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Abstract We aim at deriving accurate atmospheric parameters andicakeabundances of 19 barium
(Ba) stars, including both strong and mild Ba stars, basetherhigh signal-to-noise ratio and high res-
olution Echelle spectra obtained from the 2.16 m telescopéraylong station of National Astronomical
Observatories, Chinese Academy of Sciences. The chenticabances of the sample stars were obtained
from an LTE, plane-parallel and line-blanketed atmosmhmiadel by inputting the atmospheric parameters
(effective temperatureR.g, surface gravities log, metallicity [Fe/H] and microturbulence velocify) and
equivalent widths of stellar absorption lines. These samspf Ba stars are giants as indicated by atmo-
spheric parameters, metallicities and kinematic anabisait UVW velocity. Chemical abundances of 17
elements were obtained for these Ba stars. Their NayAdnd iron-peak elements (O, Na, Mg, Al, Si, Ca,
Sc, Ti, V, Cr, Mn, Ni) are similar to the solar abundances. 8amples of Ba stars show obvious overabun-
dances of neutron-capture-Capture) process elements relative to the Sun. Their mexbandances of
[Ba/Fe], [La/Fe] and [Eu/Fe] are 0.54, 0.65 and 0.40, repedyg. The Y1 and Zr abundances are lower
than Ba, La and Eu, but higher than theand iron-peak elements for the strong Ba stars and sinailtret
iron-peak elements for the mild stars. There exists a pesibrrelation between Ba intensity and [Ba/Fe].
For then-capture elements (Y, Zr, Ba, La), there is an anti-cori@febetween their [X/Fe] and [Fe/H]. We
identify nine of our sample stars as strong Ba stars withfBp/0.6 where seven of them have Ba intensity
Ba=2-5, one has Ba=1.5 and another one has Ba=1.0. The iiagten stars are classified as mild Ba stars
with 0.17<[Ba/Fel0.54.

Key words: methods: observational — stars: abundances — stars: ateresp- stars: chemically peculiar
— stars: kinematics and dynamics — stars: late-type

1 INTRODUCTION Burbidge et al. (1957) identified the mode of synthesis
with slow n-capture process{process) being responsible
Barium (Ba) stars belong to a distinct class of peculiar gifor the production of the majority of the isotopes heavier
ants which were first identified by Bidelman & Keenan than iron. The later works ostprocess enrichment usually
(1951). The stars of this group are G to K giants, and iparameterize the amount bfC burnt during thes-process
their spectra there are abnormally strong lines-pfocess  operation in the interior of asymptotic giant branch (AGB)
elements, especially Baat 4554A, as well as enhanced stars (Straniero et al. 1995, 1997; Busso et al. 1995, 1999,
CH, CN and G molecular bands. Besides Ba and Sr, otheR001; Gallino et al. 1998). They suggested th4E was
heavy elements such as Y, Zr, La, Ce, Pr, Nd and Sm areompletely burnt in the radiative condition, and the result
also enhanced. The general properties of Ba stars were lrg s-process nucleosynthesis occurred during the quies-

viewed in detail in McClure (1984), and the chemical com-cent interpulse period, instead of the convective thermal
position of Ba stars has been reviewed by Lambert (198%ulse. > Ne(a, n)?*Mg was still active for a very short
1988).
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period during the convective pulse and had a minor inBa stars is necessary to reveal their properties and forma-
fluence on the whole process of nucleosynthesis. In thetion scenario. Moreover, most of the previous studies have
mally pulsating AGB stars (TP-AGBs), the deep dredgefocused on strong Ba stars. In this work, we aim to extend
up phenomenon that follows the thermal pulses, the sahe sample to many mild Ba stars with a relatively low Ba
called third dredge-up, mixes some of the processed mat@itensity.
rial to the atmosphere, where it becomes accessible to ob- In 2000, we started a project of analyzing the chem-
servations. The mechanism eprocess is relatively clear, ical composition of a large sample of Ba stars. In 2000,
whereas the astrophysical site of the rapidapture pro- 2001, 2004 and 2005 high resolution Echelle spectra with
cess (-process) is debated, although it is believed to takénigh S/N ratio were obtained with the 2.16 m telescope lo-
place in supernova explosions of massive stars (Cowacated at Xinglong station, China. Liang et al. (2003) and
etal. 1991; Sneden et al. 2008). Liu et al. (2009) analyzed four and eight typical Ba stars,
Because of their low luminosity, low mass and the ab-respectively. In our present work, we analyze in detail the
sence of the unstable nucle¥¥dc (r. = 2 x 10°yr), Ba  chemical abundances of the remaining 19 Ba stars.
stars are not TP-AGB stars. It is generally believed that ~_This paper is organized as follows. In Section 2, we de-
they belong to binary systems and that the overabundan&éribe the observations and analysis methods. In Section 3,
of their heavy elements would be caused by the accretioWe Ppresent the atmospheric parameters of the stars. In
of the matter ejected by their more massive companionS€ction 4, we define the adopted atmospheric model and
(now a white dwarf) in their TP-AGB phase abouté10 discuss the choice of spectral lines. We analyze the element
years ago (McClure et al. 1980; Han et al. 1995; JorisseAbundances and their uncertainty, and the relation between
et al. 1998; Liang et al. 2000). They should not havethe Ba intensity and [Ba/Fe] in Section 5. In Section 6, we

evolved to the TP-AGB stage to synthesize these heavy efinalyze their UVW kinematics and orbital periods. The re-
ements yet. sults are discussed in Section 7.

McClure et al. (1980) revealed that most Ba stars,
maybe all of them, show variations in radial-velocity sug-2 OBSERVATIONS AND DATA REDUCTION

gesting the presence of_companions. The orbital elementﬁ1e sample of stars was selected from Lu (1991) and

.  MeFrissen et all. (1998), and the corresponding Ba intessitie
sured (Carquillat et al. 1998; Udry et al. 1998a,b; Jorissef) are taken from there. One normal giant in a Ba-like bi-

etal. 1998). The determination of the chemical abundancer§ary system, HD 66216, was further taken from Jorissen

of a large sample of Ba stars must be very important fo%t al. (1998) (originally from the catalog compiled by

