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ABSTRACT

We used high-resolution, high signal-to-noise ratio spectra obtained with the Very Large Telescope and the UV-
Visual Echelle Spectrograph to determine abundances of 17 elements in four red giants in the Sculptor (Scl) dwarf
spheroidal galaxy. Our [Fe/H]-values range from —2.10 to —0.97, confirming previous findings of a large met-
allicity spread. We combined our data with similar data for five Scl giants studied recently by Shetrone et al. to form
one of the largest samples of high-resolution abundances yet obtained for a dwarf spheroidal galaxy, covering
essentially the full known metallicity range in this galaxy. These properties allow us to establish trends of [X/Fe]
with [Fe/H] for many elements X. The trends are significantly different from the trends seen in Galactic halo and
globular cluster stars. This conclusion is evident for most of the elements from oxygen to manganese. We compare
our Scl sample with the most similar Galactic counterparts and find substantial differences remain even with these
stars. The many discrepancies in the relationships between [X/Fe] as seen in Scl compared with Galactic field stars
indicate that our halo cannot be made up in bulk of stars similar to those presently seen in dwarf spheroidal galaxies
like Scl, corroborating similar conclusions reached by Shetrone et al., Fulbright, and Tolstoy et al. These results
have serious implications for the Searle-Zinn and hierarchical galaxy formation scenarios. We also find that the
most metal-rich star in our sample is a heavy element—rich star. This star and the [Ba/Eu] trend we see indicate that
asymptotic giant branch stars must have played an important role in the evolution of the s-process elements in Scl. A
very high percentage of such heavy-element stars are now known in dwarf spheroidals compared with the halo,

further mitigating against the formation of the halo from such objects.
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1. INTRODUCTION

The complex relationships among the nearby dwarf sphe-
roidal galaxies (dSph’s), globular clusters, and the general halo
of our Galaxy are far from clear, although all belong to Baade’s
(1944) original Population II. It is of interest to discuss the
similarities and differences of their stellar populations in terms
of possible scenarios for the origin of the Galactic halo. Ac-
cording to Eggen et al. (1962) the Galactic halo, including the
globular clusters, formed in a single monolithic event of grav-
itational collapse lasting about 2 x 10® yr. During that time, the
vast majority of halo stars and stars in the globulars formed
to produce the present Population II. An alternative scenario
was suggested by Searle & Zinn (1978) in which the halo was
accumulated by the capture of many small systems, such as
dSph’s, over a timescale at least an order of magnitude longer.
Many current versions of hierarchical galaxy formation theories
invoke similar scenarios (e.g., Klypin et al. 1999; Moore et al.
1999). Strong observational evidence in favor of at least some
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contribution of dSph systems to the halo was first provided by
Ibata et al. (1994) with the discovery that the Galaxy is currently
capturing the Sagittarius (Sgr) system with its attendant glob-
ular clusters. More recent evidence (e.g., Yanny et al. 2003;
Martin et al. 2004) indicates that the Galaxy may well be ab-
sorbing or has absorbed additional systems. In addition, the
complicated history of gradual metal growth in w Centauri in-
dicates that it probably orbited our Galaxy for several gigayears
before being captured (Hughes & Wallerstein 2000; Hilker &
Richtler 2000). That the Galaxy, as well as M31 and presum-
ably other similar spiral galaxies, are intimately surrounded
by a number of dSph’s is made particularly clear in the graphic
three-dimensional galaxy distribution map of the Local Group
given in Grebel (1999). A full review of current ideas regarding
the formation of the Galaxy can be found in Freeman & Bland-
Hawthorn (2002).

One approach that helps to constrain formation scenarios is
to compare the populations of the surviving dSph systems with
that of the halo. If the halo is indeed made up in large part of
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dissolved systems initially like the dSph’s we see today, one
would expect to find many similarities in their stellar pop-
ulations. Of various methods of comparison, three stand out as
potentially the most viable. The first is a comparison of the
types and period distributions of variable stars (Renzini 1980).
This method is not currently feasible because of selection ef-
fects that plague any census of variables in the halo, although
various surveys, such as the Sloan Digital Sky Survey, should
help pin these down. The second is to compare the color-
magnitude diagrams (CMDs) in detail and try to set limits on
the percentage of present-day dSph populations that may have
contributed to the halo. By comparing the turnoff colors in these
systems, Unavane et al. (1996) set an upper limit of ~10% on
this contribution, as the intermediate-age stars generally found
in dSph’s are lacking in the halo, hinting that dSph’s may not
be the generic galactic building blocks they are often imagined
to be.

The third approach is a direct comparison of the detailed chem-
ical compositions of stars from the two environments, based on
high-resolution spectroscopy. A large sample of Galactic field
stars with detailed abundance analyses is now available (e.g.,
McWilliam 1997; Burris et al. 2000; Ryan et al. 1996; Carretta
et al. 2002; Nissen & Schuster 1997; Fulbright 2002; Johnson
2002; Gratton et al. 2003; Stephens & Boesgaard 2002). A kine-
matic analysis of these and other Galactic field stars shows that
most belong to the halo below [Fe/H] = —1, although several
thick-disk stars have metallicities that extend below [Fe/H] =
—2 (Venn et al. 2004). Here we assume that stars with [Fe/H]
below —1 are representative of the Galactic halo. The comple-
mentary studies of stars in dSph systems have only recently be-
gun. In a pioneering study, Shetrone et al. (1998) investigated
four stars in the Draco dSph. They found a metallicity range from
[Fe/H] = —3.0 to — 1.5, with a mean value of [ /Fe] of +0.2 and
a spread in [O/Fe] from +0.38 to —0.32. Subsequently, Shetrone
et al. (2001, hereafter SO1) published results for an additional
two stars in Draco, six in Ursa Minor, and five in Sextans, and
Shetrone et al. (2003, hereafter S03) added five giants each in
Carina and Sculptor (Scl), three in Fornax, and two in Leo I.
Combining these studies, they find that at a given metallicity the
dSph giants exhibit significantly lower [« /Fe] abundance ratios
than stars in the Galactic halo. They conclude that the general
metal-poor Galactic halo could not be built up of stars like those
seen in their dSph samples. However, they find that a small subset
of stars, represented by the metal-rich, high-R ,.x, high-z,x halo
stars studied by Nissen & Schuster (1997), do mimic the dSph
stars of similar metallicity in their detailed chemical composition.
This finding supports Nissen & Schuster’s claim that up to 50%
of the metal-rich halo could be explained by dSph accretion,
although the latter result relied on only two dSph stars of the
appropriate metallicity. However, Venn et al. (2004) further an-
alyzed the Nissen & Schuster (1997) stars and found that the
Ni-Na relationship, the basis for the SO3 claim about 50% of
the metal-rich halo possibly being stripped dSph’s, is a general
nucleosynthetic signature and not relevant to the discussion of
merged galaxies. Finally, Bonifacio et al. (2000, 2004), Bonifacio
& Caffau (2003), and Smecker-Hane & McWilliam (2002)
studied a large sample of stars in the Sgr dSph. The latter find
significant differences between Sgr and Galactic field stars of
comparable metallicity, in particular with regard to Al, Na, and
a-elements, in the same sense as for the samples of Shetrone
and collaborators. Bonifacio et al. (2004) suggest that the
chemical similarities of dSph’s and damped Lya systems,
particularly in regard to their depressed o abundances, may
demonstrate a common evolutionary history and nature.

Gratton et al. (2003) used kinematics to divide field sub-
dwarfs and early subgiants into two subpopulations, one of
which they ascribe to a dissipational collapse and one that likely
represents accreted stars. In particular, they have compared the
ratios of a-elements with iron in the two subpopulations. They
find that on average the supposed accreted population has
lower [« /Fe] than its dissipative collapse counterparts. If the
accreted stars have been accumulated by the capture of sys-
tems like Scl, their compositions should be similar to those of
Scl.

