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Abstract. We revise barium abundances in 29 cool stars wifiroduction at that epoch; b) there was a hiatus in star formation
metallicities [Fe/H] ranging from-2.20 to 0.07 and europium before the early stage of the thin disk developed. The even-to-
abundancesin 15 stars with [Fe/H] frem.52t00.07. The sam- odd Ba isotope ratios estimated from hyperfine structure (HFS)
ple has been extracted from Fuhrmann’s lists{11998,12000) aaftecting the Bar resonance line in the halo and thick disk stars
confined to main-sequence and turnoff stars with only one sdavour a significant contribution df®Ba to barium for a pure

giant added. The results are based on differential NLTE modedrocess, and this is supported by the recent data of Arlandini
atmosphere analyses of spectra that have a typical S/N of 20@l. (1999).

and a resolution of 40000 or 60000. The statistical equilibrium

of Eurr is first investigated with a model atom containing 3Key words: line: formation — nuclear reactions, nucleosynthe-
levels of Eut plus the ground state of Eu. NLTE effects de- sis, abundances — Sun: abundances — stars: abundances — stars:
crease the equivalent widths of the Elines compared with late-type — Galaxy: evolution

LTE resulting in positive NLTE abundance corrections which
are below 0.08 dex for all the stars investigated. The solar bar-
ium abundancéog g, = 2.21 and the europium abundance ]
log epu,c = 0.53 are found from the Ba and Eut solar flux 1. Introduction

line profile fitting, and they coincide within error bars with meggrmation of elements witll > 26 is commonly believed to
teoritic abundances of Grevesse et @al. (1996). Here the usialylt from stellar nucleosynthesis, and to explain the presence
scale withlog ey = 12 is used. The isotopic ratid' Eu: "Eu  of heavy elements in the oldest stars of the Galaxy the idea
= 55: 45 is obtained from solar disk center intensity profile fifs suggested that the first stellar generation consisted mostly
ting of the Eur A4129A line. We report here for the first time of high-mass stars. At the end of their short evolution massive
that the elemental ratios [Ba/Fe], [Eu/Fe] and [Eu/Ba] showsgars exploded as type Il supernovae (SNII) and enriched the
different behaviour for stars of different Galactic populationgsg|actic interstellar gas. Overabundancesvaflements rela-
For the halo stars the [Ba/Fe] ratios are approximately solge to iron observed in old stars argue in favour of this model
europium is overabundant relative to iron and barium with thgee the review of McWilliarh 1997). Another argument can be
mean values [Eu/Fe] = 0.62 and [Eu/Ba] = 0.64. For thick digiptained from observations of the heavy elements beyond the
stars it is found that a) barium is slightly underabundant relatiygn group. Abundances of these elements in the solar system
to iron by about 0.1 dex; b) europium is overabundant relatiggve contributions in differing proportions from two main pro-
to iron with the [Eu/Fe] ratios between 0.30 and 0.44; and g@sses, the s- and r-process of neutron capture. As supported
europium is overabundant relative to barium with a mean valgg many observational and theoretical results (Travaglio et al.
of [Eu/Ba] = 0.49+ 0.03. A step-like change in the [Eu/Bal1g99, and references therein) s-nuclei are mainly synthesized
and [Ba/Fe] ratios occurs at the thick to thin disk transitioRjyring the thermally pulsing asymptotic giant branch phase of
so, nearly solar elemental ratios [Ba/Fe], [Eu/Fe] and [Eu/Bgly-mass stars (2—4 M). The r-process is associated with ex-
are found for the thin disk stars. These data suggest that a) pligsive conditions in SNell (Freiburghaus et/al. 1999, and ref-
halo and thick disk stellar population formed quickly during agrences therein). If at early times only high-mass stars existed,
interval comparable with the evolution time of an AGB progerheavy elements must have been produced by the r-process, and
itor of 3 to 4 M, and the r-process dominated heavy elemegfemental abundances observed in old stars should correspond
to the r-process element pattern. The europium to barium abun-

Send offprint requests t&. Mashonkina dance ratio is particularly sensitive to whether nucleosynthesis
(Lyudmila.Mashonkina@Xksu.ru) of the heavy elements occured by the s- or r-process. For the
* Based on observations at the German Spanish Astronomical Cg@lar system mattdog ey, — logepa,o = —1.67 (Grevesse

ter, Calar Alto, Spain etall 1996). The contributions of the s- and r-process to the solar
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Ba abundance consist of 88% and 12%, respectively, accordaagtributions to each isotope. Magain & Zhao (1993), Magain
to Cameron[(1982), 87% and 13% according tpldeler et al. (1995) and Paper | results are based on the data of Cameron
(1989), and 81% and 19% according to the most recent datg#82) who gives the ratio of even to odd Ba isotop€Ba:
Arlandini et al. [I999). The solar europium mostly originatetl3°Ba + 3"Ba) = 28: 72 for a pure r-process. A%°Ba and

from the r-process: 91% according to Camefon (1982) and WIS Ba, responsible for HFS components, contain a majority of
shak et al.[(1996). Thus we can compute the solar abundabeeium the Bar A\4554 line is significantly strengthened com-
ratio of Eu to Ba contributed by the r-process, (Eu/B&ela- pared with the case of solar even-to-odd isotopic ratio 82: 18.
tive to the total abundances the fractiog{(Eu/Ba)./(Eu/Ba)} In Paper | we showed this difference can be easily detected if it
ranges from 0.70 (Arlandini et al.”1999) to 0.89 (Caméron 198&xists: for example, for the star BD &868 with [Fe/H] =—2.2

Truran (1981) first proposed that the heavy elements in theconsists of 0.2 dex in terms of abundances. However at Ba
halo stars are of the r-process origin. Much observational ebundances derived from the Basubordinate lines we could
forts were invested in testing this idea. For extremely metalet find a marked strengthening of the Baesonance line in
poor stars with metallicities [Fe/Hf —2.4 McWilliam (1998) spectra of both normal metallicity and metal-poor stars. Wisshak
has derived an average [Eu/Ba] = 0.69, consistent with pureet-al. (1996) note that the ratid®*Ba: (13°Ba + 3"Ba) for pure
process nucleosynthesis provided that the data of Arlandinirgirocess is very difficult to determine, as the r-process abun-
al. (1999) are adopted. Sneden et/al. (1996) have analyzeddhaece of'3®Ba is very small and calculated as the difference
very metal-poor star CS22892-052 ([Fe/H}3.1) that reveals of solar and s-process abundances. This is the difference of two
a heavy element pattern identical to the r-process pattern in kagje numbers and correspondingly has a very large uncertainty.
solar system. However, the recent studies of Gratton & Snedimey give the'®Ba isotope abundance for a pure r-process as
(1994), Francois (1996), Jehin et al. (1999), and Woolf et &18% with uncertainty up to 110%. The most recent measure-
(1995) show a gradual increase in the [Eu/Ba] ratio from 0 upents of Arlandini et al (1999) have improved this value and
to about 0.7 with [Fe/H] decreasing from 0+e. 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 overabundammtestimate an acceptable range of the r/s-process ratio using
of Eu relative to Ba and stars with Eu/Ba ratios close to sol@he data of Arlandini et all (1999).

This separation is defined not so much by metallicity as by Oursample includes 29 stars from Fuhrmarn’s (1998,12000)
membership in a particular stellar population of the Galaxy. Alists with effective temperatureg,¢ from 5110K to 6500K,

the halo and thick disk stars of our sample with [Fe/H] froraurface gravitiedog g from 4.0 to 4.66 except for HD 45282
—0.34 to —1.5 show high values of [Eu/Ba] with only smallwith log g =3.12 and HD 117176 witlog g = 3.83, and metal-
scatter that indicates r-process dominated nucleosynthesificities [Fe/H] between 0.07 and2.20. Only main sequence
times of formation not only of the halo but also of the thick disktars (MS) or stars close to the MS are selected to make sure
stellar population. that atmospheric abundances reflect the real chemical compo-

