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ABSTRACT

We determine iron abundances for an average of two to three giant stars in each of eight metal-poor Galac-
tic globular clusters. We present equivalent width measurements derived from high-resolution (1/A4 ~ 25,000),
high S/N ratio (45 < S/N < 100 per pixel) echelle CCD spectra. The abundances are determined using line
analysis via latest generation model atmospheres and synthetic spectrum techniques. We derive the following
[Fe/H] values (relative to a solar Fe abundance of 7.5): —2.17 + 0.05 (standard error of the mean, based on
two stars) for M68, —1.71 for NGC 4833 (one star), —1.59 for NGC 6144 (one star), —1.99 + 0.01 for NGC
6397 (six stars), —1.58 + 0.04 for NGC 6752 (three stars), —1.96 + 0.04 for M55 (two stars), —2.23 + 0.04 for
M15 (two stars), and —2.10 £ 0.08 for M30 (two stars), with no evidence for intracluster metallicity variations.
We estimate the total errors to be of order 0.15 dex, including internal and external sources. These values are
in excellent agreement with previous results of similar high quality. The low end of the globular cluster metal-
licity scale is now well established by such spectroscopic data and support the Zinn (1985) scale, with an error
of <0.15 dex. The Washington scale of Geisler et al. (1991), is also generally supported, but the errors are
larger (~0.23 dex), as expected from the high reddening and reduced metallicity sensitivity of this photometric
system at these low abundances. However, several of the clusters suggested by the Washington photometry of
Geisler et al. (1992) as being more metal-poor than their Zinn (1985) values are instead found to have interme-
diate metallicities. We find that the mass-metallicity limit imposed by assuming the self-enrichment of metal-

poor globulars by supernovae provides a boundary that is in good agreement with the observed distribution.
Subject headings: globular clusters: general — stars: abundances — stars: giants — stars: Population II

1. INTRODUCTION

How firmly established is the metallicity scale for globular
clusters? A decade ago, controversy raged over the metallicity
of the most metal-rich clusters, a controversy that was decided
only after the very high quality data afforded by the advent of
high signal-to-noise ratio, high-resolution CCD spectra
(hereafter denoted as HDS) of individual giants was obtained.
Recently, hints that the metal-poor end of the scale may not be
as firm as generally believed have surfaced. For example,
Suntzeff, Kraft, & Kinman (1988) derived a value for the metal-
licity of NGC 5053, the most metal-poor cluster on Zinn’s
(1985, hereafter Z85) widely accepted metallicity scale, that was
0.4 dex larger than the Zinn value, although the Armandroff,
Da Costa, & Zinn (1992) value for this cluster is only about 0.2
dex larger than Z85. Alternatively, Peterson, Kurucz, &
Carney (1990) found an abundance for M92 that was only
about half that of most previous estimates; and Geisler,
Minniti, & Claria (1992, hereafter GMC) suggested that several
clusters could be substantially more metal-poor than given by
the Zinn scale. Again, definitive answers must come from the
high-quality spectroscopic observations of individual giants
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that are now well within reach of 4 m class telescopes, at least
for the brighter giants in nearby clusters.

Indeed, such HDS observations have been obtained for
several metal-poor clusters in recent years, as exemplified by
the work of Gratton and collaborators (Gratton & Ortolani
1989, hereafter GO) and Sneden et al. (1991, hereafter SKPL).
These observations have so far confirmed the Zinn scale, but
only a small number of clusters has been investigated and
much work remains to corroborate and supplement these
results. We emphasize here that the previous generation of
results based on photographic echelle work is generally of
insufficient resolution and/or signal-to-noise ratio (especially)
to be very reliable. Thus, HDS here implies only high-quality
data.

In this paper, we attempt to tighten the low end of the
metallicity scale, and to examine more closely the metal-poor
tail of the Galactic globular clusters, using HDS of single
giants. In order to accomplish this, a large and homogeneous
sample is required. Only a small percentage of the known
globulars have had accurate determinations of their chemical
composition via HDS. A much larger fraction have photo-
metric or low-resolution spectroscopic metallicity determi-
nations for single stars, techniques which have the advantage
of being much more efficient, but which need to be calibrated
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with HDS. The present sample greatly improves the situation
at the metal-poor end, where many techniques lose sensitivity
and the calibrations might be questionable. We were especially
motivated in this regard by our recent results based on Wash-
ington photometry (GMC). In that paper we found that,
although the Washington and Zinn scales were in good general
agreement, there were several metal-poor clusters for which we
derived metallicities substantially less than those given by
Zinn, in particular M68, NGC 2298, NGC 4833, NGC 5897,
and NGC 6101. However, the Washington abundances were
quite uncertain due to the high reddening and photometric
error sensitivities of the system for cool, metal-poor stars. Sub-
sequently, though, an intermediate metallicity for NGC 2298
has been obtained from HDS (McWilliam, Geisler, & Rich
1992), so that similar studies for these other clusters are also of
interest for checking their metallicities.

Such studies are also important for investigating possible
chemical composition differences between halo globular clus-
ters and halo field stars. It is not difficult to imagine a scenario
in which the chemical history of these two entities was distinct.
However, various theories for halo field and globular cluster
formation predict similar chemical compositions, and indeed a
common origin. In the Fall & Rees (1985) scenario, the field
halo stars are the debris from a much larger globular cluster
system destroyed by various processes (dynamical friction,
tidal limitations, evaporation, and disk shocking). Zinnecker et
al. (1988) and Freeman (1990) proposed that globular clusters
are the cores of nucleated blue dwarf spheroidal galaxies ac-
creted by the parent galaxy, while the field population was
formed from the dissolution of the remainder of the dwarfs.
Dynamical processes during the (especially early) lifetime of

- globulars could supply the halo with stars (Chernoff & Wein-

berg 1990), and such disruption processes are selectively
dependent on location within the Galaxy. Detailed chemical
abundances offer a powerful method of investigating whether
the halo field and cluster stars both come from the same parent
population. Laird et al. (1988) and Ryan & Norris (1991)
demonstrate that, while there is a significant lack of metal-poor
clusters with respect to the halo field star metallicity distribu-
tion function, both distributions do have the same peak. Thus,
it is particularly important to confirm the metallicity scale for
the most metal deficient clusters.

