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ABSTRACT

A spectral synthesis technique similar to that of Spinrad and
Taylor (1971) has been applied to the integrated light of globular clus-
ters M5, M13, M15, and M92 of the Galaxy; H12, H55, H140, B282,
and MIV of M31; and to the nucleus of the elliptical galaxy NGC 205.
The derived stellar contents of the four local clusters have been com-
pared with color-magnitude diagrams and luminosity functions based on
studies of individual stars within these systems. Results agree.

The technique yields information on both the metal content of clus-
ters and their horizontal-branch colors and thus is useful for extracting
the two parameters which apparently describe galactic globular clus-
ters.

Principal results of the study of the six extragalactic systems are:

(1) The clusters H12 and H140 have similar metal contents and

similar luminosity functions except along their horizontal
branches where H12 is concentrated to the red, resembling 47
Tuc, and H140 is rather blue, resembling M5. This result
suggests that M31 clusters belong to at least a two-parameter
family as do clusters in the Galaxy.

(2) H55 and B282 have absorption features too strong to be artifi-

cially reproduced with a mixture of population I stellar spectra
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of normal feature strengths. This confirms a similar result by
Spinrad and Schweizer (1972) for B282.

(3) The strong-lined cluster H55 is a halo object. This corrobo-
rates van den Bergh's (1969) discovery of strong-lined halo
clusters in M31.

(4) The metal-richness of the stellar contents of the clusters cor-
relates well with van den Bergh's line index L. This correla-~
tion strengthens his result that M31 globular clusters are gen-
erally more metal-rich than their galactic counterparts.

{5) No firm evidence is found for the hot blue stars inferred to be
present in B282 by Spinrad and Schweizer.

(6) The nucleus of NGC 205 is composed of mild population II stars
like clusters H12 and H140. However its color-magnitude dis-
tribution is unlike that of any known globular cluster. V-light
contributions are about sixty per cent from its main sequence
and only three per cent from its giant branch. The domination
by dwarfs is greater by a factor of two than in the M81, M32,
and M31 nuclear models of Spinrad and Taylor (1971). The
apparent explanation is a different luminosity function.

There is some evidence for dispersion in the initial luminosity

functions of clusters. The best models for the metal-rich clusters H55
and B282 have about one-~half more V-light arising from their main

sequences than the other clusters. The giant branch of M5 appears to
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contribute about one-third more V-light than giant branches of other
clusters studied. There is some independent evidence for an abnormal-

ly heavily populated giant branch in M5.
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I. INTRODUCTION

A) Stellar Populations, Globular Clusters, and Galactic Evolution

When Baade (1944) introduced his concept of stellar populations,
he characterized population II by a lack of O~ and B-type stars and
red-supergiants, an abundance of short period (RR Lyrae) variables,
condensation of stars into tight globular clusters rather than open ga-
lactic clusters, and a characteristic distribution in the H~R diagram.
He also recognized that his population II was identifiable with the high-
velocity substratum of the Galaxy which had been discovered by Oort
(1926). Globular clusters, which exhibited all of the above properties,
were designated a prototype of population II.

Although a weakness of cyanogen bands in high-velocity giants had
long been known (Lindblad 1922), the metal deficiency of population II
stars was not definitely established until Chamberlain and Aller (1951)
analyzed metal abundances in the subdwarfs HD 19445 and HD 140283.
Metal deficiencies in globular clusters were implied by the theoretical
work of Hoyle and Schwarzchild (1955) and were later confirmed spec-
troscopically by Helfer, Wallerstein and Greenstein (1959). Thus dif-
ferences in stellar populations which Baade had correctly attributed to

age were better understood as manifestations of differences in



chemical composition.

When Burbidge, Burbidge, Fowler, and Hoyle (1957) firmly estab-
lished the theory of nucleosynthesis in stellar interiors, an immediate
result was an implied age-chemical composition correlation in stellar
populations. It remained for Eggen, Lynden-Bell, and Sandage (1962)
to relate all of the above stated properties of population II in their
model of galactic collapse. Wide dispersions in population II proper-
ties which had been discovered since Baade's original work were ex-
plained by confining the collapse of the Galaxy and a period of rapid
metal enrichment of the interstellar medium to a relatively short peri-
od at the beginning of the Galaxy's history.

Despite the progress made in understanding stellar populations
and galactic evolution between the time of Baade's early work and the
publication of Eggen et al., recent years have produced unexplained
discoveries. As van den Bergh (1965) first concluded, variations in
the color-magnitude diagrams of globular clusters cannot be explained
by a wide dispersion in but one parameter, metal abundance. (Iben

[1971] disputes this view.) More recent studies indicate, although not
conclusively, that globular cluster color-magnitude diagrams can be '
classified in a two-dimensional scheme. (See for example Hartwick
1968 or Castellani, Giannone and Renzini [197(_)] .) Thus at least one

basic parameter besides metal-content varies from cluster to cluster.
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The identification of this second parameter is of primary impor-
tance. If it is helium content, a view advocated by Sandage and Wildey
(1967), then cluster comparisons will assume cosmological importance
since the initial helium content of the universe is a fundamental param-
eter in discriminating among cosmologies, a fact realized after Pen~
zias and Wilson (1965) strengthened the position of big-bang cosmolo -
gies by their discovery of the 3CK microwave background. If the heli-
um content of clusters should turn out to have a large dispersion it
would give impetus to the admittedly speculative idea of Burbidge
(1969) that much of the helium may have been synthesized in extremely
massive objects in an early, highly luminous phase of the Galaxy.

Rood and Iben (1968) have suggested that the second parameter is
age. If correct, their view would necessitate a revision in the theory
of Eggen, Lynden-Bell and Sandage.

Another possible second parameter is initial cluster luminosity
function. The possibility also exists that metal content has been over-
simplified as a single parameter. Iben (1971) asserts that if mass-
loss rate on the giant branch is correlated with metal content it may be
possible to explain the variations in color-magnitude diagrams as a
result of dispersion in metal content only. Iben describes a correla-
tion between metal content and mass-loss rate which could account for
the lack of a monotonic correlation between metal content and the mean

color of horizontal-branch stars, the primary evidence that a second -



parameter is necessary.

A second major indication of the need for a more comprehensive
view of galactic evolution and stellar populations was van den Bergh's
(1969) discovery that the globular clusters in M31 are generally more
metal-rich than those in the Galaxy. They also lack a discernible
correlation between metal content and spatial distribution. Van den
Bergh has also inferred that the M31 globulars may be systematically
brighter than those of the Galaxy.

Spinrad and Schweizer (1972) have intensified the problem raised
by van den Bergh with their claim that the strongest-line globular
clusters in M31 are ""super-metal-rich.'" Furthermore Spinrad and
Schweizer have inferred that the metal-rich M31 clusters contain hot
blue stars, in contrast to metal-rich globular clusters in the Galaxy
where such stars are absent.

Concurrently with the rise of the aforementioned problems has
been the development of a technique which may contribute to their solu-
tion. This technique is spectral synthesis, the reproduction of com-
posite spectra from known mixtures of stellar spectra. Its usefulness
rests on the assumption that the stellar compositions of such models
are similar to those of the objects synthesized. Pioneering work in
the field includes that by Wood (1963, 1966), Tull (1963), Spinrad
(1966), McClure and van den Bergh (1968), Spinrad and Taylor (1971),

O'Connell (1970), and Spinrad and Schweizer (1972). Fairly primitive
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early techniques have progressively become more sophisticated.

Application of spectral synthesis, if valid, should prove especially
valuable in facilitating studies of stellar content in other galaxies and
in aggregate components of other galaxies such as globular and galac-
tic clusters. In particular galaxy-to-galaxy comparisons of both inte-
grated and cluster stellar content should extend the aforementioned dis-
coveries of van den Bergh and of Spinrad and Schweizer and hopefully
lead to their explanation through better theoretical models of galactic

evolution.

B) Purposes of this Program

The purposes of the program of research described in this thesis

in the context of section I A were as follows:

(1) To test the validity of Spinrad and Taylor's (1971) synthesis
technique by applying it to globular clusters of known color-
magnitude array. Contingent upon its validity the subsequent
purposes were also adopted.

(2) Since the approach is basically one of trial and error, to sys-
tematize it, again by use of the clusters of known color-magni-
tude array.

(3) To apply the technique to at least one of van den Bergh's (1969)

strong-lined clusters in the outer regions of M31, thereby to



(4)

(5)

(6)

6
test his claim that some strong-lined clusters occur in the ex-
treme halo.
To synthesize M31 clusters having a wide range in van den
Bergh's line strength index L in order to test its validity as an
indicator of metallic line strength. Confirmation of the valid-
ity of the L index would strengthen van den Bergh's claim that
the M31 clusters are generally more metal-rich than those of
the Galaxy.
To test Spinrad and Schweizer's (1972) claim that some M31
clusters have abnormally strong spectral features. (The ad-
jective '"super-metal-rich' was used by Spinrad and Schweizer
in describing these clusters. Use of their term in this thesis
is meant only to imply stronger than normal spectral features).
To test Spinrad and Schweizer's (1972) inference that hot blue
stars are required to explain the spectra of strong-lined M31

clusters.



