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ABSTRACT

In Galactic halo stars, sulphur has been shown to behave like other a-elements, but until now, no comprehensive studies have been done
on this element in stars of other galaxies. Here, we use high-resolution ESO VLT/FLAMES/GIRAFFE spectra to determine sulphur
abundances for 85 stars in the Sculptor dwarf spheroidal galaxy, covering the metallicity range —2.5 < [Fe/H] < —0.8. The abundances
are derived from the S I triplet at 9213, 9228, and 9238 A. These lines have been shown to be sensitive to departure from local
thermodynamic equilibrium, i.e. NLTE effects. Therefore, we present new NLTE corrections for a grid of stellar parameters covering
those of the target stars. The NLTE-corrected sulphur abundances in Sculptor show the same behaviour as other a-elements in that
galaxy (such as Mg, Si, and Ca). At lower metallicities ([Fe/H] < —2) the abundances are consistent with a plateau at [S/Fe] ~ +0.16,
similar to what is observed in the Galactic halo, [S/Fe] ~ +0.2. With increasing [Fe/H], the [S/Fe] ratio declines, reaching negative
values at [Fe/H] > —1.5. The sample also shows an increase in [S/Mg] with [Fe/H], most probably because of enrichment from Type Ia
supernovae.

Key words. stars: abundances — galaxies: abundances — galaxies: evolution — galaxies: individual: Sculptor dwarf spheroidal —

galaxies: dwarf

1. Introduction

The chemical abundances of the photospheres of stars reveal the
composition of their birth environment; studying stars of differ-
ent ages, therefore, gives information about the chemical enrich-
ment history of the galaxy in which they dwell. The element
sulphur is one of the least studied a-elements in stars of the
Galactic halo and the dwarf galaxies surrounding the Milky Way.
This is unfortunate, since sulphur is not believed to be heavily
bound onto interstellar dust (Jenkins 2009), and the abundances
of sulphur in stars can therefore be directly compared to mea-
surements in interstellar medium, such as damped Lyman-« ab-
sorption (DLA) systems (Nissen et al. 2007).

In general, most stellar abundance analysis is done by assum-
ing local thermodynamic equilibrium (LTE). Depending on the
lines in question, this can be a reasonable assumption, but sul-
phur lines have been shown to be sensitive to effects caused by
deviation from LTE, i.e. NLTE corrections are needed (Takeda
et al. 2005; Korotin 2008). Furthermore, the S I lines of mul-
tiplet 1, which is most commonly used to measure sulphur in
metal-poor stars, sit in a rather challenging wavelength region,
9210-9240 A, which is covered with telluric absorption lines.

* Based on observations made with ESO/VLT/FLAMES at the
La Silla Paranal observatory under program ID 089.B-0304(B).
** Appendix is available in electronic form at
http://www.aanda.org

Article published by EDP Sciences

Two recent surveys of sulphur in the Galactic halo, by Nissen
et al. (2007) and Spite et al. (2011), measure sulphur abundances
from multiplet 1, properly treating the NLTE effects on the mea-
sured lines. The observed trend of [S/Fe] with [Fe/H] in these
studies' is very similar to other a-elements (such as Mg, Si,
and Ca). The main production sites of the a-elements are core-
collapse Type II Supernovae (SNe). Early in the star formation
history of any galaxy, Type II SNe are believed to be the main
contributors of metals, so the early interstellar medium (ISM)
holds the imprint of their yields, and ancient stars typically show
an enhancement in [@/Fe]. This is consistent with the sulphur re-
sults from Nissen et al. (2007) and Spite et al. (2011), which
show an approximately constant value of [S/Fe] ~ +0.2 at low
metallicities.

Other studies of sulphur have been done for metal-poor stars,
using multiplet 3 at 10455-10459 A, which is relatively free
from telluric contamination. These studies are also consistent
with a plateu of enhanced [S/Fe] values at low metallicities,
both in the Galactic halo (Caffau et al. 2010; Jonsson et al.
2011; Takeda & Takada-Hidai 2012) and also in globular clus-
ters (Kacharov et al. 2015).

At higher metallicities, [Fe/H] > —1, there is a decline in
[S/Fe] with [Fe/H] in Galactic disc stars (Clegg et al. 1981;
Francois 1987, 1988; Chen et al. 2002). This mirrors the trends

' [S/Fe] = log,o(Ns/Nre)x —10g,4(Ns/Nee)o-
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of other a-elements, and is believed to be caused by the yields
from Type Ia SNe, which start to explode about 1-2 Gyr after
the first Type II SNe (e.g. Matteucci & Greggio 1986; Wyse &
Gilmore 1988; de Boer et al. 2012) and produce large amounts
of the iron-peak elements compared to the a-elements (Iwamoto
et al. 1999), leading to a decrease in the [@/Fe] ratio.

Until now, no surveys of sulphur have been made of in-
dividual stars in galaxies other than the Milky Way. Various
a-elements in stars in dwarf spheroidal (dSph) galaxies have
been shown to have a different behaviour from the Milky Way
(e.g. Shetrone et al. 2001, 2003; Tolstoy et al. 2003, 2009; Kirby
et al. 2011). At the lowest metallicities they show a high abun-
dance in [a@/Fe] similar to the Galactic halo, but the decline
due to Type Ia SNe starts at a lower [Fe/H] than in the Milky
Way, the exact value depending on the galaxy. At the highest
metallicities in these galaxies, these ratios reach negative val-
ues, [a/Fe] < 0, while in the Galactic disc, these elements settle
around [a/Fe] ~ 0, at [Fe/H] = 0.

Sculptor is a well-studied system, with an absolute magni-
tude of My =~ —11.2 and a distance of 86 = 5 kpc (Pietrzynski
et al. 2008). It is at high Galactic latitude (b = —83°) with a
systemic velocity of v,y = + 110.6 = 0.5 km s~!. The con-
tamination by foreground Galactic stars is not significant, and
most of it can easily be distinguished by velocity (e.g. Battaglia
et al. 2008). The galaxy is dominated by an old stellar popu-
lation (>10 Gyr), and does not appear to have experienced any
episodes of star formation over the last ~6 Gyr (de Boer et al.
2012).

Large spectroscopic surveys of individual stars have been
carried out in the central field of Sculptor. Abundances have
been measured for Fe, Mg, Si, Ca, and Ti with intermediate-
resolution (IMR) spectroscopy (Kirby et al. 2009) and high-
resolution (HR) spectroscopy for ~100 stars by the DART sur-
vey (Tolstoy et al. 2009; Hill et al., in prep.). These works
have shown that the “knee” in Sculptor, where the contribution
from Type Ia SN leads to a decline in [@/Fe], happens around
[Fe/H] ~ —1.8.

Similar to S, the iron-peak element Zn is volatile and not
heavily depleted onto dust in interstellar gas (Jenkins 2009). The
[S/Zn] ratios in stars can therefore be directly compared to these
ratios measured in DLA systems (Nissen et al. 2007). In this
paper we present the results for sulphur in 85 stars in Sculptor,
and in an upcoming paper (Skuladoéttir et al., in prep.) we will
present Zn abundances for the same target stars and use these
results to make a detailed comparison with DLA systems and
the Galactic halo.

2. Observations and data reduction
2.1. Observations

From the DART survey (Tolstoy et al. 2006), detailed abundance
measurements are known for ~100 stars spread over a 25" di-
ameter field of view in the Sculptor dSph (Tolstoy et al. 2009;
Hill et al., in prep.). Because of the distance to Sculptor, only
the brightest stars are available for HR spectroscopy. This sam-
ple, therefore, consists of relatively cool red giant branch (RGB)
stars, with Ty < 4700 K. For an overlapping sample of 86 stars
in Sculptor, ESO VLT/GIRAFFE spectroscopy was carried out
to measure sulphur.

GIRAFFE (Pasquini et al. 2002) is a medium- to high-
resolution spectrograph, with settings covering the entire vis-
ible range and near-infrared (IR) range, 3700-9500 A. The
GIRAFFE/MEDUSA fibres allow up to ~130 separate objects

A129, page 2 of 17

Table 1. Log of the VLT/GIRAFFE service mode observations.

