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ABSTRACT

Context. Sulphur is important in the study of the early chemical etiohuof the Galaxy, because the site of its formation remaimsertain,
since at low metallicity the trend of this-element against [F7] is controversial. Diferent authors find [Fe] to remain constant or decrease
with [Fe/H] below [FgH]=-2.0, depending on the multiplet used in the analysis. M@ealthough sulphur is not significantly bound in dust
grains in the ISM, it seems to behavéfdiently in DLAs and in old metal-poor stars.

Aims. We aim here to perform a precise measurement of the S abumdaacsample of extremely metal-poor stars observed witlE®@
VLT equipped with UVES, taking into account NLTE and 3Beets.

Methods. NLTE profiles of the lines of multiplet 1 of S| have been congalitvith a version of the program MULTI (including opacity soes
from ATLAS9, and based on a new model atom for S), and fittedembserved spectra.

Results. We find sulphur in EMP stars to behave like the othezlements, with [B-e] remaining approximately constant below ffe=—3.
However, [3Mg] seems to decrease slightly as a function of [Mlg The overall abundance patterns of O, Na, Mg, Al, S, and & lzest
matched by the SN model yields by Heger & Woosley. Th&$ratio in EMP stars is solar, as found also in DLAs. We ab&ai upper limit
on the abundance of sulphur,/F&] < +0.5, for the ultra metal-poor star CS 22949-037. This, alontp &iprevious reported measurement
of zinc, argues against the conjecture that the light-elerabundances pattern in this star, and, by analogy, thermgptal-poor stars HE
0107-5240 and HE 1327-2326, are due to dust depletion.

Key words. Galaxy: abundances — Galaxy: halo — Galaxy: evolution -sStdnundances — Stars: Supernovae

1. Introduction -First, since unlike most other heavy elements, sulphueis g
o ) erally considered not to be significantly bound in intetatel
The determination of the abundance of sulphur in the atmgys; grains, it is a good indicator of the chemical compositi
sphere of old Galactic stars is of interest for two primam-re o the |SM and thus allows a direct comparison between the
sons: abundances in the DLAs (Damped dyclouds) and in early

Galactic matter.

* Based on observations obtained with the ESO Very Large
Telescope at Paranal Observatory, Chile (Large Progranfiivst” -Secondly, the formation of sulphur is still controversial
Stars”, ID 165,N-0276, P.I.: R. Cayrel. Sulphur is generally considered as @tapture element like
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magnesium and calcium, formed preferentially in massiyg&ETy2. Observations and Reduction
Il supernovae, including those of the first generations afsst

In analogy with othen-elements, [B ] is expected to be Con_AII stars were observed as part of the ESO large programme

P~ o . “First Stars”, using the high-resolution spectrograph WB/E
stant and positive at low metallicity (see e.g. Franco881,
[[988). Yet, the trend of [Be] vs. [FgH] in the early Galaxy (Dekker et al[2040) at the ESO-VLT. The spectra have been

= : - .+ discussed in detail in Cayrel et . (2004) and Bonifaciolet a
is still debated: Israelian & Rebol{) (2@}01) and Takada-Hida ) . - :
al. (2002) found [#Fe] to rise with decreasing [PAd], while (2007 ,[2000). The resolving power of the spectr is 43 000

Ryde & Lambert 4) and Nissen et 4T (2pP4, 2008) fouM’Jth 5 pixels per spectral resolution element. The spectaew
(200

[S/Fe] to remain flat. Finally, Gau et al ha) com-"educed using the UVES context within MIDAS (Ballester et

bining their own data with a large sample from the Iiteratur%l‘)‘ The N ratio per pixel in the region of theidines is

covering multiplets 1, 3, 6, and 8 ofi §see Tableﬂl), suggest atypically ~ 180 for the giants; 90 for the dwarfs (or 400 and

bimodal distribution of [#e] for [Fe/H] < 1.0 to explain the 200 Per resolution element, see Cayrel effal,, p004).

high value of [$Fe] found in several metal-poor stars. Three Ba-poor giants (McWilliam et gl. 1995) were also
observed as part of the programme, under similar conditions

as the other metal-poor stars (see also Andrievsky ¢t all,201
to be subm. to A&A). The S abundance could be determined

Table 1.Parameters of the sulphur lines for one of them (CS 22949-048), which has been added to the
sample.
Mult  wavelength Transition logf Xex
(nm) air (eV) 3. Choice of sulphur lines and determination of
5 5 .
1 921.2863  4s-4p°S$)-°P; 042 6.525 fundamental atmospheric parameters
1 922.8093 582 5P, 0.26 6.525
1 923.7538 S -5P; 0.04 6.525 In cool stars, five multiplets of Scan be observed in the red
3 1045.5449 ’%s]-°P,  0.26 6.860 and near-infrared spectral region (Tapje 1): Mult. 1 at abou
3 10456757 S 2P 043 6.860 922 nm, Mult.3 at 1045 nm, Mult.6 at 869 nm, and Mult. 8
3 1045.9406 _ S P 004 6860 at 675 nm (C#fau et al[2004, 201pa), and Mult. 1F, the forbid-
g gggiggé 4p-4d5§3 T Bg 88; ;g;g den line at 1082.1 nm (Rydeg, 2006, f&a & Ludwig, [200}).
: 4 : : However, in EMP stars, the lines of multiplets 6 and 8 are too
8 675.6851 4p-5d°P; —°> D; -1.76 7.870 . . .
8 6757007 5p, _5 D 090 7.870 weak for precise analysis (see Hify. 1). The lines of Mult.@ an
. 3 — 3 -V. . . .
8 675.7171 P, SDY 031 7.870 Mult_. 1F, are non detgctable in stars with [F§ < -2.9, and
1E 1082.1176 31D 862 0.000 are in any case outside the range of our spectra. The S abun-
————
| BD+17 3248 a)
A rise of [§Fe] with decreasing [Fel] has no simple ex- o | ) i