The fraction of the s- and r-process in producing heavy dition of interstellar matter out of which the star was formed
ements can be evaluated by another method, from an analgsid to reduce methodical errors connected with the determina-
of the hyperfine structure (HFS) affecting theiBa4554 line. tion of fundamental parameters and modeling of giant stellar
The idea is based on the fact that the larger the r-process catmospheres. Stellar parametétg, log g, [Fe/H] and micro-
tribution is, the larger the fraction of odd isotopes must be, atutbulencé/,,;. carefully estimated by Fuhrmarin (1998, 2000)
the greater the HFS broadening of this line. For the extremelye believed to be of high accuracy. As in Paper | elemental
metal-poor star HD 140283 Magain & Zhao (1993) and Magaabundances are derived from line profile fitting and not from
(1995) have found from a measurement of the broadening of teguivalent widthd¥,. A differential analysis with respect to
line an isotopic composition close to solar. In our previous papie Sun is used which means that oscillator strengithsind
(Mashonkina et al. 1999, thereafter Paper I) we suggested a d#n der Waals damping constarifs were determined in ad-
ferent method based on an estimation of the Ba abundance fneance from solar line profile fitting. Non-local thermodynami-
the subordinate lines that are free of HFS effects. Simultareal equilibrium (NLTE) line formation is considered to obtain
ously, we were able to evaluate the even-to-odd Ba isotope rdtieoretical Bar and Eut line profiles. The method of NLTE
from measuring the total energy absorbed in the resonance licedculations for Bar was developed earlier (Paper I). The sta-
From analyses of the halo stars with [Fe/H}+.5 and—2.2 we tistical equilibrium of Eur is studied for the first time.
have concluded that these stars were formed from matter with Use of high-resolution spectra?(= 40000 and 60000),
barium produced by both s- and r-processes at an r/s-proaedigble stellar parameters and line formation astrophysics has
ratio close to solar. So, conclusions drawn from analysis of thede it possible to improve stellar Ba and Eu abundances and to
Bari resonance line seem to contradict the above mentioneddetect the important trends in the behaviour of elemental ratios
sults derived from the [Eu/Ba] ratios. However it is importariBa/Fe], [Eu/Fe] and [Ba/Eu].
to note that from a study of HFS affecting the Ba4554 line This paper is organized as follows. Observations and stel-
we obtain the ratio of odd to even Ba isotopes and then dar parameters are shortly described in Sect. 2. The Bodel
duce the r/s-process ratio on the base of given r- and s-procatesn and NLTE effects for Eu are presented in Sect. 3. In
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the next section solar Baand Eut line profiles are fitted to Table 1. Stellar parameters of the selected sample. Most of the entries
improve empirically their atomic parameters and to deduce swe self-explanatory. In Column 8 the notations refer to the thin disk,
lar Ba and Eu abundances aldEu: '53Eu isotopic ratio. In thick disk and halo stars, respectivel,ic is given in kms*

Sect. 5 we present and discuss the results obtained, stellar Ba
and Eu abundances and their ratios and estimates of the odd#@/BD  Tex logg [Fe/H] Viic [Ba/Fe] [Eu/Fe] Note
even Ba isotope ratios. Final conclusions are given in Sect. 6. (K]

1 2 3 4 5 6 7 8

400 6150 4.06 -0.25 1.3 0.02 0.12 thin
6582 5390 4.45 -0.83 09 -0.10: 0.33: thick
Our results are based on spectra observed by Klaus Fuhrmann3407 5660 4.42  0.03 0.9 -0.09 - thin
Michael Pfeiffer and Andreas Korn using the fiber optics 19445 6020 4.38 -195 14 -008 - halo
Cassegraitéchelle spectrograph FOCES fed by the 2.2m tele-22879 5870 4.27 -086 12 -0.03 —  thick
scope at the Calar Alto observatory during 4 observing runs ino0049 5820 428 -047 12 -010 040  thick
September 1995, May 1997, December 1998 - January 1999 argo42 6440 423 004 15 001 -  thin
. ' ! ) 5280 3.12 -152 14 -0.04 0.62 halo
in June 19909. The data cover an approximate spectral range @711 5890 431 -016 1.0 001 _ thin
4000-700@\. The 1995 spectra were exposed ttha4 x 1024 61421 6500 4.04 0.00 19 -014 002 thin
24, CCD, and the resolving power was 40000. Starting 62301 5940 4.06 -069 1.3 -0.05 _ thick
from May 1997 a2048 x 2048 15 CCD was employed at 69611 5820 4.18 -0.60 1.2 -0.09 0.38 thick

2. Observations and stellar parameters

A/AN ~60000. Almost all the stars were observed at least84937 6350 4.03 -2.07 1.7 0.01 - halo
twice with the signal-to-noise ratio of about 200 (Fuhrmanri02158 5760 4.24 -0.46 1.1 -0.13 039 thick
1998,[200D) in the spectral range> 4550 Aand with less 103095 5110 4.66 -1.35 0.8  0.04 - halo
SIN (~ 50) in the range where the Euresonance line4129 114762 5930 411 -071 12 -012 - thick

is located. Our sample of 9 stars from Paper | with metallic1/176 5480 3.83 -011 1.0 -0.06 thin

ities [Fe/H] mostly lower than-1 was extended in this study 157214 5735 424 -034 10 -013  0.30 th!Ck
. . . 84499 5830 4.13 -051 12 -0.16 0.34 thick
by including 3 halo stars and 17 stars with [Fe/H] between 86408 5800 426 006 10 -0.03 N thin
and —1. Ba abundances obtained in Paper | are revised usinge91 6090 4:07 0:07 1:4 _0:09 2001 thin
the advanced NLTE method (Sect. 4.1) and the stellar paramgasog 6060 4.27 -1.12 1.4 0.00: 061 halo
eters adopted in this work. Stellar parameters taken in Papepb1891 5940 4.24 -1.05 1.2 -0.07: 0.41 thick
differ from those used in this study by 150K fékz and by 204155 5830 4.12 -0.63 1.2 -0.18 0.33: thick
0.1dex forlog g at maximum. In fact, it has negligible effect 221830 5750 4.19 -0.36 1.2 -0.04 0.44 thick

on elemental ratios [Ba/Fer], however, we prefer to use for 2°3375 6140 4.31 -2.15 14 -0.13 - halo
all the stars of our sample parameters determined by the sar%loﬁ) 366 5740 4.60 -0.93 13 -0.08 043 ?
methods. Tablel1 lists the stars selected. 34°2476 6330 403 -196 18 009 -  halo

We use spectra reduced according to the description givél§ 268 5340 4.60 -2.20 09 007 -  halo

in Pfeiffer et al.[(1998). The instrumental profile is found from
comparison of FOCES Moon spectra with the Kitt Peak So-
lar Flux Atlas (Kurucz et al. 1984). A Gaussian4f + 0.2 Fuhrmann[(1998) estimates a typical uncertaixt¥.; =
km s !provides the best fit to the September 1995 spec8aK which translates to an abundance error up to 0.05 dex for
(Fuhrmann et al_1997), and 3.2 km's 3.6 kms'and 4.9 elemental abundances deduced from spectral lines of the domi-
kms'are appropriate for the May 1997, December 1998nant ionization stages such asiBa&Euir, Feir. From a compar-
January 1999 and June 1999 observations correspondirigbn with the accuratBlippARCOS distances Fuhrmann (1998)
(Fuhrmanmn_1998, 2000). finds that his spectroscopic distance scale is only slightly higher,
For most of the stars stellar parameters determined spbg-3.4% on average, and the statisticakerror is 5%. The sys-
troscopically are taken from the careful analyses of Fuhrmatematic deviation of 3.4% translates tddog g of only 0.03 dex
(1998, 2000). Effective temperatures have been deduced frand to aA loge of about 0.01 dex in the cases of BaEul
Balmer line profile fitting and surface gravitiegs g from line and Far. Fuhrmann[(1998) estimates carefully the precision
wings of the Mg Ib triplet. Metallicities [Fe/H] and microturbu-in log g of ~ 0.1 dex which propagates into 0.04 dex in abun-
lence valued/,;. have been derived from the Edine profile dances. However, elemental ratios [Bé&er1], [Eu1l/Feri] and
fitting. For three stars the stellar parameters have been edii11/Bari] are expected to be much less affected by possible
mated by Frank Grupp (1997: BD 8868 and BD 29366) and errors ofT.g andlog g. And an uncertainty o¥,,;. turns out to
Andreas Korn[(1999: BD 32476) using the same methodshave the largest effect on the abundance ratiosijlBari] and
All the parameters are given in Talile 1. The identification ¢Eu1i/Baii]. Only relatively weak Fer lines were selected by
stellar population for all stars of our sample is from Fuhrmarffuhrmann [(1998,"2000) to derive stellar iron abundances. Eu
(1998,12000), based on the star’'s kinematieslement en- abundances are found in this study from theriEM129 and
hancement and age, and we give this important information fo#645 lines with equivalent widths below 55/Anand 6 mA.
our study in Tabl&ll, too. Thus, an uncertainty df,,;. = 0.2 kms~! given by Fuhrmann
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(1998) has negligible effect (up to 0.005dex) on [Fe/H] and!2 [ EulII
[Eu/H]. In the case of barium we are forced to use thaiBa -
lines lying on the flat part of the curve of growth. For the
stars with [Fe/H]> —0.7 Vi, = 0.2 kms™! propagates into 10—
Alogep, =~ 0.1 dex even when using the weakest subordinate
line Bair A5853. For the most metal-poor stars of our sam- |
ple where the resonance Ba\4554 line is used,V ;. = 0.2 81—
kms !givesAlogeg, = 0.12 dex.

