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Abstract: Based on the spectra with high resolution and a high signal-to-noise ratio, we investigate
the enrichment history of the s-process element in seven barium (Ba) stars by measuring their Ba odd
isotope fraction. It is found that the relative contributions of the s-process to their Ba abundance are
91.4 £ 25.7%, 91.4 £ 34.3%, 82.9 & 28.5%, 77.1 &= 31.4%, and 71.4 £ 37.1% for RE]J 0702+129, HD 13611,
BD+80°670, HR 5692, and HD 202109, respectively. Our results suggest that these five Ba stars
have a prominent s-process signature, which indicates that their heavy elements mainly come from
their former AGB companions (now WDs) by mass transfer, while the r-process contribution can
naturally be explained by the evolution of the Milky Way. The s-process contribution of BD+80°670
is 51.4 £ 31.4%, which is the lowest among our seven sample stars. Considering its lower values
of both [Ba/Nd] and [Ba/Eu], we suspect that BD+68°1027 is likely to be a r-rich Ba star and has
similar origins to the CEMP-r/s stars. HD 218356 has an unreasonable s-process contribution over
100%. Combining its stellar atmospheric parameters and the evolutionary stage, we speculate that
HD 218356 is a more evolved extrinsic Ba star, and its massive companion should have the largest
s-process efficiency in our samples.

Keywords: stars; abundance of binaries; general stars; chemically peculiar stars; AGB; post-AGB

1. Introduction

Barium stars can be divided into Ba dwarfs and Ba giants according to their evolution
stage, which is characterized by the enrichment of heavy elements such as Ba, La, Ce, etc. Ba
giants, usually of the spectral type G and K, were first observed by Bidelman and Keenan [1],
while the dwarf HR 107 with the spectral type F5V, which shows the mild overabundance
of s-process elements, was first classified as a Ba dwarf star by Tomkin et al. [2].

In the solar system, 85% of barium is produced by the s-process [3], which is expected
to take place in low-mass stars (M < 3.0 M [4,5]) during their asymptotic giant branch
(AGB) phase. The rest are from the r-process [3], which usually arises with explosive events
such as core-collapse supernovae (SNell, M > 8 M, [6]) and neutron star mergers [7,8]. It
is found that all of the Ba dwarfs and most of the Ba giants are not able to produce s-process
elements by themselves due to their lower luminosity than AGB stars. The enriched heavy
elements in these Ba stars were suggested to come from an AGB companion (now a white
dwarf (WD)) by mass transfer [9]. Such kinds of Ba stars are defined as extrinsic Ba stars,
and their companions have also been confirmed through the radial velocity monitoring
of most of them [10-13]. On the contrary, the intrinsic Ba stars are those having reached
the AGB stage and brought the newly produced Ba from the nucleosynthesis region to the
surface by the third dredge-up mechanism.

Due to the longer cooling timescale of WD companions compared to the lifetime of
Ba stars on their giant branch, Bohm-Vitense et al. [11] suggested that the mass transfer of
Ba-rich material might happen when their sample Ba giants are still in the main sequence.
This means that Ba giants may have evolved from Ba dwarfs; in such a case, more Ba
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dwarfs should be expected. In fact, since the first Ba dwarf HR 107 was observed, more Ba
dwarfs with spectral types of F to G have been identified successively [14-21]; however,
the number of known Ba dwarfs to date is still considerably smaller than that of Ba giants.
North and Lanz [22] did not find any UV excess related to the presence of the expected WD
companions of their three Ba dwarfs, and the existence of WD companions for the five Ba
dwarfs identified by Edvardsson et al. [23] was also not confirmed through a long-term
radial velocity monitoring (for details, see [24]). This means that the origin of Ba dwarfs,
at least for some of them, and the correlation between Ba giants and dwarfs should be
further studied.

The ratio of s- and r-process contributions to heavy elements in Ba dwarfs and giants
could shed light on their origin histories, and the s- and r-process signatures can be detected
directly in a star by measuring the fraction of Ba odd isotopes (foqd,a)" from the Ba II
resonance line (4554 A) profile. This method was first adopted by Cowley and Frey [25] and
Magain and Zhao [26]. According to Arlandini et al. [27], the f,4q a Value is 0.11 for a pure
s-process origin, while 0.46 for a pure r-process. The in between values of f,44 g, represent
a mixed contribution, and a higher f,4q pa value means a larger contribution from the r-
process. To investigate the contribution of the r-process, measurements of f,q4 g, have been
conducted for the metal-poor star HD 140283 in a series of literature works [28-32], for the
thin and thick disk stars of the Milky Way [33], and for the CEMP-r/s star HE 0338-3945
and five r-II stars,CS 31082-001, CS 29491-069, HE 1219-0312, HE 2327-5642, and HE 2252-
4225 [34,35].

