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Abstract. High resolution (R = 60000), high S/N spectra
have been obtained for 13 halo stars and 16 disk stars with
5400 £ Ty S 6500 K, 4.0 < logg < 4.6 and overlapping
metallicities in the range —1.3 < [Fe/H] < —0.5. Equivalent
widths of weak Fe1 and Fe I lines are used to determine dif-
ferential values of T and logg. Relative abundances of O, Na,
Mg, Si, Ca, Ti, Cr, Fe, Ni, Y and Ba are determined to a precision
ranging from 0.02 to 0.07 dex. Kinematical data have been col-
lected and used to calculate the stellar orbital parameters, Ryax,
the maximum distance from the Galactic center, and zp,y, the
maximum distance from the Galactic plane.

A group of 8 halo stars have significantly lower [a/Fe] values
than disk stars of the same metallicity (o« = O, Mg, Si, Ca or Ti).
These stars are also underabundant in Na and Ni and maybe in
Cr. [Na/Fe] ranges from —0.4 to +0.1, and [Ni/Fe] is surprisingly
well correlated with [Na/Fe]. The smallest values of [a/Fe] and
[Na/Fe] are found for the stars with the largest values of R«
and zmax. This may indicate that the anomalous halo stars have
been accreted from dwarf galaxies with a chemical evolution
history different from that of the inner halo and the disk. In
any case the data show that abundance ratios in stars are not
universal functions of [Fe/H] and that the chemical evolution of
the Galaxy at [Fe/H] ~ —1.0is more complicated than assumed
in many models.

One halo star, HD 106038, is found to be strongly overabun-
dant in Si, Ni, Y and Ba relative to Fe.
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1. Introduction

Recent surveys of high-velocity stars in the solar neighbor-
hood have revealed an interesting distribution of the stars in
a diagram where the stellar velocity component in the direc-
tion of the Galactic rotation, Vi, is plotted as a function of
the metallicity, [Fe/H]. Fig. 5 of Schuster et al. (1993) shows
such a diagram for 1149 high-velocity stars with [Fe/H] and
distances determined from Stromgren uvby-( photometry, and
Fig. 1 of Carney et al. (1996) shows a similar diagram for 1022
high proper motion stars, for which the metallicities and the ra-
dial velocities were determined from low-S/N, high-resolution
echelle spectra. In both diagrams it is striking that the metal-
licity range —1.3 < [Fe/H] < —0.5 contains both fast rotating
(thick-disk) stars and slow rotating (halo) stars with a fairly
clear separation between the two groups. The distribution of
stars does not support a smooth transition from slow rotating
metal-poor halo stars to fast rotating metal-rich disk stars, as
expected from the classical ELS model (Eggen et al. 1962).
Instead, the V;y,[Fe/H] diagrams point to the existence of two
distinct populations with a considerable degree of overlap in
metallicity. This interpretation is supported by the extensive sta-
tistical study of Beers & Sommer-Larsen (1995) of nearly 2000
Galactic stars selected without kinematic bias. In the metallicity
interval —1.5 < [Fe/H] < —1.0 the fraction of thick-disk stars
in the solar neighborhood appears to be as high as 60%. For
[Fe/H] > —1.0 the large majority of stars belong to either the
thick-disk or the thin-disk populations, but slow rotating stars
do exist.

As discussed by Norris (1996) the kinematics and metal-
licities of stars representing the halo-disk transition are of high
interest in connection with studies of the formation and evo-
lution of the Galaxy. Overall metallicity is, however, only one
of the chemical parameters that provide information on Galac-
tic evolution. Abundance ratios between some elements, e.g.
O/Fe or Mg/Fe, depend on the IMF and/or the timescale for
the chemical evolution (Wyse & Gilmore 1993, Pagel & Taut-
vaiSiené 1995, Matteucci 1996). Therefore, in the present paper
a detailed study of the chemical composition of halo and disk
stars with overlapping metallicities is presented. The study aims
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at a very high internal precision of the abundances, so that even
small differences in the chemical composition can be revealed.

2. Selection of stars

The program stars were selected from the catalogues of uvby-(
photometry of high-velocity stars by Schuster & Nissen (1988)
and Schuster et al. (1993). Using the calibrations by Schuster
& Nissen (1989) and Nissen & Schuster (1991) main sequence
stars and subgiants with 0.25 < (b —y)y < 0.45and —1.3 <
[Fe/H] £ —0.5 were first picked out. Among these stars two
groups were defined according to the criteria:

i) Viot < 50 km s~!; the halo stars.

ii) Viee > 150 km s~ '; the disk stars.

We aimed at observing about the same number of halo and
disk stars, and furthermore to have as far as possible the same
distribution in [Fe/H] for the two groups.

Obviously, one cannot be sure that each individual star has
been classified correctly as halo or disk, but the probability of
correct classification seems high. The mean velocity of Galactic
thick-disk stars is (Vo) =~ 200 km s~! and the dispersion is of
the order of +40 km s~! (Beers & Sommer-Larsen 1995). Stars
with Ve < 50 km s~! therefore have a very high probability
of being genuine halo stars. Halo stars have (Vo) ~ 0 km s~!
with a dispersion of 90 km s~ so some of the stars with
Viot > 150 km s~! could be halo stars. If, however, the ratio
of the number of thick-disk stars to the number of halo stars is
greater than one for [Fe/H] & —1.3, as suggested by the work
of Beers & Sommer-Larsen (1995), then it is highly probable
that stars with V;, > 150 km s—! are indeed disk stars.

Among the group of disk stars no attempt has been made to
distinguish between thick-disk and thin-disk stars, because the
difference of the mean Galactic rotational velocity of the two
groups is of the same order as the velocity dispersion for the
thick-disk stars, 0(Vir) ~ 40 km s~!. In the following these
stars will just be referred to as disk stars. It is noted, however,
that the average asymmetric Strémberg drift of our disk stars
is —46.0 +26.7 km s~ ! indicating a really old component of
the disk (Mihalas & Binney 1981).