To expand the database for dSph galaxies and to further test
the hypothesis that the halo of the Milky Way may have been
“sculpted” from galaxies like Scl, we observed four red giants
in the Scl galaxy. Scl was one of the first two dSph companions
to the Milky Way to be discovered (Shapley 1938). Indeed, it
served as the prototype, with dSph galaxies originally referred
to as “Scl-like systems” (e.g., Shapley 1943). Photometry in
Scl (e.g., Da Costa 1984; Schweitzer et al. 1995) has shown that
the red giant branch (RGB) is broad, indicating a spread in
metallicity (as is seen in all dSph’s and in w Cen). In a survey of
37 red giants in Scl, Tolstoy et al. (2001) used the IR Cam triplet
to derive metallicities' ranging from —0.8 down to —2.3 dex,
with most of the stars distributed between —1.3 and —2.0. The
distribution is asymmetric, with a mean of —1.5£0.3 and a
peak near —1.3. Both the mean and spread are very similar to
w Cen (Norris et al. 1996; Suntzeff & Kraft 1996), but the
asymmetry in w Cen is opposite to that of Scl, with the peak of
the distribution on the metal-poor side of the mean. Apparently,
the two systems had slightly different rates of self-enrichment
and star formation.

Scl provides an excellent opportunity to compare the com-
positions of dSph stars with those in the halo. At a distance of
87 kpc (Mateo 1998), it is one of the nearest dSph'’s. Its bright-
est giants, at V' ~ 17.3, are therefore accessible to 8 m class
telescopes equipped with high-resolution spectrographs. Since
Scl shows a spread in metallicity, it is possible to compare the
ratios of various species with iron as a function of metallic-
ity, with the same elemental ratios in the halo field and the
globular clusters. In addition, detailed abundances are required
to disentangle age from metallicity effects when attempting
to derive the star formation and chemical enrichment history
of Scl, as discussed by Tolstoy et al. (2003) in regard to age de-
terminations. Photometric data alone are not sufficient to break
the age-metallicity degeneracy present in old- to intermediate-
age stellar systems. Accurate age determinations require knowl-
edge of the a-element abundances, as well as [Fe/H].

Scl also is unusual or even unique in several respects. It ap-
pears to be composed mainly or almost exclusively of an old-,
Galactic globular cluster—age population (e.g., Da Costa 1984;
Hurley-Keller et al. 1999; Monkiewicz et al. 1999; Dolphin
2002). However, there are some blue stars brighter than the
turnoff (Demers & Battinelli 1998), and Scl may contain neutral
H gas (Carignan et al. 1998; Bouchard et al. 2003). Walcher
et al. (2003) find evidence for tidal tails. Hurley-Keller et al.
(1999), Majewski et al. (1999), and Harbeck et al. (2001) found
a gradient in the morphology of the horizontal branch (HB),
with a much higher percentage of red HB stars in the inner

! The estimation of metallicities by measurement of the Ca 11 triplet has proven
to be very efficient and useful. However, many authors refer to their results as
[Fe/H] rather than [Ca/H] which was actually measured. The translation from
[Ca/H] to [Fe/H] can be problematical (e.g., Cole et al. 2000), especially when
[Ca/Fe] may vary between program objects and abundance calibrators.
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TABLE 1
ProGrRAM STARS: OBSERVED PARAMETERS
v,
Star No. vV B-V K Vo — K J-K My (BC)x My log (L /L) (km s™)
17.35 1.13 14.26 3.02 0.82 —5.28 2.35 —2.93 3.07 +118.7
17.36 1.26 14.07 3.22 0.97 —5.47 2.42 —3.05 3.12 +118.6
17.24 1.62 13.74 343 0.92 —5.80 2.40 —3.40 3.26 +109.4
17.39 1.50 13.78 3.54 —5.76 2.53 —3.23 3.19 +109.0

Note—EB — V) = 0.02, (m — M)y = 19.54, and A, = 3.3E(B — V).

regions than in the outer regions. Harbeck et al. (2001) found
Scl to have the most significant HB morphology gradient of any
in their sample of nine dSph’s. Majewski et al. even suggested
the possibility of a bimodal metallicity distribution on the basis
of their CMD. However, Tolstoy et al. (2001) found no indi-
cation for either a metallicity gradient or bimodality in their
low-resolution spectroscopic abundances for a large sample of
stars.

Because of the importance of these issues, several groups
independently began high-resolution studies of Scl stars. After
we began our study we became aware of the other groups. The
results of one of these groups have subsequently been published
(S03), and we have combined our results with theirs. This al-
lows for a substantial increase in sample size and metallicity
coverage, allowing us to investigate any abundance trends with
much greater confidence.

An additional aspect of a detailed analysis of Scl’s red giants
is the internal evolution of the stars themselves. While all highly
evolved, metal-poor, low-mass red giants show evidence of
extra mixing beyond the canonical first dredge-up (see refer-
ences in, e.g., Weiss & Charbonnel 2004), the degree of mix-
ing may depend on the initial stellar metallicity. In both field
and globular cluster stars near the red giant tip, the very low
12C/13C ratio, ranging from ~4 to 8, can be unambiguously
attributed to an in situ (evolutionary) mixing mechanism. We
can test the universality of this phenomenon by deriving the
carbon isotopic ratios for our two most metal-rich stars.

On the other hand, the O/Fe, Na/Fe, and Al/Fe ratios
vary greatly from star to star in globular clusters. The abun-
dance anomalies of these isotopes from higher p-burning cy-
cles, which are not seen in field halo stars, seem to be mostly of
primordial origin according to the preponderance of observa-
tional evidence (e.g., Gratton et al. 2001; Grundhal et al. 2002;
Yong et al. 2003). Some studies have named massive asymp-
totic giant branch (AGB) stars as the favorite candidates to have
polluted the intracluster gas or the surface of cluster stars (e.g.,
Cottrell & Da Costa 1981; Ventura et al. 2001). However,
Fenner et al. (2004) recently showed that the abundance pat-
terns observed in a “classical” globular cluster like NGC 6752
could not be matched by a model of chemical evolution incor-
porating self-consistently the detailed nucleosynthesis yields
from AGB stars. In particular, neither the O-Na nor the Mg-Al
anticorrelations could be reproduced, in agreement with the
previous findings by Denisenkov & Herwig (2003) and Herwig
(2004). So the details of this primordial (or pollution) scenario
still await clarification. By investigating the relative abun-
dances of O, Na, and Al we can see how the presence of these
chemical variations depends on environment and probe the
connection between dSph’s and globular clusters.

Our paper is arranged as follows. In § 2 we present the ob-
servations and reductions, and in § 3 the details of the abun-
dance analysis. In § 4 we present the abundance results. The

heavy-element star we discovered is discussed in detail in § 5. In
§ 6 we summarize our major findings.

2. OBSERVATIONS AND REDUCTIONS

Echelle spectra of four giants in Scl were obtained on the
nights 0f 2000 September 18 and 19 with the UV-Visual Echelle
Spectrograph (UVES) on the 8.2 m Very Large Telescope (VLT)
UT?2 telescope (Kueyen) of the European Southern Observatory.
The target stars were selected from the study of Schweitzer et al.
(1995) as being among the brightest giant members (with proper-
motion membership probabilities of 99%) and covering the full
color width near the tip of the giant branch. This latter should
reflect to first order as complete coverage of the full metallicity
range as possible. Each star was observed for a total of 4 hr,
divided into 1 hr exposures. The stars were observed simulta-
neously through the blue and red arms of the UVES using a
dichroic beam splitter. This yields complete coverage from A4 ~
5900-9600 A in the red, except for loss of a single order near the
center, where there is a gap between the two CCDs, and complete
coverage from A4 ~ 3700—-5000 A in the blue. The resolving
power with a 1” slit is about 22,000 in the red and 16,000 in the
blue. The seeing was generally 075—170. Spectra of hot, rapidly
rotating stars were also obtained in order to divide out telluric
absorption lines. The data were sky-subtracted and reduced to
one-dimensional wavelength-calibrated spectra, and then the
individual spectra for each star were co-added, using the stan-
dard software packages available in IRAF. Typical signal-to-
noise ratios (S/Ns) for the final combined spectra are about
120 pixel ! at 6700 A and 65 pixel ! at 4500 A. Radial velocities
of all four stars, given in Table 1, show that they are indeed mem-
bers, as the mean radial velocity of Scl stars is 108 4= 3 km s~!
(Mateo 1998). Combining our four velocities with five velocities
from S03, we find a mean of +110.0 km s~!, with a dispersion
(standard deviation) of 6.9 km s~!. A small segment of spectrum
is shown for a metal-poor star (195, with [Fe/H] = —2.1) and for
a more metal-rich star (1446, with [Fe/H] = —1.2) in Figure 1.
The difference in the line strengths is obvious; as the stars have
rather similar effective temperatures and gravities, which would
lead to only very modest differences in line absorption for the
same abundances, most of the differences in the observed line
strengths are caused by abundance differences. This is the most
graphic evidence for a real abundance spread in this dSph.