Date Plate  Exp.time  Airmass Seeing

(min) (average) (arcsec)
2012-Jul.-15  MEDI 51.25 1.078 1.46
2012-Jul.-15  MEDI 51.25 1.026 1.43
2012-Jul.-27  MED2 51.25 1.028 1.53
2012-Jul.-27  MED2 51.25 1.020 1.59
2012-Jul.-27  MED2 51.25 1.100 1.48
2012-Aug.-21  MED2 51.25 1.025 1.58
2012-Aug.-21  MEDI 51.25 1.027 1.41
2012-Aug.-21  MED2 51.25 1.104 1.44
2012-Aug.-21  MED2 51.25 1.211 1.43
2012-Aug.-21  MED2 51.25 1.082 1.47
2012-Aug.-23 MED2 51.25 1.242 1.56
2012-Aug.-23 MED2 51.25 1.107 1.62

(including sky fibres) to be observed in one go. Two separate
sets of MEDUSA fibres exists, one per positioner plate, and each
fibre has an aperture of 1.2 arcsec on the sky.

The observations presented here were taken in service mode
in July and August of 2012, all using the HR22B grating, which
covers the wavelength range 8960—9420 A, with resolution R ~
19 000. The observational details are listed in Table 1.

One of the target stars, ET0097, showed very strong CN
molecular lines. A higher resolution, follow-up spectrum for that
star was taken with ESO VLT/UVES, covering a longer wave-
length range. The stellar parameters and LTE abundances for sul-
phur presented here for this star are taken from these extended
data (Skuladéttir et al. 2015).

2.2. Data reduction

The GIRAFFE spectra were reduced, extracted, and wavelength
calibrated using the ESO pipeline®. Observations taken on the
same date with the same MEDUSA plate were co-added before
extraction with the OPTIMAL method provided by the pipeline.
Only one set of spectra was taken on 2012-Aug.-21, with the
MEDI plate. This was reduced separately via the SUM method,
also provided by the pipeline, since the signal was too weak for
the optimal extraction to work adequately.

The final reduced sets of spectra were sky-subtracted using a
routine written by M. Irwin (also used by Battaglia et al. 2008;
Hill et al., in prep.), which scales the sky background to be sub-
tracted from each object spectrum to match the observed sky
emission lines. Correction for telluric absorption was done us-
ing synthetic telluric spectra from TAPAS? (Bertaux et al. 2014),
scaled to match the observed telluric lines in each set of stellar
spectra. An example of the spectra, before and after telluric cor-
rection, is shown in Fig. 1.

Since the sets of spectra were combined from different num-
bers of observations, for each star they were co-added using
the weighted median of the counts going into the spectra. The
signal-to-noise ratios (S/N) of the final co-added spectra were
evaluated as the mean value over the standard deviation of the
continuum in line-free regions. The average ratio of the sample
is (§/N) = 62 with a dispersion of o = 12. Table A.1 lists the
targets with positions, their velocity measurements and S/N.

2 ftp://ftp.eso.org/pub/dfs/pipelines/giraffe/
giraf-pipeline-manual-2.14.pdf
3 http://ether.ipsl.jussieu.fr/tapas/


ftp://ftp.eso.org/pub/dfs/pipelines/giraffe/giraf-pipeline-manual-2.14.pdf
ftp://ftp.eso.org/pub/dfs/pipelines/giraffe/giraf-pipeline-manual-2.14.pdf
http://ether.ipsl.jussieu.fr/tapas/

A. Skiiladéttir et al.: Sulphur in the Sculptor dwarf spheroidal galaxy

Flux

2012—Auﬁ—2§
| — |
T ‘ T

57

9210 9215 9220 9225 9230 9235 9240
Wavelength (&)

Fig. 1. Top four panels: spectra of the star ET0048, for the dates of ob-
servation, in the rest frame of the Earth, before (red) and after (black)
telluric correction. Bottom panel: the final telluric-corrected, co-added
spectrum, in the rest frame of the Sun. Blue dotted lines show the syn-
thetic telluric spectra.

3. Stellar parameters and model atmospheres

The stellar parameters (T.g, logg, and vy), [Fe/H], and [Mg/H]
of the target stars were determined by Hill et al. (in prep.) and
Skuladoéttir et al. (2015), and are listed in Table A.1.

The analysis was carried out using the spectral synthe-
sis code TURBOSPEC* developed by Bernand Plez (Alvarez
& Plez 1998; Plez 2012). The stellar atmosphere models are
adopted from MARCS? (Gustafsson et al. 2008) for stars with
standard composition, 1D and assuming LTE, interpolated to
match the exact stellar parameters for the target stars. Atomic pa-
rameters are adopted from the DREAM data base (Biémont et al.
1999), extracted via VALD® (Kupka et al. 1999, and references
therein). The CN molecular parameters are from T. Masseron
(priv. comm.), derived with similar methods and laboratory data
to those in Brooke et al. (2014) and Sneden et al. (2014).

Following Spite et al. (2011), the adopted solar abundance is
log €(S)e = 7.16 (Caffau et al. 2011), where we use the standard
notation log e(X) = log(Nx/Ng) + 12. Other solar abundances
used here are log e(Fe)o = 7.50 and log e(Mg), = 7.58, adopted
from Grevesse & Sauval (1998). Literature data used in this pa-
per are scaled to match these solar abundances.

4. Abundance measurements

The sulphur abundances were determined from the high excita-
tion multiplet 1 of S I, at 9213, 9228, and 9238 A. The atomic
data for these lines are listed in Table 2. The central line, at

4 ascl.net/1205.004
> marcs.astro.uu.se
® http://vald.astro.uu.se

Table 2. Atomic data for the measured S I lines, adopted from the
VALD database.

Wavelength Transition loggf  xex
(A) (V)
9212.863 4s-4p 5S3—5P3 0.42 6.525
9228.093 4s-4p SSg—SPz 0.26 6.525
9237.538 4s-4p 5Sg—SP] 0.04 6.525
——r 77—
I CN S1 1
x x o * T
i {
o 4 4 i
3
rETO121 T T 1
F T, =4462 K + + E
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Fig. 2. Spectra around the observed sulphur lines in three stars (ET0121,
ET0027, ET0232) as (black) crosses. Solid (red) lines show the best fits
to each line, as listed in Table A.2. These three stars cover the metallic-
ity range of the sample ([Fe/H] = —-2.35, -1.50, —1.00), and have typi-
cal S/N for the target stars, within 1o from the mean (S /N = 68, 69, 54).

9228 10%, is located in the wing of the Paschen £ line, which is
taken into account with the synthetic spectra. In these relatively
cold RGB stars (T < 4700 K), most of the observed wave-
length range is covered with CN molecular lines, which were
used to estimate the [C/Fe] ratios in these stars (for more detail
see Skuladéttir et al. 2015). An example of spectra around the
measured sulphur lines is shown in Fig. 2 for three target stars
of typical S/N for the sample.

Sulphur abundances of the first two lines (at 9213 and
9228 A) could be measured for all stars with the VLT/FLAMES
spectra. The weakest S line, at 9238 A, could not be measured
in four of the more metal-poor stars ([Fe/H] < —2), and in those
cases the abundance was determined from the other two lines.
The abundance measurements for individual sulphur lines with
their respective errors are listed in Table A.2.
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Fig. 3. Relative LTE abundance measurements for the three sulphur
lines for all the target stars.

The abundances from the three different sulphur lines are
generally in good agreement with each other, as is shown in
Fig. 3. The average dispersion between lines in the sample of
stars with three measured lines is (o) = 0.14, and the aver-
age difference between lines is (log €(S); — log €(S),)) = —0.07
and (log e(S); — loge(S)3)) = 0.02, with a dispersion of 0.21
and 0.23, respectively.

Errors

The error for individual sulphur lines is determined from the y?
fit. The upper and lower error bars are defined as the moment the
v reaches a certain deviation from the best fit

ey

where X%f is the best fit and the constant factor f is calibrated
over the sample so that the average error is equal to the average
dispersion between lines, (Spoise) = (o) = 0.14. The final error
of a line, Opoise.i, 1S taken as the maximum value of the upper and
lower error bars.