This paper presents Fe abundances for eight metal-poor
Galactic globular clusters. We describe the observational,
reduction and analysis procedures in §§ 2 and 3. Our results
are compared to previous values in § 4, and we discuss a
number of implications in § 5. Finally, we give a summary of
our work in § 6.

2. OBSERVATIONS AND DATA REDUCTION

The selected clusters were those observed by GMC. We
attempted to obtain observations for all 10 of their clusters;
however, time and weather limited us to only six of these;
NGC 4590 (M68), 4833, 6397, 6809 (M55), 7078 (M15), and
7099 (M30). Subsequently, NGC 2298 has been observed and
analyzed (McWilliam et al. 1992). We also obtained observa-
tions of two additional clusters—NGC 6144 and 6752.

All of these clusters have various metallicity estimates,
ranging from color-magnitude diagram (CMD) morphology to
HDS, which place them among the metal-poor tail of the
globular cluster distribution. Several of these clusters, notably
M68, M30, and especially M15 and NGC 6397, are prototypi-
cal metal-poor clusters which are used to calibrate a number of

metallicity indices. In addition, most of these clusters are
nearby and contain a selection of bright giants which are
amenable to HDS. Note, however, that a wide range of
published metal abundances can be found for some of these
clusters. Perhaps the most extreme case is M55, where the
photographic echelle spectra of Pilachowski, Sneden, & Green
(1984) yielded [Fe/H] = —1.3 + 0.1, while GMC find
—1.95+0.3.

The observed stars all have good quality BV photometry, as
well as CMT,T,51 photometry. The former data show the
stars all lie along the upper giant branch, within ~ 1 mag of the
tip, while the latter data indicate they are all metal-poor giants.
Thus, these two photometric criteria strongly demonstrate
cluster membership. The existing radial velocity information
also confirms membership. These stars are isolated on the
finding charts, with no contaminating neighbors, and all lie in
the outer parts of the clusters. Some observed parameters for
the sample stars are listed in Table 1. The reddenings and
distances come from Armandroff (1989). While the candidate
stars span a wide range in M, and (B—V),, they all have
T.¢s = 4300 K, hot enough to circumvent the variety of prob-
lems plaguing abundance determinations for cooler giants.

The observations were done during three nights in 1990 July
and one night in 1992 May at the Cerro Tololo Inter-American
Observatory 4 m telescope. We used the 31.6 echelle plus long
camera with the Thompson or Tek chips, which provides
extended wavelength coverage at high resolution. The effective
resolution was 27,000 (0.23 .E at 6300 A) on three of the nights
and 22,000 on the remaining night, with ~80% complete
coverage from 5500 to 6800 A. The highest resolution data had
a FWHM of ~4 pixels. The seeing was variable between 1”
and 3”. The slit width was 173 on nights 1, 3, and 4, and 1”6 on
night 2. Th-Ar comparison lamps were taken to corroborate
the wavelength calibration done from spectral features them-
selves. We also observed rapidly rotating early-type stars at
different air masses bracketing the range of air-masses covered
by the program stars. Division by these early-type stars
accounts for telluric lines. The run was during gray time, with
the moon far from the targets in the sky. No additional correc-
tion for scattered light, other than sky subtraction, was needed.

The exposure times, listed in Table 1, were no longer than 40
minutes. The individual spectra were co-added after the wave-
length calibration. The intensity achieved varies by a factor of
~ 1.4 from the blue to the red end of every order. There is also
a variation in S/N as a function of order number, the bluest
orders having higher values. The mean S/N per extracted pixel,
i.e., perpendicular to the dispersion, for each spectrum in the
eighth order region around the O [1] 6300 A line is listed in
Table 1. Note that, due to the large FWHM in pixels, the S/N
per resolution element is about twice this value.

All of the data reduction was done in IRAF with the
ECHELLE package. Bad pixels and cosmic rays were fixed by
interpolating between neighboring pixels. There was no
problem identifying such defects due to the high resolution.

The wavelength calibration was done using typically 50
known features in the 19 echelle orders. The equivalent widths
(EW) were measured interactively with the SPLOT package,
using a Gaussian that fitted each line with the extremes selec-
ted from the local continuum. Most of the lines were isolated,
but occasional blends were fitted with multi-Gaussians. No
flux calibration was applied. The continuum was determined
by interactive fitting a spline of high order. For the stars in the
present study, the continuum is well defined, since there are
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TABLE 1
PHOTOMETRY FOR METAL-POOR GLOBULAR CLUSTER STARS

ID Exposure time
M/NGC  Star  Source® (s) S/N Twasr®  T(V—K)° 14 (B—V), EB-V)® logg® m-—M°
M68 53 1 3 x 2000 65 4350 4372 12.76 1.27 0.06 0.8 15.14
M68 260 2 3 x 1800 65 4330 4329 12.52 1.22 0.06 0.7 15.14
M30 D 3 3 x 1600 40 4570 12.81 1.03 0.04 1.1 14.65
M30 157 3 3 x 2000 65 4600 e 12.94 1.01 0.04 1.1 14.65
M15 1I-75 4 4 x 1800 45 4460 4416 13.00 1.14 0.10 09 15.40
M15 s6 4 4 x 1800 45 4500 4460 13.40 1.09 0.10 1.0 15.40
MSS 283 2 3 x 1600 90 4690 . 12.75 1.08 0.06 1.0 13.94
M55 76 5 3 x 2400 75 4710 12.55 0.92 0.06 14 13.94
Né6144 152 6 4 x 2400 65 4320 14.06 1.20 033 0.9 16.24
N4833 13 7 3 x 1900 65 4500 12.80 1.09 0.32 1.0 14.99
N6397 302 8 1 x 900 90 4420 10.36 1.19 0.18 0.9 12.44
N6397 603 9 1 x 900 90 4460 4374 10.35 1.15 0.18 0.9 12.44
N6397 669 9 1 x 900 90 4560 4420 10.50 1.10 0.18 1.0 12.44
N6397 331 9 1 x 900 90 4250 10.06 1.34 0.18 0.5 12.44
N6397 468 9 1 x 900 90 4800 10.56 0.87 0.18 1.5 1244
N6397 428 9 1 x 900 30 4780 10.56 0.87 0.18 1.5 12.44
N6752 284 10 1 x 1800 70 4470 11.38 119 0.04 0.9 13.30
N6752 36 10 1 x 1800 70 4470 11.51 1.15 0.04 0.9 13.30
N6752 29 10 1 x 1800 70 4560 4253 11.75 1.12 0.04 1.0 13.30