planation. It has been suggested that SNe with large explosB ~
energies (hypernovae) could have made a substantial cortri

bution to the nucleosynthesis of elements in the early Galax &
(Israelian & Rebolg 2041, Nakamura etal. 2001), or even that ©

it could be related to a delayed deposition of the supernova-

synthesized products into the interstellar medium (Rareaty —— -86?'“7? — -86?’47 i -86?'5-) T
al.[2000). . HD 2796 b) ]
On the other hand, Takeda et 4I. (2005) noted that, eVeN O [ _ . . ]
taking into account non-LTEfiects on the formation of the S2 ™ | TREAE *
lines, the result depended on the multiplet used for therdete B S| mult 8? ]

mination of the sulphur abundance. There was, in particatar g L _
apparent discrepancy between the abundance trends deduced | | | | 1
from multiplets 6 and 1. 869.3 869.4 869.5

Taking advantage of a new model atom of sulphur (Korotifig. 1. Spectra of B:17 3248 and HD 2796, showing the
p008§,[2009), based on new radiative photoionization rates, line at 869.46 nm in Mult.6 of § We detect the line in
here report new S abundances for 33 very metal-poor stars,BiD+17 3248 ([F¢H]=—2.1), but not in HD 2796 ([Fél]=—
cluding 21 stars with [FEH] < —-2.9 (Extremely Metal-Poor 2.5). A synthetic spectrum (full line) corresponding to the
or EMP stars). Our study is based on a precise high-resalutiEquivalent width of 0.26 pm found by Israelian & Rebolo for
NLTE analysis of the lines of the Mult. 1 ofiSat 11 921.29, this line has been superimposed on our spectrum of HD 2796.
922.81, and 923.75 nm (see Taljle 1).
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dances reported in this paper are therefore derived from ffable 2. Equivalent widths (pm) of the Sines of multiplet 1.
lines of Mult. 1 at 921.286, 922.809, and 923.754 nm.

Wavelength (nm) 921.29 922.81 923.75

L Xex(eV) 6.525 6.525 6.525
_F CS 28491-053 ] log gf 0.42 0.26 0.04
L E s 1 EW (pm) EW (pm) EW (pm)
X o i e W E Turnoff stars
Cof S I ] BS 16968-061 1.68 - -
o [ ] BS 17570-063 1.30 - -
ot ] CS 22965-054 1.30 - -
~FE L L ] CS 29499-060 1.80 - -
© 9211 921.2 921.3 921.4 CS 29506-007 1.98 - -
FroT L L T ] CS 29506-090 1.63 - -
C ] CS 30301-024 1.95 - -
- 3 Giants
X o [ e D ] HD 2796 4.80 3.20 2.76
Zof s1 & E HD 122563 - 1.92 1.29
o b TR ] HD 186478 - 2.70 1.68
oF % E BD+17 3248 - 4.88
e SRS L B R S 22-1135%%5849 e 1.20 1.20
S - - . :
9227928 9229 923 Cs 22169.035 L o e
] CS 22186-025 (2.09) 1.52 0.79
- 3 3 X S CS 22189-009 0.72 - 0.32
N % o % 4 ] CS 22873-055 2.37 - -
23Sk Ho0 S I k) 3 CS 22873-166 2.00 1.24 1.08
r H20 ] CS 22878-101 - - 0.72
SF 3 CS 22891-209 1.28 (1.00) -
r ] CS 22892-052 1.18 - -
'5 L1 L S T CS 22896-154 1.98 - 0.79
923.6 923.7 923.8 923.9 CS 22897-008 0.90 - -
Fig. 2. Spectrum of the giant star CS 29491-053 (fe-—3.0) CS 22948-066 ) 1.20 -
in the region of the 8ines of multiplet 1 (wavelength in nm). gg ;ggggggg igg ) 0.74
The synthetic spectrum (red line) has been computed for the g 22966:057 5 49 1 0;1 1 1'5
adopted apundange (Talﬂe 3),_ and for an abun_dar_wce 2.5 jumes CS 29491-053 153 102 0.88
smaller (thin blue line). The S line at 922.8 nm lies in thegvin CS 29502-042 0.83 ] }
of the hydrogen line & all other lines in this region are of CS 29518-051 2.30 1.34 .
telluric origin. In our analysis, all S lines blended withideic CS 30325-094 1.33 0.98 -
lines have been rejected. CS 31082-001 2.19 1.90 0.97
CS 22949-048 - 0.55 0.45

+ Equivalent widths in parenthesis are very uncertain

The line at 922.809 nm is located in the wing of the Paschen
{ line, and the absorption from the hydrogen line has beemtake
into account in the computations (see Fiy. 2). This spectfatation, are &ected proportionally to the EWs of the lines:
region is also crowded with telluric absorption lines of®1 A(log ab) = A(log EW). However, these equivalent widths
Since no hot star was observed together with the programh#&ye not been used in the computations since we have directly
stars, we have not tried to remove these telluric lines, et wompared synthetic and observed spectra; they are given her
have carefully computed their position relative to thelatel only for comparison.
lines and only used Bines free of contamination. Generally, at  In total, we could thus determine S abundances in 26 giants
least one or two lines in each spectrum, are free from blendimnd 7 turnd stars from our original sample.

