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Abstract. To determine the population membership of nearby stars we explore abundance results obtained for the light neutron-
rich element$Na and?’Al in a small sample of moderately metal-poor stars. Spectroscopic observations are limited to the solar
neighbourhood so that gravities can be determined frarpARcos parallaxes, and the results are confronted with those for

a separate sample of more metal-poor typical halo stars. Following earlier investigations, the abundances of Na, Mg and Al
have been derived from NLTE statistical equilibrium calculations used as input to line profile synthesis. Compared with LTE
the abundances require systematic corrections, with typical value&@s for [Mg/Fe], —0.1 for [Na/Fe] and+0.2 for [Al/Fe]

in thick disk stars where [FFE] ~ —0.6. In more metal-poor halo stars these values redth, —0.4, and+0.5, respectively,
differences that can no longer be ignored.

After careful selection of a clean subsample free from suspected or known binaries and peculiar stars, we finfitgpafida

[Al/Mg], in combination with [MgFe], space velocities and stellar evolutionary ages, make possible an individual discrimina-
tion between thick disk and halo stars. At present, this evidence is limited by the small number of stars analyzed. We identify a
gap at [AyMg] ~ —0.15 and [FgH] ~ —1.0 that isolates stars of the thick disk from those in the halo. A similar separation occurs

at [NgMg] ~ —-0.4. We do not confirm the age gap between thin and thick disk found by Fuhrmann. Instead we find an age
boundary between halo and thick disk stars, however, witibaolutevalue of 14 Gyr that must be considered as preliminary.
While the stellar sample is by no means complete, the resulting abundances indicate the necessity to revise current models of
chemical evolution andr stellar nucleosynthesis to allow for an adequate production of neutron-rich species in early stellar
generations.
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1. Introduction information about the nature and the physical parameters of the

) _ i first stellar generations, whether Population Ill or II.
Traces of an early Galactic evolution can be found in the spec-

tra of low-mass stars. Such stars are in a core hydrogen-burningN@ Mg and Alare in principle easy to observe in unevolved
stage which guarantees that chemical elements seen in tfild#fS Of spectral types Fand G, because they have spectral lines
atmospheres are respresentative of the gas out of which tRbylifferent strength and excitation in the visual wavelength
formed. Whenever the stellar parameters make possible the'@gion- Yet recent investigations of metal-poor stars have not
termination of stellar ages, the observed element abundarfcid/erged toward a consistent picture (see Tomkin et al. 1985,
can put constraints on evolutionary time scales and the conHio2: Edvardsson etal. 1993; Timmes et al. 1995; McWilliam
tions under which stellar populations emerged. In particular tie@l- 1995; Pilachowski et al. 1996; McWilliam 1997; Carretta
light metals Na, Mg, and Al are synthesized in nuclear burft al. 2000; Chen et al. 2000; Fulbright 2000; Prochaska et al.

ing stages that occur during the advanced evolution of massa?0): Part of the problems connected with the interpretation
stars. The extra neutrons in tRa and?’Al nuclei are a sign ©f observed data seems to be owed to a large scatter of the
of the C- and Ne-burning processes that have been calculdf@gHIting abundance ratios, and this can be due to a significant
under various assumptions (see Amnett 1996). Similar as {ff§akness in methodical approach, the assumption of local ther-

evolution of s- and r-process isotopes these nuclei may disci§agdynamic equilibrium (LTE) in the stellar atmospheres.
Large computers and even larger telescopes have made it

Send giprint requests toT. Gehren relatively easy to obtain data for stars that could not be ob-
e-mail: gehren@usm. uni-muenchen. de served with high-resolution spectrographs only a decade ago.
* Based on observations collected at the German-Spanish Astrdnce then mostféorts have been focused on observing faint
nomical Center, Calar Alto (CAHA H01-2.2-002) and at the Europedtars that are extremely metal-poor, mostly in hope to detect
Southern Observatory, Chile (ESO 67.D-0086). stars as near as possible to the oldest stellar population III.
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The results have opened a new empirical approach to the earli-
est Galactic nucleosynthesis, but they have not settled the basig
questions: what type of stars were the first in the evolution of
the Galaxy? What were the initial properties of the first stellar
generations, and how did special elements and isotopes enter
the chemical evolution of the Milky Way? Fuhrmann (1998,
2002) has repeatedly and almost convincingly argued that tae
local population of metal-poor dwarfs represents essentially the
thick disk, and that halo stars constitute only an extremely tiny 5
fraction of the local stellar mass which may or may not have
been accreted from external star clusters or galaxies. Fuhrmann
(2000) and Bernkopf et al. (2001) find that if there is any dif-
ference at all, the ages of both halo and thick disk stars must be t———. D D D e >
very similar, i.e. beyond 12 Gyr. In fact, the identification and
population membership of single stars has always remained
somewhat arbitrary, in that kinematics or metal abundancefdg: 1- Colour-magnitude diagram of 162 unevolved near-ttrstars
agealonenever gave a conclusive answer. The most problelfﬂl-f'"'ng the selection criteria, based ornP_PARcos parallaxes. Filled

atic identifier is the metal abundance because we learnt tﬁ'fraﬁless relfir o Obselrved stars, Of]en C'rdles o the rest of the Salm'
there may exist low-abundance stars that kinematically would tar-tke S-ymbo S doc_:ument the metal-poor comparison sample.
i . ; " ; . mbol sizes increase with tli¢U — B) excesses in the three inter-

fit to thick disk velocities (Norris et al. 1985), and quite gengys [0.10 ...0.14], [0.14 . ..0.20] aneD.20.

erally there may be a significant overlap of the populations in

some, if not all, of the three parameters.

The status of the Galactic halo component is fairly uncegis the most important factor of the analyses. It will become ev-
tain. Its contribution to Galactic mass and its origin are fagdent, how much NLTE and LTE abundance result$ati This
from being understood. Before following any more speculgection will also show the element abundance results including
tions it therefore seems worthwhile looking for furtrempir- a discussion of the abundance ratios and their comparison with
ical signs of population membership. While metal abundaneecent analyses of other groups. The kinematic properties of the
in general is admittedly a bad measure of the Galactic evoltars are described together with a very preliminary determina-
tion time, metal abundancatios could be used instead, if thetion of stellar ages in Sect. 5. Although we are still far from a
origin of certain elements could be properly assigned to preund interpretation in terms of Galactic evolution and popula-
cesses of nucleosynthesis and corresponding stellar massesiandnembership, the final section adds a number of interesting
time scales. Consequently, it takes a longer evolutionary timenclusions.
to produce s-process elements than is necessary for r-process
nucleosynthesis because the involved stellar masses are dif- ) )
ferent. Equally, the production af-elements is followed on 2- Observations and data reduction
a shorter time scgle than that of iron, again due to the s_tel L The stellar samples
masses involved in supernovae of type Il and la, respectively.

The question arises: will there be a definite abundance ra@oir approach towards a representative abundance investiga-
which allows theindividual discrimination of a halo star fromtion is aimed at analyzing a limited sample of 162 high-
a thick disk star? There appears to be empirical evidence fgpper motion stars (Carney & Latham 1987; Sandage & Fouts
[Eu/Mg] being such an element ratio that allows a well-definel®87) with sub-solar metal abundances indicated by broad-
distinction between [EiMg] ~ 0.0 in stars of the disk popu- band colour exces§U — B). The stellar positions of the ba-
lations (including the thick disk) and [[BMg] ~ 0.3 in halo sic set of observations to be carried out at the 2.2 m tele-
stars (Mashonkina et al. 2003). This is particularly interestirsgope on top of Calar Alto are restricted towards declinations
because both elements are thought to be produced in mas8ive —10°. V magnitudes are selected to be brighter than 10.5
stars shortly before or during the SN Il explosion. Since eur order to permit a reasonab/N ratio. Since our inter-
ropium is hard to observe in metal-poor stars other elemenst is focused orurngff stars, we observe only stars with
might be preferred, and the abundance®¥hif, 2*Mg and?’Al  0.35 < B-V < 0.72; and finally, the resulting absolute mag-
could provide such a discriminator. nitudes based on IHPARCOS observations are selected to lie

Our investigation starts with a definition of our stellar sanbketween 3.0 and 5.5.
ples and the reason for a separation between the mildly metal-This sample contains but a very few extremely metal-poor
poor sample and the extremely metal-poor halo stars. In ttars. Thus we have extended our analysis to include as many
following section we will also discuss the observations and timeetal-poor stars as possible thatmiut fit the above selection
extraction of echelle spectra, followed in Sect. 3 by a shartiteria. Spectra for these stars were taken from recent obser-
presentation of the stellar parameters, temperature and graviitions carried out mostly for flerent purposes. The results
microturbulence and iron abundance and the methods involveldtained for the second sample will serve as a control of the
Section 4 explains the conditions and models for which spectpabperties obtained for the less metal-poor stars of disk and
line synthesis was obtained. NLTE line formation will emergalo components. The stellar samples are displayed in Fig. 1,

B-V
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which gives an account of the type of stars involved. The sam

- . . o G224-81
ple shown in Fig. 1 will not be complete in that itnstvolume- N
limited. It is essentially flux-limited, with colour excess and
availability of HiPPARCOS parallaxes providing the most im-
portant restrictions. HD 173084 n

2.2. Spectroscopic observations G261-10

High-resolution spectra analyzed in our present investigation

were obtained from two sources. Data for 38 moderately metajsp 221950
poor stars were observed with the FOCES fiber optics eche
spectrograph fed by the 2.2 m telescope of the DSAZ
Calar Alto Observatory during August 2001, whereas spe€
tra of 14 metal-poor halo stars were observed with the UVE
echelle spectrograph mounted at the ESO VLT2 during Mar
2001. Throughout this paper the two samples will always
distinguished.

e
BD-3°2525

The FOCES observations of the stars in the northern hemi-
sphere all cover a spectral range from 3700 to 9800 A on 8D 99383
total of 97 spectral orders. The spectra were exposed o
2048 CCD chip with 24um pixel size, providing a spectral
resolution ofR ~ 40 000 per 2 pixel resolution element. Basi
observational data are given in the upper part of Table 1. ko
nearly all stars the total exposure time was divided into 3 sing &
exposures to allow redundant data extraction. Unfortunately,
due to substantial extinction from sky haze and only medium
seeing properties some of the exposures do not show the|ex-
pected signal. Yet most of the combined spectra display a
S/N ~ 200 near k. UVES ob_servationscoveraspectral range | il el
between 3300 and 6650 A with gaps-af00 A around 4570 A 5245 5250 5255 5260 5065
due to the beam splitter and near 5580 A at the edge of the Wavelength [A]
butted CCD. The spectral resolution is arouRd= 60000.
These observations were originally intended to show a high s{g
nalin the blue (see Mashonkina et al. 2003). Consequently ri201 line at 5254.98 A. The flux axis is on an arbitrary scale,

greerired spectra have &/N near 300 in most of the Slnglecompressed to show approximately the same dynamic range for each

exposures. Again, 3 exposures were taken for each of the SI§g3, the solar flux spectrum of Kurucz et al. (1984) is shown for
for which the data are found in the bottom section of Table 1¢omparison.

