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in our blood, the carbon in our apple pies were made in the

interiors of collapsing stars. We are made of star stuff.”

-Carl Sagan






Abstract

The low- and intermediate-mass stars are the major inhabitants of our Galaxy. They
play an important role in the chemical evolution of the Galaxy. These stars have
enriched the ISM with the products of various nucleosynthesis processes. They pass
through the Asymptotic Giant Branch (AGB) phase during their evolution, and it is
during this phase that the richest nucleosynthesis occurs. AGB stars are the predomi-
nant sites for s-process nucleosynthesis and major producers of 2C, 13C, N, F, Na,
Mg, etc. in the Galaxy. So, understanding the nucleosynthesis and evolution of AGB
stars is of primary importance. Studies on the Galactic chemical evolution remain
incomplete without considering the yields from AGB stars. However, the theoretical
uncertainties associated with the AGB nucleosynthesis and observational constraints
of the AGB stars make their direct studies difficult. In this regard, the AGB binary
system, where these stars have transferred their products of AGB nucleosynthesis to
the now observed secondary through binary mass-transfer, could be of help. These
extrinsic stars in the binary system, such as Ba stars, CH stars along with their more
metal-poor counterparts, Carbon-Enhanced Metal-Poor (CEMP) stars, could be used

as a tool to investigate the AGB nucleosynthesis.

The abundance data available for metal-poor stars has been used extensively to con-
strain the Galactic chemical evolution. However, the sparse data available for the
heavy element abundances in the lower metallicity underscores the need for a detailed
study of a larger sample. A major motivation of our work is to understand the di-
verse abundance pattern observed for the heavy elements in the metal-poor stars that
still remains poorly understood. We have attempted to understand the s-process nu-
cleosynthesis, as well as the physical properties of the companion stars, through a
detailed analysis of observed elemental abundances of a selected sample of metal-poor
stars. The main objective of the thesis is to understand the role of metal-poor stars in

i



the chemical enrichment of the Galaxy and to provide observational constraints to the
AGB nucleosynthesis theories from an analysis of a sample of extrinsic metal-poor stars
at different metallicity. The problem is addressed through a spectroscopic analysis of
three sets of metal-poor stellar samples: i) a comparatively metal-rich Ba stars sample;
ii) a moderately metal-poor CH stars sample; and iii) a very metal-poor CEMP-s and

CEMP-r/s stars sample.

The procedures we have adopted to address the problem and the results obtained from

each set of stellar samples investigated are briefly outlined here:

e Stellar sample: As a first step towards our goal, we have performed an ex-
tensive literature survey of potential metal-poor stars including, Ba, CH, and
CEMP stars. We have selected a sample of metal-poor star candidates from
various sources in the literature and from the catalogue of carbon stars identi-
fied from the HES, HK and LAMOST surveys. The objects selected are then
subjected to high-resolution spectroscopic analysis by obtaining their spectra
from various observing facilities. The detailed chemical abundance analysis is
performed using the recent version of the radiative transfer code MOOG that
assumes Local Thermodynamic Equilibrium (LTE) conditions and using model

atmospheres selected from the Kurucz grid of model atmospheres (Chapter 2).

e \We present the first time abundance analysis of the objects BD—19 132, BD—19
290, HD 30443, LAMOSTJ091608.81+230734.6, HE 1304—2111, HE 1354—2257,
BD+19 3109 and HD 179832. Even though the abundances of Fe and C de-
rived from the medium-resolution spectra are available in the literature for the
stars HE 0457—1805, HE 0920—0506, and HE 13272116, we present the first
time high-resolution abundance analysis for these objects. The abundances of a
few light elements derived from high-resolution IR spectra for the object LAM-
OSTJ151003.744-305407.3 are available in the literature, but we present the
first time detailed abundance analysis for this object based on high-resolution

optical spectra.



e Our sample contains 23 stars covering a metallicity [Fe/H] range of —2.86 to
+0.23. The program stars are found to belong to the main-sequence and giant
phase of stellar-evolution. Our analysis shows that they are enhanced in neutron-
capture elements and are likely binaries, pointing to their surface chemical com-
position being influenced by pollution from the companions. The abundances
of several elements C, N, O, Na, Al, a-elements, Fe-peak elements and several
neutron-capture elements such as Rb, Sr, Y, Zr, Ba, La, Ce, Pr, Nd, Sm, and
Eu are determined. The carbon isotopic ratio, '2C/!3C, an important mixing

indicator, is also measured whenever possible.

e \We have investigated the mass of companion AGB stars using several diagnostics,
such as C, N, O, Na, and Mg abundances, [hs/Is] ratio, and [Rb/Zr] ratio.
Rb plays a unique role as a diagnostic of the neutron density at the s-process
site. In the low neutron density branch, Rb is the only element available to
the stellar spectroscopists as a neutron densitometer. However, the important
neutron density dependent abundance ratio, [Rb/Zr], is not explored much in
the literature to determine the mass of the AGBs. We have explored this ratio
for our stellar sample, to investigate the characteristics of their companion AGB

stars.

e Analysis of Ba star sample: In order to understand the chemical and kine-
matic properties of the program stars, as a first step, a detailed chemical and
kinematic analysis of a sample of ten Ba star candidates based on high-resolution
spectra obtained from HCT/HESP, VLT /UVES, and ESO-MPG/FEROS s car-
ried out. The stellar sample covers the metallicity range —0.55 < [Fe/H] <
+0.23, temperature range 4550 - 6350 K, log g range 2.20 - 4.28, and micro-
turbulent velocity range 0.63 - 1.59 km s™!. We have derived the neutron-density
dependent [Rb/Zr] ratios to investigate the neutron source in the former com-
panion AGB stars. The detection of the Rb | line at 7800.259 A in the spectra of
four program stars allowed us to determine the [Rb/Zr] ratio for these objects.

The negative values obtained for this ratio in these stars indicate the operation



of 13C(a, n)'¥0 reaction. As this reaction occurs in the low-mass AGB stars,
we confirm that the former companions of these stars are low-mass AGB stars
with M < 3 Mg. A comparison of the observed abundances with the predictions
from FRUITY models, also confirms low-mass for the former companion AGB
stars. The lack of Na and Mg enhancement, combined with the positive [hs/Is]
ratio values, rules out ??Ne(c, n)**Mg as the neutron-source and corroborate
the low-mass AGB companions for the Ba stars. The kinematic analysis shows

that Ba stars are members of the Galactic disk (Chapter 3).

The main results of this study are published in the papers Shejeelammal and
Goswami (2019); Shejeelammal et al. (2020); Shejeelammal and Goswami (2020).