II. OBSERVATIONAL PROGRAM

A) Selection of Globular Clusters

The first step in executing the program outlined above was the se-
lection of objects for spectral synthesis. Since clusters in the Galaxy
were to be observed with the Palomar 200-inch prime-focus scanner
attached to a 4-inch telescope (to be described in part D) with an 8.1
minute field, and since the M31 clusters were to be observed with the
multi-channel spectrophotometric scanner mounted on the Palomar
200-inch telescope, it was necessary to choose objects compatible with
those instruments. Because the technique of spectral synthesis re-
quires observations at a large number of wavelengths (at least 35 wave-
lengths were observed in all clusters of the Galaxy and at least 32
usable features in the M31 clusters) and because the weakness of ab-
sorption features in population II necessitates the use of narrow band-
passes (202; and 30.OA in the blue and red respectively were used for the
clusters of the Galaxy, and 202\. and 40,2; for the clusters of M31), the
limiting magnitudes for objects chosen were relatively bright. To ob-
tain accuracies of about two per cent (three per cent in the ultraviolet)
in 25 hours of observing time it was necessary to restrict observations

of nearby clusters to those brighter than V = 6.5. To obtain
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accuracies better than four per cent (about eight per cent in the ultra-
violet) in one and one-half hours, M31 clusters were restricted to
those brighter than V = 15.6.

To eliminate atmospheric extinction as a significant error source
only objects with declinations northward of -15° were chosen for ob-
servation.

The elimination of sky background and dark count noise was
accomplished by means of a chopper on both telescopes. Alternation
of object plus sky and sky between two apertures was necessary to pre-
vent errors caused by small instrumental asymmetries. Thus it was
necessary to restrict observations to objects flanked on two sides by
"typical'' looking regions of sky. This was particularly a problem with
the M31 clusters. Several of these were eliminated from consideration
because of crowded fields. This was also a reason that the relatively
metal-rich cluster M71 was not observed.

Another requirement governing the choice of objects was that they
exhibit relatively little interstellar reddening. This criterion also dis-
criminated against M71 and the centrally located clusters in M31.

Besides the criteria just noted, used to discriminate against ob-
jects which could not be accurately observed, several additional criter-
ia were employed to insure the selection of interesting objects.

The necessity of finding nearby globular clusters with already-

known color-magnitude arrays led to the choice of the bright and easily
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observable clusters M3, M5, M13, M15, and M92, all of which have
known arrays extending below the main sequence turnoff. Because of
the close similarity between M3 and M5 it was decided that only one of
the two would be included. Convenience initially favored M3, but after
one scan was obtained bad weather reversed the choice to M5. For
this reason a partial energy distribution is given later in this thesis for
M3 but no synthesis was attempted since the spectrum does not extend
to all program wavelengths and its accuracy is probably only 5 to 10
per cent.

It also seemed desirable to include nearby clusters spanning as
wide a range in Morgan (1959) metallic-line classification and Kron and
Mayall (1960) spectral type as possible. These criteria, because of
the lack of sufficiently bright candidates, were not completely satis-
fied. Morgan types ré.nge from type I for M15 and M92 to type III for
M13. Kron and Mayall spectral types vary from F1 for M92 to F6 for
M5 and M13 (M3 is type F7).

In selecting candidates from M31 the adopted criteria were more
successfully applied. The five objects chosen for observation repre-
sent the full range of van den Bergh's (1969) line-strength index L
spanned by M31 clusters. Their apparent positions include points
close to and distant from the disk. (However with such a small sample
it is possible that all could be remote clusters, with projection being

responsible for apparent proximity to the disk.)
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TABLE 1 (continued)

References

. Morgan (1959)

Kron and Mayall (1960)

van den Bergh (1969)

Arp (1965)

van den Bergh (1967)

Sandage and Walker (1966)

Arp (1962)

Crawford and Barnes (1969)
McClure and Racine (1969)
McNamara and Langford (1969)
Sandage (1969)

de Vaucouleurs and de Vaucouleurs (1964)
van den Bergh (1968)

Sturch (1966)

Baum et al. (1959)
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Plate 1: Positions of NGC 205 and the five program globular clusters
associated with M31.



PLATE 1
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Table 1 summarizes several properties of the clusters selected
for observation. Sources of information are given in parentheses.
Coordinates for the M31 clusters were taken from Vete®nik (1962) who
also provides references to the original discovery lists. Coordinates
for clusters of the Galaxy were taken from Arp (1965). Plate 1 shows
the positions of the M31 clusters. (Note that the nucleus of the Eé6p
galaxy NGC 205 has been included. The integrated light of the nucleus
of NGC 205 has not been previously synthesized. It was added to the
program because of the possibly interesting comparison between it and
the globular clusters and because its proximity to M31 made it conven-

ient to observe.)

B) Selection of Stars

The selection of stars to compose the cluster models was made
from field subdwarfs, metal-deficient giants, and horizontal-branch
stars. Horizontal-branch stars and early subdwarfs were required to
be brighter than V=10.0 and giants and late subdwarfs were required
to be brighter than V=9.0 so that accuracies of 2 per cent (3 per cent
in the ultraviolet) could be achieved in three hours or less observing
time with the Cassegrain scanner of the 60-inch and 100-inch Mount

Wilson telescopes.

Stars were required to have declinations above -20°. Visual
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binaries were rejected unless one component could be excluded from
the aperture while the other was observed. HD 165195 and HDE 232078
were the only program stars with known color excesses greater than
Eg.v = 0.10.

An attempt was made to include a two-dimensional sequence of
stars representing the range of known population II spectral types (ex-
cept for variables and planetary nebula nuclei) and a wide range of
metal content. (Stars with measured or implied metal-deficiencies
less than [—ﬂ were excluded.) Stars with abundance analyses were .
favored over those without.

Table 2 summarizes properties of stars included in the observing
program. UBYV photometry data are average values from the catalogue
of Blanco et al. (1968). In most cases tabulated radial velocities are
from the catalogues of Eggen (1962, 1964) and Wilson (1953). Other
sources of these data and of abundance analyses and sources identifying
objects as population Il are given with the table. Ultraviolet excesses,
where given, are either from one of the listed references or have been
computed from the color-color relation of Johnson (1966). Not all of
these stars turned out to be useful for inclusion in the stellar popula-

tion models for the clusters. However energy distributions are given

for all objects in Appendix B.
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TABLE 2

PROGRAM STARS

Name V [B-V | U-B [§(U-B){Fe/H Rad. Vel.|References
km/sed

HD 2665 7.65| 1.00# -1.68 | -383 |1

HD 3546| 4.37| .87 .47 .10 [-0.75 -84 2,3

HD 6755| 7.68| .72 .08 -1.05 | -320 |1

HD 6833| 6.74/] 1.18 .90 -0.82 | -245 |4

HD 9774({5.28| .96 -4 |5

HD 10700{3.50| .73 L2101 .09 -16 16,7,8

HD 19445| 8.00| .47 | ~-.24| .25 {-1.75| -139 |9,10,11

HD 25329| 8.51| .87 .36| .28 |-2.30 -30 |8,12,13,14

HD 37160 4.08( .95 .64] .06 [-0.73 99 2,3

HD 43039( 4.33{ 1.02 .80{ .10 |{-0.5 20 |3

HD 44007 8.06| .85 .22 167 |15

HD 46703] 8.92| .50 .25( -.22 -75 |16,17

HD 60552 6.70| .50% 18

HD 60778} 9.10| .10 .14 39 {19

HD 64090] 8.34( .60 | ~-.12( .25 -230 |8,13,15

HD 73394 7.70| 1.01* -96 |17

HD 74462 8.74| .97 .53 -168 {15

HD 74721}8.72| .03 .13 9 118,19

HD 79452 5.97| .86 .37 .18 |-0.85 56 (2,3

HD 81192{ 6.44% .94 7 |5

HD 84937| 8.29| .41 | -.23| .22 -18 |8,15,20,21

HD 85504} 6.01| -.04 | ~.07 97 |22

HD 86986} 7.99| .14 .16 -1.54 13 15,24,25

HD 88609] 8.61 . 90% -31 17

HD 90362 5.58| 1.52 | 1.86 32 |26

HD 94028 8.21 .48 | -.18] .20 62 |8,13,20

HD 103095} 6.45 , 75 17 .19 |-1.50 -98 17,8,12,15

HD 106223| 7.44f .30 | -.08 -17 |25,27,28

HD 107328} 4.95| 1.16 | 1.15} .05 |-0.72 35 2,3

HD 109995 7.61 .04 . 06 -1.44 -132 12,19,24, 25,29
HD 117880f 9.08| .04 .06 -45 15,19

HD 122563} 6.20( .91 .38 .28 |-2.65 -22 |{3,12,15,20,23
HD 123598} 7.0 | 1.62 1.80 58 |19

HD 126778f 8.18} .92 .67 -131 19

HD 128167 4.46( .35 | ~.08 0 16,7,8

HD 130952| 4.94| .99 .741 .07 [-0.5 83 |3
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TABLE 2 (Continued)