understa_nding their formation scenario and the abundanc§ofﬁn et al. 1993) to check whether this star also has an
patterhs in the gjgcta Of AGB stars. _ abnormal Ba abundance based on the high quality spectral
Itis often difficult to study the chemical abundancesyata. The basic data on the sample of stars are given in
of such cold stars with M, S and C spectral types and withrgpje 1.
strong TiO absorption lines. Lu (1991) presented a table Tpe spectroscopic observations were carried out
of 389 Ba stars with an estimate of their Ba intensitiesyith the Coudé Echelle Spectrograph equipped with a
(from 1 to 5) following Lu et al. (1983) on the scale de- 1024x 1024 TeKtronix CCD attached to the 2.16m tele-
fined by Warner (1965) and based on the strength of thgcope at National Astronomical Observatories, Chinese
Ball 4554A line. We could roughly divide Ba stars into academy of Sciences (Xinglong station, China). The red
two classes: weak (mild) Ba stars (with 82) and strong  arm of the spectrograph with a 31.6 grooves/mm grating
Ba stars (with Ba=2-5), but we will consider [Ba/Fe] abun-\yas ysed in combination with a prism as cross-disperser,
dance_z ratllos as a stricter diagnostic for strong and mild B%roviding a good separation between the Echelle orders.
stars in this work. With a 0.5mm slit {.1”), the resolving power is of the
Many studies have tried to analyze in detail the abunorder of R ~ 30000 in the camera system at the middle
dances of Ba stars based on high resolution and higfbcus. The total wavelength coverage was 550000A
signal-to-noise (S/N) spectra. Zats (1994) analyzed thever 36 orders, and most of the spectra have an S/N ratio
chemical abundances of a sample of 31 Ba stars and nagreater than 60.
mal G-K giants. Allen & Barbuy (2006a,b) analyzed 26 Ba  We used the standard ECHELLE package in the
stars. Smiljanic et al. (2007) analyzed 13 sample stars. IMIDAS environment for data reduction and equivalent
addition, the chemical composition of 5, 16 and 1 Ba starsvidth (EW) measurements of lines. The procedure is: or-
was studied by Boyarchuk et al. (2002), Antipova et al.der identification, background subtraction, flat-field cor-
(2004) and Yushchenko et al. (2004), respectively. Othefection, order extraction, wavelength calibration, radéa
available analyses are mostly based on data with lower S/Ncity shift correction, and continuum normalization. 8ia
ratio (Pilachowski 1977; Smith 1984; Kovacs 1985; Luckdark current and scattered-light corrections are inclided
& Bond 1991). the background subtraction. The pixel-to-pixel sengitivi
As a consequence, the number of well studied Ba stargariations were corrected by using the flat-field. The wave-
is still small compared to the 389 stars listed in Lu (1991)length calibration was based on thorium-argon lamp spec-
A detailed analysis of the abundances of a large sample @fa. The EW measurements of spectral lines were done by
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Table 1 Basic Data on the Sample of Stars

Starname Ba Sp. l b ra. ora. dec. dgec. ™ (Mas) o B \4 K
@ @ @O 4 (5) 6 ® 9 (10) (11) (12) (13) (14)

HD 11353 0.1 KO 165.8823-68.0481 38.78 0.94-38.04 0.53 12.59 0.85 4.873 3.738 1.016 [0.250]
HD 11658 1.0c KO 132.9747-09.9246 90.98 0.59-30.35 0.50 4.93 0.84 8.350 7.250 4.675[0.017]
HD 13787 1.0 KO 140.2071-20.8720-—-19.87 0.81 —7.72 0.69 5.23 1.01 8.250 7.300 5.113[0.023]
HD 18418 3.0 KO 148.7200-18.0025 —4.84 1.27 —7.10 0.83 2.99 1.18 8.530 7.540 5.232[0.020]
HD 20644 0.5 K4 158.1375-23.4606 —8.21 0.88—16.42 0.64 5.09 0.90 6.076 4.472 0.877[0.172]
HD 31308 0.2: G5 203.923728.4207 8.38 0.95—2.84 0.69 5.05 1.02 8.340 7.330 5.057[0.026]
HD 43232 0.5 KI1.5 214.404710.9789 —6.18 0.78—-20.06 0.65 5.06 0.90 5.332 3.987 1.087[0.246]
HD 49641 3.0c KO 209.4241-01.2500 —7.08 0.82—10.46 0.49 0.73 0.88 8.500 7.130 4.253[0.015]
HD58121 1.0m G7 211.1724-10.1346  0.54 0.89 —0.26 0.57 2.82 0.95 9.090 7.920 5.377[0.021]
HD58368 2.0c KO 210.0194-11.0233  2.74 0.94 —0.74 0.61 2.36 0.97 8.990 7.970 5.773[0.023]
HD66216 bl K2 193.8981+27.1407 —28.53 0.83—-35.25 0.64 12.66 0.78 6.087 4.944 —_——

HD81797 1.0: K3 241.4884-29.0455-14.49 0.95 33.25 0.53 18.40 0.78 3.486 2.004.127[0.208]

HD90127 2.0 KO 249.31414-42.1085 11.61 1.01-5.73 0.57 4.55 0.87 8.440 7.270 4.758[0.027]
HD 95193 2.0m G8 266.1248-40.5624 —6.56 1.19 —2.65 0.79 2.30 1.03 9.280 8.300 6.050 [0.021]
HD 203137 0.5 K4.5 092.0166-00.4142  7.77 0.66 —2.11 0.54 1.91 0.62 8.870 7.000 2.263[0.278]
HD 210030 1.0 KO 048.8171-47.8983  9.39 1.07-27.46 0.56 6.07 0.95 8.570 7.470 5.014[0.016]
HD 212320 1.5 G3 055.6592-49.6862 —6.21 1.19  8.95 0.87 7.10 0.93 6.912 5.922 3.891[0.270]
HD 218356 2.0m KO 095.120%31.7089  0.26 0.56-33.31 0.41 6.07 0.67 6.067 4.767 1.765[0.220]
HD 224276 : K2 113.0484-15.8091  6.21 0.70 —0.01 0.62 2.09 0.96 9.48 8.45 6.125[0.020]

Notes: Ba intensity in Column 2. c: certain Ba stars, m: nreigBa stars, bl: Ba-likely stars, and “:” refers to the measu
ment of barium intensity being uncertain.

applying two different methods: direct integration of theetal. (1989) and O’Donnell (1994). Finally, the extinction
line profile and Gaussian fitting. The latter is preferable incorrected coloréB—V), (V — K) and(b—y) are obtained.
the case of weak lines, but unsuitable for strong lines inhe distanced (=1/7) are estimated from the parallax.
which the damping wings contribute significantly to the All these values are presented in Table 2.

EW. The final EWs are weighted averages of these two

measurements, depending on the line intensity (see Zhapy Effective Temperature

et al. 2000 for details). We present part of the spectrum of

a star in the sample, HD 212320, in Figure 1(a). Effective temperature§{s) are determined from color in-
dices(B —V), (V — K) or (b —y) by using the empirical
calibrations of Alonso et al. (1999, 2001) for giant stars.
Since the Alonso formula depends on [Fe/H], these calcu-

The stellar atmospheric model is specified by four paraméations are done iteratively.

ters: effective temperature, surface gravity, metajlieind Figure 1(b) shows the consistency of the effective tem-
microturbulent velocity. For more accurate atmospherigoeratures of the sample stars calculated frgsn— V'),
parameters, we perform extinction correction on the ob{V — K) and(b —y). The solid line is the least-squares fit-

3 ATMOSPHERIC PARAMETERS

served magnitudes of these stars. ting (with a slope of 0.97) ot .g(V — K) vs. T,g(B — V),
and the dashed diagonal line is the one-to-one relation.
3.1 Extinction Alonso et al. (1999) showed that the effective temper-

atures determined fronb — y) are more accurate than
The effective temperatures of the stars are determined frothose from(B — V). Unfortunately, only two stars with
photometric indices. Since most of our stars are close t¢h — y) index are available in our samples. For calculating
the Galactic plane|§| < 30°), careful attention must be abundances, we use the effective temperature derived from
paid to the reddening corrections. Firstly we calculate thé B — V') rather than(VV — K') since theK” magnitudes of
reddening value€/(B — V') based on the dust maps of many samples here are brighter than 4 mag, and these
Schlegel et al. (1998). Then we reviB¢B — V) by using  band indices often have larger uncertainties. Furthermore
the formula presented in Beers et al. (2002, their eq. (1)half of the errors for thé( magnitudes here are higher than
since the Schlegel et al. map may overestimate the reddef-2 mag, and a 0.2 mag error in theband causes an error
ing values when their reported color excess exceeds aboat about 250 K in effective temperature (for details see Liu
0.15 mag (Arce & Goodman 1999) or 0.1 mag (Beers et alet al. 2007). We should keep in mind that the cglBr—1")
2002). Next, we can obtain the extinction magnitudes ins affected by the CN an€’;, making the stars redder, and
different wavelength bandslg, Av, Ak, Ay, andAy, by  as a result, the temperature derived from this color should
using the relative extinction table of Schlegel et al. (1998 be lower (Allen & Barbuy 2006a). Considering the uncer-
which is based on the Galactic extinction law of Cardellitainties in spectral data, in [Fe/H], and the errors in the