In some cases the weakest line, at 9238 A, had a bigger error
than the other lines, while in other cases the blending with the
P, or CN lines, resulted in some lines being less reliable. To ac-
count for these effects, the abundance measurements of different
S lines, log €(S);, are weighted with their errors, w;, as

X = (L+ X

Ns
2 loge(S); - wi

log () = = : )

Ns

2 Wi

i=1

where the sum goes over the number of S lines included. In most
cases Ns = 3, except the few cases where the line at 9238 A
could not be measured. The weights of individual lines are de-
fined as

) s
noise, i

w; = (3
where Opoise,; 15 the statistical uncertainty of the abundance mea-
surement of line 7.

The final error is calculated as follows:

Ns
Onoise = <Ns
Zi w;

The systematic errors coming from the uncertainties of the stel-
lar parameters T, logg, and v; are measured for abundance

“
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Fig.4. Left panel: solid lines show NLTE corrections for the S I line
at 9228 A as a function of T,y for different log g, assuming [Fe/H] =
—1.5 and [S/Fe] = 0. For logg = 1.5 the corrections for 9212 A are
shown with a dashed line and with a dotted line for 9238 A. Right panel:
NLTE corrections for the sulphur line at 9228 A as a function of [Fe/H]
for different [S/Fe], assuming 7.y = 4500 K and log g = 0.5.

ratios A[S/Fels, and A[S/Mg],p, assuming AT,z = 100 K,
Alogg = 0.3, and Ay, = 0.3, as determined by Hill et al.
(in prep.)’ They are added quadratically to the measurement er-
1Ot Onoise, tO get the adopted error:

Bisyx1 = \noise(S + Gnaie(X)? + ALS/XTE, 5)

5. NLTE corrections

The S I lines of the high excitation multiplet 1, which are used
here for the abundance determination, have previously been
shown to be sensitive to NLTE effects (Takeda et al. 2005;
Korotin 2008). An extensive grid of NLTE corrections for F, G,
and K stars was calculated in Takeda et al. (2005). However, the
target stars selected here are all high up on the RGB, and go
lower in both Tt and log g than in the grid provided by Takeda
et al. (2005). Therefore, a new grid of NLTE corrections was cal-
culated to fit the stellar parameters in our sample and is provided
in Table A.3.

The NLTE atomic model for sulphur includes 64 lower sin-
glet, triplet, and quintet systems of S I and the ground level of
S 1I (Korotin 2008, 2009). Oscillator strengths are adopted from
TOP-base®, and photoionization cross sections are calculated as-
suming a hydrogen-like structure. The LTE stellar atmospheric
models are from MARCS, and are used for the S abundance
measurements of the target stars.

As carefully described in Takeda et al. (2005), the NLTE ef-
fects of the S I lines at 9213, 9228, and 9238 A generally act
in the direction of strengthening the lines, i.e. the correction is
negative, Ancre = [S/Hlnite — [S/Hlire < 0. The dependence
of the NLTE correction on Tt and log g is shown in Fig. 4. The

7 This is with the exception of the star ET0097, which has ATy =
35K, Alogg = 0.13, and Ay, = 0.20 (Skuladéttir et al. 2015).
8 http://cdsweb.u-strasbg.fr/topbase/topbase.html
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Fig.5. Comparison of the 4 = 0, NLTE calculations of Takeda et al.
(2005) and this work. The results from Takeda et al. (2005) for T.4 >
4500 K are shown in pink and light blue, while the results from this
work are shown in red and blue for T < 4750 K. The result is shown
both for the smaller correction of [Fe/H] = —1 (blue and light blue)
and the larger effect of [Fe/H] = —2 (red and pink). The calculations
for all three S lines are shown, 9213 A (dashed lines), 9228 A (solid
lines), and 9238 A (dotted lines). In all cases logg = 1 and [S/Fe] = 0.2
are assumed. We note that Takeda et al. (2005) assumed a solar value
of log e(S), = 7.21, while here a value of 7.16 is adopted, so there
is a difference of 0.05 in [S/Fe]. In the case of Takeda et al. (2005),
v, = 2kms™! is assumed, but v, = 1.7 kms~! in this work. These small
discrepancies do not have a significant effect on the comparison.

NLTE effect clearly becomes stronger for lower gravity, higher
temperature, and higher metallicity. However, the hotter stars
tend to have higher log g, so the trends of the NLTE corrections
in the sample are not as strong as shown in Fig 4. The average
NLTE correction for the target stars is (Axyprg) = —0.29 with a
dispersion of o = 0.05. The NLTE corrections, Axrtg, for in-
dividual stars are listed in Table A.1, and for individual lines of
each star in Table A.2.

The NLTE corrections are sensitive to the strength of the
S lines, which is here parameterized with [Fe/H] and [S/Fe].
The grid covers [Fe/H] = -2.5,-2,—1.5, —1, assuming LTE val-
ues: [S/Fe] = 0.0,0.2,0.4,0.6. The temperature range is Teg =
4000, 4250,4500,4750 K, and the entire grid is calculated for
logg = 0,0.5,1. One exception to this is the case where
logg = 1, [Fe/H] = -2.5, and Ty = 4000 K, which is not
included. Finally, NLTE corrections for logg = 1.5 were calcu-
lated for the hottest temperatures, 4500 and 4750 K. The value
v = 1.7kms™! is adopted for the entire grid since the NLTE ef-
fects are not very sensitive to the turbulence velocity. Assuming
v, = 2.5 kms™! instead will make a <0.04 dex change in the
correction, which is much smaller than the measurement errors.
Close to 90% of the target stars have 1.4 km sTh <y <2kms™!,
and only one star is more than 0.7 kms~! from the assumed
value.

The grid of NLTE corrections provided by Takeda et al.
(2005) goes down to Ter = 4500 K, and logg = 1.0, so it
is possible to make a comparison with their work, see Fig. 5.
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Fig. 6. [S/Fe] vs. [Fe/H] for the target stars. Upper panel: assuming
LTE. Lower panel: including NLTE corrections.

The two different calculations show comparable results over the
small overlapping region of stellar parameters’.

6. Results and discussion

The final sulphur abundances with NLTE corrections are pro-
vided in Table A.1. The measured values of [S/Fe], under the
assumptions of LTE and NLTE, are shown in Fig. 6. The neg-
ative correction lowers the measured abundances, and slightly
reduces the scatter, from o = 0.19 to 0.16 at [Fe/H] < -2
and from o = 0.15 to 0.14, both at -2 < [Fe/H] < —1.5 and
—1.5 < [Fe/H]. A comparison between the NLTE-corrected sul-
phur abundances in Sculptor and the Galactic halo is shown in
Fig. 7.

6.1. Possible outliers

The scatter of [S/Fe] measurements in Sculptor seems to in-
crease below [Fe/H] ~ —1.8, see Fig. 7, where o = 0.17, slightly
exceeding what is expected from the typical error in this region,
(O1s/rey = 0.15. It is important to take into account that at these
low metallicities, the sulphur lines are often very weak, so for
three of the stars below [Fe/H] < —-2.2, the S abundance is de-
termined from only two lines, and the other two stars in this
metallicity range show significant scatter between the three lines,
o=~ 0.27.

However, two stars at [Fe/H] ~ —2, ET0112 and ET0109,
show [S/Fe] of about ~0.65 dex higher than two S-poor stars
at similar metallicities, ET0322 and ET0373, see Fig. 7. The S-
rich stars, ETO112 and ET0109, both have high S/N, more than
1o above the mean of the sample, and are consistent (within
the errors) with the trend seen in the Galactic halo. The S-poor

° For Takeda et al. (2005), we plot the fiducial case of & = 0, where
h is the logarithm of the H I correction factor applied to the classical
formula (see their paper for details).
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Fig.7. NLTE-corrected values of [S/Fe] for the target stars in Sculptor (blue circles). Filled squares show NLTE sulphur measurements from
multiplet 1 in Galactic halo stars taken from Nissen et al. (2007; light grey) and Spite et al. (2011; dark grey). Sulphur abundances in halo stars
determined from multiplet 3 are shown with pluses (Takeda & Takada-Hidai 2012), asterisks (Jonsson et al. 2011), and exes (Caffau et al. 2010). In
all cases, NLTE corrections have been applied. Milky Way disc stars from Chen et al. (2002) are shown with open grey squares. The disc stars have
not been corrected for NLTE effects, but these sulphur abundances are measured with lines that are not believed to be sensitive to NLTE effects,
so any corrections applied would be small (and negative). No 3D corrections have been applied to any of the data, but are expected to be positive

for both multiplet 1 and 3. A representative error bar for the Sculptor data is shown.

stars, ET0322 and ET0373, have S/N lower than average, but
within 1o of the mean. Of these, ET0373 only has two measur-
able S lines, but has a normal value of sulphur when compared
to magnesium, [S/Mg] = —0.50, and could therefore be slightly
low in a-elements in general. However, ET0322 shows the very
low value of [S/Mg] = —0.95, and seems to be an outlier in sul-
phur. If that one star is ignored, the scatter below [Fe/H] < —1.8
is consistent with the errors.