2 SOURCES.—(1) Alcaino 1977a; (2) Harris 1975; (3) Alcaino & Liller 1980; (4) Sandage 1970; (5) Alcaino 1975; (6) Alcaino 1980;(7) Alcaino 1971;

(8) Alcaino 1977b;(9) Cannon 1974;(10) Alcaino 1972.
* From Geisler et al. 1992.
¢ From Frogel et al. 1983.
4 From interpolation in Fig. 10 of Carbon et al. 1982.
¢ From Armandroff 1989, assuming V,, = 0.46.

very few lines and most of them are weak. Any systematic effect
in the fitting of the continuum would show as a systematic
difference of the measured EW versus those from other
authors. However, as discussed below, we find excellent agree-
ment between our measurements and those of other HDS
studies.

The division by a rapidly rotating star was successful at
eliminating telluric lines except in the case of M15 star II-75,
where telluric lines in the eighth and 13th orders did not divide
out simultaneously. The scale factor was then chosen to elimi-
nate completely the telluric lines in the eighth order, where the
6300 A oxygen line is. In all cases, the scale factor was roughly
proportional to the air mass. Representative spectra in the
region near 6300 A are shown in Figure 1.

We restricted our analysis to the spectral range 5500—6500
A. Typically, this included 45-60 good Fe 1 lines with excita-
tion potentials (EP) between 0.7 and 5 eV, and about three to
six Fe 11 lines per spectrum. Table 2 lists all the lines measured,
as well as the adopted values of log gf and EP for each line.
The gf-values are from Peterson & Carney (1989) and are
laboratory values. The solar Fe abundance selected is that of
Holweger et al. (1990, 1991), log N(Fe) = 7.5 on a scale where
log N(H) = 12.0. Thus, if a different value is preferred, the
derived Fe abundance will change accordingly. For example,
our derived Fe abundances will be 0.17 dex higher than if we
had assumed the solar Fe abundance given by Anders & Gre-
vesse (1989), which has been used in many previous analyses.
However, most recent analyses, e.g., SKPL and McWilliam et
al. (1992), have adopted a value similar to ours. This illustrates
that substantial uncertainties still exist in Fe abundance work.
The goal of this paper is to provide an abundance ranking and
absolute values of metal abundance. The ranking is necessarily
more precise than the absolute values, which depend on the
adopted solar composition.

In Figure 2, we compare our measured EW with those mea-

sured by other authors with similar HDS. There we plot the
lines in common with GO, Peterson et al. (1990), and SKPL.
We have included the metal-poor halo giant HD 122563 which
was observed and reduced in the same way as the globular
cluster giants. The mean difference with SKPL is dgw = EW
(comparison) — EW (this paper) = —0.24 + 0.56 mA for 23
lines in common; the mean difference with Peterson et al.
(1990) is 5w = 0.19 + 0.26 mA for 18 lines. Both comparisons
show excellent agreement. Note that the differences for these
two comparisons are of opposite sign. There is a systematic
difference with GO of dgy = 1.02 4+ 0.90, and a larger scatter,
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F1G. 2—a) Comparison of measured EW with SKPL for 22 lines in
common in the stars HD 122563 and M 15 star I1-75. (b) Comparison with GO
EW for 113 lines in common in the stars NGC 6397 star 669 and NGC 4590
star 260. (¢) Comparison of measured EW with Peterson et al. (1990) for 17
lines in common in the star HD 122563.

especially for the weaker lines. These authors acknowledge
there is a systematic difference between their EWs and those
measured by Gratton (1988) using higher resolution and S/N,
in the same sense and of about the same size as the difference
we find. A similar effect is found by Zhao & Magain (1990). As
discussed by GO, this would result in an overestimation of
their metal abundance by about 0.15 dex. The larger EWs
measured also require a larger microturbulent velocity to fit
the models. Despite the small systematic difference between
our measurements and those of GO, the abundances we derive
are in excellent agreement with theirs, except for M68.

Given our S/N, we expect to be able to measure reliable
EWs for lines as weak as ~0.5 nm. Lines stronger than ~ 14
nm are less sensitive to abundance. Therefore, we selected lines
with 0.5 < EW < 14 nm.
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3. MODELS

Recent improvements in model atmospheres and the addi-
tion of millions of new lines and improved opacities (Kurucz
1992a, b) allow extremely accurate determination of [Fe/H]
from high-quality HDS data, especially for very metal-poor
stars. Our method of analysis deserves some description here.

To obtain accurate abundances, one needs accurate know-
ledge of T, log g, and V,,, for a star. Instead of choosing the
usual approach of getting the T, from published photometry,
we took the photometric temperature only as an initial guess.
Our procedure was to run different Kurucz models and deter-
mine T from the dependence of [Fe/H] on excitation poten-
tial (EP) for the ensemble of lines, and then choose a V,,, from
the dependence of [Fe/H] on EW. This procedure implies that
the values of [Fe/H] derived here are independent of reddening
uncertainties. The grid of models is shown in Figure 3. The
steps of the grid were chosen every 0.5 dex in abundance, every
200K in T, every 0.5 in log g, and every 0.5kms 'in V. A
finer grid would not add much information and a coarser grid
would yield large interpolation errors. Since we ran different
models for each spectrum, the interdependence of all of the
parameters is well determined. The final temperatures, then,
were obtained solely from the spectra.

The relation

log (9/90) = log (M/M,) + 4 log (T/Ty) — log (L/Lo)

was used to derive initial log g values, assuming M = 0.8M,,
and L from the red giant (RG) sequence of Carbon et al. (1982).
Gravities derived from IR photometry by Frogel, Persson, &
Cohen (1983) are also available for about half of our sample. In
all cases, the final value of log g was decided from the agree-
ment between Fe 1and Fe 11 line abundances.

