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Abstract. We derived model atmosphere parameters (Teff , log g, [Fe/H], Vt) for 90 metal–deficient stars
(−0.5 < [Fe/H] < −3), using echelle spectra from the ELODIE library (Soubiran et al. 1998). These parameters
were analyzed and compared with current determinations by other authors. The study of the following elements
was carried out: Mg, Si, Ca, Sr, Y, Ba, La, Ce, Nd, and Eu. The relative contributions of s- and r-processes
were evaluated and interpreted through theoretical computations of the chemical evolution of the Galaxy. The
chemical evolution models (Pagel & Tautvaǐsienė 1995; Timmes et al. 1995) depict quite well the behaviour of
[Si/Fe], [Ca/Fe] with [Fe/H]. The trend of [Mg/Fe] compares more favourably with the computations of Pagel
& Tautvaǐsienė (1995) than those of Timmes et al. (1995). The runs of n-capture elements vs. metallicity are
described well both by the model of Pagel & Tautvaǐsienė (1995, 1997) and by the model of Travaglio et al. (1999)
at [Fe/H] > −1.5, when the matter of the Galaxy is sufficiently homogeneous. The analysis of n-capture element
abundances confirms the jump in [Ba/Fe] at [Fe/H]= −2.5. Some stars from our sample at [Fe/H] < −2.0 show a
large scatter of Sr, Ba, Y, Ce. This scatter is not caused by the errors in the measurements, and may reflect the
inhomogeneous nature of the prestellar medium at early stages of galactic evolution. The matching of [Ba/Fe],
[Eu/Fe] vs. [Fe/H] with the inhomogeneous model by Travaglio et al. (2001a) suggests that at [Fe/H] < −2.5,
the essential contribution to the n-rich element abundances derives from the r-process. The main sources of these
processes may be low mass SN II. The larger dispersion of s-process element abundances with respect to α-rich el-
ements may arise both from the birth of metal–poor stars in globular clusters with following different evolutionary
paths and (or) from differences in s-element enrichment in Galaxy populations.
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1. Introduction

The abundances of neutron–capture elements in metal–
deficient stars provide an important clue to the chemical
evolution and early enrichment of the Galaxy. Two main
mechanisms are responsible for the production of these el-
ements: the r-process (for “rapid” neutron capture) and
the s-process (for ”slow” neutron capture), depending on
the intensity of the neutron flux available (Burbidge et al.
1957). In general, the r-and s-process syntheses are sup-
posed to occur at different stages of a star’s lifetime. The
r-process nuclei are synthesized in massive stars that ex-
plode as Type II supernovae (SNe) (Cowan et al. 1991).
The s-process is traditionally divided into two types: the
weak s-component and the main s-component. The weak
s-component is responsible for the production of lighter
elements (Sr, Y, Zr) during core–He burning and shell–
C burning in massive stars (Lamb et al. 1977; Raiteri
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et al. 1991, 1992). The main s-component elements (heav-
ier than Sr) can be synthesized during the thermal pulses
in the AGB phase of intermediate- and low-mass stars
(Iben & Renzini 1982; Hollowell & Iben 1989).

In some works concerning n-capture element determi-
nations (Spite & Spite 1978; Gilroy et al. 1988), the en-
richments relative to iron have been found not to follow
that of α- or iron-peak elements. Truran (1981) specu-
lated that, for low metallicity stars, this might be caused
by the dominant role of the r-process. Later studies con-
sidered both the r-, and s-process contributions in metal–
deficient stars (Gratton & Sneden 1994; McWilliam et al.
1995; Ryan et al. 1996). Gratton & Sneden (1994) dis-
covered that the relative contribution of the s-process
is smaller in metal–poor stars than in the solar system,
but that it is not negligible, even in stars as metal–poor
as [Fe/H] = −2.5. McWilliam et al. (1995) confirmed a
rapid increase for [Sr/Fe], [Ba/Fe] vs. [Fe/H] at a unique
metallicity, about [Fe/H] = −2.4, that earlier had been
detected by Spite & Spite (1978). This observation im-
plies that a distinct phase of nucleosynthesis occurred
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before the Galaxy reached [Fe/H] = −2.4. McWilliam
et al. (1995) also found that the dispersions in some heavy
element abundances (Sr for example) represent a scatter in
the original stellar compositions at [Fe/H] < −2.5. Ryan
et al. (1996) showed that [Sr/Fe] exhibits a spread larger
than 2 dex at [Fe/H] < −3, while [Ba/Fe] shows a scat-
ter lower than that of [Sr/Fe]. The above–mentioned facts
may have arisen from the weak s-process in massive stars
or by r-processing. Investigation of more metal–deficient
stars (McWilliam 1998; Sneden et al. 1998) confirmed the
significant scatter in n-capture species at low metallici-
ties. Burris et al. (2000) also found that the n-abundances
show clear evidence for a large star-to-star dispersion at
low metallicity. They confirmed that at [Fe/H] < −2.4,
the abundance pattern of the heavy n-capture elements is
well–matched to a scaled Solar System r-process nucleo-
synthesis and that the contributions from the s-process
can first be seen in some stars with metallicities as low
as [Fe/H] ∼ −2.75, and are present in most stars with
metallicities [Fe/H] > −2.3.

The n-capture element enrichment of the Galaxy has
been considered in several chemical evolution models
(Pagel & Tautvaǐsienė 1995, 1997; Travaglio et al. 1999).
The inhomogeneous enrichment of the Galaxy has been
studied by Raiteri et al. (1999), Tsujimoto et al. (2000),
and Travaglio et al. (2001a).

The theory of galactic chemical evolution (Pagel &
Tautvaǐsienė 1995, 1997) predicts enrichment by r-process
elements (Eu, Th) from type II supernovae and im-
plies two separate time scales for s-process elements from
AGB stars – of the order of 37 Myr and 2.7 Gyr, corre-
sponding to progenitor masses of about 8 M� and 1.5 M�,
respectively. This analytical model adopted a scheme of
gas infall, the effect of which is a dilution of the metal-
licity of the interstellar matter at irregular intervals. This
could provide an observational scatter in abundances of
the order of 0.15 dex.

The influence of AGB stars with various masses on
the chemical enrichment of the Galaxy has been studied
in some recent works (for example Travaglio et al. 1999;
Gallino et al. 2000; Travaglio et al. 2001b). According
to model of Travaglio et al. (1999), stellar yields for n-
rich nuclei have been separated into their s-process and r-
process components. The s-process–component yields pro-
ceed from AGB stars with masses 2–4 M� and depend on
stellar metallicity; the r-process is a primary process, pos-
sibly occurring in low mass SNII progenitors (8–10 M�).
Lately, numerical techniques based on N–body/smooth
particle hydrodynamic codes have been used to investigate
galactic chemical evolution, in particular, Ba enrichment
in the work of Raiteri et al. (1999). They showed that
two Ba sources (low mass SNII, via a primary r-process
and low mass AGB stars) can explain the Ba behaviour
at different [Fe/H] values.

One of the proposed inhomogeneous chemical evolu-
tion models of the Galaxy is the Monte Carlo model by
Travaglio et al. (2001a). It is based on the idea of frag-
mentation and coalescence between interstellar gas clouds,

taking into account the effects of local enrichment and
mixing of the halo gas, and is focussed on elements like
Eu, produced by r-process from relatively low mass SN
and Ba and Sr, for which the s-process contribution is
larger. In the case of Eu production from high–mass SN
(15–25 M�), the time delay in the enrichment of Eu with
respect to Fe would be too small to explain the observed
spread in [Eu/Fe] at −3.5 < [Fe/H] < −2.5.