Name Vv | B-V |U-B [p(U-B) E?e/lﬂ Rad. Vel.!References
km/se
HD 134439|9.12| .78 .19 .20 292 |13
HD 134440} 9.44| .86 .39 .16 306 |13
HD 135722{ 3.50( .95 .68/ .04 | -0.57 -12 2,3
HD 140283| 7.26| .48 | -.20} .22 |-2.06| -171 8,9,10,11,12,
' 15,20
HD 142574{5.44 | 1.59 | 1.94 -61 |26
HD 144579 6.67} .73 .21 .15 -60 |8
HD 148349{5.24| 1.72 | 2.03 100 {26
HD 151937{ 6.58 | 1.25 | 1.17 -43 |30
-15° 4515] 9.2 L6 1% 18
HD 157089| 6.95| .66 | -.02| .14 | -0.57| -162 |8,10,12
HD 161817| 6.96| .18 .14 .00 | -1.21| -363 |9,12,15,19,20
24,25,27,31
HD 165195 7.35] 1.18 .68/ .18 | -2.70 0 {3,12,23
HD 165908{5.10| .52 | -.10{ .14 | -0.51 1 |10,12
HD 175305) 7.17| .78 .16 -188 |19,30
HD 182762|5.15| .99 .81 1 |5
HDE 2320781 8.48{1.95 | 2.15 -1.30| -387 {12,32,33
HD 185657| 6.5 | 1.00% -85 12,34
HD 186776| 6.4 | 1.58% -97 |26
HD 188510] 8.83| .59 | -.12| .24 -201 |17,30
HD 193901( 8.64| .55 | -.13} .21 -175 18,30
HD 196610| 6.3 | 1.30% -66 |26
HD 201626 8.14 | 1.11 .49 -1.45 | -152 |12,35
HD 205539 6.30| .37% -42 |17
+17° 4708} 9.46| .44 | -.20 -296 |25
HD 215373} 5.08| .97 13 |5
HD 219615] 3.69| .92 .57 .11 -14 |36
HD 219617 8.17| .47 | -.20| .21 | -1.40 15 |8,9,10,12,15
HD 221170 7.69| 1.07 .62 .30 | -2.70}{ -120 |3,12,15,23
HD 222107} 3.88 1.02 .68 .21 | -0.78 7 12,3
M92 1I-12@ {14.58 | .77 .21 37,38
M92 II1-13@[12.05 | 1. 46 37,38
M92 1V-2@ |13.52| .90 .43 37,38
M92 VI-18@|13.76| .79 .29 37,38
M92 X-49@ [12.16]1.19 | 1.10 37,38
M92 XII-8@[12.76] 1.06 .57 37,38

%, #, @ See page 19.
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TABLE 2 (continued)

References and Footnotes

Koelbloed (1967)

Helfer and Wallerstein (1968)
Wallerstein and Helfer (1966)
Cayrel de Strobel (1966)

Oke (1969Db)

Strom, Cohen, and Strom (1967)
Sandage and Eggen (1959)

Strom and Strom (1967)

Aller and Greenstein (1960)
Wallerstein (1962)

Melbourne (1960)

Cayrel and Cayrel de Strobel (1966)
Cayrel (1968)

Pagel and Powell (1966)

Eggen and Sandage (1959)

Bidelman (1965)

Bond (1970b)

MacConnell (1970)

Eggen (1969)

Sandage (1964)

Greenstein (1965)

Eggen (1966)

Wallerstein et al. (1963)

Kodaira, Greenstein, and Oke (1969)
Oke, Greenstein, and Gunn (1966)
Deutsch, Wilson, and Keenan (1969)
Burbidge and Burbidge (1956)
Slettebak, Bahner, and Stock (1961)
Wallerstein and Hunziker (1964)
Eggen (1964)

Kodiara (1964)

Preston and Bidelman (1956)
Helfer, Wallerstein, and Greenstein (1959)
Pagel (1964)

Wallerstein and Greenstein (1964)
Greenstein and Keenan (1958)

Oke (1971)

Sandage and Walker (1966)
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TABLE 2 (continued)

References and Footnotes (continued)

No published datum was found. Value is inferred from present
observations.

# B-V for HD 2665 is about 0.77 according to present observations.

@ These faint globular cluster giants were observed by Oke. See
section IIT A.
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C) Selection of Wavelengths and Bandpasses
The criteria for selecting a suitable set of observational wave-
lengths for spectral synthesis have been discussed by O'Connell (1970).
However they are reiterated and extended here:

(1) Only strong features are admissable. As with O'Connell's
study, maximum equivalent widths in excess of ZX in population
I have been required for the present program. This criterion
is even more important for syntheses of weak-lined population
II composite spectra than for population I.

(2) Features need to be sensitive to temperature and/or luminos-
ity and/or (for population II ’syntheses) chemical composition.
The total list of feafures should include a mixture of these
three sensitivities.

(3) It is helpful in carrying out the syntheses if the features contain
lines or bands from only one element or melecule. -The G-band
feature measured at >\4305 does not satisfy this criterion, nor
does the feature measured at X3880 which contains part of the
A3883 CN band and also the blue wing of H zeta which is cen-
tered at X3890. It is impossible shortward of K4000 to find fea-
tures which are not heavily blanketed by metallic lines and/or
molecular bands in stars later than FO. Iron lines and CN

bands are especially dominant in this spectral region.
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(4) Continuum sidebands should be chosen for each line or band
feature to serve as references from which quantitative meas-
ures of feature strengths can be made. Such sidebands should
be as close to feature wavelengths and as free from line-blan-
keting as possible. Minnaert (1940), Wildey et al. (1962),
Oke and Conti (1966), and Griffin (1968) are useful references
for the selection of continuum wavelengths.

(5) Wavelengths where there is strong atmospheric absorption or

contamination from terrestrial light sources should be avoided
(the latter is not crucial when a chopper is used unless the con-
tamination is very strong with respect to the signal],

Subject to the above criteria, the wavelengths employed in the
present syntheses were mostly adopted from the program of O'Connell
(1970). Choices of a few additional wavelengths were usually from
Spinrad and Taylor's lists (1969, 1971). O'Connell's wavelengths were
selected because (1) he had already chosen many of the optimum fea-
tures for spectral synthesis and (2) it was anticipated that his popula-
tion I data might be needed to synthesize strong-lined M31 clusters.
For the same reasons the bandpasses used, 20?& in the blue and 302; in
the red, were the same as those of O'Connell. Program wavelengths,
features, and bandpasses are given in Table 3.

Although some observations made early in the program were ex-

tended to wavelengths beyond XSOSO , it was realized that prohibitive
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TABLE 3

PROGRAM WAVELENGTHS

AN = 20% AN = 30%
o %)

>\[A] Feature X[A] Feature
3448 | continuum 4780 | MgH A\4845, TiO A4762
3570 | continuum 4970 TiO 4954
3620 | continuum
3784 | continuum 5050 | continuum
3798 | Hy, 5175 | Mgl, (MgHA5211, TiOA5167)
3815 | continuum, (Hel) 5300 | continuum
3835 | Hg 5820 | continuum, (TiOA5814)
3860 | CNA3883 5892 | Nal, (HeIA5876, TIOA5861)
3880 | CNA3883,Hg
3910 | continuum 6100 | continuum
3933 | Call A3933 6180 | TIOAN6148, 6158

6370 | continuum
4015 { continuum 6564 | H alpha
4101 H delta
4200 | CNA4216 7050 | continuum, (TiO A7054)
4226 Cal >\4227 7100 TiO)\>\7054, 7088
4270 | continuum 7400 continuum
4305 | CH A4314,atomic lines
4400 | continuum 8050 | continuum
4430 | interstellar 8190 | Nal
4500 | continuum 8400 continuum
4780 | MgH A\4845, TiO \4762 8543 | Call

8800 continuum

8880 | TiOAA8860, 8868

9190 | CNAA9194, 9198

9950 continuum

10400 continuum
10800 continuum
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amounts of observing time would be required to obtain accurate scans
of the clusters beyond this wavelength because of the slowness of the

S-1 photocathodes available for such observations. Thus later scans

were restricted to the range >\3448 through >\8050, which includes all

the wavelengths employed in the syntheses.