In total, uncertainties of stellar parameters cause abundapce |
errors up toAlogeg, = 0.11dex andAlogeg, = 0.05dex = 6
for the stars with [Fe/HP> —0.5, up toAlogep, = 0.08dex =
andA log eg, = 0.06 dex in the range of metallicities between i
—0.5 and—1.5 and for the most metal-poor stars Ba abundance 4 |-
error canreach to 0.14 dex. Errors of elemental ratios are smaller |
and can be obtained from the values given.

Our analyses are all based on the same type of model, irre2 [
spective of temperature, gravity or metal abundance. We used
line-blanketed LTE model atmospheres generated and discussed|
by Fuhrmann et all_(1997). oL

QSO ‘)P 9Do 9D ‘)F S P 7Do 7D F F

70 7 7 70

3. NLTE calculations for Eu 11 ) ) ) N
Fig. 1. The Euit model atom. The linearized transitions are shown as

3.1. Model atom solid lines

NLTE calculations for Eur were performed for the first time

by one of us (Mashonkiria 2000). We use the same method witiiues ofv;,,, are given for every fllevel. Photoionization of
some modifications concerning collisional rate computatiorthe levels indicated by “?” is considered similarly to thé nl
We describe briefly the new results. levels.

The Eurt model atom has acomplexterm structureincluding The adopted model atom looks incomplete. Missing all quin-
nonet, septet, quintetlevels etc. Laboratory measurements (Mat; triplet and singlet levels and highly excited nonet and septet
tinetal[1978) give 88 energy levels for 25 nonet and septet terlagels that have to provide close collisional coupling to the con-
ofthe4 f” nland4 f%5d nl’ electronic configuration. For anotherttinuum electron reservoir can cast some doubt upon our results.
83 energy levels with energy excitation above 4 eV only the totlaét us consider this point and start from highly excited levels.
angular momentum and the parity are known. We include inlto atmospheresfd- - G stars Euir contains a minor fraction of
the Euir model atom all the measured nonet and septet terthe element; for the Suleg n(Eun)/n(Eul) = 1.5 in deep
and radiatively couple to them the levels of unknown configurlayers neatog 75000 = 0, and it grows up to 3.5 in upper at-
tions. For NLTE calculations only the level energy and oscillatonospheric layers. It means that no processes coupling tie Eu
strengthsf;; of transitions connecting that level with others arkevels to Euir can significantly affect populations of the low-
important. So, assuming that the measured energy levels of e@reitation Eur terms that contain the major population fraction
known configurations belong to nonet or septet terms we hasfethe element. And NLTE effects are expected mainly due to
composed 6 septetterms and 5 nonet terms. They are marketHolyative bound - bound (b-b) transitions between levels of low
“?" in Fig.[1. Remaining levels of unknown configurations arexcitation. To prove this statement by numerical calculations
taken into account only for number conservation. Levels withe have considered an extendediEmodel atom. Based on
the small energy differences were combined into single levite fact that the Eu and Bar atoms have similar term struc-
The fine structure is in part considered only for Ha’D° and ture, and that the Eu and Bai level energies reveal similar
6p °P terms that concern the transitions of our special interes¢gularities in the behaviour of ionization energy with principal
65953 — 6p ?P, forming the Eu1 resonance lind4129 A and  quantum number, we have computed energies of the E£7
5d9Dg — 6p 2P for A6645 A. Thus, 32 bound levels of Bu nl levels for n = 7-10 ash | = 0-3. In total, we have introduced
and the ground state of Eu are included into the model atom.into the model atom 28 “fake” terms with excitation energies
The corresponding Grotrian diagram is shown in[Hig. 1. In Tap to 10.5eV. For transitions including “fake” levefs; were
ble[2 for every term the energy levels combined and the averagmpted by analogy with Ba, too. As expected, the calculations
ionization frequenciesy;,,,, are given. Photoionization of theperformed with the extended and original model atom show no
4 f95dnl’ levels connects to the excited Eu4 f°5d levels. Five difference for populations of the important energy levels and
octet and 5 sextet Bur 465d terms with excitation energiesintensities of the spectral lines of interest.
from measurements of Martin et al. (1978) were combined into Quintets, triplets and singulets do not show up in the labora-
3 energy levels which are assumed to be in thermal equilibritory spectrum of Eur, and this lends support to the assumption
relative to the Eurt ground state. That is why in Tallé 2 thre¢hat coupling of missing levels to measured ones is weak, and
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that such levels can be neglected in statistical equilibrium Tble 2. Euit model atom
Eu1r. Their contribution to the Eu partition function was es-
timated by Butler[{1999) on the base of own computations; - Term J Vien  No. Term J Vion

a case of solar-type stars it consists of about 6%. If we ne- 10°H= 10" H~
glect missing levels we overestimate populations of the levelst 6s°S° 4 271807 19 54'°D 6  2.44105

included and underestimate Eu abundances deduced from t@e gflgls;’ 234 22-3??_336 22@%%273
Euri lines by about 0.02 - 0.03 dex. 3 ' :
. y . . 4 54°D° 5,6 239172 2054 D 1-5 2.36705
Oscillator strengths are available for all the transitions from 7o
. 5d‘D° 1-5 2.20496 2.41245
the ground state and low excneg levels 6s, 5d and 6p to UPPeS 6,°P 3.4 1.99884 249221
levels. The data of Komarovskii (1991) are preferred and, if7 ¢,°p 5 193343 21 ?27P 2_4 235242

they are abseny;; from the compilation of Kurucz (1994) are 8 6p™P 2-4 1.90664 2.39784
taken. Missingf;; have been treated as follows: for transitions 9 6s'°D 2-6 2.84748 2.47759
between double excited levelg®5d nl - 4f55d nl’ we adopt 2.89289 22 Ts jSO 4 1.24525
fi;j-values of the correspondinig” nl - 4f7 nl’ transitions; for . 297265 23 7s'5° 3  1.22070
transitions from (or to) “?” levelg;; = 0.001 is set. 10 7 ,Pg 2-4 280523 24 6p' 'F°  0-6 222109
The photoionization cross-sections for the’P and6p P 65" 3-5 2.85065 2.26650
2.93041 2.34626
levels have been calculated by the quantum defect method yg- - 9p 3,4 276485 25 ?9S° 4 2.20860
ing Peach’s[(1967) tables. For the remaining levels hydrogenic 79p 3,4 2.81027 2.25401
cross-sections are computed. 2.89003 2.33377
For electron impact excitation we use the formula of varl2 6s''D  1-5 272148 26 GdiDo 2-6 1.08641
Regemorter[(1962) for allowed transitions and that of Allen 2.76689 6d’D° 1-5
(1973) for forbidden ones. The exception is the forbidden tran- /9 2:84665 27 7S 3 2.1553%
" 0o~ Tao A e , 5d'°P  3-5 270473 2.20077
sitions from6s ?S°, 6s S° to 5d °D°, 5d ‘D ._P_opulatlon qf the 275015 2 28053
metastable levels depends strongly on collisional coupling to the 2.82091 28 Af'F  0-6 1.04102
ground state. Having analysed the results of many test calcules ?°F 2-6 2.69526 29 6p'’D° 1-5 2.12412
tions we have adopted finally the formula of van Regemorter for 2.74068 6p' °D° 2-5 2.16954
computing collisional rates ifis °S°, 65 7S° - 5d °D°, 5d "D° 2.82044 2.24930

6s' P 2-4 266013 30 ?'D 1-4 2.09865

transitions andf;; have been set at one tenth the values fot® .
5d" ‘P 2-4 2.70555 2.14407

the allowed transition$s °S°, 6s7S° - 6p°P, 6p "P. Elec-

. L . . 2.78530 2.22382
tron impact ionization cross-sections are computed according 29r 17 24940 31 ?7D 1-4 203856
to Drawin (1961). For hydrogen collisions, we use the formula 2.69482 2.08398
of Steenbock & Holweger (1984). Since this formula provides 2.77457 2.16374
only an order of magnitude estimate, the cross-sections weté ?’F 4,6 259411 32 8s°S° 4 0.71794
multiplied by appropriate scaling factors in order to produce  ’ ¥~ 4-6 2.63953 8s7s° 3

271928 33 Euwr 712
18 5d'°D 2-5 2.51062

2.55604

2.63579

the best fit to the solar Eulevel populations and line profiles.

