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ABSTRACT 
Model atmospheres for globular cluster stars have been used to compute synthetic spectra 

for the wavelength regions 3500-4350 Â and 1.9 to 2.5 /xm. These calculations have been carried 
out for various carbon, nitrogen, and oxygen abundances. The spectra in the G-band region have 
been compared with medium- and high-dispersion spectra of six red giant and asymptotic giant 
branch stars in the two very metal poor globular clusters M92 and NGC 6397. The temperatures 
and gravities of the stars have been found from synthetic colors and absolute magnitudes. The 
comparison suggests that all of the stars are carbon deficient relative to iron, by a factor of up to 
10. Departures from LTE are unlikely to contribute very significantly to these deficiencies. The 
low carbon abundance is supported by analysis of the infrared CO indices of the two M92 stars. 
The synthetic spectra have also been used to compute the effect of changes in carbon abundance 
on DDO colors. The [C(42 — 45), C(45 — 48)]-diagram suggests that the carbon weakness first 
occurs for stars brighter than about Mv = —0.7, in good agreement with the results of stellar 
model calculations by Sweigart and Mengel. Unfortunately, the stellar CN effects on DDO colors 
are too small to be used to determine nitrogen abundances. 
Subject headings: clusters : globular — spectrophotometry — stars : abundances — stars : late-type 

I. INTRODUCTION 

The abundances of the CNO elements in globular 
cluster giant stars are of great interest because either 
they relate directly to the question of the occurrence, 
location, and extent of envelope mixing during red 
giant evolution or, if mixing does not occur, they 
relate directly to the early production of elements in the 
Galaxy. Because of this, some information about the 
CNO abundances in horizontal-branch and asymp- 
totic-branch stars should result in progress in under- 
standing further these later stages of evolution in 
globular clusters. 

The subject has attracted considerable attention in 
recent years with the recognition of anomalies in 
observed globular cluster spectra and photometric 
color indices for globular cluster stars and with 
theoretical attempts to predict atmospheric abundance 
anomalies by various kinds of mixing in evolving stellar 
models. Until now, these attempts have been largely 
unsuccessful (see Sweigart and Mengel 1979 for a brief 
review). On the observational side, particular attention 
should be drawn to the apparently anomalous weak- 
nesses of the G band in spectra of stars in several 
clusters (Zinn 1973; Butler, Carbon, and Kraft 1975; 
Norris and Zinn 1977), the anomalous strengths of 

CN in the spectra of some stars in the globular cluster 
cu Cen (Dickens and Bell 1976; Bessell and Norris 
1976) and in other clusters (e.g., Bell, Dickens, and 
Gustafsson 1975), and the existence of “carbon” stars 
in oj Cen (Harding 1964; Dickens 1972; Bond 1975). 
Quantitative analyses showing that the enhancements 
of CH and CN are indeed caused by overabundances 
of carbon and nitrogen in the anomalous co Cen stars 
have been carried out by Bell and Dickens (1974) and 
Dickens and Bell (1976). In the case of the carbon 
stars, where CH and CN are greatly enhanced and C2 
is strong, the dominant effects probably relate to late 
evolutionary phases ; but in the other stars, the smaller 
anomalies in the strengths of CN and CH (including 
weakening of the G band) could well arise during the 
star’s first ascent of the giant branch, or, as mentioned 
above, could be of much earlier origin. 

There is the further possibility, studied in this paper, 
that some such peculiarities may be only apparent, 
being due entirely or partly to non-LTE effects in 
spectral line formation. 

We have mentioned the considerable variation in the 
strength of the G band among stars in several globular 
clusters. This is of particular interest now in view of 
the recent theoretical possibility discussed by Sweigart 
and Mengel (1979) that carbon depletion can indeed 
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be expected to arise in a globular cluster giant star 
through a mechanism involving mixing by meridional 
circulation currents driven by core rotation in the star. 
We therefore concentrate our attention in this paper 
on quantitative determination of the carbon abun- 
dances through study of the CH lines. The work forms 

part of a continuing program of abundance determina- 
tions in globular cluster stars using synthetic spectrum 
analysis. We have investigated the carbon abundance 
using medium- to high-dispersion spectra in four 
globular clusters: M92, NGC 6397, M13, and NGC 
6752. This paper presents the results for the most 
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Fig. 1.—Representative color-magnitude diagrams (a) for M92 from photoelectric data by Sandage and Walker and (b) for 

NGC 6397 from mostly photoelectric data by Cannon. The labeled filled symbols denote stars for which we have spectra available, 
with the stars analyzed in detail shown as triangles. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
7 

9A
pJ

. 
. .

22
9.

 .
60

4B
 

606 BELL, DICKENS, AND GUSTAFSSON Vol. 229 

metal-poor of these clusters, i.e., M92 and NGC 6397 
([Fe/H] ~ —2.0). A later paper will discuss the other 
two, more metal-rich clusters, M13 and NGC 6752. 

II. OBSERVATIONS 
Figure la shows a representative color-magnitude 

diagram of M92, plotted using photoelectric data from 
Table 1 of Sandage and Walker (1966). Figure \b 
shows a similarly representative diagram for NGC 
6397, based almost entirely on the photoelectric data 
given by Cannon (1974). In both diagrams, filled 
symbols denote the stars for which we have spectra 
available, with identification numbers as used in the 
sources quoted above. Stars with spectra which have 
been analyzed in detail and are discussed in this paper 
are shown as triangles. In the case of M92, they 
include only the brightest red giants whereas the NGC 
6397 sample contains one asymptotic giant branch star 
(RGO 28) and possibly another (RGO 43), as well as 
two brighter red giant stars. 

The spectra of the stars in M92 have been generously 
provided by the Hale Observatories and are part of a 
collection of Palomar (200 inch) coudé spectra of 
globular cluster giant stars obtained by A. J. Deutsch, 
J. L. Greenstein, and O. C. Wilson and are currently 
on loan to one of us (R. J. D.). The plates used in the 
present study have a reciprocal dispersion of 18 Â mm "1 

and cover the wavelength interval 4000-4950 Â. The 
plates used for the star III-13 are the same as those 
used by Helfer, Wallerstein, and Greenstein (1959) 
in their original analysis. 

The spectra of the NGC 6397 stars were obtained 
with an image-tube spectrograph on the Radcliffe 
74 inch (1.9 m) telescope at times between 1971 and 
1973 using Carnegie (with Ila-O emulsion) and spec- 
tracon (with G5 emulsion) image tubes at nominal 
reciprocal dispersions of 22.5, 50, and 150 Â mm-1. 
Only the 22.5 and 50 Â mm-1 material has been used 
in the present analysis. The spectra have projected slit 
widths of 12.5 and 20/¿m and cover the wavelength 
regions 3790-4365 Â and 3750-4900 Â, respectively. 

Tracings of the spectra were made using a PDS 
microphotometer with a 5 ¡xm slit and digital recording. 
After being converted to an intensity scale, the spectra 
were smoothed using a least squares procedure 
(Savitsky and Golay 1964) and plotted with wave- 
length scales of 0.2 and 0.5 Â mm-1 for detailed 
comparison with theoretical spectra. 