3. ABUNDANCE ANALYSIS
3.1. Stellar Effective Temperatures

One of the fundamental parameters needed in stellar abun-
dance analyses is the effective temperature of the star in question.
The procedure in this study is to base effective temperatures on
two broadband color (V' — K and J — K) calibrations of 7.
Table 1 lists the stars observed along with various apparent and
absolute magnitudes and colors and the derived radial velocities.
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Fig. 1.—Sample spectra of two Scl red giants that have different overall
metallicities. The absorption lines differ in strength primarily because of the
metallicities, with rather small differences in effective temperature and gravity
playing almost no role.

The star designations, " magnitudes, and B — V' colors are taken
from Schweitzer et al. (1995). The Two Micron All Sky Survey
(2MASS) database? is the source of the K magnitudes and J — K
colors. The 2MASS magnitudes and colors have been trans-
formed to the system defined by Bessell & Brett (1988), as we
use T calibrations from Bessell et al. (1998), who use the color
system defined in Bessell & Brett (1988). The 2MASS correc-
tions are those defined by Carpenter (2001) in his Appendix A
and are fairly small: a constant 0.04 mag offset in K and a small
color term that is about 0.03 mag in J — K. The /' magnitudes
used to compute V' — K are corrected for reddening on the basis
of the B — V' color excess of 0.02 +0.02 (Mateo 1998) and
Ay = 3.3E(B — V). No absorption correction is applied to K,
since the overall reddening to Sclis quite small and Ag = 0.14.
In addition, in Table 1 are the absolute K magnitudes (for a true
distance modulus of 19.54 £ 0.08; Mateo 1998), along with
K-band bolometric corrections from Bessell et al. (1998) and the
subsequent absolute bolometric magnitudes and luminosities.
Effective temperatures are derived for the program stars us-
ing the V' — K and J — K colors from Table 1, along with cal-
ibrations discussed and defined in Bessell et al. (1998). These
authors point out that /' — K versus Tt has almost no sensi-
tivity to metallicity (hereafter taken as [Fe/H]) so long as T is
greater than ~4000 K, while J — K has only a small depen-
dency; their near independence from [Fe/H] is why these two
colors are used. Table 2 lists effective temperatures for each
star as defined by ' — K and J — K colors. With just the four
program stars in question, there is no systematic offset between
the two sets of Tg-values, and their differences scatter around

2 Available at http://irsa.ipac.caltech.edu.
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100 K with no systematic trend. For the final 7. to be used in
the abundance analyses, we adopt the average of the two values
and round this to the nearest 25 K in defining the model at-
mosphere effective temperature (shown in col. [4] of Table 2).
Other color—effective temperature relations are available in the
literature, and we compare one other source (McWilliam 1990)
with the calibrations used here. Using McWilliam’s V' — K
calibration and comparing it with the values of colors and 7.g-
values in Tables 1 and 2, the mean difference (in the sense of
Bessell et al. [1998] minus McWilliam) and standard deviation
are found to be +7 + 19 K: a very good agreement. Using
J — K, the mean and standard deviation are +90 & 51 K. This
comparison suggests that these various temperature scales for
the types of red giants analyzed here are in good agreement with
differences of less than about 100 K.

3.2. Surface Gravities, Microturbulent Velocities,
and Iron Abundances

With an effective temperature scale defined by broadband
colors, the remaining global stellar parameters of surface grav-
ity (parameterized as log g), microturbulent velocity (£), and
overall metallicity (defined by the Fe abundance) are set by the
Fe1and Fe 11 lines. The spectroscopic analysis of the Fe lines, as
well as all of the other elements to be discussed, uses a recent
version of the LTE spectrum synthesis code MOOG, first de-
scribed by Sneden (1973). The model atmospheres adopted are
those generated from a version of the MARCS code as dis-
cussed by Gustaffson et al. (1975). The combination of LTE
analysis from MOOG using MARCS model atmospheres has
been used extensively in abundance analyses of K giants and
yields accurate chemical abundances of many species. Recent
examples of similar analyses of red giants include Ivans et al.
(1999, 2001), Ramirez et al. (2001), and SO1 and S03.

The microturbulent velocity, at a given log g, is found by
forcing all Fe 1 lines to yield the same iron abundance, i.e., with
no significant slope of 4(Fe)® versus reduced equivalent width
[log (W /A)]. Once the microturbulent velocity is defined, the
surface gravity is tested for consistency by comparing the Fe 1
and Fe 1 abundances, with ionization equilibrium demand-
ing both neutral and singly ionized Fe to yield the same abun-
dances. The now-determined stellar parameters (7, log g, and
£), along with the Fe 1 and Fe 1 lines, are then used to derive the
overall metallicity of the stellar atmosphere. The entire process
of defining log g, &, and [Fe/H] is iterated until a consistent set
of stellar and model atmosphere parameters is found, and this
atmosphere is finally used in the derivation of the other ele-
mental abundances.

When enforcing the ionization equilibrium of Fe 1 and Fe 1
to derive surface gravity in metal-poor red giants, some care

* A(Fe) = log [N(Fe)/N(H)] + 12.0.

TABLE 2
ProGrRAM STARS: DERIVED PARAMETERS

Tew(V = K) Tew(J — K) Tere log g 4
Star No. (K) (K) (K) (cm s72) (km s™1) [Fe/H]
(6] @ 3 “ ® (©) (O]
4225 4300 4250 0.20 1.8 —2.1
4120 4000 4075 0.00 1.9 -1.7
3980 4080 4025 0.50 22 —-1.0
3940 3850 3900 0.00 23 -12
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TABLE 3
Fe 1 anp Fe 11 EQUIVALENT WIDTHS

2 X
A) V) af Star 195 Star 770 Star 982 Star 1446
Fer
6024.058........... 4.548 8.710E-01 38 78 148 144
6027.051........... 4.076 8.128E-02 . 57 130 92
6056.005........... 4.733 3.981E-01 29 . 118 .
6079.0009........... 4.652 1.072E-01 19 .. 45
6096.665........... 3.984 1.660E-02 . 27 .. .
6151.618........... 2.176 5.129E-04 58 77 150 158
6157.728........... 4.076 7.762E-02 . 45 .. 97
6165.360........... 4.142 3.388E-02 13 32 94 61
6173.336........... 2.223 1.318E-03 119 189 157
6187.990........... 3.943 2.692E-02 12 . 98 .
6322.686........... 2.588 3.715E-03 50 96 . 174
6380.743........... 4.186 4.786E-02 . 27 ... 68
6393.601........... 2.433 3.715E-02 132 180 257 242
6411.649........... 3.653 2.188E-01 80 142 .. .
6421.351........... 2.279 9.772E-03 134 177 214 235
6430.846........... 2.176 9.772E-03 127 167 275 250
6593.871........... 2.437 3.802E-03 123 188 e
6597.561........... 4.795 1.202E-01 . 11 44 49
6609.110........... 2.559 2.042E-03 43 84 170 173
6733.151........... 4.637 3.715E-02 4 14 55 44
6820.372........... 4.638 6.761E-02 . 18 67 53
6858.150........... 4.607 1.175E-01 9 18 70 58
Fe m:

5991.368........... 3.153 2.754E-04 . 50 42
6084.099........... 3.199 1.585E-04 . 33 . 45
6149.246........... 3.889 1.905E-03 13 33 .. .
6416.921........... 3.891 2.089E-03 16 25 48 48
6432.682........... 2.891 2.630E-04 28 48 64

should be taken to investigate the possible influence of over-
ionization on Fe 1, as discussed by Thevenin & Idiart (1999).
Data from three recent analyses of globular cluster giants can be
used to partially address this question: Ivans et al. (1999) for
M4, Ramirez et al. (2001) for M71, and Ivans et al. (2001) for
MS5. In all these studies, “evolutionary” gravities are calculated
from stellar model tracks (with known masses) coupled to the
derived red giant effective temperatures and luminosities. Iron
abundances are then computed and can be compared between
Fe1and Fe 1. From the three studies noted above, no significant
effect is seen over the metallicity range from [Fe/H] = —0.84
[for M71 with A(Fe 1 —Fe 1) = +0.14 £ 0.17], to [Fe/H] =
—1.15 [for M4 with A(Fe1— Fe n)=—0.01+0.09] and
[Fe/H] = —1.21 [for M5 with A(Fe 1 —Fe 1) = —0.13 £ 0.07].
Given the above observational constraints, overionization may
affect derived gravities by ~0.1 dex and possibly lead to small
over/underestimates of the iron abundance by ~0.1 dex. Such a
possibility will not, however, have a significant effect on the
derived abundances and abundance trends to be discussed here.

