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ABSTRACT 
Observations of 28 giants and subgiants in the globular cluster 47 Tue (NGC 104, Cl 0021-723) with abso- 

lute magnitudes in the range +1 < Mv < +2 have been obtained with the 2D-Frutti/RC-spectrograph com- 
bination on the CTIO 4 m telescope. This sample exhibits variations in the strength of the 24215 CN band, 
which for the CN-richest subgiants anticorrelate with the strength of the 24300 CH band. The present data, 
when considered in combination with published spectroscopy of bright giants and main-sequence turn-off 
stars, indicate that CN variations exist among stars in all stages of post-turn-off evolution in 47 Tue. 

Indices measuring the strength of the CN and CH bands have been derived from the spectra, and are com- 
pared with indices computed from synthetic spectra based on the model atmospheres computed using the 
MARCS program employed by Gustafsson et al It is found that the 24215 CN band strength of the CN- 
richest subgiants can be accounted for if it is assumed that the atmospheres of these stars were initially 
enhanced in nitrogen alone. It is difficult to match their CN band strengths by assuming that their atmo- 
spheres have been processed only through the CN-cycle of hydrogen burning, a significant amount of ON- 
processing seems also to be necessary. It is also shown that the pattern of C and N variations present among 
the 47 Tue giants is dissimilar to that which would be expected from the type of progressive dredge-up of 
CN-processed material that is observed in M92 by Carbon et al. and Langer et al. 
Subject headings: clusters: globular — stars: abundances — stars: late-type 

I. INTRODUCTION 

Being one of the most metal-rich and massive globular clus- 
ters in the Galaxy, 47 Tucanae has been a central object to the 
study of abundance variations within clusters. It was one of the 
first clusters found to be chemically inhomogeneous with 
regard to the elements carbon and nitrogen (Bell, Dickens, and 
Gustafsson 1975; Hesser, Hartwick, and McClure 1976, 1977; 
Hesser 1978; Mallia 1977, 1978; Norris 1978; Dickens, Bell, 
and Gustafsson 1979; Norris and Freeman 1979; Norris and 
Cottrell 1979; Hesser and Bell 1980; Bell, Hesser, and Cannon 
1983; Norris, Freeman, and Da Costa 1984). Many of these 
studies have revealed that the brighter red giants in 47 Tue 
with Mv < +0.40 exhibit noticeable differences in the 
strengths of the 23883 and 24215 CN bands and the 24300 CH 
band. The distribution of 24215 CN band strengths among 
these stars appears to be bimodal (Norris and Freeman 1979), 
with the CN-rich giants having weaker G bands, on average, 
than the CN-poor (Norris, Freeman, and Da Costa 1984). 
Similar CN and CH abundance variations have been dis- 
covered in the relatively advanced horizontal branch and 
asymptotic giant branch stages of evolution (Mallia 1978; 
Norris 1978; Norris and Freeman 1982). In addition, CN 
variations have been found to exist even among the main- 
sequence turn-off stars (Hesser 1978; Hesser and Bell 1980; 
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Bell, Hesser, and Cannon 1983), a result which has important 
implications for the origin of these variations (Da Costa and 
Demarque 1982). Being of relatively high metal abundance, 47 
Tue is one of the few observationally accessible globular clus- 
ters in which the main-sequence turn-off stars are sufficiently 
cool that C and N abundance variations can produce observa- 
ble variations in the strength of the 23883 CN band. The obser- 
vations of bright giant and main-sequence turn-off stars 
suggest that CN and CH variations exist throughout both the 
giant and subgiant branches. 

It was with the aim of confirming this suggestion that a 
program of spectroscopy of 47 Tue subgiants of intermediate 
luminosity has been carried out with the CTIO 4 m telescope. 
The present sample falls predominantly within the magnitude 
range 14.5 < V < 15.5, i.e., +1.1 < Mv< +2.1 (using an 
apparent distance modulus of [m — MJ = 13.40; Hesser et al. 
1987), and complements the study by Norris and Freeman 
(1979) of a large sample of brighter stars having 
—1.4 < < +0.4. The combined properties of the present 
data and those available in the literature should permit a con- 
clusion as to whether CN variations are ubiquitous within 47 
Tue throughout all stages of post-main-sequence evolution. 

II. OBSERVATIONS 

Spectra were obtained of a sample of 28 subgiants in 47 
Tucanae during the three nights of 1987 August 31 and Sep- 
tember 1 and 2 with the 2D-Frutti detector on the RC spec- 
trograph of the CTIO 4 m telescope. Program stars were 
selected from the color-magnitude diagram study of Hesser 

190 

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



19
8 

9A
pJ

. 
. .

34
1.

 .
19

03
 

CN AND CH VARIATIONS IN 47 TUCANAE 191 

and Hartwick (1977), as well as from a list of stars for which 
CCD photometry was kindly provided by Dr. Alistair Walker. 
Two different spectrograph setups were used during the 
observing run. On the first night, grating 420 (600 lines mm" 
was used in second-order blue with the Singer camera and a 
BG 38 filter to block first-order red light. On the second and 
third nights the first-order KPGL1 grating (632 lines mm-1 

blazed at 4200 Â) was used without the BG 38. A 200 fim (T.'5) 
wide slit was employed throughout the observing run; a slit 
length of 50" gave ample room on both sides of the program 
star spectrum from which to select appropriate windows for 
measuring the sky contribution. The wavelength range covered 
by the observations made on the first night was from 3670 Â to 
4590 Á, at a scale along the dispersion direction of 0.6 Â 
pixel-1 and a FWHM resolution of «1.9 Â, while the range 
223670-5320 was observed on the second and third nights, at a 
scale on the detector of 1.1 Â pixel-1, and a resolution of 
«4.6 Â. 

