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Abstract. We revise barium abundances in 29 cool stars witirocess dominated heavy element production at that epoch; b)
metallicities [Fe/H] ranging from-2.20 to 0.07 and europium there was a hiatus in star formation before the early stage of
abundances in 15 stars with [Fe/H] froml.52 to 0.07. The the thin disk developed. The even-to-odd Ba isotope ratios es-
sample has been extracted from Fuhrmann’s lists (1998, 2066)ated from hyperfine structure (HFS) affecting thelBaes-

and confined to main-sequence and turnoff stars with only omeance line in the halo and thick disk stars favour a significant
subgiant added. The results are based on differential NLERntribution of**Ba to barium for a pure r-process, and this
model atmosphere analyses of spectra that have a typical &Nupported by theecent data of Arlandini et al1099).

of 200 and a resolution of 40000 or 60000. The statistical equi-

librium of Eun is first investigated with a model atom conKey words: Line: formation - Nuclear reactions, nucleosynthe-
taining 32 levels of Eu plus the ground state of Eu. NLTE sis, abundances - Sun: abundances - Stars: abundances - Stars:
effects decrease the equivalent widths of thelHines com- late-type - Galaxy: evolution

pared with LTE resulting in positive NLTE abundance correc-
tions which are below 0.08 dex for all the stars investigated.
The solar barium abundandegeg, » = 2.21 and the eu-
ropium abundanckgegy o = 0.53 are found from the Ba

and Eui solar flux line profile fitting, and they coincide withinggrmation of elements witl > 26 is commonly believed to
error bars with meteoritic abundances of Grevesse et al. (1996kult from stellar nucleosynthesis, and to explain the presence
Here the usual scale withg e = 12 is used. The isotopic ra- of heavy elements in the oldest stars of the Galaxy the idea
tio '"'Eu : "*Eu = 55 : 45 is obtained from solar disk centefs suggested that the first stellar generation consisted mostly
intensity profile fitting of the Eu A4129A  line. We report of high-mass stars. At the end of their short evolution massive
here for the first time that the elemental ratios [Ba/Fe], [Eu/Fg{ars exploded as type Il supernovae (SNII) and enriched the
and [Eu/Ba] show a different behaviour for stars of differeqta|actic interstellar gas. Overabundances.aflements rela-
Galactic populations. For the halo stars the [Ba/Fe] ratios & to iron observed in old stars argue in favour of this model
approximately solar, europium is overabundant relative to irggee the review of McWilliam 1997). Another argument can be
and barium with the mean values [Eu/Fe] = 0.62 and [Eu/Bgptained from observations of the heavy elements beyond the
= 0.64. For thick disk stars itis found that a) barium is slightliyon group. Abundances of these elements in the solar system
underabundant relative to iron by about 0.1 dex; b) europiyggve contributions in differing proportions from two main pro-
is overabundant relative to iron with the [Eu/Fe] ratios betweg@sses, the s- and r-process of neutron capture. As supported
0.30 and 0.44; and c) europium is overabundant relative to bgy-many observational and theoretical results (Travaglio et al.
ium with a mean value of [Eu/Ba] = 0.49 0.03. A step-like 1999, and references therein) s-nuclei are mainly synthesized
change in the [Eu/Ba] and [Ba/Fe] ratios occurs at the thick #iring the thermally pulsing asymptotic giant branch phase of
thin disk transition; so, nearly solar elemental ratios [Ba/Fafw-mass stars (2 - 4 M). The r-process is associated with ex-
[Eu/Fe] and [Eu/Ba] are found for the thin disk stars. Thesfiosive conditions in SNell (Freiburghaus et al. 1999, and ref-
data suggest that a) the halo and thick disk stellar populatignces therein). If at early times only high-mass stars existed,
formed quickly during an interval comparable with the evtheavy elements must have been produced by the r-process, and
lution time of an AGB progenitor of 3 to 4/, and the r- glemental abundances observed in old stars should correspond
to the r-process element pattern. The europium to barium abun-

1. Introduction

Send offprint requeststt.. Mashonkina dance ratio is particularly sensitive to whether nucleosynthesis
* Based on observations at the German Spanish Astronomical cehthe heavy elements occured by the s- or r-process. For the so-
ter, Calar Alto, Spain lar system mattelog egy,o — logepa,o = —1.67 (Grevesse et

Correspondence td.yudmila.Mashonkina@ksu.ru al. 1996). The contributions of the s- and r-process to the solar
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Ba abundance consist of 88% and 12%, respectiaelyording Baisotopes and then deduce the r/s-process ratio on the base of
to Cameron (1982), 87% and 13%¢cording to Kppeler et al. given r- and s-process contributions to each isotope. Magain
(1989), and 81% and 19%ccording to the most recent data o& Zhao (1993), Magain (1995) and Paper | results are based
Arlandini et al. (1999). The solar europium mostly originatedn the data of Cameron (1982) who gives the ratio of even to
from the r-process: 91% according to Camerb®82) and Wis- odd Ba isotope$*®Ba. : (13°Ba + '3"Ba) = 28 : 72 for a pure
shak et al. (1996). Thus we can compute the solar abundangeocess. As3°Ba and '*"Ba, responsible for HFS compo-
ratio of Eu to Ba contributed by the r-process, (Eu/B&ela- nents, contain a majority of barium the Ba\4554 line is sig-
tive to the total abundances the fractiog{(Eu/Ba)./(Eu/Ba)} nificantly strengthened compared with the case of solar even-
ranges from 0.70 (Arlandini et al. 1999) to 0.89 (Camerdi-odd isotopic ratio 82 : 18. In Paper | we showed this differ-
1982). ence can be easily detected if it exists: for example, for the star
Truran (1981) first proposed that the heavy elements in tB® 66°268 with [Fe/H] =—2.2 it consists of 0.2 dex in terms of
halo stars are of the r-process origin. Much observational @bundances. However at Ba abundances derived from the Ba
forts were invested in testing this idea. For extremely metaubordinate lines we could not find a marked strengthening of
poor stars with metallicities [Fe/H} —2.4 McWilliam (1998) the Bail resonance line in spectra of both normal metallicity
has derived an average [Eu/Ba] = 0.69, consistent with pureand metal-poor stars. Wisshak et al. (1996) note that the ratio
process nucleosynthesis provided that the data of Arlandini'&tBa : (}*Ba + 137Ba) for pure r-process is very difficult to
al. (1999) are adopted. Sneden et al. (1996) have analyzeddatermine, as the r-process abundanc&@Ba is very small
very metal-poor star CS22892-052 ([Fe/H}-3.1) that reveals and calculated as the difference of solar and s-process abun-
a heavy element pattern identical to the r-process pattern in t@aces. This is the difference of two large numbers and cor-
solar system. However, the recent studies of Gratton & Snedespondingly has a very large uncertainty. They give'#iBa
(1994), Francois (1996), Jehin et al. (1999), and Woolf et &otope abundance for a pure r-process as 28% with uncertainty
(1995) show a gradual increase in the [Eu/Ba] ratio from 0 wp to 110%. The mosecent measurements of Arlandini et al.
to about 0.7 with [Fe/H] decreasing from 0+@. (1999) have improved this value and increased it up to 54%.
Estimating Ba and Eu abundances and their ratios in metal- This study is aimed to derive odd-to-even Ba isotope ratios
poor stars is one of the aims of this study, and we show tHat the stars revealing an overabundance of Eu relative to Ba
there is a clear separation between stars with an overabundaaisg estimate an acceptable range of the r/s-process ratio using
of Eu relative to Ba and stars with Eu/Ba ratios close to sthe data of Arlandini et al. (1999).
lar. This separation is defined not so much by metallicity as by Our sample includes 29 stars from Fuhrmann’'s (1998,
membership in a particular stellar population of the Galaxy. A000) lists with effective temperaturégs from 5110K to
the halo and thick disk stars of our sample with [Fe/H] fror6500K, surface gravitiesogg from 4.0 to 4.66 except for
—0.34 to —1.5 show high values of [Eu/Ba] with only smallHD 45282 withlog g = 3.12 and HD 117176 witlog g = 3.83,
scatter that indicates r-process dominated nucleosynthesiarat metallicities [Fe/H] between 0.07 ard.20. Only main
times of formation not only of the halo but also of the thickequence stars (MS) or stars close to the MS are selected to
disk stellar population. make sure that atmospheric abundances reflect the real chem-
The fraction of the s- and r-process in producing heavy étal composition of interstellar matter out of which the star
ements can be evaluated by another method, from an analygis formed and to reduce methodical errors connected with the
of the hyperfine structure (HFS) affecting theiBa4554 line. determination of fundamental parameters and modeling of gi-
The idea is based on the fact that the larger the r-process cant stellar atmospheres. Stellar paramefgs log g, [Fe/H]
tribution is, the larger the fraction of odd isotopes must be, aatdd microturbulencé/,;. carefully estimated by Fuhrmann
the greater the HFS broadening of this line. For the extremd,298, 2000) are believed to be of higbcuracy. As in Paper |
metal-poor star HD 140283 Magain & Zhao (1993) and Maglemental abundances are derived from line profile fitting and
ain (1995) have found from a measurement of the broadenim@f from equivalent widthg/’,. A differential analysis with re-
of this line an isotopic composition close to solar. In our preépect to the Sun is used which means that oscillator strengths
vious paper (Mashonkina et al. 1999, thereafter Paper |) vig and van der Waals damping constafitswere determined
suggested a different method based on an estimation of theiBadvance from solar line profile fitting. Non-local thermo-
abundance from the subordinate lines that are free of HFS @ynamical equilibrium (NLTE) line formation is considered to
fects. Simultaneously, we were able to evaluate the even-to-éddain theoretical Ba and Eul line profiles. The method of
Ba isotope ratio from measuring the total energy absorbedNhTE calculations for Ba was developed earlier (Paper ).
the resonance line. From analyses of the halo stars with [Fe/Hiie statistical equilibrium of Eu is studied for the first time.
= —1.5 and —2.2 we have concluded that these stars were Use of high-resolution spectra?(= 40000 and 60000),
formed from matter with barium produced by both s- and reliable stellar parameters and line formation astrophysics has
processes at an r/s-process ratio close to solar. So, conclusivagde it possible to improve stellar Ba and Eu abundances and
drawn from analysis of the Baresonance line seem to conio detect the important trends in the behaviour of elemental ra-
tradict the above mentioned results derived from the [Eu/Btégs [Ba/Fe], [Eu/Fe] and [Ba/Eu].
ratios. However it is important to note that from a study of HFS This paper is organized as follows. Observations and stel-
affecting the Bar A4554 line we obtain the ratio of odd to everlar parameters are shortly described in Sect. 2. The Badel
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atom and NLTE effects for Ew are presented in Sect. 3. InTable 1.Stellar parameters of the selected sample. Most of the entries
the next section solar Baand Eul line profiles are fitted to are self-explanatory. In column 8 the notations refer to the thin disk,
improve empirically their atomic parameters and to deduce $bick disk and halo stars, respectivela;c is given in kms'*