In Table 1 all stars observed are listed together with quan-
tities derived from the uvby-( photometry. The color excesses
and the metallicities have been calculated according to the cal-
ibrations of Schuster & Nissen (1989). If E(b —y) > 0.015 the
star is assumed to be reddened and the photometric indices have
been corrected accordingly. If 3 is not available or 8 < 2.55,
the color excess could not be calculated and E(b — y) = 0.0 is
assumed. One of the stars, HD 76932 = HR 3578, classified as a
disk star, has Vi, slightly below the limitof 150 km s~!. It was
included as one of the bright, metal-poor stars from the large
survey of the chemical composition of disk stars by Edvardsson
et al. (1993) and will be used as a standard star (together with
HD 22879) in the differential abundance analysis of the whole
sample.

Tables with detailed information about photometry and
kinematics are available in electronic form; see Appendix.
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Table 1. List of program stars including the intrinsic color index
(b — y)o, the color excess F(b — y), and the photometric metallic-
ity [Fe/H] as well as the Galactic rotational velocity of the star and its
corresponding classification as halo (H) or disk (D) star

Star  (b—y)o Eb-y) [Fe/H - Vi

km/s
HD3567 0.332 —-0.002 —1.18 18 H
—610282 0.365 -0.012 -1.10 -19 H
HD17288 0.378 —0.016 —0.74 151 D
HD17820 0.377 0.002 —0.76 154 D
G005—040 0.376 0.026 —0.81 32 H
—471087 0.387 —0.009 —0.85 178 D
HD22879 0.370 —-0.004 —0.87 158 D
HD24339 0.369 —-0.016 —0.74 180 D
HD25704 0.371 —0.015 —-0.84 176 D
HD241253 0.357 —-0.007 —-0.91 178 D
G102—-020 0.435 —1.29 168 D
—333337 0.334 —1.21 190 D
—571633 0.343 —0.81 -7 H
—453283 0.384 -092 —-10 H
G088—040 0.351 —0.006 —0.85 162 D
HD76932 0.354 —-0.025 —-0.80 145 D
G046—031 0.350 -0.016 —-0.73 —-42 H
HD83220 0.285 0.005 —-0.72 248 D
—213420 0.354 -0.021 —-0.97 151 D
HD103723 0.329 0.027 —-0091 42 H
HD105004 0.360 0.027 -074 —-13 H
HD106038 0.342 -0.018 —1.09 -2 H
HD106516 0.318 —0.017 —0.82 175 D
W7547 0.337 0.012 —-0.64 31 H
HD113083 0.376 0.011 -0.93 19 H
HD113679 0.404 —0.93 —-69 H
HD120559 0.424 0.005 —0.92 183 D
HD121004 0.395 0.012 -083 —-34 H
HD126681 0.400 —-0.013 —1.16 195 D

3. Observations and data reduction

The observations were carried out with the ESO NTT 3.5m
telescope during 4 clear nights, January 2-6, 1996. The EMMI
spectrograph was used in the high resolution echelle mode. In-
stead of the standard R2 echelle grating, a new R4 grating (blaze
angle = 760) was employed (Dekker et al. 1994). This doubled
the spectral resolution to about 60000 for an entrance slit of
170. As the seeing was better than this most of the time, the
throughput at the slit was quite high.

A thinned 2048 x 2048 SITe CCD detector with a quan-
tum efficiency of about 60% in the 4000 - 8000 A region was
employed. This spectral region was covered by the CCD for
the grism cross disperser chosen, but since the echelle orders
are very closely packed in the bluest part, only orders with
A > 5000A were extracted. Furthermore, some of the reddest
spectral orders are overlapped by blue orders from the 2"?-order
grism spectrum and could not be used.

Standard IRAF tasks were used for bias subtraction, flat-
fielding, correction for scattered light as estimated between the
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Fig. 1. A comparison of two sets of equivalent widths measured in the
left and the right part of consecutive echelle orders in the spectrum of
CD—45 3283

spectral orders, extraction of 51 echelle orders, wavelength cal-
ibration by the aid of a thorium spectrum, and fitting of a con-
tinuum to each order. Equivalent widths were then measured
by fitting Gaussians to the lines. Since only rather weak lines
were included, this gives a higher accuracy than area integra-
tion, which is more affected by blends in the outer parts of the
lines.

Altogether 13 halo stars and 16 disk stars were observed.
Most of them have magnitudes between my =9 and 11. The
S/N of the spectra ranges from about 180 in the central part of
the echelle orders to about 140 at the edges of the orders. A
typical integration time for a my = 10 magnitude star was 1
hour. Fainter stars were observed several times and the spectra
coadded so that cosmic ray disturbances could be effectively
removed.

From 5000 to 6000 A there is considerable overlap in wave-
length between two consecutive echelle orders. The equivalent
widths of many lines could therefore be measured twice and
used to estimate the precision. Fig. 1 shows a typical exam-
ple for one of the fainter program stars, CD—45 3283, my =
10.6. As seen the agreement between the two sets of equivalent
widths is very satisfactory; the rms dispersion around the 1:1
line is 1.5 mA corresponding to a precision of about 1 mA for
a single measurement.

Table 2 lists the number of lines measured for various ele-
ments; in some cases lines from two ionization stages are avail-
able. For the most metal-poor stars the weakest lines could not
be measured and the number of lines is somewhat smaller. A
detailed list of the lines and the equivalent widths measured is
available in electronic form; see Appendix.

Table 2. List of elements and the number, N, of neutral and ionized
lines, for which the equivalent width was measured. For elements with

fewer than 6 lines the wavelengths of these are given

N Wavelength (A)
o1 3 7772.0,7774.2,7775.4
Nal 4 5682.7,5688.2,6154.2,6160.8
Mg1 1 5711.1
Sit 15
Sin 1 6347.1
Car 17
Ti1 7
Ti1r 3 5185.9,5336.8, 5381.0
Cri1 7
Crit 5 5237.3,5305.9, 5308.4, 5313.6, 5334.9
Fe1 104
Fe 11 12
Ni1 23
Y1 4 5087.4,5123.2,5200.4, 5509.9
Ban 3 5853.7,6141.7, 6496.9

4. Stellar parameters and chemical abundances
4.1. Model atmospheres and line calculations

The abundance analysis of the measured equivalent widths is
based on a net of flux constant, homogeneous, LTE model at-
mospheres kindly supplied by Bengt Edvardsson, Uppsala. The
models were computed with an updated version of the MARCS
code of Gustafsson et al. (1975) using continuous opacities from
Asplund et al. (1997) and including UV line blanketing as de-
scribed by Edvardsson et al. (1993). Convection was treated in
the mixing-length approximation of Henyey et al. (1965) with
¢/H, = 1.5 and y = 0.076. Abundance ratios in the models
with respect to iron are assumed to be solar, but it was checked
that the assumption of enhanced a-element abundances (o = O,
Ne, Mg, Si, S, Ca, and Ti) with [a/Fe] = +0.3 dex has negligible
effects on the differential abundance ratios derived.