Table 3 lists the results for all the runs of WIDTH. The final
[Fe/H] values of the preferred fits are listed in Table 4, along
with the adopted atmospheric parameters. There is a small
range of parameter space that a good fit allows. Figure 4 illus-
trates how the final adopted parameters yield results with no
systematic effects of the individual Fe abundances on 4, EW, or
EP. We list the results of the individual models in Table 3 in
case the reader prefers different values of T, log g, or ¥, for
any star. These individual models also reflect the influence of
variations of the input parameters on the derived abundance.
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F1G. 3.—(a) Washington abundances vs. temperatures (asterisks) and the grid of models used in the spectroscopic abundance determinations (squares). () CMD
for the program stars (solid symbols) with respect to the models (big squares). The dotted line is the position of the RGB of M92 from Carbon et al. (1982).

These effects are also discussed e.g. by GO and Peterson et al.
(1990).

Table 5 summarizes the variations in [Fe/H] expected by
changing the model input parameters by an amount larger
than the expected error for a typical star. The largest uncer-
tainty comes from the T. The final estimate of o[Fe/H] is
also listed in Table 5 and is ~0.1 dex. This is the error associ-
ated with uncertainties in the model parameters. There is also
the negligible internal error of <0.01 dex associated with the
precision of the Fe abundance determination from the ~50
lines. Finally, there is an additional ~0.1 dex external error
associated with the solar Fe abundance. Thus, we estimate the
total uncertainty in our Fe abundances to be of the order of
0.15 dex.

After the line analysis was done, we generated synthetic
spectra for all of our stars using as input parameters the final
values from the line analysis. There is in all cases excellent
agreement between the abundances derived from the two tech-
niques, lending confidence to the abundances listed in Table 4.
Model atmospheres for very metal-poor stars are more accu-
rate at reproducing the observations than for more metal-rich
stars, mainly because they are simpler, with fewer lines and
therefore less missing opacity, and the temperature is more
easily estimated. The synthetic spectra reproduce the observa-
tions for the highest S/N spectra in great detail, and the small
departures in the lower S/N spectra can be attributed solely to
Poisson statistics.

4. COMPARISON TO PREVIOUS RESULTS

4.1. Comparison of Individual Stars

The final Fe abundances we derive are presented in Table 6,
along with other HDS values and those from Z85 and GMC
for comparison. Note that all of the HDS values have been
converted to our assumed solar scale, with Fe = 7.5. We first
discuss individual star abundances in common with other
HDS studies and then compare cluster mean values to these
other determinations. Comparison with a host of other abun-
dance determinations for these globular clusters could be made

but would be too lengthy, so we will restrict our discussion to a
comparison with our previous work on Washington photo-
metry (GMC), with Z85, and with the other HDS determi-
nations.

Four of our stars have previous HDS abundances: M68 star
260, with [Fe/H] = —1.94 from GO versus — 2.12 (this work),
NGC 6397 star 669, with [Fe/H] = —1.78 from GO versus
—1.99 (this work), NGC 6397 star 428, with [Fe/H] = —1.90
from GO versus —1.99 (this work), the M15 star II-75 with
[Fe/H] = —2.26 (mean of their two values obtained assuming
different T ;) from SKPL versus —2.27 (this work). Clearly, the
differences are within the errors, and the agreement is excellent.

4.2. Comparison of Individual Clusters

Our mean cluster abundance for M68 from two stars
is —2.17 + 0.05 (standard error of the mean). This cluster
has HDS abundances from GO, who find a mean of
[Fe/H] = —1.9 from two stars. This is by far the largest dis-
crepancy between our abundances and other HDS cluster
studies. A significantly lower abundance than that of GO is
indicated by both Z85 and GMC. Indeed, M68 is one of the
clusters suspected by GMC of being substantially more metal-
poor than given by Z85. Our present value is intermediate but
closer to the Z85 value.

M68 has gained additional notoriety recently with the pub-
lication of cluster ages based on AV(HB — TO) by Chaboyer,
Sarajedini, & Demarque (1992), in which they find that this
cluster could be younger than the canonical metal-poor globu-
lars M15, M92, and M30. Support for a younger age for M68
also comes from Figures 36 of Stetson & Harris (1988), where
M68 appears to have a brighter turnoff than M30 or M92. In
contrast, VandenBerg, Bolte, & Stetson (1990) find no spread
in ages among these most metal poor globulars, including
M68. However, the absolute age determined for M68 will
increase if our abundances are assumed. McClure et al. (1987)
derived an age of 14 Gyr, assuming [Fe/H] = —2 and [O/
Fe] = +0.7. Holding the other parameters (Y, reddening, and
distance) fixed, the metallicity and O abundance (Minniti et al.
1993a) we derive would yield an age ~ 2 Gyr older.
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TABLE 3