Another clear outlier is seen at a higher metallicity, ET0147
at [Fe/H] = —1.15, which is also low in [S/Mg]. Neither of these
stars that seem low in sulphur, ET0322 or ET0147, stand out in
measurements of other elements (such as Mg, Ca, Ti, Cr, Ba,
and La) when compared to other stars in Sculptor (Hill et al.,
in prep.). Both ET0322 and ET0147 have reasonable S/N, within
10 of the mean value, and we have checked that these low S val-
ues are not being driven by poor placement of continuum, and
ensured that the error estimates, ~0.2 dex in both cases, are rea-
sonable. We do note, however, that for the star ET0147, there is
a difference of 160 K in Tg as determined by Hill et al., in prep.,
which is used here, and by photometry from de Boer et al. (2011)
following the recipe from Ramirez & Meléndez (2005). This is
the largest deviation in the sample, and it is therefore possible
that we are underestimating the errors coming from the stellar
parameters for this particular star. For ET0322, the difference in
Ter between these two methods is well within the errors, and
similar to other stars in the sample.

The spectra for these possible outliers, ET0322 and ET0147
are shown in Fig. 8. In the case of ET0322, the central line at
9228 A is consistent with the average value of [S/Fe] in the
sample of stars with similar [Fe/H]. However, in this case the
blending with the Paschen £ line is not perfectly reproduced by
the synthetic spectra, and causes it to be the least reliable of the
three available lines. The other two lines are not consistent with
the normal trend. For ET0147, Fig. 8 shows that this star is not
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Fig. 8. Spectra for the S-low stars, ET0322 and ET0147, are shown with
black crosses. Red solid lines are the best fits of each S line, and blue
dashed lines are the measurement errors, Opoise, as listed in Table A.2.
Green solid lines show [S/Fe] = 0.40 in the upper panel, and [S/Fe] =
0.15 in the lower panel, which are the average (LTE) S abundances in
the sample, in the range +0.25 from the [Fe/H] of each star.

consistent with the average [S/Fe] of the sample with similar
[Fe/H] unless we are severely underestimating the errors of the
stellar parameters. There is, however, no obvious scenario where
stars are expected to be low in sulphur and not in the other a-
elements, so these outliers should not be interpreted too strictly,
especially without further confirmation since, considering the er-
rors, they are still consistent with the range of scatter.
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6.2. The trend of [S/Fe] with [Fe/H]

The measurements of [S/Fe] in the Galactic halo show a plateau
at low metallicities, both when measured with multiplet 1 at
9210-9240 A, and multiplet 3 at 10455-10459 A, see Fig. 7.
The level of this plateau is, however, higher when measured with
multiplet 3 compared to multiplet 1. The statistical errors of the
mean can be defined as dsg = 0/VN — 1, where N is the number
of stars in each sample. Therefore, we get ([S/Fe])mu1 = 0.22
with o = 0.09 and 6sg = 0.01, while ([S/Fe])mus = 0.36 with
o = 0.14 and 6sg = 0.03. Even when the two possible out-
liers, high in S, at [Fe/H] = —1.19 (Caffau et al. 2010) and
[Fe/H] = —-3.16 (Takeda & Takada-Hidai 2012) are excluded,
we get ([S/Fe])mu3 = 0.33 with o = 0.12 and dsg = 0.02.

The reason for this discrepancy is unknown, but possibly
arises from the NLTE corrections or a difference in 3D cor-
rections between the two multiplets, which have not been ap-
plied here. The 3D correction for multiplet 1 is expected to
be small and positive, $+0.1 (Nissen et al. 2004; Spite et al.
2011). For multiplet 3, however, the 3D corrections are expected
to be larger, ~+0.2 (Jonsson et al. 2011), making the discrep-
ancy between the results from the two multiplets even larger.
An extensive sample of sulphur measurements from both mul-
tiplets in the same stars would be helpful to explore this issue
further and determine the exact level of the plateau. Here, how-
ever, our main interest lies in comparing the Sculptor results with
the Galactic halo, so in order to avoid this issue, we will limit
our comparison to the results of Nissen et al. (2007) and Spite
et al. (2011), which use the same S lines as the results obtained
here. We note that Spite et al. (2011) use the same atomic model
for the NLTE corrections as is used here (Korotin 2008), while
Nissen et al. (2007) use the NLTE calculations from Takeda et al.
(2005).

The chemical enrichment of the Milky Way was apparently
a much more rapid process than in Sculptor, the small dwarf
spheroidal galaxy, where star formation was inefficient. During
the first 1-2 Gyr of star formation, before Type Ia SNe started to
contribute, the Galactic halo was enriched to much higher metal-
licities ([Fe/H] ~ —1) than Sculptor ([Fe/H] ~ —1.8). Therefore,
the “knee” of [S/Fe], where this abundance ratio starts to de-
crease as a result of a growing contribution from SNe Type Ia
to [Fe/H], is seen at a higher metallicity in the Galactic halo,
where S also shows similar behaviour to other a-elements, e.g.
Si and Ca (Chen et al. 2002; Cayrel et al. 2004). The posi-
tion of the knee of [S/Fe] in Sculptor is comparable to what
is previously measured in the other a-elements in this galaxy
(Tolstoy et al. 2009; Hill et al., in prep.); as is shown for exam-
ple in Fig. 9, S follows the a-element Ca over the observed iron
range.
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Fig. 10. Abundance ratios [Snire/Mg] with [Mg/H]. Grey squares show
Galactic halo stars with S measurements from Spite et al. (2011), and
Mg from Andrievsky et al. (2010). Circles, pentagons, and hexagons
show the target stars in Sculptor; the most iron-poor stars ([Fe/H] <
—1.7) as dark blue circles, the most iron-rich (-1.3 < [Fe/H]) are
shown as cyan hexagons, and other stars as blue pentagons. Note that in
Sculptor, the Mg abundances have not been corrected for NLTE effects.
However, these are expected to be small (and positive) for the target
stars (0.1 dex).

If a plateau-like behaviour of [S/Fe] in Sculptor is assumed at
lower metallicities, [Fe/H] < —2, the plateau lies at {[S/Fels.) =
0.16, with oo = 0.18 and dsg = 0.06. If the outlier ET0322 is
not included, we get the higher value of ([S/Felsy) = 0.19
with o0 = 0.15 and 8sg = 0.05. In the Galactic halo, Nissen
et al. (2007) found an average value of ([S/Felpon) = 0.21
with o = 0.07 6sg = 0.01, and in the sample of Spite et al.
(2011), {[S/Felyos) = 0.23 with o = 0.12 and dsg = 0.02.
Adopting sg as the error of the mean, all three surveys are in
agreement (even when the possible outlier in Sculptor is in-
cluded). Although in this case the errors are underestimated
since we are not taking into account any possible systematic er-
rors of the samples such as the determination of stellar param-
eters or possible differences in the NLTE corrections between
surveys.

The Sculptor sample is therefore consistent with having ex-
perienced the same early chemical enrichment of sulphur as ob-
served in the Galactic halo, although S measurements of stars
with [Fe/H] < —2.5 are needed to further confirm this.

6.3. Comparison of [S/Fe] and [S/Mg]

It has been noted by Spite et al. (2011) that the scatter of S abun-
dance ratios in the Galactic halo is slightly larger when Mg
is used as a reference element instead of Fe. This is not ex-
pected since Mg and S are believed to form in similar pro-
cesses, normally the hydrostatic burning of C, O, and Ne, while
Fe is more affected by explosive nucleosynthesis, mixing, and
fallback.