The important role of the neutron capture elements
in chemical evolution theories was emphasized by the
investigation of abundances in mildly metal–poor stars
([Fe/H] ∼ −1) by Jehin et al. (1999). They have suggested
a scenario of formation of metal–poor stars based on two
distinct phases of chemical enrichment. The first phase es-
sentially consists of supernova explosions of massive stars
and the second of contributions from stellar winds of in-
termediate mass stars. So, Jehin et al. (1999) assume that
all thick disk and field halo stars were born in globular
clusters, from which they escaped, either during an early
disruption of the cluster (Population IIa) or, later, through
an evaporation process (Population IIb).

Recent studies of the neutron-capture-element produc-
tion in our Galaxy have made noticeable progress, but
uncertainties still remain. First of all, there is the amount
of scatter in s- and r-element abundances. For this, vari-
ous explanations exist for example, the diffusion of stellar
orbits (Fuchs et al. 1994). The use of homogeneous ob-
servational high-dispersion data for a large sample of ob-
jects and a uniform approach in the data reduction and in
computations allows us to exclude scatter due to observa-
tional and modeling errors and permits us to test theories
of galactic chemical evolution more confidently.

To understand the role of n-capture element abun-
dances in the chemical evolution of the Galaxy we had
to address the following points: 1) Analysis of the main
parameters of metal–poor stars, begining with the effec-
tive temperatures Teff and the surface gravities log g; 2)
Examination of the contributions from r-, s-process in n-
capture element abundances on the basis of extensive stel-
lar observational data; 3) Comparison of the α-, n-capture
element abundances with the prediction of the theories of
galactic chemical evolution (Timmes et al. 1995; Pagel &
Tautvaǐsienė 1995, 1997; Travaglio et al. 1999; Travaglio
et al. 2001a); 4) Investigation of the presence of two sub–
populations among metal–poor stars, revealed by Jehin
et al. (1999).

2. Observations and data reduction

90 target stars (Table 1) were selected from a library of
high–resolution spectra (Soubiran et al. 1998) according
to the criteria of −0.5 < [Fe/H] < −3. These values of
[Fe/H] correspond to the stars that belong to the thick
disk and halo. The diagram of Mbol vs. b− y for program
stars is presented in Fig. 1. B − V and b − y were taken
from the SIMBAD database;Mbol–bolometric magnitudes
are from Soubiran et al. (1998).
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Table 1. Photometrical data and atmosphere parameters for program stars

Star V B − V b− y Mbol Teff log g Vt [Fe/H]

HD 245 8.41 0.65 – 4.29 5400 3.4 0.5 −0.78
HD 2796 8.48 0.75 0.542 – 4900 1.6 1.5 −2.21
HD 3546 4.34 0.87 0.553 0.51 4950 2.1 1.5 −0.63
HD 3567 9.25 0.46 0.328 4.04 5950 3.8 0.5 −1.20
HD 4306 9.02 0.73 0.530 2.15 5000 2.1 1.5 −2.52
HD 5395 4.62 0.96 0.590 0.30 4800 2.5 1.0 −0.19
HD 5916 6.86 0.90 0.565 0.63 4863 1.7 1.2 −0.51
HD 6582 5.17 0.69 0.437 5.60 5240 4.2 0.2 −0.89
HD 6755 7.72 0.72 0.487 1.94 5100 2.7 1.2 −1.47
HD 6833 6.75 1.18 0.753 −0.52 4400 1.0 1.5 −0.89
HD 8724 8.30 0.96 0.686 – 4600 1.5 1.5 −1.65
HD 10700 3.49 0.72 0.443 5.51 5270 4.2 0.5 −0.56
HD 13530 5.31 0.92 – 1.05 4750 2.5 1.0 −0.48
HD 13783 8.30 0.68 0.420 5.21 5350 4.1 0.5 −0.61
HD 15596 6.21 0.90 0.580 0.96 4750 2.5 1.0 −0.67
HD 18768 6.72 0.59 0.388 3.30 5700 3.5 1.0 −0.51
HD 19445 8.04 0.46 0.351 4.96 6000 4.0 1.5 −1.89
HD 23439 7.67 0.78 0.487 5.51 5100 4.3 1.0 −1.14
HD 25329 8.51 0.88 0.529 6.87 4850 4.25 1.5 −1.73
HD 26297 7.46 – 0.737 – 4300 0.5 1.7 −1.91
HD 37828 6.86 1.14 0.726 −0.66 4350 1.0 1.5 −1.49
HD 44007 8.05 0.84 0.559 1.36 4950 2.25 1.5 −1.49
HD 45282 8.00 0.66 0.451 2.15 5350 3.4 1.3 −1.28
HD 46480 5.94 0.89 0.546 1.98 4800 2.7 0.8 −0.49
HD 51530 6.20 0.45 0.345 2.76 6100 3.8 0.8 −0.39
HD 63791 7.89 – 0.612 – 4625 1.75 1.2 −1.67
HD 64090 8.27 0.61 0.430 5.83 5400 4.3 1.5 −1.69
HD 64606 7.43 0.83 0.452 5.82 5250 4.0 0.5 −0.82
HD 76932 5.80 0.53 0.359 4.06 5840 4.0 1.0 −0.90
HD 84937 8.33 0.40 0.302 3.68 6250 3.8 1.5 −2.00
HD 87140 8.97 0.70 0.480 1.95 5100 2.5 1.5 −1.71
HD 88609 8.59 0.93 0.683 – 4600 1.0 1.5 −2.66
HD 88725 7.75 0.60 0.397 4.85 5650 4.3 1.0 −0.65
HD 94028 8.21 0.47 0.344 4.51 5950 4.0 1.5 −1.43
HD 103095 6.42 0.75 0.484 6.37 5000 4.4 0.3 −1.39
HD 105755 8.59 – 0.384 4.01 5800 3.85 1.5 −0.65
HD 108076 8.03 0.56 0.386 5.07 5700 4.35 0.7 −0.85
HD 108317 8.03 – 0.449 1.06 5250 2.4 1.7 −2.17
HD 110184 8.27 1.17 0.818 – 4380 0.6 1.9 −2.27
HD 114762 7.30 0.53 0.365 4.16 5800 4.0 1.0 −0.72
HD 117876 6.11 0.96 – −0.01 4750 2.25 1.4 −0.47
HD 122563 6.18 0.90 0.639 −1.30 4570 1.1 1.2 −2.42
HD 122956 7.22 1.01 0.668 −0.54 4635 1.5 1.5 −1.60
HD 124897 –0.05 1.23 0.753 −0.83 4350 1.6 1.6 −0.58
HD 127243 5.58 0.83 0.544 0.45 5000 2.25 1.4 −0.65
HD 132142 7.77 0.79 0.479 5.67 5100 4.0 1.0 −0.51
HD 134169 7.67 0.55 0.370 3.69 5800 3.9 1.1 −0.72
HD 140283 7.20 0.49 0.379 3.23 5650 3.5 1.2 −2.50
HD 150177 6.33 0.48 0.334 3.07 6025 3.8 1.1 −0.64
HD 157089 6.95 0.60 0.380 3.92 5785 3.8 1.0 −0.56
HD 159482 8.37 0.57 0.384 4.84 5620 4.0 0.8 −0.86
HD 160693 8.39 0.58 0.383 4.61 5750 4.0 1.0 −0.46
HD 165195 7.31 1.29 0.919 – 4470 1.1 1.9 −2.03
HD 165908 5.05 0.52 0.356 4.00 5925 4.1 1.1 −0.61
HD 166161 8.12 0.97 0.685 – 5250 2.0 1.7 −1.20
HD 175305 7.18 0.75 0.504 0.86 5050 2.3 1.4 −1.42
HD 184499 6.62 0.58 0.390 4.00 5750 4.0 1.5 −0.64
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Table 1. continued

