, using 100 Galactic or “open’’ clusters as
his material. = He assumed that clusters of the same physical type
(see Table 22) would be of the same real diameter and the same total
luminosity on the average.

According to these assumptions, clusters of a given angular
diameter should have had the same apparent stellar luminosities,
but he did not find this to be the case.  The relative distance
corresponding to apparent angular diameter came out less than the
observed luminosities indicated, a general obscuration of 0-67
stellar magnitude per 3260 light years (1000 parsecs) being required
to remove the discrepancy. Confirmation of a value of this order
has been found by Joy, van Rhijn and others by different methods ;
and Hubble’s counts of the nebulae outside our Galactic system at
varying angles above the plane of the Galaxy (Galactic latitudes)
have pointed to the existence of a layer of absorbing material in the
central plane, extending to a distance of at least 6000 light years
from the Sun, about 3000 light years thick, which would cause an
obscuration in a path perpendicular to the plane of about half a
stellar magnitude (photographic). This layer adds its effect to that
of the obscuring clouds where these are found. (See p. 109). De-
tailed study of the effects indicates, however, that the absorptive
material is not uniformly distributed and that the reductions in
apparent brightness caused by it vary somewhat in different direc-
tions in space.

* The following passage from Wewton’s ‘““System of the World” (1727) is of
interest : ‘“‘Some may, perhaps, imagine that a great part of the light of the fixed
stars is intercepted and lost in its passage through so vast spaces and upon that
account pretend to place the fixed stars at nearer distances, but at this rate the
remoter stars could be scarcely seen. Suppose, for example, that three-fourths of
the light perish in its passage from the nearest fixed stars to us . . . . the fixed
stars that are at a double distance will be 16 times more obscure, viz., 4 times more
obscure on account of the diminished apparent diameter ; and, again, 4 times more

on accousit of the lost light. And . ... at a triple distance will be 9X4 X4, or
144 times more obscure . . . . at a quadruple distance 16 x4 X 4 x 4, or 1024 times
more obscure. . . . . "  Newton evidently did not favour the idea. But the

absprption he supposes in his example is very much greater than generally found.
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Study of the colours of B stars andfother objects bright enough
for study at great distances, has shown that they appear redder
than the ‘normal of the same types nearer to us. The effect as
expressedfin stellar magnitudes (see later section, on colour indices),
amounts to from about a fifth to as much as a half of the total
general absorption. = The absorbing clouds responsible for the
reddening probably float within the general stratum of absorbing
matter.

The great effect on estimates of distance which are based on
apparent magnitudes of stars of known luminosities situated in the
absorbing layer referred to, will be evident when it is stated that,
with Trumpler’s figure for the absorption, an apparent distance of
-1000 light years has to be reduced by 8 per cent, one of 5000 light
years by 29 per cent. and of 10,000 light years by 42 per cent. Even
with a smaller absorption, which there is some reason to believe
may be the case, of say 0™-5 instead of 0”67 per 3260 light years,
these percentages would be 6, 24 and 36 respectively.  The effect
becomes considerable therefore beyond, say, a thousand light years.

INTERSTELLAR LIGHT SCATTERING AND ABSORPTION.

The obscuration by dust clouds referred to is caused chiefly by
small particles, the total interstellar mass of which is relatively
small. Ability to redden starlight entails sizes of particles smaller
than about a thousandth of an inch in diameter ; others of larger
dimensions simply obstruct the light without changing its colour,
although the obstructed light is absorbed and later re-emitted as
unobservable “heat” radiation.  The deflection of light by the
smaller particles is known as “scattering,” and the bluer rays are
those concerned, much as the light of the Sun is scattered by the
earth’s atmosphere, resulting in the blue sky and a yellowed or
reddened Sun. Interstellar space also contains many atoms and
molecules of gas which have little dimming effect, although their
aggregate mass is larger than that of the bigger dust, or even greater
sized, particles. This interstellar gas has been revealed by the
spectroscope which has shown fine absorption lines caused by atoms
of calcium, sodium and other elements such as potassium, titanium
and iron, and recently some lines have been noted which are due
to molecules of the hydro-carbon (C H), sodium hydride (Na H),
and cyanogen (C N). The strongest of these lines were first found
in the spectra of distant spectroscopic binaries, as “stationary lines,”
which did not change their position in the spectra, as did other lines
because of orbital motion in the binaries. These distant stars were
necessary for the discovery, a very great length of path through the
gas being essential to produce sufficiently strong absorption lines
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to be visible. As a consequence of the great tenuity of the inter-
stellar gas which produces them, the’lines are fine and sharp, be-
coming stronger as the distance of the star is greater, and thus
providing another useful measuring rod for estimating distances.

Within the last year or two it has been possible to discover,
from the doubling (or even trebling or quadrupling) of the calcium
lines, the gxistence of more than one intervening cloud each with a
different radial velocity.* Another useful result from the measure-
ment of velocities of interstellar gases is a definite confirmation of
the rotation of the Galaxy, and its speed of revolution, as found
from stellar radial velocities and proper motions. In all proba-
bility most of the elements found in the Sun and stars have atoms
in some part of interstellar space, but usually so rarefied as to be
undetectable, or of elements having spectral lines only in that part
of the spectrum (the extreme ultra-violet) which is cut off from our
study by the absorbing action of the earth’s atmosphere. In fact,
it has recently been found, by means of a specially-designed spectro-
graph, that bright lines of hydrogen and ionised oxygen are detectable
in regions of the Milky Way ; the hydrogen lines are often apparently
associated with O type stars, and no bright lines of the kind are
evident in areas of the sky away from the Milky Way zone.