lar Ba and Eu abundances al¥dEu : *3Eu isotopic ratio. In
Sect. 5 we present and discuss the results obtained, stellar BiP/BD
and Eu abundances and their ratios and estimates of the ode-e 1
even Ba isotope ratios. Final conclusions are given in Sect. 6-

Ter logg [Fe/H] Vmic [Ba/Fe] [Eu/Fe] Note
(K]

2 3 4 5 6 7 8
400 6150 4.06 -0.25 13 0.02 0.12  thin
6582 5390 445 -083 0.9 -0.10: 0.33: thick
9407 5660 4.42 0.03 09 -0.09 - thin
2. Observations and stellar parameters 19445 6020 4.38 -195 14 -0.08 - halo

22879 5870 4.27 -086 1.2 -0.03 - thick
Our results are based on spectra observed by Klaus Fuhrmanmngpe49 5820 4.28 -047 1.2 -0.10 0.40 thick
Michael Pfeiffer and Andreas Korn using the fiber optics 43042 6440 4.23 0.04 15 -0.01 - thin
Cassegrairechelle spectrograph FOCES fed by the 2.2m tele- 45282 5280 3.12 -152 14 -0.04 0.62 halo
scope at the Calar Alto observatory during 4 observing runs in 52711 5890 4.31 -0.16 10 001 - thin
September 1995, May 1997 ePemberl998 - January 1999 61421 6500 4.04  0.00 19 -0.14 0.02  thin

and in June 1999. The data cover an approximate spectralgggﬁ 22‘2‘8 j-?g ‘8-23 12 ‘8'88 038 tt';]i_c"k
- 7008. The 1 ra were ex : - e : Ic
range of 4000 - 700@\.. The 1995 spectra were exposed to a 84937 B350 403 -—207 17 001 - halo

é(:24 X 1024 244, CCD, and the resolving power was40000. 102158 5760 424 -046 11 —013 039  thick
arting from May 1997 2048 %2048 15, CCDwas employed 193995 5110 466 -135 08 004 — halo
at \/AX ~60000. Almost all the stars were observed at least; 14762 5930 411 -071 1.2 —012 _ thick
twice with the signal-to-noise ratio of about 200 (Fuhrmann {17176 5480 3.83 -0.11 1.0 -0.06 _ thin
1998, 2000) in the spectral range> 4550 Aand with less 157214 5735 424 -034 1.0 -013 030 thick
S/N (~ 50) in the range where the BHuresonance lin@4129 184499 5830 4.13 -051 12 -0.16 0.34 thick
is located. Our sample of 9 stars from Paper | with metallic-186408 5800 4.26 0.06 1.0 -0.03 - thin
ities [Fe/H] mostly lower than-1 was extended in this study 187691 6090 4.07 007 14 -0.09 -0.01 thin
by including 3 halo stars and 17 stars with [Fe/H] between 0194598 6060 4.27 -1.12 14  0.00: 061: halo
and —1. Ba abundances obtained in Paper | are revised using?01891 5940 4.24  -1.05 12 -0.07: 041  thick
the advanced NLTE method (Sect. 4.1) and the stellar param-04155 5830 412 -063 12 -018 033 thick
. . . 21830 5750 4.19 -0.36 1.2 -0.04 0.44 thick

eters adopted in this work. Stellar parameters taken in Paperj03375 6140 431 -215 14 -043 - halo
differ from those used in this study by 150K f@t.g.and by 29°366 5740 4.60 -093 13 -008 043 2
0.1 dex forlog g at maximum. In fact, it has negligible effect 500476 6330 403 -196 1.8 0.09 _ halo
on elemental ratios [Ba/Fell], however, we prefer to use for ggeo68 5340 4.60 -2.20 0.9  0.07 - halo
all the stars of our sample parameters determined by the same
methods. Table 1 lists the stars selected.

We use spectra reduced according to the description giv@incement and age, and we give this important information for
in Pfeiffer et al. (1998). The instrumental profile is found fromaur study in Table 1, too.
comparison of FOCES Moon spectra with the Kitt Peak So- Fuhrmann (1998) estimates a typical uncertaifty,¢ =
lar Flux Atlas (Kurucz et al. 1984). A Gaussian4f + 0.2 80K which translates to an abundance error up to 0.05 dex for
kms~'provides the best fit to the September 1995 spec&gmental abundances deduced from spectral lines of the domi-
(Fuhrmann et al. 1997), and 3.2 km's 3.6 kms'and 4.9 nant ionization stages such asiB&ull, Fell. From a compar-
kms'are appropriate for the May 1997,eBemberl998 - json with the accurate iHPARCOSdistances Fuhrmann (1998)
January 1999 and June 1999 observations correspondirifis that his spectroscopic distance scale is only slightly
(Fuhrmann 1998, 2000). higher, by 3.4% on average, and the statisticas error is

For most of the stars stellar parameters determined spB&6. The systematic deviation of 3.4% translates t kg g
troscopically are taken from the careful analyses of Fuhrmaafhonly 0.03 dex and to @\ loge of about 0.01 dex in the
(1998, 2000). Effective temperatures have been deduced froases of Ba, Eull and Fal. Fuhrmann (1998) estimates care-
Balmer line profile fitting and surface gravitiess g from line  fully the precision inlog g of ~ 0.1 dex which propagates into
wings of the Mg Ib triplet. Metallicities [Fe/H] and microtur-0.04 dex in abundances. However, elemental ratiosif{Bali],
bulence value¥ ;. have been derived from the Rdine pro- [Eull/Fell] and [Eull/Ball] are expected to be much less af-
file fitting. For three stars the stellar parameters have been efgéted by possible errors @f.¢ andlog g. And an uncertainty
mated by Frank Grupp (1997: BD 8868 and BD 29366) and of V,,;. turns out to have the largest effect on the abundance
Andreas Korn (1999: BD 32476) using the same methodstatios [Bail/Fell] and [Eull/Bali]. Only relatively weak Fe
All the parameters are given in Table 1. The identification dihes were selected by Fuhrmann (1998, 2000) to derive stellar
stellar population for all stars of our sample is from Fuhrmariron abundances. Eu abundances are found in this study from
(1998, 2000), based on the star’'s kinematieslement en- the Eull A\4129 and \6645 lines with equivalent widths be-
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low 55 mA and 6 mA. Thus, an uncertainty o¥;c = 0.2 2 EuTII
kms~! given by Fuhrmann (1998) has negligible effect (upto |
0.005 dex) on [Fe/H] and [Eu/H]. In the case of barium we |
are forced to use the Balines lying on the flat part of the B
curve of growth. For the stars with [Fe/EH] —0.7 Vi, = 0.2 =
kms~! propagates intd\ logep, ~ 0.1 dex even when using B
the weakest subordinate line Ba\5853. For the most metal- B
poor stars of our sample where the resonance R&554 line -
is usedViuic = 0.2 kms 'givesAlogep, = 0.12 dex. S r