A program, EQWIDTH, kindly made available from the Up-
psala stellar atmospheric group, was used to calculate equivalent
widths for the models and to interpolate to the abundances that
match the observed and calculated equivalent widths. In addi-
tion to thermal and microturbulent Doppler broadening of the
lines, van der Waals damping was also included. Correction fac-
tors to the classical van der Waals damping widths were taken
from Edvardsson et al. (1993). As only lines weaker than about
90 mA were included in the abundance analysis, the values of
these correction factors are not critical.

The calculation of the equivalent widths is based on the as-
sumption of LTE. Deviations from LTE may well occur for some
of the lines, e.g. the oxygen triplet at 7774 A, but since the stars
are limited to rather narrow intervals in effective temperature,
gravity and metallicity, the effects on the differential abundances
are probably small. For the same reason it is expected that er-
rors in the models, due to the neglect of inhomogeneities and
the handling of convection in the mixing-length approximation,
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Fig. 2. [Fe/H] of CD—57 1633 as derived from Fe 1 lines plotted vs. ex-
citation potential of the lower energy level of the line. The two figures
correspond to atmospheric models with different effective tempera-
tures. In both cases the models have logg = 4.1 and [Fe/H] = —0.8

have only limited effects on the derived differential abundances
of halo and disk stars.

The gf-values of the lines were derived from an “in-
verted” abundance analysis of two bright stars, HD 22879 and
HD 76932, which are included in the accurate study of disk
stars by Edvardsson et al. (1993). Both were observed at the
ESO NTT with a particularly high S/N of about 250. For these
stars the values of the atmospheric parameters T, logg, and
[Fe/H] were taken from Edvardsson et al., and the following
abundance ratios with respect to iron were assumed: [O/Fe] =
[Mg/Fe] = 0.3, [Si/Fe] = [Ca/Fe] = [Ti/Fe] = 0.2, and [Na/Fe]
= 0.1. For the rest of the elements solar ratios were adopted.
These abundance ratios reflect the results of Edvardsson et al.
(1993) for abundance ratios of disk stars with [Fe/H] ~ —0.8;
see their Fig. 15. The two g f-values of a given line determined
for HD 22879 and HD 76932, respectively, agree in most cases
within 0.05 dex and consequently the mean value was adopted
as the final g f.

4.2. Stellar atmospheric parameters

Effective temperatures are determined from the excitation bal-
ance of FeI lines. As an example, Fig. 2 shows the derived Fe
abundances of CD—57 1633 versus excitation potential, y, of
the lower energy level of the line for two model atmospheres
with T = 5800 and 6100 K, respectively. Both models have
logg = 4.1, and [Fe/H] = —0.80. The figure includes only lines
with log(W/\) < —5.15, i.e. lines with equivalent widths less
than about 40 mA, in order to avoid lines that are sensitive to the
adopted value of the microturbulent velocity. For T = 6100 K
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Fig. 3. A comparison of effective temperatures determined from the
excitation balance of Fe1 lines, and from (b — y)o using the model at-
mosphere calibration of Edvardsson et al. (1993). Disk stars are shown
with filled triangles and halo stars with filled and open circles subdi-
vided as described in Sect. 6

the slope of the straight line fit is b = —0.022 £ 0.006,
whereas T = 5800 K gives b = 0.023 4+ 0.006. In both cases
o([Fe/H]) ~ 0.04 dex. From this we find the effective temper-
ature of CD—57 1633 to be close to 5950 K.

Using a similar technique the microturbulent velocity, &,
can be determined from the slope of [Fe/H] vs. equivalent width.
Here, only lines with x > 4 eV were included in order to decou-
ple the microturbulence determination from the 7.4 determina-
tion. The precision of the determinationis o(§) = 0.15 km s~ L
Within this error our microturbulent velocities are well fitted by
the relation found by Edvardsson et al. (1993)

€=1.25+8-10"* (Tur — 6000) — 1.3 (logg — 4.5) km s~ (1)

except for one star, HD 113083, a spectroscopic binary,
for which both components have a microturbulent velocity
0.6 km s~! higher than the value corresponding to Eq. (1).

Having determined T¢ and [Fe/H] from neutral iron lines,
the gravity is determined by requiring that the iron abundance
determined from Fe1 and Fe1I lines should be the same. As
there are available more than 10 Fe 11 lines, this method gives
logg with a high internal precision, provided that the degree of
non-LTE over-ionization is not a strongly varying function of
the stellar parameters.

The whole procedure of determining 7, logg, [Fe/H] and
£ has to be iterated to consistency, because the slope coefficient
of [Fe/H] vs. x depends slightly on logg, and the determination
of gravity from the Fe 1/Fe 11 balance depends on [Fe/H].

Table 3 gives the final model atmosphere parameters of
the stars. The precision of the parameters are: o(Te) = 50 K,
o(logg) = 0.1 dex, and o([Fe/H]) = 0.05. We emphasize that
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Table 3. Atmospheric parameters and chemical abundances of the program stars, classified as halo (H) or disk (D). Halo stars that are deficient in
Na and Ni relative to Fe and less over-abundant in the a-elements than the disk stars are marked with an open circle. This table is also available