Observations are most easily interpreted if feature and continuum
indices are formed from the measured fluxes. For convenience, indi-
ces were formed in the manner of O'Connell. Feature indices have
been defined as the ratio of the flux per unit wavelength observed in a
feature to the flux per unit wavelength at the feature wavelength as in-
terpolated from its two sidebands. Continuum indices are the ratio of
fluxes per unit wavelength in two different spectral regioné. Two
bandpasses per spectral region were used in forming the continuum
indices. Feature Wavelengths, sidebands, and wavelengths used in
forming continuum indices are given in Table 4. In Table B5 of Appen-
dix B indices are given for each mean stellar type. All indices used in
the syntheses, i. e., those shortward of XSOSO are also plotted in Fig-
ures Bl - B19. The continuum index V/R, a relatively blanketing-free,
temperature parameter serves as the abscissa. These figures illus-
trate the behavior of each index with respect to temperature, luminos-
ity, and chemical composition. Brief descriptions of feature behaviors

based largely on Figures Bl - B19 follow.
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TABLE 4

LINE INDICES

Name Sideband 1 Center Sideband 2
H 3798 3784 3798 3815
H 3835 3815 3835 3860
CN 3860 3815 3860 3910
CN 3880 3815 3880 3910
Call 3933 3910 3933 4015
H 4101 4015 4101 4270
CN 4200 4015 4200 4270
Cal 4226 4015 4226 4270
CH 4305 4270 4305 4400
Is 4430 4400 4430 4500
MgH 4780 4500 4780 5050
TiO 4970 4500 4970 5050
Mgl 5175 5050 5175 5300
Nal 5892 5820 5892 6100
TiO 6180 6100 - 6180 - 6370
H 6564 6370 6564 7050
TiO 7100 7050 7100 7400
Nal 8190 8050 8190 8400
Call 8543 8400 8543 8800
TiO 8880 8800 8880 9190
CN 9190 8800 9190 9950

CONTINUUM INDICES

—————
————

Name Lambda 1 Lambda 2 Lambda 3 Lambda 4
U/B 3570 3620 4270 4400
B/V 4270 4400 5300 5820
V/R 5300 5820 7050 7400
v/l 5300 5820 8400 8800
v/ J 5300 5820 10400 10800
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V/R

O'Connell (1970) found V/R to be tightly correlated with Spinrad
and Taylor's (1969) T index. (T is proportional to the ratio of intensi-
ties atAA7000 and 7400 to that at>\5360.) O'Connell's comparison of
population I V/R's with a black body V/R curve showed that V/R is in-
creased by Paschen absorption in the R-band in stellar types B5 to FO
(about 1.3 to 0.9 in V/R). Later than K7 (V/R = ,45) V/R is somewhat

decreased by blanketing in the V-band. Of course the second effect is

of less importance in population II stars.

U/B (Figure Bl)

This index depends primarily upon the Balmer jump. Red hori-
zontal-branch stars and early subdwarfs of the same V/R separate
widely in U/B. To a lesser extent U/B is abundance sensitive because
of differential blanketing in the U and B bands. Separation of mild and
extreme population II sequences is quite perceptible in Figure B1, both
among the subdwarfs and among the giants. Iron, nickel, and chromi-

um absorption features in the U bands, especiallyx3570, are respon-

sible.

B/V (Figure B2)

This index is tightly correlated with Johnson's (1963) B - V color.

Figure 1 shows the relation. All stars observed which had B -V colors
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B -V versus B/V for the stars of Table 2. All program
objects with published values of B - V are plotted, except

HD 2665.

B/V values are computed from the energy distri-

butions in Table B2. Both indices have been corrected for
interstellar reddening for the stars listed in Table Al.
Symbols represent object types as follows:

+

b

x % G OB X

HORIZONTAL-BARNCH STAR

EXTREMELY METAL-DEFICIENT SUBOWARF
MODERRTELY METRL-DEFICIENT SUBDWRRF
EXTREMELY METAL-DEFICIENT GIANT
MODERATELY METAL-DEFICIENT GIANT
GLOBULAR CLUSTER OF GRLAXY

M31 GLOBULRR CLUSTER

NGC 205 NUCLEUS
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available are plotted. Later than B/V = 0.60 (B-V == 0.80), B/V var-
ies more rapidly with respect to B - V for the mild sequence than for
the extreme sequence. This indicates that B/V is more sensitive to
differential blanketing effects than B- V. When two separate relation-
ships, for the mild and extreme sequences, were drawn by eye in Fig-
ure 1, the mean scatter in B/V was only 0.02.

Figure B2 shows how B/V varies with V/R. A separation of about
0.1 in B/V is evident between the mild and extreme sequences. Thus
B/V with its rather high sensitivity to differential blanketing effects is
a good indicator of metal abundance.

B/V shows little evidence of luminosity sensitivity.

The dependences of the continuum indices are summarized as fol-
lows:

(1) V/R is strongly dependent on temperature.

(2) B/V is strongly dependent on temperature (except in very cool
stars) and moderately dependent upon metal abundance.

(3) U/B is strongly dependent on surface gravity and moderately
dependent on metal abundance.

Because of their highly convenient dependences these three param-

eters were extremely useful in fitting stellar population models to the

clusters.
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H 3798, H 3835, and H 4101 (Figures B3, B4, and B8)

These three indices which primarily measure Hyg at >\3799, H9 at
K3837, and H delta at X4103 show roughly the behaviors described by
Aller (1960) and Keenan (1963). The feature strengths reach maxima
between V/R = 1.2 and 1.4, in the vicinity of spectral type AO as ex-
pected.

H 3835 exhibits considerable scatter. This scatter prompted a
comparison with the index's behavior in O'Connell's (1970) population I
sequence. Between V/R values of 1.0 and 0.4 the index is stronger in
O'Connell's stars, especially near V/R = 0.7 where it is roughly 0.1
stronger in population I than population II. The evident conclusion is
that the A3835 bandpass is heavily blanketed, much more so than its
sidebands. A’bsorption features of iron, magnesium, and cyanogen are
all strong in this bandpass in the solar spectrum.

H 3798 and H 4101 show weaker evidence of abundance sensitivity.
They are more nearly the same strength in population I.and II. H 3798
is somewhat stronger in early mild population II giants than in extreme
giants, indicating blanketing of the feature bandpass. Cyanogen bands
are the probable cause. H 4101, on the other hand, is a bit stronger in
the extreme population II giants, indicating sideband blanketing. Fair-

ly strong iron lines in the >\4270 sideband are the strongest sideband

features in the solar spectrum.
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Some evidence of luminosity separation is evident for H 3798 and
H 4101. The dispersion in blanketing in H 3835 completely overwhelms
any evidence of luminosity effects.

Figure B8 clearly illustrates that H delta in clusters arises large-
ly from the horizontal branch. The clusters are completely isolated in
this figure, lying far below stars of the same V/R.

In blue horizontal-branch stars H delta may be even stronger than

o
indicated by the H 4101 index because its width exceeds 20A, the fea-

ture bandpass.

CN 3860 (Figure B5)

This index is primarily an indicator of the strength of the cyanogen
band with bandhead at >\3883. However it suffers moderate blanketing
from iron lines. It is extremely sensitive to abundances in giants, be-
ing much stronger (=0.3) in mildly deficient early giants than in ex-
tremely deficient early giants. The index is also sensitive to abun-
dances in late subdwarfs. It exhibits a sensitivity to gravity, being
stronger in giants than dwarfs. The behavior of the CN 3883 band is

described in some detail by Keenan (1963).

CN 3880 (Figure B6)

This feature bandpass contains both the cyanogen bandhead atX3883
and the blue wing of Hg which is centered at X3890. It is mildly blan-

keted by iron lines. For stars later than V/R = 0.8 this index behaves
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similarly to the CN 3860 index. From V/R= 0.8 to 1.2 it increases in
strength with increasing temperature because of its dependence on Hg.

It also exhibits a luminosity dependence in this region.

Call 3933 (Figure B7)

This index is sensitive to the behavior of the K resonance line of
Call centered at>\3933. It exhibits a strong sensitivity to temperature
frgm V/R =1.0to 0.6. A known luminosity sensitivity for spectral
types later than K2 is not evident in Figure B7 because of the absence
of late subdwarfs in the stellar sample. A strong abundance sensitivity
for both giants and dwarfs is evident. More detailed descriptions of

the behavior of the K-line are available by Barbier et al. (1941) and

Aller (1960).

CN 4200 (Figure B9)

This index measures the blue cyanogen band with bandhead atA4216.
The feature is strongest in K giants. Its absence in extreme population
Il giants and in subdwarfs indicates a sensitivity to chemical composi-
tion. The behavior of this feature has been described in the literature

by Griffin and Redman (1960), Aller (1963), Keenan (1963), and McClure

and van den Bergh (1968).

Cal 4226 (Figure B10)

The neutral calcium line centered at NLZZ? is detectable in the
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present stellar sample only in late mild population II giants. Its sensi-
tivity to abundance is readily apparent. The feature is stronger in late
dwarfs than in giants due to pressure broadening, a fact not evident in
Figure B10 because of the absence of late subdwarfs. Descriptions of

this feature's behavior are provided by Aller (1960) and Fernie (1966).

CH 4305 (Figure Bl1l).

This index is sensitive to the strength of the G-band, a blend of
atomic lines and the CH band with bandhead at 4314,

The feature shows a complex mixture of dependencies. It varies
strongly with temperature between V/R = 1.1 and 0.3, reaching a max-
imum strength at V/R=2 0.7 ( K0). A weak luminosity separation, with
the feature slightly stronger in giants than dwarfs, is evident. The
feature shows only a moderate abundance sensitivity in giants but a
substantial sensitivity in the subdwarfs.