In total, uncertainties of stellar parameters cause abundagcé B
errors up toA logeg, = 0.11 dex andA logeg, = 0.05 dex B
for the stars with [Fe/HpP —0.5, up toAlogep, = 0.08 dex -
andA logeg, = 0.06 dex in the range of metallicities between 4
—0.5 and —1.5 and for the most metal-poor stars Ba abun- |
dance error can reach to 0.14 dex. Errors of elemental ratios |-
are smaller and can be obtained from the values given. 2

Our analyses are all based on the same type of model, |
irrespective of temperature, gravity or metal abundance. We -
used line-blanketed LTE model atmospheres generated and digt —

7.0

cussed by Fuhrmann et al. (1997). %P D F P DD FF

90 9 9.0 750 7 7

' Fig. 1. The Eul model atom. The linearized transitions are shown as
3. NLTE calculations for Eu 1I solid lines

3.1. Model atom

NLTE calculations for Eu were performed for the first time levels which are assumed to be in thermal equilibrium relative
by one of us (Mashonkina 2000). We use the same method wiRithe Eull ground state. That is why in Table 2 three values of
some modifications concerning collisional rate computationso. are given for every rillevel. Photoionization of the levels
We describe briefly the new results. indicated by "?” is considered similarly to the févels.

The Eull model atom has a complex term structure includ- The adopted model atom looks incomplete. Missing all
ing nonet, septet, quintet levels etc. Laboratory measurememtgntet, triplet and singlet levels and highly excited nonet and
(Martin et al. 1978) give 88 energy levels for 25 nonet argeptet levels that have to provide close collisional coupling to
septet terms of thef™ nl and 4f%5d nl’ electronic config- the continuum electron reservoir can cast some doubt upon our
uration. For another 83 energy levels with energy excitatisasults. Let us consider this point and start from highly excited
above 4 eV only the total angular momentum and the parity dewels. In atmospheres of F - G stars IEucontains a minor
known. We include into the Ew model atom all the measuredfraction of the element; for the Sungn(Eu1r)/n(Eur) =
nonet and septet terms and radiatively couple to them the lévs in deep layers nedog 75000 = 0, and it grows up to 3.5 in
els of unknown configurations. For NLTE calculations only thepper atmospheric layers. It means that no processes coupling
level energy and oscillator strengtfis of transitions connect- the Euil levels to Eull can significantly affect populations of
ing that level with others are important. So, assuming that ttiee low-excitation Eul terms that contain the major population
measured energy levels of unknown configurations belongftaction of the element. And NLTE effects are expected mainly
nonet or septet terms we have composed 6 septet terms anlgi& to radiative bound - bound (b-b) transitions between levels
nonet terms. They are marked by "?” in Fig. 1. Remaining leef low excitation. To prove this statement by numerical cal-
els of unknown configurations are taken imtecount only for culations we have considered an extended Enodel atom.
number conservation. Levels with the small energy differencBased on the fact that the Huand Bal atoms have similar
were combined into single level. The fine structure is in pagrm structure, and that the Huand Bal level energies reveal
considered only for th&d °D° and6p P terms that concern similar regularities in the behaviour of ionization energy with
the transitions of our special interest °S; — 6p P, form- principal quantum number, we have computed energies of the
ing the Eul resonance ing4129 A and5d°Dg — 6p P for Eull 4f7 nllevels forn=7 - 10and | = 0 - 3. In total, we have
6645 A. Thus, 32 bound levels of Buand the ground stateintroduced into the model atom 28 "fake” terms with excitation
of Eulll are included into the model atom. The correspondiregergies up to 10.5 eV. For transitions including “fake” levels
Grotrian diagram is shown in Fig. 1. In Table 2 for every ternfi; were adopted by analogy with Batoo. As expected, the
the energy levels combined and the average ionization frequealculations performed with the extended and original model
cies, vion, are given. Photoionization of thef®5d nl’ levels atom show no difference for populations of the important en-
connects to the excited Ew 4/55d levels. Five octet and 5 ergy levels and intensities of the spectral lines of interest.
sextet Eun 4f55d terms with excitation energies from mea-  Quintets, triplets and singulets do not show up in the labo-
surements of Martin et al. (1978) were combined into 3 energgtory spectrum of Eu, and this lends support to the assump-



Lyudmila Mashonkina & Thomas Gehren: Barium and europium abundancesin cool dwarf stars

tion that coupling of missing levels to measured ones is wedlable 2. Euil model atom
and that such levels can be neglected in statistical equilibrium

of Eull. Their contribution to the Eu partition function was erm  J Vien [INo. Term —J - vien
. > 105 H 2 10'°Hz
estimated by Butler (1999) on the base of own computations; 75 o
. f solar-t t it ists of about 6%. If 6s”S 4 271807 19 5d'°D 6 244105
in a case of solar-type stars it consists of about 6%. If we ne- 6s7S° 3 266803 2 48647
glect missing levels we overestimate populations of the levels 3 5,950 5.4 241510 256623
included and underestimate Eu abundances deduced from the 4 54°p° 56 239172 20 547D 1-5 2.36705
Eull lines by about 0.02 - 0.03 dex. 5 5d"D° 1-5 2.20496 2.41245
Oscillator strengths are available for all the transitionsfrom 6 6p°P 3,4 1.99884 2.49221
the ground state and low excited levels 6s, 5d and 6p to upper 7 6p°P 5 1.93343| 21 ?7P 2-4 2.35242
levels. The data of Komarovskii (1991) are preferred and, if 8 6p'P  2-4 1.90664 2.39784
9 65°D 2-6 2.84748 2.47759

they are absent;; from the compilation of Kurucz (1994) are oo
taken. Missingf;; have been treated as follows: for transitions 289289 22 7s S 1.24525
between double excited levelg®5d nl - 4954 nlI’ we adopt 07 297265 28 75’5 2'33270
fi;-values of the correspondirg™ nl - 4 f7 nl’ transitions; for 10 7P - 2-4 280523 24 6y KT 0-6 2.22109

w b~

6s’°P 3-5 2.85065 2.26650
transitions from (or to) "?” levelg;; = 0.001 is set. 293041 2 34626
The photoionization cross-sections for the’P and6p P 11 ?°P 3.4 2.76485| 25 79S° 4 2.20860
levels have been calculated by the quantum defect method us-  29p 34 2.81027 2.25401
ing Peach’s1967) tables. For the remaining levels hydrogenic 2.89003 2.33377
cross-sections are computed. 12 65'"D 1-5 2.72148| 26 64°D° 2-6 1.08641
For electron impact excitation we use the formula of van 2.76689 6d"D°  1-5
Regemorter (1962) for allowed transitions and that of Allen 2.84665|| 27 ?7S° 3 2.15535
(1973) for forbidden ones. The exception is the forbidden 13 5d'°P 35 270473 2.20077
2.75015 2.28053

transitions from6s °S°, 65 7S° to 5d °D°, 5d "D°. Population
of the metastable levels depends strongly on collisional cou-
pling to the ground state. Having analysed the results of many

2.82091| 28 4f7F  0-6 1.04102
4 ?79F 2-6 2.69526| 29 6p' 'D° 1-5 2.12412

2 . 2.74068 6p’' °D° 2-5 2.16954
test calculations we have adopted finally the formula of van 282044 224930
Regemorter for computing collisional ratestn?se, 6s 7S° - 15 65'P 2-4 2.66013| 30 ?7D 1-4 2.09865
5d°D°, 5d "D° transitions andf;; have been set at one tenth 5d TP 2-4 2.70555 2.14407
the values for the allowed transitiofs °S°, 6s7S° - 6p P, 2.78530 2.22382
6p "P. Electron impact ionization cross-sections are computed 16 ?°F  1-7 2.64940| 31 ?D 1-4 2.03856
according to Drawin 1961). For hydrogen collisions, we use 2.69482 2.08398
the formula of Steenbock & Holweger (1984). Since this for- 2.77457 2.16374
mula provides only an order of magnitude estimate, the cross- 17 ?:F 46 259411 32 Ssisz 4 071794
sections were multiplied by appropriate scaling factors in order TE 4-6  2.63953 ?ES S 7?2
tp produpe the best fit to the solar Edevel populations and 18 54°D 2-5 22'.7511%5582 33 Eun
line profiles. 2 55604

2.63579

3.2. Statistical equilibrium calculations and NLTE effects

The Euil statistical equilibrium is calculated using the code

NONLTES (Sakhibullin 1983) which is based on the completare the statistical equilibrium and thermal (Saha-Boltzmann)

linearization method as described by Auer & Heasley (197@Jumber densities, respectively.

