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ABSTRACT

Aims. Aluminium is a key element to constrain the models of the dhehenrichment and the yields of the first supernovae. But
obtaining precise Al abundances in extremely metal-podREstars requires that the non-LTHexts be carefully taken into
account.

Methods. The NLTE profiles of the blue resonance aluminium lines hagnbcomputed in a sample of 53 extremely metal-poor
stars with a modified version of the program MULTI applied mosiomic model of the Al atom with 78 levels of Al | and 13 levels
of Al'll, and compared to the observations.

Results. With these new determinations, all the stars of the sammle shratio AJFe close to the solar value: [Afe] = —0.06 +

0.10 with a very small scatter. These results are comparedetantbdels of the chemical evolution of the halo usinffedent
models of SN Il and are compatible with recent computatidhe. sodium-rich giants are not found to be also aluminiuch-and
thus, as expected, the convection in these giants only btmthe surface the products of the Ne-Na cycle.

Key words. Line : Formation — Line : Profiles — Stars: Abundances — Stdising — Stars: Supernovae — Galaxy evolution
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: 1. Introduction the behaviour of the ratio [AFe] is quite complex and the scat-

. . - . ter at low metallicity is so large that it isfficult to determine
«— In the early stages of Galactic evolution, aluminium nuel® 5 trend. Standard models of chemical evolution are not able

built by massive SN II. Aluminium is produced by hydrostatigy pregict the scatter of abundance ratios. One mechanism fo

carbon and neon burning and is later expelled in the inté@ste jiroqucing the required inhomogeneity is e.g. the modet pr
.= medium during the explosion. The explosion does figtathe ,5sed by Tsujimoto et al. (1999) in which each newly formed
V) yields significantly. At low metallicity the aluminium prad-  giay inherits the elemental abundance pattern of an ingivid
= tion is mainly based of?C produced by He burning: it can begne (for an inhomogeneous model, see also Argast et al. 2000)
S considered as a primary production (independent of thelmetgith, this hypothesis Tsujimoto et al. (2002) could deduoerfr

licity of the supernova). However it has been shown that thge |arge scatter of the aluminium abundance at low meitgllic

daluminium yields depend on the available neutron exgessl 1o yields of aluminium in massive supernovae as a function o
thus on the metallicity of the progenitor. Aluminium cannhe ipeir metallicity (my o« 208 for [Mg/H] < —1.8).

™~ behave as a secondary element (see Arnett, 1971, 1996, an
O also Gehren et al, 2006). At low metallicity it is expecthéltt

the primary production dominates and, as a consequence,
LO ratio [Al/Fe] should be almost constant.

Available data on LTE aluminium abundances in stars
Odiﬁerent metallicities (see e.g. Figure 10 of Samland 199
OI Baumdiller & Gehren 1997 and references therein, Norri et h
— 2001, Tsujimoto et al. 2002, Zhang & Zhao, 2006) show thg‘

his is possible only if we can assume that the aluminium
gndance measured in the atmosphere of the old starsseflect
the abundance in the interstellar medium at the time of the
star formation. For example a mixing between the surface and
(ﬁe deep layers of the stars where aluminium is formed (AGB
ars), could artificially increase the original abundaofcaiu-
inium in the atmosphere of the stars (Herwig 2005, Spite et

[0 . 2006).
- Send offrint requests to: M. Spite Furthermore, NLTE fects, generally neglected, caffiet
e-mail: Monique.Spite@obspm.fr the abundance computations as a function of the temperature

* Based on observations obtained with the ESO Very Lardbe gravity and the metallicity of the star. At low metalticthe
Telescope at Paranal Observatory, Chile (Large Progranfarst NLTE corrections become rather large, in particular beeats
Stars”, ID 165.N-0276(A); P.l.: R. Cayrel). [Fe/H] < —2.5 the aluminium abundance can be deduced only
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from the resonance lines at 3944 and 3962 A which are kno8nDetermination of the aluminium abundance

to be strongly &ected by NLTE &ects. ] )
. . 3.1. Atomic model and NLTE calculations
In this paper we present a homogeneous NLTE determina-

tion of the aluminium abundance in a sample of 51 normal (nAk discussed by Gehren et al. (2004, and references therein)
carbon-rich) Extremely Metal Poor (EMP) stars; 18 are téiinahe lines of aluminium are subject to a strong NLTiEeet in
stars, 33 giants and among them 29 have'ffe< —3. These metal-poor stars because of the reduced role of the calsio
stars have been analysed (LTE analysis) by Cayrel gt al4i20Qhich are responsible for thermalisation, in their atmesph

and Bonifacio et al.[(2007). In a previous paper (Andrievsk§ower electron concentration) thus the populations ofzate

et al. 2007) we have determined the sodium abundance in thifium atomic levels are mainly controlled by radiative {pro
sample of stars taking into account NLTEezts. cesses.