Table@ provides equivalent widths of the #nes, since
they were not published in Cayrel et dl. (2p04) or Bonifatio ; :
al. (2009). In this spectral region the observed spectraﬂhre%' NLTE calculations and 3D correction
fected by fringing, which is not completely compensated f@tmospheric parameters of the stafigq( logg, [Fe/H]) are
by division by a flat field (Nissen et 08). The level of thadopted from Cayrel et al[ (2404), Hill et al (2002) and
continuum is therefore often not well defined, and we esemaBonifacio et al. [2007); for the Ba-poor star: from Andrikys
that the error on the equivalent width can reach 0.4 pm for git al. ). Briefly, the temperature of the giants has been
ants and 0.5 pm for dwarfs. Since in all the cases the sulphi@duced from their colours, adopting the calibration ofrso
lines in Table[lz are “weak”, the abundances, as a first apprex-al. ), and the temperature of the tufstars from the
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Table 3. Adopted atmospheric parameters and NLTE S abundancesifeample of EMP stars. The solar abundance of sulphur
has been taken from @au et al.: log(S), = 7.16, the NLTE Mg abundance (column 6) is from Andrievsky et@010). The
error (column 8) represents the uncertainty on the spditiag. The last column gives the number of sulphur linestuisethe
determination

3D+ 3D+ 3D+
NLTE LTE err. NLTE 3D NLTE NLTE NLTE
Star name & logg v [FeH] [Mg/H] loge(S) + loge(S) corr. [SH] [S/Fe] [FMg] N
Turnoff stars

BS 16968-061 6040 38 15 -3.05 -2.46 490 0.20 433 0.14 9-2.60.36 -0.23 1
BS 17570-063 6240 48 05 -2.92 -2.52 5.05 0.20 461 0.12 3-2.40.49 0.09 1
CS 22965-054 6090 38 14 -3.04 -2.42 474 0.20 421 0.13 2-2.80.22 -0.40 1
CS 29499-060 6320 40 15 -2.70 -2.14 490 0.20 450 0.12 4-250.16 -040 1
CS 29506007 6270 40 17 -2.91 -2.25 5.03 0.20 462 0.12 4-2.40.47 -0.19 1
CS 29506-090 6300 43 1.4 -2.83 -2.22 498 0.20 456 0.12 8-2.40.35 -026 1
CS 30301-024 6330 40 1.6 -2.75 -2.25 498 0.20 460 0.12 4-2.40.31 -0.19 1
Giants

HD 2796 4950 1.5 21 -2.47 -1.84 5.25 0.10 497 0.07 -2.12 0.350.28

HD 122563 4600 1.1 20 -2.82 -2.19 487 0.10 470 0.06 -2.40 420. -0.21

HD 186478 4700 1.3 2.0 -2.59 -1.86 5.07 0.08 484 0.06 -2.26 330. -0.40
BD+17 3248 5250 1.4 15 -2.07 -1.39 5,57 0.10 511 0.10 -1.95 0.120.56
BD-18 5550 4750 1.4 1.8 -3.06 -2.44 465 0.12 4.41 0.07 -2.68 .380 -0.24

BS 17569-049 4700 12 19 -2.88 -2.11 470 0.20 440 0.06 0-2.70.18 -0.59
CS 22169-035 4700 12 22 -3.04 -2.66 450 0.11 420 0.05 1-2.90.13 -0.25
CS 22186-025 4900 15 20 -3.00 -2.39 470 0.10 443 0.06 7-2.60.33 -0.28
CS 22189-009 4900 1.7 1.9 -3.49 -3.11 4.25 0.20 3.97 0.07 2-3.10.37 -0.01
CS 22873-055 4550 07 22 -2.99 -2.34 4.72 0.10 452 0.10 4-250.45 -0.20
CS 22873-166 4550 09 21 -2.97 -2.14 470 0.10 455 0.07 4-250.43 -0.40
CS 22878-101 4800 1.3 20 -3.25 -2.56 455 0.16 436 0.05 5-2.70.50 -0.19
CS 22891-209 4700 10 21 -3.29 -2.69 440 0.15 421 0.06 9-2.80.40 -0.20
CS 22892-052* 4850 16 1.9 -3.03 -2.52 448 0.10 429 0.05 82-2. 0.21 -0.30
CS 22896-154 5250 27 12 -2.69 -2.06 5.00 0.08 456 0.07 3-2.50.16 -0.47
CS 22897-008 4900 1.7 20 -3.41 -2.83 435 0.18 410 0.06 0-3.00.41 -0.17
CS 22948-066 5100 1.8 20 -3.14 -2.59 465 0.14 426 0.06 4-2.80.30 -0.25
CS 22949-037* 4900 15 1.8 -3.97 -2.42 <39 - <36 007 <37 <05 <-11