In the subsequent analysis, we shall also make use 
of infrared narrow-band observations in M92 by 
Cohen, Frogel, and Persson (1978). They measured 
the first overtone bands of CO using filters centered 
at 2.20 and 2.36/xm with half-widths of 0.11 and 
0.08 /zm, respectively. In addition, observations on the 
DDO system by Norris and Zinn (1977) and Hesser, 
Hartwick, and McClure (1977) of stars in M92, and 
from Bessell and Norris (1978) for stars in NGC 6397, 
will be discussed. 

III. ANALYSES OF STELLAR SPECTRA 
Bell et al. (1976) have published an extensive grid of 

flux-constant model atmospheres for cool stars. These 

models include the effects of line blanketing and con- 
vection. Bell and Gustafsson (1978) have computed 
synthetic spectra for many of the models of this grid 
and have used these spectra to compute synthetic 
colors. Gustafsson and Bell (1978) give an extensive 
discussion of the accuracy of the colors. On the basis 
of this discussion, the observed B — V colors can be 
used to yield stellar temperatures when the surface 
gravity and chemical composition are known. The 
surface gravities can be obtained from the absolute 
magnitudes. The overall chemical compositions have 
been obtained from previous abundance determina- 
tions of individual cluster stars, combined with esti- 
mates from our computed and observed spectra and, 
in the case of NGC 6397, the properties of its color- 
magnitude diagram (Butler 1975). We find [Fe/H] = 
— 2.3 for M92 and —2.0 for NGC 6397, with probable 
uncertainties of about ±0.3. We have adopted 
[Fe/H] = — 2.0 for both clusters but give in the later 
discussion the effects of changes in these values on the 
results. 

Using reddening corrected distance moduli of 
(V0 - Mv) = 14.1 and 11.8 for M92 and NGC 6397, 
respectively, and E(B — V) = 0.02 and 0.18 (Sandage 
1970; Cannon 1974), Mv and (B — V)0 values can be 
found from the V and B — V data of Sandage and 
Walker (1966) and Cannon. The values for our stars 
are given in Table 1. Throughout the paper all colors 
used have been corrected for reddening. 

Assuming a mass of 0.8 92l0 for globular cluster 
giants, we can compute Mbol for the grid models from 
the equation Mbol = 4.72 + 2.5[g] — lOtT^f] “ 2.5[92t], 
where [X] = log X* — log XQ, g = surface gravity, 
2"eff = effective temperature and = mass. Then, 
using the bolometric corrections and B — V colors of 
Bell and Gustafsson (1978), we find the (Mv, B — V)- 
diagram of the models. This diagram is shown as 
Figure 2 for the relevant range of reff» log with our 

stars also plotted. On the basis of their positions, we 
adopted the values of Tefi and logg given in Table 1. 
When these parameters differed significantly from the 
values of the grid models, we used our program 
MARCS to generate new model atmospheres. These 
models were computed in exactly the same manner as 
the grid models, following the methods described by 
Gustafsson et al. (1975). The adopted model param- 
eters for all stars are given in Table 1. 

TABLE 1 
Observational Data and Atmospheric Parameters 

Object (B— V)0 Mv logg Model Used 

M92: 
III-13... 

VII-18... 
NGC 6397: 

28...... 
43  

603  
211...... 

1.31 
1.29 

0.76 
0.94 
1.15 
1.28 

-2.1 
-2.0 

4200 
4250 

0.8 
0.9 

4250/0.75/-2.0 
4250/0.75/-2.0 

-0.5 4950 2.0 5000/2.25/-2.0 
-1.4 4600 1.5 4600/1.50/-2.0 
-2.0 4400 1.0 4400/1.00/-2.0 
-2.2 4250 0.8 4250/0.75/-2.0 
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No. 2, 1979 CARBON ABUNDANCES IN RED GIANTS 607 

Fig. 2.—The (Mv, B — F)-values of the Bell et al. (1976) models for [A/H] = —2.0, calculated according to the description in 
the text and references cited therein, are plotted, together with the corresponding values for the NGC 6397 stars 28, 43, 211, and 
603 and the M92 stars III-13 and VII-18. 

Gustafsson and Bell (1978) have shown that the 
model 4500/1.5/ —2.0 gives a good fit to the spectral 
scan of the M92 star XII-8 given in Christensen (1972), 
indicating a Teii close to 4500 K. The Mv and B — V 
of this star are —1.4 and 1.04, respectively, and 
therefore we obtain Tei{ = 4450 K from Figure 2, in 
close agreement with the scanner result. We have also 
found that if our theoretical calibration of (R — /)K 
(instead oî B — V) is used, consistent effective tem- 
peratures are obtained for the cluster stars (cf. 
Gustafsson and Bell 1978). 

The techniques which have been used to compute 
synthetic stellar spectra have been exhaustively de- 
scribed by Bell and Gustafsson (1978). Questions of 
the adequacy of the LTE assumption, neglect of 
sphericity effects, and other assumptions will be 
examined at the end of this section. The values adopted 
for the logarithmic abundances of CNO in the Sun 
are 8.62, 8.00, and 8.86, respectively. The value of/00 
for CH and CN lines was found by fitting solar spectra 
computed using these abundances and the Harvard 
Smithsonian Reference Atmosphere (HSRA, Gingerich 
et al. 1971) to the Kitt Peak Preliminary Solar Atlas 
(Brault and Testerman 1972). Previous calculations 
by Bell and Gustafsson (1978) gave lines of the (0, 0) 
sequence of the violet CN bands which were too strong 
whereas the (0, 1) lines were satisfactory, an effect 
noted earlier by Grevesse and Sauvai (1973). The 
physical cause of this is unknown. For the current 
work, /00 for CN was reduced by a factor of 2 to 
0.0331, so that lines of the (0, 0) sequence would be 
computed to have the right strength in the solar 
spectrum, and the line absorption coefficients of lines 
of the (0, 1) sequence were doubled, an artifice which 
keeps them at the correct strength in the computed 
solar spectrum. The recent analysis of solar CNO 

abundances by Lambert (1978) suggests uncertainties 
of ±0.1 dex. This suggests an uncertainty of, say, ± 0.2 
in the values of [C/A]1 deduced for the globular 
cluster stars, the uncertainty arising from uncertainty 
in the solar abundances and the value of/00 for CH. 

