43, THE SPECTRUM-LUMINOSITY DIAGRAM

By Heney Norrls Russell

Tnvestigations into the nature of the stars must necessarily be very
largely bused upun the average characteristics of groups of stars sc-
lacted in various ways—as by brighiness, proper motion, and the like.
The publication within the last [ew years of a great wealth of aceu-
mulated vbservational material makes the compilation of such data an
pasy process; hut snme methods of grouping appear to bring out much
more definite und interesting relations than others, and of all the prin-
ciples of divisian, that which separates the stucs according to their spac
trul Lypes has revealed the most remarkable differences, and those which
most stimnlate attempts at a theoretical explanation,

In the present discussion, 1 shall attempt to review very rapidly the
principal results reached hy other investigators, and shall then ask
vour indulgence for an uccount of certain researches in which | have
been enguged during the past few vears.

Thanks to the pussibility of obtaining with the ohjective prism pho-
tographs of the spectra of humdreds of slurs on @ single plate, the
number of stars whose spectra have been vbserved and classified now
exreeds one hundred thousand, and probably a8 many more are within
the reach of existing instruments. The vasl majorily of these spectra
show only dark lincs, indicating that abzerption in the outer and least
dense luyers of the stellar atmospheres is the wain cause of their pro-
duction. Even if we could not identify a single line ag arising from
some known constituent of these atmospheres, we could nevertheless
draw [rom a study of the spectra, considered merely as line patterns, a
conclugion of fundamental Lnporlance,

The specira of the stars show remarkably few radical differences in
type. More than ninety-nine per cent of them fall into one or other of
the six greal groups which, during the classic work of the Harvard Col-
lege Observatory, were recognized as of fundamental importance, and
received us designations, by the process of “survival of the fittest,” the
rather arbitrary series of letters B, A, F, G, K, and M, That there should
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be 50 very few types is noteworthy ; but much more remarkabls is the
fact that they form u continuous series. Every degree of gradation, for
example, between the typical spectra denoted by T and A may be found
in different sturs, and the same {8 true to the end of the series, a [acl
recogmzed in the famillar decimal classification, in which H3, for ex-
ample, denotes & spectrum half-way hetween the Lypical examples of
B and A This series is nol merely continuous ; it i5 imear. There exist
indeed slight differences hetween the spectra of different stars of the
same spectral class, such as A0; but these relate to minor details, which
usually require a trained eye for thelr detectivn, while the difference
between successive clusses, such as A and I, are conspicuous to the nov-
ice. Almost all the stars of the small outstanding minority fall into three
other clusses, denoted hy the letters O, N, and R. Of these O un
doubtedly precedes B at the head of the series, while R and N, which
grade into one another, come probably at its other end, though in this
case the transition stuges, if they exist, are not vel clearly worked ont.

From these facts it may be concluded that the principal differences in
stellar spectra, however they may originate, arise in the main from vari-
ations in a single physical condition in the stellar atmospheres, This
follows al once from the linearity of the series. If the spectra depended,
to a comparable degree, on two independently variable conditions, we
should expect that we would be obliged to represent their relations, not
by points an a line, but by points scattered over an area. The minor
differences which are usually described as “peculiurities” may well rep-
resent the effccts of other physical conditions than the controlling one

The first great problem of stellar spectroscopy is the identification of
this predominant cause of the spectral differences. T'he hypothesis which
suggested itsell immediately upon the first studies of stellar spectra was
that the differences arose from vaciutions in the chemical composition of
the stars. Our knowledge of this composition is now very extensive, Al-
most every line in the spectra of all the principal classes can be pro-
duced in the laboratory, and the evidence so sccured regarding the
uniformity of nature is probahly the most impressive in existence, The
lines of certain elements are indecd characteristic of particular spectral
classes ; those of helium, for instance, appear anly in Cluss 13, and form
its most digtinctive characteristic. But negative conclusions are pro-
verbially unsafe, The integrated spectrum of the Sun shows no evi-
dence whatever of helium, but in that of the chromosphere it is exceed-
ingly conspicuous. Were it not for the fact thal we are near this one
star of Class G, and can study it in detail, we might have erroncously
concluded that helium was confined to the “helium stars.” There are
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other cogent arguments against this hypothesis. For example, the mem-
hers of a star-cluster, which are all moving together, and presumably
have & common origin, and even the physically connecled components
of many douhle stars, muy have spectra of very different. types, and il
i very hard to see how, in such a ease, all the helium and most of the
liydrogen could have collected in one star, and practically all the metals
in the other. A further argument—and to the |writer| a very convincing
one—is Lthat it is almost unhelievahle that differences of chemical com-
position should reduce Lo a function of a single variable, and give rise
to the vbserved linear series of spectral types.

I nead not detain you with the recital of the steps by which astro-
physicists have becume generally convinced that the main cause of the
dilferences of the spectral classes is dillerence of temperature of the
stellar atmospheres, . . .

T will now ask vour atlention in greater detail to ceriain relations
which have Leen the more special objects of my study.