in electronic form; see Appendix

Star Ty logg [Fe/H]l [21 [%e1 [
HD3567 H 6092 4.08 —1.18 20 .16 .12
—610282 H 5909 446 —1.15 .14 .18 .14
HD17288 D 5714 444 —88 28 24 .17
HD17820 D 5807 424 —67 25 25 .19
G005—-040 H 5863 424 —83 31 28 24
—471087 D 5734 438 —76 28 26 .19
HD22879 D 5851 436 —8 30 29 .20
HD24339 D 5900 437 —.63 23 20 .16
HD25704 D 588 433 —85 23 24 .14
HD241253 D 5896 436 —107 33 30 24
G102—020 D 5388 462 —1.08 23 21 .12
—333337 D 6097 409 —130 29 36 .18
—571633 H 5933 426 —90 .05 .03 .00
—453283 H 5672 457 -8 .05 .04 .00
G088—040 D 5967 426 —80 21 24 .14
HD76932 D 5914 423 —85 30 .30 .20
G046—031 H 6021 444 —75 .10 .07 .01
HD83220 D 6483 422  —47 .09 .05 .02
—213420 D 5946 441 —104 30 28 25
HDI103723 H 6029 432 —79 .09 .03 .02
HD105004 H 5831 436 —80 .05 .11 .04
HD106038 H 6046 446 —126 30 36 .57
HD106516 D 6269 451 —61 25 29 .19
W7547 H 6272 403 —42 05 .04 .08
HD113083A H 5865 441 —93 .02 .14 .10
HDI113083B H 5764 438 —91 .12 .14 .12
HD113679 H 5720 4.14 —65 32 23 .23
HDI120559 D 5396 438 —93 39 30 .19
HD121004 H 5686 440 —70 25 26 .20
HDI26681 D 5595 443 —112 22 31 27

these are internal errors for the parameters relative to the adopted
parameters of HD 22879 and HD 76932.

In order to check the precision of the effective temperatures,
T.rr(exc.) has been compared with ¢ (b — y), the effective tem-
perature derived from (b — y)o using the model atmosphere cali-
bration of Edvardsson et al. (1993). As seen in Fig. 3 there is an
excellent agreement between the two ways of determining Teg.
The rms scatter around the 1:1 line is 57 K, which is what one
would expect if the error of both sets of T is 40 K. Still, it is
preferable to use T (exc.) in our abundance analysis because
in some cases the color index could be significantly disturbed
by a small amount of undetected reddening or by the presence
of a faint red binary component.

HD 113083 is a double-lined binary with nearly identical
sets of lines. According to Lindgren et al. (1989) the orbital pe-
riod is 23.82 days, and the two components have practically the
same mass. The analysis of each component’s spectrum leads to
a small difference in T¢g of about 100 K. Assuming that the two
stars lie on a 16 Gyrisochrone in the My — T plane, the corre-
sponding luminosity ratio is ~ 1.2 (Bergbusch & VandenBerg
1992). This ratio was adopted when correcting the measured

I R S I RO
22 16 -—-01 -—-11 =25 -—-.07 .02
A8 15 —-04 -—-10 -24 -—17 —-.06 o
A7 .16 —.03 01 08 —.06 —.05
19 .20 .03 .03 17 —-08 —.17
22 .20 .01 .02 .16 .04 .01
A7 17 =02 -.01 08 —.02 —.06
19 .19 .00 .01 09 —-.02 -.01
Jd4 23 .01 .02 A5 —11  —.08
d6 15 01  —-.01 14 —16 —.08
d9 16 —.04 .03 05 —.01 .06
Jd4 21 —-01 —-.06 01 -03 -.13
20 .28 .00 .02 15 —-01 —-.01
09 02 -05 -—-16 =26 -27 -.10
05 02 —-06 —-.18 —-34 —17 .04
A2 17 =01 01 A5 —-14 —.04
20 21 .00 .00 a1 .00 01
08 08 -—-01 -—-13 —-10 -.03 04 o
.04 .00 -.02 -.02 14 —-.03 .01
22 21 —.01 01 -04 -.01 A2
A3 .09 —-02 -—-11 —-14 —12 -.01
06 01 —-05 —-07 —-04 —-19 -—-.09
21 .19 .02 18 14 .39 49
A7 18 02 .00 09 —-07 -.03
09 .03 05 .01 16 —.04 .09
1 .08 —.04 —.06 .03 -05 -.09
d1 .07 -07 -08 —-04 -—-01 -.09
21 .20 01 .02 d2 —-02 -.10
Jd6 20 —-.02 .01 d0 —-07 =22
19 .20 .01  —-.01 .14 04 —-.08
24 21 —-01 -05 -.03 .14 13

equivalent widths of one component for the contribution to the
continuum light from the other component. As seen in Table 3
the abundances of the two components agree very well.

According to Lindgren (1994), HD 83220 and HD 106516
are SB1’s, and Carney et al. (1994) list G102-020 and G046-
031 as single-lined binaries with preliminary orbits. Our high
resolution spectra show no sign of a secondary spectrum for any
of these stars; so it is assumed that the effect of the secondary
on the primary spectrum is negligible.

4.3. Abundance ratios and their errors

The derived abundance ratios with respect to iron are given in
Table 3. Following T, logg and the iron-to-hydrogen ratio, first
the a-elements O, Mg, Si, Ca and Ti are listed, then the iron peak
elements Cr and Ni, then Na, and finally the s-process elements
Y and Ba.

The “standard” stars, HD 22879 and HD 76932, were ana-
lyzed in the same way as the other stars. As expected, T, logg,
and [Fe/H] agree closely with the values of Edvardsson et al.
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Table 4. Estimated internal errors of various abundance ratios. Column
2 gives the error due to the uncertainty of the equivalent width mea-
surements; N being the number of lines used (see Table 2). Column
3-5 give the changes of the abundance ratios corresponding to the listed
changes in the model atmosphere parameters. Errors due to the uncer-
tainty of [Fe/H] of the model are negligible. The last column gives the
total error assuming that the individual errors are uncorrelated

0.05 ATeﬂ‘

VN Alogg A(8) Otot

+50 K +0.10  +0.15km/s
o[Fe/H] .005 +.029  +.009 —.017 .035
o[O/Fe] .028 —.067 +.021 +.007 .076
o[Na/Fe] .025 —.009 —.010 +.012 .031
o[Mg/Fe] .050 —.007 —.013 +.007 .053
o[Si/Fe] .014 —.016 —.002 +.016 .027
o[Ca/Fe] .013 —.003 —.008 +.004 .016
o[Ti/Fe] .020 +.014 —.005 +.012 .028
o[Cr/Fe] .020 +.009 —.003 +.001 .022
o[Ni/Fe] .012 +.003 —.003 +.011 .017
o[Y/Fe] .025 —.014 +.034 +.011 .046
o[Ba/Fe] .028 —.015 +.044 —.023 .059
o[Sisir/Sisinl  .050  +.050  —.035 —.001 .079
o[Timy/Timmr]l 034 +.037 —.047 —.008 .069
o[Crq1/Crearl 030 +.043  —.036 —.010 .064

(1993), and the abundance ratios agree within +0.01 with those
adopted in Sect. 4.1, when determining the g f-values.