The advanced method of calculations has been described in deDue to close collisional coupling the metastable level

tail in Paper I. 65 7S° follows the ground state and the fine structure levels of
Similarly to Bail, at T,z andlogg close to solar values 5d °D° (numbers 3 and 4) show actually the same behaviour,

the statistical equilibrium of Eu is strongly affected by radia- so, we will mention below only the ground state and the term

tive processes in b-b transitions. However, in contrast to Ba5d °D°. In the line formation layers, outsideg 75000 = 0.3 the

NLTE leads to a weakening of the Euines compared with the ground state is slightly underpopulated and the excited levels

LTE case. We consider the mechanisms and the physics bekireloverpopulated. An enhanced excitatio6?P and6p P

this for the Sun. For other stars of our sample NLTE effects f@vels is produced by the pumping transitid@is’S® - 6p P,

Eun are qualitatively the same. In Fig. 2 the departure coefflp "P and6s7S° - 6p P, "P. The terms5d °D° and5d "D°

cients,b; = n'¥TE/nLTE as a function of continuum opticalare overpopulated relatively to the ground state by filling up

depthrsgoo refering tod = 5000A are shown for the lowest from 6p °P and6p "P via the line transitions in the layers trans-

8 levels necessary for subsequent line profile synthesis andgarent for the radiation of corresponding wavelengths, at opti-

understanding the NLTE mechanisms. Her®'TF andn™  cal depthlog 75000 < 0.3. The excitation energies 6f D°
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Table 3. Atomic data for the Ba and Eul lines. Most of the entries
are self-explanatoryf;; of the HFS components correspond to iso-
topic abundances of solar system matter for Ba ‘&hilu : '°3Eu =

55 : 45 for Eu; in the column "isotope” we give the mass numbers of
the isotopes responsible for the component; tHésamal damping
constantsog Cs from solar line profile fitting are indicated

< 10F ]
E | g ] M A] HFS log Cs
09F —— —7 4 e — .
g e 4l - 6 transition AN i isotope
e T 5 4 [mA]
08F T4
e 21 1 Ball 4554.03 0 0.597 138,136,134 -31.65
kb E 6528, /5 - 6p*PS ), 18 0.081 137,135
' 3 2 o 0 | ~34 0049 137,135
log TS()(J()
Ball 5853.70 - 0.025 -30.60

Fig. 2. Departure coefficients; for some levels of Eu in the model 5d2Dy ), - 6p 2P,
atmosphere of the Sun. Numbers near curves correspond to the level

numbers in Table 2. Departure coefficients of the third and forth levels g5 6496.90 0 0.086 138,136,134 —31.30
are close together and ondy is present_ed. Tick ma_rks indicate the 5d%Dy,s - 6p°P3 ), 4 0012 137,135
locations of line center optical depth unity for the IElines A4129A 9 0.007 137,135
(1-6) and\6645A (4-7)
Eui 4129.70 -97 0.007 151 -32.082
652585 - 6p°P, -78 0.010 151
-52 0.013 151
-17 0.022 151,153
-9 0.008 153
0 0.011 153
and5d "D° are not so small+ 1.1 eV and 1.9 eV) and their 14 0.014 153
coupling to the ground state turns out weaker than a coupling to 24 0.020 151
6p levels and to each otheroRghly speaking, an electron that 34 0016 153
got to the6p levels from the ground state has a small chance 58 0.019 153
to come back because it is easily trapped by the chain of tran- 74 0.024 151
sitions6p °P — 5d "D° — 6p P or in opposite direction. An Eull 6645.10 41 0.029 151 153 _32.495
occurence of the pair_cﬁd and t'he pair ofip terms stronglly 5d°D3 - 6péP5 29 0014 153 '
coupled toeach other is a special feature of Ein compari- 18 0.023 151, 153
son with Bal and it favours an overpopulation of tihd and ~10 0.011 153
6p terms from the ground state electron reservoir in contrary -3 0.008 153
to Ball where a chain of transitionds — 6p — 5d — 6s 3 0.015 151,153
results in an underpopulation 6p (Paper I). By analogy with 11 0.001 151
Ball, the Eull levels aboveésp “P are overpopulated by pump- 23 0.009 151
ing transitions arising from thép terms. The continuum is 38  0.007 151
overpopulated, too dzause of its radiative andltisional cou- 50 0.005 151

pling to the upper levels. From this behaviour of departure co-

efficients we expect that our Hulines of interest are weak- ) ] )

ened compared with the LTE case, because for both of théms- Line profile calculations

by /bi > 1 is valid in line formation layers resulting in a sourcer gy lines relatively free of blends are used in Eu abun-

function S, greater thanB, (7). An underpopulation of the 4,6 estimations. Their atomic data are given in Table 3.
ground state is added to weaken the resonance Wi29. Radiative damping constants are computed explicitly:

For the subordinate lin@6645 an enhanced excitation of th n = 3., Aui. Van der Waals damping constarts are

lower level (number_4 in Fig. 2) competes with the fir;t factogyajuated from the classical Usld"(1955) formula, and the
Stu > By (T¢), resulting in small NLTE effects for thisline. ¢, qratic Stark effect is roughly estimated from the formula

We summarize, departures from LTE for theiElines are 71 = Ne107°n2,; wheren, s is the effective quantum num-
not very large. NLTE abundance corrections turn out to be Idsar. Both Eul lines are relatively weaki¥, < 60 mA) in the
than 0.1 dex for all the stars investigated. However, NLTE eftars investigated and onht129 is slightly affected by colli-
fects for the Bal and Eul lines are of opposite sign, and theysional damping.
are therefore important for a comparison of barium and eu- Eull lines are strongly affected by hyperfine structure and
ropium abundances deduced from these lines. isotopic shifts. Europium is represented by two odd isotopes
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with nearly equal contributions: for solar system matter thdinetic intensity profiles of the Eu lines are convolved with a
ratio'®'Eu : '*3Eu =47.8 : 52.2 according to Camerat982). macroturbulence profile with,,,. = 2.4 kms™!.

Each isotope has hyperfine splitting of their levels. Laboratory

data on HFS of the Eu levels and isotopic shifts have been

published by Krebs & Winkler (1960). Thecent high resolu- 4-1. Solar Ba abundance

tion laser measurements of Brastr'et al. (1995) and Becker i :
et al. (1993) for the Eu resonance transition give results col—n Paper | we showed that NLTE profiles give a better repro-

inciding within error bars with the earlier data. The hyperfin%l“ll_(_i_tgn Oftrt]hz ot()jser;/a;tll?nst':]hag L'|I.'E onesc.j Ho;/vevBer, V\gth the
splittings in the lower statess ?S° and 54 °D°, are consid- method adopted for the Balines and solar Ba abun-

erable larger than in upper ones. Then, transitions betweeﬂgé‘lcdelnoi Ef]igtaiﬁeini. g’):égrntr'gngE;Zgr‘vgéeggiﬁzs%??s;I‘gs
I h fine level with I I F - . . ’ :
ower hyperfine level with total angular momentum F and u;? ordinate lines\5853 and\6496 remained deeper by 3%

per levels with F-1, F, F+1 give three HFS components at rathy

closely spaced wavelengthA § < 2mA) and with intensities ? _thet ccci)ntmuur_n quxt.co:nparled ggh thev?eoretlt(;]al Erll_?rfz In
differing by much more than 10 times. In the present investigg—IS study we renvestigate so'ar baines. Ve use the
S hod and the atomic model described in Paper | except

tion the intensities of these three components are added. So X . . .
for electronic collision cross-sections between the low excited

each isotope the HFS is considered to consist of 6 main co :
: i ) Il terms 6s, 5d and 6p, for which we adopt teeant data by
ponents which represent transitions from 6 hyperfine levels @Mning & Butler (1998). For the important forbidden tran-

the lower states. The intensity ratio between the main comp N Bs - 5d thev result in about 10 times smaller values of
nents is directly proportional to (2F + 1) of lower levels, anﬁ1 0 ”.S ) i y mpared with the Crandall et al. (1974
the oscillator strength afach corponent is calculatedccord- € collision rates compare e Crandall et al. ( )

ing to its relative intensity and isotopic abundance. We showfljﬁlt:’1 utST)(Ij Iln Pa;%%rtl. tlr? this cacsje tc?”'is'?;al lfo:p(;m?]cﬂ\jt[‘fE
the next section that the solar Ew\4129 line profile is best fit- metastable leve 0 the ground state 1S weakened a

ted with an isotopic ratié> Eu : 153Eu = 55 : 45, and this ratio effects are strengthened producing increased NLTE line depths

was used to obtaifi; of the Eurl line components. Taking into of the A\5853 and A6496 lines formed in the 5d - 6p transition.

