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ABSTRACT

Aims. LTE abundances of light elements in extremely metal-podREstars have been previously derived from high qualitcspe
New derivations, free from the NLTHfects, will better constrain the models of the Galactic cleahgvolution and the yields of the
very first supernovae.

Methods. The NLTE profiles of the magnesium and potassium lines hage bemputed in a sample of 53 extremely metal-poor stars
with a modified version of the program MULTI and adjusted t tivserved lines in order to derive the abundances of theseats.
Results. The NLTE corrections for magnesium and potassium are in ggwdement with the works found in the literature. The
abundances are slightly changed, reaching a better pecitie scatter around the mean of the abundance ratios besaded.
Magnesium may be used with confidence as reference elemmgathier with previously determined NLTE abundances ofisndi
and aluminum, the new ratios are displayed, for compariatamg the theoretical trends proposed by some models ofrtical
evolution of the Galaxy, using fierent models of supernovae.

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

1. Introduction affect the yield of iron : Si burning in massive SNe II, explo-
- i sive nucleosynthesis, mixing and fallback episodes andipos
In the frame of the ESO Large Program "First stars, firSt Nisie ate SN Ia contributions. Magnesium is, in principle gétér
cleosynthesis” Cayrel et a 04) and Bonifacio et BLORO choice since this element is mainly formed in massive Sise, it
009) have studied an homogeneous sample of extremely-meighduction is dominated by hydrostatic carbon burning, igisd
poor giants and turrfbstars. For about fifty stars, most of themeags grected by explosive burning and fallback (e. g. Woosley &
with [Fe/H] < -3, they determine the abundances of the e'Weaver,S). Among others, Shigeyama & Tsujimpto (1998)
ments from C to Zn, especially of the light metals Na, Mg, Alecommended Mg rather than Fe as a reference element, follow
and K, in the early Galaxy. These abundances are based on l'rﬂ-gthe same logic.
computations of the equivalent widths or of the line profiles Cayrel et al. [(2004) have recognised this too and have ac-
After sodium and aluminum (Andrievsky et &l., 2D§7, 200&ordingly used magnesium as a reference element to compare
we present here non-LTE determinations of the magnesium arg observed ratios [X1g] to the ejecta of the massive super-
potassium abundances by comparison of the observed and cagvae in the last part of the paper. But it appeared that wewxp
qued line profiles and we discuss the evoluthn of the abucela edly the relations [Mg] vs. [Mg/H] were more scattered than
ratios [QMg], [Na/Mg], [Al/Mg] and [K/Mg] in the Galaxy. the corresponding relations [iRe] vs. [FgH]. Also, in Bonifacio
Recently, Takeda et af. (2409) have computed the non-LTB-abit al. (200p), the mean value of [Vfeg] differed significantly in
dance of potassium in the same sample of EMP stars, basedRiht and turnf stars. As a consequence we suspected that both
the equivalent widths of the potassium lines given in Cagtel the unexpected behaviour of the scatter of the ratighlpj and
al. (200%). We compare our results with their determination  the diferent behaviour of dwarfs and giants could be due at least
In Cayrel et al. [2044) and Bonifacio et dI. (207, 2009)niropartly to the neglect of the departures from LTE.

had been first chosen as the main tracer of the chemical evelin Sect. 2 we present the characteristics of the atomic lmode
tion of the Galaxy. It had also been noted however,that isontised for the non-LTE computations.
perhaps not the best choice since there are several pre¢hase - In Sect. 3 are presented the main parameters of the analysis

- In Sect. 4 we discuss the ratios [kfg] and [K/Fe] in the early

* Based on observations obtained with the ESO Very Large depes  Galaxy, and we compare the ratios/M], [Na/Mg], [Al/M]

at Paranal Observatory (Large Programme "First Stars”, @5.8- and [K/Mg] at low metallicity to the predictions of the ejecta
0276; P.I.: R. Cayrel. of supernovatypernovae. Finally for a complete halo-disk pic-
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ture we have also added the NLTE determinations of the abth-Atomic models and NLTE calculations
dances of Na, Mg, Al and K in the disk from the "Gehren team” .

(Gehren et a@OG, Mashonkina ef al. 2008, and Zhangel- Magnesium

al.[200§), to study the evolution of these ratios in the Gaknd

to compare this to the predictions of the models of the chami
evolution of the Galaxy.
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Fig. 1. Profile fitting of the magnesium lines in the solar spec-

trum.
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The atomic model of magnesium used in this work is essen-

Sially the same as the onedescribed in Mishenina e{al. 2004

This model consists of 84 levels of Mgl2 levels of Mgt and

the ground level of Mgi (Martin & Zalubas,[1980, Biemont

& Brault f[986). Within the described system the transitibas
tween the 59 first levels of Mgand the ground level of Mg
have been considered. The detailed structure of the metkipl
was ignored and each LS multiplet was considered as a sin-
gle term. The fine structure was taken into account only fer th
3s3pP level (more details in Mishenina et §l. 2004).