Analysis of CH, CEMP-s and CEMP-r/s star sample: After completing
the analysis of the sample of Ba stars, we have extended our analysis to the low-
metallicity regime to understand the role of low-metallicity stars in the Galactic
chemical enrichment and have performed a detailed spectroscopic analysis of a
selected sample of CH and CEMP stars. The metallicity ranges of CH stars (3
objects) and CEMP stars (10 objects) are —0.89 < [Fe/H] < —0.75 and —2.86 <
[Fe/H] < —1.57 respectively. The stellar sample has a temperature in the range
of 4005 - 5380 K, log g in the range of 0.61 - 2.65, and micro-turbulent velocity
in the range of 0.63 - 3.45 km s~!. The high-resolution spectra of these objects
were obtained using HCT /HESP, Mercator/HERMES, and SUBARU/HDS. Our
analysis based on different diagnostics confirms the low-mass companions of the
program stars. The possible origin(s) of the CEMP-r/s stars in our sample are
also investigated by carefully analyzing their observed abundance pattern. The
continuity in CEMP-s and CEMP-r/s stars in terms of various abundance ratios
with respect to metallicity indicates that the astrophysical site responsible for
the origin of these two classes of stars may be the same. Our analysis confirms
that a modified s-process, namely the intermediate neutron-capture process,
the i-process, is responsible for the observed abundance patterns in CEMP-r/s
stars. The abundance patterns of the CEMP-r/s stars in our sample are well

reproduced by the model predictions of the i-process in low-mass, low-metallicity



AGB stars. The parametric model-based analysis using the FRUITY models
performed for the CH and CEMP-s stars also confirms low-mass for the former
AGB companions. Kinematic analysis shows that CH stars belong to the Galactic
disk and the majority of CEMP stars are members of the Galactic halo (Chapter
4).

The main results of this study are published in the papers Purandardas et al. (2019);
Shejeelammal et al. (2021); Shejeelammal and Goswami (2021).
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Chapter 1

Introduction

1.1 Introduction

In astronomy, all the elements heavier than hydrogen and helium are called as
‘metals’. The primordial ISM contained only H, He, and Li, and all other met-
als were formed in the stellar interiors through various nucleosynthesis processes.
Supernova explosions as well as the ejecta from the stars dispersed the metals
into the ISM. The very first stars were formed from the metal-free, pristine gas
clouds. These hypothetical short-lived massive stars (10 to several hundreds of
solar mass), known as population III stars, first introduced the metals to the ISM
through SN explosions. The next generation of stars, population II stars, were
formed from this enriched ISM that contains metals. Thus, the successive enrich-
ment of the gas clouds by several nucleosynthesis sites and processes throughout
cosmic time has resulted in an increased metallic content of the ISM, and stars

with varying metallicity have been formed. The low abundance of metals in a star,



Chapter 1: Introduction 2

hence, indicates that it is formed relatively early. Therefore, metallicity is taken

as a proxy for the age of the Universe.

Until the twentieth century, it was long believed that all the stars had similar
chemical compositions as the sun. In the middle of the twentieth-century, un-
usually weak metallic lines of Ca and Fe, about 1/20th of the solar values, were
observed in the stellar spectra of a dwarf star (Chamberlain and Aller 1951). Sub-
sequent research on such metal-weak stars over the last half-century has revealed
that each star has its own distinctive abundance pattern; different stars may have
different metallicity, indicating different evolutionary stages that the Galaxy has
gone through. The scatter observed in the abundances of the stars of the same
metallicity (age) has suggested that the ISM from which they were formed was not
mixed well and in-homogeneous (Argast et al. 2000). However, the little scatter
found for the light elements (Z < 30) in a sample of stars studied by Cayrel et al.
(2004) discarded the claim of an unmixed ISM. This indicates different astrophys-
ical origins for the elements. Depending on the time and environment, the relative

contribution from each astronomical source vary.

The origin as well as the evolution of elements, especially the neutron-capture el-
ements, in the Galaxy is poorly known. Besides the firm constraints on the stellar
astrophysics, elemental abundances in the Galaxy is remarkably a powerful tool
to understand the formation and chemical evolution history of the Universe. So,
stellar astrophysicists started to look at the chemical abundances of different com-
ponents of the Galaxy. The pivotal works of several authors in the late twentieth
century, for instance Sneden et al. (1981); Ryan et al. (1991); Edvardsson et al.
(1993); McWilliam et al. (1995a,b), on detailed abundance patterns of the disk and
halo stars of the Galaxy, have provided better insight into the chemical history of
the Galaxy. For the past three decades, studies on the chemical composition of the
stars in the disk and halo of the Milky Way have considerably contributed to our

understanding of the chemical evolution of the Galaxy (Goswami and Prantzos
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2000). The chemical evolution of the Universe is explored through the interpreta-
tions of the observational data available for the chemical composition of stars with
the help of Galactic Chemical Evolution (GCE) models (Goswami and Prantzos
2000; Matteucci 2016; Kobayashi et al. 2020). The GCE models provide a strong
theoretical probe to investigate the complex astrophysical processes that govern
the chemical evolution of the Galaxy. The GCE models deal with the study of
element formation and the evolution of abundances of chemical elements in stars

with different metallicities, at different times.

Hence, the Galactic chemical enrichment process is a complex problem and needs
special attention. In order to address this problem, the basic step is to understand
the nucleosynthesis processes that synthesize chemical elements and enrich the

Universe.

1.2 Origin of elements in the universe

The history of the chemical composition and evolution of the Galaxy, except for
the lightest elements, is related to the nucleosynthesis that occurred in many
generations of stars. The various mechanisms of element formation in the Universe

will be discussed in this section.

1.2.1 Primordial nucleosynthesis

The very first elements in the Universe were formed in the first three minutes
after the Big Bang (Fields et al. 2014; Maoz 2016). The Big Bang nucleosynthesis
(BBN) is responsible for synthesizing various light element isotopes such as 'H,

’H, 3H, 3He, *He, and traces of "Li (Steigman 2007; Iocco et al. 2009; Pospelov
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and Pradler 2010). BBN was originally proposed by Alpher et al. (1948). Once
the Universe cooled enough (~10° K), after a minute of the big bang, stable
neutrons and protons were formed, which marked the beginning of BBN (Maoz
2016; Dodelson and Schmidt 2021). The protons and neutrons were combined to
form deuterium and then into other light elements up to “Li. The elements Be
and B are formed by the cosmic ray spallation; ie, by the interaction of cosmic
rays with the ISM (Meneguzzi et al. 1971; Vangioni-Flam and Cassé 1999). All

the elements beyond this are produced in the stellar interiors.