In order to study the contributions of the r- and s-process to barium and other heavy
elements (Z > 30), in this paper, we measured the f,4q B, values for three Ba dwarfs and
four Ba giants, which will help us better understand their origins. In Section 2, the obser-
vations and data reduction are presented. The determination of the stellar atmospheric
parameters of our sample stars is described in Section 3, while the measurement of the Ba
abundance and Ba isotope fractions is presented in Section 4. Our results are shown in
Section 5, and the conclusions are given in Section 6.

2. Observations and Data Reduction

Our sample includes three Ba dwarfs and four Ba giants, and the basic data collected
from Holberg et al. [36] and Kong et al. [24,37] are listed in Table 1. All of these stars belong
to the group of the so-called “Sirius-like system”, which is a binary or a multi-star system.
The Sirius-like system contains a known WD and at least one component of spectral type K
or earlier [36].

Table 1. Basic data of the seven barium stars.

Star Type Vinag Spectrograph  Remark

(au) (mas)
BD-+80°670 G5V 9.16 833.8 15.48 4+ 0.15 ARCES dwarf
BD+68°1027 G5 9.46 3027.8 11.43 4+ 0.01 ARCES dwarf
REJ0702+129 KOIV/V 10.53 - 8.35 + 048 ARCES dwarf
HD 218356 K11V 491 - 5.18 +0.11 CES giant
HD 202109 GSHIP 3.31 1.8 21.81 +£0.14 CES giant
HR 5692 GS8II-111 5.80 2.0 7.79 £0.22 CES giant
HD 13611 Gell /11T 4.47 3.8 10.42 4+ 0.35 CES giant

The high-resolution and high-signal-to-noise (5/ N) spectra were taken from Xiaoming
Kong (2020 private communication). The spectra of three Ba dwarfs were observed with the
ARC Echelle Spectrograph (ARCES) mounted on the 3.5 m telescope at the Apache Point
Observatory (APO), during the nights of 23 October and 11 November 2014, and they have
a resolution power of R~31,500 with a wavelength range of 4400-10,000 A. The spectra of
four Ba giants were observed with the echelle spectrograph (CES) mounted on the 2.16 m
telescope located at Xinglong station, China, during March and September 2015, and cover
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a wavelength range from 4000 to 9000 A with a resolution power of R~50,000 (for details,
see [37]). The signal-to-noise ratios (S/Ns) of all spectra are higher than 100.

3. Stellar Parameters and Model Atmospheres

The stellar atmospheric parameters of our sample Ba stars were determined by Kong
et al. [24,37], and they used the 1D MARCS-OS model atmospheres (see [38]), assuming
local thermal equilibrium (LTE) when deriving the iron abundances. It was noted by
Asplund [39] and Sitnova et al. [40] that the non-local thermal equilibrium (NLTE) effects
of Fe lines are important, and they need to be considered for giants especially.

In order to reduce the uncertainties of the final results, we redetermined the stellar
atmospheric parameters of seven sample stars including the NLTE effects of the iron lines.
The MAFAGS opacity sampling (OS) model, which was developed by Grupp [41] and
updated by Grupp et al. [42], was applied in the analysis, and the atomic data computed
by Kurucz [43-45] were incorporated in the new version. We performed the line formation
using the IDL/Fortran SIU software package of Reetz [46]. The effective temperature (Teg)
was obtained by requiring the same iron abundance derived from Fe I lines with different
excitation potentials (EPs), and the surface gravity (logg) was determined through the
Fe I and Fe II ionization equilibrium method, i.e., requiring the same iron abundances
from the Fe I and Fe Il lines. The microturbulence velocity () was derived when the iron
abundances were independent of their equivalent widths (EWs). Around 25 Fe I lines
with moderate intensity were adopted, which were selected from Mashonkina et al. [47]
and Bensby et al. [48]. The iron abundances were measured through the spectral synthesis
method, and the NLTE effects were considered. In our study, the model atom of FeI was
constructed using the levels with E,y. up to 7.897 eV including in total 2970 levels, and the
coupled radiative transfer and SE equations were solved with a revised version of the
DETAIL code (Butler and Giddings [49]). As an example, the abundances from the Fe I
and Fe II lines of two stars BD+80°670 and HR 5692 versus EPs and EWs are shown in
Figure 1. The final stellar atmospheric parameters are shown in Table 2, and the results
from Kong et al. [24,37] are also included for comparison.
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Figure 1. The iron abundances of our sample stars from Fe Inrrg (filled triangles) and Fe Il 7 (filled
circles) versus excitation potentials (left) and equivalent widths (right).

We compared the effective temperatures determined by us with those of [24,37] for
the sample stars in Figure 2, and a consistent result can be found. The largest difference in
temperature was for the giant star HD 218356; however, it was still around 100 K.
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Figure 2. The comparison of the effective temperatures determined in this work with those of Kong
et al. [24,37] for the sample stars.