Reference to Figure B1l makes it clear that the weakness of the
G-band in clusters is largely a result of the fact that early spectral
types contribute most of the blue flux.

Griffin and Redman (1960), Stromgren (1963), and Spinrad and

Taylor (1969) provide additional information on the behavior of the G-

band.

Is 4430 (Figure B12)

This index measures the strength of the diffuse interstellar line at
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A\4430 of unknown origin. A correlation exists between this feature and
interstellar reddening according to Stoeckly and Dressler (1964) and
Wampler (1966). The index has a scatter of about 0.02 around unity
(except in very red mildly deficient giants in which it is somewhat en-
hanced, probably by blanketing). The inferred upper limit on redden-
ning, based on Wampler's line profile and the strength-color excess re-
lation for stars in the galactic plane, is about Eg _ v < 0.30.

The highly reddened population Il giant HDE 232078 has a feature
index of 0.91. The indicated color excess is Ep _y =*1.4. This value
is too uncertain to justify use of HDE 232078 in the stellar population

sequences.

MgH 4780 (Figure B13)

This index was chosen to detect MgH with bandhead at x4845. Ac-
cording to Ohman (1934, 1936) and Merrill (1956) this feature becomes
prominent in dwarfs later than K5, reaching a maximum strength near
MO. In giants and late M dwarfs it is weaker and is overwhelmed by
the TiO k4762 bands. MgH is apparently undetected in the present sam-
ple because of the absence of late subdwarfs. Strengthening of the in-
dex in late mildly deficient giants is a result of TiO absorption.

The two M31 clusters well above unity in Figure B13 probably indi-

cate observational errors.
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TiO 4970 (Figure Bl4)

The behavior of the index, which measures the strength of the TiO
bands with head at >\4954, is almost identical with the TiO dominated
index, MgH 4780, except that the scatter about unity is smaller. The

behavior of TiO bands has been described by Aller (1960).

Mgl 5175 (Figure B15)

Except in late giants this index measures the strength of the 'b"
triplet of neutral magnesium. This feature appears initially at V/R=
1.0. Redward of this point the index strengthens much more rapidly in
dwarfs than giants. Thus in the range V/R = 1.0 to 0.6 the feature isa
sensitive indicator of luminosity. Redward of V/R=< 0.6 MgH A5211
and TiO AS 167 blanketing increases rapidly in the giants until at spec-
tral type MO (V/R =2 0. 4) the feature becomes stronger in giants than in
dwarfs (according to O'Connell [1970] ).

This feature is also a useful abundance discriminant. Mildly defi-
cient giants have much stronger indices than extremely deficient giants.
The mild and extreme subdwarfs also separate in this index, although
not so much. Because of the relatively wide separation of the three
lines of the "b'" triplet b\>\5183, 5173, 5167) it should be well-centered
when observed with a narrow bandpass. Besides O'Connell, Fitch and
Morgan (1951), Deeming (1960), Price (1966), Aller (1963), Spinrad

and Taylor (1969), and Wood (1969) have described this feature.
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Nal 5892 (Figure B16)

This index measures the D resonance lines of neutral sodium at
AXSS‘)O and 5896. The feature appears redward of V/R = 0.8, increas-
ing in strength with decreasing temperature. A luminosity separation
described elsewhere does not appear for the present sample because of
the absence of late subdwarfs. They would, if present, show stronger
NaD than giants.

The feature is moderately sensitive to abundance in giants.

In extremely hot stars (V/R = 1.35) the index is strengthened by
He IA5876. This effect is barely apparent in Figure B16. In M Giants
the NaIA5892 bandpass is blanketed by TiOA5861 and the A5820 side-
band is blanketed by TiO >\58 14. The TiO blanketing does not dominate
the D-lines as it does the '"'"b" triplet however.

References for D-line behavior are O'Connell, Thackery (1949),

Griffin (1961), and Spinrad (1962).

TiO 6180 and TiO 7100 (Figures B17 and B19)

These two TiO features behave similarly. TiO 6180 measures fea-
tures with bandheads at \A6148 and 6158. TiO 7100 measures bands
with heads at AA7054 and 7088. Those features appear only in objects
redder than V/R = 0.6 (K2-3). Both features show only weak evidence

of abundance sensitivity.
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According to O'Connell (1970) TiO 7100 shows a luminosity separa-
tion, giants having a stronger feature than dwarfs at a given color.
Again the absence of late subdwarfs prevents detection of such a sepa-
ration in Figures B17 and B19.

Ohman (1936) and Spinrad and Taylor (1969) also have discussed
the behavior of these features.

It should be noted that the X?OSO sidebénd contains the A7054 band-

head. This does not destroy its usefulness as a sideband.

H 6564 (Figutre B18)

H alpha (line center, X6565) is the feature measured. The index is
primarily an indicator of temperature. Peat (1964) detected a slight
enhancement of H alpha strength in population II giants. The enhance-
ment was much smaller than the dispersion in H alpha strengths and is
not evident in Figure B18 because of the relatively small number of
stars observed.

The feature shows slight evidence of being stronger in subdwarfs

than in red-giants of the same temperature.

D) Observations of Globular Clusters of the Galaxy

The integrated light of globular clusters in the Galaxy was ob-
served on 32 nights between November 3, 1969, and October 27, 1970,

with a 4-inch Newtonian telescope with an £/3.3 focal ratio, matching
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the £/3.3 collimator of the prime-focus scanner of the Palomar 200-
inch telescope to which it was attached. The telescope and scanner
were mounted on the side of the Palomar 18-inch Schmidt telescope.
This equipment and the supporting pulse-counting data system were put
together by Oke and Schild (1970) for their absolute calibration of Alpha
Lyr and are described in some detail in their paper.

The small telescope aperture, the fast focal ratio of the telescope,
and the fast exit focal ratio of the scanner (£/4.5) combined to reduce
the spectral degradation of the system so that extended objects could be
observed without great loss of spectral resolution. The scale at the
scanner exit plane was 2.662\ per arc minute in the second order. An
8'1 scanner entrance aperture (0.79mm) was chosen. This aperture
was large enough to admit most of the light from the clusters (the aver-
age Dg, g diameter measured by Kron and Mayall [196@ , that diameter
which contains ninety per cent of the light, is 10!9 for the five clusters
observed), while having been small enough to keep noise from back -
ground stars and sky to less than thirty per cent of the signal at most
wavelengths and to keep spectral degradation effects small. Two other
factors combined to minimize the effects of degradation:

(1) The strong central concentration of globular clusters reduces

light contributed from aperture edges.

(2) The weakness of the globular cluster features insures the weak-

ness of line wings with respect to cores.
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Grating tilts were sufficiently accurate to yield bandpass positions
with IK accuracy. This accuracy was preserved by applying appropri-
ate corrections to bandpass wavelengths to compensate for the Doppler
shift of each spectrum.

The procedural data for the 4-inch observations, as well as all
other observations,are given in Table 5. The only comment necessary
on the data there presented is that the red-leak corrections to the X3448
count rates were typically about three per cent for the globular clus-
ters and less than one per cent for the standards.

As mentioned before, a chopper was used to subtract sky and dark
count rates from cluster and standard star count rates. Observations
of each object were equally divided between the north and south aper-
tures to compensate for a slight asymmetry in the system.

Because of the low surface brightnesses of the clusters, observa-
tions were confined to moonless nights, On a typical night the sky plus
dark count rates ranged from about fifty per cent of the signal in the
ultraviolet to twenty per cent in the yellow, except in the D-lines where
fifty per cent was more typical, when the S-17 tube was used; and were
about twenty to thirty per cent (mostly dark count) when the S-20 tube
was used. On a few nights the sky background in the northwest became
rather large (increases as large as a factor of two were noted in the

red) because of contamination by scattered light from Los Angeles.
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Because of this fact observational opportunities in the east were given
preference over those in the west.

Because observed count rates seldom exceeded twenty per second
and were as low a two per second in the ultraviolet, twenty to thirty
hours of observing time was necessary with each object to obtain good
accuracy. Perceptible systematic fluctuations in atmospheric extinc-
tion on most nights made it more practical to amass large numbers of
scans of low accuracy than to attempt to obtain relatively few scans of
high accuracy. The former approach minimized systematic errors in
the individual scans. The large random errors in individual scans
were reduced by averaging. (After gray corrections differences in in-
dividual scans were typically less than ten per cent. Thus it was pos-
sible to average magnitudes rather than fluxes.) The latter approach,
on the other hand, would have minimized random errors in individual
scans, but would have permitted the accumulation of large systematic
errors which probably would not have been fully diluted in the aver-
aging process. A further attempt to reduce errors from extinction
variations was made by reversing the order of successive scans of an
individual object on a single night.

The bright secondary standards of Oke (1964) were observed three
or four times on most nights. Standard energy distributions were
based on the recent calibration of Alpha Lyr by Oke and Schild (1970).

Because of the small primary mirror, even observations of Alpha Lyr,
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the brightest standard employed, required negligible coincidence
corrections.