CS 22953-003 5100 23 17 -2.84 -2.34 4.72 0.10 441 0.06 9-2.60.15 -0.35
CS 22956-050 4900 1.7 18 -3.33 -2.59 445 0.20 418 0.06 2-2.90.41 -0.33
CS 22966-057 5300 22 14 -2.62 -1.89 5.12 0.10 462 0.08 6-2.40.16 -0.57
CS 29491-053 4700 13 20 -3.04 -2.34 460 0.10 445 0.05 6-2.60.38 -0.32
CS 29502-042 5100 25 15 -3.19 -2.52 450 0.14 413 0.06 7-2.90.22 -0.45
CS 29518-051 5200 26 14 -2.69 -2.02 495 0.10 450 0.07 9-2.50.10 -0.57
CS 30325-094 4950 20 15 -3.30 -2.54 464 0.18 419 0.06 1-2.90.39 -0.37
CS 31082-001 4825 15 18 -2.91 -2.09 484 0.10 454 0.07 5-2.50.36 -0.46

WNNRWWRNMN YN RrRrNNRrRRORNONNDNRNDPENODD®

CS 22949-048 4800 15 20 -3.25 -2.68 442 0.15 407 0.05 4-3.00.21 -0.39

N

* An asterisk after the name of the star means that the stari®ao-rich.

wings of H,. The random error on the temperature is abotdins significant covariance terms (see Cayrel e2004 fo
80K (10). For a given stellar temperature, the ionization equirore details).

librium provides an estimate of the stellar gravity with ater-

nal accuracy of about 0.1 dex in Iggand the microturbulence ~ Our logg value may be iected by NLTE &ects (overion-
velocity v; can be constrained within® kms™. The adopted ization) and by uncertainties in the oscillator strengththe
parameters are given in Taffle 3. TaJle 4 lists the unceytaint Fe and Ti lines. This has been discussed in Cayrel gt al. Ji2004
the Su|phurabundance arising from the error§gn |Ogg and section 3.1. It has been shown that even for giants the spec-
Vi. Because gravity is determined from the ionization equiliroscopic logy and the logy value deduced from isochrones
rium, a variation ofTe; ill change logy and also sometimes should not diter by more than about 0.3 dex.

slightly influencess. Hence, the total error budget is not the

quadratic sum of the various sources of uncertainties, @t ¢ oF the non-LTE computations of the sulphur abundance,

Kurucz models without overshooting were used (Castelli.et a
fl997). These models have been shown to provide LTE abun-
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Table 4. Abundance uncertainties linked to stellar parameters.1. Test of coherence

Case of a typical dwarf CS 29506-090, and a typical giant )
HD 122563. With the model atom adopted here, there is good agreement

(inside 0.1 dex) in the Sun and in Procyon between the S abun-
dances derived from the férent multiplets when 3D models
CS 29506-090 are used.

'g“_ Iﬁfggggi’ :gggf:"g gg;(' xgj m zi —For Procyon we found(S) = 7.23 + 0.03 from the 3D, LTE

c: T$:63OOK: Iogg=4:3 dex, ve1.2 km s computations of Cigau et al. 7) with a Korotin's NLTE

D: Tor=6200K, logg=4.3 dex, ve1.4 km s correction (private communication). _

E: T1=6200K, logg=4.1 dex, v&1.3 km s* —For the Sun the mean sulfur abundance derived from these
EL Ao Aen Aoa DAea computations is log(S) = 7.16 + 0.05, for loge(H) = 120
[Fe/H] 003 003 -006 -007 (Caffau et al. [2010b). This value is very close to the meteoritic
[S I/Fe] 0.00 -003 009 0.04 value (717 + 0.02, following Lodders et al] 20p9). The solar
[Fe I/Fe] 0.02 0.01 -0.04 0.01 abundance logS) = 7.16 has been adopted as a reference in
[Fell/Fe] -0.01 -0.01 0.04 -0.01 our computations.

HD 122563 Moreover, for the most metal-rich star of our sample,

A: Te=4600K, logg=1.0 dex, v£2.0 km s*
B: Tey=4600K, logg=0.9 dex, v&2.0 km st
C: Te=4600K, logg=1.0 dex, v£1.8 km s*

BD+17 3248, the S abundance could be determined from the
lines of the Mult. 1 and the main line of Mult. 6 (Fiﬂ. la). The
agreement between the NLTE S abundances derived from mul-

D: Ter=4500K, logg=1.0 dex, v&2.0 km st

BT An00K | 06 d 18 km o tiplets 6 and 1 is very good when the 3D correction is also in-
(Ter= , logg=0.6 dex, vE1.8 km s

cluded (-0.02 for Mult. 6;+0.10 for Mult. 1):¢(S) = 5.28+ 0.2

Bl Bon  Aca  Ao-a_ Aca from Mult. 6 ande(S) = 5.22+ 0.1 from Mult. 1.
[Fe/H] -0.00 0.06 -0.09 -0.06
[S I/Fe] -0.02 -0.02 0.12 0.04

[Fe I/Fe] 0.03 0.03 -0.11 0.03 00— . . . 0.0—
[Fell/Fe] -0.03 -0.04 0.11 -0.03

-0.2F

&
N

o
>

04l
dances very similar (within 0.05 dex) to those of the MARCS'];'-O-6
models used by Cayrel et dl. (2004) and Bonifacio e0092'_0_8
It has been shown (see Takeda ef[al. 2005, Kofotin]2008)

14
o

 NLTE -LTE |

4
©

Tlog 6=3

. = : [FelH] = -2.0 [FelH] = -3.0
that Mult.1 of S is afected by a significant negative non- -1.0 e 1 1O [Fe/H]=-4.0
. . log g=2J
LTE correction. To compute NLTE profiles of thel $ines, - - - o
5000 5500 6000 6500 5000 5500, 6000 6500

we have used the model atom of Korot[n (2008), which con- Ter (K) Ter (K)