The derived effective temperatures, gravities, microturbulent
velocities, and iron abundances are listed in Table 2. The iron
abundances are derived using the accurate sets of gf-values
from Martin et al. (1988), Bard et al. (1991), Holweger et al.
(1991), and O’Brian et al. (1991). It is worth noting that the
absolute accuracy of these Fe gf-values is now at the few per-
cent level, and an analysis of solar Fe 1 and Fe 1 lines yields
photospheric iron abundances with a scatter of ~ 0.05 dex and
essentially perfect agreement with the meteoritic abundance
[A(Fe) = 7.50; Grevesse & Sauval 1999]. Table 3 gives the
relevant parameters for all of our measured Fe lines.

We will later combine our abundances with those derived
by SO03 for five other Scl red giants in order to create a larger
database. Abundances will be given as values of [X/Fe], so we
must check for any offsets in the two abundance scales caused
by either gf-values or adopted solar abundances. In the case
here for iron, we note first that S03 used A(Fe) = 7.52 for the
Sun, whereas we adopt 7.50; to strictly compare our respective
Fe abundances, we should add +0.02 dex to the S03 values to
bring them onto our scale. In addition, however, a comparison
of gf-values for Fe lines reveals that for 15 lines in common,
there is a mean offset of +0.04 dex in log gf (in the sense of
us minus S03). On the basis of this difference (if it is indicative of
a general trend for all Fe lines), we should then subtract 0.04 dex
from the SO3 [Fe/H]-values to bring them onto our gf-scale. The
net result of considering the adopted solar Fe and gf-value
scales would be to shift by —0.02 dex the S03 values of [Fe/H]
to bring them into agreement with our scale. This is such a small
offset, well within the uncertainties of the gf-values themselves
and even the solar Fe abundance, that we consider such a dif-
ference to be insignificant and apply no corrections to the S03
values of [Fe/H]: both studies are effectively on the same
abundance scale.

3.3. Elements Other than Iron

Of the spectral species studied here in common with Smith
etal. (2000), we adopted the g f~values from that study, and their
sources are discussed in detail in that paper. These elements are
O1,Nar,Mgi1, Al Sit,Car1, Sc, Tir, Tim, Fer, Fer, Nit, Y1,
Y u, Zr 1, Zr u, Ba n, La i, and Eu 1. Smith et al. (2000)
analyzed both the Sun and Arcturus using this line list and these
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gf-values and derived expected abundances, indicating that
these gf-values can be used to derive accurate abundances. In
addition, we have added the species Mn 1and Zn 1 in this study
to the Mn 1 g f-values taken from Prochaska & McWilliam
(2000). Neutral zinc gf-values were adjusted to yield a solar
abundance of A(Zn) = 4.60 using a one-dimensional MARCS
model; this resulted in log gf = —0.44 for the 4722 A line (in
excellent agreement with the value of —0.39 from S03) and
log gf = —0.24 for the 4810 A line (again in excellent agree-
ment with S03, who used —0.17). A comparison of the other
elemental g f~values with the same lines used by S03 finds dif-
ferences of less than 0.05 dex in log g f for all cases except Al 1.
In the case of differences having less than 0.05 dex, no offsets
will be applied to the SO3 abundances when adding them to
our data set. For Al 1 the offset is +0.26 dex (in the sense of
us — S03), this difference was applied in order to combine our
Scl aluminium abundances with those from S03.

There are also a few other points concerning gf-values that
should be noted. Two Ca 1 lines have log gf-values differing
by greater than 0.05 dex; the 6439.08 A gf-value used here is
0.08 dex larger than in Shetrone et al. (2003), but this is only mar-
ginally larger than 0.05 dex. The gf-value for the 6161.30 A
line (Smith et al. 2000) is 0.24 dex larger than that adopted by
Shetrone et al.; however, the particular value used here, along
with a MARCS solar model, yields a solar calcium abundance
of A(Ca) = 6.25. This is acceptably close to the recommended
value of A(Ca) = 6.34 from Lodders (2003). As calcium is
represented by eight lines in this study and nine lines from
Shetrone et al., with the other gf-values in close agreement, the
differences discussed above do not significantly affect the av-
erage Ca abundances.

The Mg 1 lines used here at 8717.83 and 8736.04 A were not
in Smith et al. (2000), and the gf~values here are taken from the
Kurucz (1991) compilation. Analysis of these lines in the solar
flux spectrum results in respective magnesium abundances of
A(Mg) = 7.51 and 7.54, close to the Lodders (2003) recom-
mended value of 7.55.

There are no lines in common between this study and that
of Shetrone et al. (2003) for Tit, Tiw, Y 1, and Y 1, but later
inspections of Figure 6 (for Ti) and Figure 8 (for Y) find no
significant differences in the respective behaviors of Ti and Y
with metallicity between the two studies.

Hyperfine splitting (hfs) was included for the species Sc 1
(with the hfs data taken from Prochaska & McWilliam 2000),
Mn 1 (hfs data also taken from Prochaska & McWilliam 2000),
Y 1 (with hfs data taken from Biehl 1976), La u (with hfs data
taken from Lawler et al. 2001), and Eu 1 (with hfs data taken
from Biehl 1976). For those species with multiple isotopes,
solar isotopic ratios were assumed.

Table 4 provides the relevant parameters for all of our mea-
sured non-Fe lines, as well as their equivalent widths in the Scl
red giants. Although we present the equivalent widths, it must
be noted that all abundances were derived via spectrum syn-
thesis. The final abundances are given in Table 5, in the form of
[X/H]-values, as well as the adopted solar abundances in the
form of A(X).

As discussed in § 3.1, various comparisons between V' — K
and J — K temperature calibrations reveal systematic differ-
ences of up to 90 K, with a scatter of 50 K, and thus an expected
uncertainty (~1 o) of about 100 K for 7. in red giants is a
reasonable value. In addition, the 1 o scatter set by the Fe1lines
in defining a mean iron abundance is about 0.15-0.20 dex; this
scatter is carried into the determination of the surface gravity
from the Fe i lines and leads to an uncertainty here of about
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0.3 dex in log g. Finally, the microturbulence is defined by us-
ing the Fe 1 lines (with the criterion of no trend in Fe abundance
with reduced equivalent width), and the minimum scatter in the
Fe 1 abundances leads to an uncertainty in £ of about 0.3 kms~!.
The uncertainties of £100 K in T, +0.3 dex in log g, and
4+0.3 km s~! represent approximate 1 o values for these fun-
damental stellar parameters.

All of these elemental species present sensitivities in their
derived abundances that differ from the primary stellar param-
eters of Ty, log g, and . Table 6 quantifies these sensitivities
for star 770, which is near the middle of our sample in terms of
effective temperature, gravity, and microturbulence; the other
stars exhibit very similar sensitivities to changes in stellar pa-
rameters. The differences for each species are tabulated for a
change of +100 K in Ty, +0.3 in log g, and +0.3 km s~ in &,
with the final column showing the quadratic sum of these un-
certainties. This final value is a fair estimate of the uncertainty in
the derived abundances caused by realistic uncertainties in de-
fining the fundamental stellar parameters.

4. ABUNDANCE RESULTS
4.1. Iron/Hydrogen

We first combine our data with those of SO3 obtained with the
same telescope and instrument. This gives us a total of nine stars
in Scl, the second-largest sample of high-resolution abundances
yet obtained for a dSph, surpassed only by several Sagittarius
studies, with a range in [Fe/H] from —2.10 to —0.97. Note that
this substantially extends the metallicity range of S03’s sample,
which covered —1.95 to —1.2. We also cover most of the known
metallicity range in this galaxy, based both on the extreme
colors of our sample in observed CMDs and the large sample
of Ca-triplet abundances derived by Tolstoy et al. (2001) for
37 stars. Other than two stars with [Fe/H] of —2.2 to —2.3, their
next most metal-poor star has [Fe/H] = —1.94, and at the
metal-rich end their distribution stops at —1, except for a single
star with —0.8. In particular, our combined sample allows us to
see abundance trends with metallicity more clearly. Also note
that our spectra are of significantly higher S/N than those of
S03’s Scl observations.