Several papers have taken into account NLTE line forma- For our NLTE calculations we adopted an aluminium
tion in the determination of the aluminium abundance in tretaatomic model that consists of 78 levels of Al | and 13 levels of
poor stars (mainly Gehren et al. 2004, 2006) and the scatfdrll. The energy levels are from Kaufman & Martin (1991).
of the ratios [AIMg] or [Al/Fe], in the considered metallicity For all the terms the fine structure was ignored, and they were
range, has been strongly reduced. The sample of Gehren ettedated as single levels in the calculations. However tberpl
does not reach a [Rd] value lower than about —2.5; our sam{evel was treated as two sublevels.
ple extends this work down to [fAg]= —4. Radiative and collisional transitions were considered be-

tween the first 45 Al | levelsn < 12, | = 5) and the
ground level of Al Il. Transitions between the remaining-lev
els were ignored, and those levels were used in the calcu-
2. The star sample lations only to meet the condition of the particle nhumber
conservation. Oscillator strengths and photoionisatiamss:
The observed spectra of the stars investigated here have bgsctions were taken from the TOPbase (see: /htipier.u-
presented in detail in Cayrel et al. (2004) and Bonifaciolet &trasbg.fftopbasgopbase.html). Only for the levels with =
([007). However, in the present paper the carbon-rich sfars10, | = 3 - 5 was the photoionisation treated in the hydrogen-
their sample, 2 giants and 1 tufistar, that need specific mod-like approximation. Altogether, 288 bound-bound traosis
els, have not been taken into account and will be studied lat§yere considered in detail.

The observations were performed with the high resolution Electron impact ionisation was described by Seaton’s
spectrograph UVES at ESO-VLT. The resolving power of th@962) formula, while the electron impact excitation foeth
spectrograph in the region of the blue aluminium lineRis allowed bound-bound transitions was estimated with van
47000, the BN per pixel in this region of the spectra is close tdregemorter’s (1962) formula. Collisional rates for thebidr
120 and there are about 5 pixels per resolution element.  den transitions were calculated with a semi-empirical fdam

The fundamental parameters of the modelsfi{Teg g, provided by Allen (1973), with a collisional force equal to 1
metallicity) have been derived by Cayrel et @004) far thinelastic coII_|S|o_ns of alum|n|um atoms with hydrogen atom
giants and Bonifacio et al[ (2007) for the tuffstars. Briefly, May play a significant role in the atmospheres of cool staes. W
temperatures of the giants are deduced from the colours witive taken into account thisfect by using Drawin’s formula
the calibration of Alonso et al[ (199p, 2901), and tempeestu with a correction factor of 0.1 (see Steenbock & Holweger
of the turndf stars from the wings of theline. 1992).

For the turnd stars, the temperatures deduced from the The NLTE aluminium abundance was determined with a

i ihrati 3 .modified version of the MULTI code (Carlsson 1986). All
colours with the calibration of Alonso et alf (1396) are Irﬂodifications are described in Korotin et al. (1999). Thizimo

ood agreement with the dtemperatures (standard devia:,. = :
gon 108 K). On the contrary, theptemperatl(Jres derived fro ed version includes opacity sources from ATLAS9 (Kurucz

the Ramirez & Melénde 05) calibration are considlgrab1 92); this enables one to perform an accurate determmatio
higher and incompatible with thed-temperatures. Moreover, of the continuum opacity and intensity distribution in thg’ U

with the calibration of Alonso et al. 6) the abundancrggion’Which is extremely important for the correct detiesan

trend of the Fe | lines with excitation potential is less thafion of the radiative rates of the bound-bound transitiorthe

0.06dexeV. On the contrary with the highaF derived from the aluminium atom. Models of stellar atmospheres were interpo
Ramirez and Meléndez calibration, no iron-excitationikor lated in Kurucz's grid withr = 1.25.

rium is achieved (see Bonifacio et 41, (2p07) for more dg}ail _ After solving the coupled radiative transfer and stat#tic
uilibrium equations, the averaged levels were split \gth

These discrepancies suggest that a systema_tic erro{ggéct to their multiplet structure. Then the level popolagi

the adopted temperatures of the order of 200K is possili o registributed proportionally to the statistical wetigof