.
./

un

g.2. Sample spectra of the velocity-corrected SB2 stars includ-
HD99383. The two components have been marked for the

Data extraction followed the standard automatic IDL pro-

gram environment designed for the FOCES spectrographs we preferred to trade the disadvantage of a small velocity

(Pfeiffer et al. 1998), but with slight modifications also applicasor against the advantage of co-adding single spectra without
ble to the UVES data. All echelle images including flatfield a%sampling.

ThAr were corrected for bias and scattered light background.

Objgcts and ThAr exposures were extracted and corrected 0b Notes on data reduction

flatfield response. Finally, bad pixels were detected and as far

as possible removed by comparison of the 3 single exposurEgble 1 shows that all of our stars belong to the solar environ-
This was patrticularly simple because most of the exposuragnt, most of them traversing inside a sphere of 100 pc radius.
were obtained in a time sequence. After wavelength calibfBhe SB2 comments in the rightmost column refer to a simple
tion each of the spectra underwent a correlation with the donspection of the extracted spectra which leads to the detection
lar spectrum to determine the radial velocity, before the singé 6 double-lined binaries with well-resolved line pairs. Two
exposures were co-added without wavelength shift, thus ignof-the stars are also found to have substantial emission in the
ing any possible variations of radial velocity. This procedut@amH and K lines. We comment on these stars below. 6 Stars
could have been improved applying independent resamplingidre subsequently found to be single-lined binaries by Latham
the single exposures before co-adding. However, it turned ettal. (2002), and one star, HD 99383, was reported by Nissen
that all velocity variations were well below a detectable level al. (2002) as a double-lined binary, whereas our spectra do
of 0.3 kms?, whereas the subsequent spectrum analyses dit indicate a second line system. Even without further statis-
not give any sign of kinematically broadened absorption lingics (see Latham et al. 2002) it is evident here that the local
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Table 1. Spectra obtained with the FOCES echelle spectrograph at the Calar Alto 2.2 m telescope in August 2001 (top section), and with
UVES echelle spectrograph at the ESO VLT telescope in March 2001 (bottom section). Columns are mostly self-explanatory. Parallaxes (r
their errorsor, and proper motions (mag are taken from the HPARCOS catalogue (ESA 1997N andte, refer to the number of spectra taken
and the total exposure time (s).

HD HIP a(2000) 6(2000) \% B-V g o(m) u(a) u@ N texp
HD 133621 73440 150027.71 +714554.9 6.64 0.631 29.67 0.78 -405.35 80.73 3 1350 SB1
HD 134113 74033 1507 46.81 +08 52 47.7 8.26 0.575 1540 1.37 -518.99 -57.02 3 3600 SB1

HD 140283 76976 154303.76 -105557.9 7.20 0.484 17.44 0.56 -1115.54 -302.77 3 300

HD 141335 77122 1544 52.06 +62 51 36.0 895 0.580 11.583 0.78 —255.74 12823 3 5400 SB2
HD 142267 77801 155312.19 +131152.8 6.07 0598 57.27 0.88 —150.56 -562.69 3 900

HD 144061 78217 155821.13 +7053 37.8 7.26 0.654 3435 1.08 -59.70 253.89 3 1800

HD 148816 80837 163028.71 +04 1053.8 7.27 0545 2434 0.90 -432.73 -1392.34 3 2700

BD+68 901 82896 1656 24.27 +68 01 28.3 8.70 0.659 19.73 0.70 —73.74 263.02 3 5400 em
HD 157089 84905 172107.15 +01 26 32.6 6.95 0571 2588 0.95 -165.01 269.80 3 1350

HD 157466 85007 172227.61 +245247.4 6.88 0526 3354 0.84 62.67 -160.22 3 1800

HD 158226 85378 17 2643.44 +3104 37.2 8.48 0.626 1451 0.93 -361.74 7409 3 4500

G170-56 86321 173815.73 +18 33 27.3 9.77  0.480 8.93 1.48 -188.07 -205.58 2 3600

HD 160933 86184 17 36 40.03 +69 34 16.5 6.33 0596 2353 0.54 -53.74 -217.54 3 900

HD 160693 86431 173937.24 +37 11 08.7 839 0576 1832 0.78 —497.69 -819.78 2 3000

HD 170357 90393 18 26 38.02 +46 04 59.8 8.27 0.619 1437 0.73 —348.79 199.92 3 4500

HD 171620 91058 18 34 30.56 +34 24 54.6 755 0511 19.12 0.69 196.35 19126 4 4200

HD 173084 91395 1838 23.87 +67 07 33.9 770 0.635 19.11 0.59 -133.33 183.71 3 3600 SB2
G142-2 93445 190151.11 +160351.0 10.38  0.655 9.72 1.65 -146.98 -302.79 3 5400

HD 182807 95492 1925 25.87 +24 54 51.5 6.19 0528 36.05 0.73 -177.20 -631.08 3 900

HD 184448 96077 193202.61 +501051.0 8.05 0.659 19.16 0.63 -90.99 292.17 3 2700

HD 184855 96427 1936 15.58 +04 4557.0 9.18 0660 1351 1.34 10.75 -216.08 3 5400 SB1
HD 186379 97023 194306.97 +24 3555.0 6.87 0.567 22.10 0.82 87.13 -271.16 3 1560

G261-10 96780 194017.42 +794307.9 1034 0.700 1055 1.09 191.72 188.90 3 4600 SB2
HD 198300 102523 2046 35.63 +595112.0 854 0.653 1752 121 -132.08 -289.23 3 3600

HD 200580 103987 2104 07.55 +0259 43.4 731 0547 17.83 1.29 —272.98 -368.63 3 3600 VB
HD 204155 105888 21 26 42.81 +05 26 32.1 849 0572 13.02 111 167.09 -246.66 3 5100
G188-22 107294 214357.28 +272325.4 10.05 0.480 9.19 1.70 —238.75 -159.67 4 7200

HD 208906 108490 2158 41.08 +29 48 48.8 6.95 0501 3412 0.70 -361.74 -386.30 3 1320

HD 210631 109563 2211 39.23 +06 11 35.8 8.45 0594 1378 1.18 234.28 67.75 3 3600 SB1
G242-4 111549 223553.16 +762931.1 9.39  0.540 9.82 1.13 -214.74 158.14 3 5400

HD 215257 112229 22 43 50.63 +03 53 09.7 741 0515 2366 0.97 150.64 33161 3 3300

HD 218209 113989 23 05 05.15 +68 25 00.0 749 0.646 33.65 0.59 592.20 162.21 3 1800

G217-8 115704 2326 32.30 +60 37 42.4 10.49  0.469 8.85 1.43 455.75 40.74 7 12600 SB1
HD 221876 116441 23 3542.62 +203451.4 9.10 0.560 13.28 1.19 -131.09 -116.74 3 4500

HD 221950 116495 2336 23.35 +02 06 07.5 5.68 0.449 3227 0.84 —104.50 62.11 3 1000 SB2
HD 224930 171 0002 09.65 +27 0504.2 580 0.690 80.63 3.03 778.59 -918.72 3 780 SBl,em
G69-8 3054 003847.63 +310109.5 9.04 0.630 16.48 1.19 —245.89 -58.42 4 6600

HD 10443 7929 014156.28 +01 54 10.7 8.88 0.540 14.66 1.40 -131.30 -155.61 1 3600 SB1
HD 29907 21609 043821.37 —-652508.5 9.85 0.639 17.00 0.70 732.93 1249.38 3 3600 SB1
HD 31128 22632 045209.80 -270350.7 9.13 0.497 1555 0.57 165.38 -27.80 3 1500

HD 34328 24316 051304.20 -593848.8 9.43 0.503 1455 0.58 935.43 515.36 3 1800

HD 59392 36269 072803.10 -380038.9 9.71 0.473 6.66 0.54 159.61 -270.15 3 2400
CD-52 2174 38526 075321.16 -523913.6 9.50 0.490 9.43 1.70 83.83 2514 3 2100 SB2
HD 74000 42592 084050.59 -162038.3 9.67 0.431 7.26 0.50 351.79 —484.80 3 2100

BD-3* 2525 44124 08590991 -040131.4 9.66 0481 1237 0.55 345.31 -581.46 3 2400 SB2
CD-5T 4628 50382 10171449 -522918.7 10.06 0.447 7.68 1.43 408.35 350 3 3600

HD 97320 54641 111100.51 -652536.0 8.16 0.484 17.77 0.56 159.19 -201.28 3 720

HD 99383 55790 112549.93 -385218.5 9.07 0.480 10.99 0.55 -124.33 17391 3 1200 SB2
HD 102200 57360 114534.18 -460345.4 8.75 0.434 12.45 0.50 60.31 -109.97 3 900

BD—4° 3208 59109 120715.24 -054359.6 10.00 0.413 575 0.48 —278.43 -228.07 3 3300

HD 122196 68464 14010245 -380302.5 8.73 0.463 9.77 0.53 —452.86 —-8255 3 1200

HD 140283 76976 154303.76 -105557.9 720 0484 1744 056 -1115.54 -302.77 3 300

Comments: SB% known (single-lined) binaries, SB2 double-lined spectra, VB visual binary, em= Cait H+K cores in emission.
SB1 binary identifications refer to orbital solutions of Latham et al. (2002), except HD 224930 (Underhill 1963) and HD 29907 (Lindgren
Ardeberg 1996). SB2 detections are from our own spectra, except HD 99383 (Nissen et al. 2002).
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0.30

HD 200580: Only recently identified as a visual binary us-
ing speckle interferometry (Mason et al. 2001). The angular
distance of the two stellar componentsis only 0.13 arcsec.