The S abundances of our target stars are shown with respect
to Mg in Fig. 10, and the scatter is clearly bigger than when
compared to Fe. In addition, the average level of [S/Mg] is higher
over the entire Sculptor sample, ([S/Mg]s.» = —0.23 with dsg =
0.02, compared to the Galactic halo, {[S/Mgl;j,5) = —0.39 with
osg = 0.03.

It should be noted that the Mg abundances in Sculptor have
not been corrected for NLTE effects as has been done for the
Spite et al. (2011) sample. As shown in Andrievsky et al. (2010),
this correction is expected to be positive thus lowering the
[S/Mg] ratio, but this effect is weaker at higher metallicities and
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Fig. 11. [Snure/Mg] versus [Fe/H] for the Sculptor sample. Ages are
shown with colours, as estimated by de Boer et al. (2012), while grey
triangles show stars with no age estimate. The average error on the ages
is 1.8 Gyr.

in colder stars (the average T of the Sculptor stars is ~4300 K,
while it is #4900 K for the giants in Spite et al. 2011), so these
corrections are expected to be small (<0.1 dex) in the Sculptor
sample.

Another possible reason for the shift in the average value of
[S/Mg] in Sculptor compared to the halo is that [S/Mg] shows
a slightly increasing trend with [Fe/H], see Fig. 11, where there
is also an age gradient. Although Mg and S form in similar pro-
cesses, it is possible that they have slightly different production
chains (Limongi & Chieffi 2003); this, however, does not explain
the trend seen with age and metallicity. The observed slope is
not created by the lack of NLTE corrections for Mg; those cor-
rections would create a slope in the opposite direction, since the
correction is higher at lower metallicities.

Therefore, this trend of [S/Mg] as [Fe/H] increases,
most probably comes from an increasing SN Ia contribution.
Although SN Ia yields have very high ratios of iron-peak ele-
ments, they also produce a non-negligible amount of some of
the a-elements (such as Si, S, and Ca). In particular, the [S/Mg]
ratio in Type Ia SNe yields is more than an order of magnitude
higher than predicted for SN II (Iwamoto et al. 1999). This can
explain the increasing [S/Mg] ratio as the SN Ia contribution be-
comes more important. In fact, a similar trend of [Ca/Mg] with
[Fe/H] is seen in the data of Hill et al. (in prep.). that is consistent
with this explanation.

To make a meaningful comparison with the Galactic halo
sample, we therefore only use stars with [Fe/H] < —2, where
the contribution from Type Ia SNe is thought to be minimal.
This gives a mean of ([S/Mg].) = —0.37, with o = 0.25 and
osg = 0.08. If the star ET0322, with [Snxpre/Mg] = —0.95, is
excluded the result is {[S/Mg]s.» = —0.30, with o = 0.16 and
osg = 0.06. This is in agreement with the value observed in the
Galactic halo, ([S/Mgli» = —0.39, with o = 0.15 dsg = 0.03
(Spite et al. 2011). If the average NLTE correction of Mg in
Sculptor is 0.2 dex or more, these results would no longer be
in agreement, which supports the assumption that only a modest
correction is needed for our sample stars.

As was seen in the Spite et al. (2011) sample for the Galactic
halo, in Sculptor stars with [Fe/H] < -2, the scatter of [S/Mg]sci
(o = 0.25) is larger than for [S/Fels, (0 = 0.18). However,
the measurement errors of [Mg/H] are bigger on average than
for [Fe/H] in the Sculptor sample, giving the final average error
(Ois™me)) = 0.27, while (Ors/re) = 0.16. In our sample, it there-
fore seems likely that the scatter is dominated by measurement
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errors, rather than showing an intrinsic scatter, and more precise
measurements are needed to clarify this issue.

7. Conclusions

From the DART survey, detailed abundance measurements are
known for ~100 RGB stars in Sculptor, covering the metallic-
ity range —2.5 < [Fe/H] < -0.8 (Tolstoy et al. 2009; Hill
et al., in prep.). High-resolution VLT/GIRAFFE spectra, with
grating HR22B, were acquired for 86 of those stars to mea-
sure the sulphur abundances from the triplet at 9213, 9228, and
9238 A. These sulphur lines have been shown to be sensitive
to NLTE effects (Takeda et al. 2005; Korotin 2008). Therefore,
NLTE corrections have been calculated for a grid of stellar pa-
rameters covering the observed sample, and are available in
Table A.3.

Although the sample includes only 12 stars with [Fe/H] <
-2, we find tentative evidence for a plateau in the ratio [S/Fe]
at [Fe/H] < -2, similar to that seen for sulphur in the Milky
Way halo (Nissen et al. 2007; Spite et al. 2011) and for other
a-elements both in Sculptor (Tolstoy et al. 2009; Hill et al.,
in prep.) and the halo (e.g. Cayrel et al. 2004). At the low-
est metallicity end, [Fe/H] < -2, the scatter is rather large,
os/re) = 0.18, but if one possible outlier is excluded, it is con-
sistent with measurement errors. At higher metallicities, [S/Fe]
decreases with increasing [Fe/H], reaching subsolar values at
[Fe/H] = —1.5, similar to what is seen in other a-elements in
Sculptor (Tolstoy et al. 2009; Hill et al., in prep.). This occurs at
lower [Fe/H] than the halo, likely owing to a less efficient star
formation.

Similarly to the sample of Spite et al. (2011), the scatter in
S is bigger when Mg is used as a reference element rather than
Fe, contrary to theoretical predictions. However, for our results,
this is consistent with the errors on the measurements of these
elements. Our sample of Sculptor stars also shows an increase in
[S/Mg] with [Fe/H], presumably due to an increasing SN Ia con-
tribution to [S/Mg].
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A. Skuladéttir et al.: Sulphur in the Sculptor dwarf spheroidal galaxy
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Table A.2. Abundances for individual sulphur lines with their associated measurement errors and NLTE corrections.

Star log €(S) Onoise,1 ANLTE | log €(S5) Onoise,2 AnttE2 log €(S3) Onoise,3 AniTE3
9213 A) (9213 A) (9213 A) (9228 A) (9228 A) (9228 A) (9238 A) (9238 A) (9238 A)