2.2. Potassium

Our model of the K atom is based on the model of Bruls et
al. (1992). In our implementation we considered in detéitra
transitions between the first 20 levels of the &d the ground
level of the Ku. For the level 4p2P we took into account the
fine splitting. The other levels were considered as singlel$e
Fifteen additional levels of Kand 7 levels of ki were used

to allow the conservation of the number of particles. Thellev
energies are taken from Sugar & Corlifs (1985). The osoillat
strengths of the bound-bound transitions are takenfrons&\és

al. (1969) as well as Biemont & Grevesse (1973). For the res-
onance transitions we used data from Mortpn (1991). Thé tota
number of bound-bound transitions considered in detaiis 6

Photoionization cross-sections from the ground level of
potassium were reported by Rahman-Attia et[al. (.986). For p
levels we took ionization cross-sections published by Ayeta
al. [L97§). For 2S, 2D, 2F levels the cross-sections céedla
with the help of quantum defect method (Hofsagss, [1979) were
used. For the other levels, we used the hydrogen-like ajipasx
tion. The electron collisional rates were estimated with ielp
of the Van Regemortef (1962) formula, while Allens (1p7@)-f
mula was used for forbidden transitions. The collisionaiZa-
tion from the ground level was described using the corredpon
ing formula from Sobelman et a[. (1381). For the other lewes
used Seaton'§ (1962) formula. To take into account cotitsiof
potassium atoms with hydrogen atoms we applied the fornfula o
Steenbock & Holweger (19B4) with a correcting factor eqoal t
0.05. A similar correcting factor was used by Zhang e{al0@0

The principal diference between the LTE and NLTE-based
abundances is caused by an over-recombination on the fiest le

of the Kr atom in the atmospheres of the late-type stars. This
leads to an increase of the equivalent widths of the766.5

and 769.9 nm lines, and as a consequence the LTE abundances
are overestimated. Detailed discussion of thige is given in

Ivanova & Shymansky[ (20p0).

2.2.1. Fit of the solar spectrum

To verify our adopted atomic models of magnesium and potas-
sium we have carried out the computation of the NLTE syntheti
profiles of several magnesium and potassium lines. The Solar
Flux Atlas of Kurucz [[1984) in the visual and infra red range
was used for this purpose.

Fig. 2. Profile fitting of the potassium lines in thesolar spectrum. The NLTE profiles have been determined with the help of

the modified "MULTI” code of Carlsson (19}36). The modifica-

tions are described in Korotin et a). (1999), they includa®p
ity sources from ATLAS9 (Kuruck 1992). The Kuruczs (1H96)
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model of the solar atmosphere has been used in these comp8té4- NLTE abundances
tions. , . .
The damping constants have been taken from the Vienhd compute NLTE profiles 9f the magnesium anq potassium
Atomic Line Data Base (VALD, Piskunov et dl., 1995). The coflles, we have used Kurucz's models (ATLAS9) without over-
rection AlogCs found by Mishenina et al[{20p4) has been ag'°°ting (Kurucf 1993). We have checked on some typical star
plied for the computation of the magnesium lines. The NLT at thle ;Jsle of jRCSlanodfls (Eusta.fss.(f).n ?%313008) asin
profiles of the Mg | lines computed with log(M#gl) = 7.57 ayrele a. )wpu not make a signincartenence.
agree well with the solar spectrum (see Hig. 1 in good agree- 1"€ NLTE corrections depend on théfetive temperature
ment with the determinations of Grevesse & Sauval (00@), aﬁnd gravity of the_model, as well as on the element abundance
of ShimanskayaO) who found log(Md), = 7.58. The itself. The latter circumstance .strongly suggests thaia_ﬂnm-
potassium lines are also well reproduced by our calculatiofiances must be derived individually for each star using com-
(see Fig[) with a potassium abundance logi) = 5.11, in plete NLTE computation. The use of published NLTE correc-
good agreement with the value adopted by Zhang ezoo@ns as a function & and logg can introduce some errors in

and very close to the meteoritic potassium abundance (sdddl® derived abundances if the abundances dferet. For ex-
)_ ample in metal-poor stars in the rang2.0 < [Fe/H] < -3.0

the NLTE corrections for the potassium abundance are within
the range 0.2-0.5 dex. But in the extremely metal-poor stars
([Fe/H] < -3.0) the potassium line is very weak (the equiva-
lent width of the 7699 A line is always less than 25 mA and
3.1. Sample of stars. Observations and reduction often less than 10 mA); the line is thus formed rather deeply

gt e atmosphere where collisions are important and finally

3. Analysis of the star sample

The sample of stars and the observational data are the sam
discussed in Cayrel et al[ (2Q04). The observations were p

formed with the high resolution spectrograph UVES at the yLyequence, the use of a uniform NLTE correction (computed by

(Dekker et al.[200). The resolving power in the region @ thIvanova & Shymansky for a metallicity of -2.0), has led Cdyre

magnesium lines i ~ 45,000 and it isR ~ 41, 000 in the re- Iet al. )tto underestimate the potassium abundanceyat ve
gion of the potassium lines. Th¢hbratio is generally 120/ pix ow metaflicity.
with about 5 pixels per resolution element. In this regiomhef
potassium lines, residual fringes limit the precision & thea-
surements and in most of the stars a line with an equivaletihwi
less than 3 mA cannot be detected.