HD/BD V B − V b− y Mbol Teff log g Vt [Fe/H]

HD 187111 7.71 1.22 0.830 – 4250 0.7 1.7 −1.74

HD 188510 8.83 0.58 0.416 5.68 5500 4.4 1.5 −1.48

HD 189558 7.72 0.57 0.386 3.45 5785 3.85 1.5 −1.00

HD 194598 8.33 0.49 0.342 4.49 5890 4.0 1.5 −1.16

HD 195633 8.54 0.53 0.361 3.14 6000 3.8 1.1 −0.55

HD 201889 8.06 0.58 0.388 4.21 5600 4.1 1.2 −0.85

HD 201891 7.37 0.51 0.358 4.52 5850 4.45 1.0 −0.99

HD 204155 8.49 0.58 0.378 3.94 5600 3.8 1.0 −0.78

HD 204543 8.28 – 0.635 – 4620 1.1 1.7 −1.79

HD 208906 6.95 0.51 0.343 4.53 5965 4.2 1.7 −0.71

HD 216143 7.80 – 0.688 – 4500 1.0 1.6 −2.11

HD 216174 5.43 1.175 – −0.36 4400 1.9 1.5 −0.56

HD 218502 8.25 – 0.312 3.91 6300 3.75 1.5 −1.72

HD 218857 8.94 0.71 0.501 – 5050 2.4 1.2 −1.84

HD 219617 8.16 0.49 0.344 3.45 5870 4.0 1.5 −1.43

HD 221170 7.67 1.08 0.747 – 4500 1.0 1.5 −2.05

HD 221377 7.56 0.39 0.296 2.67 6000 3.4 1.2 −0.88

HD 224930 5.80 0.67 0.428 5.17 5300 4.1 0.2 −0.85

HD 338529 9.37 0.39 0.300 3.44 6170 3.7 1.0 −2.31

HD 345957 8.89 0.51 0.372 −1.51 5800 3.7 1.0 −1.33

BD –18 5550 9.28 0.92 0.685 – 4600 0.5 1.2 −3.01

BD +02 3375 9.94 0.44 0.352 4.40 5960 3.6 0.5 −2.25

BD +02 4651 10.21 0.42 0.339 – 6000 3.5 1.0 −1.82

BD +04 4551 9.59 0.51 0.362 – 5750 3.5 0.9 −1.51

BD +17 4708 9.46 0.44 0.329 3.97 6000 4.0 0.7 −1.56

BD +23 3130 8.94 – – 1.84 5100 2.25 1.0 −2.62

BD +29 0366 8.76 0.575 0.390 4.87 5600 4.2 0.9 −1.01

BD +29 2091 10.26 0.50 0.392 5.23 5850 4.2 1.6 −1.03

BD +30 2611 9.13 1.24 0.810 – 4300 0.7 1.6 −1.41

BD +36 2165 9.77 0.43 0.319 4.22 6175 4.2 0.8 −1.51

BD +41 3931 10.28 – – 5.88 5450 4.6 1.0 −1.68

BD +42 3607 10.11 – – 5.37 5850 4.0 0.9 −1.97

BD +66 0268 9.91 0.66 0.451 5.95 5350 4.5 1.0 −1.95

The spectra of the library were obtained with the
echelle spectrograph ELODIE attached to the 1.93 m tele-
scope at the Observatoire de Haute–Provence. They cover
the spectral range 4400–6800 Å, the resolving power was
R = 42 000, S/N was about 100 or higher. The spectra
were straightened, cleaned from cosmic ray hits, bad pix-
els and telluric lines (Katz et al. 1998). The continuum
level tracing, wavelength calibration and equivalent width
(EW) measurements were carried out by us using the
DECH20 code (Galazutdinov 1992). Equivalent widths of
the lines were measured by Gaussian function fitting.

The accuracy of the equivalent widths was estimated
by comparing them to some independent measurements
by other authors: the mean difference between EW of
HD 76932 by Jehin et al. (1999) and us is (EW(Jeh)–
EW(our)) = −2.72 (σ = ±2.8) for 55 lines; for the

Mg I line (5711 Å) in 18 common stars with Pilachowski
et al. (1996), this difference is EW(Pil)–EW(our) = −0.12
(σ = ±3.2). The comparison of the equivalent widths is
shown in Figs. 2 and 3.

3. Atmospheric parameters

The choice of the right effective temperature Teff and the
surface gravity log g is very important for the chemical
composition of metal–poor stars. As one can see from the
literature (Cayrel de Strobel et al. 1997), the Teff values
obtained by different authors demonstrate considerable
scatter – up to 400–600 K, – that generates uncertain-
ties in abundances as large as 0.5 dex and more. A strik-
ing example of this is the use of a high temperature scale
(King 1993) to resolve the problem of discrepancy between
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Fig. 2. The comparison of the equivalent widths measured in
this study with those from the literature (Jehin et al. 1999)
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Fig. 3. The comparison of the equivalent widths measured in
this study with those from literature (Pilachowski et al. 1996)

6500 6000 5500 5000 4500 4000
5

4

3

2

1

0

lo
gg

Teff

Fig. 4. The relations between the obtained characteristics of
our target stars in this work: log g vs. Teff

4000 4500 5000 5500 6000 6500
0.0

0.5

1.0

1.5

2.0
V

t

Teff

Fig. 5. The relation between the characteristics obtained our
target stars: Vt vs. Teff

0 1 2 3 4 5
0.0

0.5

1.0

1.5

2.0

V
t

log g

Fig. 6. The relation between the characteristics obtained our
target stars: Vt vs. log g



956 T. V. Mishenina and V. V. Kovtyukh: Analysis of n-capture elements in metal-poor stars

5 4 3 2 1 0
8

6

4

2

0

-2
M

bo
l

log g

Fig. 7. The relation between the characteristics obtained our
target stars: Mbol vs. log g

4000 4500 5000 5500 6000 6500
4000

4500

5000

5500

6000

6500

T
ef

f(
S

ou
bi

ra
n)

Teff(our)

Fig. 8. The comparison of the adopted Teff with those derived
by Soubiran et al. (1998)

oxygen abundances obtained from the forbidden and per-
mitted O I lines. Recently, some new methods to derive
more accurate Teff values have been developed, namely:
a) the semi–direct Infrared Flux method (Alonso et al.
1996b, 1999a); b) Balmer line–profile fitting (Fuhrmann
et al. 1994; Axer et al. 1995); c) new calibrations of Teff –
photometric indices relations (Alonso et al. 1996a, 1999b;
Gratton et al. 1996). These approaches provide the accu-
racy of Teff determinations at about ±100 K or better.