account isotopic shift and superposition of some componeil&'S makes it possible to fit solar Baline profiles (Fig.3). In

both Eull isotopes give 11 HFS components for the resonan S study we neglect inelastic hydrogen collisions in statisti-
line separated by 171 Anat maximum, and 10 HFS compo—cal equilibrium of Bal based on our Sl.Jbsequen.t analyses of
nents for the subordinate line with 92Amvide patterns (Table metal.—poor stars (Segt.5.l)..A_\s |twas_ discussed in Paper | solar
3). Finally, we have adopted the component shifts obtained %9” lines are nearly insensitive to this factor.
Brostom et al. (1995) for Eu 24129 and the values given by ~ Atomic data of the Ba lines are given in Table 3. They
Biehl (1976) on the base of Krebs & Winkler (1960) data foare the same as in Paper | except for collisional damping con-
Eull \6645. stantsCg that have been revised. As discussed in Paper | the

The synthetic line profiles are computed using the depart@&omponent model represents quite well the HFS components
coefficientsh; of the Eull levels from the code NONLTE3 andOf the Bail A4554 line. Oscillator strengths of these compo-
the LTE assumption for other atoms. The line list is extractét€nts correspond to Ba isotope abundances of solar system
from Kurucz’ (1994) compilation, and itincludes all the atomignatter from Cameron (1982), wher&{Ba+'?°Ba+'**Ba) :
and molecular lines. (3°Ba+!®"Ba) = 82 : 18. A depth-independent microturbu-

lence of 0.8 kms'is derived from\4554 and 6496, and 0.75
] kms~from \5853. A solar Ba abundanckgep, = 2.21 is

4. Solar Bail and Eull lines obtained in this study, and this coincides with the meteoritic Ba

The Sun is chosen as reference star with an observed spect@ildancéog g, = 2.22 4 0.02 from Grevesse et al. (1996).
of high quality and relatively well-known stellar parameters//e emphasize that withog g, = 2.13, cited by Grevesse et
These data are used to improve two kinds of atomic data ifl- 1996) as solaphotospherida abundance, the solar Ba
portant for subsequent analyses of the metal-poor stars. THE Profiles can not be reproduced.

are the efficiency of hydrogen collisions in the Band Eul It can be seen from Fig.3 that fits to the subordinate lines
statistical equilibrium and van der Waals damping constangse quite good, whereas for the resonance line the synthesized
Ce. NLTE line core is still deeper than observed by about 2% of

We use solar flux observations taken from the Kitt Pedke continuum flux. To match the halfwidth of this line we
Solar Atlas (Kurucz et al. 1984) and disk center intensity obre forced to increas&],,. to 3 kms 'compared with the
servations taken from the Preliminary Kitt Peak Solar Atlag6 kms 'required to adjust the subordinate lines. As we dis-
(Brault & Testerman 1972). Our synthetic flux profiles are cormussed in Paper | the Baresonance line is formed in the
volved with a profile that combines rotational broadening afppermost atmospheric layers for normal metallicity F - G
1.8 kms tand broadening by macroturbulence with a radiatiwarfs, and it is most probably influenced by a non-thermal
tangential profile ofV,.. = 2.6 kms 'for the Bail lines and depth-dependent chromospheric velocity field that is not
and of larger values for the weaker Edines: V,,.. = 3.6 part of our solar model (the chromospheric temperature rise is
km s~ for A\4129 and V;,.. = 3.8 kms~'for A\6645. The syn- expected to be less important because Bathe dominant ion-
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Fig. 4. Synthetic NLTE disk center intensity profiles of the iEu
4129 line for the isotopic ratios®'Eu : '**Eu = 55 : 45 (contin-
uous line) and 48.2 : 51.8 (dashed line) compared with the observed
spectrum of the solar disk center intensity atlas (Brault & Testerman
1972, bold dots). The pure Euline corresponding to Eu isotope ratio

of 55 : 45 is shown by dotted line. See text for discussion of the fitting
parameters

rected to improve the fit to the solad129.7 intensityprofile.

o2r However, we note that this procedure does not affect the final
0_0? ‘ ‘ ‘ ‘ conclusions concerning Eu isotopic ratio and solar Eu abun-
5853.50 5853.60 5853.70 5853.80 dance. The red line wing of thOe subordinate lineIEM6645.1

C ‘ ‘ ‘ ] is blended by the SiA6645.20 A line (Fig.5). Atomic data of
O I = the Sil line have been taken from the Vienna Atomic Line Data

i 1  Base (Kupka et al. 1999).
0.8/~ b Both Eull lines are nearly insensitive to variations of the

r ] microturbulence value. The subordinate line lies on the linear
0.6}~ - part of the curve of growth and the resonance line consists of

i 1 11 components with wavelength separation comparable with
04 - a Doppler half-width andtach corponent is too weak to be

L i sensitive to microturbulencé,;. = 0.9 kms 'was adopted
02l 4 in calculating both intensity and flux line profiles.

C ] As discussed in Sect. 3.3 the profile of thelEX4129 is
0oL ‘ ‘ ‘ ‘ ‘ ] strongly asymmetric due to HFS and isotopic shifts. We note

6496.70  6496.80 649690  6497.00  6497.10 that the blue line wing is formed by thé€'Eu components,
Fig. 3. Synthetic NLTE (continuous line) flux profiles of the Baines  but the line core contains mainly the components of the sec-
compared with the observed spectrum of the Kurucz et al. (1984) &id isotope (Table 3). The idea of improving Eu isotopic ratio
lar flux atlas (bold dots). For the Ba\6496 the LTE profile (dotted was conceived after unsuccessful attempts to fit the solar Eu
line) is given too for comparison. See text for discussion of the fitting4129 line with the terrestial ratié®'Eu : 153Eu = 47.8 : 52.2
parameters given by Cameron (1982). Intensity line profiles keep more de-
tails of the intrinsic profile since they are less affected by exter-
nal broadening factors. That is why solar disk center intensity
ization stage). So, for the stars mentioned, it would be betterdioservations (Brault & Testerman 1972) were used to estimate
exclude the Ba \4554 from Ba abundance determinations. thel®Eu : 1%3Eu ratio.

NLTE intensity profiles of the Eu A\4129 line have been
calculated for 4 isotope mixtures, wheéféEu : 153Eu = 47.8
:52.2,50: 50, 52 : 48 and 55 : 45, respectively. In Fig.4 we
Only two Euil lines are relatively free of blending effects. Theresent the best fit corresponding to the ratio 55 : 45 in compar-
resonance line4129.7 is located in the far wing of the hydro-ison with the theoretical profile calculated at the terrestial iso-
gen lineH;. In the solar spectrunils contributes about 1% to tope mixture. The subordinate ling645 profile is nearly in-
the intensity af = 4129.7 A. More important blending effects sensitive to varying the Eu isotopic ratio because its blue wing
are due to the molecular line CNL129.595 and atomic lines and core are formed by the components of both isotopes. Us-
Ti 1 A4129.660 and Sa A\4129.750 (Fig.4). Theirf;; were cor- ing *'Eu : »3Eu = 55 : 45 we can get a good fit of the solar

4.2. Solart®'Eu : '»3Eu ratio and europium abundance
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- f computed with the formula of Steenbock & Holweger (1984)
should be multiplied by the factdn;= 1/3 to produce the best
fit to the solar Eul line profiles.

Grevesse et al. (1996) gileg g, = 0.55 £ 0.02 for the
meteoritic Eu abundance ahg eg, = 0.51 for solar Eu abun-
dance. We remember (Sect. 3.1) that with the atomic data avail-
able we underestimate the Eyartition function and therefore
also underestimate the solar Eu abundance by about 0.02 - 0.03
dex. Thus, our result coincides within the error bars with the
meteoritic Eu abundance.

00 1 L L L L
4129.50 4129.60 4129.70 4129.80 4129.90 5. Results

: Ba and Eu abundances are determined from line profile fitting

00| -1 of the stellar spectra. Only slow rotators were included in our
o T~ ] sample, and therefore the instrumental profile acts as the dom-
098 . inant contributor to the convolution profile. The rotational ve-

locity V sin4 and macroturbulence valug,,. can not be sep-
arated at the spectral resolving power we have, and we treat
their total action as radial-tangential macroturbulence. With the

0.96

0.941 known instrumental profil&;,.. is deduced from the observed
092k line shape. The spectra observedrat= 60000 are well fitted

T and for each star the values ®f,... from different Bal and
0.90L ‘ ‘ ‘ ‘ ‘ Eun lines coincide within 0.4 km's!. Elemental abundances
6644.80 664490 664500 664510 664520  6645.30 are derived from these spectra with an uncertainty not larger

Fig. 5. Synthetic NLTE flux profiles of the Eu lines compared with than 0.02 dex..AR = 40000 the observed profiles a'r(-':‘ yvell fit-

the observed spectrum of the Kurucz (1984) solar flux atlas (bdfgd for stars with [Fe/Hp —0.6, but at lower metallicities the
dots). In the top panehd129.7 A line profiles are presented for 2Ball A5853, A6496 and Eul A4129 are badly fitted in a few
isotopic ratios, ' Eu : '>*Eu = 55 : 45 (continuous line) and 48.2 :cases, and we estimate the uncertainty of their abundances by
51.8 (dotted line). In the bottom panel the En6645.1 A line profile  0.05 - 0.10 dex. The less reliable results are marked by ™:” in
(continuous line) is shown fof"'Eu : '**Eu = 55 : 45. See text for Table 1. As an example, we give in Fig. 6 and 7 both the! Ba
discussion of the fitting parameters and Eul line profiles for stars of different metallicity.