Observations on the first two nights were made through 
occasional cloud, at least during the early parts of the night, 
and in seeing of «2"-3". The third night was completely clear 
with seeing of « 1". Integration times per star generally ranged 
between 20 and 45 minutes, depending mainly on the seeing 
conditions, and the sky background, which was quite high 
during the first half of the nights due to a bright moon. Com- 
parison HeNeAr lamp spectra were generally taken after each 
stellar integration. Flat-field exposures were obtained at the 
beginning of each night, and at two different grating angles, so 
as to optimize the counts in the blue and red sides of the 
detector. Integrations of 1 hr were taken for each of the red and 
blue settings per night. In addition, exposures of an incandes- 
cent lamp were obtained through a multihole decker each 
evening. This produced a series of continuous spectra across 
the 2D-Frutti image, the shapes of which were used to correct 
for the distortion of this instrument. Several flux standard stars 
were observed at the beginning and end of each night. Finally, 
10,000 s dark exposures were obtained during the early 
morning hours following each night. 

Data reduction was carried out both at the telescope during 
the night and day, and at the La Serena offices. All reductions 
employed the NOAO IRAF software package run on Sun 
workstations, and consisted of (1) summing all darks, smooth- 
ing them, and then subtracting them from the averaged flat- 
field exposures; (2) flat-fielding the raw data using the 
combined red and blue optimized flat fields for each night; (3) 
correction for distortion using fits to the loci of the multihole 
spectra; (4) extraction of raw one-dimensional spectra from 
each 2D-Frutti exposure of the 47 Tue stars, together with sky 
subtraction, paying careful attention to the exclusion of light 
from any other star which happened to encroach upon the slit; 
(5) wavelength calibration of these one-dimensional spectra 
using a polynomial fit to the positions of lines in the HeNeAr 
arc spectra, followed by rebinning into equal 2-increment 
pixels; and (6) flux calibration of these rebinned spectra. It 
should be cautioned that because of the 1"5 slit width used, 
only limited confidence can be placed in the flux calibration 
achieved. 

Upon obtaining the reduced spectra, the “ splot ” command 
in IRAF was used to compute the following spectroscopic 
indices, which provide a means of quantifying the strengths of 
the 24215 CN and 24300 CH molecular bands: 

scn = — 2.5 log10 (FX'Cn/Fa,cpi) » 

and 
sch = — 2.5 log10 (Fx Cli/Fk Cp2), 

where FA refers to the mean flux per rebinned 2D-Frutti pixel 
over a specified wavelength range. The wavelength intervals 
used in computing these mean fluxes were 224140-4220, 
224280-4320, and 224220-4280 for FAtcN, FA CH, and FX CP1 
respectively, while FA>CP2 = i(FAiCP1 + FA,CP3), where FA>CP3 is 
the mean flux in the bandpass 224400-4480. These indices 
increase in value as the molecular absorption bands increase in 
strength. Three of the 47 Tue program stars and several flux 
standards were observed on two or more nights. Although this 
does not provide a large set of repeated observations, the dif- 
ferences in the indices determined from these spectra can be 
used, together with the theory of small sample statistics, to 
estimate the present measurement errors. In this way, the stan- 
dard deviation expected in a set of indices derived from single 
observations was calculated to be «0.02 for both sCN and sCH. 
Given the small number of observations on which they are 
based, these error estimates should be viewed with caution. 

The measured values of the CN and CH indices are listed in 
columns (5) and (6) of Table 1. The star designation in column 
(1) in most cases indicates the source of the V, B—V photo- 
metry which is listed in columns (2) and (3). Stars denoted by a 
single prefix digit followed by a dash and four digits are identi- 
fied in the paper of Hesser and Hartwick (1977); the number 
preceding the dash indicates the figure from their paper in 
which the stars are identified. The stars having designations of 
the form 5-mnnn are from Hesser and Hartwick’s deep pho- 
tographic study of the NE quadrant of 47 Tue aimed at obtain- 
ing a complete luminosity function for the subgiant branch. 
The colors measured for these stars are expected to be the least 
accurate of those listed in Table 1; the reader is referred to 
Hesser and Hartwick (1977) for details. (The digit m in the 
above notation denotes one of the three sectors into which 
Hesser and Hartwick divide the NE quadrant). Stars which are 
included in the Walker CCD program, but not in that of 
Hesser and Hartwick (1977), are designated with the prefix 
AW. They are identified in the finding chart shown in Figure 1 
(Plate 7) of the present paper. The source of the V, B—V 
photometry for each star is given in column (4). The positions 
of the program stars in the color-magnitude diagram of 47 Tue 
are shown in Figure 2, together with the fiducial sequences 
given by Hesser et al (1987). 

in. RESULTS 

a) The CN Variations 
A plot of the sCN index versus V magnitude for the stars from 

Table 1 with F > 13.8 is shown in Figure 3. In the range 
14.5 < F < 15.5 a significant variation of the sCN index is seen 
among stars of comparable magnitude. This range in sCN of 
~0.16 corresponds to an «5-8 a variation, for a « 0.02-0.03. 
Unlike the pattern seen among the bright giants (Norris and 
Freeman 1979), the present subgiant data show little or no 
evidence for a bimodal sCN distribution. Figure 4 illustrates the 
CN variations further. It shows the spectra of stars 5-2466 and 
5-3363, which are CN-poor, together with the spectra of 5-1620 
and 5-3571, which are CN-rich. All four stars have F magni- 
tudes of « 15.05, but show a range of sCN indices of «0.12. The 
CN enhancements among 5-1620 and 5-3571 are also exhibited 
by the 23883 CN band, which is noticeably stronger among 
these two stars than among 5-2466 and 5-3363. 

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



19
8 

9A
pJ

. 
. .

34
1.