o) ResuLTs FROM WIDTH FOR METAL-POOR GLOBULAR CLUSTER STARS
1
?!: NUMBER OF LINES
SLOPE SLOPE
M/NGC STAR Fe1 Fen Model T log g Dyur EP EW Fe1 Fen
M68 53 54 3 -25 4200 1.0 20 0.068 —0.013 —17.01 —6.56
-20 4400 1.0 20 0.006 —0.002 —6.81 —6.55
-25 4400 1.0 20 —0.010 0.006 —6.73 —6.65
-25 4600 15 25 —0.046 —0.002 —6.55 —6.50
M68 260 61 4 -25 4200 1.0 20 0.076 0.001 —6.86 —6.59
-20 4400 1.0 20 0.013 0.009 —6.65 —6.61
-2.5 4400 1.0 20 —0.003 0.015 —6.57 —6.70
=25 4600 1.5 25 —0.039 0.006 —6.40 —6.56
M30 D 50 5 =25 4400 1.0 20 0.073 0.045 —6.69 —6.60
-25 4600 LS 20 0.008 0.057 —6.52 —6.51
-20 4600 L5 25 0.031 0.032 —6.58 —6.13
-20 4400 1.0 20 0.085 0.039 —6.77 —6.24
-25 4400 LS 20 0.078 0.043 —6.73 —6.12
M30 157 47 4 -25 4600 1.5 20 0.003 —0.016 —6.59 —6.74
-20 4600 1.5 20 0.013 —0.022 —6.66 —6.70
-20 4400 1.0 1.5 0.048 —0.009 —6.83 —6.81
Mi15 s6 46 5 -25 4400 1.0 20 0.036 0.010 —6.89 —6.60
-25 4600 L5 25 0.002 0.002 —6.71 —642
-25 4200 1.0 20 0.115 —0.006 -17.17 —6.44
-25 4400 L5 20 0.045 0.007 —6.92 —6.34
MI15 11-75 41 7 -25 4400 1.0 20 0.008 —0.009 —6.77 —6.77
-2.5 4600 1.5 20 —0.058 0.008 —6.52 —6.80
-20 4600 1.5 20 —0.045 0.001 —6.60 —6.20
-20 4200 1.0 1.5 0.056 0.002 —17.05 —6.15
=25 4200 1.0 1.5 0.052 0.004 —17.00 —6.24
M55 283 66 1 -25 4400 1.0 20 —0.060 0.010 —6.38 —6.57
-25 4600 15 25 —0.094 0.001 —6.22 —6.25
-20 4600 15 25 —0.078 —0.005 —6.30 —6.18
-20 4400 1.0 20 —0.044 0.005 —6.47 —6.32
-25 4400 LS 20 —0.056 0.008 —6.42 —6.21
M55 76 42 0 -20 4400 1.5 20 —6.80
-25 4600 1.5 20 —0.027 0.013 —6.42
-2.0 4600 LS 20 —0.013 0.006 —6.50
-20 4400 1.0 20 0.059 —-0.010 —6.76
N6144 15 50 2 -20 4400 1.0 1.5 0.027 0.013 —6.25 —6.02
-20 4600 1.5 20 0.002 —0.004 —6.13 —6.02
-25 4600 LS 20 —0.017 0.004 —6.04 —6.08
-20 4200 1.0 1.5 0.094 0.002 —6.51 —591
=25 4200 1.0 1.5 0.091 0.003 —6.46 —6.03
—15 4400 1.0 20 0.028 —0.015 —6.15 —6.02
N4833 13 52 1 -25 4400 1.0 20 0.031 0.021 —6.27 —6.31
-25 4600 15 20 —0.007 0.009 —6.13 —6.17
-20 4600 15 25 0.007 0.004 —6.21 —6.10
-20 4400 1.0 20 0.047 0.015 —6.36 —6.21
—15 4400 10 20 0.069 0.006 —6.39 —6.22
N6397 302 55 4 -20 4400 1.0 20 —0.027 —0.005 —6.44 —647
=25 4600 1.5 2.5 —0.074 —0.008 —6.20 —6.42
-20 4600 1.5 20 —0.104 0.011 —6.19 —6.39
-20 4200 1.0 20 0.041 —0.016 —6.70 —6.33
N6397 603 53 3 -25 4400 1.0 20 —0.002 —0.006 —6.44 —6.61
-25 4600 1.5 20 —0.077 —0.010 —6.19 —6.39
-20 4600 LS 20 —0.061 0.063 —6.28 —6.36
—-2.0 4200 1.0 15 0.033 0.010 —6.68 —6.30
N6397 669 50 4 -20 4400 1.0 20 —0.006 —0.014 —6.59 —6.51
-20 4600 L5 20 —0.078 —0.001 —6.34 —6.40
-20 4200 1.0 L5 0.018 0.008 —6.75 —6.37
N6397 a331 51 4 -20 4400 1.0 25 —0.047 —0.001 —6.40 —6.50
-20 4200 1.0 20 —0.030 0.012 —6.56 —6.33
-20 4200 0.5 20 —0.020 0.010 —6.55 —6.55
N6397 428 19 1 -20 4800 1.5 25 —0.036 0.021 —6.40 —6.40
-20 4600 1.5 20 —0.006 0.035 —6.59 —6.29
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TABLE 3—Continued

NUMBER OF LINES

SLOPE SLOPE
M/NGC STAR Fe1 Fen Model T log g Vpur EP EW Fe1 Fe n
N6397 468 41 2 -20 4800 15 25 —0.085 0.022 —6.45 —6.43
-20 4600 1.5 20 —0.057 0.028 —6.65 —6.33
N6752 284 56 4 -20 4400 1.0 20 —0.001 —0.010 —598 —6.15
-25 4600 1.5 20 —0.102 0.011 —5.62 —6.12
-20 4600 1.5 20 —0.082 0.004 —-572 —6.10
-20 4200 1.0 1.5 0.017 0.010 —6.05 —6.00
-15 4400 1.0 20 0.027 —0.020 —6.03 —6.16
N6752 36 60 4 —-20 4400 1.0 20 0.015 -0.014 —6.01 —6.11
-25 4600 1.5 20 —0.088 0.009 —5.65 —6.08
-20 4600 1.5 20 —0.066 0.001 —5.75 —6.07
-20 4200 1.0 1.5 0.032 0.006 —6.09 —5.96
-15 4400 1.0 20 0.044 —-0.025 —6.05 —6.12
N6752 29 50 4 —-20 4400 1.0 2.0 0.089 —0.020 —6.12 —6.22
-20 4600 1.5 20 0.012 —0.006 —5.86 —6.12
-20 4200 1.0 1.5 0.012 0.004 —6.22 —5.98
-15 4400 1.0 1.5 0.113 —0.031 —6.16 —6.23

Our single star in NGC 4833 yields a Fe abundance of
—1.71, in excellent agreement with the GO result of —1.74
from two stars, and much larger than the GMC value. GMC
discussed the large range of E(B— V) values reported for this
cluster, and its possible influence on the very low [Fe/H]
derived from Washington photometry. Indeed, Minniti,
Coyne, & Claria (1992) found reddening variations across the
face of the cluster from polarimetric observations of individual
red giants. Thus, it is very likely that most or all of the giants
observed by GMC have reddenings substantially larger than
the mean value they assumed.