3.2. Statistical equilibrium calculations and NLTE effects

The Eun statistical equilibrium is calculated using the code
NONLTE3 (Sakh|bu”|r| 1983) which is based on the Complete Due to close collisional Coup"ng the metastable |@6é|S°

linearization method as described by Auer & Heasley (1976ilows the ground state and the fine structure leveBsdsfD®

The advanced method of calculations has been described in@gmbers 3 and 4) show actually the same behaviour, so, we

tail in Paper I. will mention below only the ground state and the tefd?D°.
Similarly to Baur, at7.q andlog g close to solar values the|n the line formation layers, outsideg 75000 = 0.3 the ground

statistical equilibrium of Eur is strongly affected by radiative state is slightly underpopulated and the excited levels are over-

processes in b-b transitions. However, in contrast ta BA.TE  populated. An enhanced excitation &@f°P and6p 7P levels
leads to a weakening of the Euines compared with the LTE js produced by the pumping transitiofs®S® - 6p°P, 6p 7P

case. We consider the mechanisms and the physics behind 4§65 7S° - 6p 9P, "P. The term$d °D° and5d "D° are over-

for the Sun. For other stars of our sample NLTE effects fonilEupopulated relatively to the ground state by filling up frép?P

are qualitatively the same. In FIg. 2 the departure coefficieniihdep 7P via the line transitions in the layers transparent for
by = ny " /niF as a function of continuum optical depththe radiation of corresponding wavelengths, at optical depth
Tsooo refering toA = 5000 A are shown for the lowest 8 levels)og 7, < 0.3. The excitation energies 6f °D° and5d "D°
necessary for subsequent line profile synthesis and for undg not so small4 1.1eV and 1.9eV) and their coupling to
standing the NLTE mechanisms. Herg)""" andnj™" are the ground state turns out weaker than a couplingtdev-

the statistical equilibrium and thermal (Saha-Boltzmann) numgts and to each other. Roughly speaking, an electron that got

ber densities, respectively. to the 6p levels from the ground state has a small chance to
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Table 3. Atomic data for the Bar and Eut lines. Most of the entries
are self-explanatoryf;; of the HFS components correspond to iso-
topic abundances of solar system matter for Ba &Atlu: '**Eu =

55: 45 for Eu; in the column “isotope” we give the mass numbers of
the isotopes responsible for the component; the collisional damping

LiE
g constantsdog Cs from solar line profile fitting are indicated

< 1.0 ]
f s 1 A HFS log Cs
09* e A ! * transition AN fi isotope
e s 50 [mA]
08| "7 0 1 Ban4554.03 0 0597 138,136,134 -31.65
L1 65%S,,,-6p?P5, 18 0.081 137,135
0.7E w w L L L = —-34 0.049 137,135
- 2 10;15000 0 : Bai 5853.70 — 0025 ~30.60
5d°Dy,, - 6p~P3 /s
Fig. 2. Departure coefficients; for some levels of Eu in the model Bair 6496.90 0O 0.086 138,136,134 -31.30
atmosphere of the Sun. Numbers near curves correspond to the Ie\gjéﬂDg/2 - 6p2P§/2 -4 0.012 137,135
numbers in Tablgl2. Departure coefficients of the third and forth levels 9 0.007 137, 135
are close together and ondy is presented. Tick marks indicate; thegy 4129.70 —97 0.007 151 —32.082
locations of line E:enter optical depth unity for the ElinesA4129A g4 989 - 6p°P, -78 0.010 151
(1-6) and\6645A (4-7) -52 0.013 151
-17 0.022 151, 153
-9 0.008 153
come back because it is easily trapped by the chain of transi- 191 8235 igi
tions 6p P — 5d "D° — 6p 7P or in opposite direction. An 24 0.020 151
occurence of the pair dfd and the pair obp terms strongly 34 0.016 153
coupled to each other is a special feature ofilHn compari- 58 0019 153
. . . 74 0.024 151
son with Barr and it favours an overpopulation of ttd and
6p terms from the ground state electron reservoir in contrarygg‘g,I 60645'190 41 0029 151, 153 —32.495
, " DS - 6p°Ps -29 0.014 153
Bair where a chain of transitiors — 6p — 5d — 6s results _18 0023 151, 153
in an underpopulation ddp (Paper I). By analogy with Ba, -10 0.011 153
the Euit levels abovép "P are overpopulated by pumping tran- -3 0.008 153
sitions arising from thép terms. The continuum is overpopu- 3 0015 151,153
lated, too, because of its radiative and collisional coupling to the %é 8'883 igi
upper levels. From this behaviour of departure coefficients we 38 0007 151
expect that our Eu lines of interest are weakened compared 50 0.005 151

with the LTE case, because for both of thegib, > 1isvalidin

line formation layers resulting in a source functip greater

than B, (T.). An underpopulation of the ground state is addedtark effect is roughly estimated from the formula =
to weaken the resonance lind129. For the subordinate lineNe10~ %12 wheren, s ; is the effective quantum number. Both
A6645 an enhanced excitation of the lower level (number 4 Buil lines are relatively weaki¥, < 60 m,&) in the stars in-
Fig.[2) competes with the first facta$;, > B, (T.), resulting vestigated and only\4129 is slightly affected by collisional
in small NLTE effects for this line. damping.

We summarize, departures from LTE for theiElines are Eurr lines are strongly affected by hyperfine structure and
not very large. NLTE abundance corrections turn out to be lésstopic shifts. Europium is represented by two odd isotopes
than 0.1 dex for all the stars investigated. However, NLTE effestdth nearly equal contributions: for solar system matter their
for the Bair and Eul lines are of opposite sign, and they areatio > Eu: 1°*Eu = 47.8: 52.2 according to Camerdn (1982).
therefore important for a comparison of barium and europiulrach isotope has hyperfine splitting of their levels. Laboratory
abundances deduced from these lines. data on HFS of the Eu levels and isotopic shifts have been
published by Krebs & Winkler (1960). The recent high resolu-
tion laser measurements of Brdstr et al. (1995) and Becker
et al. [1993) for the Eu resonance transition give results co-
Two Euirlinesrelatively free of blends are used in Eu abundanaeiding within error bars with the earlier data. The hyperfine
estimations. Their atomic data are given in Tdble 3. splittings in the lower state$s ?S° and 54 °D°, are consid-

Radiative damping constants are computed explicithy= erable larger than in upper ones. Then, transitions between a
> icu Aui- Van der Waals damping constaiits are evaluated lower hyperfine level with total angular momentum F and up-
from the classical Urigd (1955) formula, and the quadraticper levels with F-1, F, F+1 give three HFS components at rather

3.3. Line profile calculations
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closely spaced wavelengthA § < 2m,&) and with intensities cross-sections between the low excitediB&rms 6s, 5d and
differing by much more than 10 times. In the present investigép, for which we adopt the recent data by 8eimg & Butler
tion the intensities of these three components are added. So{1®98). For the important forbidden transition 6s - 5d they result
each isotope the HFS is considered to consist of 6 main compoabout 10 times smaller values of the collision rates compared
nents which represent transitions from 6 hyperfine levels in tidth the Crandall et al[ (1974) data used in Paper I. In this case
lower states. The intensity ratio between the main componeogdlisional coupling of the metastable level 5d to the ground
is directly proportional to (2F + 1) of lower levels, and the osciktate is weakened and NLTE effects are strengthened produc-
lator strength of each component is calculated according toiitg increased NLTE line depths of th&853 and A\6496 lines
relative intensity and isotopic abundance. We show in the ndatmed in the 5d - 6p transition. This makes it possible to fit
section that the solar Eu)\4129 line profile is best fitted with solar Baii line profiles (FiglB). In this study we neglect inelas-
an isotopic ratid®* Eu: **Eu = 55: 45, and this ratio was usedic hydrogen collisions in statistical equilibrium of Bebased
to obtainf;; of the Euit line components. Taking into accounbn our subsequent analyses of metal-poor stars (Sect. 5.1). As it
isotopic shift and superposition of some components both Ewas discussed in Paper | solar Bénes are nearly insensitive
isotopes give 11 HFS components for the resonance line sejpathis factor.
rated by 171 mA at maximum, and 10 HFS components for the ~ Atomic data of the Ba lines are given in Tablgl 3. They
subordinate line with 91 & wide patterns (TablE]3). Finally, are the same as in Paper | except for collisional damping con-
we have adopted the component shifts obtained by Brosét stantsCy that have been revised. As discussed in Paper | the
al. (1995) for Eur A\4129 and the values given by Biehl (1976B-component model represents quite well the HFS components
on the base of Krebs & Winkler (1960) data for E\6645.  of the Bair A\4554 line. Oscillator strengths of these compo-
The synthetic line profiles are computed using the departurents correspond to Ba isotope abundances of solar system
coefficientsh; of the Eurt levels from the code NONLTE3 andmatter from Cameror (1982), wher&{Ba+'35Ba+'38Ba):
the LTE assumption for other atoms. The line list is extracté##°Ba+'>"Ba) = 82: 18. A depth-independent microturbu-
from Kurucz’ [1994) compilation, and it includes all the atomi¢ence of 0.8 kms'is derived from\4554 and\6496, and 0.75
and molecular lines. km s~from A5853. A solar Ba abundancégeg, = 2.21 is
obtained in this study, and this coincides with the meteoritic Ba
abundancéog eg, = 2.22 + 0.02 from Grevesse et al. (1996).
We emphasize that witlvg e, = 2.13, cited by Grevesse et