 .
19

03
 

PLATE 7 

Fig. 1.—A finding chart for the seven stars in Table 1 that are identified with the prefix AW 

Smith, Bell, and Hessler (see 341,191) 
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TABLE 1 
Spectroscopic Indices for 47 Tucanae Subgiants 

Star 
(1) 

V 
(2) 

B— V 
(3) 

Photometry Source 
(4) (5) (6) 

^SCN 
(7) 

4-2005 
4-2102 
4-2082 
4-2106 
4-2151 
4- 2177 
AW-1 . 
AW-2 . 
1-9038 
AW-3 
5- 3344 
AW-4 . 
5-1528 
5-1620 
5-3348 
5-3363 
1-9016 
5-3571 
5-2466 
5-3380 
5-3307 
5-3375 
AW-5 . 
5-1527 , 
5-3310 
1-9015 , 
AW-6 . 
AW-7 .. 

13.197 
13.29 
13.96 
14.10 
14.22 
14.37 
14.585 
14.590 
14.615 
14.817 
14.93 
14.944 
14.98 
15.01 
15.03 
15.03 
15.037 
15.06 
15.06 
15.10 
15.17 
15.22 
15.379 
15.38 
15.38 
15.493 
15.617 
15.967 

1.125 
1.13 
0.95 
0.96 
0.96 
0.93 
0.918 
0.928 
0.901 
0.854 
0.89 
0.902 
0.85 
0.87 
0.89 
0.88 
0.91 
0.88 
0.81 
0.85 
0.90 
0.82 
0.832 
0.81 
0.87 
0.868 
0.819 
0.815 

AW 
HH 
HH 
HH 
HH 
HH 
AW 
AW 
AW 
AW 
HH 
AW 
HH 
HH 
HH 
HH 
AW 
HH 
HH 
HH 
HH 
HH 
AW 
HH 
HH 
AW 
AW 
AW 

0.181 
0.317 

-0.010 
0.224 
0.244 
0.037 
0.064 
0.018 
0.123 
0.176 
0.082 
0.103 
0.115 
0.108 
0.144 
0.012 
0.121 
0.145 
0.028 
0.170 
0.039 
0.113 

-0.038 
0.104 
0.055 
0.083 

-0.053 
-0.057 

0.254 
0.220 
0.280 
0.249 
0.213 
0.258 
0.265 
0.251 
0.248 
0.171 
0.269 
0.281 
0.231 
0.275 
0.291 
0.260 
0.251 
0.226 
0.254 
0.196 
0.280 
0.234 
0.266 
0.233 
0.282 
0.234 
0.266 
0.244 

-0.022 
0.215 
0.239 
0.036 
0.069 
0.024 
0.129 
0.188 
0.097 
0.118 
0.131 
0.125 
0.162 
0.030 
0.139 
0.164 
0.047 
0.190 
0.061 
0.136 

-0.010 
0.132 
0.083 
0.113 

-0.019 
-0.013 

Note.—See text for explanation of cols. (1) and (4). 

Fig. 2.—The V, B—V color-magnitude diagram for the 47 Tue subgiants 
observed in the present program (closed circles). The sources of the photometry 
are listed in Table 1. The fiducial locus of 47 Tue is taken from Hesser et al 
(1987). 

b) The CH Variations 
The G-band index sCH is shown plotted against V in Figure 

5. The range in this index among stars of comparable magni- 
tude is much smaller than is the case with the CN index, most 
of the stars having sCH values within a range of only «0.06, or 
«2-3 a. There do, however, appear to be several stars, such as 
AW-3 and 5-3380, which have noticeably weaker G bands than 
the others. 

The relative behavior of the CN and CH indices is shown in 
Figure 6, where sCH is plotted versus a CN-excess index <5sCN for 
stars with V > 13.8. The latter index is defined to be the dis- 
placement of each point in Figure 3 above a straight line 
having the equation sCN = —0.028 F + 0.403. This equation, 
which is shown in Figure 3, constitutes a reasonable baseline to 
the data, and was chosen to be an approximate fit to a locus 
computed from synthetic spectra for a giant branch appropri- 
ate to that of 47 Tue and a solar ratio of C, N, and O to Fe 
(indices for these models are listed in group [A] of Table 2; see 
§ IV below for details). As such, the baseline constitutes a locus 
of constant C and N abundance, and the index ôsCN is expected 
to be a reflection of the C and/or N abundance variations 
present among the subgiants. Among the bright giants, 
horizontal-branch stars, and asymptotic giant branch stars in 
47 Tue, Norris, Freeman, and Da Costa (1984), Norris and 
Freeman (1982), and Norris (1978), respectively, have found 
evidence that the G-band strength is anticorrelated with the 
/14215 or 23883 CN-band strength. This trend does appear to 
be evident in the present sample of stars, but only among those 
with the strongest CN bands, i.e., subgiants with ôsCN >0.13 
appear to have smaller sCH indices than stars with <5sCN <0.13. 
One star, 5-3348, appears to exhibit both strong CN and 
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Fig. 3.—The A4215 CN band strength index sCN is shown plotted against V magnitude for the 47 Tue subgiants listed in Table 1. A significant variation in sCN is 
present among stars at all magnitude levels. The baseline relative to which the CN excess index <5sCN is measured is also shown. 

strong CH bands, although given that the present indices are 
derived from only one spectrum, this result should be con- 
firmed by additional spectroscopy. 

In summary, it appears that the 47 Tue subgiants listed in 
Table 1 exhibit significant CN variations, but that only among 
the most CN-rich stars does the G band show an apparent 
decrease in strength. We now turn to an analysis of these data 
by a comparison with synthetic spectra. 