NGC 6144 is also a very reddened cluster, with no high-
dispersion chemical compositions published, although unpub-
lished Washington photometry suggests that it is a very
metal-poor cluster. Our single star gives [Fe/H] = —1.59, in
reasonable agreement with the Z85 abundance. Further HDS
of the giants in this cluster are desirable, as is a more detailed
reddening and CMD investigation.

TABLE 4
FINAL IRON ABUNDANCES

Cluster
M/NGC  Star Ty logg V, [FeyH] [Fen/H] Mean®
M68 53 4400 10 20 —-2.27 —2.10
M68 260 4400 1.0 20 —2.11 -2.14 —-2.17
M30 D 4600 15 20 —-2.02 -2.02
M30. 157 4600 1.5 20 —2.16 —223 -2.10
M15 II-75 4400 1.0 20 —-2.27 —2.27
MI15 s6 4500 13 20 —228 —-2.00 —-223
MSS 283 4400 1.0 20 -1.97 —1.82
MSS 76 4400 10 2.0 —2.00 —1.96
N6144 152 4600 15 20 —1.63 —1.52 —1.59
N4833 13 4500 13 20 —-1.74 —1.66 —-171
N6397 302 4400 1.0 20 —1.94 —1.97
N6397 603 4400 10 20 —1.95 —2.00
N6397 669 4400 1.0 20 —2.00 —1.98
N6397  a331 4200 05 20 —2.00 —1.98
N6397 428 4600 1.5 20 —2.00 —1.98
N6397 468 4600 1.5 20 —2.00 —1.98 —-1.99
N6752 284 4400 1.0 20 —148 —1.65
N6752 36 4400 1.0 20 —1.51 —1.61
N6752 29 4400 1.0 20 —1.61 —-1.72 —1.58

* Solar Fe = 7.50 adopted (Holweger et al. 1990, 1991).

NGC 6397 is the closest very metal-poor globular, at a dis-
tance of 2.2 kpc. In spite of lying ~2° away from the star-
forming complex p Oph, its reddening is moderately low and
uniform (Minniti et al. 1992). HDS abundances are given by
GO for three red giant stars (mean [Fe/H] = —1.88), and by
Lambert, McWilliam, & Smith (1992) for one horizontal-
branch star ((Fe/H] = — 1.96). These metallicities are in excel-
lent agreement with the presnt value of —1.99 + 0.01, as are
the Z85 and Washington values. Note that the total spread in
our six stars is only 0.01 dex, due to the high S/N achieved in
these particular spectra.

NGC 6752 is one of the brightest and closest clusters, and an
obvious target for high-dispersion studies. GO obtained [Fe/
H] = —1.53 from three stars, within 0.05 dex of our value.
Indeed, all of the values in Table 6 are very close. Note that our
sample of three giants shows a spread of only 0.04 dex.

MS5S5 is another bright, nearby cluster but as yet has not been
subject to HDS (note that the previous work of Pilachowski et

TABLE 5

ERRORS IN THE ABUNDANCE FOR
NGC 6397 STAR 302

A. BEST MODEL: AM = —2.0; T = 4400 K;;
logg=10;V,=20

AAM = —05 ......... A[Fe/H] = —0.02
Alogg=—05......... A[Fe/H] = —0.10
Alogg = +05......... A[Fe/H] = +0.09

AT = +100......... A[Fe/H] = +0.05
AT = —100......... A[Fe/H] = —0.03
AV, =405 ......... A[Fe/H] = —0.08
AV,= —05......... A[Fe/H] = +0.11

B. PROBABLE UNCERTAINTIES IN THE PARAMETERS
CHOSEN FOR BEST MODEL

oAM = +0.2

olog g = +£0.2
oT = +75
oV, = 1025

C. SUMMARY: TOTAL UNCERTAINTY

a[Fe/H] = 0.09
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F1G. 4—[Fe/H] line abundance vs. wavelength, equivalent width, and excitation potential for the stars NGC 6397 star 603 (S/N = 90), M68 star 53 (S/N = 65),
and M55 star 283 (S/N = 40). Note the lack of any trend, indicating appropriate choices for the model parameters.

al. (1984) and Caldwell & Dickens (1988) based on echelle based on three stars, although as they point out, this value
spectra are of insufficient quality to qualify as HDS). Both the would be 0.1 dex higher should they have adopted the distance

Zinn and Washington abundances are in very good accord modulus and reddening from Trefzger et al. (1983). Our value

with our present value of —1.96 + 0.04 from two stars, whose is —2.23 £ 0.04, with two stars falling within 0.08 dex. Again,

individual abundances lie within 0.08 dex of each other. the various independent determinations in Table 6 are in excel-
M15 has long been regarded as a classical metal-poor cluster lent agreement.

and as such is the basis for several metal abundance cali- There is no high-dispersion abundance determined for M30,

brations. However; the only HDS determination of metal despite its proximity. Nonetheless, M30 is used as a standard

abundance is that of SKPL. They obtain [Fe/H] = —2.30 metal-poor cluster for a variety of studies because its giants are
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F1G. 4—Continued

bright. Our two stars have metallicities that differ by 0.16 dex,
for a mean of —2.11 + 0.08. Both the Z85 and Washington
abundances are in excellent agreement.

5. DISCUSSION

5.1. Calibration of the Metal-poor End of the Abundance Scale

Leep, Oke, & Wallerstein (1987) and SKPL argue that the
metal-poor end of the globular cluster abundance scale is
uncertain to ~0.2 dex, due to different random and systematic
effects (T vs. photometric colors, solar composition, model
atmosphere parameters, etc.). With the present results in hand,
which greatly increase the number of metal-poor globulars
with at least two independent HDS studies, a closer look at
this situation is warranted.