Ejain; 64r:eve_ls .Of $and thefgrou”ndhle\llel (I)f EB.kThg ra- Fig. 3. NLTE correction for the 921.2nm sulphur line in metal-
lative p o:)mon:jzatlonhrates orda FI Z evels taken 1A, stars as a function of the temperature, the gravity and
count are based on the new detailed ionization cross sgcs metallicity for [F¢H]=—2, [F¢H]=—3 (dashed lines) and

tions listed in the Opacity Project TopBase (Mg sweb.u- Fe/H]=—4 (solid line). This correction has been computed for
strasbg.fftopbasgopbase.html). The oscillator strengths of th JH]=[Fe/H]

lines are also taken from TopBase. The line profiles have been
computed from a modified version of the program MULTI
(Carlssor] 1986, Korotin et dl. 19499). This version inclydes
particular, opacity sources from ATLAS9 (Kurucz 1p92) whic
modify the continuum opacity and the intensity distribatio
the UV region. Such sources are very important for determy- pasts
nation of the radiative rates of the bound-bound transition
the sulphur atom. In Fid] 3 we present the new non-LTE cdn Table[B we present the result of the computations for our
rection computed for metal-poor stars for the 921.2 nm suiphsample of stars. The S abundances have been derived from syn-
line of the Mult. 1. This correction is sometimes ratheffeti-  thetic spectra fits (Fig] 2). The sulphur abundances coutitieo
ent from the correction computed by Takeda et005). Fastermined for the most metal-poor stars ([ < —3.6 for
example, for turnfi stars with a metallicity of about —3.0 andgiants, [F¢H] < —3.2 for dwarfs), because the lines were too
a temperature of 6000K, the correction is found to be closew@ak to be measured reliably. However, an upper limit of the
—0.6 dex, whereas it was only about —0.2 dex following Takedalphur abundance has been given for CS 22949-037 because
et al. (200p). this upper limit can help explaining the chemical anomaties

We have also computed the 3D correction (as explainedthis star (see sectidn b.3). The error on the sulphur abwedan
Caffau et al[2010b or GEau & Ludwig[200F). This correction given in TableB, represents the uncertainty on the spéittral
is small, but positive (TabIE 3), and has been computed atirty. This error strongly dominates the total error ofH8 or
applied separately. [S/Mq].
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S NLTE + 30 ] region (over 50fpix at 869 nm), we do not detect the line
1 (Fig.ib). Its equivalent width is clearly less than 0.26 pm
] itis probable that the error of the equivalent width has heen
derestimated by Israelian & Rebolo. Ryde & Lambért (2004),
re-analysed three other S-rich stars from the list of |saae
Rebolo with 055 < [S/Fe] < 0.7 and for all of them they found
also a normal sulphur abundance.
In Caffau et al. [2005) three other stars have been found to
be S-rich (with [SFe] > +0.7): BD+02 263, BD+05 3640 and
" — - % - CD-45 13178 (HD 181743), these three stars have metaa‘li;citi
[Fo/H] in the interval-2.2 < [Fe/H] < —1.1 and are thus outside the
range of metallicity explored in our paper. Moreover, in HD
Fig. 4. Final NLTE [SFe] ratios for our EMP stars. Solid sym-181743, Nissen et aI08) found from the Mult. 1 a normal
bols show the turnd stars, open symbols the giants. abundance of sulphur ([Se]=+0.34), but on the other hand, in
BD-+05 3640 the high sulphur abundance has been confirmed
(but at a lower level) by G#au et al. [2010a) by the analysis of
the Mult. 3.
We conclude that the existence of S-rich stars in the
interval-2.5 < [Fe/H] < —1.1 remains uncertain.

[s/Fel

5.1. [S/Fe] vs. [Fe/H] and comparison to previous
studies

Fig. B shows [F@e] as a function of [F&l] for our sample of
EMP stars. Below [F#1]=—2.9, the slope of the relation is verye Behavior of stars with [Fe/H] < -2.5
small: a= -0.012+ 0.006; [§Fe] is thus practically constantRecently, Takeda & Takada-Hida{ (2910) have measured
with a mean ofS/Fe] = +0.35+0.10. The level of this plateau Mult. 3 of SI in metal-poor stars and find [Se] to be con-
is in good agreement with the value found by Nissen et atant in the interval-2.5 < [Fe/H] < —1.1, but to increase
([004,[200B) and Gtau et al. [2005)[S/Fe] ~ +0.35 for the suddenly for [F¢H] < —2.6. They have only five stars with
most metal-poor stars of their sample. [Fe/H] < -2.6, and in one of them the S line cannot be de-
tected. For G64-37, the uncertainty is so high that the tietec
is in doubt (see their Fig. 13). Of the three remaining stars,
L two of them are in common with our sample: HD 122563 and
BD-18 5550. For these stars we find “normal” S abundances
of [S/Fel=+0.42 and+0.38 from Mult. 1 (Tabl¢]3).

To understand the cause of this discrepancy, we have re-
measured the equivalent widths of the 1045.5449 nm linean th
spectra of Takeda & Takada-Hidgi (2010), neglecting theoth
two lines, which are even fainter. (The lines of Mult. 3 usgd b
T B Takeda & Takada-Hidai are weaker than those of Mult. 1 and
921.1 921.2 921.3 921.4 their spectra have only half the resolution of ours).