(Bonifacio et al.[ 2007) although unlikely. the corresponding sublevels, and, finally, the lines ofrege
The gravities are from the ionisation equilibrium of iron (i were studied.

the LTE approximation) and we note that they could fiecied In very metal-poor stars, only the UV resonance dou-

by non-LTE dfects. blet of aluminium is measurable. For these lines the broad-
The parameters of the models are repeated in Table 1 &ning parameters were taken from the VALD data-base

the reader’s convenience. (httpy/ams.astro.univie.ac/aald/). Van der Waal<s param-
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Table 1. Model parameters and NLTE aluminium abundance in our saofiieMP stars. The solar abundance of aluminium
has been taken from Grevesse and Sa{ival [2000) as in Cagte{200}): log) o = 6.47.

star T, K logg v, kms? [FeH] loge(Al) [Al/H] [Al/Fe] Rem
turnoff stars

BS 16023-046 6360 45 14 -2.97 3.20 -3.27 —-0.30

BS 16968-061 6040 3.8 15 -3.05 3.30 -3.17 -0.12

BS 17570-063 6240 4.8 0.5 -2.92 3.25 -3.22 -0.30

CS 22177-009 6260 45 1.2 -3.10 3.28 -3.19 —-0.09

CS 22888-031 6150 5.0 0.5 -3.28 3.10 -3.37 —-0.09

CS 22948-093 6360 4.3 1.2 -3.43 3.00 -3.47 —-0.04

CS 22953-037 6360 4.3 14 -2.89 3.50 -2.97 —0.08

CS 22965-054 6090 3.8 14 -3.04 3.40 -3.07 -0.03

CS 22966-011 6200 4.8 11 -3.07 3.25 -3.22 -0.15

CS 29499-060 6320 4.0 15 -2.70 3.50 -2.97 -0.27

CS 29506-007 6270 4.0 1.7 -2.91 3.48 -2.99 —0.08

CS 29506-090 6300 4.3 14 -2.83 3.55 -2.92 —-0.09

CS 29518-020 6240 45 1.7 =2.77 - - -

CS 29518-043 6430 4.3 1.3 -3.24 3.05 -3.42 -0.18

CS 29527-015 6240 4.0 1.6 -3.55 2.97 -3.50 0.05

CS 30301-024 6330 4.0 1.6 -2.75 3.60 -2.87 -0.12

CS 30339-069 6240 4.0 1.3 -3.08 3.17 -3.30 -0.22

CS 31061-032 6410 4.3 14 -2.58 3.70 -2.77 -0.19

giants

HD 2796 4950 15 2.1 —2.47 4.08 -2.39 0.08 m
HD 122563 4600 11 2.0 -2.82 3.55 -2.92 -0.10 m
HD 186478 4700 1.3 2.0 -2.59 3.95 -2.52 0.07 m
BD +17:3248 5250 14 15 -2.07 4.50 -1.97 0.10 m
BD -18:5550 4750 14 1.8 -3.06 3.35 -3.12 —-0.06

CD -38:245 4800 15 2.2 -4.19 2.35 -4.12 0.07 m
BS 16467-062 5200 25 1.6 -3.77 2.60 -3.87 -0.10

BS 16477-003 4900 1.7 1.8 -3.36 3.00 -3.47 -0.11

BS 17569-049 4700 1.2 1.9 -2.88 3.50 -2.97 -0.09 m
CS 22169-035 4700 1.2 2.2 -3.04 3.10 -3.37 -0.33 m
CS 22172-002 4800 1.3 2.2 -3.86 2.65 -3.82 0.04

CS 22186-025 4900 15 2.0 -3.00 3.30 -3.17 -0.17 m
CS 22189-009 4900 1.7 1.9 -3.49 2.74 -3.73 -0.24

CS 22873-055 4550 0.7 2.2 -2.99 3.45 -3.02 —-0.03 m
CS 22873-166 4550 0.9 21 -2.97 3.45 -3.02 —-0.05 m
CS 22878-101 4800 1.3 2.0 -3.25 3.10 -3.37 -0.12 m
CS 22885-096 5050 2.6 1.8 -3.78 2.80 -3.67 0.11

CS 22891-209 4700 1.0 21 -3.29 3.15 -3.32 -0.03 m
CS 22896-154 5250 2.7 12 -2.69 3.84 -2.63 0.06

CS 22897-008 4900 1.7 2.0 -3.41 2.95 -3.52 -0.11

CS 22948-066 5100 1.8 2.0 -3.14 3.20 -3.27 -0.13 m
CS 22952-015 4800 1.3 2.1 -3.43 3.05 -3.42 0.01 m
CS 22953-003 5100 23 1.7 -2.84 3.45 -3.02 -0.18