CONCENTRATION OF STARS TO MILKY' WAY.

The crowding of stars towards the Milky Way zone has long
been a familiar fact. This concentration in spite of any effect of
obscuration in the lower Galactic latitudes, increases very much in
the fainter stars, as will be seen from Table 8, which shows numbers
of stars per square degree for different angular distances from the
centre line of the Galaxy (Galactic latitude).

Table 8

APPROXIMATE NUMBERS OF STARS PER SQUARE DEGREE
AT DIFFERENT GALACTIC LATITUDES.

Down to Whole

visual mag. sky. 0° 20° 45° 90°
6-0 0-12 0-21 0-13 0-08 0-06
80 1-0 19 1-2 0-7 0-5
10-0 80 19 10-5 6-2 40
15-0 775 2100 ! 870 350 160

20-0 25,000 80,000 22,500 4,200 1,750

* Qort considers that, on an average, the light from a star about 3000 light years
away, will traverse five of these clouds on its way. There seems to be two classes
of gaseous cloud, one of which has more of the molecules in its composition than
the other; in other words, broadly speaking, we may refer to molecular and atomic
clouds of interstellar gas.
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The increasing Galactic concentration in the fainter stars is
brought out by the ratios between the numbers for 0° and 90°, which
vary from 3-5 at 6™-0 to 46 at 20™-0. It is also strikingly illustrated
by Seares’s conclusion that 95 per cent. of the thirty or forty thousand
million stars in our system are situated on the sky within 20° of the
centre line of the Milky Way zone.

In the southern Galactic hemisphere the distribution is in general
somewhat richer than for equivalent northern latitude. In Galactic
longitude the stars down to eighteenth magnitude are concentrated
about four times as highly in the direction of the Sagittarius region
as in the opposite hemisphere of the sky. The brighter stars (down
to about the ninth magnitude) are concentrated more towards Argo
Navis than in the opposite parts of the sky.

As regards the relation of particular types of stars to the Galactic
plane, the high luminosity O and B types are strongly concentrated ;
and inside 15 degrees on either side of the centre line are to be found
more than 90 per cent. of the Cepheid variable stars of period greater
than one day. The Long Period variables show little or no con-
centration (see next chapter for a description of these variables).

CoLoUR INDEX AND APPARENT STELLAR MAGNITUDES.

It has long been known that mean colour index or photographic
minus visual (or photovisual) magnitude (m, —mv), increases gener-
ally in the fainter stars. The reason for this has been variously
explained ; for instance, as due to a greater proportion of late red
dwarfs, or as caused by selective absorption of stellar light in space.
Whatever be the explanation, the quantity is important for the
purpose of transforming photographic magnitudes into visual
magnitudes in the case of the fainter stars, for which only m; is
usually known. Seares gives the following formulae :—

Average colour index (whole sky) + 050 + 0-029 my
and ,, ” " » - 018 + 0-071 m,

The correction (for the whole sky) for transforming star counts for
a grouping according to photographic magnitude into one according
to visual magnitude, is = - 0-16 — 0-050 m,. For example, what
is the visual magnitude corresponding for the whole sky to 17-0
photographic ?

o

From the formula m = 170 - 0-16 - (0-050 x 17-0)

16-0
Colour index for a given magnitude is greater on the gverage

with increase in Galactic latitude, the stars being therefore generally
bluer in Milky Way regions ; this is owing to the greater concentra-

([
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tion of the hotter B and A type stars there. Results by Kreiken
show that the average colour index for the whole sky is somewhat
less than that given by Seares, but that in any case the values are
about half a magnitude less for Milky Way regions. In higher
latitudes and also in parts of the Milky Way where there is evidence
of the existence of dark clouds, the colour indices are roughly of the
size given by Seares’s formula.

TaE LumiNosiTY LAw.

That stars vary very much in luminosity has been obvious ever
since the recognition of co-existence in physically-connected clusters
of stars of very different brightness. =~ The most luminous star so
far known seems to be the eclipsing binary S Doradus, situated in
the large Magellanic Cloud, for which star we find an absolute
magnitude of about -8 for each component. One of the faintest
known stars is the 11th magnitude companion of a Centauri (Proxima
Centauri), which is about + 15 absolute magnitude.*  This range,
23 magnitudes, means a ratio of light output of 1600 millions to one,
or from about 160,000 times to about one ten-thousandth of the Sun.

To ascertain the relative frequency of occurrence of stars of
different luminosities (the ‘“Luminosity Law’’) has been the object of
many investigations by Kapteyn, van Rhijn, Seares, Luyten and
subsequent astronomers.

The first estimates by Kapteyn and others gave numbers, down
to about 12th or 13th absolute magnitude which later investigations
have found to be considerably too small at the fainter end, and the
most recent results indicate many additional faint dwarf stars.
It is now thought that the greatest star frequency is at about the
12th or 13th absolute magnitude (visual), and the faintest stars
are perhaps of the twentieth absolute magnitude or thereabouts,
i.e., of a millionth of the Sun’s luminosity. The true range of stellar
luminosities is perhaps therefore a hundred times that mentioned
above. The table gives an approximate idea of the distribution of
the stars as a function of spectral class and visual absolute magnitude
according to recent research.

Part A of the table gives the relation of absolute magnitude to
numbers ; the figures in brackets are extrapolations which take
into account, without accuracy in detail, the great number of faint
dwarf stars. Part B shows the distribution by spectral types.

