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Abstract

We have performed detailed high-resolution spectroscopic analysis on seven metal-poor stars (BD+75 348, BD
+09 3019, HD238020, HE0319-0215, HE0507-1653, HE(0930-0018, HE1023-1504) and derived their
atmospheric parameters T, log g, [Fe/H], and microturbulent velocity (€). The metallicity range is found to be
-2.57 < [Fe/H] < -0.42. The elemental abundances of 17 light elements and 12 heavy elements are estimated. We
have classified BD+75 348 and BD+-09 3019 as strong Ba stars, HD238020 as a mild Ba star, and the remaining
four objects as CEMP-s stars. We have estimated the masses of the stars from Hertzsprung—Russel (HR) diagram,
and, compiling the data of 205 Ba stars from literature, estimated the mass distribution of Ba stars. We have also
estimated the initial masses of the companion AGBs of the program stars as well as the masses of the companion
AGBs of 159 Ba and 36 CEMP-s stars from literature, with the help of a parametric-model-based analysis using
FRUITY models. While the primary mass distribution of mild Ba stars peaks at 3.7 M., for the strong Ba stars the
peak appears at 2.5 M. We, therefore, propose that the initial masses of the progenitor AGBs dominantly control
the formation of mild and strong Ba stars. However, a clear overlap, in the range 1.3—4.0 M., noticed between the
progenitor masses of both the subclasses of Ba stars, may indicate that other factors, such as the metallicities and
the orbital periods, may also have significant contributions. The progenitor AGBs’ mass distribution of CEMP-s
stars is found to peak at 2.03 M.

Unified Astronomy Thesaurus concepts: CEMP stars (2105); Barium stars (135); Carbon stars (199); Chemically
peculiar stars (226); Hertzsprung Russell diagram (725); Stellar physics (1621); Asymptotic giant branch stars

(2100); Chemical abundances (224); S-process (1419); Spectroscopy (1558)

Supporting material: machine-readable tables

1. Introduction

Barium (Ba) stars and a subclass of carbon-enhanced metal-
poor (CEMP) stars, known as CEMP-s stars, exhibit enhanced
abundances of elements produced by slow (s-) neutron (n)-
capture process. Ba stars, first recognized by Bidelman &
Keenan (1951), are identified by the presence of strong
absorption lines of Ball at 4554 A and SrIl at 4077 A in
their spectra (Warner 1965). C,, CN, and CH molecular bands
are also prominent in Ba stars. Depending on the types of
neutron-capture elements present, CEMP stars are divided into
four subclasses (Beers & Christlieb 2005; Frebel 2018;
Goswami et al. 2021), namely, CEMP-s stars (enriched with
s-process elements), CEMP-r stars (enriched with elements
produced in rapid n-capture process or r-process), CEMP-r/s
stars (enriched with elements produced by the intermediate
n-capture process or i-process; Cowan & Rose 1977; Herwig
et al. 2011; Doherty et al. 2015; Hampel et al. 2016; Banerjee
et al. 2018; Denissenkov et al. 2019; Goswami et al. 2021), and
CEMP-no stars (not enriched with n-capture elements).

The formation scenario of CEMP-s (Spite et al. 2013) and Ba
(Cseh et al. 2018, 2022) stars is similar. Both types of stars
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(secondary) are extrinsic in nature, and they obtain s-process-
rich material through mass transfer from a more massive
companion (primary), which evolves faster and produces s-
process elements in the AGB phase. CEMP-s and Ba stars are
known to be in binary systems with invisible white-dwarf
companions. The binary nature of these stars is proved by long-
term radial velocity monitoring programs (McClure 1983, 1984;
McClure & Woodsworth 1990; Lucatello et al. 2005;
Starkenburg et al. 2014; Hansen et al. 2016; Jorissen et al.
2016). Recent studies (Hampel et al. 2016; Roederer et al.
2016; Hampel et al. 2019; Koch et al. 2019; Goswami &
Goswami 2020; Goswami et al. 2021) have revealed that one of
the formation scenarios for CEMP-r/s stars might also be the
binary evolution with contamination by AGB yields similar to
that of CEMP-s stars. The different physical conditions
between the production of s- and i-process elements in AGB
stars are still under debate. In our recent study (Goswami &
Goswami 2022), we have reported object HE 1005-1439, the
abundance pattern of which shows contamination by both s-
and i-processes. We proposed that, in AGB stars, s- and i-
process can take place in succession without masking the
signatures of each other. Although the formation scenarios of
Ba, CEMP-s, and CEMP-r/s stars are similar, in this paper, we
will discuss only CEMP-s and Ba stars. Warner (1965)
classified Ba stars using Ba indexes of 1-5 based on the
strength of the Ball 4554 A line. Bal and Ba5 signify stars
showing the weakest and the strongest Ba lines, respectively.
Later, several authors (Lu 1991; Jorissen et al. 1998; Yang
et al. 2016; Escorza et al. 2017) used this Ba index to classify
the Ba stars into two groups: mild Ba stars and strong Ba stars.
The overabundance of n-capture elements is higher in strong
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Ba stars than in mild Ba stars. In the literature, lower
enhancement of heavy elements in mild Ba stars is explained
by two plausible formation scenarios: (i) a longer orbital period
of the binary system, and (ii) relatively weaker neutron
exposure in the AGB companion that pollutes the star (Yang
et al. 2016).

In this paper, we have reported the elemental abundances of
seven stars, BD+75348, BD+093019, HD 238020,
HE 0319-0215, HE 0507-1653, HE 0930-0018, and
HE 1023-1504, based on detailed high-resolution spectro-
scopic analysis. We have estimated the masses of the program
stars and their AGB companions. We have estimated the
masses of several Ba stars found in the literature to find the
mass distribution of these stars. We have also derived the initial
mass distribution of the AGB companions of these Ba stars and
a sample of literature CEMP-s stars. Here, we refer to the stars
(Ba and CEMP-s) that we are observing now as secondary stars
and to their companion AGBs as primary stars.

We have organized the paper as follows. In Section 2 we
summarize the earlier studies available in the literature on our
program stars. The details of the sources of the spectra are
presented in Section 3. In Section 4, we discuss the method of
determining the photometric temperatures. Section 5 discusses
the method of estimating the radial velocity and deriving the
stellar atmospheric parameters of the program stars. In
Section 6 we present the abundance analysis results
(Section 6.1) and the kinematic analysis of the program stars
(Section 6.2). In Section 7 we present (i) the classification
schemes of Ba and CEMP-s stars (Section 7.1), (ii) the
classification of the program stars (Section 7.2), (iii) the
determination of masses of the program stars (Section 7.3), (iv)
the determination of masses of the primary companions (AGB
progenitors) of the program stars (Section 7.4), (v) a
comprehensive discussion on the mass distributions of a
literature sample of Ba stars and their AGB progenitors and
the mass distribution of the AGB progenitors of a literature
sample of CEMP-s stars (Section 7.5), and (vi) the formation
scenarios of mild and strong Ba stars (Section 7.6). Section 8
draws the conclusions.

2. Previous Studies of the Program Stars

2.1. BD+09 3019, HD 238020, HE 0930-0018, and
HE 1023-1504

BD+093019 is included in the carbon star catalog of
Stephenson (1989), CH star catalog of Bartkevicius (1996), and
the carbon star catalog of Ji et al. (2016) from LAMOST 2 data.
HD 238020 is included in the CH star catalog of Bartkevicius
(1996). The list of faint high-latitude carbon stars of Christlieb
et al. (2001) includes HE 0930-0018 and HE 1023-1504. The
atmospheric parameters of BD+4-09 3019 and HE 0930-0018
are not reported previously in the literature. McDonald et al.
(2012) derived the effective temperatures of HD 238020 using
the spectral energy distribution (SED) method of temperature
calibration. Our estimate of the temperature is greater by 115 K
for HD 238020 than that of McDonald et al. (2012). Kennedy
et al. (2011) estimated the atmospheric parameters and the
abundance of oxygen for HE 1023—-1504. Our estimates of the
effective temperature and log g closely match the estimates of
Kennedy et al. (2011). However, the metallicity ([Fe/H])
estimated by Kennedy et al. (2011) is ~0.8 dex lower than that
of our estimate. Figure 1 shows the spectrum synthesis fits of a
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few Fel lines in the spectrum of HE 1023-1504 using the
atmospheric parameters of our study. In this work, first-time
abundance estimates of several light elements from C through
Zn and neutron-capture elements from Sr through Hf are
presented for these four objects based on high-resolution
spectroscopic analysis.

2.2. BD+75 348, HE 0319-0215, and HE 0507-1653

BD+-75 348 is listed in the carbon star catalog of Stephenson
(1989) and CH star catalog of Bartkevicius (1996). Bergeat
et al. (2001) and McDonald et al. (2012) estimated the effective
temperature of BD+4-75348 using the SED method of
temperature calibration. Zacs et al. (2000) derived the atmo-
spheric parameters as well as abundances of 10 light and 9
heavy elements for BD+75 348. The literature values of T.¢ for
BD+75 348 range from 47004900 K. Our estimate of 7.
(~4840 K) falls within the range. HE0319-0215 and
HE 0507-1653 are included in the list of faint high-latitude
carbon stars of Christlieb et al. (2001). Goswami (2005)
estimated the '*C/"*C ratio for HE 0319-0215 (**C/"°C ~ 4.7)
and HE0507-1653 (**C/"*C ~ 6.7) based on medium-
resolution spectra. From the studies of Hansen et al. (2016)
on HE 0319-0215 and Hansen et al. (2016) and Jorissen et al.
(2016) on HE 0507-1653 it is found that both objects exhibit
radial velocity variations with periods of 3078 days for
HE 0319-0215 and 405 days for HE 0507-1653 confirming
their binary nature. Kennedy et al. (2011) derived the
atmospheric parameters and abundance of oxygen for
HE0319-0215. Hansen et al. (2016) reported [Fe/H]=
-2.30, [C/Fe] =2.0, and [Ba/Fe]=0.52 for HE 0319-0215.
Karinkuzhi et al. (2021) also derived the atmospheric
parameters and elemental abundances of HE 0319-0215 and
reported the object as a CEMP-r/s star. However, the estimates
of [Fe/H] and [Ba/Fe] by the studies of Hansen et al. (2016)
and Karinkuzhi et al. (2021) differ by ~0.6 dex and ~1.23 dex,
respectively. These discrepancies in the literature values
compelled us to reinvestigate this object in detail using high-
resolution spectroscopy. Schuler et al. (2008) reported [Fe/
H]=-142, [C/Fe]=133, and |[N/Fe]=120 for
HE 0507-1653. Aoki et al. (2007) and Yong et al. (2013)
derived the atmospheric parameters and abundances of C, N,
Na, Mg, Ca, Sc, Ti, Cr, Ni, Zn, and Ba for HE 0507-1653.
Karinkuzhi et al. (2021) reported this object as a CEMP-s star.
However, this object also shows discrepancies in the atmo-
spheric parameters and the abundance of Ba obtained by
different groups. For instance, the ranges of Ty, logg, and
[Fe/H] are 4880 to 5035 K, 1.50 to 2.40 dex, and —1.81 to —
1.32 dex, respectively, and the [Ba/Fe] ranges from 1.56-1.89
dex. These differences prompted us to study this object in
detail.