CS 22956-050 4900 1.7 1.8 -3.33 3.15 -3.32 0.01

CS 22966-057 5300 2.2 14 -2.62 4.00 -2.47 0.15

CS 22968-014 4850 1.7 1.9 -3.56 2.75 -3.72 -0.16

CS 29491-053 4700 13 2.0 -3.04 3.36 -3.11 -0.07 m
CS 29495-041 4800 15 1.8 -2.82 3.60 -2.87 —-0.05

CS 29502-042 5100 25 15 -3.19 3.25 -3.22 —-0.03

CS 29516-024 4650 1.2 1.7 -3.06 3.15 -3.32 -0.26

CS 29518-051 5200 2.6 14 -2.69 3.85 -2.62 0.07 m
CS 30325-094 4950 2.0 15 -3.30 3.25 -3.22 0.08

CS 31082-001 4825 15 1.8 -2.91 3.55 -2.92 —0.01

-A"m” in the last column means that the star is "mixed” (se@&pt aI.6)
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Table 2. [Al /Fe] uncertainties linked to stellar parameters.

GIANT STAR

CS 22948-066
A: Ter=5100K, logg=1.8 dex, v&2.0 km st
| B: Ter=5100K, logg=1.6 dex, v&2.0 km st
BS 16968-61  (turnoff) . C: Te=5100K, logg=1.8 dex, v&£1.8 km s?
D: Ter=5000K, logg=1.8 dex, v&2.0 km st
1 Abundanceratio Ag_.n Ac-a Ap-a
ol [Fe/H] -0.04 002 -0.05
3960 39605 3961 39615 3962 39625 [All /Fe] 0.06 005 0.04
. - TURNOFF STAR

E ) g CS 22177-09
] A: T7=6260K, logg=4.5 dex, v&£1.3 km s?

- B: Te;=6260K, logg=4.3 dex, v&1.3 km st
1 C: T=6260K, logg=4.5 dex, v&1.1 km st
— D: Te;=6160K, logg=4.5 dex, v£1.3 km s*
1 Abundanceratio Ag_.n Ac-a Ap-a
[Fe/H] 0.02 003 -0.05
[All /Fe] 0.02 -0.03 -0.03

Flux
0.5

T

1

Flux

CS 22873-55 (giant)

O""""I""""I""""
3960 3960.5 3961 3961.5 3962 3962.5

Fig. 1. Profile fitting for a turn-& star (upper panel) and a gi-  The aluminium abundances lgg, [Al/H] and [Al/Fe] are

ant star (lower panel). The best-fit Al abundancedfg) was ~given in Table[Jl. For CS 29518-043 we had no blue spectra
varied by+0.3 dex. and thus the aluminium abundance could not be computed. For

homogeneity, in TabIE 1 the solar abundance of aluminium has
been taken from Grevesse and Saulal (R000) as in Cayrel et al.
(): logaye = 6.47. Note that this value is very close to

eter was taken from Gehren et al. (2004). Oscillator stiengithe value we obtained for the Sun, in the same conditions as in
of the studied lines are from Wiese & Martin (1980). the stars : (loga)e = 6.43).

To verify the completeness of our adopted aluminium
atomic model, we have carried out the test calculationsef t§.2. Abundance uncertainty

Al line profiles in the solar spectrum. The Solar Flux Atlas ] o i .
of Kurucz et al. (1984) and Kurucz's model of the solar atthe typical uncertainty in the fit corresponds to 0.05 dex in
mosphere (1996) were used for this purpose. To take into &kundance. But the uncertainty due to random errors on the
count the chromospheric growth of the temperature, thisehodietermlnlatlon of the stellar parameters must be added $o thi
was combined with a model of the solar chromosphere froppservational error. The random errorTig is close to 100K,
Maltby et al.(1986). Not only were the profiles of the resarean the error in logg ~ 0.2dex and the error in v& 0.2kms™. In
aluminium doublet calculated, but we have also analysed thaPle[2A[Al /Fe] is given for a typical model of a giant and
6696-98 A, 7835-36 A, 8772-73 Alines. The very good agre@-(Urndt star and forATer = 100K, Alogg = 0.2 andAvt =

ment between our calculated profiles and the observed o kms'™. If we suppose that the errors are independent and we

for these aluminium lines gives an independent confirmati d them quadrgtically, we find that the errors ory&] due
that our adopted aluminium atomic model is correct. The sf the uncertainties of the stellar parameters are closeltb 0

lar aluminium abundance derived from these computatioiss W&" the giants and 0.07 f_or the dwarfs. Taking into accouet th

logeqa) = 6.43 for logey = 12 observational error we find that the expected scatter isfor12
Since the resonance lines of aluminium are situated in thhee giants and 0.08 for the turfistars.