One improvement made over the work of Bell and 
Gustafsson (1978) is a further check of the adequacy 
of the atomic and molecular line data. Since only a 
relatively small wavelength region is being studied, it 
is feasible to compute detailed synthetic spectra for 
comparison with the Kitt Peak Atlas; this enabled us 
to carry out a more detailed fit than was possible using 
previous solar atlases. The HSRA was again used to 
compute synthetic spectra at the center of the solar 
disk for the wavelength region 4000-4350 Â. On the 
basis of this comparison, the line data were then 
changed in the following way to obtain better agree- 
ment between theory and observation. The oscillator 
strengths of 47 atomic lines were altered, and the 
wavelengths of 7 CH lines were also changed. These 
wavelength changes are particularly necessary near 
band heads, such as the g-branch head of the (2, 2) 
band at 4323 Â. As a check, a synthetic spectrum was 
then also computed for Arcturus, using the model 
4200/1.5/ —0.5, the notation being reff/logg/[A/H]. A 
comparison of this spectrum and the Arcturus Atlas 
(Griffin 1968) is given in Figure 3 for selected wave- 
length regions and shows generally satisfactory agree- 
ment. These regions are used in subsequent analyses 
of our stars. 

1 We use A to denote all elements except for H and He and, 
in cases like the present one, the element or elements being 
discussed. [C/A] = —1.0 means the carbon abundance has 
been reduced by a factor of 10 in the calculations. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



W
A

V
E

L
E

N
G

T
H
 

(A
) 

2
7

3
 

4
2

7
5
 

4
2
8
0
 

4
2

8
2
 

4
2
8
4
 

4
2
8
7
 

4
2
9
5
 

4
2
9
8

 

PQ 
o KO 

O'! CM 

608 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



PQ ^r1 

o KO 

CM CM 

a 
(T) 

WAVELENGTH (A) 
Fig. 4.—Theoretical spectra are shown for models which approximately correspond to various points along the giant branch of 

a globular cluster with [A/H] = —2.0. The spectrum of each model has been computed for carbon abundances of [G/A] = 0, 
— 0.5, and —1.0, and the effects of these differences are readily apparent for T^f of 5000 K or cooler. The B — V colors are indicated. 
To save space, the residual intensity (vertical) scale goes between 0.25 and 1.0. 
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Fig. 5.—Theoretical spectra for models which approximately correspond to various points along the giant branch of a globular 

cluster with [A/H] = —2.0, illustrating the effects of changing the DBV from 2 to 4 km s_1 in models with [C/A] = —0.5. The 
residual intensity (vertical) scale goes between 0.25 and 1.0. 
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CARBON ABUNDANCES IN RED GIANTS 611 

One further improvement made to the synthetic 
spectrum program lay in the treatment of damping. 
At the low pressures in the atmospheres of globular 
cluster giants, the damping is primarily natural. In 
previous work, a constant value of Fnat = 1.13 x 108 

was used for all lines except Ca n H and K. In the 
present work, values of rnat were found from Einstein 
^-values for the strong lines AA4250.79, 4271.76, 
4282.41, 4294.13, and 4325.76 of Fe i, A4254.35 of Cr i, 
and A4307.91 of Cm. 

In order to test the resolution necessary in synthetic 
spectrum calculations for the present project, spectra 
were calculated for the model 4250/0.75/ —2.0 using 
steps of, first, 0.02 Â and, second, 0.10 Â between 
each successive flux calculation. Following convolu- 
tion with an instrumental profile of the form 
exp (—|AA|/0.2), comparison of these spectra showed 
only very small differences, and a step size of 0.1 Â 
was consequently used for all successive spectrum 
calculations, with the exception of the search for 13CH 
features where the higher resolution was used. 

In order to examine the problem of weak G band 
stars in general, an atlas of theoretical globular cluster 
stellar spectra was prepared. The grid models 5500/ 
3.75/ —2, 5000/2.25/-2, 4500/1.5/-2, 4000/0.75/-2, 
and 3750/0.75/ —2 were used for this atlas in order to 
represent the giant branch of a cluster with [A/H] = 
— 2.0 for 0.5 < B — V < 1.5. The calculations were 
carried out for four different cases, viz., {a) the 
standard case with all abundances equal to 0.01 of 
their solar value and a Doppler broadening velocity 
(DBV) equal to 2 km s_1, representing both thermal 
and microturbulent terms for iron atoms; (b) as (a) 
except that [C/A] = —0.5; (c) as {a) except that 
[C/A] = —1.0; (J) as (a) except that DBV = 4kms"1. 
Note that DBV for CH is typically 2.9 km s_1 when 
DBV = 2kms"1 for iron, owing to the greater 

thermal contribution in the former case. The calcula- 
tions covered the wavelength range 4050-4350 Â. The 
wavelength region 4250-4350 Â of these spectra is 
shown in Figure 4 where cases (a), (6), and (c) have 
been overlaid, and in Figure 5 where (a) and (d) have 
been overlaid. The spectra have been convolved with 
the instrumental profile exp (—| AA|/0.4) and should 
resemble 50Âmm_1 photographic or electrono- 
graphic image-tube spectra. 

The atlas shows the temperatures at which the G 
band is intrinsically weak. It also indicates which are 
the best spectral features to use to determine the carbon 
depletion. On the basis of Figure 4, the seven wave- 
length regions selected for determination of [C/A] 
values are: 4273-4275 Â, 4280-4282 Â, 4285-4287 Â, 
4296-4298 Â, 4302-4305 Â, 4310-4313 Â, and 4322- 
4324 Â. The first region was used only in the higher- 
dispersion Palomar spectra. 

Figure 4 shows the temperature sensitivity of the G 
band and CH features. At Teîî = 5500 K (£ — F = 
0.5) it would be difficult to see any weakness of CH 
features caused by carbon abundance changes whereas 
at Teff = 5000 K (B — V = 0.7) it appears that 
deficiencies of up to [C/A] = —0.5 could be measured. 
The CH lines reach maximum strength at 4500 K 
(B — V = 1.0), and changes with [C/A] in many CH 
features can be clearly seen. At this temperature and 
at Tefi = 4000 K(B — V = 1.4) it is possible to deter- 
mine carbon deficiencies of up to [C/A] = —1.0 or 
even more. The CH lines are weaker at 3750 K, and it 
may not be possible to conclude that [C/A] < —0.5 
in a star of this temperature. 

The effect of changes in DBV are shown in Figure 5. 
It is noticeable that some features are little affected 
whereas others are affected much more (compare the 
features at 4285 Â and 4289 Â). While it does appear 
that uncertainties in the value for DBV will affect the 

WAVELENGTH (A) 
Fig. 6.—The spectrum of plate Pd 2165 of the M92 star III-13, in the wavelength region 4270-4330 Â, is compared with model 

spectra computed for [C/A] = —0.5 and —1.0. 
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WAVELENGTH (A) 
Fig. 7.—As Fig. 6 except that the observed spectrum is plate Pd 3247 

results when analyzing stellar spectra, it is also apparent 
that firm conclusions about carbon weakness can still 
be drawn. In particular, a low DBV cannot be the 
cause of the low carbon abundances found. The 
reason is that the value of 2 km s-1 used in the work 
presented here cannot sensibly be reduced much further. 

The synthetic spectra used for the atlas can also be 
used in color calculations to indicate the potential for 

detecting weak G band stars photometrically and 
determining their carbon abundances. These colors will 
be discussed in the next section. 