3. Source of Spectra

We acquired high-resolution spectra of BD+09 3019, BD
475348, and HD238020 wusing the Hanle Echelle
SPectrograph (HESP) attached to the 2 m Himalayan Chandra
Telescope (HCT) at the Indian Astronomical Observatory
(IAO), Hanle. A 4K x 4K CCD detector with a pixel size of
15pum is used. The wavelength of the spectra covers
3500-10000 A at a spectral resolution (A\/8\) of 60,000. For
data reduction, we have used Image Reduction and Analysis
Facility (IRAF) software packages following a standard
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Figure 1. Spectral synthesis plots for a few Fe lines of the spectrum of
HE 1023-1504.

procedure. We have applied spectroscopic data reduction
procedures, such as trimming, bias subtraction, flat normal-
ization, and extraction, to the raw data. A high-resolution
Th-Ar arc spectrum is used for wavelength calibration.
High-resolution spectra (R ~ 50000) of HE0319-0215,
HE 0507-1653, HE 0930-0018, and HE 1023-1504 are taken
from the SUBARU archive® acquired using the High Disper-
sion Spectrograph (HDS; Noguchi et al. 2002) attached to the
8.2m Subaru Telescope. For HE 0319-0215, HE 0930-0018,
and HE 1023-1504, the wavelength coverage of the spectra
spans from about 4020 to 6775 A, with a gap of about 100 A
(from 5340 to 5440 A) The wavelength coverage of the spectra
of HE 0507-1653 spans from 4090 to 6870 A, with a gap of 80
A (from 5430 to 5510 A) The gap in the wavelength coverage
appears due to the physical spacing of the CCD detectors. We
have continuum-fitted the spectra using the task continuum in
IRAF. The sample spectra of the program stars in the
wavelength region 5160-5190 A are shown in Figure 2. The
basic data for the program stars are presented in Table 1.

4. Photometric Temperatures

We have used broadband colors, optical, and IR to determine
the photometric temperatures of the program stars with color—
temperature calibrations, based on the infrared flux method
(IRFM), available for main-sequence (Alonso et al. 1996) and
giant stars (Alonso et al. 1999). We have taken the Two Micron
All Sky Survey photometric magnitudes for J, H, and K from
Cutri et al. (2003). We have followed the same procedure
described in Goswami et al. (2006, 2015) and Goswami et al.
(2021) as briefly outlined below. The photometric temperatures
of the program stars corresponding to J—H and V—-K colors
are estimated at different assumed metallicity values. The
estimated photometric temperatures are listed in Table 2. In
order to select the model atmospheres to estimate the spectro-
scopic temperatures, we have used T.(J/—K) as an initial
guess as this temperature is independent of the metallicity
(Alonso et al. 1996, 1999).

3 http://jvo.nao.ac.jp/portal
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5. Radial Velocities and Stellar Atmospheric Parameters

We have measured the radial velocities of the program stars
using Doppler’s formula from the shifts of the elemental
absorption lines from the lab wavelengths. For this purpose, we
have chosen a large number of clean and unblended spectral
lines of different elements in each star and compared them with
the rest-frame laboratory wavelength taking the spectra of
Arcturus (Hinkle et al. 2000) as a template. As Arcturus
belongs to the giant class and has a comparable temperature to
those of the program stars, we have chosen Arcturus for the
comparison to have homogeneity in the analysis. We have also
used the FXCOR package in IRAF and cross-checked our
measurements from line-to-line analysis to the measurements
provided by FXCOR. The measured radial velocities, after
correcting for heliocentric motion, and the standard deviations
from the mean value are presented in Table 3, along with the
radial velocity information provided by Gaia Collaboration
et al. (2018). For the stars HE 0930-0018 and HE 1023-1504,
radial velocities are not reported in Gaia Collaboration et al.
(2018). However, the other five stars show significant
differences between the radial velocities estimated by us and
those of Gaia Collaboration et al. (2018), implying the
possibility of the stars being part of a binary system with a
now invisible companion.

Stellar atmospheric parameters, Tog, log g, microturbulent
velocity (§), and [Fe/H] are derived using the method
described in Goswami et al. (2021), as briefly discussed below.
For this analysis, we have chosen a set of clean and unblended
Fel and Fell lines (Table 4) from each star. The excitation
potentials of the lines range from 0.0 to 6.0 eV. The atomic line
information is taken from the Kurucz atomic line database.*
After strong filtration of the clean lines, we have considered
(85, 12), (36, 3), (136, 17), (30, 5), (36, 4), (19, 3), and (20, 2)
numbers of (Fe I, Fe II) lines in the spectra of BD+75 348, BD
4093019, HD 238020, HEO0319-0215, HE 0507-1653,
HE 0930-0018, and HE 1023-1504, respectively. For our
analysis, we have used the code MOOG (Sneden 1973) in its
updated 2013 version. MOOG assumes conditions of local
thermodynamic equilibrium (LTE). We have selected the
model atmospheres from the Kurucz grid of model atmo-
spheres® with no convective overshooting, and the solar
abundances are taken from Asplund et al. (2009). For
determining the effective temperatures and microturbulent
velocities of the program stars, we have used the conventional
methods of excitation potential balance and equivalent width
balance, respectively. The surface gravities of the program stars
are determined by using the method of ionization equilibrium
balance, in which the abundances of Fe measured from Fe I and
Fe 11 lines are equated to fix the value of log g. The abundances
of Fe derived from FeI and FeII lines gives the metallicities of
the stars. The atmospheric parameters of the program stars,
along with the available literature values, are presented in
Table 5.

6. Results
6.1. Abundance Analysis

We have determined the elemental abundances of the
program stars by using an updated version of the code MOOG,

4
5
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Figure 2. Sample spectra of the program stars in the wavelength region 5160-5190 A

which assumes LTE conditions. We have interpolated the
model atmospheres to our derived stellar parameters from the
Kurucz grid of model atmospheres, with no convecting
overshooting, for the program stars. We have determined the
abundances of light elements C, N, O, Na, Mg, Si, Ca, Sc, Ti,
V, Cr, Mn, Co, Ni, Cu, and Zn and neutron-capture elements
Sr, Y, Zr, Ba, La, Ce, Pr, Nd, Sm, Eu, Dy, and Hf for the
program stars, depending upon the availability of the useful
atomic lines or molecular bands of the elements. The
abundances of C, N, O, and elements showing hyperfine
splitting such as Sc, V, Mn, Ba, La, and Eu are determined
using spectrum synthesis calculations. The abundances of the
other elements are derived with the help of the equivalent width
method by measuring the equivalent widths of clean and
unblended spectral lines (Table 6) of the elements using the
SPLOT task in IRAF. The atomic line information is taken
from the Kurucz database of atomic line list. We have
presented the abundance results in Tables 8 and 9.

6.1.1. C, N, O

The abundance of carbon is derived using three molecular
bands of carbon, namely, the CH band around 4310 A and the
C, bands near 5165 and 5635 A. Figure 3 shows the spectral
synthesis of the C, molecular band around 5165 A. The
abundance of N is estimated from the CN molecular band
around 4215 A, adopting the carbon abundance derived using
the C, and CH molecular bands. The abundance of oxygen
could be determined only for HD 238020. We have used the
[O1] 6300 A forbidden line for estimating the abundance of
oxygen.

For star HD 238020, the C, molecular band at 5635 A and
the CN molecular band are found to be too weak to be used for
abundance estimation. In Figure 4 we show a comparison of
the C, band at 5635 A for stars BD+75 348, BD+09 3019, and
HD 238020 to demonstrate the absence of the band in
HD 238020. We could not use the CH molecular band in
HE 0507-1653 and the CN molecular band in BD+09 3019 for
abundance estimation as the bands are found to be saturated.

For HE 0930-0018 and HE 1023-1504, the CH and CN
molecular bands could not be used for abundance determina-
tion due to the low signal-to-noise ratio (S/N) in the particular
region of the spectra (Figure 5). BD+-09 3019, HE 0319-0215,
HE 0507-1653, HE 0930-0018, and HE 1023-1504 are found
to be carbon enhanced with [C/Fe] > 0.70. While BD+75 348
is mildly enhanced in carbon, the abundance of carbon in
HD 238020 is found to be solar. Nitrogen is enhanced with [N/
Fe] > 0.70 in all three stars (BD+75 348, HE 0319-0215,
HE 0507-1653) for which the abundance of nitrogen could be
estimated. The wavelengths, lower excitation potentials, and
log gf values of different molecular transitions for the C, band
at 5165 and 5635 A and the CN band are adopted from Brooke
et al. (2013), Ram et al. (2014), and Sneden et al. (2014). The
molecular line list for the CH band at 4310 A used for our
calculation using linemake® (Placco et al. 2021) is from
Masseron et al. (2014). The abundances of carbon derived from
the different bands of C, and CH are found to be quite similar
with a maximum difference of 0.16 dex for the star BD
409 3019. As shown in Goswami et al. (2021), the change in
the abundance of C derived from the C, and CH bands varies in
the £ 0.04 dex range with the change in temperature in the
range +£100 K. We observed negligible change in the abun-
dance of C by varying logg and {by £0.2 (cgs) and +0.2
kms~', respectively. While the CH band shows a variation in
the abundance of C by +0.04 dex with the metallicity variation
in the range 0.2 dex, the C, bands show no variation.