* About the faintest star observed so far is a companion to the dwarf red star,
BD 4 4°4048, which is several magnitudes fainter than Proxima.
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Table 9

NUMBER OF STARS PER MirLrLioN CuBIC LiGHT YEARS
NEAR THE SUN.

A
Absolute Magnitude Absolute Magnitude
(Visual). Number. (Visual). Number.
00 and brighter 4 100 240
1-0 8 11-0 270
20 20 120 300
30 40 130 310
40 62 140 (290)
50 88 150 (260)
60 115 16:0 (200)
70 150 17-0 (140)
80 185 180 (60)
90 215 19-0 and fainter (20)
B
Spectral Mean Abs.  Spectral Mean Abs.
Type. Number. Mag. Type. Number. Mag.
(Visual) (Visual)
B0 -B9 4.7 00 gGO0-gGY 0-4 +0-5
A0 -A9 34 +25 gKO-gK5 7 +0-5
FO -F9 68 +35 g MO 1 0-0
dG0-d4GY 128 +6-0 N 0-01 0-0
d KO -d K6 484 +75 R 0-01 +0-5
d MO + 2250 +14 S 0-0003 -1-5

The mean absolute magnitudes given allow for the increasingly
greater main sequence frequency as spectral type becomes later.
The total number of stars in Table 9 is 2977 or, say, one star per
300 cubic light years roughly.

SPECTRAL TYPE AND APPARENT STELLAR MAGNITUDES.

The Henry Draper Catalogue of Stellar Spectra contains particulars
of the spectral classifications of somewhat more than 225,000 stars.
It is practically complete down to about 8775 for the southern sky
and to 8725 for the northern hemisphere, the difference being due
to the clearer atmosphere at the observatory at Arequipa, Peru,
as compared with Cambridge, Massachusetts. = The catalogue can
be taken as complete therefore for the whole sky at 8”-25 {photo-
graphic), to which limit there are nearly 60,000 stars with the
following percentage distribution : —



34 Stellar Astronomy
Table 10

SPECTRAL TYPES OF STARS BRIGHTER THAN 8725 (PHOTOGRAPHIC),

Type. Percentage of Total.
B (BO - B9) 11
A (A0 - AS5) 22
F (FO - F8) 19
G (GO - GH) 13
K (KO - K5) 31
M (Ma Mb Mc) ... 3
O, R, N, S 1

The K, A and F stars are the most numerous, accounting for
nearly three-quarters of the total. More than half of the apparently
brighter stars are of types hotter than the Sun, but of naked eye
stars it is found that those of class KO are the most frequent. Class B
contains a large proportion of the brightest stars, but the percentage
for it decreases very rapidly among the fainter stars. With regard
to disposition in the sky, the B and A type are closely confined to
the Galaxy, but there is no marked concentration for F and G types,
although for K and M there is a slight tendency to greater frequency
in low latitudes. In general, it may be said that the types of
greatest space-velocity are, as perhaps might have been expected,
found to be dispersed farther than others from the Milky Way zone.
It may also be said that on the average the stars of greater luminosity
and larger mass are concentrated towards the Galactic plane.

The greater concentration as a whole of the fainter stars of early
type spectrum towards the Galactic zone, is brought out for the
tenth to eleventh magnitude stars of two Milky Way regions centred
at about 40° and 160° longitude, using Harvard Observatory material
in diagrams published by Shapley. These show about 44 and 56
per cent. respectively for stars hotter and for those cooler than FO
type in the first of these regions, and 35 and 65 per cent. for the
other, in spite of the reduction in percentages of B types generally
among the fainter stars as mentioned above.

SPECTRAL TYPES AND DISTANCES

Using the material of the Draper Catalogue, average absolute
magnitudes such as are given in Table 2, and counts of the number
of starg found on 2300 square degrees of sky in fields at all longitudes
along the central line of the Milky Way, Shapley has found the
limiting distances and numbers of stars given below.
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Table 11
Spectral Surface number  Distance limit No. per million
Type. per square degree. in light years. cubic light years.
B0 - B5 29.7 2860 0-13
B8 - A3 96-9 1100 72
dA5 - dF2 187 455 196
dF5 -dG0 26-0 230 220
gG5 - g K2 69-0 1140 4-3
g K5 - gMc 17-5 1400 0-6

The table does not take into account such relatively infrequent
stars as Cepheid variables, or abnormally faint A stars, and is not
continued to dwarf K and M type stars, which are much more
numerous even than the dwarf F5 - GO stars. Shapley concludes
that for every B0 - BS star there are about five giant M stars and
seventeen hundred dwarfs like our Sun.

It is of interest to note that the aggregate luminosity and mass of
the stars in Table 9 can be roughly computed to be equal to those of
1300 and 1400 Suns respectively.  This indicates that the average
unit of stellar mass in the million cubic years round the Sun radiates
light at much the same rate as the same unit of solar mass. This
is noteworthy in view of the great disparity in rates of radiation
per unit of mass between a highly luminous star and a dwarf (see
page 78).

DISTRIBUTION IN GALACTIC LONGITUDE.

Attention has often been drawn to the high degree of concentra-
tion towards the Galactic plane of particular types of stars, and
occasionally references are made to the nature of the distribution of
various objects along the approximate great circle of the sky marked
out by the Milky Way. A detailed investigation of this distribu-
tion is much to be desired and although what follows can hardly
be taken to be such in any adequate sense it is put forward as a
compilation of data which may be of some value.