1.2.2 Stellar nucleosynthesis: Fusion

Once a protostar is formed from a collapsing gas cloud of interstellar medium, as
a result of its gravitational collapse, the core temperature increases. When the
temperature of the core is high enough, hydrogen fusion to form He sets in, either
through the proton - proton fusion (PP chains) or the CNO cycle, depending on
the stellar mass and density. The PP chain occurs in solar mass stars at core
temperature ~4x10% K, whereas the CNO cycle operates in stars of mass > 1.3
M, when the core temperature reaches ~15x10° K. This stage of stellar evolution
is known as main sequence (MS). The radiation pressure balances the gravity (hy-
drostatic equilibrium) and the gravitational collapse stops. In the case of massive
stars, due to their higher gravity, larger pressure gradient is required to main-
tain them in hydrostatic equilibrium. This results in increased core temperature
and luminosity, and the fuel burns faster. Hence, the life time of massive stars is

smaller compared to low-mass stars. The stars spend longest time on MS.

Once the hydrogen in the core is exhausted, the star again collapses under its
gravity and it enters the giant phase. The major nuclear reaction is the hydrogen
burning in a shell surrounding the core. While the He core keeps contracting under

the gravity, more and more He is added to the core as a result of the hydrogen
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burning. The outer layers of the star expands, cools and becomes convective.
As a result, the star moves towards lower temperature on H-R diagram (Figure
1.1). This phase is known as the sub-giant phase. As the convective envelope
deepens, the products of the stellar nucleosynthesis is brought to the surface by
a process called First Dredge-Up (FDU). FDU alters the surface composition of
the star. Then the star ascend the giant branch known as Red Giant Branch
(RGB). The core continues to contract until the temperature reaches ~108 K. At
this temperature, He in the core is ignited and carbon is formed through triple
alpha reaction. In the case of low-mass stars, the He ignition takes place under
degenerate condition which leads to an explosive burning known as core He flash.
In massive stars, He burns in a quiescent manner under non-degenerate condition.
This terminates the RGB phase. The maximum mass limit for the degenerate core
He burning is 2.25 M, at z = 0.02 (Karakas 2010). This mass limit separates low-

and intermediate-mass stars.

When the luminosity of the star decreases, the star contracts and the core tem-
perature increases. It settles to a stage where He burning occurs in a convective
core, and hydrogen burning in a shell. This stage is known as Horizontal Branch

(HB). This phase is also known as He main sequence.

After the core He exhaustion, low- and intermediate-mass stars (0.8 - 8 M) as-
cends the giant branch for the second time, which is known as Asymptotic Giant
Branch (AGB). The schematic diagram of the structure of an AGB star is shown in
Figure 1.2. AGB stars have an inert C-O core, a He-shell, an intershell region, a H-
shell, and a convective envelope. Due to the structural re-adjustment of the nuclear
burning to a He-shell, the star expands and the H-shell extinguishes. This results
in an inward movement of the convective envelope up to the region of hydrogen
burning and mixes the products of nucleosynthesis to the surface. This is called
the Second Dredge-Up (SDU). The SDU alters the surface abundances of “He and
YN. This phase of stellar evolution is known as Early-AGB (E-AGB) stage. After
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FIGURE 1.1: Evolution of 1 Mg (lower panel) and 5 Mg, (upper panel) stars on the
H-R diagram. Image source: M. Pettini: Structure and Evolution of Stars - Lecture 18.
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the SDU, the star contracts, and H-shell burning is sustained. This restricts the
He-shell to be thin. The H-shell burning builds up He and it burns explosively
in the He-shell (He-shell flash). This marks the beginning of Thermally Pulsing
AGB (TP-AGB) phase. The He-shell burning is known as thermal pulse (TP) and
H-shell burning is known as interpulse (IP). The TP lasts for a few hundred years
and IP lasts for ~10* years. During the TP, He-shell flash produces luminosity
up to ~10% L, which causes the expansion of the outer layers of the star, and
extinguishes the H-shell. The energy produced during the TP creates a convective
region in the He-shell which is called a He-intershell (IS) region. This flash driven
convection homogenizes the abundance in the IS region. Once the flash dies down,
the convective envelope moves inward to the region which was previously mixed
by the preceding flash-driven convection and mixes carbon and other products of
He burning to the surface. This is known as Third Dredge-Up (TDU). The star
then contracts and the H-shell is re-ignited and the process repeats. So, series
of TP-TDP-IP alters the surface abundance of AGB stars significantly. The final
surface composition depends on the metallicity and initial mass of the AGB star.
This TDU can convert a star to a carbon star (C/O > 1). However, extra-mixing
processes on the AGB such as Hot-Bottom Burning (HBB, in inter-mediate mass
AGB stars) and Cool-Bottom Processing (CBP, in low-mass AGB stars) prevents
a star from becoming a carbon star. These extra-mixing are operated when the
base of the convective envelope dips into the top of H-burning shell. The Ne -
Na, Mg - Al cycle etc. operates during the HBB depending on the temperature.
These mixing processes also alter the surface abundances of Li, N, F, Na, Mg, Al
etc. Strong expansion and contraction of the envelope of the AGB star causes the
substantial mass-loss in the form of planetary nebula, and enrich the ISM with

various nucleosynthesis products.. Mass-loss terminates the TP-AGB phase.

The low- and intermediate-mass stars do not attain the temperature sufficient to
ignite the central carbon burning and end their life as C-O white dwarfs. How-

ever, massive stars (> 11 My), undergo central carbon, neon, oxygen and silicon
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FIGURE 1.2: Schematic representation of the structure of an AGB star. Image source:
Karakas (2010).

burning. At the end of these different burning stages, they attain an Fe core,
and explode as core collapse supernova. Different evolutionary stages of low-,

intermediate-, and high-mass stars are shown in Figure 1.3.

1.2.3 Neutron-capture nucleosynthesis

Elements beyond Fe can not be produced through charged particle interactions
such as a and proton capture reactions due to the higher electrostatic repulsion.
All the elements beyond Fe are produced through neutron capture reactions of

abundant Fe-peak elements. Depending on the neutron flux available for the
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FIGURE 1.3: Different evolutionary stages of low-, intermediate-, and high-mass
stars. Image Credit: https://www.britannica.com/science/star-astronomy/
Star-formation-and-evolution

seed nuclei, it is classified as slow-neutron capture process (s-process) and rapid-

neutron-capture process (r-process).