6.1.2. Na, Mg, Si, Ca, Sc, Ti, V

The abundance of Na in the program stars ranges from [Na/
Fe]=0.05 to 0.95 dex, with the minimum [Na/Fe] for
HD 238020 and the maximum for HE 0319-0215. Mg is
moderately enhanced in all the program stars except for BD

6 linemake contains laboratory atomic data (transition probabilities, hyperfine
and isotopic substructures) published by the Wisconsin Atomic Physics and the
Old Dominion Molecular Physics groups. These lists and accompanying line
list assembly software have been developed by C. Sneden and are curated by
V. Placco at https://github.com/vmplacco/linemake.
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Table 1
Basic Data for the Program Stars
Star Name R.A.(2000) Decl.(2000) B \% J H K Exposure Date of Obs. Source S /Nu S /Nﬂ
(s) of Spectrum (4000 A) (6000 A)
BD+75 348 08 46 11.64 +74 32 31.24 10.63 9.54 7.84 7.33 7.24 2400 08-03-2018 HESP/HCT 50 150
BD-+09 3019 15 18 32.06 09 06 09.74 12.04 10.82 7.99 7.24 6.99 2700 24-05-2018 HESP/HCT 20 40
HD 238020 11 36 10.99 +56 50 17.66 9.34 8.49 6.90 6.51 6.38 1800 06-05-2017 HESP/HCT 70 200
HE 0319-0215 03 21 46.26 —02 04 33.95 15.03 13.60 11.79 11.22 11.06 1800 08-12-2003 HDS/SUBARU 40 70
HE 0507-1653 05 09 16.56 —16 50 04.69 13.63 12.51 10.88 10.43 10.32 1200 26-10-2002 HDS/SUBARU 40 75
HE 0930-0018 09 33 24.63 —00 31 44.60 16.13 14.70 12.19 11.55 11.34 1800 09-12-2003 HDS/SUBARU 10 30
HE 1023-1504 10 25 55.55 —1519 17.08 16.26 14.40 12.32 11.61 11.42 1200 27-02-2005 HDS/SUBARU 7 25

mdy ¢zoz (dd17) $S1:691 “TVNINO[ TVOINONOIISY THJ,

TWEMSOD) 29 TWEMSOD)
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Table 2
Temperatures from Photometry

Star Name Tegr Tegr Terr Tege Tegr Tegr
(—05) (—1.0) (=15 (=20) (-2.5)
JV-K)y (-H) (-H (-H (U-H (-H

Tesr Tots Tesr Tesr Tetr Spectroscopic
(—0.5) (—-1.0) (—1.5) (-=2.0) (=2.5) estimates
(V-K) (V-K) (V-K) (V-K) (V-K)

BD+75 348 4856 4867 4891 4891 4867 4820
BD+09 3019 3879 4038 4051 4047 4027

HD 238020 5085 5350 5382 5384 5358 5304
HE 0319-0215 4479 4616 4636 4635 4612 4568
HE 0507-1653 4935 5078 5105 5106 5081 5031

HE 0930—-0018 4164 4354 4370 4368 4346 4306
HE 1023-1504 4062 4144 4157 4154 4133

4749 4736 4729 4728 4733 4840
3810 3795 4220
4941 4931 4928 4931 4941 5150
4530 4517 4510 4510 4515 4650
4855 4844 4839 4840 4848 4970
4002 3988 3979 3974 o 4190
4211 4198 4190 4187 4440

Note. The numbers in the parenthesis below T.¢ indicate the metallicity values at which the temperatures are calculated. Temperatures are given in Kelvin.

Table 3
Radial Velocities of the Program Stars

Star Name v, vV,
(Km s™) (Km s~

(Our estimates) (a)
BD+75 348 57.70 £ 1.72 56.91 +2.21
BD+09 3019 —-9.50 £ 1.77 8.21 +0.65
HD 238020 —24.62 +£3.07 —16.04 £0.15
HE 0319-0215 -257.43 + 0.61 -232.33 +£4.38
HE 0507-1653 349.81 £ 0.72 353.53 £2.55
HE 0930-0018 45.73 £ 0.68
HE 1023-1504 -226.15 +0.39

References: (a) Gaia Collaboration et al. (2018).

+09 3019, for which [Mg/Fe] =1.26. We could estimate the
abundance of Si only for HD 238020 using a single line Sil
6237.32 A and found to be subsolar with [Si/Fe] =-0.52. This
is somewhat surprising, as this object is classified as a mild Ba
star with a probability of being a thin-disk object (see
Section 6.2 for a kinematic analysis), and in the case of thin/
thick-disk stars a-elements ([c/Fe]) are known to lie between
0.2 dex to 0.3 dex for stars with —1.0<[Fe/H]<0
(Edvardsson et al. 1993). Within the metallicity range —
1.0 < [Fe/H] < 0, in barium stars [Si/Fe] is found to be in the
range 0.0 dex to 0.58 dex (de Castro et al. 2016). Massive stars
with masses > 10 M, produce a-elements during hydrostatic
oxygen burning and also during type Il supernovae explosions
(Woosley & Weaver 1986); hence Si is also expected to show a
similar trend to that seen in other a-elements. Si is also known
to show high scatter at all metallicities —4 < [Fe/H] <0.
However, in metal-poor red horizontal-branch stars (i.e.,
BPS CS 22186-0005), [Si/Fe] is found to be as low as
—0.25 dex (Preston et al. 2006), 0.27 dex higher than that
observed in HD 238020. It will be worthwhile to investigate in
the future the anomalous low Si abundance observed in
HD 238020 that now remains unexplained. Ca is found to
range from subsolar to super-solar abundances with —
0.14 < [Ca/Fe] < 0.83. The abundance of Sc is estimated
using spectrum synthesis calculations of several ScII lines
(Table 7) whenever available. For five out of the seven objects,
we have derived the abundance of Ti from the spectral lines of
both the neutral (TiI) and ionized (Till) species of Ti. The
abundances of Ti derived from both the species are found to be
very close for all the stars except for HE 0319-0215, with a
difference of 0.14 dex. For BD+09 3019 and HE 1023-1504,
the abundance of Ti could be derived only from TiI lines as

TiI lines are found to be severely blended. The abundance of
V is estimated from the spectrum synthesis calculation of VI
line at 5727.652 A (Table 7). We could only estimate an upper
limit of V for object HE0319-0215. The abundance of V
ranges from subsolar to super-solar with -0.39 <[V/
Fe] < 0.50.

6.1.3. Cr, Mn, Co, Ni, Cu, Zn

For HD 238020, we could estimate the abundance of Cr from
both neutral (CrI) and ionized species (Cr1I) of Cr. In other
stars, we could not detect the lines due to Crll, and the
abundance could be derived only from CrI lines. In the
program stars, the abundance of Cr ranges from —0.51 dex to
0.11 dex. We have derived the abundance of Mn using
spectrum synthesis calculation of several lines due to MnlI
(Table 7). Mn is found to be subsolar in the program stars with
-1.33 < [Mn/Fe] < -0.15. For barium stars in the metallicity
range —1 < [Fe/H] < 0.0, [Mn/Fe] is found to lie in the range —
0.55 dex to 40.37 dex (Yang et al. 2016; Shejeelammal et al.
2020). In our sample, the spectrum synthesis of the Mnl
4754.042 A line in BD+09 3019, a strong barium star, returned
a value of [Mn/Fe] =-1.33, making it the most Mn-deficient
barium star. A few extremely metal-poor stars are however
known to exhibit such low Mn abundances (i.e., HE
1012-1540, —-1.00 dex; HE 1356-0622, —0.98 dex; Cohen
et al. 2008). Lines due to Co, Cu, and Zn are not usable for
abundance determination in HE 0319-0215. A few samples of
these lines of this star are shown in Figure 6. For
HE 1023-1504, we could not estimate the abundance of Cu
due to the unavailability of good lines. In the other program
stars Co ranges from subsolar to solar abundances with —
0.21 < [Co/Fe] < 0.14, Ni ranges from subsolar to super-solar
abundances with —0.30 < [Ni/Fe] < 0.70, [Cu/Fe] ranges from
-0.20 dex to 0.38 dex, and [Zn/Fe] ranges from —0.16 < [Zn/
Fe] < 0.13.

6.14. Sr, Y, Zr

We could derive the abundance of Sr for all the stars except
for HE 1023-1504. The Sr I 4215.52 A line appears in the
region of the CN molecular band around 4215 A. This is why it
is not always possible to use this particular line for objects with
enhanced C and N abundances. We have used this line to
estimate the abundance of Sr for HD 238020. For stars BD
+75 348, HE 0319-0215, HE 0507-1653, and HE 0930-0018,
the Sr14607.33 A line (Table 7) is used for spectrum synthesis
calculations. The abundance of Sr ([Sr/Fe]) in the program
stars ranges from 0.08 dex to 1.67 dex. Y is found to be



Table 4
Equivalent Widths (in mA) of Fe lines Used for Deriving Atmospheric Parameters

Wavelength Element Eiow log gf BD+75 348 BD+09 3019 HD 238020 HE 0319-0215 HE 0507-1653 HE 0930-0018 HE 1023-1504
(A) V)

4187.04 Fel 2.45 —0.548 124.8 (6.12)

4202.03 1.48 —0.708 179.4 (6.02)

4203.57 1.01 —3.869 73.1 (6.72)

Note. The numbers in parentheses in columns 5-11 give the derived abundances from the respective line.