Since the aim of the study is to search for small abundance
differences between disk and halo stars, a careful evaluation of
errors is needed. As will be seen from the following discus-
sion very small errors are claimed for some of the abundance
ratios. These errors are valid for abundance differences within
the present sample of stars. Relative to other stars, including the
Sun, the errors are larger.

A significant error source is the equivalent width measure-
ments. In Sect. 3 the error in W was estimated to be +1 mA from
a comparison of lines measured in consecutive echelle orders,
but this does not include possible effects of blends or systematic
errors in the continuum setting. An error of 2 to 3 mA in W is
probably more realistic. For a typical line having an equivalent
width of 20 to 30 mA the corresponding error of the abundance
is of the order of 0.05 dex. An independent estimate comes
from the rms scatter of [Fe/H] determined from the individual
Fe1 lines. The average scatter for the sample of stars (exclud-
ing HD 22879 and HD 76932) is (o[Fe/H]) = 0.05. A similar
value is obtained for other elements with many lines, i.e. Si, Ca
and Ni. Hence, the equivalent width error can be assumed to
correspond to an abundance error of £0.05/ VN, where N is
the number of lines measured.

The other major error source is the uncertainty of the stellar
atmospheric parameters. It can be estimated by perturbing these
parameters with amounts corresponding to the typical errors
given in Sect. 4.2. The result of this exercise is given in Table 4.

As seen from Table 4 the total error of [Ca/Fe], [Cr/Fe] and
[Ni/Fe] is as small as +0.02 dex. The abundances of these ele-
ments are based on many neutral lines, and the Ca, Cr and Ni
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lines change in the same way as the Fe lines, when the atmo-
spheric parameters are changed. The errors of [Na/Fe], [Si/Fe]
and [Ti/Fe] are also small (0.03), whereas the error of [Mg/Fe]
is £0.05, because only one line was measured. A similar error
is expected for Y and Ba; their abundances are based on ionized
lines and hence fairly sensitive to errors in the gravity param-
eter. Finally, the error in [O/Fe] is relatively large because the
oxygen triplet lines and the Fe1 lines depend in the opposite
way on 7.

In the case of Si, Ti and Cr both neutral and ionized lines
have been used to determine the abundances. The following
average differences and dispersions for the sample of stars are
found:

([Sisit/Sisirz]) = —0.004 £+ 0.071,

([Timyr/Timrrl) = 40.021 £ 0.043,

([Crci1/Creprrl) = —0.024 £ 0.067.

These measured dispersions are of the same order of size or, in
the case of Ti, even smaller that the estimated errors in Table 4.

5. Kinematics and orbits of the stars
5.1. Kinematic data

As one of the aims of the present study is to search for pos-
sible correlations between abundance ratios and stellar orbital
parameters, an effort has been made to obtain accurate values
for the Galactic velocity components of the stars with respect to
the LSR, U’, V', and W’. The uvby — 3 data referenced in Sect.
2 was used to determine photometric distances using the cali-
brations of Nissen & Schuster (1991). These distances include
an evolutionary correction of the form, 6 My = f dcy, where
the f coefficient is taken from Nissen et al. (1987), and é¢y is
the displacement of a star in the cy,(b — y)o diagram from its
corresponding ZAMS. In the present calculations for distances
the spectroscopic [Fe/H] values have been substituted for the
photometric values.

The proper motions used to calculate the Galactic velocities
and initial conditions for the orbital integrations were taken in
large part from the Hipparcos Input Catalogue (Turon et al.
1992). The only exception is the star G005-040, whose proper
motion was taken from Fouts & Sandage (1986), based on the
Lowell and Luyten proper motion surveys.

The radial velocities were selected from several sources ac-
cording to their estimated observational errors; external com-
parisons, with the values of Carney et al. (1994) for example,
indicate that our NTT values are accurate to ~ 3 kms~!. The
principal sources for the radial velocities were Carney et al.
(1994), Turon et al. (1992), and the NTT observations reported
here. Several of these stars are spectroscopic binaries; the sys-
tematic radial velocity for HD83220 was taken from Lindgren
(1994), that of HD106516 from Latham et al. (1992), and that
for HD113083 from Lindgren et al. (1989). The halo star —57
1633 also shows evidence for a variable radial velocity; the final
velocity used here is an average of our NTT value with three
values taken from Barbier-Brossat & Petit (1986).
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Table 5. Galactic velocity components with respect to the LSR and
the computed orbital parameters. The stars are arranged in two groups;
first the disk stars and then the halo stars

Star U’ % w’

Rmax Ruin Zmax

km/s  km/s  km/s kpc  kpc  kpc

HD17288 64 —76 57 9.2 4.1 1.1
HD17820 —38 —64 —-56 8.8 4.8 1.0
—47 1087 70 —42 44 9.6 5.4 0.8
HD22879 98 —65 —41 10.2 4.3 0.7
HD24339 134 —43 23 12.2 4.7 0.4
HD25704 91 —41 -8 10.3 5.1 0.1
HD241253 21 —50 74 8.7 5.8 1.6
G102—-020 9 —48 65 8.6 5.8 1.2
—333337 —12 -34 —114 8.8 7.6 3.0
G088—040 —61 —57 —43 9.3 4.8 0.7
HD76932 39 —79 70 8.8 4.2 1.5
HD83220 —13 37 22 12.0 8.4 0.3
—21 3420 20 —65 —69 8.6 4.9 1.4
HD106516 —55 —47 —44 9.2 5.3 0.7
HD120559 26 -39 —36 8.7 5.9 0.5
HD126681 9 —24 —69 8.5 7.2 1.3
HD3567 —144 —203 —28 10.6 0.3 7.3
—610282 —260 —247 —33 17.6 04 102
G005—-040 —137 —193 —68 10.9 0.4 6.3
—57 1633 229 231 —41 14.9 0.1 122
—45 3283 251 —244 —72 17.4 0.6 8.5
G046—031 0 =270 79 9.0 1.0 4.0
HD103723 52 —175 70 9.1 0.8 4.5
HD105004 25 —187 —33 8.5 0.6 4.7
HD106038 —-16 —236 36 8.5 0.2 5.7
W7547 463 —174 59 113.7 0.8 327
HD113083 —41 =221 106 9.5 0.1 7.3
HD113679 74  —263 1 9.0 0.7 0.1
HD121004 —66 —245 106 9.0 0.5 6.2

5.2. Orbit calculations

The numerical integration of the Galactic orbits was very kindly
done for us by Christine Allen making use of the Galactic mass
model of Allen & Santillan (1991). The details of these orbital
integrations are very similar to those of Schuster & Allen (1997);
the main difference here being that each orbit was integrated
backwards in time for 2000 time steps or 16 Gyr, whichever
came first, rather than 1000 time steps.