HD 221950: Cited by Clausen et al. (1997) as a photo-
metric primary star, the spectrum shows a clear double-lined
structure with velocity separation 6f-71 kms? and com-
ponents of similar strength. @eH+K display a filled-in core
with significant asymmetry. As seen in Fig. 2, the lines of
both components are significantly broader than typical line
widths of other stars observed with the same instrument set-

0.25

BD+68°901

0.20

0.15

0.10

0.05 tings. Explained by rotation alone, the additional line widths
HD 224930 would fit toV sini ~ 115 kms™.,
0.00 ! L L L ! ! HD 224930: Spectroscopic binary (Underhill 1963), sec-
3930 3931 3932 3933 3934 3935 3936 ondary component is approximately 3 mag fainternGa-K
Wavelength [A] lines with core emission (see Fig. 3
g. 3).
Fig. 3. Relatively strong emission in the cores of theida+K lines HD 29907: Single-lined spectroscopic binary (Lindgren &
is found in the (normalized) spectra of BB8 901 and HD 224930 Ardeberg 1996).
(the flux of the latter is fiset by-0.1). CD-52 2174: Double-lined spectroscopic binary with sec-

ond component shifted by-13 km s (see Fig. 2).
BD-3"2525: Clearly double-lined spectroscopic binary
) ) ) _ with ~—17 km s separation. Greenstein & Saha (1986) have
volume of high-proper motion stars contains a large fraction _ﬂblished an orbit for a single-lined binary. Latham et al.

binaries. Since the determination of stellar parameters from 988) revised the binary orbit and reported the double-lined
nary spectra requires much more observatioffale most of ;.\ ~ture of the spectra (see Fig. 2).

the stars marked as binaries in Table 1 have been removed from 99383: Nissen et al. (2002) list this star as a double-
our sample. Out of 3814 stars observed there will be analyneq spectroscopic binary. As indicated in Fig. 2, there is no
ses only for 2#11 stars with high enough signal, for which nQgcond line system found in our spectra.

conclusive spectral signs of binarity are found. The following ¢ a1 known binary stars only HD 200580, HD 224930
notes for some of the stars give an account of known speciigh p 29907 have been retained for spectroscopic analysis,

peculiarities. _ _ and we will pay special attention to the abundance results of
HD 133621, HD 134113: Orbital solutions by Latham et athese stars. The other spectroscopic binaries will be analyzed
(2002) were recognized only after the observing runs. separately. The second line system in double-lined binary spec-

HD 141335 (G224-81): Orbital solution by Goldbergra is not always detected very easily. Using a correlation anal-
et al. (2002) was recognized only after the observing runsis with reference to the solar flux spectrum of Kurucz et al.
Spectrum is double-lined with the second compondised by (1984) the spectral binary structure becomes more evident. A
~28 kms* to the red (see Fig. 2). M lines show unusually small part of the SB2 spectra is displayed in Fig. 2, where the
strong wings with a clear asymmetry to the red. two components have been marked for tha ZIxl line near

HD 142267: Noted by Hrisch et al. (1999) as a weak X-rayp255 A. Note that the spectrum of HD 99383 is clearly single-
emitter. Nidever et al. (2002) list it as a possible radial velocitijped in our exposures. However, the lines appear slightly
variable, but with questionable evidence from only 2 observaroader than those of CD-52174 or BD-32525.

tions. Car H+K seem to be slightly filled in, but the absorption ~ The existence of stellar chromospheres has been confirmed
line spectra are unconspicuous. for solar-type members of the thin disk, but also for metal-poor

BD-+68 901: Core emission in the GeH+K lines (see subdwarfs (Smith & Churchill 1998). Our blue spectra seem to
show chromospheric K line reversals for many of the stars

Fig. 3). The spectrum looks normal. ivzed h I of th -V < 0.75. Althouah th
HD 173084: Known as visual binary star with separatioerl]nayze ere, a¥ of hem Wit = V' < .79 ough the

of 0.36 arcsec. Double-lined spectrum with a velocitget of relatively I.OV\./ signal does not aIIOV\_/ to confirm this fadivid-
1 . ual stars, it is seen more clearly in the mean spectra of both
~-16 kms- (see Fig. 2).

samples.
HD 184855 (G92-15), HD 210631 (G18-35), G217-8,

HD 10443 (G71-27): All four stars now have orbital solutions )
published by Latham et al. (2002). 3. Atmospheric models and stellar parameters

G261-10: Double-lined spectroscopic binary with secorgtellar atmospheric models have been calculated for the indi-
component shifted towards-17 kms* (see Fig. 2). This star vidual stars using plane-parallel one-dimensional stratifications
is on the list of Latham et al. (2002), but with no indication of temperature and pressure. Our constraint of convective equi-
RV variation. librium is based on the mixing-length approach with a mixing-

HD 198300 (G230-49): Noted by Smith & Churchill (1998)ength parametef/H, = 0.5 (Fuhrmann et al. 1993). Since
because of faint CaH+K emission, which is not well docu- the spectrum analysis is carried ouffdientially with respect
mented on our spectra. to the Sun, the solar reference data are based on the same type
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of atmospheric model. Although aftrential analysis does notTable 2. Metal lines used to determine element abundanteslues

rule out systematic errors — in particular, when largkedénces and damping constants have been determined from solar spectrum fits.
in basic parameters are encountered — this way of comparing
abundances for a large sample of stars seems to us more ade- ATA]
guate than the use of so-callalsoluteoscillator strengths.

Plane-parallel atmospheres are very unspecific in modelindial, 10gso = 6.28 (NLTE)

kinematicproperties of the emitting gas flows. This is imme- 5889.959 1 0.00 3s -3pP° 6.39 -31.60
diately evident from the solar granulation, and the unsatisfac5895.932 0.00 3s -3  6.09 -31.60
tory situation must be improved with the introduction of the 6154.228 210 3F°-58S 471 =30.05
microturbulence velocity. The concept of micro- and macro-5160-751 210 3 -58S 500  -30.05
turbulence is far from hydrodynamic reality but surprisingly gggg'gﬁ 2'18 :;g::jgg g'gi :gg';g
successful in describing the total integrated flux blocked by,vIgl .Iogs _753 (NLTE) ' '
an absorption line, and also the overall profile shape of the =’ e

Mult  Eow Transition logyfes, 10gCe

o o o101

emerging line flux. However, it is limited to symmetric profiles. gi;;'ggg ; (2)'(7)2 ;fp _:,gspo 27‘3% _?é:(L).?B(;
The present status of horizontally homogeneous atmospher%§83:6l7 5 279 550 _ 485 739 _3087
is also limited by the application of local thermodynamic equi- 5711 570 8 434 3F°_54S 5.89 -29.89
librium (LTE). This introduces an inconsistency between thesgyg 410 9 434  3p°—4dD 7.06  —-30.20
atmospheric structure and the formation of absorption lines4730.030 10 4.34 3p°-64S 5.33 —29.89
which is not too important in stars near the main sequence4702.995 11  4.34 3p°—5d'D 7.15 -29.71

but it may become more influential in slightly evolved stars of Al'1, loge, = 6.43 (NLTE)

reduced metal abundance. Except for these considerations og6s1.531 1 001 FHP°-4$S 6.10 —31.20
models include the physics that provide the transport of energy696.026 5 3.14 48 -5pP° 4.95 —-30.60
using essentially 5 free parameters to fit the observed line spe©698.674 5 3.24 4§ -5pP° 4.61 -30.60
tra. These are:fiective temperaturéys, surface gravity log, 8772.876 9 402 3D -5fF° 6.19 -29.70
microturbulence velocity;, metal abundance [Ad]!, ande- ~ 8773907 9 402 3D-5PF 642  -29.70
element abundance ratie/Fe], where the last 3 parameters en- 7835.307 10 402 3D-6fF° 579  -29.40

ter the opacity distribution functions (ODF), which determine 7836.128 10 402 30D -6fF 5.98 —29.40
the optical depths. We use the ODF data provided by KurucZ & 1090 = 7.51 (LTE)

(1992), but rescaled by[Fe/H] = -0.16 to account for a me- 4923.932 42 288 °§-7P° 597 -3191
teoritic iron abundance lage, = 7.51 (Anders & Grevesse 5264.808 48  3.22 j@ _ZAD: 4.41 —32.19
1989). Transfer and constraint equations are fully Iinearizeglw'575 49 322 & —ZF 521 —31.89

- 234.630 49 3.21 i - ZF° 5.29 -31.89
with respect to temperature and pressure. Our use of ODFso- oo, 49 351 46 _ Apo 429  _3219

is restricted to the calculation of the model atmosphere. Th& o5 o553 49 319 46— £AF° 424  -32.19
NLTE formation of absorption lines instead uses a full opacitygoa7 564 74 387 4D — 2P 518 _32.18
sampling (see Sect. 4). 6456.389 74 3.89 4D —ZF° 543  —32.18

The most important problem is therefore the determination
of the basic stellar parameters. Baily and logg have a strong
influence on the final abundancedfdetive temperatures are
derived from fitting the wings of the Balmer line profilesrH Metric correction (BC) as tabulated by Alonso et al. (1995),
and HB (Fuhrmann et al. 1993, 1994). We do not apply th@nd the parallax, the resulting value of lpglepends also on
broadening theory recenﬂy pub“shed by Barklem et al. (200@)],9 stellar mass. The masses have been estimated from the evo
because it does not reproduce the temperature of the Sun, whigtgnary tracks of the-enhanced stellar models calculated by
would have spoiled the fierential nature of our investigation.vandenBerg et al. (2000), with interpolation of abundances (see
Instead we use the resonance broadening as described by A@il® Sect. 5.2). The resulting values for B@;, andM/Mo
Griem (1965, 1966). Our results are in reasonable agreem@iftgiven in Table 3. Apart from systematic shifts in the theoret-
with data obtained using the Infrared Flux Method (Alons&al My vs. logTer diagram, the mass uncertainty introduced
et al. 1995, 1996). The fierence between our temperaturfy &fective temperature errors is between 0.02 and §85
scale and that obtained with the IFM for 7 stars in commdihis transforms into a relatively small erroreflogg) < 0.03,
between 5000 and 6200 K i§Tes = +40+ 78 K. As men- 1O which the parallax error has not yet been added. The final
tioned in the introduction, all stars in our sample have trigon8!ror of the surface gravity then will be around 0.05 for most
metric parallaxes observed withi##ARCOS (1997). Therefore Of the stars.
we evaluate the surface gravities pgith the help of j] = Two other stellar parameters, the “metal” abundancgHFe
[M/L] +4[Tes], where the square brackets have a similar mea@ad the microturbulencg, are evaluated in close interaction.
ing as in the definition of [F&1]. While the stellar luminosities For this purpose a list of selected féines is used to synthe-
require the knowledge of the visual magnitude, the intersteliize line profiles for giveffer and logg. These lines are found,

extinction (which is negligible for most of our stars), the boldlogether with the line data determined from the solar spectrum,
at the end of Table 2. We mention here thatiHmes are syn-

1 Asusual, [FgH] = log(Nre/Nu) s — 10g(Nre/Nh)o. thesized under the assumption of LTE. The choice of the line
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3.5 1 reasons for deviations from LTE are found in the atmospheres
s0b 1 of metal-poor FG-type stars even near the main sequence. The
o — nauzg | collision ratesare reduced due to a decrease of the electron
_g 2.5F — — - 58S - density with metal abundance, because a large fraction of the
e I —e 4ss 1 electron donors at temperatures below 7000 K consists of met-
§ 2.0 T 3d§D 7] als instead of hydrogen. The radiation field is absorbed by a
g 15k - 2:;232 smaller fraction of metal atoms and ions (predominantly in the
§ T a1 nearUvV), and as a result thotoionization ratesend to in-
2 10k ] crease with falling metal abundance. Boffeets are particu-
- 1 larly important in such stars for ions far from their ionization
0.5 4 maximum, such as most of the neutral metals with ionization
0 05 | | | 1 energies below 8 eV. These elements are more than 90% ion-
' 4 5 0 , ized, and the neutral atoms become a minority that is sensi-
log T tively reacting on particle interactions. On the other hand, the

Fig. 4. Typical example of collision-dominated Ni@opulation depar- kinetic equilibrium of majority ions as Qaor Ball is often

ture codficientshy, = NNTE/NLTE in the moderately metal-poor S,tarbalanced by line transitions (see Mashonkina et al. 1999).
n n . .« .
HD 148816. The kinetic equilibrium calculations are described in the While collisions between atoms and electrons or heav-
text. ier particles seem to be very similar for thdfdrent atomic
species, photoionization rates not only depend on the radiation

. . o field (and the line blocking), but at least as much on the atomic
list follows the reqUIrement of minimum blends and the ne%operties_ Whereas atoms such ag Rave very small pho_

to detect them (or at least a subset thereof) in extremely met@hpsorption cross-sections and hence photoionization rates,
poor stars. These lines have been used in a closed loop itgra- situation is completely flerent for atoms of Mg Al1,

tion to determine [F&1] with minimum scatter for a givet. and even Fe Their atomic structure provides them with par-
The final internal accuracy of the metal abundance is arow;a"a”y strong photoabsorption cross-sections, and their pho-
o([Fe/H]) ~ 0.05 ander(&) ~ 0.1 kms™. toionization rates can be very large.