In Figures 6-13 we show the observed spectra for 
our stars and the corresponding calculated spectra. 
Since the continuum level of each observed spectrum 
is unknown, when comparing observed and calculated 
spectra we are forced to determine the intensity scale 

WAVELENGTH (A) 
Fig. 8.—As Fig. 6 except that plate Pd 962 of the M92 star VII-18 is shown 
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WAVELENGTH (A) 
Fig. 9.—The observed spectrum of the star NGC 6397 28 is 

compared with model spectra computed for [C/A] = 0.0 and 
-0.5. 

Fig. 10.—The observed spectrum of the star NGC 6397 43 
is compared with model spectra computed for [C/A] = —0.5 
and—1.0. 

of the calculations by fitting them to the tracings of the 
observed spectra in regions where the line absorption 
is relatively weak. For the present project we have 
chosen to do this fitting at wavelengths of 4220 Â 
and 4320 Â. The values found for the carbon abun- 
dances should not be very sensitive to the continuum 
levels adopted for the stars analyzed here. The CH 
features are not so weak that their strengths are 
materially altered by changes in continuum level; 

furthermore, the strengths of CH features are essen- 
tially being estimated relative to the strengths of atomic 
lines. In order to avoid cluttering the diagrams, in 
most cases only calculated spectra for [C/A] = —0.5 
and —1.0 are shown. The value of DBV = 2 km s-1 

in all cases. Comments on the individual stars are 
given below, beginning with the M92 stars for which 
the data are of higher quality. The deduced values of 
[C/A] are collected in Table 2. 

TABLE 2 
[C/A] Abundances from Individual Carbon Features 

Interval (Â) 

Plate* or 4273- 4280- 4285- 4296- 4303- 4310- 4322- Mean Ref. 
Star No. Film t No. 4275 4282 4287 4298 4305 4313 4324 [C/A] Fig. No. 

M92: 
III-13  Pd 2165 -0.6 -0.5 -1.0 -1.0 -1.0 -1.0 -0.7 -0.8 6 
111-13  Pd 3247 -1.0 -1.0 -0.8 -1.0 -1.0 -1.0 -0.9 -1.0 7 
VII-18  Pd 962 -0.7 -0.7 -0.9 -1.2 -1.0 -1.0 -1.2 -1.0 8 

NGC 6397: 
28  853 M2 B ... <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 9 
43  852 M2 B ... -0.9 -1.0 -1.0 -1.0 -1.0 -1.0 -1.0 10 
603  852 M2 A ... -0.7 -1.0 -0.9 -0.9 -1.2 -0.9 -0.9 12 
603  875 M3 E ... -0.7 -0.7 -0.9 -1.0 -1.0 -1.0 -0.9 11 
211  851 M2A ... -0.9 -0.7 -1.0 -0.9 -0.7 -1.0 -0.9 13 

* Pd—Palomar coudé, 18 Â mm-1. 
t M2, Radcliffe spectracon, 50 Â mm-1; M3, Radcliffe spectracon, 22.5 Â mm-1. 
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4270 

NGC6397 603 

4280 

observed 

calculated, [C/A]=-I.O 

calculated, [C /A ] = -0.5 

4290 4300 4310 4320 4330 

WAVELENGTH (A) 
Fig. 11.—As Fig. 10, the observed spectrum being a 22.5 Â mm-1 spectrum of NGC 6397 603 

i) M92 III-13. Two spectra, Pd 2165 and Pd 3247, 
are available for this object. The 4300 and 4323 Â 
regions immediately show that the assumptions and 
techniques used lead to [C/A] < —0.5 in Figures 6 
and 7. Plate Pd 2165 gives a carbon depletion of 
[C/A] = —0.8, individual values being between —0.5 
and —1.0. For plate Pd 3247, the average [C/A] for 
the seven selected regions is —1.0, with the individual 
values lying between —0.8 and —1.0. The mean value 
of [C/A] = —0.9 is adopted for the star. 

ii) M92 VII-18. The effective temperature of 4200 K 
causes the CH lines to be sensitive indicators of [C/A]. 
Inspection of Figure 8 in the wavelength region 4295- 
4315 Â and at 4323 Â shows that the procedures used 
must lead to [C/A] being less than —0.5. Comparison 
of observed and calculated spectra in the seven selected 
wavelength regions yields a mean [C/A] = —1.0, the 
individual fits ranging between —0.7 and —1.0. 

iii) The star NGC 6397 28 is the hottest star in the 
sample, and the CH features are consequently intrinsi- 
cally weaker. For that reason, in Figure 9 the observed 
spectrum is compared with spectra computed for 
[C/A] = 0.0 and —0.5. The CH lines in the former 
case are certainly too strong. It is difficult to adopt a 
specific [C/A] value from the general fit of the spectrum 
in the CH sensitive regions. The best course appears 
to be to adopt [C/A] < -0.5. 

iv) Since NGC 6397 43 has reff = 4600 K, the CH 

lines are again good indicators of [C/A]. The CH 
sensitive regions give [C/A] = —1.0, with very little 
scatter (cf. Fig. 10). 

v) Two spectra are available for NGC 6397 603, at 
dispersions of 50 and 22.5 Â mm-1. The higher- 
dispersion spectrum gives an average value of [C/A] = 
—0.9, the range being —0.7 to —1.0 (Fig. 11), and 
the lower-dispersion one gives an average value of 
— 0.8, the range being —0.7 to —1.2 (Fig. 12). The 
agreement is gratifying. 

vi) The star NGC 6397 211 has a mean [C/A] = 
— 0.9, with the values given by the individual CH 
sensitive regions varying between —0.7 and —1.0 (cf. 
Fig. 13). 

It is worth pointing out that reduction of [C/A] to 
—1.5 causes visible differences in the computed spectra 
at Tgff = 4600 and 4250 K (but not at 5000 K). It 
appears that this low carbon abundance can be 
excluded for all our stars except NGC 6397 28. 

We have estimated the effects of a change in the 
overall chemical compositions of the stars on the 
derived carbon abundances using model spectra com- 
puted for [A/H] = —3.0. We conclude that if [A/H] 
were —2.5 instead of —2.0, the depletion values in 
column (10) of Table 2 would not be as great, the 
alteration being about 0.2 to 0.3 dex. It is clear that 
for any reasonable value of the overall metal abun- 
dance of the stars, the carbon is substantially depleted 
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WAVELENGTH (A) 
Fig. 12.—As Fig. 11, the observed spectrum being a 

50 Â mm-1 spectrum of NGC 6397 603. 

relative to the other metals. A depletion of 0.7 dex is 
the more probable value for the M92 stars, with their 
lower metal abundances, whereas 1.0 is appropriate 
for NGC 6397. 