IV. MODEL INDEX CALCULATIONS 

In order to interpret the indices observed among the 47 Tue 
stars, a series of sCN and sCH indices have been calculated for a 
grid of model stellar atmospheres appropriate to the giant 
branch of 47 Tue. In order to do these calculations, it is first 
necessary to determine the run of temperature and surface 
gravity along the giant branch. The overall metal abundance 
adopted is [A/H] = —0.8 (Dickens, Bell, and Gustafsson 
1979; Zinn and West 1984; Pilachowski 1984), and it is 
assumed initially that carbon, nitrogen, and oxygen are 
depleted by the same factor. The MARCS program 
(Gustafsson et al 1975) was used to compute a number of flux 
constant, line-blanketed models for [A/H] = —0.8, the 
opacity distribution functions (ODFs) for these calculations 
being found by spline interpolation among ODFs computed 
for [A/H] =0.0, -0.5, -1.0, and -2.0. The models were 
computed for a number of effective temperature values in the 
range 4000 K < Teff < 5000 K, and a set of surface gravities 
which was initially chosen on the basis of an earlier analysis of 
47 Tue stars by Dickens, Bell, and Gustafsson (1979). Synthetic 

Fig. 4.—Spectra are shown for the four 47 Tue subgiants 5-3571, 5-1620, 
5-2466, and 5-3363. All four stars have similar V magnitudes and B—V colors 
of ~ 15.05 and ~0.87, respectively. Despite their similar positions in the color- 
magnitude diagram, however, these stars exhibit noticeable differences in the 
strength of the 24215 CN band. The value of the sCN index is labeled next to 
each spectrum, the spectra being ordered from top to bottom in terms of 
decreasing CN band strength. Note that the two strongest 24215 CN stars, 
5-3571, and 5-1620, also display enhancements of the 23883 CN band. 

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



19
8 

9A
pJ

. 
. .

34
1.

 .
19

03
 

194 SMITH, BELL, AND HESSER Vol. 341 
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Fig. 5.—The A4300 CH band index sCH is plotted vs. V magnitude for the 47 Tue subgiant sample from Table 1 
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Fig. 6.—The sCH index is plotted vs. the CN-excess index <5sCN for stars with F > 13.8 

spectra were calculated for these models following Gustafsson 
and Bell (1979), using a resolution of 0.1 Â in the wavelength 
range 3000-12,000 Â and 1 Ä in the wavelength range 9000- 
60,000 Â. A Doppler broadening velocity, including both 
thermal and turbulent terms, of 2 km s“1 was used for virtually 
all of the calculations. The absolute bolometric magnitude of 
the models is computed using 

Mbol = 4.72 - 2.5[m] + 2.5M - 10[Teff] , 

where m and g refer to the stellar mass and surface gravity. A 
mass of m = 0.8 M0 is adopted. The bolometric correction is 
found for each model from the relation 

BC = -2.5 log 
(M.b 

SxdX + constant, 

where Fx is the model flux, and Sk is the sensitivity function for 

the calculation of V magnitudes. The bolometric corrections 
are normalized to 0.07 mag for the Sun. The absolute visual 
magnitudes for the models are then found, and the models can 
be used to define lines of constant Teff and log g in the V,B—V 
color-magnitude diagram. The Hesser et al (1987) fiducial 
points for the 47 Tue color-magnitude diagram were corrected 
for a reddening of E(B— V) = 0.03, and the resulting V0 values 
were converted to Mv using V0 — Mv = 13.3. Comparison of 
these observed values with the model grid allows the run of 
surface gravity with temperature along the giant branch of 47 
Tue to be determined. 

A set of models lying on or close to the 47 Tue giant branch 
was chosen, the temperatures and surface gravities of which are 
recorded in Table 2, together with their V, Mv, and Mbol mag- 
nitudes, and B—V color. A grid of sCN and sCH indices has been 
calculated for a range of input C, N, and O abundances for 
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TABLE 2 
CN and CH Indices Derived from Synthetic Spectra 

Teff log g [C/A] [N/A] [O/A] V B-V sCN sCH BC Mv 

Group A 

4000  1.25 ... ... ... 12.80 1.230 0.022 0.273 -0.83 -1.43 -0.60 
4250  1.65 ... ... ... 13.32 1.108 0.027 0.297 -0.62 -0.69 -0.08 
4500   2.25 ... ... ... 14.43 0.967 - 0.004 0.310 - 0.47 0.56 1.03 
4625.. .  2.50 ... ... 14.88 0.910 -0.018 0.311 -0.42 1.07 1.48 
4750  2.70 ... ... ... 15.22 0.859 -0.032 0.309 -0.37 1.45 1.82 
4875.. .  3.20 ... ... ... 16.32 0.809 -0.054 0.302 -0.33 2.59 2.92 
5000  3.65 ... ... 17.41 0.767 -0.071 0.296 -0.30 3.60 3.91 

Group B 

4000. 
4250. 
4500. 
4625. 
4750. 
4875. 
4000. 
4250. 
4500. 
4625. 
4750. 
4875. 

1.25 
1.65 
2.25 
2.50 
2.70 
3.20 
1.25 
1.65 
2.25 
2.50 
2.70 
3.20 

-0.1 
-0.1 
-0.1 
-0.1 
-0.1 
-0.1 
-0.3 
-0.3 
-0.3 
-0.3 
-0.3 
-0.3 

0.26 
0.26 
0.26 
0.26 
0.26 
0.26 
0.49 
0.49 
0.49 
0.49 
0.49 
0.49 

12.80 
13.31 
14.43 
14.88 
15.22 
16.32 
12.80 
13.32 
14.43 
14.88 
15.21 
16.32 

1.268 
1.086 
0.964 
0.907 
0.856 
0.806 
1.259 
1.094 
0.954 
0.897 
0.846 
0.796 

0.050 
0.063 
0.035 
0.020 
0.006 

-0.021 
0.053 
0.072 
0.049 
0.038 
0.026 
0.001 

0.252 
0.273 
0.291 
0.291 
0.290 
0.283 
0.219 
0.242 
0.254 
0.255 
0.253 
0.243 

-0.83 
-0.60 
-0.47 
-0.42 
-0.37 
-0.33 
-0.83 
-0.60 
-0.47 
-0.41 
-0.36 
-0.33 

-1.43 
-0.69 

0.56 
1.07 
1.45 
2.59 

-1.43 
-0.69 

0.56 
1.07 
1.45 
2.59 

-0.60 
-0.09 

1.03 
1.48 
1.82 
2.92 

-0.60 
-0.08 

1.03 
1.48 
1.81 
2.92 

Group C 

4000. 
4250. 
4500. 
4625. 
4750. 
4875. 
4000. 
4250. 
4500. 
4625. 
4750. 
4875. 