Stellar atmospheres on the subgiant branch or near the bOt'Quite generally, in cool metal-poor stellar atmospheres,
tom of the giant branch depend on the specification of anothgems of the first kind cascade recombining electrons down
abundance parameten/Fe], which determines a significantyy their ground state because there is fitcient ionization.
fraction of the free electron pool at cooler surface tempergimuitaneously, the reduced electronic collisions cannot main-
tures. fr/Fe] is dominated by alk elements with a low enoughtain a thermal excitation equilibrium. Displayed in Fig. 4, the
ionization energy (which excludes oxygen and neon). This figvel populations of this type of atom aabovethose of ther-
quires the knowledge of abundance ratios, of whichfMgis mal equilibrium in the region of line formation associated with
determined by NLTE analyses, whereagitj or [CaFe] were that level. Consequently, the increased opacities in the line
estimated assuming values lower than for [Fegj. Fortunately, cores and inner wings produce a line optical depth scale that
the determination ofd/Fe] is not crucial for our analysis sincejs significantly shifted to the outer layers, and the line source
none of the stars in Table 3 is in the critical range of temperm'nctions are |arger than the Planck function_ Bcﬂbﬁs Work
tures and gravities. Therefore, all our atmospheric models #epposite directions, but the result is dominated by the in-
calculated assumingy[Fe] = [Mg/Fe]. The final atmospheric creased optical depth scale, and tha Bdines are intrinsically
model parameters are iterated whenever fég or&; deviate deeper in NLTE calculations than in LTE. Therefore a reduced
from the initial determination during the Subsequent abUndarN:@TE element abundance is necessary to fit an observed line
analySiS. prof"e_

Although sodium is not the only example for such a down-
ward cascade in a neutral metal, the opposite case of enhanced
photoabsorption cross-sections seems to be more common.
Deviations from local thermodynamic equilibrium (LTE) inExamples for photoionization-dominated neutral metals have
stars are generally expected in gaseous stratifications in whiglen given above. At present, these atomic species present a
the kinetic equilibrium is determined by non-local interactiononsiderable challenge to the theory of atomic interactions and
processes such as radiation transfer. Since collisions alw#yair kinetic equilibrium. The reason for that is evident in the
act as sources of thermalization, the dominance of radiats@ar spectrum, where the strongest absorption edges in the
processes is to be measured against collisional interactiamsar UV are not produced by the hydrogen atom despite of its
Typically, in hot stars the radiation field outperforms electronixtremely high abundance. It is the IAjround state with its
collisions by an order of magnitude, whereas in cool stellar &bw ionization energy of only 5.98 eV that produces the deep-
mospheres the radiation field is much weaker, and collisioest cut in the solar flux at 2070 A, followed by the MRp*P°
play a more important role. Therefore it is by no means eignization edge at 2510 A. While the other low-excitation lev-
ident why stars with atmospheres as cool as the Sun shoellsl of Mg1, 3s'S and 3pP° have also strong photoabsorp-
be dfected by NLTE conditions. However, as explored bifon cross-sections, all othdéaf opacity sources in the near
Baumller et al. (1997, 1998) and Zhao et al. (1998, 2000), twdV are less important. Heis, however, a notable exception.

4. NLTE line formation
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Table 3.Final stellar parameters and abundances of the program stars. For the description of stellar masses and ages see Sect. 5.

HD Ter logg [FeH] & [Mg/Fe] [NaFe] [Al/Fe] BCy Mwo M/M,  age
(K) (kms?) LTE NLTE LTE NLTE LTE NLTE (Gyr)

HD 142267 5807 4.42 -0.46 1.0 0.13 0.16 0.07 0.02 0.00 0.21 -0.16 4.70 0.88 10.9
HD 144061 5815 4.44 031 1.2 0.13 0.15 0.11 0.06 0.00 0.14 -0.16 4.78 0.96 5.7
HD 148816 5880 4.07 -0.78 1.2 0.31 0.36 0.19 0.14 0.14 0.44 -0.15 405 0.89 12.8
BD+68°901 5715 451 -0.25 14 0.01 0.08 0.06 -0.00 0.05 0.09 -0.15 5.02 0091 5.7
HD 157089 5800 4.06 -0.59 1.2 0.27 0.31 0.07 -0.01 0.14 044 -0.17 385 0.95 11.1
HD 157466 5990 4.38 -0.44 11 -0.04 0.01 0.02 -0.08 -0.18 0.08 -0.12 439 091 9.1
HD 158226 5805 4.12 -0.56 11 0.41 045 0.17 0.08 0.23 047 -0.16 412 0.97 11.3
G170-56 6030 4.31 -0.79 13 -0.09 -0.03 -029 -037 -090 -030 -0.15 437 0.80 13.9
HD 160933 5765 3.85 -0.27 1.2 -0.03 0.01 000 -0.09 0.14 039 -0.17 3.02 1.24 4.4
HD 160693 5850 4.31 -0.60 1.2 0.31 0.36 0.17 0.10 -0.13 0.02 -0.16 455 0.91 10.7
HD 170357 5665 4.07 -0.50 1.2 0.25 0.29 0.10 0.02 0.15 031 -0.17 389 0.95 12.0
HD 171620 6115 4.20 -0.50 1.4 0.12 0.17 0.15 0.07 -0.03 030 -0.13 383 101 7.4

G142-2 5675 4.48 -0.75 11 0.26 029 0.14 0.07 0.20 047 -0.18 514 0.79 141
HD 182807 6100 4.21 -0.33 1.4 0.10 0.13 0.09 0.02 -0.08 0.22 -0.13 385 1.06 6.2
HD 184448 5765 4.16 -0.43 1.2 0.44 0.47 0.27 0.19 0.29 043 -0.17 429 1.00 10.6

HD 186379 5865 3.93 -0.41 1.2 0.12 0.17 0.06 -0.03 -0.03 0.21 -0.15 345 1.06 7.5
HD 198300 5890 4.31 -0.60 1.2 0.21 0.26 0.23 0.15 0.03 031 -0.15 461 0.89 10.0
HD 200580 5940 3.96 -0.82 14 0.36 0.46 0.51 0.36 0.23 0.67 -0.14 343 1.02 8.1
HD 204155 5815 4.09 -0.66 1.2 0.25 0.30 0.13 0.04 0.16 047 -0.16 390 0.92 12.0

G188-22 6040 4.37 -1.25 15 0.22 028 -0.03 -0.24 -060 -0.10 -0.19 4.67 0.75 15.8
HD 208906 6025 4.37 -0.76 1.4 0.11 0.17 0.17 0.09 -0.14 0.26 -0.16 4.46 0.86 10.8
G242-4 5815 4.31 -1.10 1.2 0.25 038 -0.12 -0.22 - - -020 415 0.78 18.2

HD 215257 6030 4.28 -0.58 14 0.08 0.13 0.00 -0.07 -0.12 0.23 -0.15 4.13 0.92 9.8
HD 218209 5665 4.40 -0.60 11 0.41 043 0.23 0.16 0.27 0.47 -0.18 495 0.88 11.4
HD 221876 5865 4.29 -0.60 1.2 0.21 0.24 0.04 -0.03 0.02 036 -0.15 456 0.87 121
HD 224930 5480 4.45 -0.66 0.9 0.27 0.28 0.12 0.07 0.12 032 -0.23 510 0.72 18.5
G69-8 5640 4.43 055 11 0.31 033 0.17 0.11 0.25 0.41 -0.18 495 0.84 14.6

HD 29907 5573 459 -1.60 0.9 0.36 043 -0.09 -0.17 0.08 041 -0.23 577 0.64 20.4
HD 31128 5990 4.41 -154 1.3 0.33 042 -005 -0.14 -050 -0.05 -0.18 491 071 18.0
HD 34328 5955 4.47 -1.66 13 0.33 042 -0.07 -014 -045 -0.05 -0.19 506 0.69 19.2
HD 59392 6020 3.90 -1.67 17 0.25 038 -0.01 -023 -090 -040 -0.20 3.63 0.77 155
HD 74000 6203 4.03 -2.05 17 0.30 0.44 0.46 0.10 -0.50 0.00 -0.19 3.78 0.73 17.6
CD-5Ir 4628 6076 4.19 -1.40 15 0.09 021 -019 -036 -090 -038 -0.19 430 0.72 19.0
HD 97320 6040 4.15 -1.24 13 0.31 041 0.14 0.04 -0.45 0.06 -0.19 422 0.79 15.7
HD 102200 6120 4.17 -1.28 15 0.23 034 002 -013 -0.68 -0.18 -0.18 4.05 0.80 14.4
BD-4°3208 6310 3.98 -2.23 15 0.25 034 005 -037 -070 -035 -0.19 361 0.75 16.4
HD 122196 5957 3.84 -1.78 17 0.08 0.24 -011 -054 -098 -048 -0.19 349 0.76 16.1
HD 140283 5773 3.66 —2.38 15 0.28 0.43 -000 -039 -088 -037 -0.23 318 0.75 16.5

According to Bautista’'s (1997) calculations its large number photoionization rates whenever simple calculations as those
low-excitation levels each has a photoabsorption cross-sectifivan Regemorter (1962) or Seaton (1962) are employed. To
significantly in excess of what is found in more simple atomivoid an unrealistic excitatigionization balance — this can be
configurations. Here, the high number of large photoionizati@ontrolled by comparison of line formation results foffeient
rates up to levels of 4 or 5 eV excitation energy produces ahsorbing levels and ionization stages — an additional source of
important sink to the population of neutral iron. A typical exthermalizing interactions is often included: collisions by neu-
ample of photoionization-dominated departure fio&nts is tral hydrogen atoms. For lack of any other theory, hydrogen
given in Fig. 5. collisions are treated in a very simple way. Originally it was