1.2.3.1 The rapid-neutron capture process

In r-process, neutron capture occurs much faster than the g-decay of the unstable
isotope and occurs in 0.01 - 100 sec. It requires high neutron flux of the order of
N,, &~ 10%2725 neutrons cm ™2 and produces isotopes up to neutron drip line which
then decay to stable neutron-rich isotopes when the neutron flux stops. Because
of the extreme conditions required, it is hypothesized to occur during core-collapse
SNe (Qian 2000; Argast et al. 2004; Arcones and Thielemann 2013), fallback SNe
(Fryer et al. 2006), neutron star mergers (Tanvir et al. 2013; Rosswog et al. 2014;
Abbott et al. 2017; Drout et al. 2017; Lippuner et al. 2017; Shappee et al. 2017)

or neutron star - black hole mergers (Surman et al. 2008). It mainly produces
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elements in the range 70 < A < 209. Examples of r-process elements are Eu, Hf,

Th etc.

1.2.3.2 The slow-neutron-capture process: AGB nucleosynthesis

As the name suggests, s-process is slow compared to the [-decay of unstable
isotopes, i.e, the neutron-capture occurs on a larger timescale than the (S-decay
timescale (7, >> 73). Hence, the unstable isotope will undergo [-decay before
proceeding to another n-capture. As a result, s-process produces isotopes along
the valley of g-stability. It occurs at relatively low neutron densities. Low- and
intermediate-mass AGB stars are the predominant sites for s-process nucleosynthe-
sis (Busso et al. 1999; Karakas et al. 2006; Herwig 2005; Karakas and Lattanzio
2014). Sr, Y, Zr, Ba, La, Pb etc. are a few examples of s-process elements.
The neutron source, neutron density, and final abundance pattern depends on the
metallicity and initial stellar mass. The two important neutron sources in AGB

stars are ¥C(a, n)'°0 and ??Ne(a, n)?**Mg.

The main neutron source in low-mass (LM) AGB stars (M < 3 Mg) is C(a,
1n)*0. There must be enough ¥C present in the intershell region for the s-process
to take place effectively. However, the amount 3C left in this region from the CN
cycle is not sufficient to run the s-process. So, the operation of this neutron source
demands the occurrence of proton capture as well as a capture reactions. However,
intershell region is devoid of protons. So, additional protons have to be mixed to
this region. During each TDU, the penetration of the H-rich convective envelope
to the intershell region results in the partial mixing of protons and a Partial Mixing
Zone (PMZ) forms. The proton capture of abundant ?C in the intershell region
lead to the formation of ¥C in a tiny region (!3C pocket) in the top layers of
the intershell region through ?C(p,7)"3N(5+v)"¥C (Busso et al. 1999; Goriely and
Mowlavi 2000; Karakas 2010; Karakas and Lattanzio 2014; Bisterzo et al. 2017;
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Kobayashi et al. 2020). The C(a, n)'®O reaction occurs under the radiative
conditions (Straniero et al. 1995) at temperatures > 90x10% K. Then neutrons
are produced in the ¥C pocket, and the s-process takes place here during the IP.
Then, the products of s-process are mixed over the intershell region during the
next TP and brought to the surface by TDU (Straniero et al. 1995; Karakas and
Lattanzio 2014). This neutron source operates at a timescale of 103 - 10? years
and produces neutron densities of the order of ~108 neutrons cm—3 (Karakas 2010;

Karakas and Lattanzio 2014; Frebel 2018).

The major neutron source in intermediate-mass (IM) AGB stars (M > 4 M)
is 22Ne(a, n)*Mg. Unlike the ¥C(a, n)'®0O, this neutron source is direct, i.e.,
successive o capture and [-decay of the *N in the intershell region produces
22Ne through “N(a,y)®F(8v)¥0(a,y)**Ne (Busso et al. 1999; Karakas 2010;
Karakas et al. 2012; Karakas and Lattanzio 2014). This reaction occurs under
convective conditions during TP at temperatures > 300x10° K, at timescales of
~10 years and produces relatively higher neutron densities of the order of ~10'3
neutrons cm ™2 (Busso et al. 1999; Karakas and Lattanzio 2014). Since relatively
high temperature is required for the operation of this neutron source, it may be

marginally activated during the last few TPs in LM AGB stars.

Among the two neutron sources, *C(a, n)'®O source has the higher neutron ex-
posure (7, time averaged neutron flux in mbarn™') due to the larger timescale.
The s-process pattern has three distinct components that are characterized by
three different neutron exposures, namely, weak component, main component and

1 and produces

strong component. The weak component requires 7~0.06 mbarn™
elements from Fe to Sr (A < 90). It occurs in the He and C burning shells of the
massive stars (M > 12 Mg). This produces s-process abundance pattern similar
to the IM AGB stars (Heil et al. 2008b; Pignatari et al. 2010). Fast rotating,

low-metallicity stars are also found to produce the weak component (Frischknecht

et al. 2016; Choplin et al. 2018; Limongi and Chieffi 2018). The neutron source
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for the weak component is **Ne(«, n)**Mg. The main component is produced in
LM AGB stars, and results in the production of elements from Sr to Pb (90 < A
< 204) where 7~0.3 mbarn™! (Busso et al. 1999, 2001; Herwig 2005). The strong
component is responsible for the production of Pb when 7~7.0 mbarn™! and it
occurs in very low-metallicity, low-mass AGB stars (Busso et al. 1999; Karakas

and Lattanzio 2014).

The s-process abundance pattern is characterized by three s-process peaks: first
peak at Z = 38 - 40 (Sr, Y, Zr; light s-process elements - 1s), second peak at Z = 56
- 60 (Ba - Nd; heavy s-process elements - hs) and third peak at Z = 82 (Pb). These
nuclei have magic number of neutrons (50, 82 and 126, Pb has magic number of
protons as well with Z = 82) and act as bottlenecks during the s-process. Hence,
this results in the piling up of these nuclei and give rise to the observed peaks.
The s-process peaks for solar system abundance are shown in Figure 1.4. In LM
AGB stars, second peak elements are produced in excess over the first peak, and

vice-versa in IM AGB stars.