In Table 12 ten classes of object are shown in percentages
according to their distribution in quadrants of the Galactic circle,
the zero of longitude being situated at R.A. 18" 40™ where the circle
crossed the celestial equator, the values of longitude increasing
towards the east. The region of the Milky Way in each quadrant
is indicated by the names of the constellations, although, of course,
many of the objects are in other constellations of higher north or
south latitude.

Classes (c), (d), (#) and (/) are notably concentrated towards
the Milky Way zone ; particularly the novae, for which the mean
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latitude without regard to sign is only 9 degrees, with the fainter
ones more numerous towards Sagittarius.  This concentration is
also a feature of the distribution of Cepheid variable stars with
periods longer than about three days, which it is noteworthy have
considerably smaller space velocities than those of shorter period.
Concentration towards the Galaxy is also fairly well marked in the
case of eclipsing binaries.  Galactic novae are all the temporary
stars other than those objects appearing in certain spiral nebulae.

The quadrant of greatest concentration is shown by the figure
in heavy type; the interpretation of these concentrations will be
discussed in a later chapter.

The progression in longitude of the most favoured quadrant
suggests concentration of the nearer bright objects towards the
centre of the supposed Local Cluster, and of the more distant to-
wards the Galactic centre in Sagittarius. (See Part III, Chapter I).



37

Movements, Numbers and Distribution of Stars

€6
61
|44
114
0g
GG
| ¥4
8I
¥e
9C

"12¢01SSD)
o1
vpnby
0067:0
apnsuoT

44}
8v
14
6¢
9t
34
144
Sc
14
€C

“SNIADIIVS

01
SHANDIUI?)

) O@Mno 0LS
opnynduoT

GG

034y
01
S04220u0 i

o0LG--081
apnpduoT

SI
6

4

ol
61
91
0%
GG

0z’

63

"UOLL(O)

01

SNISAIJ

-081-.06
opnduoT

06 ‘9BAON OrIj0®[RX)
08 ‘0'w6 UeY} ISJUIR] SIEIS B
oL sIe)s (O
zel oenqaN Arejoue[g
€001 ‘so[qeLreA poleg Suog
F¥001 ‘0'wb 0} 08 ‘SIels B
€8¢1 ‘S% w8 03 9%-w9 ‘STeIs ¢ - 0d
€1L STw9 UEY) 123Y3LIq SIE}s Gf - 0d
V6 ‘08 Uy} I9Y3LIq SIe)s By

0SP3 ‘G-w9 UeY} 103ySr1q SIeIS gV - 89

AIQUINN 193090 Jo ssvp)

“HAALIONOT OILOVIVY) NI NOILAFINISI(] FOVINIOIAJ

4]

?|qe]

P P NN~
SIS Q Py
Nt N N e N P et S N e’

_—~
N



38 Stellar Astronomy

REFERENCES—PART I—CHAPTER II

Awuthor. Publication. Subject.
Seares and van Rhijn, M¢. Wilson Cont. Number of stars.
No. 301.
H. Shapley, Harvard Coll. Obs. Numbers and
% Circular, No. 226. spectra.
H. Shapley, Harvard Coll. Obs. Density of distri-
Bulletin, No. 792. bution.
A. S. Eddington, “Stellar Movements and General.
the Structure of the
Universe,”
W. W. Campbell, “Stellar Motions,” General.
Various Authors, “Splendour of the General.
Heavens.”
Bok and Bok, “The Milky Way,” Galactic rotation.
R. J. Trumpler, Publications Ast. Soc.  ‘“The Motions of
Pacific, 51, 244. the stars.”
Russell, Dugan and ‘“Astronomy”’ General.

Stewart.



CHAPTER III
BINARY STARS, VARIABLE STARS AND NOVAE

THE VisualL BINARY STARS

Dawes, Dembowski, the Struves, Burnham, Hough, Hussey,

Aitken and others, enabled the last-named astronomer to
make a statistical review of the data for pairs which are sufficiently
far apart on the sky to show as separate stars in our telescopes and
yet be within limits of angular separation which suggest physical
connection. A brief summary of Professor Aitken’s conclusions is
given below.

Adopting limits of angular separation according to the formula
log separation (seconds of arc) = 2:6 —0-2 m, where m is the com-
bined stellar magnitude of the components, which gives a range of
from 250" for 1™-0 to 2”-5 for 11™-0, his counts led him to the con-
clusion that one star in every eighteen brighter than 970 is visible as
a double star within the resolving power of the largest modern
telescopes.  The significance of this in regard to real physical
connection between pairs is brought out by the fact that if all the
stars down to this magnitude were scattered at random over the
sky, the chances are that in not more than about six or seven cases
would two stars be as close as 10” apart.* Aitken’s limiting value for
a combined magnitude of 970 is 6”:3. Of the stars catalogued
83 per cent have a separation of less than 27, 62 per cent less than
1”7, and 29 per cent less than 0"-5.

The proportion of stars that are double is ascertained to be
greater in Milky Way regions than in the rest of the sky; and that
this is not merely a perspective effect, due to greater extension of
the stellar system in the Galactic plane, is shown by the fact that the
ratio of close to wide pairs is not greater there than in higher latitudes.
Professor Aitken also considers that the increase which is observed
in numbers as angular separation diminishes is a real augmentation
in the number of physically close pairs with smaller orbital dimen-
sions. With regard to distribution by spectral types, the following
refers to nearly 4000 pairs, classifying them by the spectra of the

* Tt has been remarked by A. Berry (“History of Astronomy,” p. 342), that the
odds against two stars of the magnitudes of the components of Castor (gf which
magnitudes he assumes there are 50 and 400 respectively in the sky), being by mere

chance as close as the 57 of arc which divides them, are more than 300,000 to one
against.