The strength of these absorption edges gives risefferdi Proposed by Drawin (1968, 1969) for optically allowed tran-
ent degrees of depopulation of neutral metal levels. In ter@i§ons in rare gases. It essentially includes the dependence on
of statistical equilibrium this is due to the ifficiency of both eXxcitation energy and transition probability, with all other pos-
electronic ionization and excitation to compensate for the largifle &fects integrated into a scaling factf. The scaling
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L2 — Since hydrogen collisions are needed to compensate for the
i large photoionization rates — in particular of near-ground
1.0 - : : i .
o T 7 state levels, their strength must be determined in reaction
_§ oal . B to the strength of the photoionization rates and cannot be
% Mg 11 357 set to zero.
o 0.61 - 4db -1 In particular in photoionization-dominated atoms the com-
% - T 5s'S 1 pensation between radiative and collisional processes can be
g 0.4 T 4s’s < judged by determining the dependence of element abundances
° ot T P 1 that fit the observed profiles of lines with increasing excitation
o2 /.o - 3p%P - energy. Both in LTE and with badly chosen hydrogen collision
L= — s 1 scaling factors in NLTE the line spectra will not result in a com-
0oL _Z ! ! ‘ 1 mon abundance but display a sometimes strongly excitation-
12 _‘4 _‘2 ? 2 dependent behaviour. This isfidirent from the dependence in
[ case of a wrong temperature because it does not necessarily
1.0 1 dependmonotonouslyn excitation energy. However, the em-
a [ pirical choice ofSy requires the separate (and thus iterative)
§ 0.8l ] determination of microturbulence.
= B 21
§ o6h ;I)LIPSS ® 1 4.1. Atomic models
% 5s°S Our presentinvestigation is based on the atomic properties doc-
2 0.4 4p% < umented in a number of earlier reports (Baulieret al. 1996,
R 3d°D 1 1997, 1998; Zhao et al. 1998, 2000), where most of the prob-
0.2 45’ -1 lems have been described in more detail. It deviates from these
I 3p’P 1 results in that our atomic models have been redesigned. The
0.0l 1 number of levels was extended to include all known terms plus

some hydrogenic terms near the ionization edge.bAllra-
diative cross-sections have been included from close-coupling
Fig. 5. Typical example of photoionization-dominated Mgepar- calculations of Butler (1993) and Butler et al. (1993). At the
ture codficients in the moderately metal-poor disk star HD 1570885 me time the opacity distribution function background has
(top) and the Al departure ca@cients in G69-8 (bottom). In peen replaced by an opacity sampling method. The reason for
spite of hydrogen collisions all neutral energy levels are strongﬂMiS change lies in the extremely strong UV blocking factors
underpopulated. introduced by the ODF method, which do not fit to the ob-
served solar spectrum. The change from ODF to OS back-

factor is intended to represent the whole ion, and it can orfjound opacities was also performed to remove the correspond-
be determined empirically. Large scaling factors drive the el background opacity dependence on the NLTE elements
citation equilibrium towards thermal conditions (LTE) wheredé€mselves. Therefore, compared with earlier published data,
small factors produce the largest NLTHezts. It is the deter- theé new models produced slightlyfiéirent population depar-
mination of this factor which is most discussed in the literaturire coéficients, which in turn required a new empirical deter-
and there have been proposed deviations from the simple cdRg1ation of the hydrogen collision factog. The full analysis

tant multiplication factor such as excitation-dependent scalif§ll observed spectra including the solar spectrum of Kurucz

(Zhao et al. 1998). A few general results have emerged, €t al. (1984) allows the choice of a reasonable compromise
which, iterated together with all basic stellar parameters, led

— Empirical evidence beyond any doubt requires the exi® the values ofy; = 0.05 for Mgr and Na, whereas At re-
tence of some additional source of thermalization in coqlired a smaller value o&; = 0.002. These numbersfir
metal-poor stars, where electron donators such as irfnom those used before because the photoionization rates were
magnesium, silicon or even sodium are significantly underensiderably enhanced with reduced OS background opacities.
abundant. There is also no longer an advantage in assuming an excitation-

— Although it is only an order-of-magnitude approximatiomependent collision factor as in Bautter et al. (1996) or Zhao
we regard the representation of electron collisions in va al. (1998). Stronger thermalization would not fit to a com-
Regemorter’s formula as more reliable than any other typgon mean abundance scale including all lines analyzed here
of theory for thermalization interaction, so the existendsee below). In particular, LTE abundances always produce sig-
of hydrogen collisions is the single acceptable solution toficant diferences between resonance or low-excitation and
compensate large radiative rates. subordinate lines of all three elements.

— The existence of photospheric Rydberg transitions ofiMg  All calculations have been carried out with a revised ver-
and Al1 in the infraredsolar spectrum implies that hydro-sion of the DETAIL program (Butler & Giddings 1985) us-
gen collisions must be ifigcient at highly excited levels in ing accelerated lambda iteration following the extremdtir e
order to allow for population inversion. cient method described by Rybicki & Hummer (1991, 1992).
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As described in Sect. 3, the analyses for all stars were iterafemim SahaBoltzmann distributions or from NLTE. For most of
until basic stellar parameters and single line NLTE abundandhs lines in metal-poor stars, profile fits can be established with
were consistent. In spite of substantial changes in the atomisimple Gaussian external broadening function.
models, the basic properties of the Na, Mg and Al abundances
are still the same as in our previous analyses.

4.3. Element abundances

4.2. Spectrum synthesis Profile synthesis calculations were applied to all stars listed in

Our analysis rests on between 6 and 8 lines for each of the diable 3. Line data were provided from solar profile fits, where
ments considered. Since our results are based offeaatitial LTE and NLTE cases were treated separately. With the ex-
analysis with respect to the Sun, Table 2 lists the relevant lig@Ption of G242-4, for which the blue spectrum was of poor
data with their final solar fit values. The Hdines have been quality, this table presents both LTE and NLTE abundances av-
synthesized under LTE conditions only, because they are gkroed over all available lines. For most stars single line abun-
affected by NLTE departures. For NaMig1 and Ali, profile dance errors are significantly reduced whenever NLTE calcu-
synthesis has been performed for both LTE and NLTE, hol@tions are involved. The final abundance scatter of single lines
ever, the data in Table 2 refer only to the NLTE analysis. Oiff between 0.02 and 0.09 for [Veg] in individual stars with
fit to the solar line spectrum requires some priority as far as ténéan value ofo[Mg/Fe]) = 0.040+ 0.017 for all stars. For
line data are concerned. Thus the primary choice of input d&ht#/Fe] the corresponding values lie between 0.01 and 0.06
are the oscillator strengths, while the damping constants hih (c[N&/Fe])) = 0.026+ 0.014 for all stars, and the data
been adjusted to fit the line wings. The resulting values of tH [Al/Fe] are between 0.01 and 0.11, with[Al/Fe]) =
van der Waals damping constants are mostly near to those €139+ 0.035. The highest abundance scatter is seen in the
culated according to Anstee & O’'Mara’s (1991, 1995) table¥d and Al lines of HD 200580, for which the visual binary
though they are systematicallgwer by 0.1 to 0.3 dex. This Status seems to guarantee a composite spectrum. For that sta
is similar to the damping constant fits for neutral iron line§e apparent mean abundances are enhanced, witkgNNa
(Gehren et al. 2001). We note here that, accepting Anstee)&6+ 0.03, [Mg/Fe]= 0.46+0.08, and [AJFe]= 0.67+ 0.10.
O’Mara’s damping constants without change, some of the os- No dependence of abundances on excitation energy is ob-
cillator strengths would have to be modified substantially #erved for the individual stars, because the final NLTE collision
order to produce a solar line profile fit. factorsSy have been optimized to avoid this. Although this is
Doppler broadening of the line profiles follows the usudl0 guarantee for consistency of the abundance analysis, it is
assumption of random atmospheric motions represented by fighificantly better than if LTE were assumed. The basic re-
croturbulent velocities. Clearly, this representation by a sindgiélts for LTE and NLTE are displayed in Fig. 6 demonstrating
parameter;, is at its limit when high-resolution spectra aréhe enormous dierences between LTE and NLTE line profile
analyzed. There can be no doubt that lines of tha Faulti- fit abundances.
plet 42 are formed under conditions quitéfeient from those Clearly, these dferences are minor when [VEg] is
of the other multiplets. Similar problems are found among tlwencerned, with a limiting adjustment of+0.1 dex for
lines of the other elements. As a result, we have fitted the dbe extremely metal-deficient stars. Thus the overall run of
served metal line profiles with a maximum of accuracy, hoyMg/Fe] abundance ratios is changed only gradually. This
ever, being aware that there remains an uncertainty in the p-completely diterent for [NdFe] and [AJFe]. NLTE cor-
file shapes that is equivalent to some 0.05 dex in abundameetions for Na increase fromAlogenanite-te ~ 0.0 at
results. In fact, this may be the limiting accuracy obtainable moderate metal deficiencies in the old thin disk t6.4
a plane-parallel atmospheric model. We note that this uncar-the extremely metal-poor stars. This confirms the results
tainty is significantly smaller than most of the NLTHexts of Baumiller et al. (1998) obtained with slightly fiierent
found in the metal-poor stars. atomic data and spectroscopic observations. By nature of the

Spectrum synthesis is performed interactively using ti@omic interaction processes, the NLTE corrections for Na
IDL/Fortran-based SIU software package of Reetz (1993).af€ largest for the resonance line doublet, which is the only
was designed to use large databases including relevant d@@ctral feature identified in the extremely metal-poor sub-
for ion and molecular lines. Once that model atmosphere ad¢arfs. The NLTE corrections for Alare even stronger rang-
NLTE calculations are available, all spectrum synthesis c#ltd from Alogea nire-ure = +0.2 for near-solar metal abun-
culations, whether LTE or NLTE, are performed in real timgances to+0.5 in the extremely metal-poor subset which,
and displayed on the screen for further evaluation. All para,{wmulated in the traditional chemical evolution picture, would
eters can be adjusted, which is particularly important for tfigansform Al from a straight “secondary” element to a near
externalbroadening of line profiles encountered by macroturPrimary” one.
bulence, rotation, or the spectrograph entrance slit. Interactive Figure 6 may be used to identify stars that are not fol-
spectrum synthesis with SIU allows for a full consideratiolowing the general abundance trends. As can be recognized
of profile blends, hyperfine structure and isotopic splittingrom the comments in Sect. 2, such stars are no longer a mi-
where abundances for each element can be adjusted indivitlority in the whole stellar sample. The removal from spectral
ally. Consequently, all abundance results presented here areadiemndance analysis of roughly a third of the original star list
rived fromprofile fitsusing level populations, either calculatediue to binarity highlights the problems that are encountered.
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Fig. 6. Abundance ratios [¥#€] for both LTE (left) and NLTE (right) analyses. Filled circles refer to our moderately metal-poor sample, star-
like symbols to the extremely metal-poor comparison stars. Some apparently peculiar stars are marked (seketextiePbetween LTE and
NLTE abundance ratios are displayed in Fig. 12.

The remaining star list (Table 3) still includes the visual andor [Al/Fe] ratio with no peculiarity found in [Mgre].
single-lined binaries HD 29907, HD 200580, and HD 22493@170-56 is a dferent case. Radial velocity variations of this
It also includes metal-poor stars that do not give immstar are not confirmed in Latham et al.’s (2002) list of observa-
diate evidence for a binary system but show X-ray emitens (their Table 2), where any possible variatieri (km s
sion (HD142267) or emission cores in the iIdd+K lines over a baseline of 15 yr) is hidden in the measurement error.
(BD+68° 901 and, again, HD 224930). Moreover, it includegVvith a quite unusual solar MBe ratio, both Na and Al are

a peculiar halo star, HD 74000, well known for its extremextremely underabundant.

nitrogen overabundance (Carbon et al. 1987) and its peculiar

[Ba/Fe] and [EuFe] ratios (Mashonkina et al. 2003), which to-4 4. Comparison with other analyses

gether indicate that this star is probably not representative of

a standard evolutionary scenario. Some of these stars, in pdost of the analyses of other groups found in the literature are
ticular HD 29907, HD 74000 and HD 200580, are immediatelyased on the assumption that LTE is &isient approximation
identified in Fig. 6. Each of them carries an extreme/fé¢d of the thermodynamic state of the stellar atmospheres.
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Fig. 7. Abundance ratios [R] for NLTE analyses as a function of [Mg] (left) and of [Mg/Fe] (right). Symbols are the same as in Fig. 6.