Eun 24129 flux profile, too (Fig.5), and the same Eu abunE—;'l' Barium abundances for the stars

danceloger, = 0.53 is derived from both intensity and flux Barium abundances have been determined for the 29 stars listed
profiles of this line. in Table 1; for 23 of them abundances are obtained for all

An attempt to improve the solar Eu isotopic ratio was maderee Bal lines. The weakest Ba line \5853 disappears at
by Hauge (1972). From fitting 6 solar Euine profiles he ob- [Fe/H] < —1.9. In addition,\6496 was not used in the analy-
tained ratios!>' Eu : 153Eu ranging from 33 : 67 to 64 : 36, ses of HD 19445 and BB4°2476 because of its superptisn
and thus deduced an average value of 52 : 48. Strong blendwith telluric lines. For BD29°366 only the blue spectral range
effects for most of the Eu lines used in his study were thewas observed. Consequently, for the three stars mentioned, Ba
reason for the large scatter of his results. abundances have been derived only from thel Basonance

A solar Eu abundancéogeg, = 0.53 is obtained from line A4554.
both Eun lines (Fig.5). Our results are based on the laboratory HFS affecting the Ba lines was discussed in detail in Pa-
oscillator strengths of Komarovskii (1991phggf = 0.174 perl. Only for the resonance lingl554 this effect is important.
for A4129 andloggf = 0.204 for A\6645 and NLTE analy- We follow Paper | and accept in this study the 3-gament
ses. With the LTE assumption we fitgk cg, = 0.49 and0.50 model to describe HFS components ofiBa4554. Their os-
for the first and second line, respectively. NLTE effects weakeillator strengths (Table 3) correspond to a solar ratio of the
the resonance line independent of the adopted efficiency of lkeyen-to-odd Baisotopes, 82 : 18 (Cameron 1982). We show be-
drogen collisions in the Eu statistical equilibrium, and the low (Sect.5.3) that barium seen in the halo and thick disk stars
NLTE abundance correction is positive. Buii645 arising from must have been mainly produced by the r-process. It means
the metastable level is very sensitive to varying collision ratese should use for these stars the pure r-process isotopic ratio.
Thus, it is strengthened compared with the LTE case if higowever, an uncertainty of the r-process contribution to the im-
drogen collisions are neglected, and it is weakened if they grertant even isotop®Ba (1**Ba and!?Ba are synthesized
taken into account. We have found that hydrogen collision ratesly by the s-process) is rather large. According to recent es-
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Fig. 6. Synthetic NLTE (continuous line) and LTE (dotted line) flux profiles of Ba Il lines compared with the observed FOCES spectra (bold
dots) of HD 157214 ([Fe/H] = -0.34, up row) and HD 84937 ([Fe/H] = -2.07, low rowA\ = 60000. For HD 157214 the ratio [Ba/Fe] of

-0.24 is estimated from5853 and of -0.20 from\6496. For HD 84937 the corresponding values of -0.01 and +0.01 are obtainec\ff&5d
and\6496.
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Fig. 7. Synthetic NLTE (continuous line) flux profiles of Eu Il lines compared with the observed FOCES spectra (bold dots) of HD 184499
([Fe/H] = -0.51, left panel) and HD 45282 ([Fe/H] = -1.52, right pantPAX = 40000. Continuum level is fixed by fing observed spectra
in the spectral range from 4128 4135A.

timations of Arlandini et al. (1999) it is about 59%. During NLTE effects for Bal in cool stars were described in de-
the last twenty years the pure r-process ratiBa : (13°Ba + tail in Paper I. Here we just remember that the statistical equi-
137Ba) varied from 28 : 72 (Cameron 1982) to 56 : 44 (Arlankibrium of Bail is strongly affected by radiative processes in
dini et al. 1999). In Sect. 5.4 we will show that the change Imb transitions because this is the dominant ionization stage.
Ba abundance with varying even-to-odd isotopic ratio over tle a consequence NLTE effects for Badepend on the Ba
acceptable range of values is below 0.05 dex for¥9@45 and abundance which correlates with the general metallicity of the
BD 34°2476 and 0.1 dex for B[29°366. model atmosphere. Thus, NLTE leads to a strengthening of the
Ball lines compared with the LTE case at [M/H] —1.9 and
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Fig. 8. Comparison of barium abundances derived from thai BaFig. 9. The run of [Ba/Fe] with [Fe/H]. Symbols correspond to the thin
A5853 and \6496 lines. Symbols correspond to NLTE (filled cir-disk (open circles), the thick disk (filled circles) and the halo (asterics)
cles) and LTE (open circles) abundance differencebge = stars. Error bars are indicated

log £(A\5853) — log € (A6496)

adopted by Fuhrmann (1998, 2000) in stellar metallicity deter-

to the opposite effect at lower metallicities. NLTE effects ar@inations are used.
small for the weakest lin25853 and at [M/H]> —1.9 for the Fig. 9 shows the plot of [Ba/Fe] versus metallicity, strongly
resonance lina4554. In terms of NLTE abundance correctionsuggestive of membership in a particular population of the
AnLTE = logenpTE — log errr they do not exceed 0.1 dex byGalaxy. We find that Ba is slightly underabundant by about 0.1
absolute value. For the most metal-poor stakg rr becomes dex relative to iron in the thick disk stars. For the halo stars the
positive and reaches 0.22 dex fot554 in HD 84937 ([Fe/H] abundance ratios [Ba/Fe] are nearly solar. The scatter of data is
=-2.07). Significant NLTE effects have been found for the seap to 0.2 dex.
ond subordinate lin@6496. Axr g is —0.2 dex on average in  The common conclusion of most recent researches of bar-
the metallicity range-1 <[Fe/H]< 0.1; it is reduced by abso- ium abundances (Gratton & Sneden 1994; Woolf et al. 1995;
lute value to 0.10 - 0.15 dex at metallicities between —1.5 addhin et al. 1999; Chen et al. 2000) is that the barium abun-
-1, and it becomes positive up to 0.15 dex at even lower [Fe/ldhnce follows iron at [Fe/H} —2, independent of metallicity.
If NLTE effects are neglected Ba abundances frbti54 and The largest samples of stars in a metallicity range similar to
A6496 show a false decline from about [Ba/Fe] = 0.1 at normalurs were considered by Woolf et al. (1995) and Chen et al.
metallicity to—0.2 at [Fe/H] =—2.1. (2000). A rather large scatter of data up to 0.5 dex for stars of
In Fig. 8 we compare Ba abundances calculated from twomilar metallicities is typical for the work of Woolf et al., and
subordinate lines revealing rather different NLTE effects. This might have masked a slight Ba underabundance in mildly
reduce observational errors only the results based on the lmstal-deficient stars found in our study. It is interesting that
quality spectra R = 60000) are presented. It can be seeChen et al. (2000) find even an overabundance of Ba relative
that there are no systematic discrepancies between NLTE attariron of about 0.1 dex in the metallicity rang#.8 < [Fe/H]
dances derived from\5853 and \6496, and the scatter of < —0.2. Their results are based on threeiBsubordinate lines
the difference between them does not exceed.05 dex. A5853, A6141 and\6496. We have shown above that NLTE ef-
This gives reason to believe that the uncertainty of our NLTEEcts for theA6496 line are significant and lead to an overesti-
line formation treatment leads to Ba abundance errors mo&te of Ba abundances up to 0.25 dex. We do not use the Ba
greater than 0.05 dex. Fig. 8 shows clearly that the LTE abuk141 line because of its blending with an Féne, but our
dances from\6496 are systematically overestimated relative tblLTE calculations show that NLTE effects for this line are not
log e, 7E(A5853). smaller than for\6496. So, we expect that neglecting NLTE
Thus, for 26 stars we have obtained Ba abundances fréffects for Bal lines has resulted in too high Ba abundances in
the subordinate lines. If both of them were available the avéhe work of Chen et al. (2000).
age value was calculated. For the three stars mentioned, with
onIy_the resonan_ce_line available, Ba _abundances have bg_ezj Europium abundances for the stars
obtained from this line at the assumption of a solar even-to-
odd Ba isotope ratio. It is evident from Fig. 9 that taking int&uropium abundances have been calculated for 15 stars of our
consideration the data for these three stars does not changeséimaple. Only the spectra observedrat= 40000 were used
conclusions. The final [Ba/Fe] are presented in Table 1. As timthe Eull A4129 line analyses. The higher resolution spectra
reference solar abundandeg cg.,» = 2.21 deduced from fit- will be reduced and investigated in future work. For the stars
ting solar Bal line profiles (Sect. 4.1) antbger, o = 7.51 with [Fe/H] < —1.9 the Eull line can not be extracted from
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noise and only the upper limit of Eu abundance could be es-
timated for HD 19445, BD 6868 and BD34°2476, [Eu/Fe]