(This table is available in its entirety in machine-readable form.)

mdy ¢zoz (dd17) $S1:691 “TVNINO[ TVOINONOIISY THJ,
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Table 5
Derived Atmospheric Parameters of our Program Stars and Literature Values
Star Name Tess log g £ [Fe1 /H] [Fe 11/H] [Fe/H] Reference
(K) (cgs) (kms™")
BD+75 348 4840 2.00 1.43 —0.41 +£0.20 —0.42 £ 0.18 —0.42 1
4700 1.80 2.00 —0.86 + 0.26 —0.88 £ 0.02 —0.87 9
4900 8
4760 10
BD+09 3019 4220 2.10 2.37 —0.55+0.18 —0.54 £0.11 —0.55 1
HD 238020 5150 2.10 1.36 —0.67 £ 0.15 —0.68 £ 0.16 —0.68 1
5035 8
HE 0319-0215 4650 0.50 1.33 —2.58+0.10 —2.56+0.05 —2.57 1
4416 0.64 —2.42 2
~2.30 3
4738 0.66 2.16 -2.90 4
HE 0507-1653 4970 2.20 1.48 —1.46+0.11 —1.42+0.08 —1.44 1
5000 2.40 2.00 —1.38+0.19 —1.39+0.17 —1.38 5
—1.42 6
4880 1.50 —1.81 2
4935 1.88 —1.32 7
5035 2.39 1.53 —1.35 4
HE 0930—-0018 4190 2.65 1.86 —1.3940.11 —1.39+0.09 —1.39 1
HE 1023-1504 4440 0.50 1.67 —1.66+0.14 —1.66+0.07 —1.66 1
4421 0.66 —2.50 2

References: 1. Our work; 2. Kennedy et al. (2011); 3. Hansen et al. (2016); 4. Karinkuzhi et al. (2021); 5. Aoki et al. (2007); 6. Schuler et al. (2008); 7. Yong et al.
(2013); 8. McDonald et al. (2012); 9. Zacs et al. (2000); 10. Bergeat et al. (2001).

enhanced ([Y/Fe] > 0.70) in all the program stars except for
HD 238020 (with [Y/Fe]=-0.26). For BD+75348,
HD 238020, and HE 0507-1653 we could estimate the
abundance of Zr from lines due to both neutral (ZrI) and
ionized (Zr 1) species. The abundances of Zr derived from the
lines of both species are very similar, with the largest difference
of 0.25 dex for BD+75 348. The abundance of Zr ranges from
0.05 dex to 1.63 dex in the program stars.

6.1.5. Ba, La, Ce, Pr, Nd, Sm, Eu, Dy, Hf

The abundances of the neutron-capture elements are
enhanced in all the program stars except for HD 238020. The
abundances of Eu and Hf could not be estimated for
HD 238020 as no lines could be detected. The abundances of
Ba through Dy in HD 238020 are found to be moderately
enhanced with 0.11 < [X/Fe] < 0.48.

The abundance of Ba is derived using spectral synthesis
calculations of the Ball 5853.668 and 6141.713 A lines
(Table 7) whenever available. The abundance of Ba could not
be derived for BD4-09 3019 as the Ba lines are found to be too
strong and saturated. In the program stars, [Ba/Fe] ranges from
1.09 dex to 2.08 dex. The abundance of La is derived using
spectrum synthesis calculation of the Lall 4921.776 A line
(Table 7). La is found to be enhanced in the program stars with
1.09 < [La/Fe] < 2.25. [Ce/Fe] ranges from 1.34 dex to 2.50
dex in the program stars. The abundances of Pr, Nd, and Sm are
enhanced ([X/Fe] > 0.90) in the program stars. The abundance
of Eu is derived using spectrum synthesis calculations of Eu II
6437.640 and 6645.064 A (Table 7). The abundance of Eu
could not be derived for HE 0930-0018 as no Eu lines could be
found in the spectrum (Figure 7). Eu is found to be enhanced
([Eu/Fe] > 0.70) in the rest of the program stars with
0.70 < [Eu/Fe] < 1.05. The abundance of Dy could be derived
only for BD+75 348, BD+09 3019, and HD 238020, and the
abundance of Hf could only be derived for BD+75 348.

6.2. Kinematic Analysis of the Program Stars

We have carried out a kinematic analysis of the program stars,
following the procedure described in Purandardas et al. (2019) and
Goswami et al. (2021), to know the Galactic population to which
the program stars belong. The values of the parallax () and proper
motions (4., () are taken from the Gaia database, and radial
velocities of our estimates are considered for calculating the
components of the space velocity (U sg, Visr, Wisr) With respect
to local standard of rest (LSR). The total space velocity (Vp,) is
given by Vspa:\/ Uisg + Vi + Wig. We have calculated the
probabilities of the program stars being in the halo, thin disk, or
thick disk using the procedures given by Reddy et al. (2006),
Bensby et al. (2003, 2004), and Mishenina et al. (2004). For the
probability determination, it is assumed that Gaussian distribution
functions for U ggr, Visr, and Wisg with given mean values and
dispersions represent the thin-disk, thick-disk, and halo populations
(Reddy et al. 2006). A detailed discussion of the procedure can be
found in our previous works (Purandardas et al. 2019; Goswami
et al. 2021). The values of Ursg, Visr, Wisr, Vepa and the
probability estimates for the objects being members of the thin-disk
(Pihin), thick-disk (Pgei), and halo (Py,,) population are presented
in Table 10. BD+75 348, HD 238020, and HE 0930-0018 show
the probability of being thin-disk objects, BD+09 3019 is a thick-
disk object, and HE0319-0215 and HE0507-1653 are halo
objects. A Toomre diagram is shown in Figure 8.

7. Discussion

7.1. Classification Schemes of the Mild/strong Ba and CEMP-s
Stars

7.1.1. Ba Stars

After the first identification of Ba stars by Bidelman &
Keenan (1951), several authors (Pilachowski 1977; Sneden
etal. 1981; Lu 1991; Jorissen et al. 1998; de Castro et al. 2016;



Table 6
Equivalent Widths (in rn;k) of Lines Used for the Calculation of Elemental Abundances

Wavelength Element Eiow log gf BD+75 348 BD-+09 3019 HD 238020 HE 0319-0215 HE 0507-1653 HE 0930-0018 HE 1023-1504
(A) eV)

5682.633 Na I 2.10 —0.700 115.8 (6.25) 172.5 (6.08) 64.4 (5.62) 22.4 (4.71) 45.2 (5.19) 112.1 (5.39) 51.5 (5.06)
5688.205 2.10 —0.450 140.3 (6.42) 170.6 (5.81) 87.1 (5.77) 25.3 (4.53) 58.7 (5.17) 136.8 (5.43)
6154.23 2.10 —1.560 59.1 (6.14) 16.1 (5.50)

6160.75 2.10 —1.260 88.1 (6.30) 30.1 (5.55) 19.7 (5.21)

Note. The numbers in parentheses in columns 5-11 give the derived abundances from the respective line.

(This table is available in its entirety in machine-readable form.)
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Figure 3. Spectral synthesis plot of the C, band around 5165 A. The dotted lines indicate the synthesized spectra, and the solid lines indicate the observed spectra.
Two alternative synthetic spectra are shown corresponding to A[C/Fe] = +0.3 (long-dashed line) and A[C/Fe] = —0.3 (short-dashed line).
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Figure 4. Sample spectra of the C, band at 5635 A of the three Ba stars. This
band is not present in star HD 238020.

Yang et al. 2016; Escorza et al. 2017; Jorissen et al. 2019) have
put forward classification criteria to distinguish the mild and
strong Ba stars. Pilachowski (1977) reported abundance
analysis of seven mild Ba stars and demonstrated that they
show [s/Fe] >0.50, where [s/Fe] implies the average
abundance of the available s-process elements. Sneden et al.
(1981) pointed out that the limiting values of [s/Fe] for mild
Ba stars and classical (strong) Ba stars are 0.21 and 0.73,
respectively. Using the Ba index given by Warner (1965), Lu
(1991) classified Ba stars with Ba indexes of 0.3—1.5 and 2-5
as mild and strong Ba stars, respectively. Jorissen et al. (1998)
classified stars with Ba < 2 as mild and with Ba=3-5 as strong
Ba stars. Escorza et al. (2017) considered stars with Ba indexes
of 1 and 2 as mild Ba stars and of 3-5 as strong Ba stars.
However, avoiding the use of Ba indices, Yang et al. (2016)
used [Ba/Fe] as an indicator to distinguish the two groups.

10

They considered stars showing [Ba/Fe] > 0.60 as strong Ba
stars. Their sample stars show 0.17 < [Ba/Fe] < 0.54 for mild
Ba stars. de Castro et al. (2016) used [s/Fe] >0.25 as a
distinguishing value between normal giants and Ba stars.
Jorissen et al. (2019) recommended that [La/Fe] and [Ce/Fe]
for strong Ba stars are greater than or equal to unity, and mild
Ba stars always show [Ce/Fe] > 0.2.

In this study, we use a similar criterion to that of Yang et al.
(2016). However, as abundance of Ba is not reported for many
Ba stars in the literature due to the saturation of strong Ba lines
in the spectra of Ba stars, we use [hs/Fe] to differentiate
between mild and strong Ba stars. Here, hs (heavy-s) represents
Ba, La, Ce, and Nd. We have not used Pr and Sm in the
calculations of hs, as the r-process contributes more to these
two elements than the s-process. In order to reduce the
systematic error in calculating [hs/Fe], we have considered
only those stars for which abundances of at least two or more
heavy-s process elements are reported in the literature. We
consider stars with [hs/Fe] > 0.60 as strong Ba stars and stars
with 0.17 < [hs/Fe] < 0.60 as mild Ba stars. We have
discarded the possibility of using [s/Fe] as a classifier, because
[s/Fe] contains not only Pr and Sm, but also the 1s elements Sr,
Y, and Zr, and the s-process AGB models cannot satisfactorily
reproduce the 1s elements. These elements are believed to have
contributions from several different sources.

7.1.2. CEMP-s Stars

CEMP stars are metal-poor stars ([Fe/H] < —1.0) with [C/
Fe] > 0.7. Several classification schemes have been proposed
in the literature (Beers & Christlieb 2005; Jonsell et al. 2006;
Masseron et al. 2010; Abate et al. 2016; Frebel 2018; Hansen
et al. 2019; Goswami et al. 2021) to identify the CEMP-s stars
from the different subclasses of CEMP stars. However, it is
difficult to distinguish between CEMP-s and CEMP-r/s stars
(see Goswami et al. 2021, for more details). Beers & Christlieb
(2005) for the first time used [Ba/Fe], [Eu/Fe], and [Ba/Eu] to
differentiate between CEMP stars. Following this study, Jonsell
et al. (2006), Masseron et al. (2010), and Abate et al. (2016)
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Figure 5. Sample spectra of HE 0930-0018 and HE 1023-1504 in the wavelength regions 4205-4218 A and 43004318 A.
Table 7
Absolute Abundances (log €) Derived from Different Lines Using Spectral Synthesis Calculations
Wavelength ~ Element  BD+75348  BD+093019 HD 238020 HE0319-0215 HE0507-1653  HE 0930-0018  HE 1023-1504  Reference
(A)
4415.557 Sc 1 2.65 0.55 1*
5031.021 2.50 1
5526.790 2.85 247 1°
5641.001 272 3.15 2.30 1.75 1.55 B
5657.896 2.62 3.15 2.60 1.71 1.65 1*
5667.149 2.65 2.30 1.50 &
5727.652 VI 3.12 3.88 3.23 < 1.60 2.80 2.66 2.53 2°
4754.042 Mn I 4.55 3.55 4.62 2.15 3.75 3.28 3
4762.367 4.60 4.56 3.15 3%
4823.524 4.60 4.62 3
5853.668 Ba1ll 3.47 1.37 2.70 1.55 2.60 4
6141.713 3.29 1.75 1.60 2.90 2.20 4
4921.776 Lal 2.60 2.80 0.90 0.25 1.60 0.80 1.30 5
6437.640 Eu Il 0.10 6"
6645.064 0.80 1.02 —1.20 0.12 —0.25 7

Notes. Hyperfine splitting contributions are taken from the sources given in Column 10.