Let us begin with the relations between the spectra and the real
hrightness of the stars. These have heen disenssed by many investiga-
tors—notably hy Kapteyn and Hertzsprung—and many of the facts
which will be brought before you are not new; but the observational
material here presented is, 1 believe, wuch more cxtensive than has
hitherto been assembled. We can only determine the real brightness of
w star when we know its distance ; but the recent accumulation of direct
measures of parallax, and the discovery of several moving clusters of
stars whose distances can be determined, put at our disposal far more
extensive dala than were available a few years apo.

Figure | shows graphically the results derived from all the direct
measures of parallax available in the gpring of 1913 (when the diagram
was constructed ), The spectral class appears as the horizontal coordi-
nate, while the vertical one is the absolute magnitude, according to
Eapteyn’s definition —that is, the visual magnitude which each star
would appear to have if it should be brought up to a standard distance,
correspunding Lo a parallax of 07,1 (no account being taken of any pos-
sible absorption of light in space.) The absolute magpitude =5, at the
top of the diggram, corresponds to a luminosity 7500 times that of the
Sun, whose absolute magnitude is 4.7. The absolute magnitude 14, at
the hattom, corresponds to 1/5000 of the Sun’s luminosity. The larger
dots denote the stars for which the computed probable error of the par-
allax is less than 42 per cenl of the parallax itself, so that the probahle
error of the resulting absolute magnitude is less than #=1*.0, This is a
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fairly toleraut criterion for a “goud parallax,” and the small dots, rep-
resenting the resulls derived irom the poor parullaxes, should hardly
be used as a hasis for any argument, ‘I'he solid Llack dots represent
#tars whose parallaxes depend on the mican of two or more delelminge
Livns; the open cireles, those ohserved bul ence. In the latter case, only
the results of those ohservers whose work appears to be ucarly free from
gystematic error have been included, and in all cases the obssrved par-
alluxes have been corrected for Lhe |.J'I:'{:I'|‘r.'lh'|ﬁ mean I:Iﬂt;ﬂluj_ of the come-
parison stars Lo which they were referred, The lurpe npen circles in the
upper part of the diagram represent mean results for numerons hright
stars of small proper motion (about 120 altogether) whose observed
parallaxes hardly cxceed their probable errors. In this case the hest
thing Lo do is to take means of the observed parallaxes and g niludes
lor suitahle groups of stars, and then calculate the absolute magnitudes
of the typical stars thus defined. These will not exacily correspond to
the mean of the individual absolute mugnitudes, which we could ol-
Luin if we knew all the paralluxes exactly, but they are pretly certainly
good enough for our purpose.

Upon studying Fipure 1, several things can be ohsarvad.

1. All the white stars, of Classes Th and A, are Lright, far exceeding
the Sun; and all the very faint stars—fur example, those less than 14,
48 bright as the Sun,—ure red, and of Classes K and M. We may make
this statement more specific by saying, as ITertzsprung does, that there
is a certain limit of brightuess for each spectral class, Lelow which
stars of this class ure very rare, if they oceur at all. Our diagrum shows
Lhut this limit varies by ruther more than twa magniludes from class
to class. The siugle apparent exception is the faint double companion to
o' Eridani, roncerning whose parallax and brightuess there can be no
doubt, hul whose spectrum, though upparently of Class A, is rendered
very difticull of observation by the proximity of ils far brighter primary.

Z. On the other hand, there are many red stars of great hrightness,
such as Arcturus, Aldebaran and Antares, and these are as bright, on
the average, as the stars of Class A, though probubly fainter than those
of Class B, Direct measures of parallux are unsuited to [urnish even
an extimate of the upper limit of hrightness to whicl Lhese stars attain,
but it is clear that some stars of gll the principal classes must he very
bright, The range of actnal brightness amony (he slars of each spectral
cluss therefore increases steadily with increasing redness.

3. Bul it is further noteworthy that all (he stars of Classes K5 und
M which appear on our diagrum are either very Lright or very faint,
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There are none comparable with the Sun in brightness, We must be
very careful here not to be misled hy the results nf the methads of ze-
lection cmployed hy ohservers of stellar parallax. They have for the
most part ahserved either the stars which appear hrightest to the naked
cye or stars of large proper motion. Tn the first case, the method of se-
lection gives an enormous preference to stars of great luminesity, and,
in the second, to the nearest and most rapidly moving stars, without
much regard o their selual brightness, [L i3 ool surprising, Ltherefure,
that the stars picked out in the first way (and represented by the large
circles in Figure 1) should be much brighter than those picked out by
the second method (and representsd by the smaller dots). Rut if we
consider the Iower half of the diagram alone, in which all the stars have
been picked out for proper-motion, we find that there are no very faint
stars of Class (5, and no relatively bright ones of Class M, As these stars
were selected for observation entirely withoul consideration of their
spectria (most vl which were then unkoown), it seems clear thal Uns
difference, st least, is real, and thal there 12 4 real lack of red slares
comparable in brightness to the Sun, relatively to the number of those
100 Limes [sinter.