4 G.C.Yangetal.

(b) ~

5000

0.8

=

Ll N

y L 1]
5 [ ]
= r 1 1
S o6l HD 212320 6143.1808 1 <& 4500
2T 1 %
] r 1 2
g ol 1
[ | ] 4000
0.2 - Ball N
H 6141.7274 1
oL L N 3500 L 1 Ll Ll
6120 6130 6140 6150 3500 4000 4500 5000
Wavelength (R) Tav)

Fig.1 (a) A part of the spectrum of HD 212320 showing IB&141.727A and Zri 6143.180A. (b) Comparisons among the three sets
of T.g values calculated froiB — V'), (V — K) and(b — y) colors for stars in the sample. The filled circles and triaagkfer to the
temperatures calculated witi — K') and (b — y), respectively. The solid line is the least-squares fit topibiats of 7.q (V' — K) vs.
T.x (B — V), whereas the dashed diagonal line is the one-to-one nelatio

Table2 The Reddening Values of the Color Indices

Starname (B —V)o (V= K)o (b—y)o E(B—V)D (kpc) Ag Ay Ax A, Ay B-V)(V-K)(b—-vy)

HD 11353  1.135 2.722 — 0.016 0.079 0.0710.0550.006 0.0640.0..119 2.673 —
HD 11658  1.100 2.575 — 0.045 0.203 0.1940.1490.017 0.18%/0.11.055 2.442 —
HD 13787  0.950 2.187 — 0.030 0.191 0.1280.098 0.011 0.18¥0.®.920 2.100 —
HD 18418  0.990 2.308 — 0.051 0.334 0.2200.169 0.019 0.2@x0.D.939 2.158 —
HD 20644  1.604 3.595 — 0.202 0.196 0.8700.668 0.074 0.816 0.660 1.402 3.001 —
HD 31308  1.010 2.273 — 0.017 0.198 0.074 0.057 0.006 0.0650.M.993 2.223 —
HD 43232  1.345 2.900 — 0.1#4 0.198 0.4910.3770.0420.4600.373 1.231 2.565 —
HD 49641  1.370 2.877 — 0.147 1.370 0.6360.4890.054 0.5970.483 1.223 2.442 —
HD58121  1.170 2.543 0.667 0.024 0.355 0.1030.0790.009@@F8 1.146 2.473 0.649
HD58368  1.020 2.197 — 0.021 0.424 0.0900.069 0.008 0.08®0.M.999 2.135 —
HD 66216  1.143 — — 0.009 0.079 0.0400.0310.0030.0380.03@341. — —
HD81797  1.482 3.131 — 0.010 0.054 0.0420.032 0.004 0.0320.0.472 3.102 —
HD90127  1.170 2.512 — 0.032 0.220 0.1380.106 0.012 0.13150.11.138 2.418 —
HD95193  0.980 2.250 — 0.047 0.435 0.2020.1550.017 0.1%380.D.933 2.112 —
HD 203137 1.870 4.737 — 0.048 0.524 0.208 0.160 0.018 0.11%80. 1.822 4.595 —
HD 210030 1.100 2.456 — 0.026 0.165 0.1120.086 0.009 0.1#50. 1.074 2.380 —
HD 212320 0.990 2.031 — 0.044 0.141 0.1880.144 0.016 0.11#30. 0.946 1.903 —
HD 218356 1.300 3.002 0.835 0.086 0.165 0.3720.286 0.03®@283 1.214 2.748 0.768
HD 224276 1.030 2.325 — 0.071 0.478 0.307 0.236 0.026 0.28880. 0.959 2.115 —

Notes: (B — V)o, (V — K)o, (b — y)o and(B — V), (V — K), (b — y) are the values observed and after extinction
correction respectivelyD is obtained directly from the parallaxe® (= 1/x). The superscript indicates that these stars
are heavily reddened, thus their colors (and temperataresyincertain, and the resulting masses and ages may hgee lar
uncertainties.

calibration of color-temperature, we estimate that the unmethod is more precise for bright stars with Hipparcos par-

certainty in the effective temperature is about 200 K. allaxes that are as good as the stars studied here. In this
method the following relations are used

3.3 Surface Gravity

g M Teff
There are two methods used to determine the gravitylog Jo 1OgM—@ +4log Tore + 0.4(Mpol — Moo

(logg). One is requiring the Feand Fal lines to give

the same iron abundance. However, it is well known thatind

the derivation of iron abundance from Fand Fel lines Mpo =V + 5+ 5log 7 + BC,

may be affected by many factors such as unreliable oscilla-

tor strengths, non-local thermodynamic equilibrium (non-where M is the stellar mass)/fy,, the absolute bolomet-
LTE) effects and uncertainties in the temperature strucric magnitude,V the visual magnitude, BC the bolomet-
ture of the model atmospheres. The other method is usingc correction, andr the parallax. We adopt solar value
the parallaxes measured by the Hipparcos satellite. Thi®g go = 4.44, Tegr, o = 5770 K and Myo1,c = 4.75 mag.
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The parallax £) and its errors are taken from observa-does not depend on wavelength. The line list of Liu et al.
tions made by the Hipparcos satellite (ESA 1997). Stella2009, their table 2) and Liang et al. (2003, their table 3)
mass was determined from the position of the star in thédas been adopted with their excitation potentiand os-
My — log Teg diagram. We adopt the stellar evolution cillator strengthdog g f.

tracks given by Girardi et al. (2000). The bolometric cor-  As mentioned in Liu et al. (2009), the oscillator
rection, BC, is determined using the empirical calibration strengthslog gf of the spectral lines are taken from

of Alonso et al. (1999). the NIST databasehftp://physics.nist.ggy Lambert &
Warner (1968), Wiese & Martin (1980), Biemont et al.
3.4 Metallicitiesand Microturbulent Velocity (1981, 1982), Hannaford et al. (1982), Fuhr et al. (1988),

o o Luck & Bond (1991), O'Brian et al. (1991), Bard & Kock
The initial metallicities of the sample stars were takemfro (1994), Lambert et al. (1996), Nissen & Schuster (1997),
the literature if available. Otherwise, we guessed an inichen et al. (2000), Liang et al. (2003) and the references
tial value by judging from the spectra and the color in-therein, Thelog ¢f values of the O 7771-7774 triplet
dices. The final model and chemical composition were defines and of the neutron capture-¢apture) process ele-

rived iteratively. Microturbulent velocity(() was deter-  ents were taken from Liang et al. (2003, their table 3).
mined from the abundance analysis by requiring a slope

of zero in the relation [Fe/H] vs. EWs. The derived atmo-

spheric parameters of the sample stars are summarized ,n CHEMICAL ABUNDANCES

Table 3 including star name, effective temperatures calcu-

lated from(V — K), (b — y) and (B — V), metallicity, 5.1 The Abundance and Their Uncertainties

surface gravity and microturbulent velocity. We checked )

the atmospheric parameters to make sure that the valud$'® @bundances of 17 elements (O, Na, Mg, Al, Si, Ca,

we obtained are reliable. As an example in Figure 2 we>C: Th Vs Cr, Mn, Ni, Y, Zr, Ba, La, Eu) in our 19 stars

show for HD 66216 that the abundance deduced from th@'® given in Table 4. The solar abundances are taken from