The spectra have been reduced using the UVES cont

(Ballester et alf 2000).

8 LTE correction at these metallicities is small. As a-con
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3.2. Atmospheric parameters

The parameters of the atmosphere of the stagsldgg, v and BS 16908-61 gi_ BS 16968-61 |
[Fe/H] are givenin Tableﬂl, and are quoted fromthe LTE analy-o7c__, , , , , + , ., .1 L. . .,
ses of Cayrel et a|4) and Bonifacio et @OAE). 5528.0 55285 5529.0 5183.0 51835 5184.0
"m” in the last column of the table means that the atmosphkre o A(A) AA)

1.0
7 0.9
7 0.8
7 0.7
T 0.6

the star (giant) has been found "mixed” with the deep hydnoge *°f
burning layer by Spite et a[_ (2005, 20p6a). For the deteation 3
of the relative LTE and NLTE abundances, we adopted in this tafu oal
ble the solar values log(M#l), = 7.58 and log(KH)s = 5.12 2,4

following Grevesse & Sauva 0) for a better homogeneit§ , < ¥ 1 o5
with the previous LTE determinations (Cayrel effal. 3004). .} 1 o4

Zz: HD186478 | 22_ HD186478 |
3.3. LTE abundances of K and Mg o1k 1 ot ; i
As a comparison, we give in Talfle 1 new abundances of magne- 5280 55285 5529.0 51830 51835 51840 51845
sium and potassium computed with the LTE hypothesis. These AA) A A

new determinations have been obtained by fitting the syiathet

spectra with the observed profiles. .3. Magnesium. Profile fitting for two metal-poor stars

. . . Fi
For the abundance of potassium the result is someti gh different dfective temperature, with similar metallicit
slightly different from the value published in Cayrel et @ooj?Fe/H] ~-28 Oneisa turrﬁ)ﬁstar (E;S 16968-61), the otheré

because, for example, afidirent position of the continuum has'giant (HD 186478). The Mg abundance was varied by 0.10 dex
been adopted. dotted lines
. . ).
However, the dterence is larger for magnesium. In Cayreﬁ

et al. 200|4) the equivalent widths of magnesium lines imtsa

have been often underestimated: the lines are often stnotg a

the wings had been neglected. This error has been corretted i The profile fitting for two metal-poor stars is displayed in
Bonifacio et al. 9). The correction is negligible foetmost Fig.E ano[|4. The NLTE magnesium and potassium abundances
magnesium-poor giants, but in in the other (less Mg-poot) gn our program stars are listed in Tatﬂe 1. In this table, we gi
ants, the dterence is about 0.15 dex. also as a comparison the abundance of these elements caimpute




4 Andrievsky: Relative abundances of light metals in EMPssta

Table 1. Adopted model and potassium abundance for our sample &f $tathe last column the letter m indicates that the giant
has been found “mixed” (see text).

Ter log v LTE NLTE NLTE NLTE  LTE NLTE NLTE NLTE

star (K) g (kms?)[FeH]  e(Mg) e(Mg) [Mg/H] [Mg/Fe] e(K) e(K) [K/H] [K/Fe] Rem

GIANTS
01 HD 2796 4950 15 21 -247 554 574 -1.84 0.63 3.25 2.9@2-20.25 m
02 HD 122563 4600 11 20 -2.82 529 539 -219 0.63 278 283B5- 0.27 m
03 HD 186478 4700 1.3 2.0 -2.59 555 572 -1.86 0.73 3.10 2327- 0.32 m
04 BD+17:3248 5250 14 15 -2.07 6.00 6.19 -1.39 0.68 3.77 3.357-1030 m
05 BD-18:5550 4750 14 18 -3.06 499 514 -244 0.62 2.63 2-:2.67 0.39
06 CD-38:245 4800 15 22 -4.19 3.66 4.02 -356 0.63 - - - - m
07 BS 16467-062 5200 25 16 -3.77 395 424 -334 043 1.9 13.42 0.35
08 BS16477-003 4900 1.7 18 -3.36 476 486 -2.72 0.64 2.84 23.08 0.28
09 BS17569-49 4700 1.2 19 -2.88 536 547 -211 0.77 284 2A53 035 m
10 CS22169-035 4700 12 22 -3.04 476 492 -2.66 0.38 289 2275 029 m