The Galactic mass model of Allen & Santillan (1991) con-
sists of three components, a central spherical mass distribution
and a disk, both of the Miyamoto-Nagai type, plus a massive
spherical halo. It represents well the global Galactic character-
istics which most determine an orbit, such as the rotation curve
of the Galaxy and the vertical run of the perpendicular force.
However, this model does not include a non-axisymmetric com-
ponent; there is increasing evidence that the Milky Way may be
a barred spiral (Blitz & Teuben 1996, chapter 2).

The simple, analytical form of this model’s potential allows
rapid, precise, and reproducible numerical orbit integrations.
The present orbits were computed making use of a 7th-order
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Runge-Kutta-Fehlberg integrator with automatic step-size con-
trol. (See Allen & Martos 1986; Allen & Santillan 1991). At
the end of most orbital calculations the total energy and the Z-
component of the angular momentum were conserved to better
than AE/E < 107% and Ah/h < 1077, respectively. The out-
put of the model provides orbital parameters such as R, the
maximum distance from the Galactic center attained by a star in
its orbit; Ry, the minimum distance; and 2z, the maximum
distance from the Galactic plane. In Table 5 are given these or-
bital parameters for the program stars plus the Galactic space
velocities with respect to the Local Standard of Rest. Further or-
bital parameters such as the eccentricity and the z-component
of the angular momentum are available in electronic form; see
Appendix.

The calculations of the Galactic space velocities and their
errors are based on the precepts and equations of Johnson &
Soderblom (1987). In Allen et al. (1991) the propagation of
the distance and velocity errors into the orbital parameters was
investigated by calculating two additional orbits for each of a
number of typical and interesting stars: one orbit from adding the
estimated observational errors to the distances, proper motions,
and radial velocities, and another orbit, subtracting these errors.
Typical errors in zp,x fall in the range 20-30%. For R, the
errors are generally somewhat smaller, 5-20%, except for stars
that are weakly bound to the Galaxy, Rn.x = 50 kpc, where
the errors in both R,.x and zn.x can be in excess of 50%. In
our sample, one star, W7547, may have such large errors in its
orbital parameters.

It should be noted that nearly all of the halo stars have chaotic
orbits penetrating the inner 1 kpc of the Galaxy where “scatter-
ing” by the bulge generally produces chaos (Schuster & Allen
1997). As shown by Schuster & Allen this introduces consider-
able noise in the relations between stellar birthplaces and Ry«
Of Zmax -

6. Discussion
6.1. The a-elements O, Mg, Si, Ca and Ti

The abundances of the a-elements relative to iron are plotted vs.
[Fe/H] in Fig. 4 with different symbols for disk and halo stars.
The disk stars follow about the same trend as seen in Edvardsson
et al. (1993): i.e. a constant «/Fe ratio for [Fe/H] < —0.6 and
then a drop to solar ratios for higher metallicities. The disper-
sions around the plateau values are about the same as the errors
estimated in Table 4. Among the halo stars a small group, plotted
with filled circles, follows the trend of the disk stars, except that
one of them, HD 106038, is very rich in Si. Another group of
halo stars, plotted with open circles, deviate, however, system-
atically from the disk stars by lying below the disk-plateau in all
five diagrams. In the metallicity range, —1.0 < [Fe/H] < —0.7
the deviation is particularly significant being 3 to 5 times the
estimated errors. It should be emphasized that these deviations
cannot be explained by systematic errors in the abundance ratios
as a function of Ti¢ or logg, because the deviating halo stars
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Fig. 4. Abundances of the a-elements relative to iron vs. [Fe/H]. Disk
stars are plotted with filled triangles, and halo stars that follow the
trend of the disk stars are shown with filled circles. Deviating halo
stars are plotted with open circles. The two components of HD 113083
are connected with a straight line. Errors bars corresponding to the
precision of the differential abundance ratios are shown to the right in
each figure

have about the same distribution of these two parameters as the
disk stars.

A possible interpretation of Fig. 4 is that the a-deficient
halo stars have been formed in a region of the Galaxy, where
the chemical evolution has proceeded more slowly than in the
disk, i.e. with a relatively low star formation rate. This would
mean that the delayed iron contribution from Type Ia SNe oc-
curred at a lower metallicity in this region than in the disk.
Even within the disk there may be differences in the rate of
chemical evolution. Small differences in «/Fe were found by
Edvardsson et al. (1993) for disk stars in the metallicity range
—0.6 < [Fe/H] < —0.4. These differences are correlated with
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the kinematics of the stars in a way that seems to indicate a
faster chemical evolution in the inner parts of the Galactic disk
than in the outer parts. The differences in a/Fe seen in Fig. 4
occur in a lower metallicity range (—1.0 < [Fe/H] < —0.7)
than the corresponding differences in the disk, suggesting that
the chemical evolution in the halo region has been even slower
than in the outer parts of the disk.

In other words: The a-deficient halo stars have been formed
in a region of the halo where the interstellar gas was enriched
with the nucleosynthesis products of type Ia SNe (i.e. mainly
iron) at an unusually low metallicity. The anomaly of the stars
is therefore mainly due to their high content of Fe for a given
a-element content, and it may therefore be more appropriate to
name the stars as “iron rich”. In this connection it is interesting
that while type Ia SNe do not produce O and Mg they are thought
to contribute some Si, Ca and Ti. According to the detailed nu-
cleosynthesis calculations by Tsujimoto et al. (1995) the relative
contribution of SNe Ia to the abundances of Si, Ca and Fe in
the Sun is 0.17, 0.25 and 0.57, respectively. This means that the
amplitude of the variations of [Si/Fe] and [Ca/Fe] is expected
to be 30-45% less than the amplitude of the [O/Fe] and [Mg/Fe]
variations in good agreement with Fig. 4. Ti was not included
in the estimates of Tsujimoto et al. due to uncertainties in the
calculation of SNe 1II yields, but as seen from Fig. 4, Ti seems
to follow Ca with perhaps a slightly larger amplitude.