The effective temperatures of the program stars were
determined from the Hα line–wing fitting. The far wings
of Hα are independent from gravity, metallicity and con-
vection of the atmosphere model (Gratton et al. 1996).
We used this approach for stars with Teff > 4800 K. At
lower Teff (for cool stars) the Hα line profile becomes very
narrow, the wing extent is small and it results in lower
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accuracy of Teff determinations. Synthetic profiles of the
Hα lines were computed by the STARSP code (Tsymbal
1996). As a first approximation, for Teff we took the values
of Soubiran et al. (1998). For stars with Teff < 4800 K, Teff

were determined under the condition that the abundances
obtained from individual Fe I lines must be independent of
the excitation potential Elow. Both methods (based on Hα

and on Fe I lines) are not dependent on photometric in-
dices, calibrations, interstellar reddening and take into ac-
count the individual characteristics of a star’s atmosphere.

The gravity has been determined by forcing Fe II
to yield the same total iron abundance as Fe I.
Microturbulent velocities Vt were determined by forcing
the abundances determined from individual Fe I lines to
be independent of equivalent width. Starting with Vt=
1.5 km s−1, we varied it until abundances computed for
Fe I lines (20 mÅ < EW < 150 mÅ) and plotted as
a function of EW-s showed Zero slope. The precision of
the microturbulent velocity determination is 0.2 km s−1.
Corresponding estimates for Teff and log g are ±100 K
and ±0.3 dex, respectively.

The adopted parameters of the program stars are given
in Table 1. The relations between the obtained character-
istics are represented in Figs. 4–7. Figure 4 exhibits the

presence of dwarfs, subgiants and giants among our tar-
get objects. The Vt–log g diagram (Fig. 6) shows that a
distinct relation for giant stars exists (0 < log g < 3).

The Mbol–log g diagram (Fig. 7) reflects the well-
known connection between the surface gravity of the star
and its luminosity. To check the adopted model atmo-
sphere parameters, we compared our values for Teff with
those derived by Soubiran et al. (1998), Axer et al. (1995),
Alonso et al. (1996a, 1996b), Gratton & Sneden (1994),
McWilliam et al. (1995), Pilachowski et al. (1996) and
Jehin et al. (1999). See Figs. 8 to 11 for the comparisons.
We also made comparisons for log g, [Fe/H] and Vt (for
example, see Fig. 12). The mean differences between data
obtained by us and by other authors are given in Table 2.
On the whole, the agreement is close and within the errors
of determinations (<1σ). In Fig. 8 (Teff(Sub)–Teff(our)),
three stars HD 108317, HD 166161, HD 218502 drop out
from the average dependence (∆Teff = –167, –315, –270 K,
respectively), but do not show any slope between the iron
abundance determined from Fe I lines and its excitation
potential Elow.

The values of ∆ log g are higher with respect to σ than
those of Teff . Various interpretations of this effect are pos-
sible. One of them is non-LTE effects in the atmospheres
of metal–poor stars (see Thévenin & Idiart 1999 and also
below).

Although the values of ∆ log g are within the determi-
nation errors, we estimated that it could have an effect on
the abundance derivations. The uncertainty of 0.18 dex in
log g corresponds to 0.05 dex in abundances determined
from singly ionized species and it is negligible (<0.01 dex)
in the case of neutral species. It should be noted that the
combined effects of even larger differences between the val-
ues of Teff and log g from Axer et al. (1995) and ours lead
to changes in [Fe/H] of only 0.02 dex.

4. Abundance determination

We selected about 150 unblended lines of Fe I, Fe II, Mg I,
Si I, Ca I, Sr I, Y I, Ba II, La II, Ce II, Nd II and Eu II. The
list of lines and atomic line data for n-capture elements are
given in Table 3. Unblended lines were identified by calcu-
lating the synthetic spectrum for the observed wavelength
region using the STARSP code (Tsymbal 1996). In our
analysis, we did not use the lines with EW > 150 mÅ to
avoid the problems arising from the fact that a significant
fraction of the flux in these lines originates in high layers,
where the model atmospheres are less reliable, especially
for low temperatures (Teff < 4500 K).

An elemental abundance analysis of the program stars
was carried out using the WIDTH–9 code by Kurucz,
with Kurucz’s model grids (1993) and oscillator strengths
log gf (G, K) from the paper of Gurtovenko & Kostyk
(1989). Oscillator strengths from this source for some of
the elements (including Ba, Eu) allow for the effect of hy-
perfine structure. The required radiative and collisional
damping constants are from Kurucz (1993). Appropriate
models for each star were derived by means of standard
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Table 2. Parameter comparison

∆ Teff σ ∆ log g σ ∆ Vt σ ∆ [Fe/H] σ Sources

–14 82 0.07 0.31 0.16 0.40 –0.10 0.11 1
–14 58 0.18 0.24 – – –0.06 0.15 2
26 129 0.16 0.30 – – 0.01 0.15 3

–16 87 – – – – – – 4

* 1 – McWilliam et al. (1995), Jehin et al. (1999), Gratton & Sneden (1994), Pilachowski et al. (1996); 2 – Soubiran et al. (1998);
3 – Axer et al. (1995); 4 – Alonso et al. (1996a, 1996b, 1999a, 1999b).

Table 3. The list of n-element lines used

El λ, Å Elow log gf

Sr I 4607.33 .00 .17
Y II 4883.69 1.08 .03

4900.12 1.03 –.06
5087.42 1.08 –.28
5119.12 .99 –1.25
5200.41 .99 –.59
5402.77 1.84 –.56
5473.39 1.74 –.97
5509.91 .99 –1.06

Ba II 4554.04 .00 .11
5853.68 .60 –.85
6496.91 .60 –.30

La II 4662.51 .00 –1.14
4748.73 .93 –.46

Ce II 4486.91 .30 –.19
4562.36 .48 .28
4572.28 .68 .25
4628.16 .52 .18
5274.22 1.04 .29
5472.28 1.25 –.23

Nd II 5092.81 .38 –.79
5234.21 .55 –.54
5276.86 .86 –.75
5319.81 .55 –.25

Eu II 6645.10 1.38 .17

interpolations through Teff and log g within the grid of
model atmospheres used (Kurucz 1993). The model metal-
licities were taken with the accuracy±0.25 dex (the choice
of this model parameter should not be very important for
our stars, because it is hydrogen that is the main electron
donor in metal–deficient atmospheres). We found that
the change by ±0.25 dex in the model metallicity causes
changes as small as 0.001 in the derived abundances.

All abundances in this paper have been derived using
the LTE assumption, despite numerous examples of non-
LTE departures in metal–poor stars discussed in the liter-
ature. For example, Magain (1989) reported such findings
for Fe I and Mg I lines in two halo stars HD 19445 and
HD 140283. However, in our analysis we did not see any
systematic decrease of Fe abundances with increasing exci-
tation potential Elow for these two stars (see, for example,
Fig. 13 for HD 19445). The effects of non-LTE for Fe and
Mg lines were investigated by Gratton et al. (1999). Using
60–level model of the iron atom, they found negligible de-

partures from the LTE in high gravity stars and slightly
more pronounced effects in low gravity stars, which is evi-
dently due to the less efficient thermalization by collisions
in giants. Non-LTE corrections for Fe lines are very small
in dwarfs, and only small corrections (<0.1 dex) are ex-
pected for giant stars. The main non-LTE effect for Mg is
overionization, but for high excitation lines these correc-
tions are small in cool dwarfs (Teff < 6000 K) and larger in
warmer dwarfs (≈0.15 dex). Corrections are larger also in
giants, where collisions less efficiently compete with pho-
toionization. To alleviate this effect in giant atmospheres,
we used only high–excitation lines of Mg I. Besides, only
three stars in our pool have Teff > 6000 K. Fulbright
(2000) investigated the abundances of 168 metal–poor
dwarfs and showed that effects of non-LTE on the analysis
of Fe I lines are very small on average. Spectroscopically–
determined surface gravities are quite close to those ob-
tained from Hipparcos parallaxes. Non-LTE calculations
for Ba were performed in the work by Mashonkina et al.
(1999). They showed that corrections are small for subor-
dinate lines (<0.08 dex) and increase to 0.20 for the Ba II
resonance line λ4554 mÅ. Departures from the LTE get
stronger with lower metallicity, depend on temperature
and microturbulence but are insensitive to surface gravity
and EW. However, the observed underabundance of Ba
at the considered low metallicities is 1.0–1.5 dex, and this
amount cannot be removed completely only by accounting
for these corrections. Therefore, we consider our analysis
to be quite robust against non-LTE effects.