THE surveys of double star observers, such as the Herschels,
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primaries where the types of both stars are known, and, if not, by
the composite spectrum of the two stars.

Table 13
SPECTRA OF DOUBLE STARS—PERCENTAGE NUMBERS.
B. A. F. G. K. M.

Visual pairs, 8 31 29 19 12 1
All stars brighter than
87-25, 11 23 19 13 31 3

Spectroscopic binaries, 35 29 11 9 14 2

The percentages from Table 10 for all stars brighter than 825,
and those for over 600 spectroscopic binaries are tabulated for com-
parison. It will be noticed that in the M and K types the visual
pairs are relatively scarce as compared with the stars generally,
while they are numerous in G, F and A types. This may be chiefly
an effect of selection of the stars of types which are brighter ab-
solutely, the K and M pairs being largely main sequence stars. A
more valuable comparison would take into account, as far as possible,
the giant and dwarf classification of the stars, so that it could be
ascertained whether the differences between the relative numbers
of binaries and single stars are most marked in the giant or main
sequence stars. This would possibly throw light on the question
of the origin of binary systems. Meanwhile it may be of value
to draw attention to the apparently relatively great frequency of
pairs of which the primary is a giant of F type and the companion
a star of A type spectrum, the writer having found, that in pairs
with a giant primary, more than 40 per cent have this spectral
relationship.  Shajn has also found from a study of several hundred
stars with composite spectra, that the maximum frequencies of
spectra are F for the primary and A for the secondary, these objects
being evidently close double stars. Recently it has been shown
that some at least of these pairs are composed of an F type normal
main sequence star and an A type sub-dwarf of a density greater
than ordinary dwarfs although not so dense as a white dwarf.

The number of visual pairs in which an orbital motion is known
to be present, although often very slow, exceeds fifteen hundred.
Orbital elements have been computed for several hundred systems,
the reliability diminishing in general with increase in the period of
revolution, which varies from a few years to seven hundred years.
When the particulars of an orbit and the parallax are known with
sufficient accuracy, the total mass of the system in terms of that of
the Sun can be derived by the formula given in Part I, Chapter I.
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The known values vary with luminosity and spectral type. By
statistical methods, Russell has found the average total masses
to vary from about 7 to 10 in giant systems of all spectral types, and
in dwarf pairs to range from 5 or 6 in the hotter down to 0-7 or 1-0
in the cooler classes. This agrees very well with the values for a
nui1ber of dwarf or main sequence pairs, as found directly from the
formula mentioned. The average value for the combined masses
of all visual binary systems is about 1-8 times that of the Sun, the
fainter component being generally the less massive.  The eccen-
tricities of the orbits increase, on the average, with period of re-
volution (see Table 14), the mean being about 0-50 against 0-06 for
the orbits of the eight major planets of the solar system. This
relationship of period and eccentricity must, it is considered, have a
physical significance.

As regards the frequency of companions to stars, a short in-
vestigation by Williams and Vyssotsky appears to indicate that a
very large proportion of stars have distant companions.  In fact,
these workers conclude that the evidence already available shows
the likelihood of as many physical stellar companions at a distance
from their primaries of more than 1000 times the separation between
the Sun and the earth, as ordinary visual close companions.

MULTIPLE SYSTEMS

The occurrence of pairs or multiples among the stars in the
Sun’s neighbourhood may perhaps be taken as giving some idea of
what is usual throughout the stellar system. Of the 250 known
stars within about 30 light years distance from us, more than forty
per cent are certainly members of binary or multiple systems, and
another five per cent apparently belong to the same category ; six
of the systems are triple and one is quadruple.

Within the past few years a new kind of member of a stellar
system has been found from measurements, on photographs of very
high accuracy, of the proper motions of certain stars. By these
measurements it has been demonstrated that the binary 61 Cygni
has a third component of small mass (only 16 times that of the
planet Jupiter) and that 70 Ophiuchi has an even smaller attendant
(about 10 times Jupiter’s mass). Russell has investigated theoreti-
cally the probable physical characteristics of the former of these
two bodies and considers that his results indicate a body of planet-
ary type but with an internal constitution resembling that of a
star and not of the major planets; not hot enough at its surface
to be self-luminous, shining therefore by reflected light and un-
observable with present optical means. It appears quite likely

that many stars may have similar attendants.
D
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THE SPECTROSCOPIC BINARIES

More than a thousand stars are known to consist of two or more
components revolving under their mutual gravitational attraction
so closely together as to be inseparable by ordinary telescopic means,
but revealed by the periodic displacement or duplication of the lines
in their spectra. Elements have been derived for the orbits of
about 400. In general, the known periods are short, ranging from
a few hours upwards, more than half being less than 10 days, and
the orbital eccentricities, which also increase on the average with
period of revolution, are smaller than in the visual binaries, the
computed values averaging about 0-20 (see Table 14). There is a
gap between the longest periods of the spectroscopic pairs and the
shortest of the visual binaries, which is probably due to observa-
tional selection, in the circumstance that the displacement of spectral
lines in the slow-moving pairs is too small for discovery by that
method, while the stars themselves are nevertheless too close for
separate visual detection. The application of the interferometer
to discovery of very close doubles may provide the means of bridging
this gap, which has grown narrower as instrumental means have
improved.