The carbon depletion raises the possibility that the 
12C/13C ratio may be much less than the solar value 
of 89, a point which has been made on theoretical 
grounds by Mengel and Sweigart (1977). Krupp (1974) 
has computed wavelengths for 13CH lines and has 
identified such lines in the spectrum of Arcturus. 
Synthetic spectra were computed for the model 
4250/0.75/-2.0, using 12C/13C = 4 and 89. In order 
to obtain maximum accuracy in the comparison, a step 
size of 0.02 Â was used in the spectrum calculations. 
The differences between the spectra in the wavelength 
region 4250-4350 Â are unfortunately too small to be 
detected, even with the excellent observational material 
at our disposal. A resolution of better than 0.1 Â 
would be required in order to usefully be able to 
study 13CH. 

Fig. 13.—As Fig. 12, the observed spectrum being that of 
the star NGC 6397 211. 

Calculations of the 4100-4215 Â region, using 
[C/A] = —1.0 and [N/A] = +1.5, showed only minis- 
cule enhancement of CN features when compared with 
the standard case with [N/A] = 0.0. Our spectro- 
scopic material therefore does not allow confirmation 
of the results of Carbon et al. (1977) that [N/A] = 
+ 1.0 for the M92 stars III-13 and VII-18 and we are 
unable to comment on the nitrogen abundance in the 
NGC 6397 stars. 

Since carbon is depleted by CO formation, it is of 
interest to see if a large overabundance of oxygen will 
produce significant weakening of the CH lines. Cal- 
culations using the model 4250/0.75/ —2.0 show that 
oxygen and carbon abundances of [O/A] = +1.0 and 
[C/A] = 0.0 produce a spectrum in which the CH 
lines are still stronger than is the case with [C/A] = 
— 0.5, [O/A] = 0.0, the oxygen-rich case correspond- 
ing to [C/A] £2 —0.3 in the carbon-poor case. The 
weakness of the CH lines observed in our stars conse- 
quently cannot be caused by an oxygen overabundance 
of this amount. Moreover, an enhanced oxygen abun- 
dance would be inconsistent with the observed CO 
strengths. The actual value of the carbon abundance 
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does depend on the oxygen abundance, but this leads 
to uncertainties in [C/A] which are much smaller than 
the carbon depletion found. 

It should be noted that, while the stars in our sample 
all show similar carbon depletions, there is still a con- 
siderable range in G band strength along the cluster 
giant branches, a point shown clearly in Figure 4. This 
makes it difficult, if not impossible, to relate visual 
estimates of G band strengths to carbon depletions, 
without supporting theoretical spectra. For example, 
Norris and Zinn (1977) have commented on G band 
strengths of stars in M13, M92, NGC 6397, and M15, 
on the basis of low-dispersion spectra of samples of 
stars in each cluster. Both M92 III-13 and VII-18 are 
described as having “strong” G bands whereas, as 
shown earlier, the G bands in these objects imply a 
very low carbon abundance. Similarly, NGC 6397 28 
and 43 are described as having “weak” G bands while 
NGC 6397 603 and 211 are described as “strong.” The 
G bands in three of these four stars yield [C/A] = 
--1.0, and NGC 6397 28 has [C/A] < -0.5. The main 
difference in the appearance of the spectra is due to the 
higher temperatures of the stars NGC 6397 28 and 43. 

Mallia (1977) has discussed the spectroscopic 
properties of a number of stars in NGC 6397, includ- 
ing the stars 28, 43, 211, and 603. He quotes a carbon 
depletion for NGC 6397 28 as being between 20 and 
40, and for NGC 6397 43 he implies an underabundance 
of a factor of 10, in addition to giving carbon deple- 
tions for a number of other stars. The very low carbon 
abundance found for NGC 6397 28 appears to be 
predominantly caused by the fact that Mallia uses a 
stellar temperature which is 300 K too low and, in 
general, his stellar temperatures are too low by 200 K 
or more. 

Examination of the spectra published by Mallia, by 
Norris and Zinn, and our own low-dispersion material 
enable approximate estimates of the carbon abun- 
dances by direct interpolation in our atlas of stellar 
spectra (Fig. 4). It is of particular interest to see if 
carbon depletion occurs further down the subgiant 
branch. From Figure 2 of Mallia (1977) it is clear that 
the AGB star NGC 6397 75, having a similar tempera- 
ture (5000 K) to 28, also has a similar carbon depletion 
whereas the subgiant NGC 6397 685, which has essen- 
tially the same temperature, has a G band strength 
indicating a close to normal carbon abundance (see 
Fig. 4 for models of Teif = 5000 K). The lower giant 
branch stars in NGC 6397 studied by Norris and Zinn 
are all denoted “strong G band,” and a comparison 
of the spectra of such stars as 686 and our own spectra 
of 608 (see Fig. 14) with the model spectra clearly show 
carbon abundances close to normal. Taken together, 
the spectroscopic data therefore suggest substantial 
depletion of carbon for AGB stars and the brighter 
giants, close to a factor of 10 underabundance, whereas 
stars on the lower giant branch appear to have normal 
abundances, i.e., [C/A] = 0. The fact that the star 
NGC 6397 685 has such a normal abundance suggests 
the carbon depletion sets in brighter than about Mv ~ 
— 0.5. We shall return to this point in the discussion of 
the photometry. 

The effects of departures from LTE, and the 
departures from the assumption of plane-parallel 
stratification, must now be examined. We shall first 
restrict the discussion to the direct effects on formation 
of CH lines and later comment on the more indirect 
effects through the model atmospheres. It is not 
possible at present to make a rigorous study of the 
effects of departures from LTE on the equivalent 
widths of the CH lines in late-type stars, since the 
relevant physical data, such as collision cross sections, 
are generally not available. Also, the computational 
difficulties are considerable. However, some estimates 
of the maximum effect have been made, assuming that 
all collisional effects on the electronic transitions may 
be disregarded, and that the molecule in this respect 
may be approximated by a system with two bound 
levels and a continuum. The simple representation of 
the complex molecular structure by a two-level system 
should be reasonable for the Ai; = 0 sequence of CH 
in late-type giants (cf. Hinkle and Lambert 1975). 

The only transitions connected with the continuum 
which have been considered (i.e., processes which 
destroy and create molecules) were photodissociation 
and photoassociation, with predissociations via the 
C 22+-X2IÏ, B 22--X2n and A 2A-X2II transitions. 
Only the first two, caused by the radiation from the 
wavelength interval 2500 Â < A < 3000 Â, were found 
to be important. Self-absorption in these transitions 
was not considered, so the departures from LTE are 
considerably exaggerated. The ultraviolet mean in- 
tensities were estimated from the fluxes of our model 
atmospheres. The relevant cross sections were taken 
from Solomon and Klemperer (1972) but the exact 
values of these data are not very important as long as 
the other transitions are totally disregarded. 

The resulting effects on the dissociation equilibrium 
of CH, which certainly are overestimates, are rather 
great in the outer layers of the metal-poor models. 
For example, for the model 4500/1.5/ —2.0 we obtain 
NCK^

TEINCK
hTE = 0.15, 0.31, 0.65, and 1.0 at 

l°g t43oo = —3, —2, —1, and >—0.6, respectively. 
In other words, if LTE is assumed, [C/H] is under- 
estimated by about 0.2. For the more metal-rich 
models, the effects are considerably smaller, since the 
strong ultraviolet blocking leads to a thermalized 
radiation field. 