We also calculated the surface gravities (logg) based on the parallax from Gaia
DR3 [50,51] using the relation:

M T
log ¢ = log go + log (A/TO) +4log (ff;) +0.4(Mpol — Myoic), @

Mol = Vinag + BC +5log @ + 5 — Ay.

where M is the stellar mass, which can be estimated based on the theoretical isochrones with
a Bayesian estimation method [52]. BC is the bolometric correction and can be calculated
from the relation given by Alonso et al. [53]. Vimag is the apparent magnitude and was
obtained from the UCAC4 catalog. We adopted the parallax @ from Gaia DR3 [50,51]. Ay
represents the interstellar extinction, which was calculated based on Schlegel et al. [54]
and Beers et al. [55]. The results are given in Table 2, and for comparison, the log g values
from Kong et al. [24,37] are also included. The comparison of the log g values derived from
both methods in this work is shown in Figure 3, and a consistent result with a difference of
0.08 £ 0.04 dex can be found.

We obtained the masses of the sample stars (in Table 2) from the website (http://
stev.oapd.inaf.it/cgi-bin/param_1.3) (accessed on 12 October 2021), which performs the
Bayesian estimation of stellar parameters. The stellar masses are related to the effective
temperature, metal abundance, apparent magnitude, and parallax. We set their errors to
be 100K, 0.06 dex, and 0.05 dex, respectively, and the errors of the parallax are shown in
Table 1. Then, we determined the mass error of HD 218356 to be +0.38 M, while the mass
errors of the other six stars were all less than £0.11 M.

The uncertainty of atmospheric parameters arises mainly from the errors of the iron
abundances from the Fe I and Fe II lines and equivalent widths of the Fe I lines. When log ¢
is calculated using Equation (1), its error is also related to parameters such as the apparent
magnitude and parallax. The final uncertainties in Ty, log g, [Fe/H], and ¢ were estimated
to be £100K, +0.1 dex, +0.06 dex, and +0.15kms ™, respectively.
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Table 2. The stellar atmospheric parameters and masses of our sample stars.

Star JINT: log g log g 4 [Fe/H] [Fe/H] M References ¢
K (Spec) (Parallax) (kms™1) (NLTE) (LTE) (Mp)
BD+80°670 5830 4.50 4.45 1.00 0.44 0.41 1.09 This work
5880 4.50 4.33 1.60 - 0.13 1.05 KONG18(a)
BD+68°1027 5919 4.55 4.39 1.00 —0.35 —0.36 0.91 This work
5919 4.55 4.48 1.00 - —0.31 0.93 KONG18(a)
REJ0702+129 5581 4.50 4.45 1.50 0.13 0.11 0.98 This work
5531 4.20 - 1.90 - —0.06 0.93 KONG18(a)
HD 218356 4359 1.50 1.41 2.20 —0.58 —0.59 2.03 This work
4459 1.87 1.67 1.90 - —0.43 2.50 KONG18(b)
HD 202109 5030 2.70 2.61 1.90 —0.13 —0.15 2.66 This work
5010 2.70 2.68 1.70 - —0.01 3.20 KONG18(b)
HR 5692 5076 2.83 2.70 1.30 0.07 0.05 2.63 This work
5076 2.83 2.86 1.30 - 0.02 2.80 KONG18(b)
HD 13611 5184 2.60 2.36 1.50 —0.02 —0.02 3.20 This work
5184 2.60 2.45 1.50 - —0.01 3.80 KONG18(b)

a: KONG18(a): Kong et al. [24], KONG18(b): Kong et al. [37].
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Figure 3. The comparison of the surface gravity derived by the parallaxes of Gaia DR3 with those
from the spectra method in this work.

4. The Barium Odd Isotopic Fractions
4.1. Ba Abundance

We employed the Ba II subordinate lines at 5853 and 6496 A to determine the Ba abun-
dance of our sample stars, which suffer small hyper-fine splitting (HFS) effects. In order to
obtain more accurate results, the NLTE effect was considered in the measurement of Ba
abundance, and the atomic model was adopted from Mashonkina et al. [56]. The Ba atomic
model includes the energy levels with n < 12 and I < 4, and the fine structure of the 5d2D
and 6192P0 terms were considered. The nf and (n — 1)g levels were combined due to the
small excitation energy differences between them. Therefore, there were 35 bound levels
of Ba II and the ground state of Ba III. The final Ba abundance is the average of the two
lines above, and the final Ba abundance of our sample stars with and without NLTE effects
considered is shown in Table 3. For HR 5692 and HD 13611, we could not obtain their Ba
abundance from the Ba II line at 6496 A, as the S/N of the spectrum at this wavelength
region is low. It can be found that the NLTE effects of the two subordinate lines were no
more than 0.08 dex for our sample stars, as shown in Table 3.

We note that our LTE Ba abundances of BD+68°1027, HD 5692, and HD 13611 were con-
sistent with those of Kong et al. [24,37] within the errors. The A[Ba/Fe] g for BD+80°670,
REJ 0702+129 were 0.19 and 0.12 dex, which was mainly due to the differences of the
microturbulence velocities and [Fe/H] obtained by this work and the literature, that is
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Ag = 0.6,0.4 and A[Fe/H] = 0.28,0.21, respectively. For HD 218356, A[Ba/Fe| 1 is mainly
brought by AT = 100K, Alogg = 0.37, and A{ = 0.3. The lower metallicity adopted by us
was the dominant reason for the A[Ba/Fe] g = 0.13 dex of HD 202109.