As shown in Table 13, the distribution of the spectroscopic
pairs by spectral classes shows a preponderance in the B and
A types, in which 64 per cent of the total are found. = The spectro-
scopic binaries are chiefly naked-eye stars; a large proportion of
these are stars of high luminosity and more than average mass*
and to this circumstance may be due the great number of stars
discovered to be double by means of the spectroscope—something
like two in ever five or six so far examined in this way. As Aitken
says, “We do not yet know whether that percentage will hold among
the fainter stars, but on the evidence before us we may venture the
suggestion that perhaps the stars of larger mass, and hence pre-
sumably greater luminosity, are the ones which have developed
into binary systems.”  The periods of revolution are generally
shorter in the hotter type stars, a fact which may be partly due to
their greater mass. The masses of spectroscopic binaries can only
be determined in individual systems when the angle of inclination
of the orbit plane to the line of sight is known (i.e., in eclipsing pairs).
As stated earlier, in the paragraph dealing with stellar masses,
average values corresponding to a mean angle of inclination can be
estimated, however; and when these are grouped according to

* Although dwarf stars are much more numerous than giants in space generally
this does not apply to any aggregate of stars brighter than a given apparent magni-
tude. In fact, about four-fifths of the naked-eye stars are giants or early type main

sequence stars brighter than 41 absolute magnitude and at least twice the Sun
in mass.
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spectral type, the hotter stars turn out to be decidedly the more
massive, just as has been found to be the case in the visual pairs.
When the spectra of both components are visible, the relative dis-
placements or “doublings” of the lines enable astronomers to obtain
relative masses of the components, and in such cases it has been
ascertained that almost without exception the fainter bodies are
the less massive, the disparity increasing with the difference in
brightness of the components.

THE ECLIPSING BINARIES

There are more than 1000 of these now known, a large proportion
of which are faint and therefore difficult to study spectroscopically.
It will be appreciated that, given the knowledge that the light
variation is the result of mutual eclipses of two stars revolving about
each other, it is possible to decide from the shape of the light curve
the ratios of the sizes of the stars to the diameters of their relative
orbits.  Surface brightness, and particulars of orbital eccentricity
and inclination of the orbit plane to the line of sight can also be
calculated.

If, in addition to the shapes of the light curve, curves of orbital
radial velocities have been obtained, and if the spectra of both
components are observable, not only relative but actual dimensions,
masses and densities can be computed. Because of this the de-
termination and classification of the spectra of eclipsing pairs is of
great importance in the study of the physical character of the stars.
Among the spectra observed and classified, about half are of class A,
20 per cent of class B, 15 per cent of F and the remaining 15 per
cent or less are G, O, K and M. The predominance of A and B
is due to their being more easily discovered because of great lumin-
osity as a class compared with the fainter main sequence G, K and
M stars. Assuming that the volume of space through which eclip-
sing binaries are known is that in which the A type stars are visible,
there would be a very much higher number of the later types, G, K
and M than has been observed, if all types in the volume could be
ascertained. “

A valuable addition to the methods of study of eclipsing pairs
has been provided by the discovery of what is termed the ‘“‘rotation
effect.”” This is due to the effect of the eclipse of the brighter
component on spectroscopically measured radial velocities. R. A.
Rossiter has described the phenomena as follows, the rotation of the
primary in such close pairs being almost certainly, through tidal
action, in the same direction and with the same period as thz orbital
revolution : ‘“The spectrum lines of a star are symmetrically broad-
ened by the rotation of one limb away from us and of the other with
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equal velocity toward us, since in one case the effect is of increasing
the wave length of the light and in the other case of decreasing it.
The resulting displacement in opposite directions would broaden
the lines, and equal opposite velocities would symmetrically broaden
them. When the bright star is entering eclipse, one limb is gradually
covered by the eclipsing star and consequently the lines from the
bright star are fully broadened on one side only because of the
velocity of the one wholly visible limb.  When these lines are
measured for determination of radial velocity, the centre of density
of the line will be shifted toward the broadened edge, and away
from the centre of the symmetrical line that would be observed if
both limbs were visible. =~ 'When the star is entering eclipse, the
receding limb is visible, and the approaching limb is covered. ~The
measured centre of the line is displaced toward the region of longer
wave lengths, and will give radial velocities too large positively.
At the centre of eclipse the lines are symmetrical, and are bisected
where they normally should be. = When the star is emerging from
eclipse, the receding limb is covered, and the approaching limb is
visible and consequently the measured centre of the line is displaced
towards the region of shorter wave lengths.  The radial velocities
are then too large negatively.”

From these discrepancies it is possible to obtain the duration
of the eclipse in a manner quite independent of the curve of light
variation, and also to get ratios of masses and dimensions for the
component stars.  From the range of the discrepancies in radial
velocities, which, as explained, are due to the rotation of the primary
the equatorial speed of rotation of that star can be calculated.
Multiplying this by the period of rotation, which may (as stated
above) be taken to be the same as the period of revolution (s.e.,
period of light variation) the circumference and hence the diameter
of the primary star may be derived. ~Knowing the ratios of dimen-
sions and masses the diameters and masses of both components
By this method, McLaughlin has found the following for

follow.
the Algol system :—
Diameter. Mass.
° (Sun = 1) (Sun = 1)
Bright body, 31 4.7
Faint body, 37 1-0

Distance between centres, 6,500,000 miles.

These dimensions are larger than the values previously adopted
for Algol, but are no doubt more accurate, the mass agreeing very
well with the average for a B8 type main sequence star such as the
primary of /Algol seems to be. (See Table 3).

There is a third component C, which is brighter than B. A and
B together revolve round the common centre of gravity of the triple
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system in a period of just under 2 years. This was discovered fron
the variations in the radial velocity of the centre of gravity of th
system.