ET0024 5.93 0.14 -0.22 6.01 0.14 -0.21 5.95 0.14 -0.19
ET0026 5.68 0.10 -0.29 5.86 0.12 -0.26 5.60 0.12 -0.22
ET0027 5.92 0.08 -0.33 6.06 0.10 -0.30 6.14 0.08 -0.25
ET0028 5.98 0.16 -0.28 5.88 0.12 -0.25 6.00 0.12 -0.22
ET0031 5.93 0.10 -0.38 5.99 0.10 —-0.34 5.77 0.10 -0.28
ET0033 5.86 0.10 -0.34 5.68 0.12 -0.30 5.64 0.10 -0.25
ET0043 5.99 0.14 -0.32 6.03 0.14 -0.29 5.65 0.14 -0.25
ET0048 5.82 0.08 -0.43 5.52 0.08 -0.38 5.72 0.08 -0.33
ET0051 6.03 0.18 -0.20 6.43 0.12 -0.18 6.31 0.12 -0.17
ET0054 5.70 0.10 -0.31 5.68 0.12 -0.27 5.78 0.16 -0.23
ET0057 6.05 0.14 -0.30 6.11 0.14 -0.26 6.15 0.08 -0.22
ET0059 5.91 0.12 -0.38 5.71 0.08 —-0.34 5.77 0.14 -0.29
ET0060 5.92 0.14 -0.38 5.80 0.10 -0.34 5.80 0.12 -0.29
ET0062 5.07 0.28 -0.23 5.41 0.18 -0.20 5.63 0.18 -0.17
ET0063 5.91 0.20 -0.29 6.27 0.10 -0.26 6.09 0.16 -0.22
ET0064 5.97 0.14 -0.32 5.95 0.10 -0.28 5.73 0.14 —-0.24
ET0066 6.10 0.12 -0.38 5.90 0.10 —-0.34 5.96 0.12 -0.29
ET0067 5.92 0.20 -0.35 6.16 0.12 -0.31 5.94 0.18 -0.26
ET0069 5.27 0.16 -0.26 5.49 0.14 -0.23 5.37 0.16 -0.20
ET0071 6.07 0.12 -0.35 6.09 0.12 -0.31 6.05 0.12 -0.26
ET0073 5.91 0.12 -0.33 5.89 0.14 -0.30 5.99 0.14 -0.25
ET0083 5.58 0.10 -0.34 5.48 0.10 -0.30 5.16 0.18 -0.25
ET0094 5.59 0.08 -0.29 5.79 0.20 -0.26 5.45 0.16 -0.21
ET0095 5.29 0.12 -0.28 5.33 0.12 —-0.24 5.25 0.12 -0.20
ET0097 5.42 0.32 -0.26 5.46 0.26 -0.23
ET0103 6.14 0.18 -0.35 6.18 0.12 -0.32 5.76 0.20 -0.27
ET0104 5.81 0.14 -0.30 5.95 0.10 -0.27 5.53 0.14 -0.23
ET0109 6.15 0.08 -0.35 5.55 0.26 -0.31 5.93 0.14 -0.26
ETO112 5.83 0.08 -0.31 6.03 0.20 -0.27 5.83 0.10 -0.23
ET0113 5.38 0.10 -0.29 5.58 0.08 -0.25 5.46 0.12 -0.21
ETO0121 472 0.14 -0.19 5.22 0.08 -0.17 5.06 0.12 -0.15
ET0126 5.86 0.18 -0.24 6.42 0.14 -0.22 5.90 0.14 -0.19
ET0132 6.00 0.18 -0.31 5.94 0.08 -0.28 6.22 0.12 -0.23
ET0133 5.95 0.16 -0.26 6.25 0.12 —-0.24 6.15 0.18 -0.20
ETO0137 6.15 0.16 -0.20 6.25 0.18 -0.19 6.31 0.28 -0.18
ET0138 5.83 0.10 -0.32 5.79 0.08 -0.28 5.85 0.12 —-0.24
ET0139 5.67 0.10 -0.24 5.85 0.16 -0.21 5.79 0.10 -0.18
ET0141 5.79 0.10 -0.31 5.91 0.08 -0.28 6.01 0.12 —-0.24
ETO0145 5.52 0.14 -0.26 5.78 0.08 -0.23 5.76 0.10 -0.20
ET0147 5.57 0.16 -0.31 5.81 0.12 -0.28 5.41 0.34 -0.22
ET0150 6.28 0.10 -0.27 6.14 0.16 -0.25 6.44 0.10 -0.22
ET0151 5.94 0.12 -0.34 5.96 0.08 -0.31 5.66 0.10 -0.26
ETO0158 6.14 0.14 -0.41 5.96 0.10 -0.36 5.96 0.10 -0.31
ET0160 6.00 0.14 -0.30 6.36 0.10 -0.27 5.94 0.14 -0.23
ET0163 5.57 0.16 -0.34 5.57 0.12 -0.30 5.53 0.12 -0.26
ET0164 5.04 0.20 -0.22 5.56 0.20 -0.20 5.50 0.12 -0.17
ET0165 6.12 0.16 -0.28 6.38 0.10 -0.25 6.26 0.12 -0.21
ET0166 6.04 0.16 -0.35 6.16 0.12 -0.31 6.14 0.14 -0.27
ETO0168 5.71 0.32 -0.29 5.93 0.24 -0.26 6.13 0.16 -0.22
ET0173 5.86 0.14 -0.24 5.92 0.18 -0.22 5.70 0.18 -0.19
ETO0198 6.27 0.12 -0.41 6.17 0.10 -0.37 6.19 0.10 -0.32
ET0200 6.21 0.12 -0.36 6.13 0.10 -0.32 6.09 0.12 -0.27
ET0202 6.18 0.12 -0.43 5.86 0.20 -0.38 5.68 0.20 -0.33
ET0206 6.01 0.16 -0.37 5.85 0.12 -0.33 5.87 0.10 -0.29
ET0232 6.46 0.12 -0.48 6.42 0.14 -0.43 6.22 0.10 -0.37
ET0236 5.00 0.26 -0.21 5.34 0.12 -0.19
ET0237 5.82 0.14 -0.38 5.84 0.20 —-0.34 5.74 0.16 -0.29
ET0238 5.84 0.10 -0.38 5.94 0.14 —-0.34 5.94 0.18 -0.29
ET0239 5.19 0.16 -0.25 5.37 0.16 -0.23
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Table A.2. continued.

Star log e(S) Onoise, 1 ANLTE log €(S») Onoise.2 ANLTE?2 log €(S3) Onoise,3 ANLTE 3
(9213 A) (9213 A) (9213 A) (9228 A) (9228 A) (9228 A) (9238 A) (9238 A) (9238 A)

ET0240 6.14 0.14 -0.35 6.38 0.10 -0.31 6.06 0.16 -0.27
ET0241 6.17 0.14 -0.38 5.93 0.14 -0.34 5.99 0.16 -0.29
ET0242 5.97 0.14 -0.35 6.13 0.12 -0.32 5.77 0.22 -0.27
ET0244 6.06 0.12 -0.38 6.02 0.16 —-0.34 5.98 0.12 -0.29
ET0275 5.99 0.20 -0.35 5.83 0.20 -0.31 6.17 0.18 -0.27
ET0299 5.46 0.18 -0.29 5.50 0.26 -0.26 5.76 0.14 -0.22
ET0300 5.62 0.24 -0.25 6.28 0.18 -0.22 6.08 0.18 -0.19
ET0317 5.78 0.08 -0.34 5.80 0.12 -0.30 5.80 0.16 -0.26
ET0320 5.84 0.14 -0.37 6.08 0.12 -0.33 5.62 0.16 -0.28
ET0321 5.57 0.14 -0.35 5.63 0.16 -0.31 5.19 0.18 -0.26
ET0322 5.11 0.14 -0.27 5.35 0.22 -0.24 5.11 0.16 -0.21
ET0327 6.10 0.14 -0.35 6.14 0.14 -0.32 6.32 0.16 -0.27
ET0330 5.60 0.14 -0.34 5.64 0.14 -0.30 5.90 0.14 -0.25
ET0339 6.10 0.12 -0.34 6.10 0.16 -0.30 5.76 0.26 -0.26
ET0342 6.24 0.28 -0.37 6.06 0.22 -0.33 5.90 0.34 -0.28
ET0350 5.94 0.22 -0.39 5.96 0.10 —-0.34 5.64 0.16 -0.29
ET0354 6.45 0.14 -0.47 6.57 0.14 —-0.42 5.79 0.28 -0.36
ET0363 5.85 0.20 -0.34 6.01 0.20 -0.30 5.89 0.20 -0.25
ET0369 5.05 0.12 -0.25 5.09 0.18 -0.23