Table 3. The Ba abundances of our seven stars with NLTE and LTE considered.

Star 5853.67A 6496.90A [Ba/Fe] # [Ba/Fe] fodd,Ba Contribution (%)
LTE NLTE LTE NLTE LTE NLTE LTE s-Process
BD+80°670 0.48 0.46 0.53 0.48 0.50 £+ 0.04 0.47 £ 0.01 0.31 £0.03 0.17 £0.10 82.86
BD+68°1027 0.67 0.62 0.72 0.64 0.70 £ 0.04 0.63 £+ 0.01 0.62 £ 0.07 0.28 +0.11 51.43
REJ0702+129 0.67 0.63 0.70 0.68 0.68 £0.04 065+0.04 056+0.06 0.14+0.09 91.43
HD 218356 1.10 1.02 1.14 1.06 1.12 + 0.03 1.04 4+ 0.03 1.01 £+ 0.11 0.08 £ 0.10 100.00
HD 202109 0.60 0.56 0.70 0.67 0.65 £ 0.07 0.62 £ 0.08 0.52 +£0.14 0.21 £0.13 71.43
HD 5692 0.64 0.60 - - 0.64 £ 0.10 0.60 £ 0.10 0.61 £0.12 0.19 £ 0.11 77.14
HD 13611 0.54 0.50 - - 0.54 +£0.10 0.50 £ 0.10 0.52 £0.15 0.14 £0.12 91.43

. this work; ?: Kong et al. [24,37].

4.2. The Barium Odd Isotopic Fraction

The fractions of the s- and r- processes’” contribution to the stellar heavy elements
in the sample stars can illustrate their origins. The relative contributions of the s- and
r-processes to heavy elements in a star can be estimated from the f,q4 g, value. The reason
is that, in the five stable Ba isotopes 1345, 135B,,136B,, 137Ba, and 138Ba, there are two s-only
nuclei, i.e., '**Ba and !3°Ba. These two s-only nuclei are formed only by the s-process due
to the shielding by 3*Xe and %Xe on the r-process path. Usually, a larger f,qq pa value
corresponds to a higher r-process contribution.

In order to study the origin of the heavy elements in our sample stars, it is interesting
to determine their f,qq s Values. For the strong Ba II resonance line at 4554 A, the even
isotopes are responsible for the line core, while the line wings are mainly influenced by the
odd isotopes [31]. The strong HFS effect suffered by the odd isotopes results in an asymme-
try in the line wings. Following the approach adopted by Mashonkina and Zhao [33], we
first determined the Ba abundance of the sample stars (see Table 3), then the f,q4 B, Values
were measured through fitting the line profile of Ba 114554 A with the above Ba abundance.
The synthetic line profiles were computed using the IDL/Fortran SIU software package
developed by Reetz [46], and the NLTE effect was considered during the line fitting.

In order to obtain the best-fitting results, a reduced x* was applied, which is defined as:

. G.)2
ng Vil Z (Oz ZSZ) (2)

i=1 i

where O; and S; are the flux of the observed and synthetic normalized spectra at point i,
respectively. v is the number of the degrees of freedom in the fitting. 0; is the standard devi-
ation of the observed spectrum [57], which is defined as o; = [(S/N)(f;)'/?]~!, where S/N
is measured in a roughly 1 A interval on either side of the referenced spectral line, and f; in-
dicates the normalized flux at the ith point (0 < f; < 1 for absorption profiles) [58]. During
the fitting, the total degrees of freedom v were 21, 20, 23, 49, 46, 45, and 42 for BD+80°670,
BD+68°1027, RE]J 0702+129, HD 218356, HD 202109, HR 5692, and HD 13611, respectively.

In the process of measurement, we fixed the Ba abundances from Section 4.1 and varied
the Ba odd isotope fraction f,qq4 a freely until a minimum value of X2 was obtained. It is
expected that the minimum x? corresponds to the best fitting of the observed line profiles.
The best fits to the Ba Il line at A4554 A are presented in Figure 4, and the residuals (synthetic
profile minus observed profile) are also included in the left panel from top to bottom for
our sample stars, respectively. In the right panel of Figure 4, we show x? versus fodd a-
The final values of f,qq pa are listed in Table 3.
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Figure 4. Left panel (from top to bottom): The best statistical fits of the synthetic profile to the
observed (filled circles) Ball resonance lines at 4554 A for our sample Ba stars are shown in the
sub-figure above, respectively. The residual plots of each sub-figure are shown below, respectively.
The synthetic lines with f,4qBa — 6 and the corresponding residuals are plotted (dotted lines) in each
of the sub-figures for comparison. Right panel (from top to bottom): We show the x? fit for the 4554
line, and every black asterisk shows where the minimum of the fit lies. The vertical dotted lines
indicate the f,qq a Of the solar pure s-process (left) and pure r-process (right), respectively.