# linemake

References: 1. Lawler et al. (2019); 2. Lawler et al. (2014); 3. Den Hartog et al. (2011); 4. McWilliam (1998); 5. Jonsell et al. (2006); 6. Lawler et al. (2001); 7.

Worley et al. (2013).

used the same abundance ratios with different limiting values.
Hansen et al. (2019) used [Sr/Ba] to distinguish the subclasses.
In this paper, we have followed the classification scheme
discussed in Goswami et al. (2021)

1. CEMP: [C/Fe] > 0.7

2. CEMP-r/s: [Ba/Fe] > 1.0, [Eu/Fe] > 1.0
(a) 0.0 < [Ba/Eu] < 1.0 and/or 0.0 < [La/Eu] < 0.7

3. CEMP-s: [Ba/Fe] > 1.0
(a) [Eu/Fe] < 1.0, [Ba/Eu] > 0.0 and/or [La/Eu] > 0.5
(b) [Eu/Fe] > 1.0, [Ba/Eu] > 1.0 and/or [La/Eu] > 0.7

7.2. Classification of the Program Stars
7.2.1. BD+75 348, BD+09 3019, and HD 238020

From the visual inspection of the strong lines Sr1I 4077 and
Ball 4554 A, we classify these three objects as Ba stars. The
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[Fe/H] values of BD+75 348, BD+09 3019, and HD 238020
lie between —0.68 and —0.42. BD+75 348, with [C/Fe] ~0.31,
is not a carbon-enhanced star, but it shows enhancement in
neutron-capture elements. BD+09 3019, with [C/Fe] ~0.77,
shows enhancement in carbon, and the neutron-capture
elements are also strongly enhanced in the star. The high
value of [hs/Fe] (> 0.60) put BD+75 348 and BD+09 3019 in
the category of strong Ba stars. HD 238020, on the other hand,
shows only mild enhancement in neutron-capture elements
with a solar abundance of carbon. C/O of HD 238020 is greater
than unity. With [hs/Fe] =0.30, we classify this object as a
mild Ba star.

7.2.2. HE0319-0215, HE 0507-1653, HE 0930-0018, and
HE 1023-1504

HE 0319-0215, HE0507-1653, HE 0930-0018, and
HE 1023-1504 are metal-poor (MP; [Fe/H]<-1.0) and
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Figure 6. Sample spectra of the Co, Cu, and Zn lines of HE 0319-0215.
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Figure 7. Sample spectra of the Eu II line at 6645.064 A in stars BD+09 3019,
HE 0507-1653, and HE 0930-0018. This line is very weak (not usable) in star
HE 0930-0018.

very-metal-poor (VMP; [Fe/H] < -2.0) stars with —1.39 <[Fe/
H] < -2.57. All these stars are carbon-enhanced ([C/Fe] > 1.0)
and enriched in neutron-capture elements. All four stars fall in
the category of CEMP-s stars following the classification
criteria of Goswami et al. (2021). Although [Eu/Fe] is greater
than unity in HE 0507-1653 and the classification scheme of
Abate et al. (2016; Figure 9(a)) puts it in the category of
CEMP-r/s stars based on [Ba/Eu] > 0.0, Figure 9(b) shows
that this star is a CEMP-s star from the classification scheme of
Goswami et al. (2021). We tried to fit i-process models
(Hampel et al. 2016) calculated for neutron densities of n
~10°-10"" cm™ to the observed abundance pattern of
HE 0507-1653. We found that the model with n=10" cm™>
gives the minimum x? value. So, this star cannot be a CEMP-
r/s star. However, we will discuss in Section 7.4 that s-process
yields produced by an M =2.0 M. AGB can satisfactorily
reproduce the observed abundance pattern of the star, placing it
in the CEMP-s category. This verifies the upper limit on [Ba/
Eu] (> 1.0) for CEMP-r/s stars put forward by our previous
work (Goswami et al. 2021). Classifications of the program
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Figure 8. Toomre diagram. Red filled squares represent the CEMP-s stars, and
blue filled circles represent Ba stars. The dashed curves connect the loci with
same Vi gr.

stars along with some important abundance ratios, such as [Is/
Fel], [hs/Fe], [hs/ls], [Eu/Fe], [Ba/Eul], and [La/Eu], are
presented in Table 11.

7.3. Masses of the Program Stars

The masses of the program stars are estimated from the
position of the stars on the Hertzprung—Russell (HR) diagram
(log(L/Ls) versus log(Te) plot). In order to estimate the
luminosities (L) of the program stars using Equation (1) the
visual magnitudes (V') of the stars are taken from SIMBAD, the
parallaxes (7) are taken from Gaia’, the interstellar extinction
(A,) values are calculated from the formula given in Chen et al.
(1998), and the bolometric corrections (BC) are calculated
using the empirical calibrations of Alonso et al. (1999).

log(L/Ls) = 0.4(Myge — V — 5 — Slog(m) + A, — BO).
(D

We have used the updated BASTI-IAC evolutionary tracks®
(Hidalgo et al. 2018) generated, including overshooting and
diffusion, for the corresponding metallicities of the program
stars. For log(T.s), we have used our spectroscopic T
estimates. Figure 10(a) shows the appropriate evolutionary
tracks corresponding to the Ba stars of our study. Figure 10(b)
shows the evolutionary track corresponding to HE 0507-1653,
a CEMP-s star of our study. We can see that the star falls
toward the right side of the evolutionary track. This is because
the evolutionary tracks highly depend on the opacity in the
stellar atmospheres (Marigo 2002), and the BASTI-IAC
evolutionary tracks are not calculated considering high carbon
abundances. So, these evolutionary tracks are not suitable for
carbon-enhanced stars. The use of the evolutionary tracks
customized to the observed abundances of the stars is out of the
scope of this paper. The masses of the program stars including
log(L/Ls) estimates are presented in Table 12. Due to the

7 hitps:/ /gea.esac.esa.int/archive/

8 http:/ /basti-iac.oa-abruzzo.inaf.it/
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classifies the stars as CEMP-s.
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Figure 10. Hertzsprung—Russel diagram. Panel (a) shows the evolutionary tracks for different masses at [Fe/H] ~—0.50. The red filled circle, green filled pentagon,

and blue filled triangle represent the positions of the Ba stars of our study. In panel (b), an evolutionary track for M = 0.8 M, at [Fe/H] =

filled circle represents a CEMP-s star HE 0507-1653.

precise parallax values provided by Gaia, the uncertainties in
the estimation of the luminosities are so small that we cannot
even see the error bars in Figure 10. However, the evolutionary
tracks are available at mass intervals of 0.1 M, and 0.5 M, for
mass ranges of 0.8-3 M, and 3-6 M, respectively. So, we
consider an uncertainty in mass of £0.05 M, and £0.25 M,
for the mass ranges 0.8-3 M., and 3-6 M, respectively.

7.4. Initial Masses of the Binary Companion (Primary)

We have performed a parametric-model-based analysis,
using AGB yields of the FRUITY’ models (Straniero et al.
2006; Cristallo et al. 2009, 2011, 2015) to estimate the initial

? http:/ /fruity.oa-teramo.inaf.it/
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—1.44 is shown. The red

masses of the companions of the program stars. We have
followed the procedure discussed in Shejeelammal et al.
(2020). We have calculated the s-process yields, using
FRUITY models, for different masses (1.3-6.0 M) corresp-
onding to the metallicities of the program stars. The model
yields are calculated considering the conditions of standard '*C
pockets (Cristallo et al. 2015) and not the initial rotational
velocities of the AGB stars. The observed abundances of the
neutron-capture elements of a program star are then fitted with
the following parametric model function as discussed in Husti
et al. (2009)