vicinity of the H andK Ca Il lines and the H5 line, the wings

of these lines have to be properly computed. Thereforegusih, Results and discussion

the MULTI code we first calculated the departure fficgents )

bi for each atmosphere model, and then thes@icients were 4-1. [Al/Fe] in the early Galaxy

used in synthetic spectrum calculations that cover the thiigurel]! shows how the NLTE correction behaves witle@

region occupied by Ca Il and H5 lines (an updated version ge temperature, surface gravity and metallicity of thedelo

the PC compatible synthetic spectrum code of Tsymbal 199he correction depends on a balance between overionisation

was used). which depopulates the lower levels (the photoionisati@ssr
Two examples of the line profile fitting for the turff@nd section of the ground state is exceptionally large) and eaches

giant stars are shown in Fiﬂ. 1. This work is mainly based @t electrons downward (phenomenon of "photon suction”y. Fo

the line at 3961 A; the line at 3944 A is often severely blendeduminium, photoionisation strongly dominates and tfeat

by CH lines. increases toward highéfes and lower logy. Furthermore at
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2F [Fe/H]=—4.0 [a1/Fe]
- ] @ ]
E g i [Fe/H]= 3.0_ B a
il g
; g’ B [Fe/H]=—2.0 =
gL log g=1 i ]
f:400 . 46IOO . 48I00 . 5OIOO . 52IOO = L L L L L .
rett -4 -35 -3 -2.5 -2
- T T T T T T T T [Fe/H]
- [Fe/H]=-40
2+ [Fe/H]=—3.0" Fig. 3. NLTE aluminium abundance in our sample of extremely
wel / [Fo/Hl=—2.0 | metal-poor stars. The dark symbols represent the fiistars,
=R / 7 the grey ones the unmixed giants and the open symbols the
Bl ] mixed giants.
=z
RES log g==2 i
%400 ae00 2800 s000 5200 In Andrievsky et al. [[2047) it has been found that sev-
Tetf eral mixed giants of our sample were sodium-rich, sugggstin
- - — T T that in these stars, mixing is deep enough to bring to the sur-
o | [res=—20 i face the products of the Ne-Na cycle. Moreover it had been
© Fopl-—t0 ] found (from LTE computations) that all these Na-rich stést (
woo| =30 i BD 17°3248) seemed to be also Al-rich. This peculiarity dis-
! ] appears with an NLTE analysis of the aluminium lines. In the
St 4 Na-rich mixed giants, mixing brings to the surface the prod-
- ucts of the Ne-Na cycle but, as expected, not the products of
gt log g=4 . the Mg-Al cycle formed at higher temperature.
oL L At very low metallicity ([Fg'H] < —2.8) in Fig.[3, the re-
5500 6000 6500 lation [Al/Fe] versus [F&H] is rather flat, the global mean is
Tetf < [Al/Fe] >= —0.06 = 0.10 (random error). The scatter is

: . . . . very close to the expected scatter when observationalserror
Fig. 2. NLTE corrections behaviour withfiective temperature, and uncertainties on stellar parameters are taken intauatco

surface gravity and metallicity of the model (see paragra 2)