Our mean [Fe/H] = —1.57 £0.12 (standard error of the
mean). This compares very well with the mean of —1.5 £ 0.3
found by Tolstoy et al. (2001) and the mean of —1.5 found by
Dolphin (2002). We do not find any indication of a metallicity
gradient, although our sample is small and only covers a limited
radial range, from 0.1 to 1.1 core radii. Tolstoy et al. (2001) have
a much larger sample and radial extent and found no gradient.

4.2. Sodium and Oxygen

Sodium is produced in the Ne-Na cycle in which protons
are captured by the Ne isotopes accompanied by the necessary
(-decays. The stellar environment for the Ne-Na cycle is un-
certain, but it can occur at relatively low temperatures, near
30 million K, in evolved stable stars. In addition, Na can be
produced by carbon burning, which requires temperatures that
can be realized only in advanced stages of stellar evolution and
in massive stars. In our nine Scl stars the mean [Na/Fe] ratio is
—0.47 £ 0.06, with no trend with metallicity. This ratio differs
from recent analyses of globular clusters in which an excess of
Na is usually seen. In M15 and M92 Sneden et al. (2000) find
[Na/Fe] = 40.2 on average. In M5, Ivans et al. (2001) find
[Na/Fe] ~ —0.2 in oxygen-rich stars, rising to +0.4 in oxygen-
poor stars. In M4, Ivans et al. (1999) find [Na/Fe| ~ 0.0 for
stars that do not show evidence of a deficiency of oxygen.
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TABLE 4
EQuUIVALENT WIDTH MEASUREMENTS FOR OTHER ELEMENTS

Ton 4 X
A) V) af Star 195 Star 770 Star 982 Star 1446
[O 1] 6300.311............ 0.000 1.698E-10 13 5.0 86 4.5
Na 1 6154.200 2.102 2.951E-02 9 12 35 15
6160.800......... . 2.104 5.888E-02 4 11 55 26
Mg 18717.833 ........... 5.930 1.318E-01 ... 13 32 20
8736.040.......ccovueunene 5.950 4.677E-01 22 65 56 55
Al16696.023............. 3.143 4.786E-02 33 28
6698.673.....coocirnne 3.143 2.399E-02 ... ... . 10
Si16155.134.. 5.619 3.981E-02 13 18 39
6721.848.. . 5.863 3.236E-02 10 11 ... 20
7405.790..... . 5.620 1.514E-01 28 77 171 58
Ca16161.300 ............ 2.523 9.333E-02 32 60 198 96
6166.440............conc.... 2.521 7.244E-02 23 58 164 112
6439.080.....c.cccnrruennene 2.526 2.950E+00 100 151 209 201
6455.600.........cccoeueneene 2.523 4.571E-02 22 47 105 100
6471.660.. 2.526 2.061E-01 59 92 130 146
6493.780.. 2.521 7.760E-01 87 126 188 169
6499.650.. . 2.523 1.510E-01 33 76 120 134
6508.840.......ccooveuenenene 2.526 7.762E-03 ... ... 37 23
Sc 1 6245.620............ 1.507 9.550E-02 35 59 65 73
6604.600............cococ.... 1.357 4.900E-02 36 65 72 83
Ti1 6091.180.............. 2.267 3.802E-01 21 19 113 56
6126.220..... . 1.067 3.802E-02 22 87 200 115
6258.100.. 1.443 4.467E-01 42 89 146 153
6261.100.. . 1.430 3.311E-01 40 107 146 174
6554.220.....cccnrenne 1.443 6.030E-02 ... ... 130 153
6556.060........cccoevennnen. 1.460 6.030E-02 18 65 116 130
6599.110..c.ccieenene 0.900 8.222E-03 11 29 89 108
Ti 1 6606.970............. 2.061 1.622E-03 ... 18 ... 25
Mn16013.513 ........... 3.072 5.610E-01 14 42 108 135
6021.819.....cccceernnene 3.075 1.081E+00 17 77 145 144
Ni 1 6327.600. . 1.676 7.709E-04 39 78 166 105
6532.890..... . 1.935 4.074E-04 ... 26 . ...
6586.330.. . 1.951 1.549E-03 24 ... 91 92
6643.640........ccooeueueene 1.676 5.012E-03 94 130 183 181
6767.770.....ccierennene 1.826 6.761E-03 91 142 e ...
6772.360.......ccoeueueene 3.658 1.047E-01 . 143 64 63
Zn 14722.160 ............ 4.030 4.571E-01 22 40 104 49
4810.540......... 4.080 7.244E-01 47 49 92 60
Y 16435.004 .. 0.066 1.514E-01 146 44
Y 1 6795.414. . 1.738 7.244E-02 106 9
Zr16127.460............. 0.154 8.710E-02 ... 157 45
6134.570.....cccunennne 0.000 5.248E-02 29 168 45
6140.460............co....... 0.519 3.890E-02 15 81 11
6143.180.....ccccenrrennene 0.071 7.943E-02 48 196 39
Zru 6114.852 1.665 1.995E-02 7 72 3
Ba 1 5853.680... 0.604 9.862E-02 ... 127 447 169
6141.730..... . 0.704 8.375E-01 134 202 1063 215
6496.900........ccoeveunene 0.604 4.170E-01 136 171 775 221
La  6390.477............ 0.321 3.548E-02 52 260 78
6774.268.....c.ccoveeennne 0.126 1.622E-02 ... 27 300 96
Eu 1 6645.110............ 1.370 1.580E+00 15 40 185 35

Note.—Ellipses indicate absent or blended lines.

Clearly the Na deficiency seen in Scl differs from the situa-
tion in the globulars. In the halo field, Fulbright (2002) found
that [Na/Fe] scattered around 0.0 all the way down to [Fe/H] =
—4.0, with some stars showing [Na/Fe] as large as +0.5
between [Fe/H] = —2.0 to —3.5 and some scattering down
to [Na/Fe] = —0.5 between [Fe/H] = —1.5 to —2.5. Indeed,
the stars in his “high-velocity” bin have [Na/Fe| very similar
to our sample. Even if a correction of +0.2 is added to our
[Na/Fel-values to compensate for potential non-LTE effects

(e.g., Tautvaisiene et al. 2004), our Na abundances are still
~0.3 dex lower than typical Galactic stars of similar metallicity.

Our oxygen abundances were derived from the single 6300 A
line of [O 1], while SO3 used this line (mainly), as well as the
6363 A line when available (two stars). Although generally
weak and only a single line, we feel that our O abundances are
well determined via the spectrum synthesis technique. A com-
parison of observed and synthetic spectra covering the [O 1] line
in star 1446 is shown in Figure 2 to illustrate the quality of the
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TABLE 5
ABUNDANCES IN SCULPTOR RED GIANTS

Element Solar A(x) Star 195 Star 770 Star 1446 Star 982
8.77 —1.67 £ 0.18 —1.51 £ 0.18 —1.25 £ 0.18 —1.27 £0.18
6.33 —2.62 £ 0.17 —2.33 £ 0.18 —1.75 £ 0.05 —1.21 £0.10
7.58 —1.41 £ 0.15 —1.56 £ 0.15 —1.39 £ 0.15 —1.19 £ 0.11
6.47 —1.64 + 0.14 —1.35 £ 0.05
7.55 —2.09 £ 0.18 —2.05 £ 0.18 —1.55 £ 0.18
6.36 —1.98 £0.13 —1.55 + 0.09 —1.34 £ 0.17 —1.13 £ 0.17
3.17 —2.18 + 0.06 —1.82 £ 0.09 —1.65 £+ 0.08 —1.39 £ 0.10
5.02 —2.03 £0.15 —1.58 £ 0.15 —1.39 £ 0.12 —1.14 £ 0.19
5.39 —2.14 £ 0.18 —2.11 £ 0.18 —1.51 £ 0.18 —1.57 £ 0.08
7.50 —2.10 £ 0.15 —1.72 £ 0.13 —1.20 £ 0.13 —-0.97 £ 0.16
6.25 —2.13 £ 0.12 —1.68 £ 0.15 —1.40 £ 0.14 —1.10 £ 0.20
4.60 —1.83 £0.16 —1.53 £0.13 —1.58 £ 0.10 —0.90 £ 0.15
2.24 —1.39 £ 0.18 +0.14 £ 0.10
2.60 —1.52 £ 0.18 —1.55 £ 0.09 +0.28 £+ 0.14
2.13 —2.04 £+ 0.06 —1.57 £ 0.10 —1.34 £ 0.08 +0.92 £ 0.08
1.22 —1.39 £ 0.18 —1.07 £ 0.12 +1.08 £ 0.20
0.51 —1.65 £ 0.18 —1.46 £+ 0.18 —1.50 £ 0.18 +0.44 £ 0.18