11 CS22172-002 4800 13 22 -3.86 3.89 419 -339 047 1.85 13.45 041

12 CS 22186-025 4900 15 20 -3.00 5.05 519 -239 0.61 2.6 2265 035 m
13 CS 22189-009 4900 1.7 19 -3.49 429 447 -311 0.38 2.6 23.06 0.43
14 CS 22873-055 4550 0.7 22 -2.99 511 524 -234 0.65 2.69 22.73 0.26
15 CS22873-166 4550 09 21 -297 527 544 -2.14 0.83 2.2 22.60 0.37
16 CS22878-101 4800 13 20 -3.25 485 5.02 -256 0.69 2.35 2296 0.29
17 CS 22885-096 5050 26 1.8 -3.78 413 439 -3.19 0.59 1.82 13.40 0.38
18 CS22891-209 4700 10 21 -3.29 476 489 -2.69 0.60 235 2297 032 m
19 CS22892-052* 4850 16 19 -3.03 490 506 -252 051 2.58 2278 0.25
20 CS22896-154 5250 2.7 1.2 -2.69 522 552 -2.06 0.63 2.82 2250 0.19
21 CS22897-008 4900 1.7 20 -341 454 475 -283 0.58 2.p2 23.10 0.31
22 CS 22948-066 5100 18 20 -3.14 481 499 -259 0.55 2.83 22.75 0.39
23 CS22949-037* 4900 15 18 -3.97 507 516 -242 155 1.5? 1-:3.80 0.17
24  CS 22952-015 4800 13 21 -343 420 451 -3.07 0.36 2.99 13.13 0.30
25 CS22953-003 5100 23 17 -2.84 503 524 -234 0.50 2.82 2270 0.14
26 CS 22956-050 4900 1.7 18 -3.33 459 499 -259 0.74 2.9 23.03 0.30
27 CS 22966-057 5300 22 14 -262 539 569 -1.89 0.73 299 2235 0.27
28 (CS22968-014 4850 1.7 19 -3.56 427 454 -3.04 0.52 1.83 13.35 0.21
29 CS29491-053 4700 1.3 20 -3.04 509 524 -234 0.70 282 2270 034 m
30 CS29495-041 4800 15 18 -2.82 523 549 -2.09 0.73 2.88 22.49 0.33
31 CS29502-042 5100 25 15 -319 474 506 -252 0.67 2.9 23.05 0.14
32 CS29516-024 4650 12 1.7 -3.06 525 534 -224 0.82 - - -

33 CS29518-051 5200 26 14 -2.69 527 556 -1.02 0.67 287 2245 024 m
34 CS 30325-094 4950 20 15 -3.30 481 5.04 -254 0.76 2.62 22.70 0.60
35 CS31082-001 4825 15 18 -291 521 549 -209 0.82 2.80 22.65 0.26

TURNOFF

1 BS16023-046 6360 45 14 -297 467 497 -261 0.36

2 BS16968-061 6040 38 15 -3.05 482 512 -246 0.59

3 BS17570-063 6240 48 05 -2.92 474 506 -252 0.40

4 (CS22177-009 6260 45 12 -3.10 470 511 -247 0.63
5 (€S22888-031 6150 5.0 05 -3.28 451 504 -254 0.74
6
7
8
9

333

333

CS22948-093 6360 4.3 1.2 -3.43 433 472 -286 0.57
CS 22953-037 6360 43 14 -2.89 505 534 -224 0.65
CS22965-054 6090 3.8 1.4 -3.04 479 516 -242 0.62
CS 22966-011 6200 48 11 -3.07 472 501 -257 0.50
10 CS29499-060 6320 40 15 -2.70 5.07 5.44 -2.14 0.56
11 CS29506-007 6270 4.0 17 -2091 495 533 -225 0.66
12 CS29506-090 6300 43 14 -2.83 5.02 536 -2.22 0.61
13 CS29518-020 6240 45 17 -2.77 487 531 -227 0.50
14 CS29518-043 6430 43 13 -3.24 457 494 -2.64 0.60
15 CS29527-015 6240 40 16 -3.55 446 486 -2.72 0.83
16 CS30301-024 6330 40 16 -2.75 511 5.33 -225 0.50
17 CS30339-069 6240 40 13 -3.08 468 504 -254 054
18 (CS31061-032 6410 43 14 -2.58 522 5.44 -214 0.44

* An asterisk after the name of the star means that the starimao-rich.

independently with the LTE approximation (and without any
correction). The potassium abundance can be computedronly i
giant stars, the lines are not visible in the tuffretars.
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Fig. 4. Potassium. Profile fitting for two metal-poor giants, both
with [Fe/H] =~ —2.8 but with diferent éfective temperature. The
best-fit K abundance was varied by 0.05 dex.

4. Discussion

[K/Fel

4.1. Abundance of magnesium and potassium in the early
Galaxy

As recalled in Cayrel et al[(2004), Mg is formed during hy-

[Te)
drostatic carbon burning and explosive neon burning, Krdyri S o S S T T
explosive oxygen burning; their abundances are thereétaited -4 -35 -3 -25 -2
to the importance of both the hydrostatic and explosive ghas [Fe/H]

In Fig. § we compare the LTE abundances of magnesium in ) ]
our sample of EMP dwarfs and giants (Bonifacio et [al, 2008)g. 6. [K/Fe] vs. [F¢H] in the early Galaxy. Open circles (red
with the new NLTE determinations. The carbon-rich and pec@hd blue) stand for "mixed” and "unmixed” giants respedfive

liar star CS 22949-037 has been discarded. (see Spite et a]. 20pp, 20§6a). The potassium abundancetcann
be measured in the turfistars, the lines are too weak.