Fig.5. Spectrum of BD-18 5550 in the region of Mult. 1 of _ Eg]r—H+%l42525ifr313e\>l<v§e|];g]r?t E\Ardele?ngr:rt]v;?r: riiprm;:[l(r;r?nitr?a-
SI. Only the main line can be m_easured_in_our spectrum, as e (_Sincé th,e sulphur Iinesgare weak the value oFE$
others are severely blended with telluric lines. The thiok | faund by Takeda & Takada-Hidai has been simply corrected

shows the theoretical profile computed with our value of the 9 _
abundance (Tab|} 3). The profile computed with the abundar? eA[S/ Fe] = log(EW,/EWy) where EW1 and EW?2 represent

T - . e old and the new equivalent widths.)
2221F;)t§t?bl|)gv;/ri?rl1( ?ﬁ:ﬁ);—;bae?jaspi?:?u(rﬁom) (thin line), is né—l{l BD-18 5550 is the most S-rich star in the sample of Takeda

& Takada-Hidai with [$Fel=+0.76, against our value ef0.38
from Mult. 1 — see Fig[]5. For this star, thé\Sof the spectrum
of Takeda & Takada-Hidai seems to be rather good, but we
e Behavior of stars with —2.5 < [Fe/H] note that the full width at half maximum (FWHM) of the lines
Itis interesting that none of the stars in Fﬁb 4 is found té®e is much larger than those in HD 122563, while the FWHM of
rich” ([S/Fe] > +0.7), in contrast to several stars in the intervehe lines in these stars is about the same in our UVES spec-
-2 < [Fe/H] < -1 (Israelian & Rebold 2001, Takada-Hidai etra. If we fix the FWHM of the lines in BD-18 5550 at the
al.[200p, Takeda et dI. 2405, andftza et al[ 2005). same value as in HD 122563, we find the equivalent width of
The most S-rich star in Israelian & RebolOl) ithe 1045.5449 nm line to be about 1.2 pm angFE=+0.62.
HD 2796, with [$Fe]=+0.8. HD 2796 is included in our sam-Adopting the Cayrel formula (Cay88) to estimate thee pr
ple, butits very high S abundance is not confirmed by our measion of this measurement (with1$=150), we find the error
surement of the lines of Mult. 1; we find fSe]}=+0.3. Israelian of this equivalent width to be close to 0.5 pm. Hence, thererro
& Rebolo found EW0.26 pm for the main line of Mult. 6 in in the abundance ratio should be about 0.2 dex, which makes
this star, but although our spectrum has very high B this their result compatible with ours.

e
BD—18 5550

Flux
1

0.7 0.8 0.9

0 %
— ’
[N A I
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-r 1 ferent from those forming Mg and S (explosive burning for Fe,
1 and mainly hydrostatic C, Ne, and O burning for Mg and S).
at . For [Mg/H] < —-2.7, a slight increase of [N®g], [Al /Md],
_ 1 and [K/Mg] as [Mg/H] decreases was seen by Andrievsky et al.
Col + U 1 (2010). A slightincrease of [$1g] is also possible (Fid] 6), but
2 o | _*_y— 1 there are very few stars with [M#] < —2.7 in our sample. We
ap X _'_QF_ ) 4 1 plan to discuss the evolution of f8g] in the Galaxy in more
! —#_ + 1 detail when we have completed a new precise analysis of disk
_ ] stars, including NLTE and 3D corrections.
I 1 1 1 1 1 ]
-4 -3.5 =3 -2.5 -2
T T [Fe/’l-‘] T T ‘ ‘ ‘
N
N ° 0
—_ (N Na Mg 7
g = C o °
a S or° " A
— < Sf Fe ?r o.Co
I © Ba B
TE 1 1 1 1 1 ] © | |
-35 -3 —25 -2 -15 !
[Mg/H] S
0 500 1000 1500
Fig. 6. [S/Mg] vs. [FgH] (top) and [MgH] (bottom). Symbols T
as in Fig[}. cond

Fig. 7. [X/H] abundances in CS 22949-037 against the solar

condensation temperatures (Lodd003). There is no cor

relation between &,q and the abundance of the elements, in
5.2. [S/Mg] vs. predicted supernova yields particular S and Zn have a condensation temperature loaer th

It is often noted that magnesium should be a better referel%%and they are more deflglent, atvariance with the abundance
element than iron, because Mg is only formed in massive g\ Boo stars. (Thefilled circles represent the abundances cor-

and its production is lesdTacted by explosive nucleosynthe-riCteg or not Sﬁ.nf]'t've |t((j) Nt‘lk')Eﬁects, t[l%?pe:f%/gﬂbols are
sis, mixing, and “fallback”. As a consequence, the predii abundances which could not be corrected for s)

of [S/Mg] should be more robust than for/f] (Woosley &
Weaver[1995, Shigeyama & Tsujimdto 1p98).