The abundance of CH molecules is dependent of the 
dissociation equilibrium of CO, which might also be 
affected by departures from LTE similar to those dis- 
cussed above for CH. However, these departures are 
probably small and therefore unimportant at the 
depths where the CH lines are formed. The reason for 
this is that the dissociation energy of CO is so high 
that the ultraviolet radiation needed to photodissociate 
this molecule is well thermalized, even near the surface 
of the atmospheres. 

Since collisions are neglected, the spectral lines are 
formed completely by scattering processes, and their 
weakening due to departures from the Boltzmann 
distribution (which are caused by the fact that the 
source function is considerably greater than the 
Planck field with the local temperature) is dependent 
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Fig. 14.—Comparison of spectra of several stars in NGC 6397 to illustrate the “normal” appearance of the G band in star 608. 
The upper panel shows the weakness of the G band of NGC 6397 28 compared to the brighter giant, 603. The latter star is compared 
at lower dispersion in the lower panel to another bright giant (669) and 608, which is seen to have quite comparable G-band strength 
to that of the bright giants. 

only on the strength of the lines. Corrections to the 
LTE abundance determinations from single CH lines 
due to scattering effects have been found to be no 
more than 0.2 in [C/A] for the present models. 

For single lines, we thus find that the estimated non- 
LTE (NLTE) effects, due to photodissociation and 
scattering effects, are quite small, corresponding only 
to an observable CH abundance change of [CHNLTE/ 
CHLTE] # —0.4. However, for the reasons given above, 
this should be an overestimate of the effects. More- 
over, the fact that many CH lines tend to overlap 
should diminish the NLTE effect further, since the 
source function will generally decrease due to this 
overlap. Thus, on the basis of this preliminary study 
we conclude that the large carbon deficiencies found 
in the present paper cannot be explained as a result of 
departures from LTE of the CH molecules. These 
effects probably contribute rather little to the CH 
line-weakening. 

One might ask whether the carbon depletion effect 
could be the result of more indirect departures from 
LTE, affecting the structures of the stellar atmospheres 
themselves. The contribution function for the CH 
lines peak sharply toward the deeper layers of the 
atmospheres (t4300 > 0.03), where the main opacity 
contributor, H", is definitely formed in LTE (cf. 
Gustafsson and Bell 1978). However, the electron 
donors, particularly iron, might be more ionized than 
the Saha equation predicts, as a consequence of the 
transparency of the metal-poor atmospheres in the 
ultraviolet and the fact that the dominant opacity 
source at these wavelengths is the Rayleigh scattering 
of H I, which allows the hot radiation from below to 
reach the upper layers. This extra photoionization 
would increase the continuum H~ opacity somewhat, 
and thus decrease the strength of the CH lines. How- 
ever, this would not lead to the great effects observed 
for the G band; moreover, the Fe i lines would be still 
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more affected, such that the C/Fe ratio in an LTE 
analysis would be more likely to increase than to 
decrease. 

The surface cooling, caused by blanketing due to 
metals and CO molecules, may well be considerably 
less than the LTE models predict, since many of the 
spectral lines are formed by scattering processes rather 
than by pure absorption. However, the CH line 
strengths do not change appreciably if the surface 
cooling is reduced, since the lines are formed at rather 
great depths. 

Finally, it should be noted that the errors arising 
from the assumption of plane-parallelism of the model 
atmospheres are probably unimportant. The continuum 
colors, used in the temperature determination, and the 
CH bands are formed in roughly the same relatively 
deep layers, which means that sphericity effects are 
probably unimportant (cf. Gustafsson and Bell 1978). 
Inhomogeneities could, however, be significant. For 
example, if an atmosphere is postulated to consist of 
one component with 7^ = 4000 K and one with 
Teif = 5000 K, both giving equal brightness at 4500 Â 
and with [A/H] = — 2 and [C/A] = 0.0, then this 
would erroneously be assumed to be a star with 
Teit ^ 4500 K and [C/A] ^ —0.5 in the present 
analysis, since the strength of the CH band peaks at 
Tm ^ 4500 K. Such great temperature inhomo- 
geneities in Population II giants cannot be completely 
disregarded (cf. Gustafsson and Bell 1978). However, 
the evidence for their existence is quite weak, and they 
would cause significantly smaller depletions for stars 
with hotter and cooler effective temperatures, which 
is not observed. Moreover, the infrared CO observa- 
tions also suggest a considerable carbon depletion, 
which would not be expected from such an inhomo- 
geneous atmosphere. 

The possibility of weak G band stars being optical 
doubles can be dismissed using similar arguments, as 
well as the fact that such doubles would be well above 
the giant branch, which is not observed to be the case 
for weak G band stars. The possibility of emission 
from an extended atmosphere causing a veiling of the 
spectrum in the G band region may be dismissed, since 
this effect would cause a weakening of Fe i and other 
lines which is not observed. It would also affect the 
continuum colors and thus cause systematic differences 
in effective temperature determinations from different 
colors, which are not found. 

Finally, the influence of effective temperature errors 
on the final results can be estimated from Figure 4. 
For example, a temperature change of 100 K should 
produce a change of only ~ 0.1 in [C/A] at 4500 K and 
0.15 at 5000 K. The effects of plausible errors in surface 
gravity will be small. 

IV. ANALYSIS OF THE PHOTOMETRIC DATA 

In order to obtain results for a larger sample of 
stars, and to look for confirmation of our spectro- 
scopic results, it is of interest to investigate the photo- 
metric consequences of the low carbon abundances in 
the globular cluster giants. Calculations have been 
carried out for the 1.9-2.5 /xm region and the 3500- 
4350 Â region. 

We have calculated synthetic spectra for the wave- 
length region of the first overtone bands of CO, using 
CO line data supplied by Kunde, the details of the 
wavelength and line-strength calculations being given 
by Kunde (1970). The relatively coarse step size of 
1.0 Â was found to be adequate. Allowance has been 
made for the effect of terrestrial atmospheric absorp- 
tion in the color calculations (cf. Bell, Dickens, and 
Gustafsson 1978). The CO color, 2.20 — 2.36 on the 
Cohen, Frogel, and Persson (1978) system, showed 
the expected variation with metal abundance and 
carbon abundance. The colors found are as follows, 
with the normalization being carried out using a Vega 
model in the same way that the observers use Vega: 
4250/1.50/0.0, CO =+0.12 mag; 4250/0.75/-2.0, 
CO =+0.07 mag; 4250/0.75/-2.0 and [C/A] = 
-1.0, CO = +0.02 mag. Cohen, Frogel, and Persson 
find the CO colors for M92 III-13 and VII-18 to be 
0.01 and —0.02 mag, respectively, and the mean CO 
index for an M67 star of the same V — K color as the 
M92 stars is 0.12. The CO color difference between the 
M67 and M92 stars thus requires that the carbon 
abundance be very low in the M92 stars, confirming 
the result from the CH lines. 