1.25 
1.65 
2.25 
2.50 
2.70 
3.20 
1.25 
1.65 
2.25 
2.50 
2.70 
3.20 

-0.2 
-0.2 
-0.2 
-0.2 
-0.2 
-0.2 
-0.3 
-0.3 
-0.3 
-0.3 
-0.3 
-0.3 

0.61 
0.61 
0.61 
0.61 
0.61 
0.61 
0.76 
0.76 
0.76 
0.76 
0.76 
0.76 

-0.1 
-0.1 
-0.1 
-0.1 
-0.1 
-0.1 
-0.2 
-0.2 
-0.2 
-0.2 
-0.2 
-0.2 

12.80 
13.30 
14.43 
14.88 
15.22 
16.32 
12.80 
13.30 
14.43 
14.88 
15.22 
16.32 

1.272 
1.090 
0.969 
0.912 
0.861 
0.810 
1.272 
1.088 
0.969 
0.912 
0.860 
0.809 

0.127 
0.166 
0.119 
0.101 
0.082 
0.044 
0.156 
0.198 
0.153 
0.134 
0.112 
0.072 

0.249 
0.269 
0.284 
0.283 
0.280 
0.272 
0.246 
0.262 
0.277 
0.275 
0.270 
0.261 

-0.83 
-0.59 
-0.47 
-0.42 
-0.37 
-0.33 
-0.83 
-0.59 
-0.47 
-0.42 
-0.37 
-0.33 

-1.43 
-0.69 

0.56 
1.07 
1.45 
2.59 

-1.43 
-0.69 

0.56 
1.07 
1.45 
2.59 

-0.60 
-0.10 

1.03 
1.48 
1.82 
2.92 

-0.60 
-0.10 

1.03 
1.48 
1.82 
2.92 

Group D 

4000  1.25 ... 0.50 ... 12.79 1.239 0.142 0.275 -0.82 -1.43 -0.61 
4250  1.65 ... 0.50 ... 13.30 1.090 0.166 0.296 -0.59 -0.69 -0.10 
4625  2.50 ... 0.50 ... 14.88 0.923 0.107 0.310 -0.42 1.07 1.48 
4750  2.70 ... 0.50 ... 15.22 0.871 0.085 0.308 -0.37 1.45 1.82 
4875  3.20 ... 0.50 ... 16.32 0.820 0.043 0.302 -0.33 2.59 2.92 

Group E 

4000  1.25 -1.35 0.70 ... 12.80 1.225 -0.035 0.094 -0.83 -1.43 -0.60 
4250  1.65 -1.08 0.68 ... 13.32 1.061 0.006 0.128 -0.61 -0.69 -0.08 
4625  2.50 -0.68 0.63 ... 14.88 0.876 0.019 0.186 -0.41 1.07 1.48 
4750  2.70 -0.51 0.59 ... 15.22 0.835 0.022 0.213 -0.36 1.45 1.81 
4875  3.20 -0.36 0.52 ... 16.32 0.793 0.001 0.232 -0.33 2.59 2.92 

each of these models, and the results are also given in Table 2. 
The index calculations do not allow for any spectral smoothing 
due to the instrumental profile of a spectrograph. The models 
presented in this table are organized into five groups, each 
group corresponding to a different combination of C, N, and O 
abundances, several of which are thought to be representative 
of the effects that different types of mixing processes might 
have on the surface abundances of these elements. For group 
(A) it is assumed that the CNO elements are present in their 
solar abundance ratios (C = 8.62, N = 8.00, O = 8.86) 
depleted by the overall metal abundance of [A/H] = —0.8. 

The models in group (B) were calculated to simulate stars in 
which C -► N processing has altered the atmospheric C and N 
abundances. The C abundance has been decreased by 0.1 and 
0.3 dex, with the N being increased by 0.26 and 0.49 dex respec- 
tively (keeping C + N constant). As will be discussed below, the 
increases in the sCN indices assuming only C -► N processing 
are small relative to the observed variations. Further trans- 
formation of C into N will not significantly increase the 
strength of the CN band, since it is the abundance of C which is 
the limiting factor controlling the CN abundance. Consequent- 
ly, a set of additional spectra, those in group (C) of Table 2, 
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were computed allowing for both C -► N and O -► N pro- 
cessing. The relative amounts of these two processes are quite 
arbitrary; however, the resulting C abundance was kept less 
than the resulting O abundance in order to avoid producing 
carbon stars. In order to investigate the possible effects of a 
primordial variation in the abundance of N, the models in 
group (D) were computed with the N abundance enhanced by 
0.5 dex. The models in group (E) are discussed below. 