In many eclipsing systems the two stars are so near togethe
that the surfaces facing each other reflect the light of the othe
component so strongly as to affect the shape of the light-curve. Th
stars have then reflection phases which are superposed on the effect
due to eclipse.  The shapes of the stars themselves are in such case
flattened spheroids and the total light received from the system i
affected by the rotation of these spheroids which, through tida
interaction, is almost certain to be in the same direction and perio«
as the orbital revolution. = Methods of study of the light curv
(assisted by the great accuracy of the photoelectric photometer
which can measure brightness to the hundredth part of a magnitude
are so refined as to be able to disentangle these effects and give value
for the surface brightness of the faces which are turned toward
each other and of those turned away from the centre of the system
together with the ellipsoidal shapes of the stars themselves. I
fact, there are several non-eclipsing binaries known whose ligh
variation can be ascribed to their ellipsoidal shapes alone ; but s
far no single star has been found to vary because of rotation of :
non-spherical shape.

ECCENTRICITIES AND PERIODS OF DOUBLE STAR ORBITS.

The average increase of eccentricity with period, found in al
classes of binary systems, is shown by the mean values below :—

Table 14
Average Average
Period. Eccentricity.

3 days. 0-05

s ’ O ¢ 16

Spectroscopic » 0-22
pairs » 0-35
l 103 ” 0-30

1177 ,, (3-2 years) 0-31

17 years. 0-43
’» O 40
”» 0-53
3 0‘57
274 0-62

Visual pairs
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The foregoing eccentricities are derived from systems with known
orbits. Some information may be obtained, however, regarding
the shape of orbits of wide slow-moving pairs by statistical methods.
It is easily seen that if all orbits of such pairs were really circular in
shape, as real motion of the companion would be at right angles
to the line joining it and its primary, there would be an excess of
apparent motions perpendicular to this line in spite of the effects
of foreshortening.  This effect would be least in orbits of high
eccentricity.  Russell has thus found an average eccentricity of
0:61 for more than 500 pairs of average period estimated at about
2000 years and 0-76 for 800 others with average period of something
like 5000 years. These are in accordance with what would be
expected from the values above. The periods of binary systems
increase steadily on the whole with spectral type in the order B, A,
F, G, K and M, which seems to be due partly to the decrease in
average mass of the stars in this order down the main sequence.

COLOURS AND SPECTRA OF DOUBLE STARS.

F. C. Leonard has found that in visual pairs almost invariably,
if the primary is a main sequence star, the secondary is a cooler and
redder main sequence star, while if the brighter star is a giant the
companion is usually hotter and bluer.  This is clearly brought
out when the spectra are studied, but is somewhat obscured in the
case of colours by the effect of contrast, which tends to make the
fainter star of a pair appear bluer than it really is. These re-
lationships of colours and spectra are so general as to provide a
reliable criterion as to whether a system is composed of stars of the
main sequence or has at least a giant primary. This is supported
by the fact that in eclipsing pairs the fainter star has been found
to be usually of the same colour as, or redder than, the brighter
component whenever it has been possible to determine the spectra ;
while in spectroscopic non-eclipsing binaries the fainter has been
noted to be generally bluer in colour. It is probable that the former
are more usually dwarfs or main sequence stars, while the latter,
because of observational selection, are more often giant systems.
The eclipsing pairs are found from variation of light and are thus
easier to remark even when of fainter apparent magnitude.

THE VARIABLE STARS.

There is as yet no really satisfactory classification of variable
stars, for, except in the case of eclipsing systems, we do not certainly
know the cause of variation which would be necessary for a completely
reliable scheme. The following is a provisional one which, in broad
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outline, defines the chief types of the 20,000 or so variable stars
now known :*

Class 1—Eclipsing Pairs.
,, 2—Cepheid Variables.
,» 3—Long Period Variables.
,» 4—Irregular Variables.
,,  9—Novae, or Temporary Stars.

Crass 1—EcCLIPSING PAIRS.—As these stars are really not
variable in the sense of true physical change of light output, they
have been partially dealt with in the preceding pages as double stars.
Before the refined methods of modern photometry were applied, the
presence of a secondary minimum was only known in the case of
systems such as 8 Lyrae, in which the two stars are more nearly
equal than usual. A light curve of this type, that for B8 Lyrae, is
shown in Fig. 3, while that for Algol is given in Fig. 4.

33 33
] —
35 ,/ I / / \ 35
37 317
[ N )
39 \ 39
i N\

” ‘\ a1
N

o
eenfos

“m}m 1 2 3 r 5 3 6 0 ] () )

0

Fig. 3—OBSERVED LIGHT CURVE OF B8 LYRAE

The much more prominent secondary minimum is noticeable
in Fig. 3, also the more gradual nature of the light changes due to
the large ellipticity of figure of the two components, so that, even
though the eclipse may be large or even total, the light does not
remain constant at minimum. These systems generally consist of
two stars of early type and low density revolving about one another
nearly in contact with tidally distorted elliptical figures.

* The growth in number of known variables was very slow at first. At the
beginning of the 18th century four only were known—Mira (1596), Algol (1669),
R Hydrae (1670) and y Cygni (1686). No more were found until 1782, another
seven being added before the end of the century. By the end of the 19th century,
about 400 were listed. The extraordinary increase to the figure quotéd above,
during the present century, is the result chiefly of photographic search at Harvard
Observatory and elsewhere.
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From “Variable Stars”). (By C. Furness.

F16. 4—LIGHT-CURVE OF ALGOL.