The abundances of investigated elements with respect
to the Sun [El/Fe] are given in Table 4. Solar abundances
were calculated with the log gf(G, K) values and the so-
lar model of Kurucz (1993). Solar EWs for the adopted
line list were measured by us in the spectra of the Moon
taken from the ELODIE library (Soubiran et al. 1998).
The abundances thus derived are in a good agreement
with those given in the paper of Gurtovenko & Kostyk
(1989).

For the elemental abundances derived from lines of
neutral atoms, the effective temperature uncertainty is the
most important: the total errors are within the limits of
0.04 to 0.12 dex. For the abundances derived from ions,
the errors in log g are more significant: for neutron capture
elements, the total errors are of the order of 0.2 dex.
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Table 4. Relative abundance for program stars

HD/BD [Fe/H] [Mg/Fe] [Si/Fe] [Ca/Fe] [Sr/Fe] [Y/Fe] [Ba/Fe] [La/Fe] [Ce/Fe] [Nd/Fe] [Eu/Fe]

245 –0.78 0.23 0.24 0.30 –0.28 –0.10 0.17 0.08 –0.21 0.16 0.46
2796 –2.21 0.12 0.33 0.43 0.23 –0.20 –0.26 0.19 –0.14 0.11 0.31
3546 –0.63 0.18 0.25 0.24 –0.11 –0.16 0.09 –0.11 –0.05 0.16 0.31
3567 –1.20 –0.06 0.21 0.41 0.37 0.00 0.27 – 0.23 0.30 –
4306 –2.52 0.27 – – – –0.32 –0.57 – 0.45 – –
5395 –0.19 –0.04 0.05 0.14 – 0.03 0.32 –0.05 0.09 0.21 0.17
5916 –0.51 0.05 0.15 0.19 –0.25 –0.19 0.06 – –0.29 –0.11 0.06
6582 –0.89 0.29 0.25 0.36 –0.08 0.11 0.06 0.14 –0.07 0.08 –
6755 –1.47 0.19 0.2 0.25 –0.13 –0.09 –0.03 –0.01 –0.12 0.24 0.41
6833 –0.89 0.11 0.13 0.26 –0.05 –0.25 –0.24 –0.17 –0.12 0.12 0.00
8724 –1.65 0.22 0.38 0.37 –0.11 –0.16 0.18 0.13 –0.12 0.15 0.09

10700 –0.56 0.24 0.14 0.32 0.10 –0.05 0.07 – –0.07 0.23 –
13530 –0.48 0.32 0.26 0.33 –0.05 –0.12 0.06 0.08 0.05 0.11 –
13783 –0.61 0.26 0.18 0.26 –0.18 –0.01 –0.06 0.22 –0.01 0.10 –
15596 –0.67 0.32 0.30 0.36 0.17 0.11 0.33 0.03 0.04 0.34 –
18768 –0.51 0.00 0.10 0.15 –0.04 –0.10 0.22 0.03 –0.06 0.01 0.26
19445 –1.89 0.14 0.40 0.42 – –0.02 –0.17 – – – –
23439 –1.14 0.30 0.40 0.46 0.32 0.26 0.19 0.12 0.13 – –
25329 –1.73 0.24 0.26 0.45 0.18 0.12 0.04 – 0.24 – –
26297 –1.91 0.14 0.41 0.38 –0.33 –0.26 –0.24 –0.02 –0.27 0.11 0.17
37828 –1.58 0.26 0.42 0.47 0.01 0.10 0.08 0.18 0.17 0.39 0.35
44007 –1.49 0.16 0.34 0.38 0.16 –0.01 0.08 0.24 –0.13 0.25 0.26
45282 –1.28 0.00 0.19 0.31 –0.14 0.00 –0.02 – 0.17 0.19 –
46480 –0.49 0.26 0.20 0.38 0.13 0.16 0.17 0.17 –0.15 – –
51530 –0.39 –0.04 0.10 0.15 –0.01 0.05 0.21 0.14 0.05 0.10 0.00
63791 –1.67 0.29 0.40 0.35 –0.17 0.12 0.33 0.18 –0.05 0.22 0.34
64090 –1.69 0.12 0.34 0.30 0.07 0.00 –0.10 – 0.18 – –
64606 –0.82 0.22 0.17 0.34 –0.12 –0.10 –0.21 –0.14 –0.09 0.05 0.31
76932 –0.90 0.17 0.29 0.44 0.23 0.10 0.23 – 0.02 0.12 –
84937 –2.00 0.36 – 0.34 – –0.02 –0.10 – – – –
87140 –1.71 0.10 0.40 0.40 0.15 0.16 0.25 0.22 0.11 – –
88609 –2.66 0.30 – – – –0.16 –0.87 – 0.09 0.23 –
88725 –0.65 0.15 0.21 0.23 –0.05 0.04 0.04 – 0.13 – –
94028 –1.43 0.17 0.35 0.41 – 0.15 0.06 – 0.08 – –

103095 –1.39 0.20 0.23 0.34 –0.12 0.04 0.06 – 0.23 0.36 –
105755 –0.65 0.22 0.31 0.34 –0.09 –0.06 –0.08 0.23 0.28 0.14 0.17
108076 –0.85 0.20 0.24 0.34 –0.05 0.01 0.14 0.33 0.03 0.34 0.17
108317 –2.17 0.33 0.30 0.34 –0.04 –0.15 –0.31 – 0.22 0.27 –
110184 –2.27 0.25 0.18 0.31 –0.27 –0.42 –0.34 – –0.29 0.03 0.28
114762 –0.72 0.17 0.19 0.29 –0.10 –0.13 0.04 –0.01 –0.18 –0.04 –
117876 –0.47 – 0.18 0.26 –0.10 –0.01 –0.18 0.03 0.01 – –
122563 –2.42 – 0.26 0.28 – –0.42 –1.11 – – – –
122956 –1.60 0.13 0.23 0.13 –0.13 –0.25 0.01 0.00 -0.17 0.12 0.43
124897 –0.58 0.10 0.25 0.26 –0.17 –0.01 –0.07 –0.02 -0.06 0.15 0.39
127243 –0.65 0.27 0.26 0.24 –0.05 –0.04 0.13 –0.02 –0.10 0.14 0.20
132142 –0.51 0.18 0.25 0.29 0.00 –0.09 –0.07 – 0.07 0.25 –
134169 –0.72 0.06 0.23 0.25 –0.04 –0.12 – 0.13 0.01 0.17 0.08
140283 –2.41 0.21 – – – –0.19 –0.78 – – – –
150177 –0.64 0.05 0.13 0.17 – 0.06 0.28 –0.12 –0.05 – –
157089 –0.56 0.11 0.20 0.22 –0.01 –0.10 0.01 –0.06 0.04 0.08 –
159482 –0.86 0.30 0.26 0.36 –0.08 0.01 0.11 –0.09 –0.24 0.14 –
160693 –0.46 0.20 0.12 0.23 –0.09 –0.05 –0.18 – 0.01 –0.03 –
165195 –2.03 0.33 0.36 0.36 –0.10 0.05 0.05 0.14 0.10 – 0.35
165908 –0.61 0.01 0.09 0.23 –0.04 0.00 0.13 – 0.13 0.00 0.16
166161 –1.20 0.20 0.44 0.35 0.21 0.09 0.37 0.13 0.12 0.19 0.21
175305 –1.42 0.08 0.30 0.31 –0.14 –0.07 –0.14 0.19 –0.09 0.29 0.20
184499 –0.64 0.18 0.29 0.31 –0.07 –0.01 – 0.06 –0.12 – –
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Table 4. continued