As an interesting alternative, the a-deficient halo stars might
have been accreted from dwarf galaxies. Several chemical evo-
lution models for dwarf galaxies, e.g. the Magellanic Clouds,
predict a low (i.e. solar) a/Fe ratio for metallicities around
[Fe/H] = —1.0 as a consequence of an early star formation burst
followed by a long dormant period (Gilmore & Wyse 1991, Tsu-
jimoto et al. 1995). Even lower o/Fe ratios can be obtained if
an enriched galactic wind is added (Pilyugin 1996).

6.2. Na, Cr, Ni, Y and Ba

The abundances of the remaining elements are shown in Fig.
5 with the same symbols as used in Fig. 4. As seen, the ratios
of Cr, Y and Ba relative to Fe are close to solar except for
the high abundance of the s-process elements in HD 106038.
The scatter in [Cr/Fe] for the disk stars is £0.018 dex, i.e. as
small as the error estimate in Table 4. The a-deficient halo stars
appear slightly underabundant in Cr ({[Cr/Fe]) = —0.039). This
agrees with the explanation of the a-deficient stars discussed in
the previous section. According to Tsujimoto et al. (1995) the
Cr/Fe ratio from the nucleosynthesis contribution of SNe Ia is
slightly smaller than that from SNe II.

The most interesting result seen in Fig. 5 is the large Na/Fe
deficiences of the a/Fe-deficient stars, and their smaller but very
significant deficiencies in Ni/Fe. These anomalies can be di-
rectly seen from the spectra of the stars. Fig. 6 shows a com-
parison between a disk star and a Na-Ni deficient halo star.
Although the two stars have nearly the same T and have the
same strength of the Fe1 lines, the NaT lines differ by about a
factor of two in the equivalent widths.
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Fig. 5. Abundances of the Na, Cr, Ni, Y and Ba relative to iron vs.
[Fe/H]. The symbols used are the same as in Fig. 4

Sodium is expected to be made during carbon and neon
burning in massive stars and is expelled by type II SNe together
with O and Mg. SNe Ia make only very small amounts of Na
(Nomoto et al. 1984, Tsujimoto et al. 1995). Hence, one would
expect Na to be closely related to the abundance of Mg and
O. The amount of Na made is, however, controlled by the neu-
tron excess, which depends on the initial heavy element abun-
dance in the star (Arnett 1971). Altogether, one expects a rela-
tion [Na/Mg] = a [Mg/H] + const., where a > 0. Fig. 7 shows
that this is indeed the case. The best straight-line fit to the data
is

[Na/Mg] = 0.55[Mg/H] +0.18 2)
+.05 +.03,

with a reduced chi-square of 1.7 if the error estimates in Table
4 are adopted. In particular, it is noted that the a-deficient stars
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Fig. 7. [Na/Mg] vs. [Mg/H] with the same symbols as used in Fig. 4.

do not have an anomalous position with respect to the disk stars
in Fig. 7.

The Ni/Fe deficiency of the a-deficient halo stars is more
puzzling. According to Tsujimoto et al. (1995) the contribu-
tion of SNe Ia relative to SNe II is higher for Ni than for Fe.
Hence, one might have expected a higher than solar Ni/Fe if
the a-deficient stars were formed in a halo region that was con-
taminated by the nucleosynthesis products of SNe Ia. Further-
more, there is a surprisingly tight correlation between Ni/Fe and
Na/Fe as seen from Fig. 8. Excluding the special Ni-rich star
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HD 106038 the best straight-line fit to the data is

[Ni/Fe] = 0.388 [Na/Fe] — 0.045 3)
+.020 +.003,

with a reduced chi-square of 1.3 if the error estimates in Table
4 are adopted. Thus, it seems that Ni is more closely related to
the a-elements and Na than to iron.

Adopting the yields of Type II SNe given by Tsujimoto et
al. (1995) it can be investigated if variations in the Initial Mass
Function (IMF) can explain the abundance anomalies of the a-
deficient halo stars. Integrating the production of the various
elements from 10 to 50 solar masses and assuming a Salpeter
IMF, dN/dM oc M~ it is found that a variation of = from
1.35 to about 2.35 can reproduce the variations seen in Fig. 4,
although the predicted change in [Ca/Fe] is somewhat too high.
There is however no change in Ni/Fe. [Ni/Fe] is constant within
40.01 for a large range in .

The puzzlingly low values of Ni/Fe in the a-deficient halo
stars may have something to do with the type of SNe Ia’s
that produced the iron peak elements. As discussed by Ruiz-
Lapuente & Filippenko (1993) on the basis of nucleosynthe-
sis calculations by Nomoto et al. (1984) and Thielemann et al.
(1986) the expected Ni/Fe ratio is quite sensitive to the assumed
model. Their W7 model produces a Ni/Fe ratio that is about a
factor of 2 higher than the C6 model. In the W7 model material
is accreted onto a white dwarf which has cooled down some-
what, whereas in the C6 model material is accreted onto the
C+0 core of an AGB star. However, according to Tsujimoto
et al. (1995), the Type Ia supernova explosions produce almost
no Na and so cannot be used to explain the [Ni/Fe] vs. [Na/Fe]
correlation seen in Fig. 8.

Nucleosynthesis calculations show that the yields of both the
dominant Ni isotope (*®Ni) and of Na depend upon the neutron
excess within the stellar interior (Thielemann et al. 1990). It is
proposed here that the heavy element abundances, including the
a-elements, control the neutron excesses in SNe II, and that the
correlation of Fig. 8 is produced by the SNe II after the first
SNe I have begun to modify the a/Fe ratio. This would explain
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why Ni (and Na) correlate more closely to the a-elements than
to iron.