Fel lines is independent of the excitation potential (test ofcT€VESSe & Sauval (1998). Uncertainties in the abundances

effective temperaturé,q, Fig. 2a), independent of the EW malnl_y come from the systematlc errors introduced py un-

of the lines (test of the microturbulence velodtyFig. 2b) certainties in the atmospheric parameters and the stachast

and independent of the wavelength (Fig. 2c). In Figure 2(b§TOr arising fromrandom errorsin the oscillator stresgth

it can also be seen that the iron abundance deduced froffle damping constants and in the measurements of EWs.

Fel lines is the same as the abundance deduced from tH¥€ ignore the uncertainties in atomic data.

Fell lines (test of gravity log). In Tables 5 and 6 we computed the variation of [Fe/H]
As a Comparison’ we have six stars in common W|thand [X/Fe] (Where X is one of the 17 elements considered

McWilliam (1990). He observed 671 giants but in a nar-here) for a change of 200K in the effective temperature,

row spectral range (6500 — 688pand obtained the atmo- 0-2dex in the surface gravity arid2 km s~' in the mi-

spheric parameters and elemental abundances. In TablecBturbulence velocity, for two typical stars in our sample

we also list the atmospheric parameters of the stars alddD 66216 and HD 212320. We expect that the uncertain-

studied by McWilliam (1990) in the last four columns. The ties in the EW measurements are abatit mA. The re-

median differences between ours and theirs&fe; —  Sulting error in the abundances depends on the EW of the
48 K, Alog g = —0.54, A[Fe/H] = 0.14 andA¢, = line and has been computed line by line. For an element
—0.75. represented b lines, the final error in the abundances
is divided by a facton/N. The total uncertainty is esti-
4 MODEL ATMOSPHERES AND SPECTRAL mated with the_east Squares MethqtlSM) and given in
LINES Tables 5 and 6.

We should keep in mind that since we are using the

We carried out a classical LTE abundance analysis baseéd spectra for abundance analysis, we only have limited
on a set of plane parallel, line blanketed, flux constanspectral lines of thei-capture process elements to use.
model atmospheres (Kurucz 1993). Abundances are dé&or example, only one line of ¥ (6435.00Q) is used,
termined by using the atmospheric parameters given ibut the Yi lines can result in higher abundances than
Table 3 (.a(B — V), logg, [Fe/H] and¢;) and the EWs the YI line (Gratton & Sneden 1994; Yushchenko et al.
of the lines. For Fe we selected the lines with< EW < 2004). There are four lines of Ziused to derive Zr abun-
120mA, and20 < EW < 200mA for the other ele- dances, but a Zr line can result in higher abundances
ments, because the weaker lines would increase randotinan a Zn line (Allen & Barbuy 2006a; Gratton & Sneden
errors (and possibly some systematic overestimates)ewhill994; Yushchenko et al. 2004). There are three lines of
the stronger lines are very sensitive to the microturbulenBall (5853.688, 6141.727 and 6496.98Bused to de-
velocity and the damping. Great care was taken to insurdve Ba abundances and two lines of ILg§6390.480 and
consistency of the continuum level. 6774.330%) used to derive La abundances. The line of

In Figure 2(c), as an example, it can be seen thaEull at 6645.11@ is used to derive Eu abundances for
for HD 66216 the abundance deduced from the F@es  our sample stars.
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Starname Toq(V — K) Teg(b—y) Tep(B—V) logg [FeH] & (kms ') Togoue) 1099mme)  [Fe/Hlnme)  Er(ne)
HD 11353 4467 — 4592 2.13 0.04 1.45 4600 2.70 —0.13 2.2
HD 11658 4660 — 4699 2.61 0.00 1.50 — — — —
HD 13787 5007 — 4966 2.90 0.00 1.40 — — — —
HD 18418 4934 — 4845 2.36 —0.29 1.60 — — — —
HD 20644 4231 — 4115 1.18 —0.12 1.60 3980 156 -0.31 2.6
HD 31308 4884 — 4865 2.84 0.16 1.60 — — — —
HD 43232 4551 — 4386 1.40 —0.03 1.55 4270 222 -0.18 2.6
HD 49641 4645 — 4351 1.05 —-0.32 1.50 — — — —
HD 58121 4642 4743 4588 2.41 0.23 1.35 — — — —
HD 58368 4965 — 4777 2.47 —-0.11 1.50 — — — —
HD 66216 — — 4588 2.43 0.14 1.38 4540 2.73 0.03 1.7
HD 81797 4175 — 4034 1.23 0.01 1.50 4120 1.77 -0.12 2.6
HD 90127 4680 — 4536 2.36 —0.06 1.43 — — — —
HD 95193 4992 — 4924 2.62 —0.05 1.57 — — — —
HD 203137 3630 — 3609 0.60 0.07 1.45 — — — —
HD 210030 4722 — 4679 2.73 0.06 1.50 — — — —
HD 212320 5027 — 4880 2.63 —0.11 1.50 4790 2.87 —-0.25 2.2
HD 218356 4398 4311 4374 1.54 -0.26 1.45 — — — —
HD 224276 4994 — 4910 2.56 0.08 1.45 — — — —
1 . 1 . 8.5 T

| HD 66216 (a) | HD 66216 (b) HD 66216 (c)

0.5 ; — 0.5 ; - 8 —
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Fig.2 We check the atmospheric parametgrg, log g and¢; of the stars by taking HD 66216 as an example: (a) There isgmifisiant
trend of [Fe/H] vs.x (Fel line) and the excitation equilibrium suggests that theatife temperature we adopt is reliable. (b) The Fe
abundances from Rdines and Fe! lines are consistent within 0.2 dex, which illustrates tr@zation equilibrium. It suggests that the
log g is reliable. It also shows that there is no trend between keddnces and EWs of the lines. This means thatttie reliable.
The filled and open circles refer to Fand Fal abundances respectively. The solid lines are the leastesfjteof the data points. (c)

It shows no trend from the correlations of Fe abundances) (Fith wavelengths, and also indicates the correctly chaserinuum
levels.