< 0.5. Intotal, for 11 stars Eu abundances have been obtained
from the Eul resonance line. The subordinate [iné645 is

too weak, and it was analyzed only for one star, HD 187691, 04| * o9 T
which has the largest metallicity, [Fe/H] = 0.07. For this star
NLTE europium abundances fron 129 and 6645 are found 02l i
to coincide within 0.01 dex. Th&6645 line has also been de- o
tected and analyzed for 4 mildly metal-poor stars with spectra
observed ak = 60000 in January 1999 (HD 30649, HD 69611 00 J(

[Eu/Fe]

and HD 102158) and in May 1997 (HD 157214). Those observ-
ing runs are distinguished by good atmospheric conditionsand -0-2 ‘ ‘ ‘ ‘ ‘
a narrow instrumental profile. The Bu\6645 line is blended 20 L [,Ei',f.] 05 00
by the Sil line and we have supposed that silicon abundance in
these stars follows magnesium abundance.
As discussed in Sect.3 NLTE effects weaken bothiEu 0.4 h
lines compared with the LTE case and NLTE abundance cor- x
rections are positive. For the stars of our samplg i ranges 0.2} o 7
from 0.04 dex up to 0.08 dex for the resonance line and from
0.04 dex up to 0.06 dex for the subordinate line. 2 o0 . .
NLTE europium abundances relative to iron are presented% o« 0% o
in Table 1 and in Fig. 10 (top panel). As the reference solar Eu
abundanceogeg,,» = 0.53 deduced from fitting solar Bu
line profiles (Sect. 4.2) is adopted. It can be seen that the halo L
and thick disk stars reveal a strong Eu overabundance relative ‘
to iron. In thick disk stars the [Eu/Fe] ratios range from 0.30 2.0 15 -1.0 -0.5 0.0
to 0.44 and there is a hint of slight decline of this ratio with (Fe/H]

metallicity increasing. The higher values of [Eu/Fe] =0.61 and -
0.62 have been obtained for two halo stars. Fig. 10. Variation of [Eu/Fe] (top panel) and [Eu/Mg] (bottom panel)

. . . . Yvith [Fe/H]. Symbols are the same as in Fig. 9
An overabundance of europium relative to iron in metal-

poor stars was found in earlier work (Woolf et al. 1995, and ref-

erences therein). Most Eu abundances previously available for

stars in the metallicity range covergd in this study'are from ttlsu/Fe] of about 0.1 - 0.2, but Magain (1989) gives much larger
work of Woolf et al. (1995) and Jehin et al. (1999), in which th lues up to 0.7 in the same range of metallicities

data are reported for 81 field F and G disk dwarfs with [Fe/l—Y]a P ) , 9 o

> 0.9 and for 21 mildly metal-poor{1.2 > [Fe/H] < —0.6) Thus, we have obtained enhanced europium-to-iron abun-

unevolved stars, respectively. In the first work a steady incre4i@1ces in the halo and thick disk stars. The behaviour of the
in the abundance ratio [Eu/Fe] from0.1 to 0.4 is obtained [Eu/Fe] ratios versus metallicity is very similar to overabgn-
with decreasing metallicity. However, Woolf et al. (1995) notd@nces found for the-process elements, oxygen, magnesium
that the [Eu/Fe] ratio depends on the Galactocentric ralliys and others (see McWilliam 1997, for a review). This should
If we look at Fig. 8 (top panel) of their paper where only tth expected because both theand r-process elements are

stars from the inner GalaxyR(,, < 7) kpc are given we find commonly believed to pe produged in SN II.events. In Fig.
a nearly constant value of [Eu/Fe] 0.23 in the metallicity 10 (bottom panel) we give the ratios of europium abundances

range [Fe/H< —0.4 and a discontinuity for [Eu/Fe] at [Fe/H] estimated in present study to magnesium abundances in the
~ —0.4. This looks like the behaviour of [Eu/Fe] obtained ir;@Me Stars evaluated by Fuhrmann (1998, 2000). The europium
this study except for that we have found the larger values ghundances follow the magnesium abundances in the thick and
[Eu/Fe] at metallicities below-0.4. From twelve Woolf et al, thin disk stars and it was expected. For the two halo stars a
(1995) stars withR,,, < 7 and [Eu/Fe}> 0.1 seven stars turn weak Eu-to-Mg overabundance of about Q.2 deg is found and
out to be thick disk stars according to Fuhrmab@g8, 2000). the larger number of halo stars should be investigated to make

Thus the question is whether Fig. 8 from Woolf et al. (199%J€ar Whether that overabundance is real.

reflects a difference between the inner and outer Galaxy or a

difference between the thick and thin disk stellar populatioBs3 Apundance ratios [Eu/Ba]

of the Galaxy. Jehin et al. (1999) give even weaker europium

overabundances relative to iron ranging mainly between 0 afide abundance ratios [Eu/Ba] are shown in Fig. 11 versus
0.2. For the halo stars the results of different authors divemyetallicity indicating a membership to the particular popula-
significantly. Gratton & Sneden (1994) have found small ratidi®n of the Galaxy. The new results found in this study are

Mg]
[ )

[
O

ce
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1. europium is overabundant relative to barium in the halo and ‘
thick disk stars; thick disk stars form a plateau with [Eu/Ba] “| pure r-process
=0.49+ 0.03, and higher values of [Eu/Ba] = 0.61 and 0.66 *
have been obtained for two halo stars; 0.6

2. there is an abrupt change in [Eu/Ba] ratio as one goes from o * o o
the thick to thin disk stars.

The europium-to-barium abundance ratio provides a use-
ful diagnostic of the neutron capture processes that formed the | e
heavy elements. This ratio for a pure r-procéss(Eu/Ba). _ © o
equals -0.98 according to the most recent data of Arlandiniet 0.0 solar rls-process mixture
al. (1999) that translates to [Eu/Bat 0.70 provided that the w w w ‘
ratio between solar Eu and Ba abundances evaluated in this 1e 0 ey °° 00
studylog (Eu/Ba), = 0.53 - 2.21 = -1.68 is adopted. A line
indicating [Eu/Ba} = 0.70 for & pure r-process is included irrig. 11. variation of [Eu/Bu] with [Fe/H]. Symbols are the same as in
Fig. 11. The observed [Eu/Ba] ratios for two halo stars, closgy. 9
to 0.70 and the high mean value [Eu/Ba] = 0.49 found for the
thick disk stars favour a dominance of the r-process in heavy el-
ement production at times of the halo and thick disk formatioto the values observed in the thin disk stars. We note such a
The lower abundance ratios in the thick disk stars, comparei@tus in star formation was suggested by Fuhrmann (1998) on
with 0.70 values of [Eu/Ba], permit up to 30 % of barium tehe base of magnesium and iron abundance analyses. The age-
have been produced by the s-process. metallicity relation deduced by Ng & Bertelli (1998) is also
We have only two halo stars and this limits us to draw réadicative of a star formation gap on their stellar age scale be-
liable conclusions concerning a halo. Nevertheless, our resi®en 10 - 12 Gyr.
for two moderately metal-deficient halo stars ([Fe/H] = -1.12 Although no previous study of Eu and Ba abundances
and -1.50) turn out to agree well with the data of McWillianfound such a step-like change of the [Eu/Ba] ratio we have in-
(1998) who has obtained [Eu/Ba] ratios between 0.5 and 0.§%ected the data by Woolf et al. (1995) and find that they are
with the mean value of [Eu/Ba] = 0.69 for the sample of exsuggestive of such a behaviour. Fig. 11 from their paper gives
tremely metal-poor stars with [Fe/H] —2.4. We infer from the [Eu/Ba] ratios versus [Fe/H] for different ranges of Galac-
this that the halo stellar population reveals the almost puretseentric radius. It can be seen that the metal-poor stars ([Fe/H]
process heavy element composition independent of metallicity.—0.3) form a plateau with [Eu/Ba] = 0.4 if they are inside
From the insignificant contribution of the s-process to Ba prg-kpc and with a [Eu/Ba] value smaller by about 0.2 dex if
duction we conclude that the halo stellar population has formgiby are outside 7 kpc. A graduate decrease in the [Eu/Ba] ra-
quickly during an interval smaller than an evolution time ofio to —0.1 is seen at higher metallicities. From the perspective
a 4 Mg star, which is thought to be the upper mass limit ahat two different stellar populations are involved in Fig. 11
AGB stars’ progenitors, responsible for Ba synthesis in the ¢f Woolf et al. (1995) (see Sect. 5.2) the behaviour of their
process (Travaglio et al. 1999). According to Massevich & T{IEu/Ba] ratios is similar to that found in this study. However,
tukov (1988) an evolution time of such stars is about 160 mikeir elemental abundances are based on the LTE assumption
lion years. resulting in a lower value of [Eu/Ba] = 0.4 for the thick disk
Our data show for the first time a high overabundance sfars compared with our value of [Eu/Ba] = 0.49.
Eu relative to Ba in thehick diskstars which means that the
epoch of this stellar population fo_rmatlon was rather s_hort b§.'4. The r/s-process controversy from Bell \4554 line
cause s-process element production, even if it was switched on,
could not enrich interstellar matter with significant amounts ofi Paper | we suggested a direct method of determining the
Ba. This observational finding constitutes a constraint to teld-to-even isotopic ratio from the Baresonance line pro-
duration of that epoch. vided that the Ba total abundance is determined from the sub-
No significant overabundance of Eu relative to Ba is fourmtdinate Bal lines. The resonance line of the odd isotopes has
in the three thin disk stars with Eu abundances available, as®eVeral HFS components and this leads to an additional broad-
an exciting feature is the step-like decrease of the [Eu/Ba] ening of the line. HFS componentsedch odd isotope are dis-
tio at the thick-to-thin disk transition. This result suggests thepesed by two groups shifted relative to the resonance line of
was a phase before the onset of the thin disk stellar populatemen isotopes by 18 Anand —34 mA, respectively. So, the
formation during which r-process element and iron producti®@component simplification suggested by Rutten (1978) is suf-
stopped but s-process nuclei of Ba were synthesized in evol¥fieiently precise and the relative strengths of these components
low mass stars. Thus, that phase was characterized by neddgend on the odd-to-even isotopic ratio. The larger the frac-
ceased star formation and its duration is constrained by the titiws of odd isotopes is, the broader is the spectral line and the
needed to increase the Ba abundance in the interstellar gagrgater is the total energy absorbed in the resonance line.
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and it is most probably influenced by a non-thermal and depth-
dependent chromospheric velocity field. Similar effects are ex-
o2l . | pected for other stars with metallicities close to solar. With
. decreasing metallicity resonance line formation is shifted to-
. . wards deeper layers and the chromospheric influence is re-
o ° ¢ duced. However, it can still be important for mildly metal-
. deficient stars with [Fe/H] as low as0.5. The large value
4 of Aloges = 0.16 for the metal-poor star HD 45282 ([Fe/H]
X T T Ko — g = —1.5) may also reflect chromospheric influence because it
o1 X x R is the most luminous star of our sample with the most ex-
tended atmosphere, and thé554 line core is formed near
. : : : : 10g7'5000 = —3.6.
[Fe/H] ' It can be seen from Fig. 12 that nearly for all our halo
and thick disk stars the Ba abundance derived from\tig4
Fig. 12. Comparison of barium abundances derived from thel Baline assuming pure r-process barium production is closer to
A4554 and subordinate lines. Symbols correspondAdoges = the abundance from the subordinate lines, and fhkatg ¢, is