[%] = log (10X/FeI™ 5 (1 — 1079) 4 10X/Fel*®=d) = (2)
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Table 8
Elemental Abundances in BD+75 348, BD+09 3019 and HD 238020
BD+75 348 BD+09 3019 HD 238020
Element Z  solar log e® loge [X/H] [X/Fe] log e [X/H] [X/Fe] log e [X/H] [X/Fe]
(dex) (dex) (dex)
C (Cy, 5165 A) 6 8.43 8.35 (syn) —0.08 0.34 8.70 (syn) 0.27 0.82 7.75 (syn) —0.68 0.00
C (Cy, 5635 A) 6 8.43 8.30 (syn) —0.13 0.29 8.71 (syn) 0.28 0.83
C (CH, 4310 A) 6 8.43 8.30 (syn) —0.13 0.29 8.55 (syn) 0.12 0.67 7.68 (syn) —0.75 —0.07
N (CN, 4215 10\) 7 7.83 8.20 (syn) 0.37 0.79 (saturated)
o1 8 8.69 - 8.09 (syn) —0.60 0.08
Nal 11 6.24 6.28 £0.12 (4) 0.04 0.46 5.95+0.20 (2) -0.29 0.26 5.61+£0.11 4) —0.63 0.05
Mg 1 12 7.60 7.38 +£0.17 (4) —0.22 0.20 8.31 (1) 0.71 1.26 7.29 +0.08 (4) —0.31 0.37
Sil 14 7.51 . 6.31 (1) —1.20 —-0.52
Cal 20 6.34 597 +£0.21 (16) —0.37 0.05 5.65 +0.00 (2) —0.69 —0.14 5.83 +0.19 (21) —0.51 0.17
Sc 11* 21 3.15 2.71 £0.09 (4) —0.44 -0.02 3.15+0.00 (2) 0.00 0.55 2.47 +0.13 (6) —0.68 0.00
Til 22 4.95 4.65 +0.20 (13) —0.30 0.12 478 +£0.19 (2) —0.17 0.38 445+ 0.11 (14) —0.50 0.18
Ti 1 22 4.95 4.65+0.19 (10) —0.30 0.12 4.40 + 0.20 (22) —0.55 0.13
vV 23 393 3.12 (1) —0.81 —0.39 3.88 (1) —0.05 0.50 3.23 (1) —0.70 —0.02
Cr1 24 5.64 523 +£0.15 (7) —0.41 0.01 4.85+0.18 (3) —0.79 —0.24 498 +0.12 (13) —0.66 0.02
Cr 24 5.64 5.01 (1) —0.63 0.05
Mn 1* 25 5.43 4.58 +£0.02 (3) —0.85 —0.43 3.55 (1) -1.88 -1.33 4.60 £+ 0.03 (3) —0.83 —0.15
Fe 1 26 7.50 7.09 +£0.20 (85) —0.41 6.95+0.18 36) —0.55 6.83 +0.15 (136) —0.67
Fe 11 26 7.50 7.08 £0.18 (12) —0.42 6.96 +0.11 (3) —0.54 6.82 +0.16 (17) —0.68
Col 27 4.99 449 +0.10 (2) —0.50 —0.08 4.23 (1) —0.76 —0.21 4.30 +0.20 4) —0.69 —0.01
Ni I 28 6.22 577+024 (12) —045 —0.03 5.65 (1) —0.57 —0.02 5.60 + 0.21 (15) —0.62 0.06
Cul 29 4.19 3.66 (1) —0.53 —0.11 3.62 (1) —0.57 —0.02 3.89 (1) —0.30 0.38
Zn 1 30 4.56 4.12 (1) —0.44 —-0.02 3.87 (1) —0.69 —0.14 3.75+0.04 (2) —0.81 —0.13
Sr1 38 2.87 3.40 (syn) 0.53 0.95 3.99 (1) 1.12 1.67
Sr 1l 38 2.87 2.27 (1) —0.60 0.08
Y1 39 2.21 3.06 + 0.16 (10) 0.85 1.27 3.524+0.20 (2) 1.31 1.86 1.27 £ 0.12 (8) —-0.94 —0.26
Zr 1 40 2.58 3.16 +0.08 (3) 0.58 1.00 298 +0.14 (3) 0.40 0.95 2.01 +0.06 (2) —0.57 0.11
Zr 11 40 2.58 341 +0.09 3) 0.83 1.25 1.95 +0.04 (2) —0.63 0.05
Ba 11* 56 2.18 338 +0.13 (2) 1.20 1.62 1.75 (1) —0.43 0.25
La 11* 57 1.10 2.60 (1) 1.50 1.92 2.80 (1) 1.70 2.25 0.90 (1) —0.20 0.48
Cell 58 1.58 2.97 +0.20 (13) 1.39 1.81 3.07 £0.16 (3) 1.49 2.04 1.09 £ 0.11 (7) —-0.49 0.19
Pr o 59 0.72 2.17 +£0.22 (5) 1.45 1.87 2.65 +0.15 (3) 1.93 2.48 0.50 £+ 0.20 (2) —0.22 0.46
Nd 11 60 1.42 2.63 +£0.18 (11) 1.21 1.63 2.81 +0.06 (2) 1.39 1.94 1.00 + 0.25 (12) —0.42 0.26
Sm 11 62 0.96 2.08 +0.07 (3) 1.12 1.54 2.78 £ 0.16 (3) 1.82 2.37 0.70 £ 0.07 4) —0.26 0.42
Eu " 63 0.52 0.80 (1) 0.28 0.70 1.02 (1) 0.50 1.05
Dy 11 66 1.10 1.49 (1) 0.39 0.81 243 (1) 1.33 1.88 0.53 (1) —0.57 0.11
Hf 1 72 0.85 2.33 (1) 1.48 1.90
Notes.

? The abundance is derived using spectrum synthesis calculations.

b Asplund et al. (2009). Columns 4, 7, and 10 present the abundances (log ¢) of the different elements along with the standard deviations (when more than one line is
used to derive the abundance). The numbers inside parentheses in columns 4, 7, and 10 show the numbers of lines used for the abundance determination.

Fe .
program star, [X/Fe]" is the initial abundance (before mass

transfer) of the element X in the program star, [X/ Fe]AGB 18
the AGB yield of the element X, and d is the dilution factor
and a free parameter here. We find the model that gives the
best fit to the observational data by varying d for each set of
AGB model yields with different masses. In order to find the
best fit, we calculated X2 for each AGB model. The
corresponding mass of the AGB model for which we get
the minimum value of x> is the required mass of the
companion AGB of the program star. The best-fit models
with the AGB masses, corresponding dilution factors, and
minimum x? values of the program stars are shown in
Figure 11.

where [ ] is the abundance of the element X in the

14

7.5. Mass Distribution of Primary and Secondary Stars

The mass distribution of Ba stars has been previously
studied by several groups (Han et al. 1995; Mennessier et al.
1997; Jorissen et al. 1998; Escorza et al. 2017; Jorissen et al.
2019). Using the same procedures discussed in Section 7.3
and Section 7.4, we have evaluated the mass distributions of
Ba stars (secondary stars) and the primaries (companion
AGBs) of both Ba and CEMP-s stars. For this analysis, we
have selected a sample of 228 Ba stars and 36 CEMP-s stars
from several sources in the literature. The atmospheric
parameters and elemental abundances of the Ba stars are
collected from Allen & Barbuy (2006), de Castro et al.
(2016), Yang et al. (2016), Karinkuzhi et al. (2018), and
Shejeelammal et al. (2020). We have calculated the [hs/Fe]
values for the sample of 228 Ba stars and removed the ones
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Table 9
Elemental Abundances in HE 0319-0215, HE 0507-1653, HE 0930-0018, and HE 1023-1504

HE 0319-0215 HE 0507-1653 HE 0930-0018 HE 1023-1504

Element Z  solar log P log ¢ [X/H] [X/Fe] log ¢ [X/H] [X/Fe] log ¢ [X/H] [X/Fe] log ¢ [X/H] [X/Fe]

(dex) (dex) (dex) (dex)
C (Cy, 5165 A) 6 8.43 8.23 (syn) —0.20 2.37 8.18 (syn) —0.25 1.19 8.67 (syn) 0.24 1.63 8.65 (syn) 0.22 1.88
C (C,, 5635 A) 6 8.43 8.29 (syn) —0.14 243 8.12 (syn) —0.31 1.13 8.70 (syn) 0.27 1.66 8.72 (syn) 0.29 1.95
C (CH, 4310 A) 6 8.43 8.30 (syn) —0.13 2.44 (saturated) Low S/N Low S/N
N (CN, 4215 A) 7 7.83 7.33 (syn) —0.50 2.07 7.80 —0.03 1.41 Low S/N Low S/N
Nal 11 6.24 4.62+0.12 (2) —1.62 0.95 5.19 £0.02 (3) —1.05 0.39 541 4+0.03 (2) —0.83 0.56 5.06 (1) —1.18 0.48
Mg 1 12 7.60 5.51 (1) —2.09 0.48 6.68 +0.11 (3) -0.92 0.52 6.69 (1) —-0.91 0.48 6.30 £0.05 (syn,2) —1.30 0.36
Cal 20 6.34 449 +021 4 —1.85 0.72 5.30 +0.19 (8) —1.04 0.40 5.34 +0.11 (6) —1.00 0.39 5.514+0.14 (3) —0.83 0.83
Sc 11* 21 3.15 0.55 (1) —2.60 —0.03 1.73 £ 0.03 (2) —1.42 0.02 1.58 £ 0.08 (2) —1.57 —0.18 1.55 (1) —1.60 0.06
Til 22 4.95 3.16 (1) —-1.79 0.78 3.88+0.11 (3) —1.07 0.37 346 +0.21 (7) —1.49 —0.10 3954+0.15(3) —1.00 0.66
Ti 11 22 4.95 3.30+£0.12 (3) —1.65 0.92 3.85+0.23 (8) —1.10 0.34 345+0.20 4) —1.50 —0.11
A% 23 3.93 < 1.60 (1) < =233 <024 2.80 (1) —1.13 0.31 2.66 (1) —1.27 0.12 2.53 (1) —1.40 0.26
Cr1 24 5.64 3.18+0.19 (3) —2.46 0.11 4.21 £0.15 (6) —1.43 0.01 3.74 £ 0.16 (3) —1.90 —0.51 398 +0.11 (2) —1.66 0.00
Mn 1I* 25 543 2.15 (1) —3.28 —-0.71 375 (1) —1.68 —-0.24 3.15 (1) —2.28 —-0.89 3.28 (1) -2.15 —0.49
Fe1 26 7.50 4.92 + 0.10 (30) —2.58 6.04 £0.11 36) —1.46 6.11 £0.11 (19) —1.39 5.84 +0.14 (20) —1.66
Fe 11 26 7.50 4.94 +0.05 (5) —2.56 6.08 + 0.08 (4) —1.42 6.11 +0.09 (3) —1.39 5.84 +0.07 (2) —1.66
Col 27 4.99 3.52 (1) —1.47 —0.03 349+0.12 (2) —1.50 —0.11 347 (1) —1.52 0.14
Ni1 28 6.22 3.35 £ 0.05 (syn, 2) —2.87 —0.30 4776 £0.18 (4) —1.46 —0.02 5.57 +£0.16 (3) —0.65 0.74 526 +0.18 (2) —0.96 0.70
Cul 29 4.19 2.55 (1) —1.64 —0.20 2.85 (1) —1.34 0.05
Zn 1 30 4.56 321 (1) —1.35 0.09 3.30 (1) —1.26 0.13 2.74 (1) —1.82 —0.16
Sr1 38 2.87 1.97 (syn) —0.90 1.67 2.97 (syn) 0.10 1.54 2.37 (syn) —0.50 0.89
Y 1 39 2.21 0.79 +0.20 (2) —1.42 1.15 1.97 £ 0.11 (6) —0.24 1.20 1.52 £0.18 (3) —0.69 0.70 1.67 £0.21 (2) —-0.54 1.12
Zr1 40 2.58 2.71 +£0.09 (2) 0.13 1.57 1.57 (1) —1.01 0.38
Zr 11 40 2.58 0.63 (1) —1.95 0.62 2.77+0.21 (2) 0.19 1.63 223 (1) —0.35 1.31
Ba 11* 56 2.18 149 +0.12 (2) —0.69 1.88 2.80 +0.10 (2) 0.62 2.06 1.88 +£0.32 (2) —0.30 1.09 2.60 (1) 0.42 2.08
La1* 57 1.10 0.25 (1) —0.85 1.72 1.60 (1) 0.50 1.94 0.80 (1) —0.30 1.09 1.30 (1) 0.20 1.86
Cell 58 1.58 0.93 +0.02 (2) —0.65 1.92 2.17 £ 0.09 (9) 0.59 2.03 1.53 +£0.13 (3) —0.05 1.34 242 +0.19 (3) 0.84 2.50
Pr 11 59 0.72 0.03 (1) —0.69 1.88 1.25 (1) 0.53 1.97 0.41 +0.09 (2) —0.31 1.08 1.60 £ 0.11 (3) 0.88 2.54
Nd 11 60 1.42 0.74 +0.22 (6) —0.68 1.89 2.01 £0.15 (11) 0.59 2.03 0.96 +0.14 (8) —0.46 0.93 1.91 £0.13 (5) 0.49 2.15
Sm 11 62 0.96 0.19+0.13 4) -0.77 1.80 1.60 £+ 0.15 (4) 0.64 2.08 0.55+0.20 (2) —0.41 0.98 1.24 +0.14 (2) 0.28 1.94
Eu I* 63 0.52 —1.20 (1) —-1.72 0.85 0.11 £ 0.01 (2) —0.41 1.03 - —0.25 (1) —-0.77 0.89
Notes.