In Figure 4, we find that all except two stars (HD202109 and HR5692) have a x? value
less than one in our sample stars. Based on the equations of x? and ¢;, the x? value is
related to the S/N ratio at the line of Ba IT1 4554 A. Aoki et al. [58] suggested that a larger
S/N ratio can result in a )(3 value less than one. For five of our sample Ba stars, the smaller
X2 values were also due to the larger S/N ratios at the line 4554 A.

Our synthetic spectra were calculated by convolving the macroturbulence (Viyuc),
the instrumental broadening value (T'), and the rotational velocity (vsini) together. The square
of the convolution value is equal to the sum of the squares of the three parameters above
(G = /T2 + V2, + (vsini)?). The instrumental broadening value can be determined by a
Gaussian fit to the Th-Ar lamp spectra corresponding to the studied Ba stars. We usually
discuss the effect of macroturbulence on the f,4q g, value, and here, we used the uncertain-
ties of G to investigate the effects of the above factors on the Ba odd isotope fraction; the
detailed results are shown in Table 4.

Table 4. The effect on the values of f,qq g, due to the uncertainties of atomic data and stellar parameters.

Input Input BD BD RE]J HD HD HR HD
Parameter Error +80°670 +68°1027 0702+129 218356 202109 5692 13611
Teogt +100 +0.04 —0.02 +0.02 +0.02 —0.05 +0.02 —-0.04
log g —0.10 —0.02 +0.02 —0.01 +0.02 —-0.01 +0.03 +0.03
+0.15 +0.03 +0.05 +0.06 +0.04 +0.07 +0.04 +0.04
[Fe/H] —0.06 +0.03 +0.01 +0.01 —0.01 —-0.01 -0.03 +0.02
log C(4554) +0.10 —-0.01 +0.02 —-0.01 -0.03 +0.02 —-0.03 —0.02
log gf(4554) —0.10 +0.05 +0.06 +0.03 +0.05 +0.07 +0.06 +0.08
log Ce(5d — 6p) +0.10 —0.03 +0.01 +0.02 —0.05 —0.02 +0.02 —-0.03
G —0.20 +0.05 —0.06 —0.05 +0.04 —-0.05 +0.06 —0.04
Ba abundance +0.05 +0.03 —0.02 +0.01 +0.02 —0.03 —-0.02 +0.01

A(total) +0.10 +0.11 +0.09 +0.10 +0.13 £0.11 =+0.12
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5. Origins of the Heavy Elements for Our Sample Barium Stars

According to Arlandini et al. [27], we know that f,qq4p, = 0.46 corresponds to the
pure r-process, while f,q4p, = 0.11 for the pure s-process. The solar value of f,qqp, is
0.18, which means that about 80% of the barium in the solar system is from the s-process,
while about 20% from the r-process. This was calculated from the formula: s-process(%)
= [100—(foqd,Ba — 0-11)/0.0035] (see [31,34,35]). The relative contributions of the r- and
s-processes to Ba in our sample stars were also calculated using the above formula, and the
results are presented in Table 3.

5.1. AGB Model Predictions

The s-process nucleosynthesis usually occurs in the AGB stars, and we present the
theoretical Ba odd isotope fractions calculated from the FRANEC Repository of Updated
Isotopic Tables & Yields (FRUITY) database (http://www.oa-teramo.inaf.it/fruity) (ac-
cessed on 12 January 2022) as a function of [Fe/H] in Figure 5. Only the AGB model results
with a mass range from 1.3 to 4.0 M, are presented. For convenience, the model results with
the standard '3C-pocket and 0km /s of the initial rotational velocity were adopted [59].

br—eer—— 17—

¢ 1.3M,AGB model
|~ 1.5M,AGB model
~/\—2.0M,AGB model
</~ 2.5M,AGB model
03 H >~ 3.0M,AGB model _ _
~<-4.0M,AGB model

O Badwarfs D BD+68°1027

M Bagiants

HD202109 W
0.2
R5692 M

BD+80°670

HD13611 M /@310702‘42‘)

-0.8 -0.6 -0.4 0.0 0.2 0.4

-0.2
[Fe/H]

Figure 5. The Ba odd isotope fractions predicted by the AGB model versus [Fe/H] based on the
FRANEC Repository of Updated Isotopic Tables & Yields (FRUITY) database, which provides the
nucleosynthesis of AGB stars with different masses: 1.3, 1.5, 2.0, 2.5, 3.0, and 4.0 M, and with no
initial rotation [59]. Our sample stars are also presented in the figure.