ET0373 5.38 0.12 -0.28 5.20 0.14 -0.25
ET0376 6.31 0.12 -0.34 6.19 0.14 -0.30 6.27 0.18 -0.26
ET0378 6.11 0.14 -0.34 6.21 0.10 -0.31 6.31 0.12 -0.26
ETO0379 5.58 0.16 -0.31 5.94 0.14 -0.28 5.54 0.16 -0.24
ET0382 5.66 0.14 -0.35 5.54 0.16 -0.31 572 0.22 -0.26
ET0384 5.78 0.12 -0.30 5.72 0.24 -0.27 5.68 0.18 -0.23
ET0389 5.86 0.16 -0.34 5.94 0.12 -0.30 5.90 0.12 -0.25
ET0392 5.94 0.20 -0.37 6.08 0.14 -0.33 5.74 0.18 -0.28
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Tere [Fe/H] 10g g [S/Fe] Anire Anire AnrTE
(K) 9213 A) (9228 A) (9238 A)
4000 =25 0.0 0.0 -0.125 -0.109 —0.089
4000 -2.5 0.5 0.0 -0.033 -0.008 -0.008
4000 -2.0 0.0 0.0 -0.151 -0.124 —0.089
4000 20 05 0.0 -0.130 -0.113 -0.092
4000 -2.0 1.0 0.0 -0.099 -0.089 -0.077
4000 -1.5 0.0 0.0 -0.240 -0.213 -0.180
4000 -1.5 0.5 0.0 -0.184 -0.164 —0.141
4000 -1.5 1.0 0.0 -0.138 -0.123 -0.105
4000 -1.0 0.0 0.0 -0.303 -0.274 -0.237
4000 -10 05 0.0 -0.234 -0.211 -0.183
4000 -1.0 1.0 0.0 -0.175 -0.158 -0.137
4000 -2.5 0.0 0.2 -0.153 -0.136 -0.114
4000 -2.5 0.5 0.2 -0.069 -0.047 -0.011
4000 2.0 0.0 0.2 -0.189 -0.160 -0.123
4000 -2.0 05 0.2 -0.157 -0.137 -0.113
4000 -2.0 1.0 0.2 -0.118 -0.104 -0.090
4000 -1.5 0.0 0.2 -0.277 -0.247 -0.209
4000 -1.5 0.5 0.2 -0.212 -0.190 -0.163
4000 -1.5 1.0 0.2 -0.157 -0.139 -0.119
4000 -1.0 0.0 0.2 -0.339 -0.306 —-0.264
4000 -10 05 0.2 -0.262 -0.236 —-0.204
4000 -1.0 1.0 0.2 -0.198 -0.178 -0.153
4000 =25 0.0 0.4 -0.177 -0.156 -0.133
4000 -2.5 0.5 0.4 -0.104 -0.082 -0.050
4000 2.0 0.0 04 -0.228 -0.196 -0.156
4000 -2.0 05 0.4 -0.185 -0.162 -0.134
4000 -2.0 1.0 0.4 -0.139 -0.122 -0.103
4000 -1.5 0.0 04 -0.314 -0.281 -0.238
4000 -1.5 0.5 0.4 -0.242 -0.216 -0.185
4000 -1.5 1.0 0.4 -0.176 -0.156 -0.132
4000 -1.0 0.0 0.4 -0.376 -0.339 -0.292
4000 -10 05 0.4 -0.293 -0.263 -0.227
4000 -1.0 1.0 0.4 -0.222 -0.199 -0.171
4000 -2.5 0.0 0.6 -0.216 -0.191 -0.161
4000 -2.5 0.5 0.6 -0.140 -0.116 -0.084
4000 2.0 0.0 0.6 -0.271 -0.236 -0.192
4000 2.0 05 0.6 -0.212 -0.186 -0.155
4000 -2.0 1.0 0.6 -0.159 -0.141 -0.119
4000 -1.5 0.0 0.6 -0.353 -0.315 -0.268
4000 -1.5 0.5 0.6 -0.273 -0.243 -0.207
4000 -1.5 1.0 0.6 -0.196 -0.180 -0.147
4000 -1.0 0.0 0.6 -0.415 -0.373 -0.322
4000 -1.0 05 0.6 -0.326 -0.292 -0.250
4000 -1.0 1.0 0.6 -0.248 -0.222 -0.189
4250 -25 0.0 0.0 -0.122 -0.093 -0.049
4250 =25 0.5 0.0 -0.124 -0.106 —0.081
4250 -25 1.0 0.0 -0.110 -0.099 —0.086
4250 20 0.0 0.0 -0.247 -0.216 -0.180
4250 20 05 0.0 -0.200 -0.178 -0.154
4250 =20 1.0 0.0 -0.153 -0.138 -0.121
4250 -15 0.0 0.0 -0.353 -0.314 -0.266
4250 -15 0.5 0.0 -0.277 -0.246 -0.210
4250 -15 1.0 0.0 -0.208 -0.185 -0.158
4250 -10 0.0 0.0 -0.438 -0.397 -0.335
4250 -10 05 0.0 -0.347 -0.312 -0.267
4250  -1.0 1.0 0.0 -0.270 -0.241 -0.206
4250 -25 0.0 0.2 -0.168 -0.139 —-0.097
4250 =25 0.5 0.2 -0.146 -0.128 -0.104
4250 -25 1.0 0.2 -0.130 -0.118 -0.103
4250 20 0.0 0.2 -0.296 -0.259 -0.215
4250 20 05 0.2 -0.234 -0.207 -0.176
4250 =20 1.0 0.2 -0.175 -0.156 -0.135
4250 -15 0.0 0.2 -0.399 -0.356 -0.310
4250 -15 0.5 0.2 -0.316 -0.281 -0.239