The results of these model index calculations are compared 
with the observations in Figures 7, 8, and 9. In Figure 7 the 
models from groups A, B, C, and D are plotted together with 
the data in the sCN versus V diagram. The locus for solar 
CNO/Fe (solid line) provides quite a good baseline to the data, 
the sCN indices for these models being comparable to the smal- 
lest indices observed among the 47 Tue subgiants in the 
present sample. The locus for the group (B) models with a 
carbon depletion of [C/A] — —0.3 is shown in the figure as a 
long-dash, short-dash line. The predicted values of sCN are near 
the maximum that can be obtained from C -► N processing, 
but are still much smaller than the values observed among the 
CN-richest subgiants. It is concluded that C -► N processing 
alone, in material initially having a solar C/N abundance ratio, 
cannot account for the CN indices of the CN-rich stars. The 
locus for models (C), with [C/A] = -0.3, [N/A] = 0.76, [O/ 
A] = —0.2, do give stronger CN bands. The inclusion of 
O -► N processing gives more N for a given C depletion, and 
also increases the amount of free carbon available for CN 
formation owing to the lesser amount of C locked up in CO 
formation. The sCN indices are correspondingly larger. 
Although the present models in group (C) still do not match 
the largest sCN values observed, it is expected that this could be 
accomplished with the addition of further arbitrary amounts of 
ON-processed material. It is concluded that if the CN-rich 
stars in 47 Tue are assumed to owe their CN-enhancements to 

AND HESSER Vol. 341 

interior mixing, then the dredge-up of O -► N processed 
material in addition to C -► N material must be hypothesized. 

The alternative to this hypothesis is the suggestion that 47 
Tue may have been inhomogeneously enriched in nitrogen by 
a primordial generation of stars more massive than those pres- 
ently at the main-sequence turn-off. (Enrichment in carbon is 
not favored because it could lead to the production of carbon 
stars, and we observe no enhancement of the G band among 
the CN-rich stars.) The results for the models in group (D), 
with N enhancements of 0.5 dex, do in fact yield quite large sCN 

values, and it can be seen from Figure 7 that an enhancement 
of A[N] « 0.7-0.8 dex could probably account for the sCN 
values of the CN-richest subgiants. 

A comparison between the observed and model sCH indices is 
shown in Figure 8, which is a plot of this CH band index versus 
V. In this case, the group (A) models form a locus which falls 
above the data, having sCH values greater by «0.02 than the 
largest measured sCH indices. This could be the result of system- 
atic errors in either the observed sCH indices, possibly due to an 
error in the flux calibration of the spectra, or the synthetic 
indices. Alternatively, the discrepancy may imply that carbon 
is slightly depleted relative to Fe and the other heavy elements 
among even the most CH-rich 47 Tue subgiants. The models 
for [C/A] = —0.1, [N/A] = 0.26 give CH indices similar to 
those of the most CH-rich stars (the effect of the N enhance- 
ment on the CH band strength for these models is very small), 
suggesting the possibility that these stars may be depleted in 
carbon by «0.1 dex. Figure 8 also shows how the effect of a 
partial CNO-processing of an atmosphere is to produce a 
stronger G band than is attained by CN-processing to the 
same level of carbon depletion. As mentioned above, the deple- 
tion in oxygen accompanying CNO-processing leads to a 
greater free carbon abundance than is the case with material 
that has only been subjected to the CN-process. Neither the 

Fig. 7.—A plot of sCN vs. V showing both the data from the present program, and the results of spectrum synthesis calculations. The observations are shown as 
open circles. Models for a simulated 47 Tue giant branch with [CNO/Fe] = 0 are shown as a solid line. The group (D) models from Table 1 with [N/A] = 0.5, 
[C/A] = 0 are shown by the long-dash line; group (B) models with [C/A] = —0.3, [N/A] = 0.49 are depicted by a long-dash, short-dash line; while the group (C) 
models representative of O -► N processing with [C/A] = —0.3, [N/A] = 0.76, and [O/A] = —0.2 are shown by a short-dash line. Of these models, only those with 
pure nitrogen enhancement or a contribution from ON-processing appear capable of producing a great enough sCN increase relative to the solar CNO/Fe locus to be 
able to account for the CN enhancements of the CN-rich stars. 
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V 

Fig. 8.—A comparison between observed and theoretical indices in the sCH vs. V diagram. As in Fig. 7 different model sequences are depicted by different lines: 
solid line for [CNO/Fe] = 0; long-dash, short-dash for [C/A] = -0.3, [N/A] = 0.49; short-dash for [C/A] = -0.3, [N/A] = 0.76, [O/A] = -0.2. 

Fig. 9.—A plot of sCH vs. sCN for subgiants in the magnitude range 14.9 < V < 15.3. Models for V = 15.22 from Table 2 are also shown; the dashed line shows the 
result for CN-processing alone where [C + N] = a constant, while the solid line shows the consequences of partial ON-processing. Models for five different 
abundance combinations are depicted in the figure; model A: [CNO/Fe] = 0; model B: [C/A] = —0.1, [N/A] = 0.26; model C: [C/A] = —0.3, [N/A] = 0.49; 
model D: [C/A] = -0.2, [N/A] = 0.61, [O/A] = -0.1 ; model E: [C/A] = -0.3, [N/A] = 0.76, [O/A] = -0.2. 

C -► N or O -* N processed models depicted in Figure 8 repro- 
duce the smallest G-band strengths observed among the 
CN-rich subgiants. To do so, it appears that carbon depletions 
of ^0.5 dex or more may be necessary. In the presence of such 
low carbon abundances, it would again appear necessary to 
infer either a considerable degree of O N processing, or a 
primordial nitrogen abundance enhancement, to account for 
the strong >14215 CN bands of these stars, in agreement with 
the conclusions based on the sCN data alone. 

This result is further emphasized by Figure 9, in which the 
sCH index is plotted against sCN for stars in the restricted magni- 

tude range 14.9 <V< 15.3. The results for CN and CNO pro- 
cessed material, for models appropriate to F = 15.22 from 
Table 2, are also shown. Again, it can be seen that C -► N 
processed material (represented by the curve ABC) is incapable 
of accounting for the strong CN bands observed. The ON- 
processed models (depicted by curve ABDE) do better, but a 
more extreme degree of processing than is assumed for the 
present models is needed to account for both the strong CN 
and weak CH bands of the most CN-rich subgiants. 