Iron is generally used as a reference element in high res-
olution spectral analysis because it has the largest nuofber
low metallicity the UV radiation field is stronger and henbe t usable lines and thus the highest internal precision. Hewev
effect also increases with decreasing/Hieas can be seen for the abundance ratio [/AFe] in the ejecta of type |l supernovae
the giants (log = 1 and 2) in Fig|R. For turrnd stars, ac- is very sensitive to the mass cut. Oxygen would be a better
cording to Asplund[(2005), the correction reaches a maximushoice than iron, but in giants the uncertainties on its abun
for mildly metal-poor stars when the line is saturated. Tifis dance are large, and the oxygen abundance could not be mea-
also what we observe in Fi@ 2 (lower panel). Note that faured in the sample of dwarfs. Magnesium may be a good alter-
turnof stars at [FgH] ~ -3 the correction NLTE — LTE is native (see Cayrel et a]., 2004, Gehren e{al., P04, 20068 si
close to 0.6 dex, in good agreement with the computationsify and Al are both synthesised during the advanced stages
Baumdiller & Gehren|(1997). of the evolution of massive stars and since the ratigNW|
These corrections should not be used to determine a pigpractically independent of the mass-cut. Surprisinglyen
cise value of the NLTE abundance of aluminium in metal-poave plot [Al/Mg] as a function of [FgH] (or [Mg/H]) the scat-
stars. The shapes of NLTE and LTE profiles arffedent (in ter at low metallicity is larger than the scatter of [Re]: for
particular when the resonance lines of aluminium are sjronigre/H] < -2.8 < [Al /Mg] >= -0.32+ 0.14 (random error).
and a complete NLTE computation of the profiles is necessary, Generally speaking for these EMP stars the scatter of
as was done for the values given in Tajjle 1. [X/Mg] s, for all the elements, larger than the scatter o
In Fig.B we have plotted [AFe] vs. [F¢H] for our samples (Cayrel et al.4). This increase of the scatter cannekbe
of extremely metal-poor turiband giant stars. There is a goodlained by measurement errors on the magnesium abundance
agreement between the abundances of aluminium in these atane. Following Gehren et all (2406), NLTE significantly af
different classes of stars. Moreover the significaffedénce fects the determination of the magnesium abundance, the max
between mixed and unmixed giants (see Fig. 8 in Spite et ainum of the correction is about 0.15dex but it could be larger
) suggested by LTE determinations, is no longer obderven giants. This will be investigated in a subsequent paper.
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Lo 'J the ratio [AJFe] are too low compared to the observations. A
[Al/Fe] 1 better agreement is obtained when the measurements are com-
pared to the predictions of Timmes et al. (1995) or Kobayashi
et al. (2006). Timmes et al. (1995) calculated the evolution
of the aluminium-to-iron ratio down to [Ad]=—3 based on
the SNe Il metallicity-dependent yields of Woosley & Weaver
(1995). The best agreement is found by assuming that the iron
production by SNe Il should be decreased by a factor of 2 or
i 1 slightly less (see Fig. 19 in Timmes et al.) as is generaliyntb

- 1 (see also Andrievsky et al., 2007). Our data are in fair agree

' — — — ' ment with the [AlFe] ratios predicted by the Galactic chemical
evolution model of Kobayashi et al. (2006). The yields usgd b
[Fe/H] these authors are calculated for very low metallicity aral th

Fig.4. NLTE aluminium abundance in program stars vs. thefixplosion energies of the supernofagernovae are based on
metallicity. The black dots represent our measurements dh@ fitting of the light curve and the spectra of individugpet

the open circles the measurements of Gehren et al. (2008yaghypernovae.

in halo stars. The theoretical predictions of Kobayashilet a Recently Tominaga et al[ (2407) have computed the pre-
2006 (KUN, full thick line), Timmes et al., 1995 (TWW, full dictions of inhomogeneous models of the Galactic enrichimen
thin line, their curve ends up at the metallicity [Fg=—3), In these models the observed trends off] vs. [FgH] are
Samland, 1998, (Sam, dashed dotted line), and Goswamin&t due to metallicity fects but to the combination of the

Prantzos, 2000 (GP, dashed line) are also represented.  Progenitor (hypernovae, supernovae) masses and expleision
ergies. For most of the elements the predicted slope is weak

and compatible with the observations but a strong slope of
the ratios [N#@-e] and [AJFe] vs. [F¢H] is expected since
the hypernovae with high explosion energies, that are sup-
posed to explode at the very beginning of the Galaxy, eject
The scatter (0.12 dex around the mean value) of the NLTE vatuch less sodium and aluminium than the regular supernovae
ues of [AJFe] is smaller than the scatter of the LTE determindhat explode a little later. Our observations show no signifi
tions and can be explained by measurement errors only. Asant slope of [NAe] (Andrievsky et al[ 2007) nor of [AFe].
consequence, the value of the yields of aluminium in massit#wever these observations can be reconciled with the com-
supernovae, deduced by Tsujimoto et999) from thg8arputations of Tominaga et al. if we suppose that in the inter-
scatter” of [AJFe] at low metallicity, can be questioned. val -4 < [Fe/H] < -2.5 the galactic gas wasffiently