As shown in Figure 5, we found that the values of f,q4 g, decrease from about 0.12 to
0.06 when [Fe/H] decreases from +0.16 to —0.7 dex, which is different from the solar pure
s-process value of 0.11. The reason is that the contribution of the solar pure s-process is the
superposition result of the contributions of multi-generation AGB stars. The decreasing
trend of f,qq,8a With decreasing [Fe/H] can be explained by the fact that the s-process
produces heavy elements, such as Ba, Pb, etc., more efficiently under metal-poor conditions
because of the primary nature of the 3C neutron source [4]. *C(a,n)'®O is the major
neutron source of the s-process nucleosynthesis in AGB stars, where the production of
13C is independent of [Fe/H]. This means the neutron density is also independent of
[Fe/H] in the s-process region; thus, the number ratio of neutron-to-iron-seed is higher
at low metallicities, which is more conducive to the production of heavier elements [60].
In addition, the reduction of neutron poisons such as 160, 22Ne, and 25Mg, etc., under
metal-poor conditions is also conducive to produce heavy elements.

5.2. Origin of the Five Normal Ba Stars

The two Ba dwarfs BD+80°670 and RE]J0702+129 and three Ba giants HD 13611,
HR 5692, and HD 202109 have f,4q Ba Values around 0.14—0.21 (see Table 3), and they are
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similar to that of the solar (0.18), which corresponds to an s-process contribution of about
91-71%. In general, the s-process is usually expected to occur in AGB stars, but the five Ba
stars have not yet evolved to the AGB stage based on their log ¢ values. McClure et al. [9]
proposed a mass transfer scenario in a binary system to explain the enriched heavy ele-
ments of Ba stars, that is to say, the massive companion (now WD) firstly evolves to the
AGB phase and produces heavy elements, then transfers them to the Ba stars by wind.

We plot the f,qq 8a Values of the five Ba stars in Figure 5 for comparison, and it can
be seen that their f,4q g, Values are slightly higher than those of the AGB models, which
means that the AGB models alone could not explain their Ba abundances. As noted by
Kong et al. [24,37], all of our five Ba stars have WD companions. Thus, we deduced that
that the enriched barium of the five Ba stars has a dominant s-process origin, and their
r-process contributions come from the interstellar medium, similar to our Sun, and is the
pollution result of a long-term r-process event in the Milky Way.

5.3. An Intrinsic Ba Star HD 2183567

The Ba giant HD 218356 has a f,qqa Value of 0.08, corresponding to an s-process
contribution over 100%, which is unreasonable. The reason is that in the formula: s-
process(%) = [100—(foqd,8a — 0.11)/0.0035], we adopted the solar f,q4 B, value of 0.11 as the
pure s-process standard value, which is the result of the chemical evolution of the Milky Way.
The metallicity of HD 218356 is —0.58 dex, which is much lower than the solar one. It can be
found from Figure 5 that all of the AGB models of [Fe/H] < —0.2 dex with different initial
masses result in lower f,q4 pa Values, which indicates a higher s-process nucleosynthesis
efficiency in the environment with the lower metallicity. As a result, the standard value of
fodd Ba for the pure s-process in the stellar medium at [Fe/H] = —0.58 dex is likely to be
lower than the solar one (0.11).

The f,q4,8a Value of HD 218356 is consistent with the results of the AGB model with
4 M of [Fe/H] = —0.58 dex, as shown in Figure 5; however, the AGB models with other
masses, i.e., 1.3, 1.5, 2.0, 2.5, 3.0 M, can still not be ruled out considering the error of
the foq4,8a- The mass of HD 218356 obtained here is around 2.03 M, (see Table 2), which
was based on its stellar atmospheric parameters. Both the s-process contribution and
comparison with the AGB models support that the barium in HD 218356 is dominated
by the s-process. In other words, it should be an intrinsic Ba star, and all of its barium
is likely to be produced by the s-process. Moreover, both Kong et al. [37] and Bubar and
King [61] reported that HD 218356 shows overabundance of Na, i.e., [Na/Fe] = 0.33 and
0.53 dex, respectively, whereas the other Ba stars in our sample have normal Na abundances.
Williams et al. [62] noted that a large amount of Na could be produced in the interiors of
AGB stars and then brought up to their surface.

In Figure 6, the evolution track from the subgiant branch (SGB) to post-AGB is pre-
sented, which was calculated for a star with 2.1 M and [Fe/H] = —0.58 dex using the
MIST model [63-67]. As there are no data on the website (http://waps.cfa.harvard.edu/
MIST/) (accessed on 12 January 2022). If copyright is needed for a star with 2.03 M and
[Fe/H] = —0.58 dex, we adopted the 2.1 M model results instead. The theoretical results
of the log ¢ values range from around —0.72 to 2.35 dex between the EAGB and TP-AGB,
and those of log T,¢ were from 3.47 to 3.69. From Figure 6, we can see that HD 218356 is
likely to be in the early AGB (EAGB) stage, and it is before the thermally pulsating AGB
(TP-AGB) phase based on its log ¢ = 1.50 dex and log T¢s = 3.64. This means that neither
s-process nucleosynthesis nor the so-called third dredge-up event occur in this star.


http://waps.cfa.harvard.edu/MIST/
http://waps.cfa.harvard.edu/MIST/

Universe 2022, 8, 596

12 0f 18

T
[Fe/H]=-0.58

logg[cgs]

--- SGB i
--- EAGB
--- TP-AGB

i post AGB
v * HD218356
3 1 n 1 n 1

3.6
log Tef [K]

3.5

Figure 6. The stellar evolutionary track of a star with 2.1 M and [Fe/H] = —0.58 dex calculated
using the MIST model. The evolution phases from the SGB to post-AGB are presented. The filled red
asterisk represents the Ba giant HD 218356.