5.1.1 [X/Fe]vs. the Atomic number Z and 5 “strong,” and Ba stars with a Ba intensity between
0.3 and 1.5 “weak.” More recently, Jorissen et al. (1998),
called Ba stars with a Ba intensity 2 “mild,” and Ba stars

Table 4 presents the abundandege(X) (in the usual i : X
with a Ba intensity of 3, 4 or 5 “strong.”

scalelog X (H) = 12.0) and the corresponding [X/Fe] val-
ues for our sample of Ba stars. The two full tables will be  In this work, we could roughly divided the sample
published online. In Figure 3 we have plotted [X/Fe] vs. thestars into strong Ba stars with Ba intensity Ba=2-5 and
atomic numbe¢ for the 19 stars in our sample. The abun-mild (weak) Ba stars with Ba2. However, we will con-
dance pattern of the elements from O to Ni is similar tosider [Ba/Fe] abundance ratios as a stricter diagnostic for
the solar abundance pattern ([X/Fe] close to zero althougstrong or mild Ba stars. The Ba intensities of the 19 stars in
with some scatter), but the-capture elements Y, Zr, Ba, our sample are given in Table 1 (second column). It shows
La and Eu are overabundant relative to the Sun and thinat there are six stars with Ba=2-5 (HD 18418, HD 49641,
overabundances are different in strong and mild Ba star$dD 58368, HD 90127, HD 95153, HD 218356). The Ba in-
As mentioned in Lu (1991), the Ba intensity class was estensity of HD 224276 is not given by Lu (1991) but we
timated visually according to Warner’s procedure (Warneidentify it as a strong Ba star since its heavy elements show
1965) on a scale of 1 (weakest) to 5 (strongest). Lu (19913 pattern similar to HD 95193 and HD 218356 (which are
sect. 4.1) called Ba stars with a Ba intensity between doth strong Ba stars with Ba=2.0m), and its [Ba/Fe] is up
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Table4 Elemental Abundances of the Sample Stars

el

HD 11353

HD 11658

HD 13787

HD 18418

HD 20644

HD 31308

HD 43232

log e(X) [X/Fe] loge(X) [XIFe] loge(X) [XIFe] loge(X) [XIFe] loge(X) [XIFe] loge(X) [XIFe] loge(X) [X/Fe]

Fel 7.55 — 7.51 — 7.51 — 7.21 — 7.39 — 7.67 — 7.48 —
Fell 7.61 — 7.53 — 7.53 — 7.21 — 7.51 — 7.78 — 7.38 —
Ol — — 8.99 0.16 9.00 0.17 — — — — — — — —
Nal 6.52 0.15 6.29-0.04 6.39 0.06 6.16 0.12 6.22 0.00 6.63 0.14 6.53 0.23
Mg 7.63 0.01 7.70 0.12 — — — — 7.81 0.34 7.460.28 7.69 0.14
Al 6.47 —0.04 6.51 0.04 6.32-0.15 6.30 0.12 6.40 0.04 6.590.04 6.55 0.11
Sil 7.64 0.05 7.64 0.09 7.67 0.12 7.45 0.19 756 0.12 7.85 0.14 2 76.00
Cal 6.32 —0.08 6.23-0.13 6.33—-0.03 6.11 0.04 6.29 0.04 6.350.17 6.39 0.06
Scll 3.14 —-0.07 3.22 0.05 3.27 0.10 2.820.06 3.18 0.12 354 021 3.17 0.03
Til 5.01 —0.06 4.96—-0.07 4.87-0.16 4.48—-0.26 503 0.11 4.97-0.22 5.08 0.08
Vi 3.86 —0.18 3.81-0.19 3.82-0.18 3.35-0.36 4.02 0.13 3.81-0.35 4.07 0.10
Cri 571 0.00 5.60-0.07 5.57-0.10 5.18-0.20 594 0.38 5.72-0.11 574 0.10
Mni 558 0.15 549 0.10 5.43 0.04 4.990.11 5.65 0.37 5.53-0.02 5.66 0.30
Ni 1 6.32 0.03 6.30 0.05 6.25 0.00 5.850.11 6.35 0.21 6.39-0.02 6.26 0.04
Yi — — 2.06 —0.18 2.60 0.36 1.99 0.04 242 0.29 — — 235 014
Zri 2.58 —0.06 2.50-0.10 294 0.34 250 0.19 — — 2.80 0.04 2.66 0.09
Ball 2,53 0.36 230 0.17 2.67 054 2,53 0.69 253 051 261 032 3 2653
Lan 1.60 0.39 1.43 0.26 1.70 0.53 153 0.65 1.72 0.66 1.63 030 3 16.39
Eull 0.86 0.31 0.83 0.32 0.89 0.38 0.34 0.12 0.74 0.34 1.09 042 7 0839
HD 49641 HD 58121 HD 58368 HD 66216 HD 81797 HD 90127 HD 95193

el

log e(X) [X/Fe] loge(X) [X/IFe] loge(X) [X/IFe] loge(X) [XIFe] loge(X) [XIFe] loge(X) [XIFe] loge(X) [X/Fe]

Fel 719 — 774 — 740 — 765 — 752 — 745 — 746 —
Fel 699 — 784 — 755 — 764 — 752 — 747 — 751 —
o] 8.91 0.40 - = B — — — 905 021 905 028 898 0.20
Na 598 -0.03 6.66 0.0 646 024 654 0.7 — — 636 009 657 0.29
Mgi  7.75 0.49 — — 744003 787 015 — — 752 000 7.86 0.33
All 6.31 0.16 6.48-022  633-0.03 658-003 650 002 651 010  6.64 0.22
Sii 763 040 788 010 771 027 772 003 776 020 7.73 024 0 7830
Cal 6.25 021  654-005 6.17-0.08 6.35-0.15  6.31-0.06  6.19-0.11  6.42 0.1
Scii 292 007 344 004 315 009 334 003 335 017 330 019 9 2®13
Til 475 004  502-024  474-018  507-0.10 508 004 481016  4.79-0.19
Vi 3.66 -0.02  3.85-0.38  354-0.35  4.07-0.07 420 019 365029  3.95 0.00
Cri 552 017  577-013  552-0.04 583 002 565003 585 024 593 031
Mni 527 020  535-027 526-002 558 005 569 029 540 007 537 0.03
Ni | 596 003 651 003 616 002 641 002 654 028 628 009 1 6@01
Y 227 035 248 001 227 0.14 — — 239 014 233 015 267 0.48
Zr 269 041 292 009 274 025 280 006 277 016 279 025 5 3050
Ban 294 113 309 073 3.00 098 261 034 266 052 303 096 2 2064
Lan 223 138 214 074 213 107 159 028 166 048 235 124 2 10.60
Eur 083 064 125 051 081 041 076 0.11 — — 093 048 086 0.40
HD 203137 HD 210030 HD 212320 HD 218356 HD 224276
el loge(X) [X/Fe] loge(X)  [X/Fe] loge(X) [X/Fe] loge(X) [XIFe]  loge(X) [X/Fe]
Fel 7.58 — 7.57 — 7.40 — 7.25 — 7.59 —
Fell 7.70 — 7.71 — 7.56 — 7.29 — 7.65 —
o) — — 9.00 0.1 — — — — 8.94  0.03
Nal 6.26 —0.14 6.38 —0.01 6.32  0.10 — — 6.54  0.13
Mg 782 017 753 —0.11 758 0.1 787 053 7.38-0.28
All 6.33 —0.21 6.46 —0.07 6.37 001 679 056 6.43-0.12
Sii — — 775 0.14 765 021 745  0.14 771 0.08
Cal — — 6.22 —0.20 6.17 —0.08 635 023 6.42 —0.02
Scil 3.18 —0.06 340  0.17 322  0.16 3.08 015 3.19-0.06
Til 497 -013 488 —0.21 458 —0.34 502 023 497 —0.14
Vi 4.02 —0.05 3.77 —0.29 357 —0.32 3.73 —0.03 3.70 —0.38
Cri — — 574 001 542 —0.14 578 035 564 —0.11
Mn | 547 001 549  0.04 5.15 —0.13 534  0.19 552 0.05
Ni | 651  0.19 6.37  0.06 6.10 —0.04 6.08  0.07 6.36  0.03
Y 2.28 —0.03 229 —0.01 233 0.20 243 043 253 021
zZri 269  0.02 271 0.05 2.80 031 276 0.40 2.87  0.19
Bail 273 053 273 054 313 111 283  0.94 299 078
Lall 1.83 059 1.88 065 224 118 2.00  1.07 1.98 073
Eull 0.74  0.16 — — 0.88 0.8 0.76  0.49 110 051
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Fig.3 Abundances of the 19 sample stars: (1) the top nine paneferaitee strong Ba stars with [Ba/FeD.6, and the top six among
them have Ba intensity Be2, but HD 218356 has Ba=1.5 and HD 58121 has Ba=1.0; (2) thairémg 10 panels are for the 10 mild
Ba stars with Ba intensity of Bal.0.
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Fig.3 — Continued