Except for a few occasions observations were restricted to times
when the secant of the zenith angle was less than 1.5. Roughly speaking,
this permitted about six hours of continuous observations on the low
declination clusters M5 and M15 and about 8 hours on the high declina-
tion clusters M13 and M92.

The greatest problem in observing the globular clusters of the Gal-
axy was centering them in the 8!1 entrance aperture of the scanner.
Because of their low surface brightnesses it was not possible to see
their images on the thin quartz plate which covered the aperture when
they approached its center. For this reason a 10-inch finding tele-
scope, also mounted on the 18-inch Schmidt telescope, was used for
guiding. Alignment of the two telescopes was achieved by centering on
a star of fifth magnitude or brighter near the globular cluster being ob-
served. Typically there was a star of sufficient brightness within a 20
to 30 radius of the cluster. Because of differential flexure between the
two telescopes realignment was necessary about every two hours.

Using the techniques and procedures outlined above, two to four
scans, each of one to two hours duration, could be obtained of a single
cluster on a single night. Typically about 103 counts at each wavelength
were obtained in an individual scan. Intercomparison of scans shows

that centering problems and variable extinction expanded the three per
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cent errors expected statistically to about five per cent with occasional
errors as large as ten per cent in individual scans. Averaging several
scans together has reduced errors to about two per cent (three per cent
in the ultraviolet) in the final energy distributions.

Data reduction procedures are described in Appendix A. The final
energy distributions are given in magnitude form in Table Bl. Energy
distributions in flux form and spectral indices are given in section IV

in comparison with model fluxes and indices.

E) Observations of M31 Globular Clusters

The M31 globular clusters and the nucleus of NGC 205 were ob-
served with the 200-inch multi-channel spectrometer on three nights in
August and November of 1970. This instrument has been described in
detail by Oke (1969a). Data were collected in eighteen channels simulta-
neously, but since the spacing of these channels is fixed it was neces-
sary to use nine separate grating tilts to observe fifteen of the seven-
teen features blueward of >\8050 (the features at A3798 and A38 15 were
omitted because of the low accuracies intrinsic to these bandpasses).
Except for a few fortuitous cases program continuum bandpass wave-
lengths did not coincide with the wavelengths measured. Most continu-

um fluxes were therefore interpolated from fluxes at the non-program

wavelengths observed.
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The scale at the scanner exit plane, 2.5:&/” arc in the second or-
der, was such that a cluster with an 8' diameter suffered about the
same spectral degradation as an 8' cluster observed with the 4-inch
telescope, a rather remarkable fact when it is realized that a cluster
with an 8' diameter at 10 kpc, about the distance of the program clus-
ters in the Galaxy, has about an 8" diameter at the distance of M31.
Thus feature dilution in the second order by spectral degradation was
about the same for clusters in the Galaxy and in M31, assuming of
course that brightness profiles were similar. First order degradation
was less for the M31 clusters because of the 40A bandpasses employed.
The price paid was loss of sensitivity to weak features.

Again grating tilts were sufficiently accurate to give accuracies of
12. for the bandpass wavelengths. Doppler shift errors could not be
completely compensated because the same correction had to be applied
to all channels simultaneously {except that first order corrections were
twice second order corrections). Residual errors of about 12; were
common after correction for Doppler shifts were applied.

The secant of the zenith angle was kept to less than 1.5 for all ob-
servations except those of MIV for which it exceeded 1.7.

Procedural data are given in Table 5. Integration times ranged
from 45 to 150 seconds per grating setting. KEach object was scanned
twice. Apertures and the order in which the wavelengths were scanned

were reversed for the second scan. The relatively short time required
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to complete a scan (about 30 minutes) and the reversal of scanning or-
der should have minimized the effect of systematic atmospheric extinc-
tion variations. When the pairs of scans were combined, photon statis-
tical accuracies ranged from better than two per cent in the red to
about ten per cent in the ultraviolet. Slight difficulty in centering the
images in the 9''9 aperture, atmospheric extinction variations, and
spectral degradation due to the extended images combined to reduce
these accuracies somewhat. Final accuracies, estimated from the con-
tinuum smoothnesses are about two per cent in the red continuum, four
or five per cent in most features, and eight per cent in the ultraviolet
continuum. Continuum accuracies exceed photon statistical accuracies
because continuum fluxes at program wavelengths were interpolated
from several individual points.

The faint subdwarfs HD 19445 and BD+17® 4708 were observed as
secondary standards. Continuous energy distributions for these objects,
based on Oke and Schild's (1970) calibration of Alpha Lyr, were pro-
vided by Oke (1970). These energy distributions were in satisfactory
agreement with measurements made on the same objects with the 60~
inch telescope as part of this program.

Final energy distributions for the M31 clusters and the nucleus of
NGC 205 are given in Table Bl in magnitude form and in Tables 22 -31

of section IV in flux form. Spectral indices are also given in section

IV.
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F) Observations of Stars

Stellar scans were accumulated during 29 fully or partially photo-
metric nights with the Mt. Wilson Cassegrain scanner mounted on the
60-inch telescope and during four such nights with the same scanner
mounted on the 100-inch telescope. All observations were made be-
tween February 4, 1970 and June 30, 1971, Because the same scanner
was used and because of the similarity between the two telescopes and
their data systems, observing techniques employed on the two instru -
ments were similar. Thus the techniques are described together.

(For a detailed description of the equipment used as well as standard
observing and calibrating features, the reader is referred to Oke [1965 s
C. Anderson [1968] and K. Anderson (196§ )

Besides the difference in primary mirror size the chief difference
between the two telescopes, affecting observing procedures, was in the
data systems. The 100-inch data system accommodated the use of a
chopper whereas the 60-inch system did not. The 100-inch system was
operated in its chopping mode; asymmetries were cancelled in the same
manner as has been described for the 4-inch and 200-inch observations.
Sky and dark count corrections were made for 60-inch observations by
interspersing sky with object plus sky measurements. The frequency

with which sky measurements were made depended upon the brightness



46
of the star being observed. For the brightest program stars observed,
sky plus dark count noise was less than one per cent of the signal.
Noise was therefore unimportant and no attempt was made to moniter
the sky. For the faintest program stars, sky plus dark count rates were
comparable to the signal, especially in the ultraviolet. For these ob-
jects every stellar measurement was preceded or followed by a sky
measurement. For most objects however, the noise was about 10 per
cent of the signal. For these objects an entire scan of the object was
followed by an entire scan of the sky. The greater convenience of the
100-inch system is obvious. However the 100-inch system yielded only
the difference between signal plus noise and noise as output (a short-
coming not shared by the 4-inch and 200-inch data systems). Thus
statistical accuracies were not so easily determinable as with the 60-
inch system.

A second significant difference between the data systems was inthé
form of the output. A card punch at the 100-inch output recorded total
signal counts, wavelength, integration time, sidereal time, and band-
pass. The 60-inch output was more primitive. A paper tape printer
indicated total counts. Sidereal timesand integration times were re-
corded manually. Wavelengths and bandpasses were later added to the
data from memory.

The scales at the scanner exit plane, e.g., 11.2;\/" arc in the sec-

ond order with the scanner on the 60-inch telescope, generally caused
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negligible spectral degradation problems as long as stellar images
were kept relatively close to the aperture centers. Careful guiding
was employed to insure that images were always within about 2'" arc of
the centers. On a few nights very bad seeing made guiding difficult and
spread images to such an extent that feature dilution by spectral degra-
dation was no longer negligible. On these nights a sufficient number of
integrations were taken at each wavelength to permit the identification
of bad data whichwere then rejected. Constant guiding was employed so
that integrations could be terminated whenever images '"blew up."
Procedural data for the stellar observations are again given in Ta-
ble 5. The only comment necessary concerns the liquid copper sulfate
filter used to remove first order red light from second order band-
passes between)xx3448 and 4270. This filter was constructed by filling
the region between two thin quartz plates with a nearly saturated solu-
tion of copper sulfate in distilled water. The filter edges were sealed
with a silicone gel. Three problems affected the stability of the filter.
(1) The filter was never successfully sealed. Despite numerous at-
tempts to stop leaks it was necessary to add solution to the filter about
every two months. (2) A detectable white film of unknown originformed
on the inside of the quartz plates after about a year. The filter was
taken apart and the film removed but after several months it again ap-
peared to be returning. (3) A nearly saturated solution was required

to successfully remove first order red light. During one extremely
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cold observing run a crystal began to grow in the filter. Fortunately it
attached itself to the filter edge where it did no harm.

The transmission properties of the filter in the ultraviolet and blue
were not noticeably affected by the aforementioned problems. However
the red leak of the filter fluctuated significantly between successive ob-
serving runs, the range of fluctuations being almost an order of magni-
tude. Unfortunately the subtlety of the red-leak variation prevented its
detection until about half the datawere accumulated. Thereafter 1t was
determined at the beginning of each run and appropriate corrections
were made.

A few of the reddest objects which had been observed prior to the
detection of the red-leak variation were reobserved in an attempt to de-
termine the red leaks for early observations. However red leak deter-
minations for given early runs made from separate stars varied by fac-
tors as large as two.