The NLTE abundance of Mg for our sample of stars has
been computed by Andrievsky et alO). Fib. 6 Sho"@& The case of the peculiar C-rich star
the observed value of [BIg] as a function of [FgH] and CS 22949-037
[Mg/H]. The scatter is small, but two stars seem to have a high
[S/Mg] ratio: BS 17570-063 ([Fel]=—2.92) and CS 22189-CS 22949-037 is a very peculiar giant: it is extremely metal-
009 ([F¢H]=-3.49). In both cases the higly;g] ratio seems poor ([FgH] ~ —4.0), and its unusual chemical composition
to be real, and not the consequence of an uncertainty on #es first pointed out by McWilliam et al. (1995) and later stud
magnesium abundance (see Fﬂg. 6). In fact the full spreadiedl in more detail by Norris et aIl) and Depagne et al.
NLTE [Mg/Fe] of the metal-poor stars below [f4] < —-1is (2002). This star exhibits light element (C-N-O, Na, Mg) en-
definitely larger than expected from the error estimate ef thancements that are quite similar to those associated lgth t
analysis itself (see Gehren et &l., 2006, Andrievsky eRalL), hyper metal-poor stars HE 0107-5240 and HE 1327-2326 with
and also Cayrel et af, 2404) and the anomalies of the magffee/H] < -5 (see Frebel et al[, 2005, 2008). It is generally ad-
sium abundances are not clearly correlated with the otleer ahitted that these stars are the product of specific zerotsieta
ments. pernovae. However, Venn & Lambe[t (2p08) have argued that

In the interval-3.4 < [Fe/H] < —2.5 we can define a meanthis abundance pattern might be associated with the same pe-
value of [SMg] as was done for O, Na, Al and K by Andrievskyculiarity that is used to account forBoo stars (presumably
et al. ):[S/Mg] = —0.32+ 0.14. In the same metallicity related to dust depletion). If this were so, the abundance of
interval, the scatter of [e] around the mean is only 0.12 dexhe elements should be smoothly correlated with the conden-
(see. It appears that, as already observed in LTE @Caysation temperaturec§ng. The abundances of S and Zn could
et al|2004), the scatter of the abundance ratios is slidgnfyer help to choose between the two hypotheses, because their tem
when Mg rather than Fe is used as the reference element. Tgsature are intermediate between those of O and Na, both of
is surprising, considering that Fe forms in processes alifite which are strongly enhanced in CS 22949-037. If dust deple-
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tion is responsible for the pattern of CS 22949-037 we woulds | ' ' ' 'A' ' E

i, The abundance of 2nc hes been measured n S 22988 %o 5L ° o 4 SR and
. X G o AN

037 by Depagne et af. (2402). The sulphur lines are not @sibr °oP o o 4

in this star but (Tablg¢|3) an upper limit can be estimated as-"f- N

[S/H] < -35 or [S/Fe] < +0.5. In Fig.[f we have plotted ~~3* -3 -5 -2 -1 -

[X/H] vs Teone- The abundances [M] of C, N, O, Ca, Fe, and [zn/H]

Zn are taken from Depagne et 4. (2D02); for the other eleseptg. 9. [S/zn] vs. [ZryH] in EMP stars (circles) and in metal-
Na, Mg, Al, S, Sr, and Ba, since the NLTE abundances haggor DLASs (triangles).

been computed (Andrievsky et al., 2007, 4008, 2009, |2010,

) they have been preferred. (The oxygen abundance de-

termined from the forbidden line is insensitive to the NLTHable 5.[Zn/H] and [SZn] in the most metal-poor DLAS.
effects). It can be seen that CS 22949-037 does not show any

clear signature of dust depletion.

Ident [ZH]  [S/zn] reference S reference Zn

5.4. Comparison with predicted SN yields 0010-0012  -1.35  0.24 Srianand,05 Ledoux,03
0058-2914 -1.52 0.22 Srianand,05 Pettini,00

0100+130 -1.55 0.15 Molaro,98 Dessauges-,04

D F Wobsle’y Weaver t19'95)| ] N F 'Heg'er—'Wo'osléy (ZOiO)I ] 0102-1902 -1.88 0.06 Srianand,05 LedOUX,OS

_-F — BMed _ -~ F hyp B 3 0112+029 -1.01  -0.18 Ledoux,03 Pettini, 94
EN T Pleig ¢ NP A — ™P3  0347-383 -1.15  0.06 Srianand,05 Ledoux,03
X _f M 12 Y Y°° 1 0405-443 -1.34  -0.09 Lopez,03 Ledoux,06
'E NoMgAl S X ] "Fo NoMgA S K ] 0405-443 -1.06 0.04 Lopez,03 Ledoux,06

~ = T — T N = — 0528-2505 -1.47 0.07 Centurion,03 Ledoux,06

b KPS ROgh 3 _E Kohesni LRy 1 08414129 -145  0.10 Ledoux,06  Centurion,03
ERN: — m§§ g ¢ — mgg 0841+129 -1.74 0.32 Centurion,03  Dessauges-,06
S°F o WMIXOF o — Mgy 1223178 -1.63  0.25 Dessauges-,07 Ledoux,03
TTE 177 Y \ 3 1331170 -1.25  0.07 Dessauges-,04 Dessauges-,04
f O oMo S L, L ] p O NoMoAl S X . .4 2138-4427  -164  0.04 Srianand,05 Ledoux,03

. . 2314-409 -1.03 0.11 Ellison,01 Ledoux,06
Fig. 8. Comparison of the most recent O, Na Mg, Al, S, and K2343+1232 130 -0.06 Noterdaeme,07 Ledoux,06

abundances in EMP stars to the predicted yields of metal-pes
SNe and hypernovae. The solid lines represent the predgctio
of different models, and the dots the mean values of the ob-
served abundances in the interv@l0 < [Mg/H] < -2.0 this difference. Fig[]9 shows [Bn] vs. [ZryH] for our sam-
ple of metal-poor stars and for the most metal-poor DLAS with
both Zn and S abundance determinations (Tﬂ)le 5). Since the