In Fig. § we compare our measurements of & in EMP  mixed. They predict that in the ejecta of their "mean” super-
stars to the measurements of Gehren ef al. {2006) in a safnple@vahypernova (integrated over the IMF) [Mre] ~ [Al /Fe]
nearby halo dwarfs. These measurements extend our sample t€0.3. These values correspond rather well to the observed
higher metallicities. There is a rather good agreementéetw values: [NaFe] = —0.21 + 0.13 (Andrievsky et al. 2007) and
the two sets of measurements: the meariH&] value deduced [Al /Fe]= -0.08+ 0.12.
from the halo stars of the sample of Gehren et al. ig&] =
-0.13+ 0.2 (vs. [Al/Fe]=—0.08, sectiof 4]1). 5 ¢ .

onclusion

However the two most metal-poor stars of the sample of
Gehren et al. @)6) seem to be aluminium-poor relative Tthe NLTE abundances of Al computed in this work for very
our sample. These two stars are among the faintest objects wietal-poor stars provide more reliable values of the ratié
served by Gehren et al. and thus (see their section 2ythefS and a more reliable trend of this ratio versus metallicitye T
the spectra is probably as low as 100 nearahd even lower scatter is significantly reduced compared to what it wasHer t
in the region of the aluminium lines. As a consequence foTE determinations (see Fig. 8 of Cayrel et al. 2004 for the gi
these stars the abundance error should be higher than the aamts); the mean value of the/Kk ratio at the lowest metallicity
age abundance error quoted by Gehren et al.: 0.10 dex. Onésafolar: [Al/Fe] = —0.06+0.10, the error quoted here is the 1
these stars (G 48-29 HE 0938-0114) has been also observedhlue of the scatter around the mean regression line. Thadl sm
by Barklem et al. [[2035) with UVES at the VLT. ThgNSof  scatter can be explained entirely by the measurement erdor a
their spectrum is higher than 300 and they found an LTE ratibe random error on the stellar parameters.
of [Al/Fe]=—-0.78. If we apply to this value a NLTE-LTE cor- ~ The Al abundance is the same in extremely metal poor TO
rection deduced from the computations of Gehren et al. (208fars, "mixed” and "unmixed” giants. Moreover, some "miXed
their Table 2), we find [AfFe]=-0.17, in good agreement with giants that were found to be Na-rich in Andrievsky et al. (200
our measurements at this metallicity. were then suspected to be also Al-rich. In fact this appaent

It is interesting to compare the evolution of [BE] in the richment of aluminium in these Na-rich giants is entirely ex
Galactic halo with the predictions of thefidirent models of plained by NLTE &ects. After a correct treatment of the alu-
the Galactic evolution based on the element yields of massiwinium lines, the Na-rich giants have a normal/fAd] ratio.
stars (Fig[|4). In the regior4 < [Fe/H] < -2.5 the predic- The trend, now clearly defined, has a very small slope: ow-
tions of Samland (1998) and of Goswami & Prantzos (2000) forg to possible systematic errors, it could well be zerohia t

[Al/Fe]

4.2. [Al/Fe] and the models of the chemical evolution of the
Galaxy
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region—4 < [Fe/H] < -2.5 the behaviour of [AFe] may thus Alonso A, Arribas S., Maitez-Roger C., 1996, A&A 313, 873
be easily compared with the predictions of the models of cheilonso A., Arribas S., Marez-Roger C., 1999, A&AS 140, 261
ical evolution, favouring: Alonso A., Arribas S., Maihez-Roger C., 2001, A&AS 376, 1039

i it ; a ; pp Andrievsky S., Spite M., Korotin S. et al., 2007, A&A 464, 108
the predlctlons of Timmes et a95), (bUt their predrm Argast D., Samland M., Gerhard O.E., Thielemann F.K., 26@A 356, 873

end at [F¢H] = -3), or _ Arnett W.D., 1971, ApJ 166, 153

—the predictions _Of Kobayashi et 06_)- o Arnett W.D., 1996, Supernovae and Nucleosynthesis (FingdNew Jersey:
Our observations can be reconciled with the predictions of Princeton University Press)

Tominaga et al.[(207) if we assume afigent mixing of the Asplund M., 2005, Ann. Rev. Astro. Astrophys. 43, 481

- : lund M., Grevesse N., Sauval J., 2005, in Cosmic Aburetaas Records
gjecta of the hypemovae - supernovae in the early Galaxy f%ﬁpof Stellar Evolution and Nucleosynthesis, eds. T.G. BatheB.N. Bash,

metallicities above [FeH] = —4. ASP Conf. Ser. 336, 25 (ArXiv0410-214)