and ther-process element Eu are more overabundant than
the first peak ones.

—In mild Ba stars the first peak elements are not overabun-
dant, and have the same behavior ascthand iron-peak
elements. The second peakssprocess elements (Ba and
La) is higher than the first peak elements, but is less over-
abundant than that in the strong Ba stars.

Y and Zr belong to the first peak of tlieprocess (cor-
responding to the neutron magic number 50), and the core
He and shell C burning in massive stars mainly produce

2 3 4 these elements (Raiteri et al. 1991a,b, 1992, 1993; Qian
Ba intensity & Wasserburg 2007). Ba, La and Eu belong to the sec-
ond peak. Ba and La (corresponding to the neutron magic
Fig.4 The [Ba/Fe] vs. Ba intensity relations for the 19 sampleUmber 82) are mainly generated during shell He burn-
stars (the filled circles), and the data points from Lianglet a iNg in AGB stars (Busso et al. 2001), whereas the element
(2003, the open circles) and Liu et al. (2009, the open tteg)g  EU is dominantly produced throughprocess during a su-
The solid line is the linear least-squares fit for these datatg. pernova explosion (Sneden et al. 2008). As mentioned in
Busso et al. (2001, their sect. 2.1), those nuclei whose lo-

to 0.78, which is much higher than the solar value. Thugations correspond to neutron magic numbeys £ 50
we suggest its Ba intensity could be assumed to be 2.@nd 82) are mainly of-process origin, and act as bottle-
For HD 212320 and HD 58121, although their Ba intensi-necks for thes-process path because of their low neutron
ties are 1.5 and 1.0, their abundances are up to [Ba/Fe] &pture cross sections. Consequently, for relatively dew
1.11 and 0.73, respectively. Thus we also classify them arocess efficiencies, the neutron flux mainly feeds the nu-
“strong Ba stars.” Therefore, to diagnose strong Ba starglei at the first peak, while for higher exposures, the second
we consider their [Ba/Fe} 0.60. Then nine of the sample Peak species are favored.
stars are strong Ba stars. The overabundanceswofcapture process elements are
The top nine panels of Figure 3 show the abundanctwer in mild Ba stars than in strong Ba stars, which could
patterns of these nine strong Ba stars in our sample. Thge explained by the relatively weaker neutron exposure
n-capture elements in these nine strong Ba stars show oln their AGB-companion stars. Stronger neutron exposure
vious overabundance relative to those in the Sun. The rewill benefit strongers-process neucleosynthesis and lead
maining ten panels of Figure 3 show the abundance pate highers-process element abundances. If the neutron ex-
terns of ten mild Ba stars in our sample. Among them, theposure is not strong enough, the first peak of Y and Zr
“Ba-like” star HD 66216 has a pattern similar to the mild could show weak overabundance and probably sometimes
Ba stars HD 11353 with Ba intensity of 0.1 and HD 31308be close to the solar value. A Ba star having a longer orbital
with Ba intensity of 0.2. Thus we classify this Ba-like star period, meaning there is a larger distance between the two
as a “mild Ba star” and assume its Ba intensity is 0.2. Thesemember stars in the binary system, will have less accretion
three stars have [Ba/Fe] of 0.34, 0.36 and 0.32, respeefficiency from its AGB-companion star witk-process
tively. overabundances. In addition, we only have anhd Zr
Figure 3 shows that: lines to derive Y and Zr abundances in this work. ahd
— In strong Ba stars, the first peakprocess elements Y Zr 1 will probably resultin lower Y and Zr abundances than
and Zr are overabundant (unlike the and iron peak el- the Y1 line (Gratton & Sneden 1994; Yushchenko et al.
ements). The second peaiprocess elements Ba and La, 2004) and Zri line (Allen & Barbuy (20064, sect. 4.7)).
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Fig.5

[X/Fe] vs. [Fe/H] relations for the 19 sample stars, fronnimeak elements to the-capture elements.
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Table5 Uncertainties in the Abundance Analysis for a Sample Sta66216

oew/VN AT  Alogg  AlFe/H A& ogoral

200 0.2 015 0.2 LSM
A[Fe1/H] 0.01 0.02 0.04 0.02  0.04 0.06
AlFe1/H] 0.02 0.15 0.01 0.03  0.01 0.15
A[Na1/Fe] 0.02 0.12 0.05 0.05  0.05 0.15
A[Mg1/Fe] 0.05 0.02 0.01 0.01  0.01 0.06
A[Al1/Fe] 0.04 0.08 0.03 0.04  0.03 0.11
A[Si1/Fe] 0.02 0.12 0.01 0.01  0.02 0.12
A[Ca1/Fe] 0.01 0.14 0.08 0.08  0.07 0.19
AlSc11/Fe] 0.03 0.05 0.03 0.01  0.04 0.08
A[Ti1/Fe] 0.02 0.13 0.08 0.09  0.08 0.20
A[V1/Fe] 0.07 0.1 0.11 011 011 0.23
A[Cr1/Fe] 0.03 0.12 0.07 0.07  0.07 0.17
A[Mn1/Fe] 0.02 0.12 0.06 0.04  0.06 0.15
A[Ni1/Fe] 0.01 0.01 0.05 0.03  0.05 0.08
A[Y 1/Fe] 0.08 0.23 0.01 0.01  0.01 0.24
Al[Zr1/Fe] 0.04 0.22 0.01 0.01  0.01 0.22
A[Bai/Fe] 0.02 0.01 0.07 001  0.07 0.10
AlLa11/Fe] 0.03 0.04 0.01 0.03  0.01 0.06
A[Euti/Fe] 0.07 0.01 0.01 0.04  0.01 0.08