It is apparent that various photometric systems 
could be used to search for carbon deficient stars. For 
example, the Uppsala system (Häggkvist and Oja 
1970) and the Brorfelde system (Dickow et al. 1970) 
would be quite suitable. Since, however, almost all the 
existing observations of stars in globular clusters have 
been made using the DDO system, we consider only 
this system in the present paper. 

TABLE 3 
Changes in Calculated 41 and 42 Magnitudes of the DDO System Resulting from Changes in 

Carbon Abundance 

AC41 AC41 AC42 AC42 
Model [C/A] = -0.5 [C/A] = -1.0 [C/A] = -0.5 [C/A] = -1.0 

5500/3.0/-2.0  -0.003 -0.004 -0.015 -0.020 
5000/2.25/-2.0  -0.013 -0.017 -0.054 -0.078 
4500/1.5/—2.0  -0.036 -0.052 -0.087 -0.145 
4000/0.75/-2.0  -0.050 -0.068 -0.080 -0.128 
3750/0.75/-2.0. ... -0.039 -0.052 -0.058 -0.088 
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In Table 3 we give the changes in the 41 and 42 
magnitudes of the DDO system brought about by 
changes of [C/A] equal to —0.5 and —1.0. The 
nitrogen abundance has been kept fixed at [N/A] = 
0.0; but since CN cannot be detected in the spectrum 
of the 4250/0.75/-2.0 model even if [N/A] = +1.0, 
it is very unlikely to affect the 41 magnitude. The color 
changes resulting from the [C/A] changes are sub- 
stantial by photometric standards. 

The C(45 — 48), C(42 — 45) diagram is shown for 
M92 and NGC 6397 in Figure 15, the data sources 
being given above. The values of Teil and log g along 
the NGC 6397 giant branch (from Fig. 2) and the 
theoretical colors of Bell and Gustafsson (1978) are 
used to draw the standard giant branch line for 
[A/H] = —2.0. When drawing this line, it has been 
necessary for us to use colors computed under the 
assumption that the abundances of all elements vary 
in unison and that the DBV = 2kms_1. Since the 
45 and 48 magnitudes are essentially unaffected by 
carbon abundance changes, the alterations produced 
in the 42 magnitude can be used to find the anticipated 
giant branch lines for different [C/A]. Figure 15 shows 
that the brighter giant stars in the two clusters; i.e., 
M92 III-13, VII-18, V-45, and XII-8, and NGC 6397 
211, 669, and 43 are all carbon-poor. The carbon 
deficiencies derived from the photometry are not quite 
as large as those found spectroscopically. If we had 
used a higher DBV when finding the colors of the 
4000 K model, the carbon deficiencies found photo- 
metrically would be increased, becoming closer to the 
spectroscopic values. This comes about because 
increases in DBV make colors become redder, with 
the effect on C(42 — 45) being substantially greater 

than on C(45 — 48). The C(45 — 48) color of XII-8 
again indicates Feff = 4450 K, confirming our tem- 
perature scale. 

Figure 15 also shows that the fainter NGC 6397 
stars and the fainter M92 stars, viz., II-6, III-4, IV-2, 
IV-10, IV-114, and VI-18, lie very close to the standard 
line. However, the faintest star observed in M92, viz., 
III-81, is very close to the [C/A] = —1.0 line. This 
is probably caused by a shift in C(45 — 48) due to its 
substantially lower gravity as compared to subgiant 
stars of a similar color and so it is presumably carbon 
deficient. 

The photometry therefore suggests that the carbon 
depletion in the other cooler stars occurs as the stars 
evolve up the giant branch, with the effect beginning 
near Mv = —0.7. The stars which are brighter than 
this all show a carbon deficiency. Furthermore, those 
in a later evolutionary stage such as the AGB star 
NGC 6397 28 also have carbon depletions according 
to the spectroscopic analysis. Both this star and another 
probable AGB star we have analyzed in M92 (XII-34), 
which has [C/A] close to — 1, would be expected to lie 
near the [C/A] = —1 line in Figure 15. It would be 
interesting to check this from DDO colors for these 
two stars. Spectroscopic evidence for stars with Mv > 
— 0.7 having normal G bands is given earlier. Carbon 
et al. (1977) in their discussion of carbon abundances 
in M92 stars find, as a preliminary result, that the 
carbon depletion begins in some stars at a fainter Mv, 
viz., +1.0. 

The photometric data and corresponding calcula- 
tions for the C(41 — 42), C(42 — 45) diagram are 
shown in Figure 16. Since the 41 magnitude is affected 
by CH, and possibly by CN, it is affected by the carbon 

Fig. 15.—The [C0(45 — 48), C0(42 — 45)]-diagram for NGC 6397 and M92. The sources of stellar data are : NZ = Norris and 
Zinn (1977); HHM = Hesser, Hartwick, and McClure (1977); BN = Bessell and Norris (1978). Individual stars are identified. The 
standard line for [A/H] = — 2.0 is that computed from the Teil, log g of the mean giant branch of the cluster NGC 6397, the colors 
corresponding to Tett — 4000, 4500, 5000, and 5500 K being identified by the symbols of Fig. 2. The standard line for [A/H] = 
— 2.5 is also shown, as is the line for [C/A] = — 1, [A/H] = —2.0. 
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changes. The stars which are displaced toward the 
carbon-deficient branch in Figure 15 are also dis- 
placed in Figure 16, although the displacement is 
again not quite as large as would be expected for the 
spectroscopic results. There is also a suggestion that 
the NGC 6397 stars are systematically displaced by 
about 0.05 mag in C(41 — 42) relative to the M92 
stars. As mentioned above, the lines of the (0, 1) 
sequence of the violet CN system are too weak to be 
used to deduce nitrogen abundances. 

Since the (0,0) sequence of the violet CN system is 
much stronger than the (0, 1) sequence, calculations 

were carried out to see if the C(38 — 42) colors could 
be used to deduce nitrogen abundances. The color 
changes resulting from [N/A] being increased from 
0.0 to 1.0, with [C/A] = —1.0, were found to be only 
0.02 mag at Teii = 4000 and 4500 K. The C(38 - 42) 
colors thus cannot be used to find [N/A] in these very 
metal-poor stars. 

Since the slope of the standard line in the [C(45 — 48), 
C(42 —45)]-diagram is relatively shallow, the con- 
clusions about carbon weakness derived from analysis 
of the C(42 — 45) colors depend on the C(45 — 48) 
colors being measured very precisely For this reason 

Fig. 17.—The [C0(42 — 45), (B — F)0]-diagram of M92 and NGC 6397 stars. The standard lines for [A/H] = —2.0 and -2.5 
and the [C/H] = — 1, [A/H] = —2.0 line are shown. The reddening line is also shown. 
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we have checked the conclusions derived from the 
DDO diagrams by considering “hybrid” color-color 
diagrams. 