I.Q [ T T T T T ]
- Mg — LTE ]
- L ] The trend of the [MgFe] ratio vs. metallicity at low metal-
— F ] licity is not changed, it remains a plateau. But the scatfer o
Q o ogp &?008 o 1 [Mg/Fe] is smaller when NLTE féects are taken into account:
2o 0— % oo -o00p-e_g° © © 1 0.13 from NLTE computations and 0.16 from LTE computation.
= t° 0o Co ®e R0, o 1 The diference between dwarfs and giants is strongly reduced
o -———-——-—-°2*_ _ ®_e - 1 and is not significant any more. The mean value of [Mg in
i ] the interval-4 < [Fe/H] < —2.5 is now+0.61dex (it was+0.34
ar 1 from LTE computations). This value of [MBe] is now similar
' ) e =5 Y - to the mean value of [Be] previously deduced (Cayrel et al.
’ ’ 2004) from the forbidden oxygen line (not sensitive to NLTE
N . . e/ .H]- ——— effects).
- Mg — NLTE ] For the determination of the mean value of the ratios
1 [Mg/Fe], their trend and their scatter around the trend, the
-k ] carbon-rich star CS 22949-037 (showing also strong abuoedan
— I * w0 D @ { anomalies of light elements) has been discarded. The star ha
Q orp © 0o— g o° o‘é%‘&@ -0 °© 1 been as well excluded from all computations amdigures re-
o° ©o oo 0 e® i {1 lated to Mg abundances.
o 1 When NLTE is taken into account, the values of the abun-
°r—-———-—-—-—-—-—-—-—-—-—-————— = =7 danceratios [KFe] are slightly decreased. The scatter of{&]
[ — ] is also slightly smaller. The mean value of/ff€] in the interval
ar 1 -4 <|[Fe/H] < -25is about-0.33 dex. This value is very close
P L

T T T s 3T T, tothe value found by Takeda et gl (2D09). We have checked
that the small dterences between the two determinations reflect
[Fe/H] the fact that we have determined the potassium abundance by

Fig. 5. [Mg/Fe] vs. [FgH] in the early Galaxy. Open circles (red@ direct fit of the profiles whereas Takeda et al. have used the
and blue) stand for "mixed” and "unmixed” giants (see Spite &quivalentwidths given in Cayrel et 4. (2004).

al.[200b] 20084, 200Bb), black filled symbols for tufrstars. We have estimated star by star the error ofifgd in our sam-
ple of stars. This error is dominated by the measurement erro

(equivalent width or profile) and it increases significantiyen
the metallicity decreases: at low metallicity the potasslines
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becomes very weak (less than 10 mA and often less than 5 mA) 3| ° o ce 1 8¢ ]
in a region where the/S ratio is only about 100 and where the z°F ~ I B S AR - il S - T T
position of the continuum is not very precise because ofitedi S5t 123900 0 ontoaetgts
fringes. In consequence, as shown in our Eig. 6 we do not con- T 177 A LS 3

firm the suggestion of Takeda et dl. §2p09) of "a marginal sign : . . . . .
of decline toward a further lower [Ad]". [Fe/H] [Fo/H]
It is interesting to note that the K-rich star CS 30325-94 &2f ‘ E
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error) in the NLTE analysis (see Fig. 6) and it is also Sc-rinh §$ Eo % o 0 o ] §‘”; R %gooo%n&o@o o 3
the stellar sample of Zhang & Zh 05), the most potassium™ 5 | w ERE E
rich star HD 195636 (with [F#l]=-3.3, and [KFe]=+1.35) s s A A ‘ ‘
is also very scandium-rich. The production of these element B [Fe’/:] - - [Fe;i] -

is not unanimously ascribed to definite sites; there could be
a link between the formation processes of these elementsFig. 7. Abundance of O, Na, Al, and K relative to Mg in the
massive stars. However, the scandium-rich stars are natalwearly Galaxy. The abundances of all these elements have been
potassium-rich (see for example CS 22885-096 in our sampleomputed taking into account the NLTHect. Since the mea-
sured oxygen lines are forbidden lines they are free fromBILT

) . . effects.
4.2. Abundances of O and light metals relative to Mg in the
early Galaxy
Oxygen:
The magnesium abundances listed in T:ﬂole 1 can be used @s3a Comparison to the predictions of the ejecta of
normalization factor for other elements. It is interestiangom- supernovae

pute the ratio [@Mg] using this new NLTE value of the mag- . . _ )

nesium abundance : since the abundance of oxygen has biédg interesting to compare the abundance ratiogMg),

determined from the forbidden oxygen line, is free from NLTEN&/Mg], [Al/Mg] and [K/Mg] to the predictions of the ejecta

effects. The corresponding plots are shown in Eig- 7. of metal-poor supernovae or hype_rnpvae. In Elg. 8 the olkserv
Sodium: ratios are compared to the predictions of Woosley & Weaver