1.3 Contribution of AGB stars to the Galactic chem-

ical enrichment

The stellar population in our Galaxy is dominated by stars in the mass range
0.8 - 10 My (Karakas and Lattanzio 2014). The stars with masses in the range
0.8 - 2.25 Mg, are called as low-mass stars, and those with masses in the range
2.25 - 10 Mg, are generally called as intermediate-mass stars (Karakas and Lat-
tanzio 2014). These stars are the sites of various nucloesynthesis and important
participants of chemical evolution of the Universe (Travaglio et al. 2001, 2004;
Romano et al. 2010; Kobayashi et al. 2011, 2020). As they evolve through differ-

ent stages of stellar evolution, they enriched the ISM through stellar outflows or
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FIGURE 1.4: The s-process peaks for the solar system abundance. Image source:
Karakas (2010)

winds. The pollution from these low- and intermediate- mass stars account for
about 90% of the ISM dust, and the rest comes from massive stars (Sloan et al.
2008). The rich nucleosynthesis occurs during the AGB phase that produces a
diverse range of elements, which are subsequently ejected to the ISM. All the low-
and intermediate-mass stars pass through the AGB phase. Since the AGB stars
we observe today were formed in the past, their presence carry information about
the galactic history, which makes them tracers of stellar population (Habing and
Whitelock 2004). Until recently, it was believed that the core-collapse and Type
la SNe had contributed the elements to the Universe and the contribution from
AGB stars were ignored (Timmes et al. 1995; Gibson 1997; Kobayashi et al. 2006).
The last decade has witnessed several studies that revealed the importance of AGB
stars in the chemical evolution of the galaxies without which the picture of origin
and evolution of elements in the Galaxy would be incomplete. So, the knowledge
about the AGB evolution as well as nucleosynthesis is vital to understand the

contribution of low- and intermediate-mass stars to the chemical evolution of the
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Galaxy.

AGB stars are important polluters of the ISM and predominant sites for the slow
neutron-capture nucleosynthesis, and major contributors of elements heavier than
iron; up to half of all the heavy elements are produced through s-process (Busso
et al. 1999). There are certain isotopes like 8¢Sr, %Mo, 194Pd, 1*%Sn etc., which are
known to be produced exclusively through s-process. It has been estimated that a
third of the total carbon content in the Galaxy is produced in AGB stars, which is
about the same amount as produced in CCSNe and Wolf-Rayet stars (Dray et al.
2003; Kobayashi et al. 2011). Besides these, the intermediate-mass AGB stars are
the major producers of ¥*C and N in the Galaxy (Henry et al. 2000; Kobayashi
et al. 2011; Merle et al. 2016). AGB stars contribute considerably to the Galac-
tic fluorine (Renda et al. 2004; Kobayashi et al. 2011), sodium (Mowlavi 1999a;
Goriely and Mowlavi 2000), Mg (Fenner et al. 2004) and neutron rich isotopes of
neon and oxygen (Kobayashi et al. 2011). Understanding the nucleosynthesis and
evolution of Asymptotic Giant Branch (AGB) stars are of primary importance as
they are the major factories of some key elements in the Universe (Busso et al.

1999; Herwig 2005).

Even though, AGB stars are important probes for the chemical evolution studies
of the Galaxy, there are still many unknowns about their evolution and nucle-
osynthesis. There are a number of uncertainties related to the modelling of AGB
stars. The physics of mixing is poorly understood and the associated roles of
convection, rotation, overshooting, thermohaline mixing, magnetic field must be
constrained properly (Karakas and Lattanzio 2014; Abate et al. 2015b). Despite
the various mechanisms suggested for the proton diffusion (convective overshoot
(Herwig 2000; Cristallo et al. 2009, 2011), gravity waves (Denissenkov and Tout
2003), rotation (Herwig et al. 2003; Piersanti et al. 2013)), the exact mechanism
is not yet clearly understood. The extent and the exact shape of the ¥C pocket

in the intershsell region also remains unknown. Other uncertainties include the
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unknown mass-loss rate, unknown reaction rates of the two major neutron sources,
unknown neutron-capture cross-sections of several key isotopes etc. (Izzard et al.
2007; Marigo and Aringer 2009; Bisterzo et al. 2015; Karakas and Lugaro 2016;
Buntain et al. 2017; Cescutti et al. 2018). These theoretical uncertainties hinder
a better understanding of the contribution of these stars to the Galactic chemical
enrichment. This demands a need for detailed chemical composition studies for an
extended sample of AGB stars. However, there are certain challenges associated
with the observations of AGB stars. The spectra of the AGB stars are compli-
cated as it is overwhelmed with the molecular contributions arising due to their
low photospheric temperature (~3000 - 4000 K, see eg. Jeffery 2010). This makes
the derivation of exact elemental abundance difficult. Another challenge is that,
due to the short duration of the AGB phase (1% of the total stellar lifetime), they
are relatively rare compared to other evolutionary stages (Abate et al. 2015b).
So, to overcome these observational limits, we have to search for the signatures
of the AGB nucleosynthesis outside them. In this regard, the extrinsic stars in a
binary system (with AGB companion), which are known to have received prod-
ucts of AGB phase of evolution via binary mass transfer mechanisms, form vital
tools to trace the AGB nucleosynthesis. The AGB nucleosynthesis is accessible
observationally in these metal-poor extrinsic stars. The important classes of such
extrinsic stars are barium, CH, CEMP-s, and CEMP-r/s stars. The analysis of
generally hotter spectra of these stars is relatively accurate. A discussion on these

stars is given in the next section.
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1.4 Metal-poor stars

1.4.1 Nomenclature

The quantity of a chemical element in a star is expressed in terms of absolute

abundance. It is defined relative to hydrogen in logarithmic scale and is given by,
log €(A) = loglg(g—g) + 12

where N and Ny stand for the number of atoms of any element A and hydrogen,
respectively. Here, 12 is the absolute abundance of hydrogen. In the absolute
abundance scale, by definition, hydrogen abundance is set to 12 (Piersanti et al.

2007).

In astronomy, usually, the abundance of an element with respect to another is
defined relative to their abundance ratios in sun. For the elements A and B, the

abundance ratio can be expressed mathematically as;

[A/Bl.=logio(§ )« — logio(}2)e

B B

where Ny and Ny are number of atoms of A and B respectively.