Table A.3. continued.
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Tr  [Fe/H] logg [S/Fe] ANtTE ANtE ANt
(K) 9213 A) (9228 A) (9238 A)
4250 -15 1.0 0.2 -0.240 -0.213 -0.181
4250 -10 0.0 0.2 -0.486 —0.440 -0.383
4250 -10 05 0.2 —-0.384 —-0.345 —-0.296
4250 -1.0 1.0 0.2 -0.301 -0.269 -0.230
4250 -25 0.0 0.4 -0.208 -0.176 -0.135
4250 =25 0.5 04 -0.181 -0.159 -0.133
4250 -25 1.0 0.4 -0.145 -0.131 -0.115
4250 20 0.0 0.4 -0.348 -0.305 —-0.254
4250 20 05 0.4 -0.276 -0.243 -0.205
4250 =20 1.0 0.4 -0.206 -0.183 -0.156
4250 -15 0.0 0.4 -0.454 -0.408 -0.350
4250 -15 0.5 04 -0.359 -0.322 -0.268
4250 -15 1.0 0.4 -0.272 -0.241 —-0.204
4250 -10 0.0 0.4 -0.534 -0.484 —0.421
4250 -10 05 0.4 —-0.433 -0.391 —-0.330
4250 -1.0 1.0 0.4 -0.333 -0.297 -0.253
4250 -25 0.0 0.6 -0.262 —-0.224 -0.178
4250 =25 0.5 0.6 -0.222 -0.194 -0.163
4250 -25 1.0 0.6 -0.174 -0.155 -0.135
4250 20 0.0 0.6 -0.397 -0.351 -0.292
4250 20 05 0.6 -0.318 -0.280 -0.235
4250 2.0 1.0 0.6 -0.240 -0.212 -0.178
4250 -15 0.0 0.6 -0.505 —0.455 —-0.391
4250 -15 0.5 0.6 -0.404 -0.362 -0.310
4250 -15 1.0 0.6 -0.304 -0.270 -0.228
4250 -10 0.0 0.6 -0.595 -0.528 -0.459
4250 -10 05 0.6 -0.476 -0.430 -0.372
4250 -1.0 1.0 0.6 -0.365 -0.326 -0.278
4500 -2.5 0.0 0.0 -0.203 -0.180 -0.153
4500 -2.5 0.5 0.0 -0.183 -0.168 -0.150
4500 =25 1.0 0.0 -0.159 -0.148 -0.137
4500 =25 1.5 0.0 -0.131 -0.124 -0.117
4500 -2.0 0.0 0.0 -0.335 -0.296 -0.252
4500 -2.0 05 0.0 -0.272 -0.243 -0.210
4500 -2.0 1.0 0.0 -0.213 -0.191 -0.169
4500  -2.0 1.5 0.0 -0.160 -0.146 -0.131
4500 -1.5 0.0 0.0 -0.470 -0.420 -0.358
4500 -1.5 0.5 0.0 -0.379 -0.338 —-0.287
4500 -1.5 1.0 0.0 -0.297 -0.263 -0.223
4500 -1.5 1.5 0.0 -0.223 -0.197 -0.167
4500 -1.0 0.0 0.0 -0.590 —0.540 -0.457
4500 -1.0 05 0.0 -0.484 -0.436 -0.376
4500 -1.0 1.0 0.0 -0.387 -0.348 -0.298
4500 -1.0 1.5 0.0 -0.292 -0.258 -0.217
4500 =25 0.0 0.2 -0.239 -0.211 -0.179
4500 =25 0.5 0.2 —-0.209 -0.188 -0.166
4500 =25 1.0 0.2 -0.175 -0.160 -0.146
4500 -2.5 1.5 0.2 -0.140 -0.131 -0.122
4500 -2.0 0.0 0.2 —0.400 -0.345 -0.292
4500 -2.0 05 0.2 -0.320 -0.283 —-0.242
4500 -2.0 1.0 0.2 -0.248 -0.221 -0.190
4500  -2.0 1.5 0.2 -0.183 -0.164 -0.143
4500 -1.5 0.0 0.2 -0.531 -0.476 —0.407
4500 -1.5 0.5 0.2 -0.434 -0.388 -0.330
4500 -1.5 1.0 0.2 -0.341 -0.303 -0.256
4500 -1.5 1.5 0.2 -0.256 -0.226 —-0.190
4500 -1.0 0.0 0.2 -0.650 -0.594 -0.510
4500 -1.0 05 0.2 -0.532 -0.481 -0.416
4500 -1.0 1.0 0.2 -0.431 -0.388 -0.333
4500  -1.0 1.5 0.2 -0.325 -0.288 -0.242
4500 =25 0.0 04 -0.295 -0.259 -0.219
4500 -2.5 0.5 0.4 —-0.248 -0.222 -0.193
4500 -2.5 1.0 04 -0.203 -0.184 -0.164
4500 =25 1.5 0.4 -0.159 —0.146 —-0.134
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Tr  [Fe/H] logg [S/Fe] ANtTE ANtE ANt
(K) 9213 A) (9228 A) (9238 A)
4500 2.0 0.0 0.4 -0.451 —-0.400 —-0.339
4500 2.0 05 04 -0.369 -0.326 -0.275
4500 =20 1.0 0.4 —-0.289 -0.255 -0.216
4500 -2.0 1.5 0.4 -0.214 -0.189 -0.162
4500 -1.5 0.0 0.4 -0.589 -0.530 —-0.454
4500 -1.5 0.5 04 -0.489 -0.437 -0.373
4500 -1.5 1.0 0.4 -0.388 —0.346 —-0.294
4500 -1.5 1.5 0.4 -0.290 -0.255 -0.214
4500 -1.0 0.0 0.4 -0.705 -0.646 -0.550
4500 -10 05 0.4 -0.579 -0.525 —0.454
4500  -1.0 1.0 0.4 -0.474 -0.427 -0.368
4500 -1.0 1.5 04 -0.357 -0.317 -0.267
4500 -2.5 0.0 0.6 -0.350 -0.306 -0.256
4500 -2.5 0.5 0.6 -0.295 -0.261 -0.223
4500 -2.5 1.0 0.6 -0.238 -0.212 -0.185
4500 =25 1.5 0.6 -0.183 -0.165 -0.147
4500 2.0 0.0 0.6 -0.517 —0.459 —-0.389
4500 -2.0 05 0.6 -0.426 -0.378 -0.319
4500  -2.0 1.0 0.6 -0.331 -0.291 —0.244
4500 -2.0 1.5 0.6 -0.248 -0.218 -0.183
4500 -1.5 0.0 0.6 -0.662 -0.601 -0.510
4500 -1.5 0.5 0.6 -0.540 -0.485 -0.414
4500 -1.5 1.0 0.6 -0.434 -0.388 -0.330
4500 -1.5 1.5 0.6 -0.323 -0.285 -0.238
4500 -1.0 0.0 0.6 —0.780 -0.710 -0.614
4500 -10 05 0.6 —0.644 -0.589 -0.500
4500  -1.0 1.0 0.6 -0.514 -0.465 —0.401
4500 -1.0 1.5 0.6 -0.405 -0.364 -0.311
4750 =25 0.0 0.0 —0.244 -0.220 —-0.194
4750 =25 0.5 0.0 -0.230 -0.211 -0.193
4750 =25 1.0 0.0 —-0.204 -0.191 —-0.179
4750 =25 1.5 0.0 -0.181 -0.173 -0.165
4750 =20 0.0 0.0 -0.402 -0.356 -0.304
4750 2.0 05 0.0 -0.342 -0.304 -0.263
4750  =2.0 1.0 0.0 -0.280 -0.251 -0.221
4750  -2.0 1.5 0.0 -0.220 —-0.199 -0.178
4750  -1.5 0.0 0.0 -0.574 -0.514 —0.438
4750  -15 0.5 0.0 -0.485 -0.431 -0.367
4750  -1.5 1.0 0.0 -0.393 -0.348 —-0.296
4750  -15 1.5 0.0 -0.306 -0.270 -0.228
4750  -1.0 0.0 0.0 -0.731 -0.665 -0.580
4750  -10 05 0.0 -0.628 -0.568 —0.476
4750  -1.0 1.0 0.0 -0.513 -0.460 -0.393
4750  -1.0 1.5 0.0 -0.408 -0.364 -0.308
4750 =25 0.0 0.2 -0.292 -0.259 —-0.224
4750  -2.5 0.5 0.2 -0.258 -0.233 -0.207
4750 =25 1.0 0.2 -0.230 -0.212 -0.194
4750  -2.5 1.5 0.2 -0.195 -0.183 -0.172
4750 2.0 0.0 0.2 -0.465 -0.412 -0.350
4750 2.0 05 0.2 -0.393 -0.348 —-0.299
4750  =2.0 1.0 0.2 -0.325 -0.289 -0.248
4750 =20 1.5 0.2 -0.253 -0.226 -0.197
4750  -1.5 0.0 0.2 -0.651 -0.587 -0.492
4750  -1.5 0.5 0.2 —-0.549 —-0.490 -0.416
4750  -1.5 1.0 0.2 -0.451 -0.400 -0.339
4750 -15 1.5 0.2 -0.348 -0.306 -0.257
4750  -1.0 0.0 0.2 -0.791 -0.724 -0.635
4750 =10 05 0.2 —0.689 —-0.627 —0.545
4750  -1.0 1.0 0.2 -0.564 -0.507 —0.435
4750  -1.0 1.5 0.2 -0.454 -0.406 -0.345
4750 =25 0.0 04 -0.348 -0.307 -0.260
4750 =25 0.5 0.4 -0.303 -0.271 -0.235
4750 =25 1.0 04 -0.264 -0.239 -0.213
4750 =25 1.5 0.4 -0.216 -0.198 —-0.182
4750 2.0 0.0 0.4 -0.538 -0.478 —0.404
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Tr  [Fe/H] logg [S/Fe] ANtTE ANtE ANt
(K) 9213 A) (9228 A) (9238 A)
4750 =20 05 0.4 —0.459 —0.406 —0.345
4750  =2.0 1.0 04 -0.374 -0.330 -0.279
4750 =20 1.5 0.4 -0.292 -0.257 —-0.220
4750  -1.5 0.0 0.4 -0.730 —0.660 —-0.544
4750  -15 0.5 0.4 -0.623 -0.560 —0.465
4750  -1.5 1.0 04 -0.507 -0.452 -0.382
4750  -1.5 1.5 0.4 -0.389 —-0.343 —-0.287
4750  -1.0 0.0 0.4 -0.870 -0.804 -0.714
4750  -10 05 0.4 —0.744 —-0.680 —-0.595
4750  -1.0 1.0 0.4 -0.632 -0.574 —0.498
4750  -1.0 1.5 0.4 -0.497 -0.446 -0.380
4750 =25 0.0 0.6 -0.405 -0.356 —-0.300
4750 =25 0.5 0.6 —-0.349 -0.310 —-0.267
4750 =25 1.0 0.6 -0.306 -0.273 -0.238
4750 2.5 1.5 0.6 —0.244 -0.220 -0.195
4750 2.0 0.0 0.6 -0.615 -0.550 —0.465
4750 2.0 05 0.6 -0.526 —0.466 —-0.394
4750  =2.0 1.0 0.6 -0.433 -0.383 -0.324
4750  -2.0 1.5 0.6 -0.332 -0.292 —-0.245
4750  -1.5 0.0 0.6 -0.787 -0.716 -0.623
4750 -15 0.5 0.6 -0.688 -0.622 -0.530
4750  -1.5 1.0 0.6 -0.560 -0.500 -0.425
4750  -1.5 1.5 0.6 —0.449 —-0.399 -0.336
4750  -1.0 0.0 0.6 -0.921 -0.856 -0.766
4750  -10 05 0.6 -0.818 -0.755 —-0.641
4750  -1.0 1.0 0.6 —0.680 -0.621 -0.542
4750  -1.0 1.5 0.6 -0.535 -0.483 —-0.414
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