It is fortunate that despite its large fluctuations the red leak was so
small that its effect on most of the energy distributions was minor.

For example, on the last observing run, the copper sulfate filter trans-
mitted only 0.02 per cent of A6896 photons.

It is concluded that the effect of red-leak variations on final energy
distributions was negligible for horizontal-branch stars, early sub-
dwarfs, and early giants. For the reddest extreme population II giant

observed, HD 165195, the uncertanties in ultraviolet flux are about 5
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per cent at A3448 and 2 per cent atAA357O and 3620. For the reddest
mildly deficient giants observed the uncertanties in flux could be as
large as ten per cent at A3448. For all stars the effects of red leak are
negligible for all wavelengths exceptAx3448, 3570, and 3620.

Fortunately most of the ultraviolet flux in cluster models comes
from horizontal-branch stars, subgiants, and early subdwarfs. Thus
the uncertanties in the ultraviolet fluxes of the reddest stars had little
effect on the cluster models.

Comments made in conjunction with the 4-inch observations con-
cerning the accuracy of the bandpass centering, Doppler shift correc-
tions to the program wavelengths, and selection and treatment of stand-
ards also apply here, with the qualification that preference was given
to the faintest of Oke's (1964) secondary standards to avoid the necessi-
ty of large coincidence corrections.

Because various electronic components of the data systems varied
from run to run coincidence corrections were determined separately
for each run. Corrections were generally negligible for program stars
and rarely exceeded 3 per cent for standards.

Observations were again restricted to zenith angles such that se-
cant z was less than 1.5 except for a few of the objects of lowest dec-
lination. For these secant z ranged up to 2.0.

At least two scans were obtained for all program stars except HD

60778. Photon statistical accuracies of at least two per cent (except in
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the ultraviolet regions of the reddest giants) were obtained for all stars
and statistical accuracies of one per cent were obtained for most stars.
Generally, because of the brightness criterion described in section II B,
such accuracies could be reached in less than three hours of observing
time. Stars observed on nights with suspected significant extinction
variations were reobserved whenever possible. Apparently extinction
variations were mostly gray and took place on a time scale of several
hours. Scans of given stars taken on different nights varied in magni-
tude by as much as 0.2; however after the addition of gray corrections
variations were typically about 2 per cent for all spectral regions ex-
cept the ultraviolet where 5 per cent variations were more typical.
Since such comparisons represented the nights of poorer photometric
quality it is estimated that accuracies of the final energy distributions
are about three per cent in the ultraviolet and better than two per cent
elsewhere.

Energy distributions for the program stars are given in Appendix
B. Spectral indices are not given for individual stars, but can be com-
puted from the given energy distributions.

The stars HD 3546, HD 10700, and HD 37160 were observed both
with the 60-inch telescope and the 4-inch telescope for purposes of
comparison. Resultant energy distributions, after gray corrections,

agreed within two per cent for HD 3546 and HD 37160 and within four
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per cent for HD 10700, a subdwazrf with a declination of -16° which was

observed near secant z = 1.6 with both instruments.
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III. SYNTHESES

A) Preparation of Stellar Sequences

The difficulties encountered in classifying population II stellar
spectra are well known. Many of the program stars had no available
spectral types. Others had been given spectral types by several au-
thors, but these were in wide disagreement. Few of the program stars
had abundance analyses. For these reasons it was realized early in
the program that the stellar spectra could not be easily grouped in pre-
labeled blocks for the purpose of averaging, as has been done in the
syntheses of population I composite spectra.

The observed energy distributions provided a much simpler and
more accurate means of classifying the spectra than data available in
the literature.

After all the energy distributions had been plotted, the first step in
classifying the spectra was to separate them into mildly and extremely
metal-deficient sets. This was accomplished by reference to published
abundance analyses, ultraviolet excesses, and the appearance of their
energy distributions. Stars with logarithmic metal deficiencies greater
than about [—1. 2]were considered to be extremely metal deficient.

Those with lesser deficiencies were considered to be mildly deficient.
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This point of separation corresponds to about 0.20 in ultraviolet excess
for a G subdwarf according to the calibrations of S(U - B) versus [Fe/HJ
by Wallerstein and Carlson (1960) and Wallerstein (1962).

Horizontal-branch stars were not separated into two groups be-
cause of the relative insensitivity of their spectra to metal abundance.
The use of a single horizontal-branch sequence probably caused no sig-
nificant errors in final population models. In a recent study Newell
(1970) found blue horizontal-branch stars of the metal-rich globular
cluster M4 to be indistinguishable from the blue horizontal-branch
stars of extremely metal-poor clusters to within the accuracy of his
narrow-band filter photometry.

After the spectra were separated into two sets, each set was sub-
divided into giants and subdwarfs and these subsets were ordered ac-
cording to the slopes of energy distributions, i.e., according to temper-
ature. Thus mild and extreme population II sequences of giants and
subdwarfs and a single sequence of horizontal-branch stars were
formed.

A few stars fit into neither sequence. These were removed from
the program. They are listed with appropriate comments in Table 6.

After the sequences had been formed, adjacent stars in each se-
quence were grouped into blocks for the purpose of averaging their en-

ergy distributions. This averaging was carried out in the same manner
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TABLE 6

PROGRAM STARS NOT USED IN STELLAR SEQUENCES

Name

Comment

HD 6755%

HD 73394x

HD 74462%

HD 126778%

HD 175305%*

HDE 232078

HD 196610

HD 201626

HD 205539

HD 222107*

Intermediate population II giant. Features too strong
for E sequence, too weak for M sequence.

Same as HD 6755.

Intermediate population II subgiant? Did not fit well
into either E or M sequence.

May be mild population II subgiant. However was much
redder than 47 Tuc subgiants.

Same as HD 6755.

Extreme population II giant. Very large but unknown
reddening.

Variable? Energy distribution in spectral region
A4780-5300 very jagged, varied by more than OM1

from scan to scan.

CH star. Falls to right of cluster giant branches.

Very blue subdwarf. Blue straggler?

Same as 126778.

* These objects were tried in some models with negative results.
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as the averaging of the separate scans of individual stars described in
part C of Appendix A.

After preliminary attempts to synthesize the extremely metal-poor
clusters M15 and M92, it was realized that the extremely metal-defi-
cient sequence formed as described above was not sufficiently metal-
poor to represent these two objects. For this reason a third sequence
of subdwarfs and subgiants was formed using only the most metal-defi-
cient members of the previously described extremely metal-deficient
sequence. For obvious reasons introduction of a simple means of des-
ignating these three sequences becomes convenient at this point. Here-
after in this thesis the mildly deficient sequence will be designated the
M sequence; the extremely metal deficient sequence introduced first,
the E sequence; and the lastly introduced extremely deficient sequence
composed of the most metal deficient subdwarfs and subgiants of the E
sequence, the EE sequence or "extra-extreme' sequence.

The average stellar types, or blocks, formed by the averaging of
individual stellar spectra could not meaningfully be given the labels of
conventional spectral types for the reasons noted at the beginning of this
section. Thus they are simply assigned a three parameter label. The
first parameter, HB, SD, GI,or SG, designates whether the block rep-
resents a horizontal-branch star, a subdwarf, a giant, or a subgiant.
The second parameter, M, E, or EE, designates a sequence as defined

in the last paragraph. The third parameter is an integer which orders
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blocks according to redness. Thus G M 1 designates that average stel-
lar type corresponding to the bluest mildly deficient giants; SD EE 4 is
the fourth bluest EE subdwarf block. The second parameter is omitted
from the label of horizontal-branch blocks since only one horizontal-
branch sequence is used.

The energy distributions and spectral indices for the mean stellar
types are given in Tables B4 and B5 in Appendix B. Spectral indices
are also plotted in Figures Bl - B19 of Appendix B.

In Figures 2, 3, and 4 the approximate positions of the average
stellar types in conventional color-magnitude diagrams are indicated.
B -V colors are the average of published B -V colors for the members
of each block when available. Otherwise they are obtained from Figure
1 by entering B/V as taken from Table B5. V magnitudes have been ob-
tained by entering the B - V colors in published color-magnitude dia-
grams for clusters of appropriate metal abundances. (Mean stellar
type HB 5 has been placed 0. 90 magnitudes above the cluster horizontal
branches for reasons made clear later in this section.) The EE se-
quence V's were obtained from Sandage's (1968) diagram for M92. E
sequence V's are from Arp's (1962) normal color-magnitude array for
M5. The M sequence has been calibrated by reference to Tifft's (1963)
mean diagram for 47 Tuc. Table 7 gives the reddening and distance

modulus assumed for each of these three clusters in making the B- V
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The positions of mean stellar types in color-
magnitude diagrams calibrated to M92, M5, and
47 Tuc normal relations. The positions of a few
of the mean stellar types have been slightly mis-
represented to prevent overlapping.
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versus V calibrations. Sources of information are also indicated. The
numerical data for Figures 2 - 4 are included in Table 9.