In conclusion, we inferred that HD 218356 should still belong to the group of ex-
trinsic Ba stars, and its massive companion should have the largest s-process efficiency
considering its largest NLTE Ba abundance of [Ba/Fe] = 1.04 dex and the lowest value of
fodd,Ba = 0.08 = 0.10 in our Ba samples.

5.4. An r-Rich Ba Star, BD+68°1027

It is known that some of the carbon-enhanced metal-poor stars are enriched with
both the r- and s-process elements (CEMP-r/s stars [68]). Many mechanisms have been
suggested for the origins of these CEMP-r/s stars (see the details in [69]), and the popular
one is the mixed origin of the r- and s-process. This scenario suggests that the enriched r-
process elements come from the molecular cloud where the star formed, while the enhanced
s-process elements are from its massive companion in a binary system. The massive com-
panion has evolved through the AGB stage, and it is a white dwarf now. The mechanism
of their s-process enrichment is similar to the formation of the extrinsic Ba stars. The in-
termediate (i-) process (neutron number density of 1015-17 . em~—3 [70]) is another popular
mechanism to explain the enrichment of CEMP-r/s stars, although its hosted sites are still in
debate [71-75]. The i-process occurring in low-mass low-metallicity AGB stars can explain
the abundances of CEMP-r/s stars successfully [76-78]. We noticed that BD+68°1027 has
the highest f,q4 B, value of 0.28 in our sample stars, which corresponds to a nearly equal
contribution of the s- and r-process to its barium, i.e., 51% for the s-process and 49% for the
r-process. In order to further investigate the r-process’s contribution in BD+68°1027, we
determined the abundances of Eu and Nd (see Table 5), that is [Eu/Fe] = +0.54 4+ 0.19 dex
(NLTE) and [Nd/Fe] = 0.60 £ 0.03 dex (LTE), which are consistent with those obtained by
Kong et al. [24].

Table 5. The Nd and Eu abundances of our sample stars.

BD+80°670 BD+68°1027 REJ 0702+129 HD 218356 HD 202109 HR 5692 HD 13611
[Nd/Fe]-E - 0.60 + 0.03 0.25 4 0.06 0.73 +0.07 0.39 4 0.04 0.21 +0.05 0.24 + 0.04
[Eu/Fe]NLTE - 0.54 +0.19 0.30 +£0.10 0.37 £0.10 0.30 +£0.10 - -

Figure 7 shows the abundance ratios of [Ba/Eu] and [Ba/Nd] versus f,qq4 g, for our
sample stars, and BD+68°1027 is indicated as the filled square. According to Burris et al. [3],
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the r-process is responsible for 97% of Eu, while 53% of Nd in the solar system; therefore,
Eu is usually regarded as the representative element of the r-process. [Ba/Eu] is usually
used as a probe of the r-process contribution, that is a lower [Ba/Eu] corresponds to a
larger r-process contribution. From the upper panel of Figure 7, we can see that [Ba/Eu]
shows good anti-correlation with f,44 g, Which supports the fact that f,4q s is a good
probe for the r-process contribution. We note that [Ba/Nd] and f,q4 B, are uncorrelated for
most of our Ba stars, except BD+68°1027, which shows the lowest values of both [Ba/Eu]
(+0.09 dex, the up-panel) and [Ba/Nd] (4-0.03 dex (bottom-panel), while the highest f,4q Ba
value (0.28) among our Ba stars. This indicates that BD+68°1027 is a special one of our Ba
samples, and it has a large r-process contribution to the barium abundance. In addition,
we also note that the f,q4p, value (0.28 & 0.11) of BD+68°1027 is almost equal to that
(0.23 +0.12) of the CEMP-r/s star HE 0338-3945 [34]. Cui et al. [79] found that there are six
Ba stars showing significant r-process features and defined them as r-rich Ba stars, of which
the ratios of the s-process represented element La over Nd are almost lower than the solar
one and similar to some of CEMP-r/s stars and all of the r-rich (r-I and r-II) stars. Therefore,
we speculate that BD+68°1027 is also an r-rich Ba star, and it is likely to have similar origins
to the CEMP-r/s stars.
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Figure 7. Top panel: the abundance ratio [Ba/Eu] vs. f,qq,Ba; bottom panel: [Ba/Nd] vs. foq4 Ba-
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The two dotted lines represent f,4q ga = 0.11 (the solar pure s-process) and f,q4a = 0.46 (the solar
pure r-process) from Arlandini et al. [27].