As found in Andrievsky et al[(20p7), the "mixed” stars arde229). Of Heger & Woosley[ (20pB, 2402), of Cliie Limongi
often enriched in sodium. This reflects an internal mixirgjde 2003), anq Kobayashi et al. for supernovae and hypernovae
these giant stars. Therefore the mixed stars should notdxe u Kobayashi et al{, 20p6).
to determine the ratio [NMg] in the early Galaxy. Note that
the star CS 22952-15 (a mixed star with [HE=—3.43) is very ~
sodium-rich, but its ratio [AFe] is normal (see Andrievsky et _f —asugd _~F hyp B
al., [200B). However its ratio [AMg] is also rather high. The T — BhlT — mpD
explanation is that this mixed star is Na-rich and Mg-poor. X °r W RS °F W E
Mean value and scatter: TE, ;GM o K 1 7, ;GM A K E
Since the abundances of O, Na, Al and K relative to Mg are  —— jg —— — ’jg" —
rather flat in their central part, we can define amean valugsnt | {e3rplogior 2992, - Chieffi Limongi (2003)

E Wobsle’y Weaver t19’95)I E 'Heder—'Wc;osléy (2008)'

central interval, say-3.6 < [Fe/H] < -2.5. The meanvalues of @ ¢ 1% — 20 Mo ]

these flat parts are : S°F . EN \ —

[O/Mg] ~ 0.1, [Na/Mg] ~ -0.8, [Al/Mg] ~ -0.7and ~ TF \° 177 3

[K/Mg] ~ -0.3. F QO MaMgAl K | , | |, ] E QO NaMgAl K | | | ]
N v L APy — T T ] N L APy T

For the same sample of stars in the same interval of metal- _ £ Koboyashi (2006), woud L Koboyesh (300€), 20, ]

— 25 Mg ]

b o1
also be computed, the values are : <o o — wuilel o g
Olo/Fe] = 0.18 but Oo/Mg] = 0.20, O[Na/Fe] = 0.12 but —' 7 3 o Van 177 W 3
Y _ya Mg A 1

oNayMg] = 0.14, 0a1 re] = 0.11, ojai/mg) = 0.11, ok /re; = 0.09 [ E O NaMoA K | , |
bUIO'[K/Mg] =0.15 F

The large scatter found for O, is due to the reduced numby
of measurements.

The values of the scatter obtained for the NLTE abundance
ratios are lower than for the LTE abundances. However, it ap-
pears that, as already observed in LTE (Cayrel et al., 2@04),  The quantity of potassium ejected is generally underesti-
scatter of the abundance ratios is larger when Mg is chosennasted by the models of supernovae. The best agreement is
the reference element instead of Fe. Al is an exception. obtained by the predictions of Heger & WoosI008) with

This fact is surprising: it would have been expected that tilee hypotheses B and D (see the paper), although the abun-
abundances of Na and K produced by (mainly hydrostatic) ndance of sodium and aluminum are in this case a little overes-
clear processes (similar to those producing Mg) would beaem timated. The ratio AMg is also well represented in the model
resemblance to the Mg abundance than to the Fe abundaoic€hieffi & Limongi (). Unfortunately there are no pre-
(produced quite dierently); the scatter of [N&Ig] and [K/Mg] dictions for the abundance of O, Na and K in this model. The
would then be smaller than the scatter of [Ng] and [K/Fe], but models of Kobayashi et aI06) (supernovae and hypemova
the observations show the contrary. with Z=0.0) seem also able to represent the relative abundances

ig. 8. Comparison of the new abundance ratios to the predic-
ns of supernovae or hypernovae.
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of O, Na, Mg and Al, but here again the production of potassium
is strongly underestimated.

[0/Mg] NLTE

0.5
T

0

[0/Mq]

4.4. Variation of [O/Mg], [Na/Mg], [Al/Mg] and [K/Mg] in the
Galaxy

In Fig. E we present the variation of [Mg], [Na/Mg], [Al /Mg] . ]
and [K/Mg] in the Galaxy as a function of [M#] where Na, Al, e EE—
Mg and K have been computed taking into account the NLTE
effects (the oxygen abundance deduced from forbidden lines is : ,[“’,'9{"',] —
not afected by departure from LTE). [Na/Mg] NLTE
As already noted, [MfH] should be a better index of time,
since magnesium is only formed in massive SN Il with a short
lifetime, unlike iron formed in SN Il or SN | of various masses
We have added in the figure the determinations of Gehren et
al. (200k,[2006), of Mashonkina et dl. (2p08), and Zhang_et al
(006) in the Galactic disk and halo. All these determinatio
have been done including the NLTHects on the line profiles.
As seen in Fig. 9, the abundance ratios Mg], [Al/Mg]
and [K/Mg] in the Galaxy decrease with [Mig] from [Mg/H]= ————————r .[MQ{H.] e
0 to [Mg/H]=-2, then are almost constant between [Mig— [Al/Mg] NLTE ]
2 and [MgH]=-2.8, and finally, at lower metallicity, the ratios
[Na/Mg], [Al/Mg], and [K/Mg] and maybe also [Dg] seem to

-1 =05

[Na/Mg]
0 05

-1 =05

0.5
T
1

0

=)

h . =
increase when [I\/l,g-l] decreases. _(The error on [}@g] in the Sol
two most magnesium-poor stars is large and thus this tegdenc =9or
is not firmly established for oxygen.) _f
I F