The NLTE Na computations in extremely metal-poor stamarklem P.S., Christlieb N., Beers T.C. et al., 2005, A&A 4329
provide, for the unmixed and not Na-enriched stars, a well d?“?“'_'erPD-Mthreg T§,1997v_"_\r&At 3I25,2%)?)38A&A 262155
fined mean value of [NdFe] = —0.21+0.13 (Andrievsky etal., conacs 138?%5}35212%%5 'Ree; 2 8
2007). Now the NLTE Al abundances provide reliablgMd  cayrel R., Depagne E., Spite M. et al., 2004, A&A 416, 1117
ratios: [Al/Na] = 0.15 dex. This value is slightly higher thanDecressin T., Meynet G., Charbonnel C. et al. 2007, A&A 4@24
solar, but owing to the error bars, it could be solar. Gehren T., Liang Y.C., Shi J.R.etal., 2004, A&A 413, 1045

Splte et a|.5), Commenting on the wide scatter in ng_ehren T., Shi J.R., Zhang H.W. et al., 2006, A&A 451, 1065

bundances found among EMP stars, noted that mptagii o v Prantzos N., 2000, A&A 359, 191 ;
trogen abun ! g g ) L) @?evesse N., Sauval A.J., 2000, "Origin of the elements & gblar sys-
massive stars could p_035|bly influence the abundances of thetem. Implications of post-1957 Observations”, ed. O. Mankduwer
first stars. These rotating stars (Meynet et al. 2005, 20@6) p ~ Academi¢Plenum Publishers, p.261
duce powerful winds that may be slightly rich in Na and AI'."er‘?"g F.Y\/ZOI\C/JIS’tI'ARV?/AC\:431Y;9315 1. Phvs. Chem. Ref. Data 26, 77
The ratio of the mass fractions of Al and Na in such windg,2"man v, vartin ¥.%., 1991, J. Fhys. Lhem. Rel. bata 29,
. . Robayashi Ch., Umeda H., Nomoto K. et al., 2006, ApJ 653, 1145

computed by Decressin et gl. (2p07), appears to be qufeadi korotin S.A., Andrievsky S.M., Luck R.E., 1999, A&A 351, 168
ent for diferent models and phases. Thus the observed vakigucz R.L., 1992, The Stellar Populations of Galaxies, 18ymp. 149, eds.
of the Al/Na ratio, although compatible with the production of ~B. Barbuy, A, Renzini, 225
such winds, does not imply that this production amounts to"4"ucz R.L., 1996, Model Atmospheres and Spectrum SyrghésP Conf.
ignificant contribution to the abundances of EMP starsh@n ty . oo o eds. =.J. Adelman, . Kupka, W.W. Weiss, San <
signimcan S . - N Kurucz R.L., Furenlid 1., Brault J., Testerman L., 1984,&dtlux atlas from
other hand, the ANa ratio is incompatible with the predictions 296 to 1300 nm
of Meynet et al. (2005, 2006) for the yields of rotatinild E-  Maltby P., Avrett E.H., Carlsson M. et al., 1986, ApJ 306, 284
AGB stars that can explain the abundances in the carbon-r|\(‘E?$’2‘r9;n(;-)viSE"FSt;f;m1 aSs-v&ﬁgﬁ&g@ﬁ?&%&%ég% fﬁf’ eds W, 1.
extremely me_tal—poor stars, Ieavmg a question mark abwut I'Meynet G. Ekstrom S.. Maeder A.. 2006, AGA, 447, 623
associated primary production of nitrogen. Norris J.E., Ryan S.G., Beers T.C., 2001, ApJ 561, 1034

In spite of significant progress, this work suggests th&umirez I., Melendez J., 2005, ApJ 626, 465
the quest for even more reliable constraints on the yields %ﬁmlam’\iﬂ'\g-, ggg, /SIOJ 45;% 152 76 1108

: ; ; ; aton M.J., , Proc. Phys. Soc. 79,

the first supernovae W(_)ul_d require the interpretation of t ite M., Cayrel R, Plez B. ot al. 2005, A&A 430, 655
measurements by sophisticated models including not olly e M’ Cayrel R, Hill V. et al., 2006, A&A 455, 291
NLTE corrections, butalso computation of thﬁdSIO_n of met- steenbock W., Holweger H., 1992, The Atmospheres of EayyeTStars,
als inside the atmosphere, use of (time consuming) 3D mod- Proc. Workshop, Univ. Kiel 1991. Lecture Notes in Physic 4és. U.

els, as well as better physical constants (collisions,llasui Timm"'gsb"?:r )?”‘\’N gaiéﬁyés\?&?ffé; $7A 1995, ApJS 98, 617
strengths, molecular constants...). Tominaga N., Umeda H., Nomoto K., 2007, ApJ 660, 516
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