The metallic content of a star is represented by the term ‘metallicity’, which has
traditionally been represented by the iron content of the star, [Fe/H|. Because of
the ample number of Fe lines found in the solar spectra, Fe is taken as a proxy for
metals. By definition, solar metallicity [Fe/H| = 0. The stars with lower Fe content
than the sun are known as metal-poor stars, and those with higher Fe content than
the sun are metal-rich stars. Table 1.1 shows the metallicity-based nomenclature
of the metal-poor stars. To date, stars with metallicities [Fe/H| ranging from
+0.7 to —7.3 have been discovered (Keller et al. 2014; Ness and Freeman 2016).
The lowest predicted observable metallicity in the Galaxy is ~ —8.0 (Frebel et al.
2009).
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TABLE 1.1: Nomenclature of metal-poor stars
Description Definition abbreviation
Population IIT stars Postulated first stars, formed from metal-free gas Pop IIT
Population IT stars Old (halo) stars formed from low-metallicity gas Pop II
Population I stars Young (disk) metal-rich stars Pop I
Super-metal-rich stars [Fe/H] > 0 MR
Solar [Fe/H] =0 None
Metal-poor [Fe/H|]< —1 MP
Very metal-poor [Fe/H|]< —2 VMP
Extremely metal-poor [Fe/H]< —3 EMP
Ultra metal-poor [Fe/H|]< —4 UMP
Hyper metal-poor [Fe/H|]< =5 HMP
Mega metal-poor [Fe/H|]< —6 MMP
Septa metal-poor [Fe/H|< —7 SMP
Octa metal-poor [Fe/H|< —8 OMP
Giga metal-poor [Fe/H|< —9 GMP
Ridiculously metal-poor [Fe/H]< —10 RMP

Note: Adopted from Frebel (2018)

1.4.2 Metal-poor stars: Fossil records of the Universe

The chemical evolution of the Universe is a long-term process that started from the

element enrichment by the exploding first stars that hardly contains any metals

and progressing till now to the formation of the stars that contains 2 - 4 % metals

(Frebel 2018). As the Universe started with a very low-metallicity, i.e., mostly with

H, He and a trace of other heavy elements, low-metallicity of stars also indicate

‘old age’ for the stars. These ancient, undisturbed stars are the window to the

early Galaxy. They are the local equivalents of high red-shift universe that enable

us to look back in time, up to the era of the very first stars that set in motion the

chemical evolution that continues even now. They are of greatest importance for

stellar archaeology. The stars in the Galaxy can tell us the chemical history of the

13 billion year old Universe.
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Metal-poor stars are long-lived, low-mass Pop II objects formed from the ejecta of
Pop III stars. They are mostly in their Main-Sequence and giant phase of stellar
evolution. They are powerful tool to investigate the chemical and dynamical evo-
lution of the Galaxy as their least-evolved atmospheres preserve the true chemical
imprints of the nucleosynthesis process operated at the earlier time. They help
us to reconstruct the chemical evolution of the elements; the earliest stages of
Galactic chemical evolution are probed by the most metal-poor stars. Thus, the
metal-poor stars, the fossil records of the Universe, form unique treasures to the
nuclear astrophysicists by providing the insight about the nucleosynthesis history
that cannot be studied with nuclear physics experiments. The systematic research
in the stellar observations complemented with the nuclear physics experiments
and the theoretical investigations would lead to the complete understanding of
the cosmic origin and evolution of elements. Among several contemporary issues
of interest, metal-poor stars can provide insight into;

i) the nature of first stars (Pop III) in the universe

ii) predictions of element production by supernovae

iii) early nucleosynthesis and early Galactic chemical evolution

iv) astrophysical sites for the production of neutron-capture elements

v) the primordial Li abundance

For the wealth of information they could provide on the chemical evolution of the
Galaxy, they have been extensively exploited in literature in past few decades.
Considerable efforts have been invested to identify them by means of several sur-
veys such as HK survey (Beers et al. 1985, 1992, 2007; Beers 1999), Hamburg/ESO
Survey (HES; Christlieb et al. 2001a,b; Christlieb 2003; Christlieb et al. 2008),
Sloan Digital Sky Survey (SDSS; York et al. 2000), Sloan Extension for Galactic
Understanding and Exploration (SEGUE; Yanny et al. 2009), LAMOST (Large
Sky Area Multi-Object Fiber Spectroscopic Telescope) survey (Cui et al. 2012;
Deng et al. 2012; Zhao et al. 2012) etc.
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TABLE 1.2: Classification of metal-poor stars

Signature Definition abbreviation
Main r-process 0.3 < [Eu/Fe|] < +1.0 and [Ba/Eu] < 0.0 r-1
|[Eu/Fe] > +1.0 and [Ba/Eu] < 0.0 r-11
Limited r-process |[Eu/Fe|] < 0.3, [Sr/Ba] > 0.5 and [Sr/Eu] > 0.0 Tlim
s-process [Ba/Fe|] > +1.0, [Ba/Eu] > +0.5, [Ba/Pb|> —1.5 S
r- and s-processes 0.0 < [Ba/Eu] < +0.5 and —1.0 < [Ba/Pb]< —0.5 r+s
i-process 0.0 < [La/Eu| < 0.6 and [Hf/Ir|~1.0 i
Neutron-capture normal [Ba/Fe| < 0.0 No

> +0.7; if log(L/Ly) < 2.3
Carbon enhancement [C/Fe] CEMP

> +3.0 — log(L/Ls); if log(L/Ls) > 2.3

a-enhancement [Mg, Si, Ca, Ti/Fe|~+0.4 a-enhanced

Note: Adopted from Frebel (2018)

1.4.3 Sub-classification of metal-poor stars

With the advent of high-resolution spectroscopy, analysis of metal-poor stars have
shown that they show diverse abundance patterns, especially enhanced abundance
of neutron-capture elements (both r-process and s-process). Some stars are en-

hanced in r-process elements, some in s-process elements and some in both.

A classification of metal-poor stars based on the level of enhancement of different
elements is given in Table 1.2. Here, we will discuss in detail the different classes
of metal-poor stars, along with the relatively metal-rich Ba stars that are relevant

to this study.

1.4.3.1 Ba stars

Barium (Ba II) stars belong to a family of peculiar G and K spectral type which
were first identified by Bidelman and Keenan (1951). They are mostly in their
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main sequence and giant phase of stellar evolution, with a surface temperature of
4000 - 6500 K. Their envelope exhibits overabundance of elements heavier than
iron, and usually C/O < 1 (Barbuy et al. 1992; Allen and Barbuy 2006; Drake
and Pereira 2008; Pereira and Drake 2009). They exhibit abnormally strong lines
of Ba II 4554 A, Sr II 4077 A, as well as enhanced CH, CN, and Cs molecular
bands. They also show enhanced abundances of other neutron-capture elements.
Analysis of Luck and Bond (1991) shows that, in metal-deficient Ba stars, Cy
molecular bands are not strong as compared to the classical Ba stars. They are
low radial-velocity (|V,| < 100 km s™!) objects and generally members of Galactic

disk.