In every eclipsing binary system the secondary is really in all
probability a luminous body. ~ The ratio of brightness of the two
components is greatest in the Algol type.

There is a classification into three broad types. Algol gives
its name to one in which the light remains practically the same
between the minima, a relatively small secondary minimum being
produced by the eclipse of the substantially less luminous secondary.
Those with secondary minima of some amplitude and light curves
of a more rounded form, with components elongated in shape by
their mutual gravitational attraction, are called 8 Lyrae stars. A
third type having light curves conspicuously convex upwards
between eclipses, a range of secondary minimum greater than two-
thirds the range of primary minimum, composed of two much
elongated rather dense dwarf stars later than spectral type AO,
revolving almost in contact and with periods of less than a day and
a half, are given the designation W Ursae Majoris stars. The table
gives some statistical data for the three divisions, based on infor-
mation in “The Story of Variable Stars,” by L. Campbell and L.

Jacchia.
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Table |5
EcLipSING PAIRs.
Amplitude of Commonest Range of
Type. Number. Variation. Period. Periods.

Algol, 800 Up to 4™0 2 to 3 days 0-2 to 9883 days.

B Lyr., 140 Rarely exceeds $-day 0-5 to 199 days.
1™0.

W Urs., 120 Average 065 3-day 0-2 to 1-3 day.

The range in length of periods is, as will be seen, very considerable
in the first two types, however ; and there are, of course, systems
of intermediate character among the total number. The eclipsing
variable of longest known periods are e Aurigae, 27 years; V'V
Cephei, 204 years; HV 6990, 18 years; HV 7021, 13} years and
{ Aurigae, 2% years.

Crass 2—CEePHEID VARIABLES.—These stars are named after
3 Cephei, the best known of the type.  There are about 1250 known,
with periods ranging from several hours* to more than 40 days,
and there are also many hundreds of similar variables known in
globular clusters, the periods of about 600 of which are generally less
than a day. Cepheid variables of long period have also been found
in the Andromeda spiral nebula, M31, the spirals M33 and M101,
the irregular nebula NGC 6822, in the Magellanic Clouds, and in
several other stellar systems.

The light variation of a Cepheid seldom exceeds 172 (visual)
and is characterised by a rapid rise to maximum and a rather slow
decline in the case of stars of period similar to the type star 8 Cephei
(see Fig. 5). In this star the increase to maximum is such that the
light doubles in about 30 hours, while in many of the short period
“cluster type,” of about half a day or less period, the light actually
more than doubles in 30 minutes. A progressive change with the
length of period in the characteristics of the curve was found by
Professor Hertzsprung. For periods of about 2-3 days, and also
for those 10-12 days, the curve tends to be symmetrical, but pro-
gressively unsymmetrical (as in 8 Cephei) between these two groups.

The radial velocities are also variable in the same period as the
light, with the maximum velocity of approach occurring at about
the same time as, or’later than the maximum light ; and the maxi-
mum velocity of recession at about the light minimum. According
to Joy of Mt. Wilson Observatory there is, however, a lag of the
velocity curve, with respect to the light curve, which increases with

* About the shortest period known is 100 minutes for a star in the constdllation
Pyxis which varies from 14™5 to 158, and there is one of even shorter period
(C Y Aquarii) of 88 minutes.
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From ‘‘Variable Stars”). (By C. Furness.

Fic. 5—~LIGHT-CURVE OF DELTA CEPHEI

This curve is typical of those of “Cepheid” variables. It shows a rapid rise,
followed by a slower fall of light, and these changes are repeated indefinitely
with perfect regularity.
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F16. 6—VELOCITY AND LIGHT CHANGES OF A SHORT-PERIOD
CEPHEID. .

The lower curves represent the changes of light as observed at two different
Observatories. The upper curve shows the corresponding velocity of the star
or its atmosphere, as revealed by the spectroscope. The lowest point on
this curve indicates the maximum speed of approach, which is seen to coincide
very closely in time with the star’s greatest brightness, as shown in the lower
curve. The reverse holds good for the time of least brightness. This corres-
pondence shows that the variability of the Cepheids is intimately connected
with motion of some sort.
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period from zero to a considerable fraction of the period ; and there
are relations between length of period and amount of light variation,
and length of period and range of radial velocities, so that as periods
increase from about 1 day to 45 days the photographic light change
varies from about 0™-6 to 1™-8, and the range of radial velocity from
20 to 33 miles per second.

The spectra range from A to K type with increase in length of
period. They also alter during the period of light variation in the
case of the individual star, by about one spectral type. This
alteration indicates a higher effective temperature at maximum than
at minimum, and this is shown also by a greater range in the photo-
graphic than in the visual magnitude changes.

It will be convenient to summarise here the characteristics which
are observed to vary in a general way with length of period.

Spectral types, from A to K.
Shapes of light curves, symmetrical at 2-3 days

Range of and 10-12 days, unsymmetrical otherwise.
period, Change of brightness, 0-6 to 1-8 photographic
from about magnitude.

one to 45 days. Ranges of radial velocity, from about 20 to 33
miles per second.
Lag of velocity curves with respect to light curves,
from zero to a considerable fraction of periods.
One of the most remarkable discoveries of modern times is that
the luminosities of Cepheid are fairly closely related to the period
of variation. This, the Leavitt-Shapley Period-Luminosity Law,
is due initially to the work of Miss Leavitt on the variables in the
smaller Magellanic Cloud, and later mainly to Dr. Harlow Shapley,
who showed from parallaxes derived by various methods (chiefly
proper motions in the nearer objects) that this relationship holds
for Cepheids in all parts of th