The Sunis chosen as reference star with an observed spectrupd-ot996) as solaphotospheridBa abundance, the solar Ba
high quality and relatively well-known stellar parameters. The§ge profiles can not be reproduced.
data are used to improve two kinds of atomic data important ltcan be seen from Fifgl 3 that fits to the subordinate lines are
for subsequent analyses of the metal-poor stars. These aredi#te good, whereas for the resonance line the synthesized NLTE
efficiency of hydrogen collisions in the Beand Eu statistical line core is still deeper than observed by about 2% of the contin-
equilibrium and van der Waals damping constaéts, uum flux. To match the halfwidth of this line we are forced to in-
We use solar flux observations taken from the Kitt Peak SoR€aS&/mac 10 3 kms ' compared with the 2.6 knsrequired
Atlas (Kurucz et al. 1984) and disk center intensity observatiofsadjust the subordinate lines. As we discussed in Paper | the
taken from the Preliminary Kitt Peak Solar Atlas (Brault &3l resonance line is formed in the uppermost atmospheric
Testermah 1972). Our synthetic flux profiles are convolved witkyers for normal metallicitF - G dwarfs, and it is most proba-
a profile that combines rotational broadening of 1.8 kriemd  bly influenced by a non-thermal and depth-dependent chromo-

broadening by macroturbulence with a radial-tangential profé@heric velocity field that is not part of our solar model (the
of Vinae = 2.6 kms~!for the Bar lines and of larger values Chromospheric temperature rise is expected to be less important

for the weaker Eu lines: V.. = 3.6 kms 'for \4129 and because Ba is the dominant ionization stage). So, for the stars
Viae = 3.8 kms~for A6645. The synthetic intensity profiles mentioned, it would be better to exclude theiBa4554 from

of the Eu lines are convolved with a macroturbulence profilBa abundance determinations.
with Ve = 2.4 kms1t.

4. Solar Bai1 and Eu1l lines

4.2. Solar*®'Eu : »3Eu ratio and europium abundance

4.1. Solar Ba abundance Only two Eut lines are relatively free of blending effects. The

In Paper | we showed that NLTE prof"es give a better repr{ﬁsonance lina4129.7 is located inttharWing ofthe hydrogen
duction of the observations than LTE ones. However, with tHge Hs. In the solar spectrunfls contributes about 1% to the
NLTE method adopted for the Balines and solar Ba abundancentensity ath = 4129.7 A. More important blending effects are
10g £Ba,» = 2.13 from Anders & Grevessé (1989) we could notlue to the molecular line CN4129.595 and atomic lines Ti

fit the line cores; the observed profiles of theiBsubordinate A4129.660and Sa A4129.750 (Fig.[M). Theirf;; were corrected
lines A5853 and\6496 remained deeper by 3% of the contirf® improve the fit to the solax129.7 intensityprofile. However,
uum flux compared with the theoretical ones. In this study wee note that this procedure does not affect the final conclusions
reinvestigate solar Balines. We use the NLTE method and th&oncerning Eu isotopic ratio and solar Eu abundance. The red
atomic model described in Paper | except for electronic collisi#f€ wing of the subordinate line EuA6645.1 is blended by the
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1 Fig. 4.Synthetic NLTE disk center intensity profiles of the En4129

line for the isotopic ratio$®! Eu: >3*Eu = 55: 45 (continuous line) and
48.2: 51.8 (dashed line) compared with the observed spectrum of the
solar disk center intensity atlas (Brault & Testerrhan 1972, bold dots).
The pure Euti line corresponding to Eu isotope ratio of 55: 45 is shown
by dotted line. See text for discussion of the fitting parameters

As discussed in Sect. 3.3 the profile of the1lEn4129 is
strongly asymmetric due to HFS and isotopic shifts. We note

02|
I that the blue line wing is formed by th€!'Eu components,
ool ... ‘ ‘ ‘ but the line core contains mainly the components of the second
5853.50 5853.60 5853.70 5853.80 isotope (Tabl€]3). The idea of improving Eu isotopic ratio was
[ w w w 7 conceived after unsuccessful attempts to fit the solar k4129
L0f line with the terrestial ratid>! Eu: **Eu = 47.8: 52.2 given by

Cameron[(1982). Intensity line profiles keep more details of the
intrinsic profile since they are less affected by external broaden-
ing factors. That is why solar disk center intensity observations
(Brault & Testerman_1972) were used to estimate ‘tH&u:
153y ratio.

NLTE intensity profiles of the Eu 24129 line have been
calculated for 4 isotope mixtures, wheéfé Eu: *3Eu = 47.8:
52.2,50:50, 52: 48 and 55: 45, respectively. In[Hig. 4 we present
the best fit corresponding to the ratio 55: 45 in comparison

i with the theoretical profile calculated at the terrestial isotope
00 1 1 1 1 1 . . . . . . oy
649670  6496.80 649690 649700  6497.10 mixture. The subordinate ling&645 profile is nearly insensitive

to varying the Eu isotopic ratio because its blue wing and core

Fig. 3. Synthetic NLTE (continuous line) flux profiles of the Bdines are formed by the components of both isotopes. Usihgu:
compared with the observed spectrum of the Kurucz et al. (1984) 5@3Eu = 55: 45 we can get a good fit of the solarEn4129 flux

lar flux atlas (bold dots). For the BaA6496 the LTE profile (dotted . .
line) is given ioo for cor)nparison. See text for discusF;ion of(the fittirB]romef’ too (Figl3), and the.same Eu abunc.idbgeEu.: _0‘53
parameters IS derived from both intensity and flux profiles of this line.
An attempt to improve the solar Eu isotopic ratio was made

by Hauge[(1972). From fitting 6 solar Euine profiles he ob-
Si1 A6645.20 A line (Fig.[5). Atomic data of the Siline have tained ratios>*Eu: 153Eu ranging from 33: 67 to 64: 36, and
been taken from the Vienna Atomic Line Data Base (Kupka #tus deduced an average value of 52: 48. Strong blending effects
al.[1999). for most of the Eui lines used in his study were the reason for

Both Eurr lines are nearly insensitive to variations of théhe large scatter of his results.

microturbulence value. The subordinate line lies on the linear A solar Eu abundancéogeg, = 0.53 is obtained from
part of the curve of growth and the resonance line consistshafth Eurt lines (Fig[$). Our results are based on the laboratory
11 components with wavelength separation comparable withcillator strengths of Komarovskii(19919g g f = 0.174 for
a Doppler half-width and each component is too weak to Be129 andlog gf = 0.204 for A6645 and NLTE analyses. With
sensitive to microturbulencé/,;. = 0.9 kms 'was adopted the LTE assumption we finthg e, = 0.49 and0.50 for the
in calculating both intensity and flux line profiles. first and second line, respectively. NLTE effects weaken the

o8l
0.6}

04}

02|
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ple, and therefore the instrumental profile acts as the dominant

contributor to the convolution profile. The rotational velocity

V sini and macroturbulence valug, .. can not be separated

at the spectral resolving power we have, and we treat their total

action as radial-tangential macroturbulence. With the known in-

strumental profilé/,,,. is deduced from the observed line shape.

The spectra observed At= 60000 are well fitted and for each

star the values df,,. from different Baiz and Eu1 lines coin-

cide within 0.4 km s. Elemental abundances are derived from

these spectra with an uncertainty not larger than 0.02 dex. At

R = 40000 the observed profiles are well fitted for stars with

0.0 ‘ ‘ ‘ ‘ ‘ [Fe/H]> —0.6, but atlower metallicities the BaA5853, A6496
412050 412060 412970 412980 412990 and Eu1 A 129 are badly fitted in a few cases, and we estimate

- 1 the uncertainty of their abundances by 0.05-0.10 dex. The less

T 1 reliable results are marked by “:” in Talple 1. As an example, we

------------------- 1 givein Fig[8 andl7 both the Baand Eu line profiles for stars

of different metallicity.