Five of our eight clusters have had previous HDS results.
Four of these (M68, NGC 4833, NGC 6397, and NGC 6752)

TABLE 6

COMPILATION OF [Fe/H] VALUES FOR METAL-POOR
GLoBULAR CLUSTERS WITH HDS

NGC  This Paper Other Source* HDS Z85  Washington
) @ ®d @ o © )
1904.... —1.46 1 —146 —1.68 —-1.71
2298.... —1.89 2 —1.89 —1.81 —2.50
4590.... -2.17 -192 3 —205 —2.09 —2.50
4833.... —1.71 —1.74 3 —-173 —1.86 —2.50
5272.... —1.45 4 —145 —-1.66 —1.39
5897.... —1.84 3 —1.84 —168 —2.50
6144.... —1.59 — —-1.59 —-175
6205.... —1.49 4 —149 —1.65 —1.53
6341.... —223 S, 6 —223 224 —242
6397.... —1.99 —1.88 3 —-193 -191 —-2.05
6752.... —1.57 —1.53 3 —1.55 —154 —1.65
6809.... —195 — —-195 —1.82 —1.95
7078.... —223 —2.28 5 —226 215 —2.15
7099.... —-2.11 — —-2.11 =213 —2.15

Sources.—(1) Francois 1991; (2) McWilliam et al. 1992; (3) GO; (4) Kraft
et al. 1992;(5) SKPL; (6) Peterson et al. 1990.

are in common with GO, while the fifth (M15) was studied by
SKPL. To summarize the above comparisons discussed indi-
vidually, our value for M15 is 0.05 dex higher than that of
SKPL (when placed on our solar Fe scale), while our values are
0.09 £+ 0.12 dex lower than those of GO. The mean difference
for all five clusters is 0.06 4+ 0.12. These clusters range over
almost a factor of 10 in metallicity.

These small differences are well within the respective errors
and encourage us to suggest that the low end of the abundance
scale for globulars is now tied in to ~0.1 dex by HDS. This is
as long as the same solar composition is assumed.

Since Galactic globulars are used in calibrating many photo-
metric and spectroscopic indices for a variety of Galactic and
extragalactic research, it is important to derive the best pos-
sible calibration of their abundances. Thus, in the fifth column
of Table 6 we list our final preferred values to define the
[Fe/H] scale at the metal-poor end of the globular cluster
system ([Fe/H] < —1.5). We have added independent values
for other clusters with HDS. It is this fifth column that should
be used for calibration purposes at the low-metallicity end. The
[Fe/H] values listed in Table 6 are the mean of different HDS
studies, weighted by the number of stars observed. The results
of Table 6 were computed assuming a solar Fe abundance of
7.50 recommended by Holweger et al. (1990, 1991), and they
might be shifted if a different value of Fe, is determined to be
more accurate, depending on whether or not the original value
derived from solar or laboratory gf-values.

We can now use our newly defined HDS Fe abundance scale
for metal-poor globular clusters to investigate the Z85 and
Washington scales. These respective values for the clusters in
Table 6 are given in columns (6) and (7). The Washington
values are from GMC, Geisler, Claria, & Minniti (1991), and
some unpublished data.

Figure 5 shows that the Z85 abundances correlated very well
with our adopted HDS scale. This is not completely surprising,
given that a number of the values are derived from GO, who
showed a similarly good correlation between their results and
those of Zinn (1980), on which many of the Z85 values are
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F1G, 5.—Metal abundances from Zinn (1985) vs. those from our new HDS-
based scale for globular clusters with [Fe/H] < — 1.5. Note the excellent corre-
lation and small differences.

based. For the sample of 14 clusters, all with blue horizontal
branches, the Z85 values are only 0.01 dex more metal-poor in
the mean, with a standard deviation of 0.13 dex. We note that
the Z85 results are largely reddening-independent. Our results
corroborate a number of other studies which demonstrate that
the Z85 scale is on firm footing.

The comparison with the Washington scale is not as good,
as shown in Figure 6. Although most of the clusters lie near the
line of equality, four of them fall far below the line. Of these,
two (NGC 2298 and NGC 4833) have very uncertain
reddenings. As discussed by GMC, the Washington abun-
dances for cool, metal-poor giants are very sensitive to
reddening. The reddenings for the other two disparate clusters,

Wash vs. HDS Fe Values (7.5)
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F1G. 6.—Metal abundances from Washington photometry vs. those from
our new HDS-based scale for globular clusters with [Fe/H] < —1.5. The
scatter is larger than in Fig. 5, and there are several clusters with anomalously
low Washington abundances, probably due to reddening errors.
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M68 and NGC 5897, are small and known to higher accuracy,
so this error source is unlikely to account for the entire discrep-
ancy. However, the problem does not appear to be due to a
difference in scales, as the Washington abundances for many of
the most metal-poor clusters are in very good agreement with
the HDS results. Note that the HDS value for M68 in Figure 6
is the mean of two studies and that our value is much lower
than that of GO. Discarding NGC 2298 and NGC 4833, we
find that the comparison of the Washington and HDS values
has a standard deviation of 0.23 dex. This error is about what
one would expect from the decreased metallicity sensitivity of
the Washington system at low abundances. Including the two
discrepant clusters, the difference between Washington and
HDS rises to 0.23 + 0.30 dex.

5.2. Globular Cluster versus Field Halo Stars

Different systematics affect the abundance determinations in
field halo stars and globular cluster giants. For example, the
halo stars tend to be closer and brighter, making it possible to
achieve much higher signal-to-noise ratio spectra, while in
globular clusters the determination of T, log g, and E(B—V)
is more reliable.

Even though the metallicity distribution functions of field
halo stars and globular clusters peak at the same value, there is
a dramatic lack of very metal-poor clusters (Laird et al. 1988;
Ryan & Norris 1991). Indeed, the significance of this difference
now exceeds 99% from the results of the latest compilation of
subdwarfs (Laird 1993). This difference is one of the primordial
signatures of halo formation that still remains to be explained.
The suggestion by GMC that there may be a substantially
larger number of metal-poor clusters than previously believed
is not borne out by the present analysis. However, this does not
mean that the field halo stars and globulars come from two
different parent populations. This is because (1) the globular
cluster population has a limited size, and statistical noise could
bias the interpretations (although the latest results by Laird
seem to rule out this possibility); and (2) the survival of globu-
lars is dictated by external factors (Fall & Rees 1984; Caputo
& Castellani 1984), and a significant fraction of globulars may
well have been disrupted during a Hubble time. These dis-
rupted globulars supply the halo with stars. Of course, not all
halo stars necessarily come from disrupted globulars.
However, there is growing evidence for comoving groups of
halo stars (Dionidis & Beers 1989; Eggen & Iben 1990; Schus-
ter & Nissen 1992; Arnold & Gilmore 1992; Majewski 1992).
In particular, a three-dimensional knowledge of globular
cluster orbits (Cudworth & Hanson 1993) would contribute
much to this scenario by confirming the Frenk & White (1980)
results on the shapes of the cluster orbits, and determining the
systematics of the disruption processes which are expected to
vary according to the orbital parameters (Chernoff & Shapiro
1987).