HD/BD [Fe/H] [Mg/Fe] [Si/Fe] [Ca/Fe] [Sr/Fe] [Y/Fe] [Ba/Fe] [La/Fe] [Ce/Fe] [Nd/Fe] [Eu/Fe]

187111 –1.74 0.29 0.35 0.40 –0.07 –0.11 –0.14 –0.16 0.02 0.12 0.12
188510 –1.48 0.12 0.39 0.40 – –0.07 –0.04 – 0.24 – –
189558 –1.07 0.22 0.32 0.32 0.21 0.15 0.24 – 0.07 –0.08 –
194598 –1.11 0.03 0.19 0.30 –0.17 –0.17 –0.06 – –0.01 – –
195633 –0.55 –0.03 0.13 0.21 0.00 0.09 0.12 0.08 0.11 0.10 0.13
201889 –0.85 0.17 0.32 0.35 0.10 0.11 0.03 0.06 0.09 0.01 –
201891 –0.99 0.04 0.24 0.28 –0.13 –0.08 –0.05 – 0.29 0.23 –
204155 –0.78 0.14 0.28 0.38 –0.14 0.03 –0.16 0.16 –0.26 0.05 0.19
204543 –1.79 0.23 0.32 0.27 –0.04 –0.20 0.21 –0.14 –0.18 0.03 0.32
208906 –0.71 –0.01 0.12 0.06 –0.12 0.00 0.01 0.08 –0.06 0.15 0.31
216143 –2.11 0.06 0.38 0.44 0.08 –0.13 –0.10 0.30 –0.06 0.19 0.40
216174 –0.56 0.18 0.29 0.20 –0.05 0.08 0.08 0.03 –0.08 0.27 –
218502 –1.72 0.08 0.33 0.23 – 0.13 0.29 – – – –
218857 –1.84 0.00 0.25 – – – –0.25 – 0.24 0.23 –
219617 –1.43 0.05 0.32 0.37 – –0.21 –0.06 – 0.04 0.20 –
221170 –2.05 0.22 0.35 0.43 –0.11 –0.06 0.35 0.20 0.10 0.32 –
221377 –0.88 0.02 0.26 0.17 –0.06 –0.03 –0.08 0.03 –0.15 – 0.14
224930 –0.85 0.30 0.21 0.44 0.03 0.12 0.03 0.14 –0.18 0.10 0.22
338529 –2.31 – – – – – 0.34 – – – –
345957 –1.33 0.08 0.21 0.33 0.25 0.04 0.36 – 0.35 0.34 –

–18 5550 –3.01 0.28 – – – – –1.12 – – – –
+02 3375 –2.26 0.09 – – – 0.01 –0.31 – – – –
+02 4651 –1.82 0.19 – 0.31 – –0.30 0.12 – – – –
+04 4551 –1.51 0.19 0.37 0.36 – 0.09 0.43 – 0.28 – –
+17 4708 –1.56 0.04 0.41 0.51 – –0.04 –0.25 – – – –
+23 3130 –2.62 0.19 – – 0.17 –0.32 –0.46 – 0.04 – –
+29 0366 –1.01 0.20 0.28 0.29 –0.12 –0.07 –0.06 0.20 0.01 – –
+29 2091 –1.93 0.01 0.36 – – –0.02 –0.13 – – – –
+30 2611 –1.41 0.16 0.16 0.32 –0.37 –0.21 0.07 0.07 0.16 0.37 0.49
+36 2165 –1.51 –0.01 0.21 – – 0.10 –0.08 – – – –
+41 3931 –1.68 0.06 0.30 0.40 –0.01 0.12 0.20 – – – –
+42 3601 –1.97 –0.09 – – 0.24 0.35 – – – –
+66 0268 –1.95 – 0.52 0.53 – – 0.09 – – – –

5. Results and discussion

5.1. α-chain process elements

Massive stars which explode as supernovae are responsi-
ble for most of the elements heavier than helium produced
in the Galaxy. According to the fundamental paper by
Burbidge et al. (1957), all known nuclear species are pro-
duced in separate processes. To carry out the correct anal-
ysis of n-capture element abundances, we also considered
α-element abundances. We investigated Mg, Si, Ca, and
excluded Ti, which is sometimes referred to as an iron-
peak element (Timmes et al. 1995), but whose overabun-
dance at low metallicities follows the α-pattern behaviour.
In Fig. 14 we plotted our abundances together with the
tracks computed by Timmes et al. (1995) and by Pagel &
Tautvaǐsienė (1995) within the framework of their theories
of the chemical evolution of our Galaxy. The thick solid
line represents the results of Pagel & Tautvaǐsienė (1995).
The thin solid line corresponds to the data from Timmes
et al. (1995), the dashed line shows variation of the iron
yield by a factor of two and the dotted line reflects a vari-
ation in the exponent of the initial mass function by 0.3.
For [Si/Fe] vs. [Fe/H] and for [Ca/Fe] vs. [Fe/H] plots, ob-

servations are in reasonable agreement with both models.
[Mg/Fe] vs. [Fe/H] is in better accord with the model of
Pagel & Tautvaǐsienė (1995), as one can see from Fig. 14.
The discrepancy between the tracks for Mg of the two
models is evident, and exist “for reasons which are not
yet clear” (Pagel & Tautvaǐsienė 1995). Both models as-
sume that magnesium is a pure product of massive super-
novae SNII. The best fit model of Timmes et al. (1995)
to the [Mg/Fe] observations may be a systematic reduc-
tion of the iron yields from massive stars by a factor of
two and a small magnesium contribution originating from
another source (Timmes et al. 1995). The mean values
of α-element abundances deduced in this work and the
comparison with those obtained in other papers are given
in Table 5. The difference between <[α/Fe]> obtained in
various papers is within the errors of the determinations.