L0 T

0.2

LA B L/ B ) L B B BB
PRI R I BRI B

o8l N T T &
0-96} * 5.1. Barium abundances for the stars
0.94:, 1 Barium abundances have been determined for the 29 stars listed
C 1 in Table[d; for 23 of them abundances are obtained for all three
092l J Bail lines. The weakest Baline A\5853 disappears at [Fe/H]
[ 1 < —1.9. In addition, A\6496 was not used in the analyses of
0.90( ‘ ‘ ‘ \ ‘ 1 HD19445 and B34°2476 because of its superposition with
664480 664490 664500 664510 664520  6645.30 telluric lines. For BD29°366 only the blue spectral range was

Fig. 5. Synthetic NLTE flux profiles of the Eu lines compared with 0bserved. Consequently, for the three stars mentioned, Ba abun-
the observed spectrum of the Kurucz (1984) solar flux atlas (bold do@ances have been derived only from therBaesonance line
In the top panel4129.7 A line profiles are presented for 2 isotopic\4554.
ratios,'*! Eu: '**Eu = 55: 45 (continuous line) and 48.2: 51.8 (dotted  HFS affecting the Ba lines was discussed in detail in Paper
line). In the bottom panel the BEuA6645.1 A line profile (continuous | Only for the resonance lin4554 this effect is important. We
line) is shown for'®"Eu: ***Eu = 55: 45. See text for discussion offo|jow Paper | and accept in this study the 3-component model
the fitting parameters to describe HFS components of Ba\4554. Their oscillator
strengths (Tablel3) correspond to a solar ratio of the even-to-odd
resonance line independent of the adopted efficiency of hydR# isotopes, 82: 18 (Cameron 1982). We show below (Sect. 5.3)
gen collisions in the Eu statistical equilibrium, and the NLTE that barium seen in the halo and thick disk stars must have
abundance correction is positive. BMi645 arising from the Peen mainly produced by the r-process. It means we should use
metastable levelis very sensitive to varying collision rates. Thi8! these stars the pure r-process isotopic ratio. However, an
it is strengthened compared with the LTE case if hydrogen céiocertainty of the r-process contribution to the important even
lisions are neglected, and it is weakened if they are taken ifggtope'**Ba (**Ba and '*°Ba are synthesized only by the
account. We have found that hydrogen collision rates compufe@rocess) is rather large. According to recent estimations of
W|th the formu|a of Steenbock & H0|Weg€.r (1984) Sh0u|d bérlandini et a.l. (1999) |t iS abOUt 59% During the |aSt tWenty

multiplied by the factorky= 1/3 to produce the best fit to theyears the pure r-process rafig’Ba: (***Ba + '*"Ba) varied
solar Eut line profiles. from 28: 72 (Cameron 1982) to 56: 44 (Arlandini etlal. 1999).

Grevesse et al[ (1996) gieger, = 0.55 + 0.02 for In Sect.5.4 we will show that the change in Ba abundance with
the meteoritic Eu abundance aheser, = 0.51 for solar Vvarying even-to-odd isotopic ratio over the acceptable range of
Eu abundance. We remember (Sect. 3.1) that with the ator¥@dues is below 0.05dex for HD 19445 and BIF2476 and
data available we underestimate therBpartition function and 0.1 dex for BD29°366. o .
therefore also underestimate the solar Eu abundance by aboufNLTE effects for Bar in cool stars were described in detail

0.02-0.03 dex. Thus, our result coincides within the error bdfsPaper 1. Here we just remember that the statistical equilib-
with the meteoritic Eu abundance. rium of Bair is strongly affected by radiative processes in b-b

transitions because this is the dominant ionization stage. As
a consequence NLTE effects for Balepend on the Ba abun-
5. Results dance which correlates with the general metallicity of the model

Ba and Eu abundances are determined from line profile fitting@mosphere. Thus, NLTE leads to a strengthening of the Ba
the stellar spectra. Only slow rotators were included in our safffies compared with the LTE case at [M/H] —1.9 and to the
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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 row). A/AX = 60000. For HD 157214 the ratio [Ba/Fe]

of —0.13 is estimated from\5853 and of —0.13 from A6496. For HD 84937 the corresponding values-§.01 and+0.01 are obtained from

A4554 and A6496.
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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 pang)AX = 40000. Continuum level is fixed by fitting observed spectra
in the spectral range from 41230 4135A.

opposite effect at lower metallicities. NLTE effects are smathe metallicity range-1 <[Fe/H]< 0.1; it is reduced by ab-

for the weakest line\5853 and at [M/H] > —1.9 for the res- solute value to 0.10-0.15 dex at metallicities between —1.5 and
onance line\4554. In terms of NLTE abundance corrections-1, and it becomes positive up to 0.15 dex at even lower [Fe/H].
AnrTre = logenpTr — log errr they do not exceed 0.1 dex bylf NLTE effects are neglected Ba abundances frotfi54 and
absolute value. For the most metal-poor stagg g becomes 6496 show a false decline from about [Ba/Fe] = 0.1 at normal
positive and reaches 0.22 dex ft554 in HD 84937 ([Fe/H] metallicity to—0.2 at [Fe/H] =—2.1.

=-2.07). Significant NLTE effects have been found for the sec- In Fig.[8 we compare Ba abundances calculated from two
ond subordinate lina6496. Axprg is —0.2 dex on average insubordinate lines revealing rather different NLTE effects. To re-
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Fig. 8.Comparison of barium abundances derived fromtha Ba853  Fig. 9. The run of [Ba/Fe] with [Fe/H]. Symbols correspond to the thin
and A\6496 lines. Symbols correspond to NLTE (filled circles) angjisk (open circles), the thick disk (filled circles) and the halo (asterics)
LTE (open circles) abundance differenckdog e = log ¢ (A5853) —  stars. Error bars are indicated

log £(A\6496)

duce observational errors only the results based on the best qabbut 0.1 dex in the metallicity range0.8 < [Fe/H] < —0.2.
ity spectra & = 60000) are presented. It can be seen that theféheir results are based on threeiBaubordinate lines5853,
are no systematic discrepancies between NLTE abundancesxd@41 and\6496. We have shown above that NLTE effects for
rived from A5853 and A6496, and the scatter of the differencethe A\6496 line are significant and lead to an overestimate of Ba
between them does not exceed.05 dex. This gives reason tcabundances up to 0.25 dex. We do not use tha Bé141 line
believe that the uncertainty of our NLTE line formation treatbecause of its blending with an Fne, but our NLTE calcula-
ment leads to Ba abundance errors not greater than 0.05 digns show that NLTE effects for this line are not smaller than
Fig.[8 shows clearly that the LTE abundances frd6d96 are for A\6496. So, we expect that neglecting NLTE effects foriBa
systematically overestimated relativelég ;e (A5853). lines has resulted in too high Ba abundances in the work of Chen
Thus, for 26 stars we have obtained Ba abundances fretal. (2000).
the subordinate lines. If both of them were available the average
value was calculated. For the three stars mentioned, with oglyé
the resonance line available, Ba abundances have been obtained
fromthis line atthe assumption of a solar even-to-odd Ba isotoparopium abundances have been calculated for 15 stars of our
ratio. It is evident from Fid. B that taking into consideratiosample. Only the spectra observedrat= 40000 were used
the data for these three stars does not change the conclusionthe Eurt A4129 line analyses. The higher resolution spectra
The final [Ba/Fe] are presented in Table 1. As the referenedl be reduced and investigated in future work. For the stars
solar abundancdsgeg, » = 2.21 deduced from fitting solar with [Fe/H] < —1.9 the Eu line can not be extracted from
Baui1 line profiles (Sect. 4.1) anlbg ep., o = 7.51 adopted by noise and only the upper limit of Eu abundance could be es-
Fuhrmann[(1998, 2000) in stellar metallicity determinations atienated for HD 19445, BD 6868 and BD34°2476, [Eu/Fe]
used. < 0.5. In total, for 11 stars Eu abundances have been obtained
Fig[9 shows the plot of [Ba/Fe] versus metallicity, stronglfrom the Eur resonance line. The subordinate lik€645 is
suggestive of membership in a particular population of theo weak, and it was analyzed only for one star, HD 187691,
Galaxy. We find that Ba is slightly underabundant by abouthich has the largest metallicity, [Fe/H] = 0.07. For this star
0.1 dex relative to iron in the thick disk stars. For the halo stafi. TE europium abundances froh129 and 6645 are found
the abundance ratios [Ba/Fe] are nearly solar. The scatter of dataoincide within 0.01 dex. Th&6645 line has also been de-
is up to 0.2 dex. tected and analyzed for 4 mildly metal-poor stars with spectra
The common conclusion of most recent researches of babserved akz = 60000 in January 1999 (HD 30649, HD 69611
ium abundances (Gratton & Sneden 1994; Woolf ef al. 19%nd HD 102158) and in May 1997 (HD 157214). Those observ-
Jehin et al. 17999; Chen etfal. 2000) is that the barium abundamagruns are distinguished by good atmospheric conditions and
follows iron at [Fe/H]> —2, independent of metallicity. The a narrow instrumental profile. The Eu\6645 line is blended
largest samples of stars in a metallicity range similar to ouoy the Sit line and we have supposed that silicon abundance in
were considered by Woolf et al. (1995) and Chen et al_(200@)ese stars follows magnesium abundance.
A rather large scatter of data up to 0.5dex for stars of simi- Asdiscussedin Sect. 3 NLTE effects weaken bothiines
lar metallicities is typical for the work of Woolf et al., and thiscompared with the LTE case and NLTE abundance corrections
might have masked a slight Ba underabundance in mildly metate positive. For the stars of our sam@ig . rg ranges from
deficient stars found in our study. It is interesting that Chen @104 dex up to 0.08 dex for the resonance line and from 0.04 dex
al. (2000) find even an overabundance of Ba relative to iron @ to 0.06 dex for the subordinate line.