Alog €
T
|
|
|
|
|
|
|
|
|
|
I
|
|
,
|
|
|
|
X
|

L]l

0.0

log ea554(solar) —loge(subord) (filled circles) andAloge: = within error bars. The exception is two stars, HD 194598 and
log e4554 (r) — loge(subord) (crosses). Dashed lines limit the ranggp 201891, with an uncertainty dég «(subord) greater than
of possible abundance errors + 0.05 dex (see Table 1), and the halo star HD 84937 where

log e(subord) was obtained from the only week lik&96 and
the abundance error is expected also greaterth@rd5 dex.

In Paper | we have shown for the metal-poor stars in the We emphasize that the possibility to differentiate between
metallicity range—2.20 > [Fe/H] < —0.83 that, at Ba abun- Ba abundances obtained from thé554 line at the solar and
dances derived from the Basubordinate lines free of HFSpure r-process Ba isotope mixture is reduced as one changes
splitting, the even-to-odd isotopic ratios estimated from the reésesm Cameron (1982) to Arlandini et al. (1999) data. For ex-
onance line are close to solar ratio 82 : 18 (Cameron 198ajnple, we showed in Paper | that the pure r-progess4 line
Based on the pure r-process even-to-odd isotopic ratio 28 :ig2leeper than the observed one in BD®&3 and that, in or-
from Cameron (1982) and on the observed small fraction of ther to agree with observations, the Ba abundance would have
odd isotopes we inferred that there are no observational argube reduced by 0.2 dex. If that analysis would be performed
ments for the hypothesis that the r-process dominated Ba padth the data of Arlandini et al. (1999) the Ba abundance would
duction at early phases of the Galactic evolution. But the opave to be reduced by a smaller value of 0.13 dex which is,
posite conclusion is drawn in this study from analyses of tle fact, within the error bars because for this megabr star
[Eu/Ba] ratios. Here we try to make this point clear. ([Fe/H] = —2.20) only the weak subordinate lin&6496 is

We have derived barium abundances from 14854 line observed, andoge(subord) is derived with an uncertainty of
in the halo and thick disk stars for two even-to-odd Ba is@bout 0.1 dex. In this paper we have revised our Ba abundances
tope mixtures, for a solar ratio 82 : 18 and for a ratio 54an the base of the advanced NLTE method foniB#s a re-

46 corresponding to a pure r-process Ba produdticoording sult, the difference betweelog e4554(r) andlog e(subord) in

to the most recent data of Arlandini et al999). We name BD 66°268 has reduced to 0.06 dex, liutog e, has increased
these abundancésg c4554(solar) andlog e4s54(r). If at times to 0.08 dex. Though the new results tend to reveal a signifi-
of the halo and thick disk formation barium was mainly syrsant contribution of the r-process to Ba production, the differ-
thesized by the r-processg c4554(r) should coincide within encelog esss4(solar)— log e4554(r) is not large enough to infer
error bars with the barium abundance from the subordinatéh confidence whether r- or s-process played a dominant role
lines, log e(subord), andlog c4554(s0lar) would be overesti- at the epoch of this star’s formation. Even smaller values of

mated. In Fig. 12 we compare the differencdoge, = logeussa(solar)—logesssa(r) = 0.06 - 0.09 are found for other
log e4554(solar)-loge(subord) andAloge, = logeyss4(r) halo stars, HD 103095, HD 84937.
—loge(subord). It can be seen thiatg e4554(S0lar) is on av- Thus, with more confidence for thick disk than for halo

erage higher thalog ¢ (subord) in the halo and thick disk starsstars our analyses of HFS affecting theiBeaesonance line us-
But this is true for the thin disk stars, too, though no significairnig the new data of Arlandini et al. (1999) give arguments in
deviation of the Ba isotope mixture from the solar one is efavour of a higher fraction of the odd Ba isotopes compared
pected for these stars. In addition, we note that the hotter naith the solar one and, therefore, a dominance of r-process nu-
mal metallicity stars are, the larger is the differemkéoge;. cleosynthesis of heavy elements. However, a change in broad-
For 3 thin disk stars witl.g > 6000K Aloges; > 0.1. In  ening theA4554 line between two extreme cases (a pure r-
Paper | we discussed divergences between Ba abundancegpuoizess and solar r/s-process mixture) is relatively small for
tained from the resonance and subordinate lines for the Stars with metallicities smaller thanl and this reduces the use
and Procyon. The resonance line core of these stars is formédur method based on the analysis of HFS affecting this line
in the uppermost atmospheric layers neaymo00 = —4.5, to estimate the r/s-process ratio in heavy element production.
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6. Conclusions with a confidence a history of the halo. Extended Eu abundance
i ) determinations will be presented in a separate study.
Elementql abundance ratios [Ba(Fe] have been estimated forAbrupt changes in [Eu/Ba] ratio at the thick-to-thin disk
29 stars in the range of metallicity2.20 < [Fe/H] < 0.07 {ansition indicate clearlgn intermediate phase characterized
and the [Eu/Fe] and [Eu/Ba] ratios for 15 stars with [Fe/H] bgyy, ceased star formatiorEuropium and barium enrichment
.tween.—1.50 ando..07.. An important advantage. of our stydyfrom SNII events had come to an end but barium started to be
is provided by taking into account a membership of individugloqyced by the s-process in evolved low mass stars. The dura-
stars to particular stellar populations of the Galaxy. Such an g, of this phase is defined by the time needed to increase the
proach was first suggested by Fuhrmann (1998) in his studygof apundance in the interstellar gas up to the values observed
magnesium to iron abundance ratios, and it has been extenglagin gisk stars. The onset of the Galactic thin disk formation
recently by Fuhrmann2000) on the basis of a considerablys referred to by some authors (Fuhrmann 1998, 2000; Edvards-
enlarged sample. son et al. 1993; Ng & Bertelli 1998) to the epoch 9-10 Gyr ago.
We sum up the above results.
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