Cowan et al. (2002) reanalyzed a typical halo gbf this large diference may be due to his use of overshooting
ant, BD+17°3248, with an overall metal deficiency ofmodel atmospheres which tend to produce an enhanced tem-
[Fe/H] = —=2.09. They note a discrepancy when fitting th@erature stratification. The adjustment fieetive temperatures
Nai D lines and the excited doublets at 5685 and 8190 A whicimtil Fer lines of diferent excitation energies fit to a common
is typical for LTE results, as is their strong underabundanceatiundance value, is unsuitable to determiige It is similar
Al derived from the resonance lines. The latter is found alreattythe assumption of an LTE FgFel ionization equilibrium
in the work of Ryan et al. (1996), who admit that their valug® determine log. Therefore, his abundances of neutral ions,
may be &ected by departures from LTE. such as Naand Al1r should come out at values that are lower

Fulbright (2000, 2002), in his PhD thesis, analyzed a lard@an ours. However, various approximations or assumptions in-
number of metal-poor stars, of which 15 stars are in commtgifere, and his abundance trendsda and?’Al are buried

with our present sample. His temperature scaledi from in a scatter that our results do not reproduce. His sample may
ours byATey = —177+ 104 K, with a systematic trend run-contain much more binaries or peculiar stars than ours, and his

ning from —65 K for stars with near-solar metal abundance lige data — collected from fierent sources — are responsible
-410 K for the extremely metal-poor star BD-3208. Part for at least some of the scatter.
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Chen et al. (2000) published abundance data for a larteble 4. Kinematic data of the program stars. Velocities are
sample of old (thin) disk stars with an admixture of thick diskr kms*. Radial velocities are own measurements, except for bina-
members. Since their metal abundances are mostly well ab§9e. LSR velocities are calculated for a solar motionldf\( W), =
[Fe/H] = —1, their [NaFe] ratios are only marginallyfiected (100, 5.2, 7.2)_ kms. Preliminary populat_ion _membership a_ssign-
by NLTE effects. They were aware of that [/Re] is slightly ments in the rightmost col_umn are for thin d_lsk (D), thick disk (T)
more dfected by deviations from LTE, even at thin disk met&"d halo (H). See last section for an explanation.
abundances. In their Afe ratios, calculated as all the other

abundances under the assumption of LTE, the NLTE abundance©biect Viad U v W Msr
corrections of++0.2 are missing. HD 142267 349 579 -247 259 68.1
Thick disk stellar abundances have been investigated byD 144061 -88 227 -32 -80 243

Prochaska et al. (2000). They present results for a preliminaryiD 148816 -47.5 1005 -256.8 -70.6 284.7
subsample of 10 stars with [fFé] between —0.43 and —-1.09. BD+68°901  -150 525 -180 -2.0 55.6
Their admittedly small sample seems to present a similar gapiP 157089~ -162.6 -1565 -39.0 -3.3 1613
in [Fe/H] between —0.7 and —1.0, slightly broader than seenD 157466 342 488 208 108 541
in our data in Fig. 6. Their Ndg and AJMg ratios are de- 2?7??226 ;Zg.(()) _2‘;'2 _2?3?)'3 Z‘% 123;23
rived under the assumption of LTE using only the subordmatq_'D 160933 576 623 432 -93 764

lines of these elements (which are also part of our line list). Thq_|D 160693 345 2170 -1082 914 2591

stars in their list all show a high [AFe] ratio of~0.4, whichis | 170357 857 -544 -111.8 914 1543
very similar to our data for thick disk stars derived under NLTE 4p 171620 -36.8 -56.8 89 -314 656
conditions. The [NA&-e] data are around 0.1, also similar to our G142-2 396 1605 —71.4 80 175.8
thick disk results under NLTE. The striking similarity can be HD 182807 -2.9 82.0 -384 -11.4 913
understood, since both Na and Al results for excited linfledi  HD 184448 -225 495 -226 511 746
only by a small amount (0.1 a0.1) between LTE and NLTE  HD 186379 -8.0 426 -211 -38.0 6038
(see Fig. 12). The analysis is thus approximately on the samé&lD 198300 ~ -32.3 968 121 -176 991
scale as ours, but includes only the thick disk. HD 200580 06 1102 640 139 1282

HD 204155 -840 -219 -120.5 -375 1281

Following Baumiller et al. (1998), Carretta et al. (2000

see also Gratton et al. 1999) seem to be the only group that aﬁésf(;ggofs _gé'_'g 133? '28 _gf_ '17 _632.'71 18832_48
plied NLTE calculations to sodium. Their results are very muchg 424 2045 193.6 -256.3 419 323.9
in agreement with ours in that their NLTE corrections lead to yp 215257 336 -55.6 208 509 782
a small metallicity-dependent increase of the fNg ratios.  HD 218209 -16.3 -620 -433 -74 76.0
Their scatter for medium-to-extreme metal-deficiency is, how-HD 221876 -39.3 76.2 -26.8 153 822
ever, roughly two times the one we find. In view of the small HD 224930 -37.1 33 -682 -238 723
sample we have analyzed here, it is not obvious whether th&$69-8 -82.0 1106 -239 39.6 1198
difference is significant. HD 29907 67.6 -368.4 -149.8 289 39838

HD 31128 1114 514 -96.6 -22.6 111.7

HD 34328 2352 -1929 -350.0 102.3 4125
5. Kinematic properties and stellar ages HD 59392 267.9 138.6 -317.5 -24.2 347.3

. HD 74000 205.5 262.1 -352.5 68.1 4445
In the last sections we have repeatedly referred to the popu~p.s1 4628 198.0 252.0 -137.9 161.1 3294

lation membership of single stars without specifying how we yp 97320 52.8 84.7 -165 -30.5 915
discriminate between flerent populations. We are of course HD 102200 160.6 1025 -1342 164 169.7
fully aware of that such a discussion requires more than tha&D-4° 3208 579 -88.8 -2649 -86.0 292.3
interpretation of abundance ratios alone. HD 122196 -27.2 -1625 -138.7 19.8 214.6

rTTIzV IxzrxrTxI~vw 4VIOH40xY9r 494040790 490v0.049 40,00

HD 140283  -170.2 -234.9 -2515 49.7 347.7

5.1. Galactic space velocities

Following the work of Roman (1950), the original classificaef the stars with intermediate kinematics instead belong to the
tion of stellar populations was based much more on kinem#tick disk.

ics than on anything else. It is therefore of high priority to The determination of Galactic kinematics, which are rep-
check if kinematic properties and abundance ratios have mogsented in the (U,V,W) system with respect to the Local
in common than a coarse change of mean metal abundanc&igndard of Rest (LSR), is therefore an important aspect. In
self. Although it was a general belief that metal-poor stars bexference to the LSR we have adopted a solar motion of
long to the halo, and metal-rich stars to the disk, representeV, W), = (10.0, 5.2, 7.2) kms™ (see Binney & Merrifield

by populations Il and I, respectively, the detection of the thick998). For all stars except the known binaries we have en-
disk by Gilmore & Reid (1983) changed the simple picture déred our own radial velocity measurements, combined with
a spherical and a highly flattened stellar subsystem completélyppaARcOS parallaxes and proper motions. Table 4 provides
Fuhrmann (2002) argues that in fact halo stars may constitthie resulting space velocities including the total velocities cal-
an extremely small minority of all Galactic stars, where mostilated with reference to the LSR. The last column comments
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the population membership in a preliminary way which is ¥ 1D 29907

based on a combination of kinematic properties, stellar ages
and metal abundance ratios (predominantlylf#d]) described

in the discussion. For a number of stars the results are highlysooi
uncertain, and we will come back to these below. [ HD74000 .

The first inspection of the table shows that quite a num-, i
ber of stars in the sample seem to have kinematic propertigs | * o
that are far from the expected standard of any population. T [ ¥ 0 2am8
is seldom a problem with a discrimination between thin and 2000
thick disk, because in particular the thin digkvelocities tend = o _
to be significantly smaller than those of the other populatior‘%. * e
However, the most important discrimination between thick disk | ke
and halo cannot exclusively be based onWheelocity compo- 100} .
nent. There are stars like HD 29907 with extreme high-velocity | i Tee ]
kinematics and very low metal abundance. However, the ex- x. 0% °
treme velocity consists mostly of a radial component\hee- :
locity could even fit a thin disk star, and the metal deficiency is : :
not extended to Al. Other stars such as HD 148816 or G170-56 300 o 100 0
even haveetrogradeGalactic orbits, but their metal abundance V [kms?

:CS neatlr ['.:ﬂ_:]f: _hOI8 tf:elr [A]/I\/(Ijgt]hand [Nan[]. rat:‘ocs_‘f;g fgg Fig. 8. Toomre diagram of space velocities. Symbols are the same as
rom typical for halo stars, an e [Mige] ratio o ) in Fig. 6. As compared with our results, the diagram does not seem to

is that of a typical solar-type thin disk star. HD 97320, in spitg., a very good discrimination between populations.
of its relatively low metal abundance of [fF§ = —1.24 and its

[Mg/Fe] ratio of 0.41, kinematically fits more to thin disk prop-

erties. Thus, the remaining typical members of the halo pOpLB lut itudes based " I
lation, originally included in our high-proper motion sampl Absolute magnitudes based orPRARcos parallaxes (see

are G188-22 and G242-4 (for which we unfortunately failed t pble 3) masses and approximate ages can be interpolated ac

determine the Al abundance). Most kinematic stellar propertl%%rdmg to [FeH] and f/Fe] from adequate tracks of stellar

. : : ayolution. Such calculations have recently become available
are only loosely correlated with population membership. Thi©
holds at least for thé) andW components, and for thé g through the work of VandenBerg et al. (2000), who updated

velocity. All these space velocities do not discriminate betwegtqd extended earlier work including new physics for the equa-

thick disk and halo. The correlation between lotwelocities LO" of state and opacities. There is no account for helium or

and low [AlMg] ratios, however, is slightly more instructive. metal difusion at this time, but our most interesting objects
' ' may still be represented quite weliiferentially.