Because of the scarcity of population II objects in the vicinity of
the sun, the population II stellar sequences formed as described above
lacked several kinds of stars essential to satisfactory population mod-
els. In particular subgiants and late subdwarfs of all abundances and
extremely metal-deficient late red-giants were missing from the se-
quences.

To augment my data, Oke (1971) kindly provided energy distribu-
tions for red-giants near the M92 giant branch tip, obtained with the
200-inch multi-channel spectrometer. Unfortunately these scans had
been obtained with 80A and 160A bandpasses, and therefore were insen-
sitive to the weak spectral features present. It was, however, possible
to approximate spectral feature strengths or otherwise compensate for
their absence. The bluest of Oke's stars were averaged with the red-
dest of my observed population II giants, except that my observed fea-
ture strengths were adopted. For Oke's reddest stars spectral feature
strengths were approximated by assuming that the ratios of the feature
blocking fractions in these stars to the known blocking fractions in the
cooler red-giants vary with V/R in the same way as these ratios vary
with V/R in population I or in mildly deficient sequences. The popula-
tion I and mild population Il relationships were then taken from

O'Connell (1970) and from the mild population II relationships
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TABLE 7

PARAMETERS ASSUMED IN SEQUENCE CALIBRATIONS

Normal Color-
Sequence Magnitude Relation EB-V m-M
M 47 Tuc (1) 0.02 (1) 13.35 (1)
E M5 (2) 0.02 (2, 3) 14.39 (2)
EE M92 (4) 0.02 (3,5) 14. 62 (6)

References: 1. Tifft (1963), 2. Arp (1962), 3. McNamara and Lang-
ford (1969), 4. Sandage (1968), 5. Sandage (1969), 6.
Sandage and Walker (1966).

TABLE 8

DATA SUMMARY FOR ARTIFICAL SUBGIANT DERIVATIONS

Derived
Name From Teff'[oK:] V/R Am D(log g)
SG M 1 SD M 3 5700 0.86 -0.50 -0.20
SG M 2 SD M 4 5400 0.84 -0.90 -0.36
SG M 3 SD M 5 5100 0.78 -2.20 -0.88
SG M 4 Gl M1 4900 0.72 1.48 0.59
SG M 5 GI M 3 4500 0.69 0.92 0.37
SG E 1 SD E 2 5700 0.85 -0.55 -0.22
SG E 2 SD E 3 5400 0.83 -0.91 -0.36
SG E 3 SD E 4 5100 0.81 -2.01 -0.80
SG E 4 Gl E 1 4900 0.72 1.48 0.59
SG E 5 Gl E 2 4500 0.69 0.92 0.37
SG EE 1 SD EE 2 5700 0.84 -0.55 -0.22
SG EE 2 SD EE 3 5400 0.80 -0.86 -0.34
SG EE 3 SD EE 4 5100 0.79 -2.18 -0.87
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determined in this thesis. Additionally the color dependence of H alpha
for extreme population II giants was taken from Peat (1964). Although
the feature strengths derived in this manner cannot be considered high-
ly reliable, they should be sufficiently reliable to have hadlittle effecton
the cluster population models for at least two reasons: (1) Most spec-
tral features are very weak in these giants. Only Call K and the G-
band have spectral indices less than 0.90. (2) Call K, the G-band, and
most of the other strongest spectral features of these stars occur in the
ultraviolet or blue where their light contributions are only a few per
cent of total cluster light.

It should be noted that Oke's magnitudes for the M92 giants in the
spectral range>\>\5720-5880 were apparently almost ™10 too faint be-
cause of an obvious malfunction of channel 18 of the multichannel spec-
trometer. These magnitudes were corrected by interpolating between
channels 17 and 19.

Artificial subgiant energy distributions for all three abundance se-
quences have been formed by adding differential corrections toobserved
giant and subdwarf energy distributions. Corrections have been inter-
polated from the grid of model atmospheres of Carbon and Gingerlich
(1969). Temperatures have been approximated by comparing model
and observed energy distribution slopes. /log g's have been derived
using the assumption that vertical increments in the normal color-mag-

nitude relationships for M5, M92, and 47 Tuc referred to earlier in
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this section are due only to differences in gravity. Absolute values of
log g chosen have little effect on the differential corrections derived.
Log g = 4.5 and 2.0 have been assumed for the subdwarf and giant
branches. Table 8 describes the derived subgiant blocks, the observed
blocks from which they were derived, and the parameters assumed in
the interpolation of differential corrections.

No attempt has been made to correct the subgiant feature strengths
for luminosity effects. Since subgiant spectra were derived from both
giants and subdwarfs, the net effect on model spectra should be slight.

Mean subgiant energy distributions and spectral indices are given
in Tables B3 and B4 of Appendix B. Their spectral features are not
plotted in Figures Bl - B19 however, as they tend to overlap the giant
and subdwarf points from which they were derived, thereby obscuring
the depicted relationships.

No suitable method was found for constructing energy distributions
for late subdwarfs. Extrapolation of the synthesized luminosity func-
tions indicates that although late subdwarfs contribute heavily to the
mass of clusters they make nearly insignificant contributions to cluster
luminosities in the visual region. It is concluded that even had late
subdwarf energy distributions been available, their light, mass, and
number contributions to the clusters would have been indeterminable.

It should be noted that SD M 7, SDM 6, and SD E 5 mean stellar

types have been included with the SD E and SD EE sequences for



71

syntheses of some clusters. These mean stellar types are redder than
any of the mean stellar types in the sequences to which they have been
attached. The justification for mixing sequences lies in the insensitiv-
ity of strong features to abundances in late subdwarfs (Wilson 1962,
Greenstein 1969). The largest errors resulting from the mixtures are
probably from the blanketing effects of weak features on the continua.

Other than the aforementioned voids in the sequences which have
been filled as explained, the biggest problem with the mean stellar se-
quences is probably the rather wide range of abundances in the mean
stellar types. The GI E 1 and GI E 2 mean types which are used in both
E and EE sequences have feature strengths based on those in HD 2665
and HD 44007 respectively. HD 2665 has a logarithmic iron deficiency
of [—1. 68] (Koelbloed 1967); HD 44007, for which no published abun-
dance analysis is available, has slightly stronger features than HD 2665.
Both of these objects have relatively strong G-bands. These giants
certainly have features too strong for models of such metal-poor clus-
ters as M15 and M92.

Similar problems are the uses of HD 103095 in SD EE 5, HD 103095
and HD 134439 in SD E 5, and HD 134440 in SD E 6. HD 103095
(= Groombridge 1830) has a logarithmic iron deficienty of (-1. 5(;_]
(Cayrel and Cayrel de Strobel 1966). Line strengths indicate similar

abundances in HD 134439 and HD 134440,
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Mean stellar type HB 5 is the star HD 46703. HD 46703 is a rather
peculiar star with a huge Balmer jump, indicating it probably lies con-
siderably above cluster horizontal branches (Bond 1970a). It may be
that HD 46703 is a star of the same type as those that lie well above the
horizontal branches in most clusters. Recent observations by Strom
et al. (1970) indicate that such stars are cluster members.

This star was included in the models only after it was found that
model Balmer jumps were too small otherwise. The necessity of in-
cluding a significant amount of light from HB 5 stars in the models may
indicate that the sample field horizontalsbranch stars have generally
larger surface gravities than horizontal-branch stars in clusters. It
may also result from an absence of asymptotic branch giants among
sample field stars. If HD 46703 is one of the type of stars studied by
Strom et al. it would lie close to the asymptotic branch, and therefore
inclusion of such stars in the models could compensate for the luminos-
ity difference between the asymptotic and red-giant branches.

In attempting to synthesize the spectra of the strong-lined M31
clusters, it was found that the three sequences described were all inad-
equate. O'Connell's (1970) population I sequences have been used in the
syntheses for these clusters.

After preparation of the stellar sequences the spectral indices de-
scribed in section II C and tabulated in Table B4 of Appendix B were

calculated. The formation of these indices was described briefly in
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section II C and in greater detail by O'Connell (1970). A feature index

should approximate the quantity
I=1-W/AN (1)

where W is the equivalent width of absorption in the feature bandpass
AN, (W is not necessarily the total feature equivalent width since some
features, particularly the molecular bands, are wider than the band-
passes used to observe them.) The above equality does not hold exactly
because of differential blanketing in the feature bandpasses and side-
bands. Thus the complete absence of a feature does not necessarily
imply an index value of unity.

The spectral indices facilitated an easy comparison between clus-
ter and model spectra,thereby simplifying preparation of model revi-
sions.

In order to obtain the relative contributions of cluster components
to cluster masses and the numbers of stars in the clusters it was ne-
cessary to determine absolute magnitudes and masses for the average
stellar types. Absolute magnitudes, as already mentioned, were ob-
tained for the three population II sequences from the normal color-
magnitude relationships for M92, M5, and 47 Tuc. Absolute magni-
tudes for the population I sequence of O'Connell (1970) were taken from

O'Connell.
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The choice of appropriate masses for the mean stellar types was
more difficult. Population II ma