Table6 Uncertainties in the Abundance Analysis for a Sample StaHZB20

UEW/\/N AT Alog g A[FG/H] A& Ototal

200 0.2 0.15 0.2 LSM
AlFe1/H] 0.01 0.13 0.01 001  0.07 0.15
A[Fe1/H] 0.03 0.15 0.11 0.06  0.06 0.21
A[O1/Fe] 0.04 0.19 0.06 001  0.03 0.21
A[Na1/Fe] 0.06 0.16 0.01 001  0.03 0.17
A[Mg1/Fe] 0.03 0.06 0.01 001  0.02 0.07
A[Al1/Fe 0.02 0.11 0.01 001  0.02 0.11
Al[Si1/Fe 0.03 0.02 0.03 002  0.04 0.06
A[Ca1/Fe] 0.02 0.21 0.03 0.02  0.09 0.23
A[Sc11/Fe] 0.08 0.02 0.08 0.04  0.08 0.15
A[Ti1/Fe] 0.01 0.17 0.01 0.03 0.7 0.19
A[V1/Fe] 0.04 0.19 0.01 001  0.06 0.20
A[Cr1/Fe] 0.03 0.18 0.01 001  0.06 0.19
A[Mn1/Fe] 0.03 0.22 0.02 001 012 0.25
A[Ni1/Fe] 0.01 0.13 0.02 0.03  0.08 0.15
A[Y 1/Fe] 0.07 0.15 0.04 02 002 0.26
A[Zr1/Fe] 0.05 0.2 0.02 016  0.02 0.26
A[Ba1i/Fe 0.02 0.05 0.04 0.07  0.09 0.13
A[La11/Fe] 0.05 0.05 0.09 0.05 0.1 0.16
A[Eu11/Fe] 0.09 0.01 0.09 0.05  0.03 0.14
5.2 Balntensity Versus[Ba/Fe] lower Ba intensity down to 0.1. Thus our work extends to

Ba stars with much weaker overabundances-@apture
It is interesting to show the relation between [Ba/Fe] andProcess elements, which will be useful for understanding
Ba intensity, which is given in Figure 4 for our 19 sample the abundance patterns of Ba stars, from mild to strong Ba
stars (the filled circles) and some Ba stars from Liang et ac@ses. The general trend of the increasing [Ba/Fe] follow-
(2003, the open circles) and Liu et al. (2009, the open trianl"d Ba intensity is clearly shown in Figure 4. However,
gles). A linear least-squares fit is obtained for these 29 B§om the [Ba/Fe] value and the abundance patterns, we sug-
stars as shown by the solid line. This shows a correlation o¥est the two stars HD 212320 and HD 58121 are strong Ba
consistency between Ba intensity and [Ba/Fe] (also see Ltars with [Ba/Fe] larger than 0.6, although their Ba inten-
& Upgren 1985), but here we include many objects withSity is 1.5 and 1.0, respectively.
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5.2.1 [X/Fe]vs. [Fe/H] & Soderblom (1987). The correction of space velocity to
o . ) ) the Local Standard of Rest is based on a solar motion of

Itis interesting to discuss the relation of [X/Fe] vs. [F&/H (7 v, W), = (10.1,4.0,6.7)km s! (see Hogg et al.

for the 17 elements analyzed in our sample of stars. Ousgos, which is slightly different from the values given in

sample stars are distributed in a narrow range of [Fe/H]Binney& Merrifield 1998). The mean U, V and W veloci-
—0.32<[Fe/H]<+0.23 and thus most of them should be ties and their distributions are shown in Figure 7.

disk stars. The mild and strong Ba stars do not present obvious

We found that for Na and the iron-peak elements (Scdifferences in the UV, WV and WU planes (Fig. 7a, b, c),

-Fn' V,tﬁr, Mln andtN?&k[yX/llze] IS tlndepentdent |Of [Fe/tH]. and most of the stars are in the disk. The disk properties
or other elements (Al-elementsp-capture elements), of most stars are further confirmed by Figure 7(d), their

[X/Fe] shows slight anti-correlations with [Fe/H]. Toomre diagram (U2 + W2)!/2 vs. V velocity). There

Figure 5 displays these_trends._l%ocapture e_Iements, the semi-circular line refers to the limit of thin disk stars
our sample of stars §hows increasing [X/Fe] Wlth decreas‘-/tot — (U2 + V2 + W2)1/2 < 85kms! suggested in
ing [Fe/H]. This anti-correlation is less obvious for Eu. Chen et al. (2004)

[Ba/Fe] and [La/Fe] show the most overabundant values in ' ' _ .
our sample stars, up to +1.13 and +1.38, respectively. Ey " LU (1991), the histogram of U, V and W veloci-

shows relatively weak overabundances (up to 0.65) sinc}%eS and their distributions in the UV, UW and VW planes

Eu has more contributions from theprocess. However, thgirfigs. 8, 9_and.10)in.dicate that the strong Ba stars have
[Y/Fe] and [Zr/Fe] are not exceptionally overabundant® Nigher velocity dispersion than the weak Ba stars and_ are,
with median values of 0.15 and 0.18, respectively. Théherefore, probably members of the old disk populatlon,

ranges of [X/Fe], the median values and the line number@’hereas the weak Ba stars are members of the young disk

used in the abundance analyses are given in Table 7 f&opulatior_]. Bl_Jt in our work, such a differ_ence is not clear,
these 17 elements that were analyzed in our sample staré's‘?zr;g?;’vgtg:s':'g“re 7. Maybe the reason is that we have less

5.2.2 Comparison with the common stars in literature ~ As Jorissen et al. (1998) mentioned, there are several
pieces of evidence that mild Ba stars belong to a somewhat

To compare the abundances of our sample Ba stars wityounger population than strong Ba stars. Except for the
those of the common stars in McWilliam (1990), we com-velocity dispersion found in Lu (1991), Mennessier et al.
pare thelog ¢(X) abundances for the six common stars(1997) suggested that mild Ba stars are mostly clump gi-
in our work with those of McWilliam (1990) as shown in ants with a mass in the range 2.5-4.5 Mvhereas strong
Figure 6. They indicate that our abundances are generalja stars populate the giant branch and have masses in
lower than theirs. The reason could be the result of differthe range 1-3 M. These mass estimates are consistent
ent atmospheric parameters (Table 3), the different atmowith those derived from the mass-function distributions in
spheric models and atomic data, etc. in the two works.  Jorissen et al. (1998) (their fig. 9). They also found that
although mild Ba stars are dominated by high-mass ob-
6 KINEMATIC ANALYSISAND ORBITAL jects, there is a small tail of less massive objects which
PERIOD suggests that mild Ba stars are indeed a mixture of popula-
tions H and L (their fig. 11, where H and L mean high and
low mass respectively). Some mild Ba stars having low or-

The kinematic studies of stars in the solar neighborhoo8ita! period should be in the old population. Metallicity is
are based on the velocities U, V and W measured alon!SC @ factor that affects the overabundances pfocess
axes pointing respectively towards the Galactic center, th€/€ments. Being old objects, they should have rather low
direction of Galactic rotation and the North Galactic Pole.M@ss, but the third dredge-up becomes more efficient for
The accurate distances (parallax) and the proper motiod8W metallicities (Busso et al. 2001).
available in the Hipparcos Catalogue (ESA 1997), com-
bined with stellar radial velocity, make it possible to deri 6.2 Orbital Period
reliable space velocities. For our sample stars, the proper
motion, parallax and radial velocity values are taken fromBecause Ba stars are binaries, the overabundanee of
SIMBAD. For some of them without radial velocity mea- capture process elements is due to the transfes-of
surements, we calculate these radial velocities from thenriched material from a previously-AGB-companion star
observed spectra and correct them by usingdhserva- (now a white dwarf) via mass transfer or wind accretion.
tory/astutil/rvcorrecprogram in IRAE. Thus orbital period is an important parameter that charac-
The calculation of the space velocity with respect toterizes a Ba star in a binary system. As shown theoretically
the Sun is based on the method presented by Johns®y figure 4 in Han et al. (1995) and observationally by fig-
1 IRAF is distributed by the National Optical Astronomical ure 3 in Zats (2000)' Stron-g Ba s.tars have- orbital penods
Observatory, which is operated by the Association of Usities for of ~1000 days, but the orblta! periods of mlld Baf stars E.a're
Research in Astronomy, Inc., under cooperative agreemétit the  |ONGer or shorter. Ba stars with long orbital periods arise
National Science Foundation. from wind accretion. The longer the orbital periods are, the