The possible need for partial CNO-processing of the atmo- 
spheres of some 47 Tue subgiants in order to explain their CN 
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and CH variations suggests that a study of the 2.3 jum CO 
indices of 47 Tue stars should be made. Indices for some bright 
giants have been published by Frogel, Persson, and Cohen 
(1981), and are shown versus (V — K)0 in Figure 10. Stars are 
depicted as either filled or open circles depending on whether 
they were found to be CN-rich or CN-poor respectively by 
Norris and Freeman (1979). The CO indices for a number of 
models are given in Table 3. In addition to the calculations for 
solar [CNO/Fe] and CNO-processed material ([C/ 
A] = —0.3, [N/A] = 0.76, [O/A] = —0.2), additional calcu- 
lations were carried out adopting 12C/13C = 4 instead of 89, 
and for a Doppler-broadening velocity of 3 km s “1 instead of 2 
km s-1. Since many of the CO lines are on the flat part of the 
curve of growth, this change has a very significant effect on the 
CO index. As discussed by Frogel, Persson, and Cohen (1981), 
the bright giants in 47 Tue appear to show an anticorrelation 
between the 24215 CN and 2.3 /mi CO indices. Frogel, 
Persson, and Cohen attributed this anticorrelation to CN 
molecular line blocking of the comparison filter used in 
forming the CO index. To assess this possibility, models with N 
enhanced by 0.5 dex are also presented in Table 3. These 
models do exhibit a smaller CO index than models with solar 
[CNO/Fe] but only by «0.002-0.005, which is much smaller 
than the observed CO difference of «0.03 between the 
CN-rich and CN-poor giants. As a consequence, it is suggested 
that the observed CO, CN anticorrelation provides evidence 
for a C, N abundance anticorrelation between these stars. The 
model giant branches for [CNO/H] = [Fe/H] = —0.8, as well 
as for CNO-processed material, are shown in Figure 10. 
Although it might be argued that the curve for solar [CNO/ 
Fe] is displaced upward by «0.01-0.02 relative to the mean 
CO indices for the CN-poor giants, the difference in CO 
between unmixed and CNO-processed models of similar (V 
— K)0 color is comparable to that between the CN-poor and 
CN-rich giants. Furthermore, the C and O depletions used are 
arbitrary ones, and a better fit could be found by a more 

TABLE 3 
CO Indices Derived from Synthetic Spectra 

log 9 [C/A] [N/A] [O/A] V-K CO 
4000.. 
4250.. 
4500.. 
4750.. 
4000.. 
4250.. 
4500.. 
4750.. 
4000a. 
4000b. 
4250.. 
4500.. 
4750.. 

1.25 
1.65 
2.25 
2.70 
1.25 
1.65 
2.25 
2.70 
1.25 
1.25 
1.65 
2.25 
2.70 

-0.3 
-0.3 
-0.3 
-0.3 

-0.3 

0.76 
0.76 
0.76 
0.76 

0.76 
0.50 
0.50 
0.50 

-0.2 
-0.2 
-0.2 
-0.2 

-0.2 

3.37 
2.97 
2.65 
2.40 
3.36 
2.97 
2.65 
2.40 
3.36 
3.36 
2.97 
2.65 
2.40 

0.164 
0.132 
0.101 
0.076 
0.129 
0.102 
0.076 
0.053 
0.215 
0.168 
0.127 
0.098 
0.074 

a DBV = 3.0 km s-1. 
b 12C/13C = 4. 

judicious choice. The hypothesis that 0->N processed 
material has been mixed to the surface of the CN-rich 47 Tue 
stars consequently appears to be supported by the available 
CO indices for the bright giants. Using photographic echelle 
spectra of the forbidden oxygen lines, Cottrell and Da Costa 
(1981) measured a difference of 0.1 dex in [O/Fe] abundance 
between two pairs of CN-rich and CN-poor red giants in 47 
Tue. This difference is small and may not be significant. Confir- 
mation of this result with CCD spectroscopy would be very 
valuable. 

It is interesting to compare the pattern of CN variations 
observed in 47 Tue with the strongly luminosity-dependent 
changes in carbon abundance found by Carbon et al (1982) 
and Langer et al (1986) in the metal-poor cluster M92 (see also 
Bell, Dickens, and Gustafsson 1979). Theoretical sCN indices 
have been computed for a model 47 Tue giant branch under 

Fig. 10.—The infrared 2.3 /mi CO index is plotted vs. (V-K)0 for 47 Tue red giants, the data being derived from Frogel et al. (1981). CN-rich giants are depicted 
by closed circles, CN-poor giants by open circles; the CN classifications being obtained from Norris and Freeman (1979). An anticorrelation between CO and CN is 
apparent. Model giant branches are shown for solar [CNO/Fe] (solid line), and [C/A] = -0.3, [N/A] = 0.76, [O/A] = -0.2 (dashed line). 
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the assumption that the carbon abundance declines with 
increasing luminosity at the rate of A[C/Fe]/AF = 0.3, which 
is similar to the decline observed among the M92 giants by 
Carbon et al. and Langer et al Mixing is assumed to start at 
the base of the subgiant branch at F = 17.4, and the depleted 
12C is taken to be converted entirely to 14N. The theoretical 
sCN indices computed as a function of F magnitude are shown 
in Figure 11. Relative to a giant branch in which [C/Fe] = [N/ 
Fe] = 0 at all luminosities (solid line), the CN indices in the 
case of progressive mixing (dashed line) reach a maximum 
enhancement of AsCN « 0.07 in the magnitude range F = 15.0- 
16.0. A turnover in the CN abundance is produced, which 
results from the fact that in heavily CN-processed material the 
nitrogen abundance attains an approximately constant value, 
so that a progressively decreasing C abundance will produce a 
progressively decreasing CN abundance (Smith and Bell 1986; 
Smith 1987). The maximum difference of «0.07 in sCN between 
mixed and unmixed models, is much less than the range of 
«0.16 observed among the 47 Tue subgiants of magnitude 
F ~ 15. This comparison again emphasizes the inability of 
C->N processing alone to account for the observations. 
Notice also that progressive mixing would produce CN-weak 
stars on the upper red giant branch, not CN-rich stars. The fact 
that CN band enhancements exist among the bright 47 Tue 
giants, as documented in the papers cited in the Introduction, 
implies that the 47 Tue stars are not undergoing an extreme 
type of progressive giant branch mixing such as is seen in M92. 
This point has been discussed by Bell and Dickens (1980; see 
also the review by Norris 1988). The low carbon abundances 
that would be produced among the 47 Tue red giants by pro- 
gressive mixing are inconsistent with the near-solar [C/Fe] 
abundances observed among these stars by Dickens, Bell, and 
Gustafsson (1979). 