Most of the barium stars are found to be in binaries (McClure et al. 1980; Mc-
Clure 1983, 1984; McClure and Woodsworth 1990; Jorissen et al. 1998; Udry et al.
1998a,b) with radial velocity variability. Nucleosynthesis theories do not support
occurrence of heavy element nucleosynthesis during the stellar evolutionary phases
to which these stars belong. A generally accepted scenario that explains the ob-
served high abundances of neutron-capture elements is a binary picture. These
stars are believed to have received, via binary mass transfer mechanisms, the prod-
ucts of the companion stars produced during their AGB phase of evolution, and the
companions have become white dwarfs (WD). The presence of WDs in such binary
systems is confirmed by the X-ray, UV and IR observations (Boehm-Vitense 1980;
Schindler et al. 1982; Jorissen et al. 1996; Bohm-Vitense et al. 2000; Frankowski
and Jorissen 2006; Gratton et al. 2021).

1.4.3.2 CH stars

CH stars are metal-poor (—2 < [Fe/H| < —0.2) giants, identified by Keenan (1942),
with similar spectroscopic characteristics as Ba stars. They are characterized by

the strong CH and Cy molecular bands, C/O > 1, and strong features due to the
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neutron-capture elements. The surface temperature of these objects ranges from
4000 to 4750 K. They are high radial-velocity (|V,| > 100 km s™!) objects and
members of the Galactic halo. Later, Bond (1974) have identified a new class of
peculiar G type sub-giant stars with weak metallic lines and enhanced features due
to CH and s-process elements. This stars are known as sub-giant CH stars. They
are moderately metal-deficient (—0.8 < [Fe/H] < —0.1). They have high radial
velocities (|V,] > 100 km s™!) and members of Galactic thick disk. Most of the CH
stars (here after CH stars refers to giant, sub-giant, and dwarf CH stars) are also
found to be radial velocity variables (McClure and Woodsworth 1990; Jorissen
et al. 2016b), which confirmed the pollution from an AGB companion through
binary mass transfer. The spectral characteristics of CH stars resemble quite
closely with C-R stars which are warmer than CH stars and generally belong to disk
population (Goswami 2005 and references therein). Hence, CH stars can be easily
mistaken as C-R stars and vice-versa. In a search for CH stars at high Galactic
latitude by Goswami (2005), CH stars are distinguished from C-R stars using Ca
spectral features around 4226 A. This Ca I line is marginally noticed in CH stars,
whereas in C-R stars it is as deep as the '2CN band head at 4215 A. The CN 4215
A band in CH stars is weaker than that in C-R stars. Like CH stars, the C-R stars
also exhibit strong swan Cy bands around 4700 and 4395 A, however, unlike the
CH stars, they show near-solar abundances of s-process elements (Dominy 1984;
Goswami 2005; Giridhar 2010). While CH stars are Galactic halo objects, C-R
stars are found to be disk objects, in general. Detailed discussions on C-R stars
can be found in Dominy (1984), Goswami (2005). Goswami (2005), Goswami
et al. (2007), and Goswami et al. (2010) identified a large number of CH stars
(that constitute about 30 -35% of the sample) from low- and medium-resolution

spectroscopic observations of about 500 field stars and pre-select carbon stars at

high Galactic latitude using HCT /HFOSC.
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1.4.3.3 Carbon Enhanced Metal-Poor (CEMP) stars

Among the metal-poor stars, about 25 to 30% are known to be rich in carbon
(Beers and Christlieb 2005; Frebel et al. 2006; Lucatello et al. 2006). These stars
are called the Carbon-Enhanced Metal-Poor (CEMP) stars. CEMP stars are more
metal-poor counterparts of CH stars (|Fe/H|< —1; Lucatello et al. 2005; Abate
et al. 2016) which has been traditionally defined as the stars with [C/Fe| > 1 (Beers
and Christlieb 2005). However, the definition of CEMP stars is being revised and
[C/Fe|] > 0.70 (Aoki et al. 2007; Carollo et al. 2012; Lee et al. 2013; Norris et al.
2013b; Skualadottir et al. 2015) and [C/Fe| > 0.90 (Jonsell et al. 2006; Masseron
et al. 2010) are also used. It has been identified that a significant fraction (~20%)
of Very Metal-Poor ([Fe/H| < —2) stars in the Galaxy are CEMP stars (Rossi et al.
1999; Christlieb 2003; Lucatello et al. 2006; Carollo et al. 2012). The fraction of
carbon-enhanced stars increases with decreasing metallicity; ~40% for [Fe/H|]< —3
and ~75% for |Fe/H|< —4 (Aoki et al. 2013; Lee et al. 2013; Yong et al. 2013;
Placco et al. 2014; Frebel and Norris 2015).

Based on the level of relative enrichment of neutron-capture elements, CEMP stars

are classified into different sub-classes:

CEMP-s stars: These stars show enhanced abundances of s-process elements.
The CEMP-s stars are considered as the metal-poor analog of Ba and CH stars,
and the binary mass transfer from an evolved low-mass AGB companion is the
most accepted scenario for their abundance peculiarity (Herwig 2005). The long-
term radial velocity monitoring studies have shown that most of the CEMP-s stars
are binaries (Lucatello et al. 2005; Starkenburg et al. 2014; Jorissen et al. 2016b;

Hansen et al. 2016¢), supporting the pollution from companion AGB stars.

CEMP-r stars: They show enhancement of r-process elements. Analysis of
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Hansen et al. (2011) and Hansen et al. (2015) have shown that the abundance pe-
culiarity of CEMP-r stars are not resulted from a binary mass transfer, instead due
to the enrichment of their birth cloud with r-process elements from other external
sources. Suggested sources that might have polluted the ISM with r-elements,
from which the CEMP-r/s stars are believed to have formed, are core-collapse
SNe (Qian 2000; Argast et al. 2004; Arcones and Thielemann 2013), fallback SNe
(Fryer et al. 2006), neutron star mergers (Tanvir et al. 2013; Rosswog et al. 2014;
Shappee et al. 2017; Drout et al. 2017; Lippuner et al. 2017) or neutron star -
black hole mergers (Surman et al. 2008). The exact mechanism of their origin is
not yet clear. Only a very few CEMP-r stars have been identified so far and more

such stars have to be discovered and studied in detail to unravel their origin.