Note.—Adopted solar abundances are defined as 4(x) = log [n(x)/n(H)] + 12.0. Stellar abundances are defined as [x/H] =

A(X)Star - A(x)\f‘:'

spectra and corresponding synthetic matches. In Figure 3 we
show the correlation of [O/Fe] with [Fe/H] for both the Scl
giants (eight stars sampled, with four from this study and four
from S03) and a sample of Galactic field stars from a number of
studies (noted in the figure caption). The Galactic studies shown
in Figure 3 include those that rely either on the [O 1] 6300 A line
or the infrared vibration-rotation lines from OH. At the metal-
poor end, the [O/Fe|-value is similar to, albeit a bit lower in the
mean than, that seen in metal-poor globular clusters and the
halo field (McWilliam 1997). However, the ratio of O/Fe de-
creases steadily and rapidly as [Fe/H] increases above —1.5,
reaching [O/Fe] ~ 0.0 at [Fe/H] = —1.2, and the most metal-
rich star at [Fe/H] = —1 has a very low [O/Fe| abundance of

1435

—0.3. This is distinctly different from the globulars and the halo
and disk field, where [O/Fe] only begins to fall dramatically at
[Fe/H] = —1 and does not reach zero until [Fe/H] is near zero.
The O abundance of star 982 is some 0.6 dex lower than the
mean for the Galaxy at this metallicity. Note that this trend is
seen much more clearly here than in S03, because of the ex-
tended metallicity range, or for that matter from our data alone,
which suggest a strong monotonic decline.

Asnoted in § 1, it is very important to check for the existence
of any Na-O (anti)correlation in order to probe the connection
between dSph’s, the Galactic halo, and globular clusters. In
Figure 4 we present [Na/Fe] versus [O/Fe] for the Scl red giants
along with the data for Galactic field stars. There is no trend in

TABLE 6
ABUNDANCE UNCERTAINTIES DUE TO STELLAR PARAMETERS

Species AT =+100 K A(log g) = +0.3 dex AE=+0.3 km s~ A
AA[O 1]) e +0.06 +0.14 +0.00 0.15
AANAT) oo, +0.09 —0.06 —0.01 0.11
AAME 1) oo +0.05 +0.04 ~0.02 0.07
AAALT) o, +0.09 —0.03 +0.00 0.09
AASID e —0.01 +0.10 —0.02 0.10
AA(Ca). +0.13 —0.06 —0.09 0.17
A A(Sc ). —0.02 +0.16 —0.04 0.17
AA(Ti).. . +0.20 —0.07 —0.06 0.22
AA(TI M) —0.03 +0.17 —0.01 0.17
AAMN D) oo, +0.14 —0.02 —0.05 0.15
AAFE ) e +0.12 +0.02 ~0.09 0.15
A A(Fe ) —0.10 +0.21 —0.03 0.23
AA(Ni1). +0.12 +0.05 —0.09 0.16
AA(Zn ). —0.08 +0.07 —0.05 0.12
AACY 1).. +0.24 —0.07 +0.00 0.25

—0.02 +0.16 +0.00 0.16
+0.24 —0.08 —0.02 0.25
—0.01 +0.16 +0.00 0.16
+0.02 +0.13 —0.28 0.31
+0.03 +0.13 —0.02 0.13
—0.01 +0.16 —0.03 0.16

Note.—Final A is the quadratic sum of AT, A(log g), and A&.
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Fic. 2.—Comparison of the observed spectrum for star 1446 and three
synthetic spectra computed with different oxygen abundances, spanning a factor
of 2 (0.3 dex), with the fit being done to the [O 1] 6300 A line. These spectra
illustrate both the quality of the observed spectrum and how well the synthetic
spectra compare to the real one.

Scl, although note that even the low-O star 982, the heavy-
element star (see § 5), shows [Na/Fe] = —0.2. Where the
anticorrelation is seen, it has often been ascribed to deep mixing
within the star, which has carried material to the stellar surface
that had been processed by the ON, NeNa, and MgAl cycles

0.5

[0/Fe]

-0.5 -

(Fe/H]

Fic. 3.—Plot of [O/Fe]| vs. [Fe/H] for the Scl red giants (large gray circles:
this paper; large gray squares: S03), along with samples of Galactic field stars
(small dark symbols). The Galactic samples include only studies that use either
directly the [O 1] 46300 line (and in some cases the 16363 line as well) or the IR
OH lines, or tie their results to the [O 1] line. Because of the large numbers of
Galactic stars, their symbols must be kept small, so the different symbols are
not apparent, but these studies include Edvardsson et al. (1993: squares), Cunha
et al. (1998: pentagons), Melendez et al. (2001: hexagons), Smith et al. (2001:
triangles), Nissen et al. (2002: circles), or Reddy et al. (2003: six-pointed stars).

(0/Fe]

Fic. 4.—Values of [Na/Fe] vs. [O/Fe] for the Scl red giants (large gray circles:
this paper; large gray squares: S03), along with results from Galactic field stars
(small symbols). Because of the large numbers of Galactic stars, their symbols
must be kept small, so the different symbols are not apparent, but these studies
include Edvardsson et al. (1993: squares), Nissen & Schuster (1997: triangles),
Prochaska et al. (2000: six-pointed stars), or Reddy et al. (2003: circles).

(see Denisenkov & Weiss 2001 and references therein). How-
ever, recent observational evidence and theoretical develop-
ments (see Charbonnel & Palacios 2003 and references therein)
now point toward an alternative explanation, namely, that these
anomalies may be due to stochastic enrichment by an earlier
generation of stars followed by scattered incorporation into
some, but not all, of the stars now seen in globular clusters
(Cottrell & Da Costa 1981; D’Antona et al. 1983; Jehin et al.
1998; Parmentier et al. 1999). However, the major source of
pollution for GCs still remains to be determined. Indeed, on the
basis of current theories of intermediate-mass stellar evolution
and nucleosynthesis, it now appears that massive AGB stars,
which seemed to be the most plausible candidates for this pol-
lution, are not responsible for the observed globular cluster
abundance anomalies (Denisenkov & Herwig 2003; Herwig
2004; Fenner etal. 2004). Since we see neither the O /Na nor the
O/ Al anticorrelation in the Scl stars, it appears that neither of
the above scenarios (in situ extra mixing of NeNa and MgAl
cycle material or pollution) that induced the anomalous chem-
ical patterns in globular clusters has occurred in this dwarf
galaxy. The anticorrelation is never seen in field stars of the
Galactic halo. These facts tend to associate Scl with field stars
rather than with globular cluster stars. We note, however, that
McWilliam et al. (2003) found one star in Sgr with a mild excess
of [Na/O].

The other light odd element is Al for which our fragmentary
data (we only derive Al abundances for the two most metal-rich
stars) shows a deficiency similar to that of Na, while in glob-
ulars the [Al/Fe]-value varies, reaching as much as +0.6 in
M4 in stars that show no evidence for the depletion of oxygen
(Ivans et al. 1999).