In Fig. E the evolutions of the abundance ratiogNIg], . ]
[Na/Mg], [Al/Mg] and [K/Mg] in the Galaxy are also drawn, 7
following Kobayashi et al.6 , Francois et 4l. (J00d)i dor Ve /k
Na and Al, Goswami & Prantzo 00). S 74,

Kobayashi et al. use new nucleosynthesis yields calculated E [K/Mg] NLTE ]
from Z = 0 to Z = Z,, for supernovae and hypernovae. With ]
these new yields, the general trend of O, Na and Al is rather
well reproduced, but not the behaviour of potassium. Theeund
production of potassium in the models of supernovae haalre

been pointed out by Samland (1p98). To solve this problem as - \—/ ;
well as the underproduction of Si and Sc, Umeda & Nomoto P, T~ ]

0.5

0
8.
®

g

;&t
s
1

[K/Mg]
-1 -05
P
o

(]2005) have proposed to introduce a model of supernova where 7 _3 —2 —1 0
the density is assumed to be reduced (during the explosive bu [Mg/H]

ing) to increase the freezeout.

The predictions of Frangois et a04) are based on tha. 9. Variation of [OMg], [Na/Mg], [Al/Mg], [K/Mg] vs.
yields of Woosley & Weave5). For a better fit of the obfMg/H] in the Galaxy. The red and blue open circles repre-
servations they had to systematically increase the pramuctsent our measurements for mixed and unmixed giants (see the
of K by a factor of 8. In the computations of Kobayashi et aklectronic version of A&A for a color version of this figure),
) the ratio [gMg] remains stable at very low metalliciticty. the large black dots represent the tufnstars of our sample
Contrary to that, Fancois et af_(2004) predict an increafse and the small black dots are from Gehren et [al. (2(04,]2006),
[O/Mg] when the metallicity decreases for [Wid] < —2.5. The Mashonkina et al[(2008), and Zhang et l. (3006), for thi dis
measurement of [Mg] in the two most metal-poor stars in theand halo stars. The thin solid line is the prediction of Faset
Fig. 9 is unfortunately too uncertain (one is clearly an uppal. 200}) for O and K and of Cescuitti et al. (private commanic
limit) to enable to choose one of the two models. tion) for Na and Mg. The dashed dotted lines are the preditsti

For Na and Al we give the predictions of Goswami &ofGoswami&PrantzoO) for Na and Al. These predictions
Prantzos[(20Q0), and of Cescultti et al. (private commuitioht are based (with occasional adjustments) on the models efsup
These predictions are, as in Francois et[al. (2004), bas¢deo novae ejecta of Woosley & Weavér (1D95). The thick soliddine
yields of Woosley & Weaver5) but the yields of low masare the predictions of Kobayashi et l. (2D06) based (withdu
and intermediate mass stars have been adjusted. Like Ksiiaygustments) on new models of supernovae and hypernovae.
et al. [200p), they predict a decrease of [Mg] and [Al/Mg]
when [MgH] decreases, but the agreement with the observations
is better when the model of Kobayashi et al. is adopted.

Abundances of Mg and K:

The NLTE correction for magnesium is in accord with the
The spectra of the EMP stars, (programme First Stars) agdilysorrection computed by Gehren and collaborators (20046200
previously (Cayrel et 4) in LTE have been reanalysgd h in less metal-poor stars. The Mg abundance in the giantssda
for Mg and K, taking into account the departures of LTE. by a factor of about 2 and the NLTE abundance of Mg is the

5. Conclusion
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same in giants and in dwarfs. Th¢NDy ratio is nearly solar (the Bonifacio, P., Spite M., Cayrel R., Hill V., et al. 2009 actegh to A&A(arXiv

precision of the O abundance is however rather low).

The NLTE abundance of potassium, computed by adjus
ment of observed and computed profiles, has been compare

0903.4174).

gyls J.H., Rutten R.J., Shchukina N. 1992, A&A 265, 237

rlsson M. 1986, Uppsala Obs. Rep. 33
jﬁel R., Depagne E., Spite M., Hill V., Spite F., Fran¢BisPlez B., Beers

the work of Takeda et al] (2009). The agreement is generally T.c., Primas F., Andersen J., Barbuy B., Bonifacio P., MoRr, Nordstrom

very good. When dferences do occur, they arise from the fact

that Takeda et al. used the equivalent widths given in Cayral

(2009) while we fitted the computed profiles directly to the ob
served spectra. (There are sometimes slighédinces in the po-

sition of the continuum.) The NLTE correction for the poiass

lines is smaller in the more metal-poor stars, (as alreadgco

B. 2004, A&A 416, 1117 ‘First Stars V")

Chiefi A., Limongi M. 2003 in the ESO astrophysics symposia: Froniligim
to Highlight: The physics of Supernovae, ed. W. Hillebrar&tB.
Leibundgut, p. 367