4 The abundance is derived using spectrum synthesis calculations.

b Asplund et al. (2009). Columns 4, 7, 10, and 13 present the abundances (log €) of the different elements along with the standard deviations (when more than one line is used to derive the abundance). The numbers
inside parentheses in columns 4, 7, 10, and 13 show the numbers of lines used for the abundance determination.
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Figure 11. Best-fit parametric models of the program stars. The points with error bars indicate the observed abundances.
Table 10
Spatial Velocity and Probability Estimates
Star Name Usr(km's™") Visr(kms ") Wisr(km's ") Vipatkm s ™) Pitin Puick Phato
BD+75 348 —44.75+1.17 43.21 £0.93 17.28 £ 1.07 64.56 + 0.10 0.97 0.03 0.00
BD-+09 3019 102.34 + 4.47 —80.69 £ 4.10 —60.85 £ 3.04 143.83 £ 0.41 0.00 0.97 0.03
HD 238020 -43.06 + 1.41 —13.73 £1.02 —39.08 £+ 2.60 59.75 £ 2.95 0.90 0.10 0.00
HE 0319-0215 305.94 £ 22.00 —321.86 + 65.35 107.59 £+ 16.06 45691 +£27.24 0.00 0.00 1.00
HE 0507—1653 -247.94 +1.03 —225.22 +2.55 —85.75 +£3.89 345.76 + 3.39 0.00 0.00 1.00
HE 0930-0018 -53.49 +0.42 —0.63 £0.47 18.80 + 0.40 56.70 + 0.27 0.98 0.02 0.00
Table 11
Observed Abundance Ratios and Classifications of the Program Stars
Star Name [Fe/H] [1s/Fe] [hs/Fe] [hs/1s] [Eu/Fe] [Ba/Eu] [La/Eu] Classification
BD+75 348 —0.42 1.16 1.75 0.59 0.70 0.92 1.22 Strong Ba star
BD-+09 3019 —0.55 1.49 2.08 0.59 1.05 1.20 Strong Ba star
HD 238020 —0.68 -0.04 0.30 0.34 Mild Ba star
HE 0319-0215 —2.57 1.15 1.85 0.70 0.85 1.03 0.87 CEMP-s star
HE 0507-1653 —1.44 1.46 2.02 0.56 1.03 1.03 0.91 CEMP-s star
HE 0930-0018 -1.39 0.66 1.11 0.45 CEMP-s star
HE 1023-1504 —1.66 1.22 2.15 0.93 0.89 1.19 0.97 CEMP-s star
Table 12
Masses of the Program Stars
Star Name Parallax A, BC log(L/L) log Tete Mass (M)
(mas)
BD+75 348 1.6672 + 0.0359 0.147608 —0.320606 1.83 +0.02 3.684 1.20
BD-+09 3019 0.4105 4+ 0.0183 0.000000 —0.690934 2.62 +0.04 3.625 1.00
HD 238020 2.4767 + 0.0205 0.000000 —0.225678 1.81 +0.01 3.712 2.20
HE 0319-0215 0.0842 4+ 0.0158 0.034626 —0.443833 2.80 +0.15 3.667 0.80

having [hs/Fe] < 0.17. We believe that this lower limit
(0.17) of [hs/Fe] will ensure the selection of true Ba stars
from the sample. The sample of Ba stars ranges from [Fe/
H] =-1.11 to +0.23. In Table 13, we have presented the list
of Ba stars used for this study. Column 6 of Table 13 gives
the [hs/Fe] that we have calculated and column 13 shows the

16

classification. The atmospheric parameters and elemental
abundances of CEMP-s stars are taken from our previously
compiled CEMP-s stars’ list in Goswami et al. (2021;
Table 14). We could not estimate the masses of the sample of
CEMP-s stars due to the inadequacy of the evolutionary
tracks, as discussed in Section 7.3. Note that the method of
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Figure 12. Mass distributions of Ba stars and their progenitor AGBs (primary stars). Panel (a) shows the mass distributions of mild and strong Ba stars. Panel (b)
shows the mass distribution of both mild and strong Ba stars as a whole. Panel (c) shows the mass distributions of the primary stars of mild and strong Ba stars. Panel
(d) shows the mass distribution of the primary stars of both mild and strong Ba stars as a whole.

Table 13
Masses of the Ba Stars and Initial Masses of their AGB Companions
Star Name Test log g [Fe/H] [1s/Fe] [hs/Fe] [hs/1s] Mg, M. X dil N Type Reference
X (cgs) M) M)
BD-01302 4200 1.10 —0.64 -0.14 0.17 0.310 1.5 0.67 1.85697 5 m 1
BD-18821 5000 2.30 —0.27 0.70 1.27 0.570 2.30 3.0 1.92 0.18030 5 s 1
BD-083194 4900 3.00 —0.10 0.95 1.52 0.570 2.00 e 5 s 1

References: 1. de Castro et al. (2016).

(This table is available in its entirety in machine-readable form.)

deriving the masses of Ba and CEMP-s stars using
evolutionary tracks in HR diagram has a serious drawback.
The evolutionary tracks that we use do not take care of the
mass transfer event taking place when the star is in the main-

sequence stage.

including mild and strong Ba stars,
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7.5.1. Mass Distribution of Ba Stars

Han et al. (1995) from theoretical analysis showed that the
average mass of strong Ba stars is expected to be about 1.8 M..,.
They found a different peak (1.7 M.) when all Ba stars,

were considered.
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Figure 13. Hertzsprung—Russel diagram. Panel (a) shows the evolutionary tracks for different masses at [Fe/H] = —0.25. Yellow points represent the positions of the
Ba stars compiled from the literature. In panel (b), we have compared the evolutionary tracks for M = 1.0 M, and 2.0 M, at three different metallicities [Fe/H] =

-0.95, -0.25, and +0.16.

Mennessier et al. (1997) advocated that mild Ba stars are clump
giants with a 2.5-4.5 M. mass range, and these stars are a
population of high- and low-mass objects dominated by high-
mass objects with a small tail of less massive objects. They
found that strong Ba stars are giants in the mass range 1.0-3.0
M., Jorissen et al. (1998) also reported different mass values
for mild and strong Ba stars. Supposing the mass of the
companion white dwarf is 0.60 + 0.04 M., they estimated the
masses of mild and strong Ba stars to be 1.90 £0.20 and
1.50 £ 0.20, respectively. Recently, Escorza et al. (2017)
derived the mass distribution of Ba stars using a large sample.
In order to find the masses of the Ba stars they generated the
evolutionary tracks using STAREVOL at a metallicity of [Fe/
H] =-0.25. They did not find any difference in the mass
distribution of mild and strong Ba stars, unlike previous claims.
They found that the mass distribution of Ba stars peak at 2.5
M., with a tail at higher masses up to 4.5 M., Jorissen et al.
(2019) also presented the mass distribution of the Ba stars they
studied using a similar method to that of Escorza et al. (2017),
with the difference that they used the evolutionary tracks
calculated at the metallicities of the individual stars. Jorissen
et al. (2019) found that the masses of Ba stars range from
1.0-3.0 M, with a tail up to 5 M. This tail is comprised of
mild Ba stars, mostly of [Fe/H] > -0.1. Jorissen et al. (2019)
mentioned that, in order to get the accurate mass distribution, it
is important to use the evolutionary tracks corresponding to the
metallicities of the respective stars.