4.3. The 12C/13C Ratio

While the Na/O ratios in Scl do not provide evidence for
deep mixing, the ratio of '2C/'3C in two stars shows that
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FiG. 5—CN lines near 8000 A in star 982, as well as synthetic spectra
computed with three different '>C/'3C ratios. Note that the carbon isotope ra-
tio in this red giant is about '2C/'*C = 3.5, close to the equilibrium ratio for the
CN cycle.

moderately deep mixing has indeed occurred. For our two most
metal-rich stars it was possible to derive the carbon isotope
ratios from the 8005 A 13CN feature. For star 1446 the derived
ratio is 3, with a substantial uncertainty. For the heavy-element
star 982, the 3CN feature is strong enough for an estimate of
the uncertainty, and we find a ratio of 3.5 + 1. We show the fit
for star 982 in Figure 5. These low ratios of '2C/!3C are almost
exactly the CNO equilibrium ratio and show that the vast ma-
jority of the material presently in the stellar atmosphere has
been subject to proton capture at temperatures of at least 107K.
Low '2C/!3C ratios are the general rule for stars near the red
giant tip in the field (Charbonnel et al. 1998; Gratton et al.
2000), and in Galactic open (Gilroy 1989; Gilroy & Brown
1991) and globular clusters (see Charbonnel & do Nascimento
1998 for early references; Smith et al. 2000; Shetrone 2003).
The same is true for RGB stars in the LMC (Smith et al. 2002)
and in the SMC (Hill et al. 1997). Our results thus confirm
the universality of an extra-mixing mechanism that transports
matter between the outer layers of the hydrogen-burning shell
and the convective envelope in all low-mass red giants and that
is still not part of the standard evolution theory. This extra mix-
ing is independent of the stellar environment and metallicity,
although it has been shown to depend on the initial stellar mass.

4.4, o-Elements

For the purposes of this section, we include here as a.-elements
Mg, Si, Ca, and Ti. See S03 for a more thorough discussion of
the various nucleosynthetic origins for the «:-elements. Silicon
scatters about a mean near solar, while magnesium, calcium, and
titanium show interesting and similar trends, albeit at differ-
ent significance levels, as shown in Figure 6. All three elements
show trends generally similar to that of O, with solar or enhanced
and relatively constant values for the stars with metallicity less
than —1.5. These values are generally less than those of normal
Galactic field stars at similar metallicities, but the more metal-
rich stars have significantly lower abundances that are generally
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much lower than those of Galactic stars of the same metallicity.
The abundance deficit with respect to Galactic field stars is in
fact true for Si at all metallicities as well. In the case of Mg, the
lowest-metallicity star has the most enhanced abundance, and
the trend of decreasing abundance over the full metallicity range
is the most pronounced. The decrease in abundance for the most
metal-rich stars is smallest for Ti, and indeed the difference be-
tween these and the more metal-poor stars is not very significant.
[Ti/Fe] is nearly constant at about solar, with only a small de-
crease to —0.2 for the three stars near —1.

This observed behavior in the Scl stars is different from
the trends in the globular clusters and the halo, where [Ti/Fe]
is usually near +0.3 over the range of [Fe/H] from —2 to —1;
though some metal-poor globulars show nearly the solar ratios
(Lee & Carney 2002). In fact, models of Type II supernovae
(SNII) usually place Ti as an iron-peak element rather than
associate it with the o -elements (Arnett 1996). It appears that in
Scl Ti follows SNII models better than do most of the globular
clusters and field stars of low metallicity. But models compar-
ing the relative yields of SNII and SNIa (e.g., Lee & Carney
2002, Fig. 9, based on Woosley & Weaver 1995 models) show
that Ti is the element most produced in SNII’s compared with
SNIa’s. Shetrone (2004) suggested that the “light”” (O and Mg)
and “heavy” (Ca and Ti) a-elements may show differences in
their behavior due to potential differences in their nucleosyn-
thetic origins. We find that the mean enhancements of Mg and
Cain Scl (0.08 and 0.11 dex) are very similar but O (0.22 dex) is
significantly enhanced with respect to Ti (—0.08 dex), and thus
there is no clear trend.

4.5. The Iron Peak

All of the elements from Sc to Zn are usually ascribed to the
Fe-peak, although a few of the odd elements may be enhanced
by small neutron-capture processes. The relative abundances of
Sc, Mn, Cu, and Zn are shown in Figure 7. In Galactic metal-
poor stars Sc follows Fe very uniformly (McWilliam 1997). In
Scl, between [Fe/H] = —2.1 and —1.5, Sc follows Fe just as
in the Galaxy, although the mean [Sc/Fe] is slightly less than in
the Galaxy. But the higher metallicity Scl stars deviate signif-
icantly from their Galactic counterparts: [Sc/Fe] begins to de-
crease at a metallicity of —1.5 and drops rapidly to about —0.5
by [Fe/H] = —1.0, very reminiscent of the general « behavior.
We know of no other object in which this phenomenon oc-
curs. For Cr we must rely on the data of SO3 whose Cr/Fe ratios
for five stars lie close to —0.15 dex, which are very similar to
field stars in the halo (McWilliam 1997, Fig. 12a). The mean
[Mn/Fe] ratio is near —0.4, which is similar to that in halo field
stars of the same metallicity interval. However, the [Mn/Fe]-
values for the largest and smallest deficiencies of Fe suggest a
small downward trend in [Mn/Fe] with [Fe/H]. While the re-
ality of this trend, which only depends on the two end points, is
uncertain, especially when the error bars are taken seriously, the
trend appears to be real. If so, this trend is contrary to the rise of
Mn with Fe seen in the Galactic halo, thick disk, and bulge (e.g.,
McWilliam et al. 2003). For Co/Fe the four stars analyzed by
S03 also track iron, as do the halo field stars with [Fe/H] >
—2.0. The same holds for the Ni/Fe ratio. For Cu the story
is very different. In the five stars for which we have derived
copper abundances, with [Fe/H] between —1.2 and —1.8, the
values of [Cu/Fe] are very near — 1.0, with a hint of a downward
trend with [Fe/H], significantly different from the field halo
stars and stars in w Cen, where it is close to —0.5 in the same
interval of [Fe/H] (McWilliam 1997; Cunha et al. 2002). The
field stars show a significant slope, reaching —0.8 dex in [Cu/Fe]
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but these studies include Gratton & Sneden (1988), Edvardsson et al. (1993), McWilliam et al. (1995), Nissen & Schuster (1997), Prochaska et al. (2000), Carretta

et al. (2002), Fulbright (2002), Johnson (2002), and Reddy et al. (2003).

versus [Fe/H] at [Fe/H] = —2.5. Mishenina et al. (2002) find a
steady decrease in [Cu/Fe| with decreasing [Fe/H]. However,
over the interval of [Fe/H] = —1.2 to —1.8, their data are con-
sistent with [Cu/Fe] = —0.5. Finally, for Zn there appears to be
no mean trend away from [Zn/Fe] ~ 0.0, as seen in the halo
field stars, but it appears that there may be a bifurcation, with
one group of Scl stars with [Zn/Fe] ~ +0.15 and another with
[Zn/Fe] ~ —0.35.

4.6. Heavy Elements

Elements heavier than Zn are known to be produced by
neutron capture. The two neutron capture phenomena are the
slow (s-process) capture sequence, in which the timescale for
[-decay is shorter than the timescale between neutron captures,
and the rapid (r-process) capture sequence, in which a flood of
neutrons (or a burst of nuclear reactions whose results mimic
neutron captures) drives the nuclei to extremely neutron-heavy
isotopes that finally decay to the valley of stability. The readily
observable s-process species may be divided into the light (Is)
group, which consists of Rb, Sr, Y, and Zr; and the heavy (hs)
group which consists of Ba, La, and the light rare earths. The
only observable r-process element in our stars is Eu. The heavier
r-process species have lines that are too weak to be measurable
on our spectra. Starting with the s elements, either Y, Zr, or both
are available in eight stars of the combined data. Ignoring for the
moment the most metal-rich star (982), the mean s abundance
(using the average of Y and Zr when available) is —0.26, with a

large 1 o scatter of 0.4 dex and no metallicity trend. This value
is very low compared with Galactic field stars (e.g., Fulbright
2002). As shown in Figure 8, star 982 is unique, standing far
above all the other stars with [Y/Fe] = 1.1. This is a heavy-
element star! We discuss this star in detail in § 5. The [hs/Fe] data
(taking the mean of Ba and La) scatter around a value of 0.1 with
no trend, as shown in Figure 9 (omitting the heavy-element star
982, which again is remarkable, as seen from this figure). With
two exceptions, the Scl stars mimic their Galactic counterparts
in [hs/Fe]. [Eu/Fe] (Fig. 10) appears to decrease from near +0.7
at [Fe/H] ~ —2 to approximately solar at [Fe/H] = —1.2, al-
though the trend again is mainly determined by only two stars.
Once again we omit the heavy-element star 982 in which there
is a huge excess of Eu. With the exception of these three stars,
the remainder are in good agreement with the mean for similar
metallicity Galactic stars.