The kinematic status of our sample is shown in the Toomre Using Ter as coordinate of the HR diagram, there remains

diagram presented n Fig. 8. Whereas we qlready learn fr_ % need to introduce any empirical calibration to a colour in-
Fuhrmann’s (1998) work that thin and thick disk are not easi ex like B — V. Errors for most of the absolute magnitudes

:gentlﬂetq Igir;ematlcallg, Ih's Sefhmitg. hk°|d gvhe nl more fotr_ "i%e small (exceptions are easily identified in Table 1). A typ-
inematic diterences between thick disk and halo, In partiCs, o q it in Fig. 10 reproduces the interpolated stellar evo-

lar, since some stars may not belong to any of these popyla- ; : ;
. : ljonary track of HD 148816. The interpolation procedure is
tions. Stars like G170-56 or HD 29907 seem to have followed, rr¥eans simple, because changespbetwﬁec?tiae tem-

some peculiar history and may have been accreted from dw; Jatures and ages for tracks of same composition Heteint

galaxies or star clusters. Yet, even comparing kinematics sses are highly non-linear. Bergbusch & VandenBerg (1992)

abundance ratios alone, Fig. 9 suggess that tiierdnce be- and VandenBerg et al. (2000) have proposed a suitable method

tween thick disk and halo is relatively well described by t ; . : : —
[Al/Mg] ratio and, less accurately, by the [Nég] ratio. In both hg;t uses special morphological points, between which neigh

Goaz-4

T
*
[}

[

diagrams, the thin disk is separated in the upper right edge. ouring evolutionary tracks may be safely interpolated. A sim-

. . . I ?approach was used here, so the interpolated final tracks al-
difference between thick disk and halo could be marked b ys used X 2 x 2 tracks representing pairs bf/Mo, [Fe/H],

horizontal line corresponding to roughly Mg] = —0.15, and .
- ; 2 . . and [r/Fe], respectively.
[Na/Mg] = —0.4. Together with special kinematical properties We note that the knowledge offFe] is as important as

such as th& velocity component, the subdivision of the Iatte{ .
. . - hat of the other stellar parameters. Table 5 gives an account
two components is already quite convincing. .
of the error propagation of the observed stellar parameters
from which the unreliability ofibsolutestellar ages is immedi-
5.2. Stellar ages ately evident. Therefore we will only discuss comparative ages
within the sample, where we have to remember that some of
Another step towards the identification of single star popour parameters may in fact lead to uncertainties of the range
lation membership could be the age. Using the well-defingdlicated in the table. Compared with this the errors due to the
spectroscopic stellarfiective temperatures together with thénterpolation method may be negligible.
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log T
041 . . Fig. 10. Typical path of stellar evolution for HD 148816 (cross), lin-
0.2 o o ] earlyinterpolated for mass, metal abundancesetement overabun-
“r o HD 148816 * * S dance to run through the spectroscopically derived position. Age dots
00F HD29%07,  ee & © ?’. - areindicated every 2 Gyrs. Dashed lines represent loci of constant ra-
28 r dius. Note the increased age discrimination beyond the point of core
= 021 . 7 hydrogen exhaustion.
~ -04f . 1056 HD 100690y G1gg0n  # 1
r * 1 . . .
o6k X 1 also Richard et al. 2002), and will once aga@tucestellar
L * * 1 ages derived from isochrone fits. These considerations should
-0.8f * * - clarify our notion of stellar ages in the current framework.
1ok ‘ ‘ ‘ ‘ ] Taken at face value, all the stellar ages — in particular those
-300 -200 . -100 0 of the halo stars — seem to be very high. Excluding the four
V [kmsT] stars with ages above 18 Gyrs because they are either too near

to the main sequence (HD 31128, HD 34328 and CD4528)

or show peculiar abundances (HD 74000), the mean age of the

halo is still 163+1.1 Gyr, uncomfortably high in view of recent

Table 5. Error propagation of basic stellar parameters when interp‘S-St_Imates of the age of the universe based on the WMAP obser-

eMations (13.4 Gyrs; Spergel et al. 2003). Therefore the question

arises: is there a possible larggstemati@rror in the spectro-
scopic analysis that drives the ages to such high values? In fact,
there could be some doubt about

Fig. 9. Correlation between abundance ratios and orhbitalelocity
component. Symbols are the same as in Fig. 6.

lating tracks of stellar evolution for HD 148816. Variations are giv
with respect to the final parameters in Table 3.

A M/M, age (Gyr)

Ta(K) -100 0.866 14.2 — the dfective temperature. As outlined in Sect. 3, we have
+100 0.910 111 used a Balmer line broadening theory which has recently
Mol —01 0.900 12.2 been challenged by Barklem et al. (2000). They have in-
+0.1 0.874 13.2 troduced a new broadening theory including van der Waals
[Fe/H] -01 0.854 13.8 broadening for hydrogen lines. Their resulting line profiles
+01 0.918 11.8 are significantly stronger for stars in the temperature range
[e/Fe] -01 0.857 13.6 between 5600 and 6000 K. Consequently, a lower temper-
+01 0.916 11.9 ature would be indicated in particular for metal-poor stars.

Using the new broadening theory, which also gives slightly
inferior profile fits, our &ective temperatures would have
Masses and ages determined in this way are given in the lastto be lowered by 150 to 250 K.
two columns of Table 3. Except for errors in the analysis of our Lower dfective temperatures would lead to an averiage
stellar spectra we have to consider two important influences we creaseof the stellar ages between 1 and 3 Gyr (see Table 5),
cannot at present assess in an adequate way. The first one corwhich is at variance with the assumption that our ages are
cerns the true composition efelements. We have notincluded already too high.
oxygen in our analysis although oxygen is by far the most abur- the a-element overabundance/Fe]. Although our errors
danta-element. The ages derived here are based on the unjusti-in the spectroscopic analyses are probably as low as 0.05
fied assumption that [@g] = 0. A significantly higher [@Mg] (see Sect. 4.2), we have already mentioned the role of the
ratio could thus reduce the exceedingly high ages of the halo a-elements that have not been analyzed (oxygen and neon).
stars by as much as 3 Gyrs. The second concern is about hedf there is any trend at all, then it means thay4g] > O,
lium and metal dtusion in stellar structure calculations. Such which would lead to a slightly larger value witk{a/Fe] ~
calculations have been started by VandenBerg et al. (2002, see0.1...0.2.



1060 T. Gehren et al.: Na, Mg and Al in nearby metal-poor stars

This could lead to a statisticdlecreaseof the stellar ages

of ~1...2 Gyr. 0.0

Based on systematic errors of the spectroscopic analyses alonep 2 HD 224930
it would then be diicult to argue in favour of significantly
lower ages of our stellar sample. As was outlined above, th%ﬂe_o_4
is no reason to follow the well-known re-calibration procedurée
of the temperature scale. Neither are we using an uncertain ¢al-
N o -0,
ibration that is tied to observed (broad-band) colours nor is a
temperature scale thatis based on the hydrogen line broadening
theory of Ali & Griem (1965) suspected to be systematically -0
low. If the oxygen abundance in metal-poor stars is around
[O/Mg] ~ +0.1, as is indicated in the paper of Carretta et al. > 20 1= 0 s
(2000), our ages obtained from fitting the evolutionary tracks age [Gyr]
would have to be corrected for roughil Gyr. This reduces w
the mean age of our halo stars to a value 5.5 Gyrs, which 04
is still uncomfortably high. Thus it will be the introduction of  ,
diffusion processes to calculations of stellar evolution that may
give a substantial decrease to the ages of the oldest stars in our0.0
sample. This is immediately evident from Fig. 2 of VandenBerg 02
etal. (2002), and the corresponding reduction could be as m@g&h
as—-3 Gyrs. < 04
In Fig. 11 we finally show the distribution of abundance
ratios with stellar ages. Comparison with Figs. 7 and 9 con- ~
firms that ages, kinematic parameters and fi’Mg are equiv- 0.8
alent variables against which the stellar abundance ratios can
be evaluated. This is not trivial, because these three variables*©
are not very well correlated. Therefore, only [{#g] brings age [Gyr]

out the diterentsystematidrend of [NaMg] and [Al/Mg] in
Fig. 7. Fig. 11. Correlation between abundance ratios and stellar ages.

Symbols are the same as in Fig. 6.
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6. Discussion and conclusions

The small number of stars analyzed here already aIIows6al' NLTE and abundances

surprising variety of results to be noted. This depends on @Re apundance analyses of all elements included here have
a posteriori reselection of the “typical” sample stars. Whereggce again clearly indicated the importance of NLTE when an-
our criteria for this process can be formulated clearly, we aglyzing the stellar spectra. This does not only hold for the abun-
mit that such an iterative selection method may not be fully agxnce analyses themselves, which often are performed only
cepted. Our justification is the existence of a surprisingly largg equivalent width analyses, irrespective of whether the syn-
fraction of stars with peculiarities such as thesized profiles have anything in common with the observed
spectra. Taking care of accurate profile fits, our abundance re-
sults are summarized in Fig. 12, which outlines the increase of
the diferences between LTE and NLTE analyses with decreas-
ing metal abundance, as predicted. We emphasize here again
Since deviating abundance ratios lead to the most questithtat our NLTE calculations are conservative in that we have
able rejection process, we identify here only one such objegsed the typical free parameter, the collision fa&grto force
HD 74000, known since long for its extreme nitrogen ovethe abundances of all lines analyzed to a common value (mini-
abundance. In our analysis this is accompanied by exceptionéting abundance scatter). Moreover, the full system of equa-
abundances of both Na and Al. The origin of such an abundattiegs and parameters simultaneously fits the solar spectrum.
pattern will therefore not be discussed here. Mashonkina et al. It is also important to realize that the “scatter” seen in
(2003) have shown that there are other halo stars with simikég. 12 is not an artefact of an uncertain abundance determina-
properties and somewhat peculigorocess abundances. tion. Carefully identifying the outliers such as G170-56 with an
As a result our original sample of 384 stars, already re- Al abundance dference of 0.6, it becomes evident that the dif-
duced to 2#11 stars in Sect. 2, will be reduced once morerence between LTE and NLTE abundancesdsonly a mat-
to exclude from the discussion of a clean sample the binar of stellar parameters such&g, logg, and perhaps [FE],
ries HD 200580, HD 224930, HD 29907, and the peculiar sthut it also depends on the Al abundance itself. Therefore any
HD 74000. Figures 6 to 9, and 11 should therefore be correctablle giving such correction values would have to be multi-
correspondingly. dimensional.