Following the procedure described in Section 7.3 we have
estimated the masses of the sample of Ba stars. We have used
the BASTI-IAC evolutionary tracks at 11 different metalli-
cities, [Fe/H]=40.16, +0.05, -0.05, -0.15, -0.25, -0.35,
—0.45, -0.55, -0.63, —0.72, and —0.95, covering the metallicity
range of the sample. We could estimate the masses of 205 Ba
stars in total, out of which 52 are mild Ba stars and 153 are
strong Ba stars. The [Fe/H] and T.g values of the stars are
collected from the literature. The derived masses of the Ba stars
are presented in Column 8§ of Table 13. Similar to Escorza et al.
(2017) and Jorissen et al. (2019), we also found that mild and
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Table 14
Initial Masses of the AGB Companions of CEMP-s Stars
Star Name Tyr logg [Fe/Hl M, dil. N
&) (cgs) Me)
BD+04 2466 5100 1.80 —1.92 3.0 3.61 026884 7
BS 5900  3.19 —2.05 2.0 1.89  1.14484 9
16077-0077
CD-27 14351 4320 050 —2.71 1.3 8.02 024628 8

(This table is available in its entirety in machine-readable form.)

strong Ba stars occupy the same mass range with the tails of
strong and mild Ba stars going to 4.0 £ 0.25 M, and 4.5 £ 0.25
M., respectively (Figure 12(a)). Figure 13(a) shows the
positions of the sample of Ba stars in the HR diagram with
evolutionary tracks of different masses at [Fe/H]=-0.25.
Figure 12(b) shows the whole sample of Ba stars without
distinguishing between mild and strong Ba stars. We found that
the mass distribution of the Ba stars cannot be explained by a
single Gaussian distribution. Rather, Ba stars are distributed
throughout the mass range with a disorderly manner. While
Escorza et al. (2017) found the masses of Ba stars to peak at 2.5
M.,; in our case we found the average value of the distribution
to be at 1.9 M. Note that Escorza et al. (2017) observed a lack
of Ba stars in the mass range 1.0-2.0 M. However, neither our
study nor the study by Jorissen et al. (2019) confirm that
observation. The difference seen in this study and the study by
Escorza et al. (2017) may come from two main sources. First,
the evolutionary tracks used in the two studies are different.
While Escorza et al. (2017) used the STAREVOL code to
generate the evolutionary tracks, we have used the BASTI-IAC
evolutionary tracks (see Figure 9 of Escorza et al. (2017) for a
comparison of different sets of evolutionary tracks). Second,
Escorza et al. (2017) estimated the masses using the
evolutionary tracks of a single [Fe/H] (=-0.25) and our
estimation is based on eleven different metallicities close to the
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Figure 14. Panel a: Comparison of the s-process AGB model yields obtained at z = 0.006 for different masses using the same dilution factor (). The points with error
bars indicate the observed abundances of BD+75 348. Panel b: Comparison of the s-process AGB model yields obtained at two metallicities z = 0.02 and z = 0.002

for two masses M = 2.5 and 6.0 M, using the same dilution factor (d).

metallicities of the sample stars. For instance, Figure 13(b)
shows how different the evolutionary track of a particular mass
can be at different metallicities.

7.5.2. Mass Distribution of Primary Stars

We have estimated the masses of the companion AGBs of
the sample of Ba and CEMP-s stars following the same
procedure as that described in Section 7.4. For this study, we
assume that the enhancement of neutron-capture elements in all
of these stars is due to a mass transfer event in a binary system
where the slightly massive companion (primary star) evolves
through the AGB phase, produces neutron-capture elements,
and transfers the elements to the secondary star, which
significantly alters the surface composition of the secondary
star. If the uncertainty in the abundance for a particular element
is not reported in the literature, we consider the uncertainty to
be 0.2 dex. The number of neutron-capture elements for which
abundance estimates are available in the literature range from 4
to 14 (column 12 of Table 13 and column 8 of Table 14).

Ba Stars: We could estimate the masses of the primary
companions of 158 Ba stars. Out of these, 52 are mild Ba stars
and 106 are strong Ba stars. We have divided the sample of Ba
stars into seven groups based on the metallicities of the stars
and used FRUITY models at z=0.020, 0.014, 0.010, 0.008,
0.006, 0.003, 0.002. We have presented the initial masses of
the primary stars (M%:5), %2, dilution factor (d), and number of
elements used for the analysis (V) in columns 9, 10, 11, and 12,
respectively, of Table 13. When we plot the histograms of the
primary companions’ masses for the mild and strong Ba stars
separately, we can clearly see two peaks (Figure 12(c)). The
mass range of primaries for mild Ba stars (1.5 < M, < 6.0) is
greater than that (1.5 < M, < 4.0) of strong Ba stars. The
masses of primaries of strong Ba stars peak at 2.5 M, with a
standard deviation of 0.51 M, and those of mild Ba stars peak
at 3.7 M, with a standard deviation of 1.03 M. If we consider
the Ba star sample as a whole and not distinguish between mild
and strong Ba stars, then the primaries of Ba stars peak at 2.9
M., with a standard deviation of 1.15 M., (Figure 12(d)). We
note that Stancliffe (2021) studied the observed properties of
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the barium star sample of de Castro et al. (2016) considering
models involving mass transfer from an AGB companion. The
extent of dilution of accreted material as the star evolves has
been examined, and its impact on the surface abundances is
discussed. He could best-fit 32 objects from the sample using
ejecta from 2.5 M, AGB stars and 36 objects using ejecta from
3 M., AGB stars. The accretion masses are found to be broadly
consistent with the results obtained from hydrodynamical
simulations of wind mass transfer in the binary systems of Liu
et al. (2017).

CEMP-s Stars: The metallicities of the sample of 36 CEMP-
s stars range from [Fe/H] =-3.00 to —1.29. We have divided
the sample into five groups based on the metallicities of the
stars. We have used FRUITY models at z=0.001, 0.0003,
0.0001, 0.00005, 0.00002. We have presented the initial
masses of the primary stars (M%), x°, dilution factor (d), and
number of elements used for the analysis (N) in columns 5, 6,
7, and 8, respectively, of Table 14. The primary mass
distribution of CEMP-s stars peaks at 2.03 M, with a standard
deviation of 0.49 M., (Figure 16).

7.6. Formation Scenarios of Mild and Strong Ba Stars

de Castro et al. (2016) considered that mild Ba stars are
formed from interstellar matter that is mildly enhanced with s-
process elements. However, studies (Jorissen et al. 1998, 2019)
have shown that both mild and strong Ba stars are formed in
binary systems, and AGB mass transfer is responsible for the
enhanced abundances of heavy elements. So, we can safely
discard this formation scenario. From theoretical analysis, Han
et al. (1995) showed that, while most mild Ba stars are formed
by the wind accretion and wind exposure channels, strong Ba
stars are formed by the wind accretion, wind exposure, and
stable Roche lobe overflow (RLOF) channels. Yang et al.
(2016) discussed two possible formation scenarios for the
formation of mild Ba stars: (i) the mild enhancement could be
explained by weaker neutron exposure in the progenitor AGB,
and/or (ii) less accretion efficiency due to a longer orbital
period, which means a larger distance between the binary
companions. However, from long-term radial velocity
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monitoring programs, Jorissen et al. (1998, 2019) have shown
that mild Ba stars are not limited to long-period systems only.
The orbital periods of strong Ba stars are generally shorter than
those of mild Ba stars, but there is no tight correlation. In fact,
there is a clear overlap in the orbital periods of these two
subclasses. From Table 8 of Jorissen et al. (2019), we can see
that the period ranges of mild and strong Ba stars are 80-22065
days and 185.7-8523 days, respectively. So, a scenario
adopting a longer orbital period cannot explain the formation
of a mild Ba star. However, we note that the ranges of both
orbital periods and progenitor masses of mild Ba stars are
larger than those of strong Ba stars.

The difference in the peaks of primaries for mild and strong
Ba stars (Figure 12(c)) indicates that companions of mild Ba
stars are more massive than those of strong Ba stars. This is not
surprising because, from Figure 14(a), it can be seen that
massive (e.g., 4, 5, 6 M) AGBs yield less than the low-mass
AGBs with same dilution factor. So, we can say that the
dominant factor controlling the abundance peculiarities of mild
Ba stars is the initial mass of the companion. Mass transfer
from 4.0-6.0 M-, AGB companions can describe the formation
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of mild Ba stars. The white dwarf masses of ~1.0 M, around
Ba stars also point toward a massive (5 M) companion AGB
(Jorissen et al. 2019). However, there is an overlap from
1.3-4.0 M, in the case of primary masses of mild and strong
Ba stars. In this mass range, the metallicity of the system and
dilution (hence the distance of the binary companions) play
crucial roles to the formation of mild Ba stars. From Figure 15,
we see that the mild Ba stars are distributed toward higher
metallicities compared to strong Ba stars, and Figure 14(b)
shows the metallicity dependence of the AGB models. At
higher metallicities, s-process efficiency decreases and hence
AGB yields decrease.

8. Conclusions

We have conducted detailed spectroscopic analysis of seven
stars based on high-quality, high-resolution spectra. Out of the
seven program stars, we have classified two stars (BD
4093019 and BD+75348) as strong Ba stars, one star
(HD 238020) as a mild Ba star, and the other four stars
(HE 0319-0215, HE 0507-1653, HE 0930-0018, and
HE 1023-1504) as CEMP-s stars. Note that HE 0507-1653
shows [Eu/Fe] > 1.0 and according to the classification criteria
of Abate et al. (2016) this star belongs to the category of
CEMP-r/s stars, but the classification criteria that we proposed
in Goswami et al. (2021) place this star in the CEMP-s
subclass. While we could not obtain a reasonable fit for this
object with i-process models with higher (>10'"'* cm™>)
neutron densities, the s-process AGB model with initial mass
2.0 M, satisfactorily reproduces the observed abundance
pattern. Kinematic analysis shows that BD+75 348,
HD 238020, and HE0930-0018 belong to the thin-disk
population, BD+4093019 is a thick-disk object, and
HE 0319-0215 and HE 0507-1653 show the probability of
being halo objects.

We have derived the mass distribution of Ba stars and found
that a single Gaussian cannot describe the mass distribution.
The average mass of the distribution is found to be 1.9 M, with
the tails of strong and mild Ba stars going up to 4.0 M, and 4.5
M., respectively. We confirm the previous claim by Escorza
et al. (2017) that mild and strong Ba stars occupy the same
mass range, but we do not confirm their claim that there is a
lack of Ba stars in the mass range 1.0-2.0 M.. Using
parametric-model-based analysis we have derived the mass
distributions of the AGB progenitors of the Ba and CEMP-s
stars. To the best of our knowledge, this is the first attempt to
derive the initial mass distributions of the primary companions
of these stars. We found that the mass distributions of the
progenitor AGBs of the mild and strong Ba stars peak at
different values. The peaks of the progenitor mass distributions
of mild and strong Ba stars are at 3.7 M. and 2.5 M.,
respectively. We can, therefore, say that the initial mass of the
companion AGB is the dominant factor controlling the heavy
elements’ enhancement in mild Ba stars. However, we cannot
neglect the orbital periods and metallicities of the binary
systems as clear overlap can be seen in the progenitor mass
distributions and orbital periods of mild and strong Ba stars.
The mass distribution of the progenitor AGBs of CEMP-s stars
peak at 2.03 M, with a standard deviation of 0.49 M.
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operated at CDS, Strasbourg, France; the NASA ADS, USA;
and data from the European Space Agency (ESA) mission Gaia
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