The appearance of Figure | therefore suggests the hypothesis that if
we could pul on it some thousands of stars, instead of the 300 now
available, and plot their absolute magnitudes without uncertainly aris-
ing from ohservational error, we wonld find the points representing
them clustered principally close to two lines, one descending sharply
along the diagonal, from B to M, the other starting also at B, but run-
ning almost horizontally. The individual poinie, though thickest near
the diagonal line, would scatter above and below it to a vertical dis-
tance corresponding to at least two magnitudes, and similarly would be
thickest near the horizontal line, but seatter ahove and below it to a
distance which cannot so far be definitely specified, so that there would
hee twa fairly broad hands in which most of the points lay. Far Classes
A and T, these two zones would overlap, while their outliers would still
intermingle in Class (3, and probably even in Class K. There would
huwever be lefl a Urigngular space between the Lwo zones, at the right-
hand edge of the diagraom, where very [ew, il any, puinls appeared ; and
the Inwer left-hand corner would be still more nearly vacant,

We may express this hypothesis in another furm by saying that there
are twn great classes of stars, the ome of praat hrightness (averaging
perhaps o hundred times as bright as the Sun), and varying very little
in hrightness from one clasg of spectrum to annther ; the ather of smaller
hrightness, which falls off very rapidly with increasing redness, These



Fig. 2. Spectrum-luminesity diagram for hright gronps of stars.
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two classes of stars were [irst noticed by Hertzsprung,' who has applisd
to them the excellent names of giant and divar] stars, The two groups,
on acemmt of the considerable internnl differences in each, are only dis-
tinctly separaled umong the stare of Class K or redder. In Class T they
are partially, and in Cluss A thoronghly intermingled, while the stars
of Class I3 may be regarded cqually well as belonging to either series,

Lu addition to the stars of directly measured parallux, represented in
Figure 1, we know with high accuracy the distances and real Lrightoess
of ubout 150 stars which are members of the four maoving clusters
whose convergent poinls are known, namely, the Hyades, the Ursa
Mujor group, the 61 Cygnd group, and the large group in Scorpius, dis-
covered independently by Kapteyn, Fddington, and Benjamin Toss,
whose motion appears Lo be almost entirely parallactic, The duta for
the sturs of these four groups are plotted in Figure 2, on the same sys.
tem @s in Figure 1. The solid black dote denote the members of the
Hyudes; the open circles, those of the group in Seorpins: the crysses
the Ursa Major group, and the triangles the 61 Cygui group. Our lists
ul the members of each group arce probubly very nearly complete down
to a cerlain limiting (visual) magnitude, but fail al (his point, owing
to lack of knowledge regarding the proper motions of the [ainler stars.
The apparently abrupt termination of the Hyudes near the ahsalute
magnitude 7.0, and of the Scorpiug group at 1.5 atiscs from this ohser-
valional limitation,

The large circles and crosses in the upper part of Figure 2 represent
the absolute maguiludes calculnied from the mean parallaxes and TS
niturdes of the groups of stars iuvestigated by Kapteyn, Campbell, and
Boss. . . . The larper circles represent Boss's resulls, the smaller cir-
cles Kapteyn's, and the lurge crosses Camphell’s.

It is evident that the conclusions previously drawn from Tigure | are
completely corroboruled by these new and independent dutu. Most of
the memhers of these clusters are dwarf stars, and it deserves particu-
lar notice that Lhe sturs of different clusters, which are presumably of
different origin, are similar in ubsolule magnitude. But there are ulso a
few giant stars, especially of Class K, (among which are the well-
konown bright stars of this type in the Ilyades) ; and must remarkahle
of all is Antares, which, though uf Cluss M, shares the proper motion
andd rudial velocity of the adjacent stars of Class B, aud is the brightest
starin the group, giving out about 2000 times the light of the Sun. Tt is
ulso clear that the naked-eve stars, studied by Buss, Camphell and
Kapteyn, are for the most purl giants.

U Zrilsehrift fiir Wissensehaftllche Photographin 3, 442 (1005),
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| The hrat evidence of a stellar population other than that depicted
here by Russell came spon, in 1915, through the determination of the
color-magnitude arrays for the brighter stars In Messier 13 (Mt, Wilson
Contr, No. 116, ‘I'able X11), and later for other gzlobular clusters. ‘I'n
illustrate the difference from the Russell “reversed seven” distribulion,
the array for the giant etars in the globular cluster Messjer 22 iz repro
dueed in Figure § (from “Star Clusters,” pp. 29, 205 [1930]) ; the array
shows no trace of Russell’s giant star branch, which depends on the
sturs of the solar neighborhood, and it does reveal a steep rise from the
blue stars to the red giants.

| These early globular cluster observations and the steep rise were
also discussed by len Brugencate in his buok, Sternhaufen (Tierling
1927). Since 1950 the color-magnitude arrays for a few globular clusters
have been much extended, with important hearing on gtellar evolution
problems, by Sandage, Johnson, Arp, and Baum, working with the 200-
inch teleseope on Monnt Palomar, |