— binaries of types SB1 and SB2,
— active chromospheres,
— peculiar abundances or abundance ratios.
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L | reveal too much of a population structure except that it helps to
0.6 . - identify some outliers, here in particular G170-56.
r ] Figure 7 instead allows to note some more important abun-
| | dance trends. One is the gradual decline of /N with
0.4l . . | [Mg/Fe], irrespective of the stars being thin or thick disk mem-
bers. It is not seen as clearly in Figs. 9 or 11. Thus it is more
. 1 aglobal correlation that represents nucleosynthesis under quite
1 different conditions. It has to be confronted with the striking
difference in [NAMg] when comparing (thick) disk with halo
x { stars at the same [MBe] ratio. There is no such trend with
- Mg el 3 TN [Mg/Fe] among the [AMg] abundance ratios of the (thick)
0.0~ ) 7| disk stars, all of which seem to have within a very small scat-
I . . e e S| ter thesame[Al/Mg] ratio. Then, if?>Na and®/Al are sec-
L . . 1 ondary elements that require the pre-existence of metals, why
-0.2|- . . - are they not built up in the same way under disk evolution
i 1 conditions which may provide the continuous enrichment of
| Na | FeMg by SNe la and thus increase the overall metal abun-
04 * | dance? The [ANa] ratio emphasizes this problem, with even
y L L L L | ha!o stars showing a solar_ abundancg rati_o, but the disk stars
Yy 0 s 1o Tos oo (with many of them belonglng to the thick disk) cluster around
[Fe/H] [Al/Mg] = 0.3, although with considerable scatter.
The comparison of [N&g] and [Al/Mg] in Fig. 7 could
qgil us that hydrostatic carbon and neon burning in (thick) disk
stars result from two dierent sites of nucleosynthesis or at
least diferent masses of the SN Il progenitors. A similar sce-
nario has been investigated by Tsujimoto et al. (2002) who

have tried to account for the strong scatter of /Mg] and

There are, however, some general trends. Most importan : : .
the oppositebehaviour of Na and Al, which is of course a re__fA?/Mg] ratios they found in the literature. Though that scatter

: : is largely an artefact from the LTE assumption underlying all
sult of the diferent atomlq structure, Népeing ovgrpopulated those analyses or from the various methods of determining stel-
by cascades of recombining electrons, whereas#strongly

o2 " lar parameters, the overall trends seem to be well reproduced
depopulated by photoionization. Theseets have been dis- assuming the local propagation of synthesized material through

cgssed in Sect. 4, and popl_JIat|ons of these types are Seegdpicent SN shells, in which new stellar generations are initi-
lengbﬁr? dn:niélsnCt)?T\I(;O;!Leg‘;%gfgéhfo?::é?gg?g: ;E g'f_?éagfed. While the yields of both Na and Al in type Il supernovae
departures are under debate (Woosley & Weaver 1995; Umeda et al. 2000),

P : it seems that such a model environment for chemical evolu-

tion is able to explain the ffierent abundance ratios of Nég
6.2. Population membership of individual stars and AyMg for [Mg/H] > -2. Both [NgMg] and [Al/Mg] in
the (generally more metal-poor) halo stars represent a signif-

One of the more ambitious goals of this investigation is to ideitant even-odd fect, the amount of which is somewhere be-
tify single stars as members of a population. It is not clear &teen the results of zero-metal supernovae of type Il (Woosley
present, whether the very concept of populations tells us mu&hVeaver 1995) and the production factors of very massive
about Galactic evolution or perhaps only summarizes a fe@mpulation 11l stars (Heger & Woosley 2002). According to
mean properties acquired during various proto-Galactic or lateeir investigation population Il stars between 40 and V&0
merging processes. It has been noted repeatedly that kinemaitid in a black hole and do not contribute to chemical evolu-
data alone dmot allow the unambiguous identification of ation. Whereas the synthesis of Na in the disk populations can
stellar population. In particular the overlap between halo abd explained by gradual enrichment including SN la, the con-
thick disk stars has not yet been fully evaluated, and Fig.séant solar [AIMg] in both thin and thick disk remains a puz-
does not suggests a clear limit\éfvelocities either. The orig- zle. Timmes et al. (1995) predict an [Mg] ratio gradually
inal classification of populations by their space velocities iacreasing from-0.4 in the metal-rich halo to —0.3 in the early
therefore almost exclusively of statistical value. The work ahick disk with a further increase t60.2 at solar metallicity.
Edvardsson et al. (1993), mainly confined to what we still adur high level of Al abundance ratios in the thick and thin
dress as the thin disk, has shown that the overall metal abdisk, seen also in Edvardsson et al. (1993), is at variance with
dance represented by [fF§ is an insuficient indicator of most that prediction. It may require some fine-tuning of preferably
criteria of Galactic evolution. This is probably due to inhomadiscontinuous andr time-dependent initial mass functions to
geneous star formation, which may be an order of magnitugeduce our observed Alig ratio.
more important for the short time intervals encountered during Aside from chemical evolution considerations it is the
the evolution of thick disk or halo. Figure 6 therefore does npAl/Mg] abundance ratio that could open a second door to

0.2~ *e ° -

[X/Fe]yre — [X/IFel e
*

Fig. 12. Difference of element abundance ratios calculated un
NLTE and LTE assumptions and displayed in Fig. 6 (see text).
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04l . 1 formation must have been based on matter recycled in SN la.
i 1 We note that stars like G170-56 aretfound in the thick disk
0.2 ®e e -| either. Therefore we should rule out its membership in both
r 1D 29907 ] .:'.°,. o, 1 thick disk and halo. Its exceedingly low Na and Al abundances
0.0 * *%e * ®-1 are certainly surprising in view of the retrograde Galactic orbit.
§° 0 2:— | Quite probably, also G242-4 would have to be attributed to the
= f ©G170.56 1 halo, although its Al abundance could not be analyzed here.
- L L] E . .
0.4 . & HD 160693 . A number of additional comments refer to population mem-
i . 1 bership. Most of them have to do with kinematical properties
0.6 . * 7 ofthe stars. A star like HD 97320 would never be classified as a
08 2 . * . 1 halo star from kinematics alone; both abundance ratios and age
o] clearly show that it must belong at least to a pre-disk origin.
2.5 2.0 -1.5 e ]—1.0 0.5 00 HD148816 is the kinematical counterpart of HD 97320. With
Fe/H

a retrograde orbit this star seems to have more in common with
Fig. 13.Gap in metal abundance [fF§ and abundance ratio [Aflg], G170-56 than any other star in the sample, although it448]
where no star is found. Such a plot may help to identify populatiaand [NgMg] are atypical for the high [M@-e] ratio. At the
membership. same time HD 148816 has only a moderate metal deficiency
of —0.78 which, for a halo star, would also be at an extreme end.

In summary it seems that roughly two thirds of the remaining

population membership identification in very much the sameyrs on our two lists can be attributed to the thick disk or halo
way as [MgFe] was used to discriminate between thin angl,,jations, whereas some of the other stars cannot be clas-
thick disk (Fuhrmann 1998). For this purpose we consult thieq in such a simple way. The important question whether
correlations of [AIMg] with [Mg/Fe] (Fig. 7), the Galacti o,y Galaxy can be composed of three homogeneous popula-
velocity (Fig. 9), and the stellar ages (Fig. 11). We must admig s will have to await more results from future spectral anal-
that the gap in [AMg] between-0.3 and 0.0 is not yet fully yqes At present the identification of population membership
convincing because the sample is still very small, in particl haseqd essentially in Fig. 13, where halo stars and disk stars
lar in the range of metal abundances betweernitffe= -1.3  geem well separated at [fid] ~ -1.0, [Al/Mg] ~ —0.15. A
and-0.8, which shows a similar gap. Such a gap in/ffés  simjlar boundary is found at [NKlg] ~ —0.4. The discrimina-
also found in the results of Prochaska et al. (2000). Whether {ag; petween thin and thick disk stars follows Fuhrmann (1998)
gap is really existing or only an artefact of small sample Stat'ﬁsing [MgFe] = 0.25 as a boundary. This classification scheme

tics, it is important to note that the [Aflg] abundance ratios jg reproduced in the last column of Table 4.
of both disk and halo-type subsamples do not fill in. Thus, halo

and disk populations appear to be well separated when they are
plotted as a function of the metal abundancé¢ff¢Fig. 13).In  6.3. The age coordinate
two of the diagrams (Figs. 7 and 9) there is considerable over-
lap between either [Me] or velocity component. Itis only Stellar ages displayed in Fig. 11, are not only very high and
the overall metal abundance and perhaps the stellar ages T{h@ﬁefore unrealistic as absolute data but also do not exhibit
seem to separate halo and disk components in a similar vwaglear separation between thick and thin disk as was sug-
as the [AIMg] ratio. Assuming for the moment that the gap igested by Fuhrmann (2000). Fuhrmann notes an age gap be-
[Al/Mg] were real, it is still necessary to identify the nature diveen roughly 9 and 12 Gyrs, which in fact refers to the age in-
a few outliers that seem to spoil the correlation. We have cofg!val that is most densely populated in our sample. This could
mented on the binary stars above, SO we emphasize on|y ﬂﬁd@art be due to the use offterent ev0|Uti0nary traCkS, but to
except for HD 29907 abhona fidehalo stars are found betweerfirst order one would expect a shift of ages. Figure 11 shows
[Al/Mg] ~ —0.8 and-0.4, where the scatter of the results is bethat the region of the proposed age gap between thin and thick
yond any errors of the spectral analyses. Of course, even m@ik is populated by a mixture of stars identified both as thin
meta]-poor stars may show even |Ower/lmg] ratios. or thick disk. The ageverlapis near 2 GyrS, and it is hard to
There are, however, three stars out of our less metal-pé'&ipk of any simple combination of analysis errors that could
sample that have [AMg] ratios near the upper edge of th@roduce it. Unfortunately, Fuhrmann’s and our work have only
typical halo sample (G188-22, HD 160693) or even somewtfte star in common, HD 204155, which is outside the critical
above (G170-56). Whereas G188-22 seems to have halo pra@€ range. Even accepting a misidentification for many stars in
erties when kinematics and age are inspected, HD 160693 i§af range, there would be no age gap.
different case. Its [Mfre] ratio documents that this star must The question arises therefore, whether the age itself is a
have been formed from matter recycled only in SN I, but itgood population identifier. It may be that the stars filling in the
age is roughly 4 to 5 Gyrs less than that of typical halo stagep that Fuhrmann claims to have detected are (a) no mem-
separating it from the halo in terms of Galactic evolutiothers of our standard populations, #amd(b) did not appear
HD 160693 could therefore be a former member of an accreiadhe small local volume of Fuhrmann’s sample. In the first
dwarf galaxy or globular cluster. G170-56 on the other sidmse, quite a large fraction of our stars must come from
has a typical thin disk [Mg-e] ratio which requires that its separate evolutionary processes such as merging or tidal
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disruption of galaxies or clusters; stars like that could also bashrmann, K. 1998, A&A, 338, 161
long to the intermediate population with [Wie] around 0.2, Fuhrmann, K. 2000, in The First Stars. Proc. MESO Workshop,
which stands out from the trends in thin and thick disk. In the ed. A. Weiss, T. G. Abel, & V. Hill (Springer), 68
second case, Fuhrmann’s small local volume, although statishrmann, K. 2002, New Astr., 7, 161
cally complete, might not be representative for more extendg'mann, K., Axer, M., & Gehren, T. 1993, A&A, 271, 451
parts of the Milky Way. Of course, it would be much mor{”h"_nann’ K., Axer, M., & Gehren, T. 1994, A&A, 285, 585
likely that our sample is not representative. UIbr!ght’ J. P 2000, AJ, 120, 1841
L Fulbright, J. P. 2002, AJ, 123, 404
We note, however, that the age limit between halo and thi hren. T., Butler, K.. Mashonkina, L., et al. 2001, A&A, 366, 981

disk population seems to be much better defined in Flg 11-d§rﬂmore, G., & Reid, N. 1983, MNRAS, 202, 1025

our analysis it lies near 14 Gyr, but that value could be reducg@idberg, D., Mazeh, T., Latham, D. W., et al. 2002, AJ, 124, 1132
when evolutionary tracks with flusion will become available. Gratton, R. G., Carretta, E., Eriksson, K., et al. 1999, A&A, 350, 955
The results presented in this paper are therefore not yet ®eenstein, J. L., & Saha, A. 1986, ApJ, 304, 721
bust enough to warrant further speculations. Work extendihigger, A., & Woosley, S. E. 2002, ApJ, 567, 532
the data set is under way. Hiinsch, M., Schmitt, J. H. M. M., Sterzik, M. F., et al. 1999, A&AS,
135, 319
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