CH lines contribute only a small fraction of the 
blocking in the passband of the B filter of the UBV 
system, and not at all in the V filter, so it seems that 
the B — V color of a globular cluster giant model 
should change by only 0.01 or 0.02 mag at the most 
when [C/A] is changed from 0 to —1.0. In these cir- 
cumstances, a diagram of C(42 — 45) versus B — V 
should show the same behavior as the [C(42 — 45), 
C(45 — 48)]-diagram. On the other hand, the 
[C(45 — 48), B — F]-diagram should show very little 
scatter at all, since both colors are insensitive to carbon 
changes. 

The [C(42 — 45), B — F]-diagram is shown as 
Figure 17. The standard lines for [A/H] = —2.0 and 
— 2.5 are marked, together with the line for [A/H] = 
—2.0, [C/A] = —1.0. The differential carbon abun- 
dance effect is apparent in this diagram for both 
clusters, with the brighter stars being displaced to 
lower carbon abundances relative to the fainter stars. 
The magnitude of the shift is as large as, or even 
slightly larger than, the effect found spectroscopically 
for M92 III-13 and VII-18. The NGC 6397 stars are 
slightly displaced relative to their anticipated positions. 
A zero-point shift would compensate for this, and the 
carbon abundances of NGC 6397 43 and 211 could 
then agree with the spectroscopic values for the case 
of [A/H] = —2.0. We do not understand, however, 
the cause of such a zero-point shift. It is doubtful that 
it arises from errors in the B — V photometry owing 
to the size of the effect required, i.e., 0.08 mag. It is 
possible that small errors exist in the DDO photometry, 
but, as shown below, a similar shift is needed in the 
[C(45 — 48), B — F]-diagram. Reddening errors can 
be ruled out since the slope of the reddening line is 
nearly parallel to the standard lines (cf. Fig. 17). 

The [C(45 — 48), B — F]-diagram is shown as 
Figure 18. It is apparent that the M92 stars follow 
the standard line very well. The slope of the NGC 6397 
stars is in good agreement with calculation, but a zero 
point shift of 0.04 mag in C(45 — 48) is needed for 
the stars to fit the calculations. This cannot be ex- 
plained by abundance effects. When considering this 
diagram, it is worth noting that the standard line has 
been drawn solely from model atmosphere and syn- 
thetic spectra calculations and the B — V)- 
diagram, with the only introduction of observation 
into the color calculations being the use of <j>2 Ori as 
the zero-point star (see Bell and Gustafsson 1978). 

The discussion given above has been in terms of the 
overall metal abundance in both clusters being taken 
as [A/H] = —2.0. The standard lines for [A/H] = 
—2.5 are sketched in Figures 15 and 17. In Figure 18 
the standard line for [A/H] = —2.5 is virtually indis- 
tinguishable from that for [A/H] = —2.0. The effect 
of a reduction in the overall metal abundance is to 
reduce the carbon depletions found for the brighter 
stars, and the “ normal ” carbon abundances ([C/A] = 0) 
found for the fainter stars change to slight over- 
abundances. The original effect, that the carbon 
abundance in the brighter stars seems much less than 
in the fainter stars, consequently still exists. 

V. CONCLUSIONS 

We have found that both spectroscopic and photo- 
metric data available at present show a weakening in 
the G band strength for most stars along the upper 
giant branches in M92 and NGC 6397 when compari- 
sons are made with synthetic spectra and colors of 
model atmospheres. The effect occurs even in the 
coolest stars at the tip of the giant branch. This 
weakening of the G band corresponds to a carbon 
depletion such that — 0.5 > [C/A] > —1.0. The 
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photometric data on the 2.4 /xm CO bands in two M92 
stars confirm this conclusion. It is found that depar- 
tures from LTE in the dissociation equilibrium of CH 
or in the source function of the lines are probably not 
responsible for the line weakening; instead it seems 
quite probable that it reflects a true abundance effect. 
Small improvements in these results could be made 
with better effective temperatures obtainable from 
more precise intrinsic colors. More significant im- 
provements could result from increased accuracy in 
the determination of the overall metal abundance and 
the Doppler broadening velocity, and from higher- 
dispersion spectra and/or the use of well-calibrated 
very narrow band spectrophotometry (e.g., Gustafsson, 
Kjaergaard, and Andersen 1974) to measure specific 
CH features. 

Some spectroscopic data suggest that this carbon 
depletion is less pronounced for stars on the lower 
giant branch, and the photometric DDO data indicate 
that the depletion vanishes for most stars with Mv > 
— 0.7, which is in at least qualitative agreement with 
the hypothesis of deep meridional mixing of CNO 
processed material to the surface. It would certainly 
be very valuable to obtain independent higher-disper- 
sion spectroscopic confirmation of the “normal” 
[C/A] values for stars on the lower giant branches of 
the metal-poor clusters. It would also be very valuable 
to obtain reliable nitrogen abundances, e.g., from the 
NH ultraviolet bands, for stars along the giant branches 
of these clusters, since the carbon depletion is probably 
the result of the CN cycle, converting carbon nuclei to 
nitrogen. This cannot yet be regarded as an established 
result, however, and further work aimed especially at 
establishing more definitely the origin of the abun- 
dance anomalies is needed. It would be of particular 
value to carry out a photometric DDO survey of 
globular cluster subgiant stars, followed by spectro- 
scopic or very narrow band spectrophotometric in- 
vestigation of “interesting” stars found from this 
photometry. Examples of interesting stars in this 
context might well be upper-giant-branch stars show- 
ing apparently normal C and N abundances and lower- 
giant-branch stars showing abundance anomalies. 
Should the latter be unambiguously identified as 

cluster members, then origins other than those due to 
mixing must be considered. 

Auer and Demarque (1977) have shown that a 
possible explanation of variations in the Balmer jump 
in blue horizontal branch stars in M92 is enhance- 
ments of C and/or N of between 100 and 1000 times. 
Such an enhancement is inconsistent with our results 
insofar as carbon is concerned, and the carbon deple- 
tions we observe would be expected to cause only 
modest enhancements of nitrogen. 

One might ask whether this carbon depletion also 
shows up in the spectra of field giants of extreme 
Population II. In fact, the well-known very metal-poor 
star HD 122563 shows a carbon deficiency, [C/Fe] = 
— 0.5, and a nitrogen enrichment, [N/Fe] = 1.2 
(Sneden 1973). Other low-gravity objects also show 
carbon deficiencies (Sneden 1974). We have also 
found that the two very metal poor giants HD 165195 
and HD 221170 deviate in the C(42 - 45), C(45 - 48) 
diagram from their predicted locations (with stellar 
parameters adopted according to Gustafsson and Bell 
1978), indicating carbon deficiencies. It would be very 
worthwhile to determine carbon and nitrogen abun- 
dances and 12C/13C ratios for more field Population II 
giants, particularly those on the lower giant branch, 
by high-dispersion spectroscopy. Precise narrow-band 
(e.g., DDO) photometry for extensive samples of such 
stars would also be very valuable. 
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