V. CONCLUSIONS 

The observations reported in this paper show that variations 

in the strength of the A4215 CN band exist among 47 Tue 
subgiants having absolute magnitudes in the range 
+ 1.1 < Mv < +2.1. The most CN-rich stars (<5sCN > 0.13) 
exhibit weaker CH bands than the most CN-poor, although 
among the majority of stars with <5sCN <0.13 the present data 
reveal no significant evidence of G-band variations. These 
results, when considered together with the spectroscopy of 
Hesser (1978), Norris and Freeman (1979), and Norris, 
Freeman, and Da Costa (1984) for the bright giants, and 
Hesser (1978), Hesser and Bell (1980), and Bell, Hesser, and 
Cannon (1983) for the main-sequence turn-off stars, demon- 
strate that CN variations are prevalent throughout the entire 
giant branch. The dredge-up of CN-processed material alone 
does not appear capable of explaining the range in sCN values 
observed among the 47 Tue subgiants. Unless interior mixing 
is able to access ON-processed material, a theory involving 
primordial nitrogen enrichment may be required. 

The present observations imply that any hypothetical 
dredge-up of ON-processed material must have occurred 
within stars having an absolute magnitude fainter than Mv ~ 
+ 2.0, while the observations of Hesser (1978), Hesser and Bell 
(1980), and Bell, Hesser, and Cannon (1983), as well as unpub- 
lished AAT observations by the same authors, show that CN 
variations are present among main-sequence turn-off stars, 
thereby indicating that they are the products of events which 
occurred during an even earlier evolutionary phase. Vanden- 
Berg and Smith (1988) found no satisfactory site for a deep 
mixing event prior to the main-sequence turn-off, apart from 
the pre-main-sequence and early-main-sequence phases when 
the star is still largely homogeneous (see also Da Costa and 
Demarque 1982). Some interior C N processing does take 
place during these early evolutionary phases, so that accom- 
panying deep-mixing could change the surface C and N abun- 
dances without radically altering the subsequent evolutionary 
track. However, even this possibility is challenged by the 
present observations, which would require O -► N-processed 

Fig. 11.—The variation of sCN as a function of V is computed for a simulated 47 Tue giant branch and two different assumptions regarding the behavior of the C 
abundance as a function of stellar luminosity. The solid line shows the case in which the C abundance is kept constant at [C/Fe] = 0, [Fe/H] = —0.8. The dashed 
line shows the consequences of assuming that the C abundance declines with increasing luminosity at the rate A[C/Fe]/AF = 0.3, with nitrogen increasing 
accordingly so as to keep C + N constant (see the models from group E in Table 2). 
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material to be present at the surface of a CN-rich 47 Tue 
subgiant. The models for a star of mass 0.8 M0, Y = 0.20, and 
Z = 10-4 discussed by Sneden, Pilachowski, and VandenBerg 
(1986) show that at least up to an age of 9 x 109 yr on the 
main-sequence no ON-processing has taken place within the 
stellar interior. Pre-main-sequence or early-main-sequence 
mixing of low-mass globular cluster stars is therefore not 
expected to dredge up ON-processed material, and therefore 
appears not to explain the observational results. 

It would be very valuable to use CCD spectrographs to 
follow up the work of Cottrell and Da Costa (1981) by deter- 
mining oxygen abundances for CN-rich and CN-poor red 
giants in 47 Tue, in order to constrain the possibility that 
ON-processed material is present in the atmospheres of the 
CN-rich stars. 

Although the origin of the CN variations in 47 Tue remains 
elusive, the observations may nonetheless provide some infor- 
mation about stellar interior mixing as a function of metal- 
licity. Luminosity-dependent dredge-up of CN-processed 
material of the type observed among the stars in the metal- 
poor clusters M92 and M15 (Carbon et al 1982; Trefzger et al 
1983; Langer et al 1986) is calculated to produce CN-poor, 
and not CN-rich, stars on the upper giant branch. The pre- 
sence of many CN-rich giants in 47 Tue and other clusters such 
as NGC 6352 (Hesser, Hartwick, and McClure 1977), NGC 
6752 (Norris et al 1981), M4 (Norris 1981), and M5 (Smith and 
Norris 1983), suggests the lack of such mixing within cluster 
giants of intermediate to relatively-high metal abundance. This 
suggestion is consistent with the finding by Bell and Dickens 

Vol. 341 

(1980) that the [C/Fe] abundance of bright cluster giants cor- 
relates with their [Fe/H] metallicity. One reason why interior 
mixing within red giants might be dependent on metal abun- 
dance has been explored by Sweigart and Mengel (1979), who 
showed that within such stars, the extent of regions of C -► N 
and O —► N processing beyond the hydrogen-burning shell 
varies with the metal abundance, being greatest for the most 
metal-poor giants. Thus it may be that these stars experience 
the most favorable conditions for the dredge-up of CNO- 
processed material. 
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