Europium abundances for the stars



260 L. Mashonkina & T. Gehren: Barium and europium abundances in cool dwarf stars

« N [Eu/Fe] at metallicities below-0.4. From twelve Woolf et al.
061 1 (1995) stars withz,,, < 7 and [Eu/Fe]> 0.1 seven stars turn
out to be thick disk stars according to Fuhrmann (1998, 2000).
0.4 . o ® — Thus the question is whether Fig. 8 from Woolf et al. (1995)
e o reflects a difference between the inner and outer Galaxy or a
difference between the thick and thin disk stellar populations
of the Galaxy. Jehin et al. (1999) give even weaker europium
overabundances relative to iron ranging mainly between 0 and
00 < 0.2. For the halo stars the results of different authors diverge

J( significantly. Gratton & Snedeh (1994) have found small ratios
-0.2 L w w w w [Eu/Fe] of about 0.1-0.2, but Magaln (1989) gives much larger
20 s Ak 00 values up to 0.7 in the same range of metallicities.

Thus, we have obtained enhanced europium-to-iron abun-
dances in the halo and thick disk stars. The behaviour of the
0.4 7 [Eu/Fe] ratios versus metallicity is very similar to overabun-

* dances found for the-process elements, oxygen, magnesium
02l . i and others (see McWilliarin_19097, for a review). This should
be expected because both the and r-process elements are
°®o commonly believed to be produced in SN Il events. In[Eig. 10
Pl Y ce (bottom panel) we give the ratios of europium abundances es-
timated in present study to magnesium abundances in the same
stars evaluated by Fuhrmann (1998, 2000). The europium abun-
dances follow the magnesium abundances in the thick and thin
disk stars and it was expected. For the two halo stars a weak
20 15 10 o5 00 Eu-to-Mg overabundance of about 0.2 dex is found and the
[Fe/H] larger number of halo stars should be investigated to make clear

Fig. 10. Variation of [Eu/Fe] (top panel) and [Eu/Mg] (bottom panelyvhether that overabundance is real.
with [Fe/H]. Symbols are the same as in Eig. 9

[EulFe]

0.2 -

0.0

[EuMg]

-0.2+ -

0.4} |

5.3. Abundance ratios [Eu/Ba]

NLTE europium abundances relative to iron are presentéfie abundance ratios [Eu/Ba] are shown in Eig. 11 versus metal-
in Table[1 and in Fig_10 (top panel). As the reference solar Hity indicating a membership to the particular population of the
abundancéog g, = 0.53 deduced from fitting solar Ew  Galaxy. The new results found in this study are
line profiles (Sect. 4.2) is adopted. It can be seen that the halo
and thick disk stars reveal a strong Eu overabundance relatie europium is overabundant relative to barium in the halo and
to iron. In thick disk stars the [Eu/Fe] ratios range from 0.30 thick disk stars; thick disk stars form a plateau with [Eu/Ba]
to 0.44 and there is a hint of slight decline of this ratio with =0.49+ 0.03, and higher values of [Eu/Ba] = 0.61 and 0.66
metallicity increasing. The higher values of [Eu/Fe] = 0.61 and have been obtained for two halo stars;

0.62 have been obtained for two halo stars. 2. there is an abrupt change in [Eu/Ba] ratio as one goes from

An overabundance of europium relative to iron in metal- the thick to thin disk stars.
poor stars was found in earlier work (Woolf et lal. 1995, and
references therein). Most Eu abundances previously available The europium-to-barium abundance ratio provides a use-
for stars in the metallicity range covered in this study are frofal diagnostic of the neutron capture processes that formed the
the work of Woolf et al.[(1995) and Jehin et al. (1999), in whicheavy elements. This ratio for a pure r-procéss(Eu/Ba).
the data are reported for 81 field F and G disk dwarfs with [Fe/ldfjuals -0.98 according to the most recent data of Arlandini et
> —0.9 and for 21 mildly metal-poor€1.2 > [Fe/H] < —0.6) al. (1999) that translates to [Eu/Baj 0.70 provided that the ra-
unevolved stars, respectively. In the first work a steady incredigebetween solar Eu and Ba abundances evaluated in this study
in the abundance ratio [Eu/Fe] from0.1 to 0.4 is obtained log (Eu/Ba), = 0.53—-2.21 = -1.68 is adopted. A line indicating
with decreasing metallicity. However, Woolf et al. (1995) notfeu/Bal. = 0.70 for a pure r-process is included in [igl. 11. The
that the [Eu/Fe] ratio depends on the Galactocentric raldji)s observed [Eu/Ba] ratios for two halo stars, close to 0.70 and the
If we look at Fig. 8 (top panel) of their paper where only thhigh mean value [Eu/Ba] = 0.49 found for the thick disk stars
stars from the inner GalaxyR(,, < 7) kpc are given we find favour a dominance of the r-process in heavy element produc-
a nearly constant value of [Eu/Fe] 0.23 in the metallicity tion at times of the halo and thick disk formation. The lower
range [Fe/HIK —0.4 and a discontinuity for [Eu/Fe] at [Fe/H] abundance ratios in the thick disk stars, compared with 0.70
~ —0.4. This looks like the behaviour of [Eu/Fe] obtained irvalues of [Eu/Ba], permit up to 30% of barium to have been
this study except for that we have found the larger values mfoduced by the s-process.
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08 pure r_p,‘ocess the data by Woolf et all (1995) and find that they are suggestive

x of such a behaviour. Fig. 11 from their paper gives the [Eu/Ba]
0.6~ * N ratios versus [Fe/H] for different ranges of Galactocentric ra-
o o o, dius. It can be seen that the metal-poor stars ([FefH}0.3)
04l ° . i form a plateau with [Eu/Ba] = 0.4 if they are inside 7 kpc and
with a [Eu/Ba] value smaller by about 0.2 dex if they are outside
7 kpc. A graduate decrease in the [Eu/Ba] ratie-tb1 is seen
02" o 7 at higher metallicities. From the perspective that two different
_ ° stellar populations are involved in Fig. 11 of Woolf et al. (1995)
0.0| Sclar r/s-process mixture (see Sect. 5.2) the behaviour of their [Eu/Ba] ratios is similar to
‘ ‘ ‘ ‘ that found in this study. However, their elemental abundances
15 10 05 0.0 are based on the LTE assumption resulting in a lower value of

[Fe/H] ’ . :
© [Eu/Ba] = 0.4 for the thick disk stars compared with our value
Fig. 11. Variation of [Eu/Bu] with [Fe/H]. Symbols are the same as iyt [Eu/Ba] = 0.49.

Fig.[9

[Eu/Ba]

5.4. The r/s-process controversy from Bei1 A4554 line
We have only two halo stars and this limits us to draw reliable

conclusions concerning a halo. Nevertheless, our results for tlid>aper | we suggested a direct method of determining the odd-
moderately metal-deficient halo stars ([Fe/H] =-1.12 and -1.5@y€ven isotopic ratio from the Baresonance line provided that
turn out to agree well with the data of McWilliam (1998) whdhe Ba total abundance is determined from the subordinate Ba
has obtained [Eu/Ba] ratios between 0.5 and 0.85 with the mdigs. The resonance line of the odd isotopes has several HFS
value of [Eu/Ba] = 0.69 for the sample of extremely metal-po&©mponents and this leads to an additional broadening of the
stars with [Fe/HJ< —2.4. We infer from this that the halo stel-line. HFS components of each odd isotope are disposed by two
lar population reveals the almost pure r-process heavy elem@f@ups shifted relatlve to the resonance line of even isotopes by
composition independent of metallicity. From the insignificar8 MA and—34 mA, respectively. So, the 3-component simpli-
contribution of the s-process to Ba production we conclude tHigation suggested by Rutten (1978) is sufficiently precise and
the halo stellar population has formed quickly during an intervé1€ relative strengths of these components depend on the odd-
smaller than an evolution timé @ 4 M, star, which is thought t0-even isotopic ratio. The larger the fraction of odd isotopes is,
to be the upper mass limit of AGB stars’ progenitors, respoﬂle broader is the spectral line and the greater is the total energy
sible for Ba synthesis in the s-process (Travaglio ef al_1999psorbed in the resonance line.