5.2. n-capture elements

The mean values of n-capture element abundances for our
program stars are given in Table 6. Understanding of the
s-weak, s-main and and r-process relative contributions
is crucial for the development of the modern chemical
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Table 5. Comparison of α-element abundance determination

El < [El/Fe]> σ <[El/Fe]> σ <[El/Fe]> σ <[El/Fe]> σ

1 2 3 4

Mg 0.30 0.11 0.44 – 0.30 0.11 0.25 0.10
Si 0.26 0.09 0.44 – 0.36 0.17 – –
Ca 0.31 0.09 0.44 – 0.24 0.12 0.15 0.07

* 1 – this work; 2 – McWilliam et al. (1995); 3 – Pilachowski et al. (1996); 4 – Jehin et al. (1999).
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Fig. 14. Our relative abundances of the alpha-elements, Mg,
Si, Ca and the tracks for these elements computed by Timmes
et al. (1995) (thin solid line) and by Pagel & Tautvaǐsienė
(1995) (thick solid line)

evolution theories of our Galaxy. Investigation of these
processes in the Solar System was carried out by Käppeler
et al. (1989), Raiteri et al. (1991) and, more recently, by
Arlandini et al. (1999). They conclude that more than
90% of Eu should come from the r-process. The study
of the trends of relative abundances vs. [Fe/H] is impor-
tant to investigate the influence of the n-capture elements
in the enrichment of the Galaxy. Relative abundances of
Sr, Y, Ba, La, Ce, and Nd to Eu may indicate the effi-
ciency of the s-process at the epochs at which different
metallicities were established (see Fig. 15). [Nd/Eu] ex-
hibits larger contributions of the r-process than other el-
ements. [Y/Eu], [Ba/Eu] and [Ce/Eu] show trends with
[Fe/H] that may be the evidence of the s-process en-
richment growth with increasing metallicity. Mashonkina
et al. (1999), by direct determination of the odd-to-even
isotopic ratio from the Ba II resonance line, showed for
two stars that they had been formed from a material
whose barium content originated mainly in the s-process
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Fig. 15. Relative abundances of Sr, Y, Ba, La, Ce, Nd to Eu
versus [Fe/H].

([Fe/H]> −2.2). This result agrees with our conclusion.
The [Ba/Fe] vs. [Fe/H] plot, together with the Solar
System r-process value (solid line, Arlandini et al. 1999),
are given in Fig. 16. Only few stars near [Fe/H] = −2.0
follow the solar r-process pattern. Abundances relative to
iron of [Sr/Fe], [Y/Fe], [Ba/Fe], [La/Fe], [Ce/Fe], [Nd/Fe],
[Eu/Fe] vs. [Fe/H] and comparisons with the tracks of
the model from Pagel & Tautvaǐsienė (1997) are given
in Fig. 17. The run of [Ba/Fe] vs. [Fe/H] confirms the
well–known jump of Ba abundances at [Fe/H] about of
–2.5 (Spite & Spite 1978). Unfortunately, the lack of
a large number of stars in our sample with metallici-
ties <−2.5 does not permit us to trace the behaviour of
Ba abundances at earlier times and check if there is a
plateau at [Fe/H] <−2.5, as predicted by the model of
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Fig. 16. [Ba/Fe] vs. [Fe/H] with Solar System r-process value
(solid line, Arlandini et al. 1999)
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Fig. 17. Relative abundances of Sr, Y, Ba, La, Ce, Nd, and Eu
versus [Fe/H] and the tracks for these elements computed by
Pagel & Tautvaǐsienė (1997) (solid line)

Pagel & Tautvaǐsienė (1997). However, inside the avail-
able range of metallicities −0.5 > [Fe/H] > −2.5, agree-
ment with these model calculations is quite close. As
has been already mentioned, these theoretical abundances
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Fig. 18. Relative abundances of Ba, La, Ce, Nd, and Eu versus
[Fe/H] and the tracks for these elements computed by Travaglio
et al. (1999) (the solid line corresponds to thin disk, the dotted
line – thick disk, the dashed line – halo)

have been computed assuming two separate time scales
for s-element production, of the order of 37 Myr and
2.7 Gyr, corresponding to progenitor masses of about
8 M� and 1.5 M� respectively. Now, let’s compare our re-
sults with the chemical evolution theory of Travaglio et al.
(1999), which considers AGB stars of different masses and
relatively low–mass type II SN as the production sites
(Fig. 18) of s- and r-elements. Ba, La, Ce, Nd, and Eu,
which contain species of very different origin (mostly r-
process production for Eu and s-process for Ba), were an-
alyzed by these authors. They suppose that the r-process
yield of Ba (for example) comes from 8–10 M� super-
novae of type II and this component dominated in Ba
abundances at low [Fe/H]. The s-contribution to Ba from
AGB stars becomes dominant over the r-component after
the first Gyr of galactic evolution (for [Fe/H] ∼–1). As
remarked by Busso et al. (1999), this is linked both to the
long time scales of low mass star evolution and to the ef-
ficiency of s-element production in AGB stars of different
metallicities. Figure 18 represents the behaviour of these
elements among the three populations of the Galaxy (the
solid line corresponds to thin disk, the dotted line to the
thick disk, the dashed line to the halo). For La, Nd, and
Eu the agreement with observed data is good, while Ce
and, especially, Ba show some scatter. It may be due to
the fact that at [Fe/H] < –1.5 ÷ –2.0, the inhomogeneous
models of chemical evolution are required.
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Table 6. The mean values of n-element abundance for program
stars

El <[El/Fe]> σ

Sr −0.03 0.15
Y −0.04 0.14
Ba −0.02 0.29
La 0.07 0.12
Ce 0.02 0.16
Nd 0.16 0.12
Eu 0.24 0.13
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Fig. 19. [Eu/Fe] versus [Fe/H], the filled triangles represent
our data, the small open circles correspond schematically to
the calculations of Travaglio et al. (2001a). The r-process yields
of Eu are derived from SN II in the mass range 8–10 M�
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Fig. 20. The same of Fig. 19, for [Ba/Fe] versus [Fe/H]
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Fig. 21. [Eu/Fe] versus [Fe/H], the filled triangles represent
our data, the small open circles correspond schematically to
the calculations of Travaglio et al. (2001a). The r-process yields
of Eu are derived from SN II in the mass range 15–30 M�
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Fig. 22. The same of Fig. 21, for [Ba/Fe] versus [Fe/H]
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Fig. 23. [Sr/Fe] versus [Fe/H], the filled triangles represent
our data, the small open circles correspond schematically to
the calculations of Travaglio et al. (2001a)

Some of our target stars show that the r-process con-
tributes to Ba, Y and Ce abundances at [Fe/H]< −2.0. Sr
shows larger scatter. McWilliam et al. (1995) and Ryan
et al. (1996) found larger dispersion in [Ba/Fe] and [Sr/Fe]
at lower metallicities ([Fe/H]< −2.5) and interpreted this
as evidence of the formation of our Galaxy at early times
by mergers of fragments with various proper enrichments
(Searle & Zinn 1968). Recently, inhomogeneous chemical
evolution models have been constructed by Raiteri et al.
(1999) for [Ba/Fe] vs. [Fe/H], by Travaglio et al. (2001a)
for [Eu/Fe], [Ba/Fe] and [Sr/Fe] vs. [Fe/H] and Tsujimoto
et al. (2000) for [Ba/Mg] vs. [Mg/H], [Eu/Mg] vs. [Mg/H].
We compared our [Eu/Fe], [Ba/Fe], [Sr/Fe] vs. [Fe/H]
data with the calculations of the inhomogeneous chemi-
cal evolution models by Travaglio et al. (2001a) (schemat-
ically, Figs. 19–23). Our data are overlapped only par-
tially by the model dots in the common region of [Fe/H].
Figures 19–20 represent the abundances of Eu and Ba
as the r-process yields from SNII in the mass range 8–
10 M�. Figures 21, 22 show the same data as Figs. 19, 20,
in which Eu and Ba are produced by SNII in the mass
range 15–30 M�. Figure 23 displays chemical evolution
of Sr with an additional primary component from SNII
with masses 15–25 M�, accounting for 20% of the solar
Sr abundance. As seen from Figs. 19 to 22, the models of
chemical evolution with yields of Eu and Ba from low mass
SNII reflect the observational data better. Nevertheless,
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Fig. 24. Correlation diagram for <[s/Fe]> versus [Mg/Fe] in
the region of [Fe/H] = −1

inhomogeneous models are very important for the inter-
pretation of the behaviour of r- and s-elements at early
times of galactic evolution (at [Fe/H] < −2.0).