Perhaps the best discriminator of the relative importance of
s-process to r-process enhancement is the behavior of [Ba/Eu]
as a function of [Fe/H]. In Figure 11 we present our Scl results.
The long-dashed line at the bottom represents the pure r-process
abundance ratio from Arlandini et al. (1999), while the long
dashed line at the top represents the pure s-process abundance
ratio. In the Galaxy, this ratio is approximately constant at about
—0.4 throughout the halo metallicity regime but begins to rise at
[Fe/H] ~ —1 and reaches a solar value near [Fe/H| = —0.4, sig-
nificantly above the r-process line but well below the s-process
value. Scl has a unique behavior in this diagram. The most
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metal-poor stars follow the Galaxy. However, the stars more
metal-rich than [Fe/H] = —1.5 follow an upward trend reach-
ing to [Ba/Eu] = 40.5 at [Fe/H] = —1, some 0.8 dex above
the Galactic value. Note that the heavy-element star 982 does
not stand out in this diagram as being unusual but only ex-
tends the trend begun by its nearest companions in metallicity.

The rise in [Ba/Eu] for Scl from Figure 11 occurs near

[Fe/H] = —1.5, while in field stars no such rise is seen until
[Fe/H] > —1. In w Cen, however, there is a much steeper in-
crease between [Fe/H] = —2.0 and —1.4, as shown in Figure 11

(squares). Other s-process species show a similar rise in w Cen
(e.g., Vanture et al. 1994; Norris & Da Costa 1995; Smith et al.
2000). In the Galaxy, note that the metal-poor stars have a
roughly equal r-process ratio, which gradually increases toward
the s-process value as [Fe/H] increases; this reflects the in-
creasingly important contribution to the heavy elements from
AGB stars as the Galaxy evolves chemically. w Cen is known to
be heavily influenced in its chemical evolution by AGB stars,
and this is shown by the rapid increase (in terms of an increase
in [Fe/H]) to a pure s-process ratio in Ba/Eu as Fe increases.
The s-process/r-process chemical evolution in Scl appears to
have been intermediate to that experienced by the Milky Way
and w Cen. However, note that Johnson & Bolte (2001) found
that the interpretation of Ba in this metallicity range is compli-
cated. Galactic Ba abundances from the 4554 A line can show a
rise in Ba/Eu occurring at very low metallicities (around —2.0),

which is very unlikely to be due to s-process enrichments, since
they are not matched by La/Eu enhancement. This line is not
used in our analysis, nor in that of S03. Venn et al. (2004)
showed that this Ba/Eu early rise is also seen in other dSph
stars.

5. THE HEAVY-ELEMENT STAR 982

Figure 12 compares a small portion of one of the orders from
the spectrum of star 1446 (top) and star 982 (bottom). Note that
these stars have similar effective temperatures and Fe abun-
dances, as evidenced by the similarity in the strengths of the
Fe 1 lines. However, note the immense strength of lines due to
the s-process elements zirconium and barium, as represented by
Zr 1 and Ba 1, in the spectrum of star 982. The unusually large
ratio of all species from Y to Eu relative to Fe mark Scl 982 as a
heavy-element star. Such stars are extremely rare in our halo,
but several have been found now in dSph’s (S01, S03). There
are three types of heavy-element stars. Evans (1983) suggested
that the heavy-element stars in w Cen were formed with their
observed heavy-element excess. Many Galactic heavy-element
stars, referred to as “intrinsic,”” have generated their own excess
heavy elements. The best example of such objects are the S stars
that contain technetium. A third type of heavy-element star has
received a dose of heavy elements from a now defunct com-
panion. They are referred to as “extrinsic,” and are identified
by the fact that they are spectroscopic binaries with periods
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“SCULPTOR-ING” THE GALAXY? 1441

BT

Zrl

Relative Flux

Fel

IR N TR,

n
LI B B B

Ball

D\\\\\\l\\\\\\\\\\\\\\l\\\\\
6136 6138 6140 6142 6144 6146 6148 6150

Wavelength (A)

FiG. 12.—Spectra of two Scl stars (982 and 1446), with similar metallicities
and temperatures, as shown by the similar Fe 1 lines. However, note the very
strong Ba 11 and Zr 1 lines in star 982, relative to star 1446, indicating it is a
heavy-element star.

near a year or somewhat greater. We have searched for the Tc 1
lines in the 4238—4297 A region in Scl 982 and have not found
them. Because of the heavy blending and modest S/N of the
spectrum, this test is not definitive, but it does indicate that
we are not dealing with a recently self-polluted S or SC star.
We have no information on a possible variable radial velocity
of 982, but its observed velocity falls within the spread of the
other stars.

Nevertheless, we can derive some useful information about
the star or stars that produced the heavy elements seen in Scl
982. A useful spectroscopic criterion is the hs/Is ratio with the Is
species represented by Y and Zr and the hs represented by Ba
and La. In addition, we measured the Rb abundance, which is
sensitive to neutron density during the neutron capture events
that added to the heavy elements. Using our observed value
of 0.6 for [hs/ls] and Figures 17 and 18 of Smith (1997), we
find a neutron exposure of 7 = 1.1 (mbarn~") and a log N(n) =
8.6 (cm™3). In addition, the ratio of 0.6 for [hs/lIs] combined
with the metallicity of [Fe/H] = —1 places Scl 982 among the
CH stars (Vanture 1992), although it does not appear to have
the enhanced CH and C, shown by CH stars. Hence, it is pos-
sible that the star that produced the heavy elements was a CH
star.

One phenomenon seen in many red giants in globular clusters
(but not in field stars) is a deficiency of oxygen combined with
an excess of Na, as discussed above. The enhanced Na/O ratio
has been explained by proton captures by both '°0 and the
NeNa cycle, either within the observed red giant or by AGB
stars that enriched the presently observed star. A significant
enhancement of the Na/O ratio requires a temperature near
30 x 10° K for the required proton captures to be effective on a
reasonable timescale. The abundances of star 982 as shown in
Table 5 indicate a low O/Fe when compared with other Scl red
giants: [O/Fe] = —0.30, while the mean for the other stars is
+0.30 + 0.20. The plot of [Na/Fe] versus [O/Fe] shown in
Figure 4 shows no strong trend, although star 982 has the lowest
[O/Fe]- and largest [Na/Fel-values.

6. SUMMARY

In this paper we combined our new VLT plus UVES high-
resolution abundance data for four stars in the Scl dwarf spheroi-
dal galaxy with similar data obtained with the same instrument
for five stars by Shetrone et al. (2003). This extends the range of
[Fe/H] covered from —2.1 to —0.97 and allows us to distinguish
a number of interesting trends of various elemental abundances
with Fe that were either not visible or only hinted at in the more
limited data set of S03. The most important single fact that
emerges is that from oxygen to manganese many elements
show a relatively constant elemental ratio [X/Fe] at the metal-
poor end, which then declines rapidly for [Fe/H] > —1.5, or a
steadily decreasing value of [X/Fe] as [Fe/H] rises from —2 to
—1. The elements showing this behavior include O, Mg, Ca, Ti,
Sc, and Mn (while the Ba/Eu ratio increases with metallicity
above [Fe/H] = —1.5). It is unique to see the same pattern for
all of these elements. In particular, the ratios of [O, Mg, Ca/Fe]
near [Fe/H] = —2 are similar to but slightly less than their
values in the Galactic halo at similar metallicity, but their de-
cline to approximately solar or less near [Fe/H] = —1.0 rather
than at [Fe/H| = 0.0 is unique. [Sc/Fe| and [Ti/Fe] are near
solar at [Fe/H]= —2 and become substantially negative at
[Fe/H] = —1.

One of our prime motivations for undertaking this study was
to further test the hypothesis that the halo of our Galaxy may
have been accreted from dSph—like objects such as Scl, as first
proposed by Searle & Zinn (1978). Our derived composition of
the Scl stars does not support the suggestion that the halo of our
Galaxy was formed from stars such as those now seen in Scl.
This point has already been made by S01, F02, S03, and Tolstoy
et al. (2003). We find that Scl stars are significantly under-
abundant in [« /Fe] at all metallicities with respect to typical
Galactic field stars.

AGB stars in Scl were more important in the chemical evo-
lution of Scl than in the Galaxy in causing the high s-process/
r-process ratios occurring in the most metal-rich stars.

Finally, we find a heavy-element star, with very strong en-
hancement of s-process elements.
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