6.3. Correlations with orbital parameters

Fig. 9 shows the relations between [Na/Fe] and Rax and Zmax,
respectively. Since [Na/Fe] is well correlated with [a/Fe] and
[Ni/Fe], a similar dependence on Ry.x and zy.x is found for
these abundance ratios. There appears to be a tendency for stars
with large values of R,x and zpnx to have relatively low val-
ues of [a/Fe], [Na/Fe] and [Ni/Fe]. Clearly, a larger sample of
stars is needed before any strong conclusions can be made, and,
as discussed in Sect. 5.2, Ry and zy,,x may not be entirely
accurate indicators of stellar birthplaces. Still, Fig. 9 could be
taken as support for the suggestion made in Sect. 6.1 that the
a-deficient stars have been accreted from dwarf galaxies, or,
at least, from low-density regions of the outer halo where the
chemical evolution proceeded more slowly than in the inner halo
as predicted from the models of galaxy formation by Matteucci
& Frangois (1992) and discussed in some detail by Matteucci
(1992). The dichotomy in [a/Fe] may therefore be related to
the duality of the Galactic halo discussed by Zinn (1993) and
by Marquez & Schuster (1994): The a-poor halo stars belong
to the outer accreted halo, whereas the a-rich stars belong to
the inner, proto-disk halo.

In a recent paper on sodium abundances in 60 metal-poor
subgiants and giants, Pilachowski et al. (1996) find a wide scat-
ter in [Na/Fe] from —0.6 to nearly +0.3, and suggest “that the
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production of Na in the Galactic halo was highly localized in
space and perhaps in time”. They do not study possible corre-
lations between [Na/Fe] and abundance ratios like [Mg/Fe] and
[Ni/Fe] or between [Na/Fe] and stellar orbital parameters. In
view of the results in the present paper such correlations should
be looked for.

6.4. HD 106038

As seen from Table 3 and Figs. 4 and 5, HD 106038 is very rich
in Si, Ni, Y, and Barelative to Fe, although it has atmospheric pa-
rameters, Ter = 6050 K, logg = 4.5 and [Fe/H] = —1.3, typical
of a main sequence star. The overabundance of Si is particu-
larly high and can be directly seen in its spectrum, when the star
is compared with other stars with similar atmospheric param-
eters; Fig. 10. Furthermore, the Li1 6707.8 A line is unusually
strong with an equivalent width of W = 61 mA. According to
a preliminary analysis (Fredsgaard 1996) loge(Li)= 2.6, which
places HD 106038 well above the “Spite plateau”.

The high abundances of Y and Ba might suggest that
HD 106038 is of the same type as the CH subgiants (Luck and
Bond 1991), for which the overabundance of the s-process ele-
ments is explained as a result of a mass transfer from an AGB
star in a binary system. Tomkin et al. (1989) have found a main
sequence F star of the same type. There is, however, no sign
of a component in the radial velocity measurements. Accord-
ing to Carney et al. (1994), V. = 99 +£ 0.4 km s~' for 6 ob-
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servations. Furthermore, the CH subgiants do not have large
overabundances of Li, Si and Ni.

7. Conclusions

High resolution (R = 60 000), high signal-to-noise spectra (S/N
~ 150) have been obtained with the ESO NTT EMMI spectro-
graph equipped with an R4 echelle grating. Equivalent widths
of weak lines are used to determine very precise values of Ti,
logg and abundances for 13 halo and 16 disk stars, which over-
lap in metallicity in the range —1.3 < [Fe/H] < —0.5. The stars
are on or near the main sequence and are confined to a rather
small range in effective temperature, 5400 < Ter < 6500 K.
The precision of the relative abundance ratios range from 0.02
dex for [Ca/Fe] and [Ni/Fe] to 0.07 dex for [O/Fe].

The disk stars in the metallicity range —1.3 < [Fe/H] <
—0.6 are found to have nearly constant abundance ratios a/Fe,
Na/Fe, Cr/Fe, Ni/Fe, Y/Fe and Ba/Fe. The dispersions are as
small as the estimated precision of the determinations. The halo
stars, however, show a very significant cosmic spread in these
ratios with a tendency to fall into two separate groups. Five stars
have nearly the same abundance ratios as the disk stars, except
for HD 106038, which is found to be peculiarly rich in Si, Ni, Y
and Ba. The other 8 halo stars have significantly lower ratios of
[O/Fe], [Na/Fe], [Mg/Fe], [Si/Fe], [Ca/Fe], [Ti/Fe] and [Ni/Fe]
than the disk stars. Furthermore, the majority of these halo stars
have larger values of the orbital parameters Ryax and zpmax. This
may suggest that the a-deficient stars belong to the outer ac-
creted halo, whereas the a-rich stars belong to the the inner
proto-disk halo. The a-deficiency at [Fe/H] ~ —1.0 can then be
explained as a result of the special chemical evolution history of
dwarf galaxies characterized by an early burst of star formation
followed by a dormant period with SNIa enrichment. Clearly,
these suggestions should be tested for a much larger sample of
stars. In any case the data show that the chemical evolution of
the Galaxy is more inhomogeneous around [Fe/H] ~ —1 than
assumed in many models.

[Na/Mg] is well correlated with [Mg/H] ([Na/Mg] ~
0.5[Mg/H] + const.), as expected if sodium is made during
carbon and neon burning in massive stars with the neutron ex-
cess controlled by their initial heavy element abundance. The
Ni/Fe deficiencies in the 8 halo stars may have been caused in
part by the SNe Ia, but the tight relation between [Ni/Fe] and
[Na/Fe] shown in Fig. 8 is probably due to type II SNe yields de-
pending on neutron excess. Finally, the peculiar composition of
HD 106038 remains a mystery, in particular because the radial
velocity measurements show no sign of a component.
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Appendix A

A number of tables containing more detailed data for the pro-
gram stars are available in electronic form from CDS by anony-
mous ftp to 130.79.128.5. Here a brief description of these tables
is given.

Table A1 lists the Stromgren photometry together with color
excesses, E'(b—y), photometric metallicities, [Fe/H], calculated
from the calibrations of Schuster & Nissen (1989), and absolute
magnitudes, My, and distances derived with the equations of
Nissen & Schuster (1991).

Table A2 contains coordinates, proper motions and radial
velocities for the program stars.

Table A3 gives a list of the 209 spectral lines, which were
analyzed, arranged element by element. The table contains the
wavelength, the excitation potential of the lower level corre-
sponding to the line, the g f-value, the enhancement factor of
the classical van der Waals damping constant, the statistical
weight of the upper level, and the equivalent widths measured
for the two “standard” stars, HD 22879 and HD 76932.

Table A4 contains the measured equivalent widths for all
the program stars.

Table AS gives abundance ratios and kinematical as well as
orbital parameters for the program stars.
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