5.3. From globular clusters to field stars

Jehin et al. (1999) suggested an interesting idea for the
origin of metal–poor stars. They assumed that scatter in
the s-process element abundances is caused by the differ-
ent birth places of stars: all thick disk and field halo stars
were born in globular clusters, from which they escaped
either during an early disruption of the cluster (PopIIa)
or, later, via evaporation processes (PopIIb). In our sam-
ple stars, the observed scatter in s-process element abun-
dances (1σ ≈ 0.15–0.20 dex) is larger than in α-element
abundances (1σ ≈ 0.1 dex). To test this hypothesis, we se-
lected stars from our target list with [Fe/H] = −1±0.2 dex
and plotted <[s/Fe]> vs. [Mg/Fe] (see Fig. 24). Our data
(filled circles) reproduce well the “Two branches diagram”
(Jehin et al. 1999; open circles). A small shift (0.05 dex)
in [Mg/Fe] is due to the difference in the mean values
of [Mg/H] for two samples of stars. The correlation di-
agram for all our stars is given in Fig. 25. It is simi-
lar to that of Jehin et al. (1999, see their Fig. 19) with
the overplotted observational data from Edvardsson et al.
(1993). Two top dots at the “left” branch of our dia-
gram have [Fe/H] > −0.5 dex. We also selected stars with
[Fe/H] = −2 ± 0.2 and constructed the same diagram of
<[s/Fe]> vs. [Mg/Fe] (Fig. 26). We do not find any corre-
lation between these parameters. Possible explanations of
the lack of correlation are that at [Fe/H] ∼ −2÷−2.2, s-
process element abundances decrease so that the picture
vanishes. Alternatively, the Jehin et al. (1999) scenario
is suitable for stars with metallicities only about –1. It
should be noted that the larger dispersion of s-process el-
ement abundances may also be due to the fact that stars
with [Fe/H] = −1 make up a mixed group of different pop-
ulations, that have distinct pathways of s-process element
enrichment.
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Fig. 25. Correlation diagram for <[s/Fe]> versus [Mg/Fe] for
all our stars
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Fig. 26. Correlation diagram for <[s/Fe]> versus [Mg/Fe] in
the region of [Fe/H] = −2

6. Conclusions

We derived model atmosphere parameters (Teff , log g,
[Fe/H], Vt) for 90 metal–deficient stars (−0.5 < [Fe/H]
< −3), using eshelle spectra from the ELODIE library
(Soubiran et al. 1998). These parameters were analyzed
and compared with current determinations by other au-
thors. The study of the following elements were carried
out: Mg, Si, Ca, Sr, Y, Ba, La, Ce, Nd and Eu. Relative
contributions of s-and r-process elements were evaluated
and interpreted by comparing them with the theoret-
ical computations of chemical evolution models of the
Galaxy. The runs of [Si/Fe] and [Ca/Fe] vs. [Fe/H] were
in good concordance with both chemical evolution the-
ories of Timmes et al. (1995) and Pagel & Tautvaǐsienė
(1995). A discrepancy between the calculation of [Mg/Fe]
vs. [Fe/H] and the one from the model of Timmes et al.
(1995) was found. The trends of n-capture elements
vs. metallicity are well described both by the model of
Pagel & Tautvaǐsienė (1995; 1997) and by the model of
Travaglio et al. (1999) at [Fe/H] > −1.5, when the matter
of the Galaxy is sufficiently homogeneous. The analysis
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of n-capture element abundances confirms the jump in
[Ba/Fe] at [Fe/H] = −2.5. Frequently, this jump is inter-
preted as growth of the contribution of the s-process in
enrichment of the interstellar medium (ISM). However, in
view of models taking into account the current calcula-
tions of a yield of the s-process from AGB stars of dif-
ferent masses and metallicities, such behaviour of Ba may
be conditioned predominantly by r-process yield from low
mass SNII, up to [Fe/H] ∼ −1. We note that the real
origin of the r-process elements is under debate. There
is a high uncertaintly in nuclear astrophysics and stellar
nucleosynthesis calculations about the site where fast neu-
tron captures occur. The solution of this question needs
further development of the nucleosynthetic theories and
Ba isotope composition studies in many stars of different
metallicity. The larger (than for α-element) dispersion for
s-process element abundances may arise both from the
birth of metal–poor stars in globular clusters with differ-
ent evolution and (or) from different ways of s-element
enrichment in Galaxy populations. The neutron capture
element enrichment at [Fe/H] < −2.0 remains intriguing.
Some stars from our sample at [Fe/H] < −2.0 show a large
scatter for Sr, Ba, Y, Ce. Among metal–poor stars in the
range of metallicities −2.5 < [Fe/H] < −4, there are pe-
culiar stars with excesses in Sr, Ba and other elements,
the intrinsic scatter of their abundances is quite signifi-
cant (McWilliam et al. 1995; Ryan et al. 1996; McWilliam
1998; Sneden et al. 1998). Understanding of the n-capture
enrichment at [Fe/H] < −1.5 relies on the current and
future stochastic models of the early halo.

The main conclusions are as follows:
1. The chemical evolution models (Pagel &

Tautvaǐsienė 1995; Timmes et al. 1995) depict quite
well the behaviour of [Si/Fe], [Ca/Fe] with [Fe/H].
Two sources of Si and Ca production are considered in
both models: high mass SN II (main contribution) and
SN Ia. The trend of [Mg/Fe] coincides better with the
computations of Pagel & Tautvaǐsienė (1995) than those
of Timmes et al. (1995), despite the fact that both models
assume one unique source of Mg enrichment – massive
SN II;

2. The runs of n-capture elements vs metallicity are
well described both by the model of Pagel & Tautvaǐsienė
(1995, 1997) and by the model of Travaglio et al. (1999)
at [Fe/H]> −1.5, when the matter of the Galaxy is suffi-
ciently homogeneous;

3. The analysis of n-capture element abundances con-
firms the jump in [Ba/Fe] at [Fe/H] = −2.5;

4. At [Fe/H] < −2.5 ÷ −2.8, the essential contribu-
tion to the n-rich element abundances derives from the
r-process. The main sources of these processes may be
SN II;

5. The scatter in the n-capture elements is not due
to errors in the determinations; it may reflect the inho-
mogeneous nature of the ISM at early stages of galactic
evolution. It requires taking into account the formation of
n-elements in individual nucleosynthetic events for early
halo enrichment models;

6. The large dispersion of n-rich element abundances
may be due both to the different contributions from the
s- and r-process, that appear at different epochs, and to
a more inhomogeneous mixing of r-process nuclei with re-
spect to α-rich ones.
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