6.1 Kinematic Analysis
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Fig.6 Comparison ofog ¢(X) for ten elements of the six common stars in this work and ME&vil (1990). The solid lines are the
least-squares fits to the data and the dashed diagonal tim#seaone-to-one relation.

Table7 The Range of 17 Elements in Our Sample Stars, and the Line Bgnised in the Abundance Analyses

[X/Fe] Lines Range Median | [X/Fe] Lines Range Median
Ol 3 [0.03, 0.40] 0.18 Cri 7 [—0.20, 0.38] —0.02
Nal 7 [-0.14,0.29] 0.10 Mni 3 [-0.27,0.37] 0.05
Mg 1 9 [—0.28,0.53] 0.12 [Fel/H] 60 [-0.32,0.23] 0.00
Al 6 [-0.22, 0.56] 0.01 Nit 44 [-0.11, 0.28] 0.03
Sil 38 [0.00, 0.40] 0.14 Yi 1 [—0.18, 0.48] 0.15
Cal 27 [-0.20, 0.23] —0.06 Zri 4 [-0.10, 0.50] 0.18
Scli 5 [-0.13,0.21] 0.07 Ball 3 [0.17,1.13] 0.54
Til 12 [-0.34, 0.23] —0.14 Lall 2 [0.26, 1.38] 0.65
Vi 3 [—0.38,0.19] —0.18 Eun 1 [0.11, 0.64] 0.40

lower the accretion efficiency is. Ba stars with short otbita there is less overabundancerstapture process elements
periods are from stable Roche lobe overflow or a commoion it compared to the other four strong Ba stars. In addi-
envelope. The shorter the orbital periods are, the earligion, Jorissen et al. (1998) presented the compiled observa
during TP-AGB phase the onset of mass transfer occurs. tions of orbital periods of some strong Ba stars in their ta-
There are five sample stars in the present work whoskle 2a and some mild Ba stars in their table 1a. As shown in
information on orbital periods can be obtained fromfigures 2 and 4 of Jorissen et al. (1998), the orbital periods
Jorissen et al. (1998): HD 49641, HD 58121, HD 583680f Ba stars span a wide range fron200 to 11000 days
and HD 95193 are classified as strong Ba stars in this worKWwith one mild Ba star at 80.53 days), but mild Ba stars
and their orbital periods are 1768d, 1214.3d, 672.7 d an@enerally have much higher orbital periods than strong Ba
1653.7 d, respectively. HD 66216 is classified as a mild B&tars (as shown by the horizontal axes of their figs. 11 and
star in this work, and its orbital period is 2438d. The or-6). Also, the short-period mode’(< 1500d) comprised
bital periods of these Ba stars are generally consisteht witof nearly-circular systems is lacking among mild Ba stars
the suggestions of Han et al. (1995) and Zats (2000). Wéheir Sect.10). It is a pity that we did not have the orbital
can understand that this longer orbital period of HD 6621@eriods for the rest of our 14 sample stars in this study. We
may result in lower accretion efficiency efcapture pro- hope in the future orbital period information about these
cess elements from the AGB-companion star through wingiemaining stars can be obtained.
accretion or wind exposure (Han et al. 1995), and thus
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Fig.7 The U, V and W velocities of our sample stars. The filled csalefer to strong Ba stars (with B&) and the open circles refer
to mild stars (with Ba:2).

7 DISCUSSION AND CONCLUSIONS abundant, but this overabundance is higher for the second
peak elements (about +0.9dex for [Ba/Fe] and [La/Fe],
The chemical compositions of 19 Ba stars were obtainednd +0.5 dex for [Eu/Fe]) than for the first peak elements
on the basis of high resolution and high S/N ratio Echellgabout 0.3dex for Y and Zr). In mild Ba stars, [Y/Fe]
spectra. We carried out a classical LTE analysis of thesand [Zr/Fe] are close to zero (not much overabundance
stars. From their effective temperature, gravity and metalof the first peak elements), but the elements of the second
licity, the 19 Ba stars are giants and belong to the Galactipeak: Ba, La and Eu are overabundant (about +0.4 dex for
disk. [Ba/Fe] and [La/Fe], and +0.3 dex for [Eu/Fe]). This over-
Among the 19 stars of our sample, six stars have Ba inabundance is lower than in the strong Ba stars.
dex larger than 2 and are classified as “strong Ba stars.” For The abundances of thecapture elements (Y, Zr, Ba
these stars we found [Ba/Ee).6. In HD 224276 (which and La but not Eu) show a slight anticorrelation with metal-
has no known Ba index), we found its [Ba/Fe]=0.78 andlicity [Fe/H], which could mean that the lower metallicity
its abundance pattern is similar to those of other stron@penefits the nucleosynthesisotapture process elements.
Ba stars (HD 95193, HD 218356). Thus this star is also a  The kinematic parameters (UVW velocities) of stars
strong Ba star and we assume its Ba index as 2.0. The Ba the sample confirm that they are disk stars. Contrary to
index of HD 212320 is equal to 1.5, but we found that itthe findings of Lu 1991 and Jorissen et al. (1998), we did
has [Ba/Fe]=1.11 thus we suggest it should be classified agot find an obvious significant difference between the ve-
a strong Ba star. For HD 58121, this star has [Ba/Fe]=0.73ocities of the strong and mild Ba stars. The reason could
Although its Ba index is 1.0, we assume this star hade that we have fewer stars than them.
been misclassified and it should also be a strong Ba star. The orbital periods are obtained for five of our sample
Finally in our sample there are nine strong Ba stars withstars, which show that the mild Ba star HD 66216 (2438 d)
[Ba/Fe]>0.6. The other ten stars can be considered to bRas a longer orbital period than the other four strong
mild Ba stars with +0.1Z[Ba/Fel<+0.54. In particularthe Ba stars HD 49641, HD 58121, HD 58368 and HD 95193
star HD 66216, classified “Ba-like star,” should be a mild(1768, 1214.3, 672.7 and 1653.7 d, respectively). The or-
Ba star with [Ba/Fe]=0.34. bital periods are consistent with Han et al. (1995) and Zags
The abundance distributions and the abundance scatté2000), and are in the range of Ba stars given by Jorissen
are quite consistent with what is observed for other Ba starst al. (1998). Further work to obtain the orbital periods of
(Allen & Barbuy 2006b; Smiljanic et al. 2007). In strong the remaining 14 sample stars will be useful to better un-
Ba stars, then-capture process elements are all over-derstand their evolution.
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