5.5. Characters of foqq Ba in Ba Dwarfs and Ba Giants

To further study Ba stars, we show that the f,qq B, values vary with [Ba/Fe], [Ba/H],
and [Fe/H] for the sample stars in Figure 8, and the results of r-II stars from Meng et al. [34]
and Wenyuan et al. [35] are also included for comparison. From Figure 8, we can see that
the fyq4,8a Values of r-II stars are significantly higher than those of Ba stars, which means
that these two group of stars have different origins. Furthermore, there is no obvious
difference of f,qqa vs. [Ba/Fe], [Ba/H], and [Fe/H] between Ba dwarfs and giants, except
the special Ba star HD 218356 and the possible metal-rich counterpart of the CEMP-r/s star
BD+68°1027. In addition, for most of our Ba stars, their f,4q s values are clustered around
that of the solar one, which indicates that they do not experience additional r-process
enrichment. In other words, like the Sun, the r-process contribution in these Ba stars can
be naturally explained by the evolution of our Milky Way. Thus, we suggest that most of
our Ba stars have a common enrichment history of their heavy elements, although their
[Ba/Fe], [Ba/H], and [Fe/H] show a large dispersion.
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Figure 8. Fraction of the Ba odd isotopes versus [Ba/Fe] (a), [Ba/H] (b), [Fe/H] (c), and the or-
bital separation of binaries (d). The r-II stars (filled triangle) derived by Meng et al. [34] and
Wenyuan et al. [35] are also included for comparison. There are three dotted horizontal lines: the
upper line (foqq,8a = 0.46) for the pure r-process, the middle line (f,qq,8a = 0.18) for the solar sys-
tem, and the following line (f,qqa = 0.11) for the pure s-process of the solar barium predicted
by Arlandini et al. [27].

It has been generally accepted that the orbital separation of binary systems might play
an important role in the efficiency of mass transfer and the level of s-process elements’
enrichment in Ba stars [80]. The estimated semi-major axis (see Table 1) usually has
been used to stand for the orbital separations. In our sample stars, BD+68°1027 has the
maximum orbital separation value (3028 au), and the orbital separations for REJ 0702+129
and HD 218356 have not been determined. We plot the f,44 g, Values against the orbital
separations for the five sample stars in Figure 8d, and there is no obvious trend. Except
the possible metal-rich CEMP-r/s counterpart BD+68°1027, the Ba dwarf BD+80°670 has
almost the same f,q4 B, Value as those of other Ba giants in Figure 8d.

In addition, from Table 2, we can see that the mass of Ba dwarfs is smaller than that
of Ba giants, which is consistent with the result of Kong et al. [24,37]. This result does not
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support that the Ba dwarfs may be progenitors of Ba giants [11]. Of course, we are still not
able to rule out the possibility of the evolution relations between Ba dwarfs and Ba giants
due to our small Ba star samples; therefore, more Ba stars need to be investigated.

6. Conclusions

Based on the high resolution and high SNR spectra, we measured the f,qq g, Values
of seven Ba stars by fitting the Ba II resonance lines at 4554 A following the method of
Mashonkina and Zhao [33]. In order to obtain accurate results, we redetermined the stellar
atmospheric parameters and Ba abundances taking NLTE effects into account. This is
the first determination of the Ba odd isotopic fraction for Ba stars and will help us to
understand the neutron capture nucleosynthesis for their heavy element enrichment:

¢ HD218356 is likely to be a more evolved extrinsic Ba star at the stage of EAGB
evolution based on its atmospheric parameters, the largest NLTE Ba abundance, and
the lowest f,q4 Ba Value in our Ba samples, whose massive companion should have
the largest s-process efficiency in our Ba samples.

e BD+68°1027 have a large f,qqpa Value of 0.28 & 0.11, which is similar to the value
0.23 £ 0.12 of the CEMP-r/s star HE 0338-3945. Thus, we speculate that it is likely to
be an r-rich Ba star, as suggested by Cui et al. [79], and to have similar origins to the
CEMP-r/s stars.

*  The foq4,8a Values of the other five Ba stars spread around the solar value 0.18, which
indicates that they do not experience additional r-process enrichment, and the evolu-
tion of the Milky Way can be responsible for the r-process contributions in these stars.
Therefore, we suggest that these Ba stars have similar origins, that is the enrichment
of heavy elements is due to the matter accretion occurring in a binary system.

¢  There is a good anti-correlation between the [Ba/Eu] and f,4q g, values for our Ba
stars, and the effect of their orbital separations on f,q4 B, is negligible. This indicates
that f,4q Ba could be a good probe for studying the neutron capture nucleosynthesis.
Moreover, we note that the f,44 g, value predicted by the AGB models decreases with
decreasing metallicities, which indicates that the f,q4 B, Value is also a direct tracer for
the efficiency of the s-process nucleosynthesis.
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