Chen Y.Q., Nissen P.E., Zhao G., Zhang H.W., Benoni T. 20@A8 141, 491
Dekker H., D'Odorico S., Kaufer A., et al. 2000 in Optical aiftl Telescopes
Instrumentation and Detectors, eds |. Masanori & A.F. Mayd/&roc. SPIE

by Takeda et al[ 20p9). In Cayrel et 4. (2p04), the potassiy, 4003534
abundance had been roughly corrected for NLTE (by applyifghyin H.-w. 1968, ZPh; 211, 404
uniformly a correction of —0.35dex) : the potassium abumean Francois P, Matteucci F., Cayrel R., Spite M., Spite F.aphini C. 2004, A&A

in this paper have therefore been underestimated (eslydoal
those stars that are strongly metal-poor).
Scatters:

421,613
Gehren T., Liang Y.C., Shi J.R.et al. 2004, A&A 413, 1045
Gehren T., Shi J.R., Zhang H.W. et al. 2006, A&A 451, 1065
Goswami A., Prantzos N. 2000, A&A 359, 191

The scatters of [M@-e] and [K/Fe] are found smaller in the gratton R.G., Sneden C. 1987, A&A 178, 179
presentwork, where departures from LTE are taken into adcouGrevesse N., Sauval A. J., 2000, in Origin of Elements in th@arS

The NLTE abundance trends are therefore better definedltlean t

previous LTE trends.

The [Mg/H] should be a better reference element than Fe, kit

even whith the new NLTE determinations, the scatter gM@J,

System, Implications of Post-1957 Observations, Proogsdiof the
International Symposium., Edited by O. Manuel, BogBwrdrecht: Kluwer
Academi¢Plenum Publishers, p.261

tafsson B., Edvardsson B., Eriksson K., Jargensen UNd@dlund A., Plez
B. 2008, A&A 486, 951

[Na/Mg] and [K/Mg] remains (slightly) larger than the scatter oHeger A., Woosley S.E. 2002, ApJ 567, 532 _
[O/Fe], [NdFe] and [K(Fe]. This fact is surprising, iron being Heger A., Woosley S.E. 2008, arXiv 0803.3161 (submitted pd)A

formed in processes quiteftirent from those (mainly hydro-

Hofsaess D. 1979, ADNDT 24, 285
Ivanova D.V., Shymansky V.V. 2000, ARep 44, 376

static) supposed to be forming O, Mg, Na and K. An exceptiQbayashi C., Tsujimoto T., Nomoto K., Hachisu I., and Kato 1898, ApJ

is Al : the scatter is the same for [/Mg] and [Al/Fe].
Trends:

The shapes of the new trends (versus both Fe or Mg) ye

503,L155
Kobayashi C., Umeda H., Nomoto K., Tominaga N., and Ohkub2006, ApJ
653,1145
otin S.A., Andrievsky S.M., Luck R.E. 1999, A&A 351, 168

slightly different from the LTE trends found preViOUSIy (Cayrekurucz R.L.1992, The Stellar Population of Galaxies, edB&buy, A. Renzini,

et al.,[2004). For example, the slope of the/HK] ratio ver-

IAU Symp. 149, 225

sus [F@H], which was slightly positive, becomes slightly negKurucz, R. 1993, ATLAS9 Stellar atmospher Programsand/gigrid CD-ROM

ative (Fig.|]5). Also, the NLTE values of [Nslg], [Al/Mg] and

[K/Mg] show at low metallicity (for [MgH] < —2.5) anincrease

when [MgH] decreases.
Comparison with models:

No. 13 Cambridge, Mass.: SAO, 1993, 13
Kurucz R.L. 1996, Model Atmospheres and Spectrum Synthexis S.J.
Adelman, F. Kupka, W.W. Weiss, San Francisco, ASP Conf. 154, 2
Kurucz R.L., Furenlid 1., Brault J., Testerman L., 1984, &dFlux Atlas from
296 to 1300 nm, New Mexico, National Solar Observatory

There is some agreement with the models of galactic evidders, K. 2003, ApJ, 591, 1220

lution. The trends of [Mg], [Na/Mg], [Al/Mg] with [Mg/H]

in the Galaxy are rather well represented by the model 0

Martin W.C., Zalubas, R. 1980, J. Phys. Chem. Ref. Data, 9, 1
Mashonkina L., Zhao G., Gehren T., Aoki W., Bergemann M., didd K., Shi
J. R., Takada-Hidai M., Zhang H. W. 2008, A&A 478, 529

Kobayashi et al.[(2006). However their model underestimat@atteucci F. 2008, ArXiv 0804.1492v1

the production of potassium.

Miles B.M., Wise W.L. 1969, ADNDT 1, 1

of high resolution high signal to noise spectra, obviously
serves careful analyses, using accurate atomic paranietdis

d Morton D.C. 1991 Ap.J.Suppl. 77, 119

Nomoto K., Hashimoto M., Tsujimoto T., Thielemann F.-K.,skimoto N.,
Kubo Y., Nakasato N. 1997, Nucl. Phys. A, 616, 79

computations, and even, in a near future, 3D stellar atmerygphpPeart B., Underwood J.R.A., Dolder K. 1989, JPhB 22, 1679

models.

Piskunov N.E., Kupka F., Ryabchikova T.A., Weiss W.Wffdg C.S. 1995,
A&AS 112, 525-535
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