5.3. Self-Enrichment

Morgan & Lake (1989) and Brown, Burkert, & Truran
(1991) have recently discussed the self-enrichment of globular
clusters and its implications for mass and metallicity limits.
They have argued that it is likely that every globular cluster
has experienced at least one supernova (SN) explosion during
its formation and thus self-enrichment is likely if the cluster is
sufficiently massive to retain the remnant. The metallicity
range observed among halo globulars can be well reproduced
by self-enrichment of initially zero metallicity protoclusters
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(Brown et al. 1991), as can their mass range (Morgan & Lake
1989).

The most interesting clusters in the self-enrichment scenario
are the ones that are the most metal poor and at the same time
least massive, because there should be a lower mass limit below
which a protoglobular cluster is disrupted after only a single
SN II explosion. Theoretically, this limit depends on the details
of the cooling curve adopted (Morgan & Lake 1989). We can
address this issue observationally.

We will assume that all of the very metal poor globulars
([Fe/H] < —1.75) are only self-enriched. We can then plot
cluster mass versus number of SNs, or equivalently, metal
abundance. Figure 7 shows this plot, where the masses are
from Chernoff & Djorgovski (1989) and the metallicities are
our HDS values or those of Z85. The metal production of a
typical SN II like SN 1987A (Arnett et al. 1989) distributed
through the present mass of a globular cluster would give a
metal abundance denoted by the line.

According to Figure 7, the globulars of lower mass and
metallicity could have been self-enriched by only about five to
10 SN II’s. On these grounds, we do not expect to find globu-
lars as metal-poor as —2.5 dex and less massive than ~ 103
M, and indeed none exist. This agrees with the calculations of
Morgan & Lake (1989) and Brown et al. (1991).

These same clusters might also be expected to exhibit sta-
tistical fluctuations in the abundances of different elements
from star to star due to the different masses of the (few) SN II
‘progenitors. An excellent cluster for such a search is NGC
6397, which lies in a position (—1.93, 4.77) suggesting self-
enrichment by less than 10 SNs like SN 1987A, and is also very
nearby, allowing high-resolution observations of a number of
giants.

However, a strong constraint on self-enrichment is imposed
by the very small upper limits on internal metal abundance
spreads deduced from modern CCD CMD and HDS studies.
For example, Da Costa & Armandroff (1990) find that the

Mass vs. [Fe/H] for MP GCs
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F1G. 7—Log of the mass of metal-poor globular clusters vs. metallicity.
The line is derived by uniformly distributing the metal production of SN
1987A throughout a cluster and provides a lower boundary to the observed
distribution, suggesting self-enrichment by SNs may play an important role in
the chemical evolution of globular clusters.
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metal abundance spread in NGC 6397 must be <0.06 dex
from the tightness of the giant branch in their ¥V —I photo-
metry. This implies, if self-enrichment is responsible for the
metal production, that the explosions were very isotropic and
that mixing of their ejecta was very efficient. However, since
light elements such as O and Mg are produced by more
massive SNs, one might expect to see internal variations in
these elements and not Fe. Such a study is under way (Minniti
et al. 1993b).

Protoglobular clusters that lie below the line in Figure 7
presumably would have been disrupted by the explosion(s),
and the stars formed in the debris would be identified now as
field halo stars. The lone cluster in this region is Pal 13, which
is an order of magnitude less massive than any other cluster in
the sample. Perhaps it formed later, from already enriched
material, and did not have to survive a SN II explosion. It is
important to remark that the position of the line corresponds
to an ~25 M, SN II, and that progenitors of different masses
would produce different amounts of heavy elements (e.g.,
Nomoto et al. 1992). Indeed, the apparent consistency between
the clusters and the SN line does not necessarily imply that the
clusters did in fact self-enrich. Nonetheless, the general agree-
ment between the boundary set by the line and the observed
cluster distribution is intriguing and suggests that detailed
spectroscopic abundances for many elements and stars in such
clusters might lead us to a better understanding of the number,
masses, and type of primordial SNs that may have enriched the
most metal poor globular clusters.

6. SUMMARY

We have obtained high-resolution, high S/N CCD spectra
for 16 giants in eight metal-poor Galactic globular clusters. Fe
abundances accurate to 0.15 dex (including internal errors and
uncertainties in the model atmosphere parameters and solar
Fe abundance) have been determined by means of a fully con-
sistent set of model atmospheres and spectrum synthesis tech-
niques. The agreement with previous high-quality metallicity
determinations is excellent, from which we conclude that the
low end of the globular cluster metallicity scale is secured to
~0.1 dex. We present a metallicity scale for metal-poor clus-
ters based on HDS that should prove useful for calibrating a
wide variety of photometric and low-resolution spectroscopic
metallicity indicators. We compare this metallicity scale to that
of Z85 and Washington photometry. The Zinn scale agrees
very well with the HDS scale, with a negligible mean offset and
a typical error of only 0.13 dex. The offset for the Washington
abundances is larger, mostly due to a few clusters that are most
likely affected by reddening. The large reddening sensitivity
and reduced metallicity sensitivity of this system for cool,
metal-poor giants is responsible for the larger errors, ~0.23
dex. However, we find that M68, like NGC 2298, is more
metal-poor than the Z85 value, as suggested by the Washing-
ton photometry of GMC.

The accurate determination of [Fe/H] for a large sample of
metal-poor globulars is an important datum necessary in
deriving ages from a variety of fitting techniques. The second
paper in this series will present a element abundances, includ-
ing O, and allow us to address absolute age determinations
extensively. Finally, the metallicity of many metal-poor clus-
ters may be explained by the self-enrichment of a zero metal-
licity protocluster due to the explosion of a small number of
Type IT SN.
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