According to Massevich & TutukoV (1988) an evolution time In Paper | we have shown for the metal-poor stars in the
of such stars is about 160 million years. meta”lClty range—2.20 > [Fe/H] < —0.83 that, at Ba abun-

Our data show for the first time a high overabundance of ignces derived from the Basubordinate lines free of HFS
relative to Ba in thehick diskstars which means that the epocigPlitting, the even-to-odd isotopic ratios estimated from the res-
of this stellar population formation was rather short becausec§lance line are close to solar ratio 82: 18 (Cameron 1982).
process element production, even ifitwas switched on, could ftsed on the pure r-process even-to-odd isotopic ratio 28: 72
enrich interstellar matter with significant amounts of Ba. Thf§om Cameron[(1982) and on the observed small fraction of
observational finding constitutes a constraint to the durationth 0dd isotopes we inferred that there are no observational
that epoch. arguments for the hypothesis that the r-process dominated Ba

No significant overabundance of Eu relative to Ba is fourfoduction at early phases of the Galactic evolution. But the
in the three thin disk stars with Eu abundances available, iPosite conclusion is drawn in this study from analyses of the
an exciting feature is the step-like decrease of the [Eu/Ba] ralfe/Ba] ratios. Here we try to make this point clear.
at the thick-to-thin disk transition. This result suggests there We have derived barium abundances from ¥4&54 line
was a phase before the onset of the thin disk stellar populatiBrthe halo and thick disk stars for two even-to-odd Ba iso-
formation during which r-process element and iron productidfPe mixtures, for a solar ratio 82: 18 and for a ratio 54: 46
stopped but s-process nuclei of Ba were synthesized in evol¢&dresponding to a pure r-process Ba production according to
low mass stars. Thus, that phase was characterized by nef{g/most recent data of Arlandini et al. (1999). We name these
ceased star formation and its duration is constrained by the tiffindancesg e4s54(solar) andog e4554(r). If at times of the
needed to increase the Ba abundance in the interstellar gas U6 and thick disk formation barium was mainly synthesized by
the values observed in the thin disk stars. We note such a hidfifs/-Proces®g e4554(r) should coincide within error bars with
in star formation was suggested by Fuhrmann (1998) on the bHbarium abundance from the subordinate likes; (subord),
of magnesium and iron abundance analyses. The age-metalligdlog c4554(solar) would be overestimated. In Hig] 12 we com-
relation deduced by Ng & Bertelli{1998) is also indicative of Rare the differences log s = log e4554(solar)- log £ (subord)
star formation gap on their stellar age scale between 10-12 Gtd Aloge, = logess54(r) —loge(subord). It can be seen

Although no previous study of Eu and Ba abundances fouHt log e4ss4(solar) is on average higher thang e (subord)
such a step-like change of the [Eu/Ba] ratio we have inspecﬂ@dthe halo and thick disk stars. But this is true for the thin
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with the data of Arlandini et al.(1999) the Ba abundance would

o2l . ¢ | have to be reduced by a smaller value of 0.13 dex which is,
N o in fact, within the error bars because for this metal-poor star

. . ([Fe/H] = —2.20) only the weak subordinate lin&6496 is
> « *°° observed, andog e(subord) is derived with an uncertainty of

R about 0.1 dex. In this paper we have revised our Ba abundances
X
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|
|
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|
|
|
I
|
|
)
|
|
|
|
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|
|
|
|
|
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|
|
|
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0.0

L4 on the base of the advanced NLTE method fonB&s a re-

fTxT T e iy sult, the difference betwedng c4554(r) andloge(subord) in

-0 X Ve . BD 66°268 has reduced to 0.06 dex, kiiog ¢, has increased

to 0.08 dex. Though the new results tend to reveal a signifi-

Py _p " s s cant contribution of the r-process to Ba production, the differ-
[Fe/H] encelog e4554(s0lar)— log £4554(r) is not large enough to infer

with confidence whether r- or s-process played a dominant role

Fig. 12. Comparison of barium abundances derived from thenBaat the epoch of this star's formation. Even smaller values of
A554 and subordinate lines. Symbols correspondAdoges = P '

log eassa(solar) — loge(subord) (filed circles) andAloge, — 108€4554(S0lan) —logesssa(r) = 0.06-0.09 are found for other

log 24554 () — log =(subord) (crosses). Dashed lines limit the rang@l0 Stars, HD 103095, HD84937.
of possible abundance errors Thus, with more confidence for thick disk than for halo stars

our analyses of HFS affecting the Baesonance line using the
new data of Arlandini et al._(1999) give arguments in favour of

disk stars, too, though no significant deviation of the Ba is@-higher fraction of the odd Ba isotopes compared with the solar

tope mixture from the solar one is expected for these stars.Ofe and, therefore, a dominance of r-process nucleosynthesis of

addition, we note that the hotter normal metallicity stars aréeavy elements. However, a change in broadening\#4

the larger is the differencA log e,. For 3 thin disk stars with line between two extreme cases (a pure r-process and solar r/s-

T.g > 6000K Aloge, > 0.1. In Paper | we discussed diver-Process mixture) is relatively small for stars with metallicities

gences between Ba abundances obtained from the reson&hg@ller than-1and this reduces the use of our method based on

and subordinate lines for the Sun and Procyon. The resonafit&analysis of HFS affecting this line to estimate the r/s-process

line core of these stars is formed in the uppermost atmosphé@atio in heavy element production.

layers nealog 75000 = —4.5, and itis most probably influenced

by a non-thermal and depth-dependent chromospheric velogtyconclusions

field. Similar effects are expected for other stars with metal- . )

licities close to solar. With decreasing metallicity resonanédemental abundance ratios [Ba/Fe] have been estimated for

line formation is shifted towards deeper layers and the chron#s? Stars in the range of metallicity2.20 < [Fe/H] < 0.07

spheric influence is reduced. However, it can still be importa@fd the [Eu/Fe] and [Eu/Ba] ratios for 15 stars with [Fe/H]

for mildly metal-deficient stars with [Fe/H] as low a$).5. The between-1.50 and0.07. An important advantage of our study

large value of\ log e, = 0.16 for the metal-poor star HD 4528215 provided by taking into account a membership of individual

([Fe/H] = —1.5) may also reflect chromospheric influence betars to particular stellar populations of the Galaxy. Such an

cause it is the most luminous star of our sample with the m@giProach was first suggested by Fuhrmann (1998) in his study

extended atmosphere, and thé554 line core is formed near of magnesium to iron abundance ratios, and it has been extended

log 75000 = —3.6. recently by Fuhrmann_(2000) on the basis of a considerably
It can be seen from Fig]L2 that nearly for all our halo arfjnlarged sample.

thick disk stars the Ba abundance derived fromXttg54 line We sum up the above results.

assuming pure r-process barium productionis closer to the abyn- g\, roium is overabundant relative to iron in the halo and

dance from the subordinate lines, and thdbg ¢, is within er- thick disk stars: 10 thick disk stars show [Eu/Fe] ratios be-
ror bars. The exceptionis two stars, HD 194598 and HD 201891, . «an 0 30 and 0.44, and a slight decline of this ratio with

with an uncertainty ofog ¢ (subord) greater thah 0.05dex(see  aajlicity can be seen: for two halo stars [Eu/Fe] = 0.62.
Table[), and the halo star HD 84937 whisge(subord) was - pariym abundances follow iron in the halo and thin disk
obtained from the only week line8496 and the abundance error stars though a scatter up to 0.2 dex occurs. In the thick disk

is expected also greater than0.05dex. _ stars barium is slightly underabundant by about 0.1 dex.
We emphasize that the possibility to differentiate betweeg_ Europium is overabundant relative to barium in the halo
Ba abundances obtained from thé554 line at the solar and 4 thick disk stars with the mean values [Eu/Ba] = 0.64

pure r-process Ba isotope mixture is reduced as one changesdnd 0.49, respectively.

from Cameron((1962) to Arlandini et al. {1999) data. FOr €X3 There is an abrupt decrease in the [Eu/Ba] ratio at the tran-
ample, we showed in Paper | that the pure r-procds$4 line sition from thick to thin disk stars.

is deeper than the observed one in BD&&3 and that, in or-

der to agree with observations, the Ba abundance would haveThese data give useful information for chemical evolution
to be reduced by 0.2 dex. If that analysis would be performadd for the evolution of stellar populations of the Galaxy.
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