In Fig. [§ we compare the abundance ratios of the ligdn line is very weak in turnfy stars, we could only measure Zn
metals to some predicted abundances in the ejecta of megiundances in our giant stars (Cayrel et[al., P004). Fatigwi
poor SNe or hypernovae following Woosley & ﬁ%@ggﬂhkeda et al.[(2005), non-LTHfects for Zn are not very im-
Kobayashi et al.[(20§6) and Heger & Woosl 010). THeortant in these stars(+0.1dex), but we have interpolated a
mean values of the observed abundances of tfierdnt ele- correction in their tables and applied it.
ments are computed in the intervaB.0 < [Mg/H] < -2.0, Fig.[9 shows that, when non-LTHfects are taken into ac-
their uncertainty should be of the order of 0.1 dex. The arhowtount, the sulphur abundance in metal-poor stars is raifmer s
of ejected S seems generally overestimated by the modelslar to that in DLAs — if anything slightly lower. However, ¢h
we consider all the elements from O to K, the best agreemehemical evolution of the Galactic halo might still befdrent
is obtained with the predictions by the models of Heger &om the average of DLAs.
Woosley[2010 (hypotheses B or D, with a low mass b In EMP stars as in DLAs the [2n] ratio is approximately
10M,), mainly because other simulations show larger disagresiar. This is due to positive values of bothif8] (Fig.[4) and
ment for the K abundance. [Zn/Fe] at low metallicity (Cayrel et a4; see also Primas
et al.[200D and Nissen et &l. 2D04). We will discuss the evolu-
tion of the [$Zn] ratio in the Galaxy in more detail when we
have completed a new precise analysis of S abundances in less
metal-poor stars.

5.5. [S/Zn] in metal-poor stars and damped Ly«
systems

Nissen et al.[(2004) suggested that theZ[§ ratio is higher
in stars than in damped bysystems. Neither S nor Zn show :
. . Concl n
much dfinity for dust, although MgS has been recently meis- Conclusions
tioned as a possible grain constituent by Zhang eZOOWe have determined S abundances in 33 metal-poor stars, in-
Thus, depletion onto dust in DLAs probably can not explaitiuding 21 with [F¢H] < —2.9, and find [$Fe] to be constant:
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[S/Fe] = 0.35+ 0.10. However, a slight increase of/[8g] Carlsson M., 1986, Uppsala Obs. Rep. 33
when [MgH] decreases cannot be excluded (ffjg. 6). The sar@estelli F., Gratton R. G., Kurucz, R. L. 1997, A &A 318, 841
effect is observed also for Na, Al, and K (Spite et[al. 2006,2yrel R., 1988, Proceedings of the IAU symposium 132 “Thesiat

Andrievsky et aIO). of very high $N spectroscopy on stellar physics”, eds. G. Cayrel
We do not confirm earlier claims of a significant rise in d€ Strobeland M. Spite, Kluwer Academic Publishers, Dardre

. . - p.345
[S/Fe] with decreasing [FBl], but corroborate the findings ofC yrel R.. Depagne E., Spite M., Hill ., Spite F., FrancBisPlez

Nissen et_al.8) and Ryde & Lamb004). that B., Beers T.C., Primas F., Andersen J., Barbuy B., Bonif&jo

behaves like the other-elements, also at very low metallicity.  po1aro P., Nordstrom B., 2004 A&A 416 1117Rirst Stars V" )
The low sulphur abundance (along with a low abundanegnturion M., Molaro P., Vladilo G., 2003, A&A, 403, 55

of zinc) in CS 22949-037 suggests that the abundance patt®erker H., D'Odorico S., Kaufer A., et al., 2000 in Opticaldan

in this star (and thus by analogy in the hyper metal-poosstar IR Telescopes Instrumentation and Detectors eds |., Mais&no

HE 0107-5240 and HE 1327-2326) is the result of specific A.,F., Morwood Proc., SPIE 4008 534

zero-metal supernovae and is not related to dust depletiorPgpagne E., Hill V., Spite M., Spite F., Plez B., Beers T.Cartily

suggested by Venn & Lambe08). B., ngrel R., Andersen J., Bonifacio P., Fran(’;’ois P., Niion
When the NLTE éfects are taken into account the pattern of B., Primas F., 2004 A&A 416 1117Rirst Stars II" )

. . . . essauges-Zavadsky, M.; Calura, F.; Prochaska, J. X.; &©d, S.;
the light elements from O to K relative to magnesium, is rathe Matteucci, F., 2004, A&A 416, 79

well represented by ejecta of zero-metal supernovae ("&gebessauges-Zavadsky, M.: Prochaska, J. X.: D'Odorico, Sui@, F.:
Woosley{2010). Matteucci, F., 2006, A&A 445, 93
The ratio [3Zn] is found to be approximately solar as it iDessauges-zavadsky, M.; Calura, F.; Prochaska, J. X.; &ried, S.;

in DLASs since [3Fe] and [ZriFe] are both equally positive at  Matteucci, F., 2007, A&A 470, 431
low metallicity. Ellison S. L., Lopez S., 2001, A&A, 380, 117

Francois P., 1987, A&A 176, 294
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