CEMP-r/s stars: They show simultaneous enhancement of both s- and r-process
elements. A number of scenarios have been proposed for their origin (Jonsell et al.
2006 and references therein). Since most of the CEMP-r/s stars are also found to
be binaries just like CEMP-s stars (Lucatello et al. 2005; Starkenburg et al. 2014;
Jorissen et al. 2016b; Hansen et al. 2016¢), binary mass transfer from the AGB
companion is thought to be the reason for their origin as well, however, the pres-
ence of r-process component posed a challenge (Jonsell et al. 2006; Herwig et al.
2011; Abate et al. 2016). The i-process, intermediate neutron-capture process,
with neutron density between s- and r- process can produce both s- and r- process
elements at a single stellar site (Cowan and Rose 1977). Many studies in literature
have successfully used model yields of i-process in low-metallicity, low-mass AGB
stars to account for the observed abundance patterns in CEMP-r/s stars (Hampel
et al. 2016, 2019; Goswami et al. 2021). Although there are several suggestions for
the i-process sites, such as, super-massive AGB stars (Doherty et al. 2015; Jones
et al. 2016), low-mass, low-metallicity stars (Campbell and Lattanzio 2008; Camp-
bell et al. 2010; Cruz et al. 2013; Cristallo et al. 2016), Rapidly Accreting White
Dwarfs (Herwig et al. 2014; Denissenkov et al. 2017) etc., the exact astrophysical
site for the i-process is still debated (Koch et al. 2019). Several studies have shown
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that the most probable site for the i-process is low-mass, low-metallicity AGB stars
(Hampel et al. 2016; Goswami et al. 2021; Karinkuzhi et al. 2021; Purandardas
and Goswami 2021). A comprehensive review of the formation scenarios and the

production sites of CEMP-r/s stars is provided in Goswami et al. (2021).

CEMP-no stars: These stars, with a high abundance of carbon, do not show
any enhanced abundance of neutron-capture elements. The origin of CEMP-no
stars is also not clearly understood. They are believed to be formed from the pre-
enriched ISM (Cooke and Madau 2014; Frebel and Norris 2015; Norris et al. 2013a).
The suggested progenitors of these stars are faint SNe (Umeda and Nomoto 2005;
Nomoto et al. 2013; Tominaga et al. 2014), spinstars (Meynet et al. 2010; Chiappini
2013), and metal-free massive stars (Heger and Woosley 2010). A recent study by
Arentsen et al. (2019a) has shown that the binary mass-transfer from extremely
metal-poor AGB companions could also be the possible progenitors of CEMP-
no stars. Lot more studies need to be conducted to understand the origin and

evolution of this class of peculiar stars.

1.5 Scope of the thesis

Studies on the chemical composition of metal-poor stars available in the litera-
ture are widely exploited to understand the chemical and dynamical evolution of
our Galaxy. Light element abundances are available for as many as thousands
of stars. However, the heavy element abundances of metal-poor stars are scarce
in literature. Detailed abundance studies available for CEMP and CH stars are
still limited by numbers, resolution, and wavelength regions. Several authors have
discussed the need for considerably more abundance data for the lower metallicity

regime (Masseron et al. 2010; Yong et al. 2013; Cristallo et al. 2016; Yoon et al.
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2016; Frebel 2018). In an attempt by Cristallo et al. (2016) to constrain the low-
mass AGB nucleosynthesis using CH stars, the scope of enhancing such studies
based on a larger abundance data was highlighted. The diverse abundance ratios
of neutron-capture elements observed in these stars underscore the necessity for
significantly larger samples to be studied in detail. We propose to enhance this
study by making a comprehensive analysis of the observed stellar abundance pe-
culiarities. We have derived necessary clues about the evolutionary nature of these
objects, as well as the production of heavy-elements via neutron-capture process

operating at low-metallicity.

The thesis aims at understanding the role of metal-poor stars in the Galactic
chemical enrichment and to provide tighter observational constraints from ob-
served elemental abundances. In particular, we aim to study the contribution
of low-mass stars (0.8 - 3.0 M) that undergo AGB nucleosynthesis. A detailed
chemical composition analysis of stars in binary systems with now invisible white
dwarf companions provide such an opportunity to understand AGB nucleosynthe-
sis. The problem is addressed through detailed spectroscopic analysis of three sets
of metal-poor stellar samples: i) a Ba stars sample, comparatively more metal-rich
than CH and CEMP stars; ii) a moderately metal-poor CH stars sample; and iii)
a very metal-poor CEMP-r/s and CEMP-s stars sample. The objects are selected
from different catalogs of metal-poor stars identified from several large sky survey
programs. High-resolution optical spectra of these objects were obtained using
various observing facilities and a detailed spectroscopic analysis is performed to

understand their role in the chemical enrichment of the Galaxy.
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1.6 Outline of the thesis

Chapter 1: Introduction

This chapter contains a discussion of various nucleosynthesis processes and sites
that contributed different elements to the Universe. A description of the AGB
stars and their contribution to the chemical enrichment of the Galaxy is also
provided. This chapter also includes a brief overview of metal-poor stars, as well
as a discussion of their significance to Galactic chemical evolution. A detailed
discussion of the different sub-classes of metal-poor stars along with their possible
formation scenarios in the context of the thesis is also given. This chapter also

provides a brief discussion on the scope of the thesis.

Chapter 2: Spectroscopic methodology: Sample selection, observation /-
data acquisition and data analysis

This chapter describes the methods of object selection, data acquisition, data re-
duction and data analysis. A discussion on the stellar sample investigated in this
thesis and the criteria adopted for sample selection is provided in this chapter.
Details of various observing facilities used to acquire the spectra of the stellar
sample are discussed here. A discussion of basic terminologies, equations, and
assumptions that are used in our analysis is also given in this chapter. The data
reduction and data analysis procedures, along with the codes and software used,
are discussed here. A discussion on the atmospheric models, atomic and molecular
line data used is also provided in this chapter. This chapter also contains, a dis-
cussion on the calculation of abundance uncertainties and the procedure adopted

for the kinematic analysis of stellar sample.

Chapter 3: Analysis of Ba stars
This chapter deals with the analysis of the comparatively metal-rich stars among
the sample, the Ba stars. The results of a detailed spectroscopic and kinematic

analysis of 10 barium stars are presented. Several diagnostics, such as C, N, O, Na,
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and Mg abundances, |hs/lIs| ratio and [Rb/Zr]| ratio, used to understand the nature
of companion AGB stars are discussed. A comparison of the observed abundances
with their counterparts observed in AGB stars is also presented. The observed
abundances are also compared with the predictions from AGB nucleosynthesis
models (FRUITY models). A discussion and interpretation of these results in the

context of Galactic chemical enrichment history are presented in this chapter.

Chapter 4: Analysis of CH and CEMP stars

In this chapter, we have extended our analysis to the low-metallicity regime to
understand the implications of low-metallicity stars on the Galactic chemical en-
richment. We performed a detailed spectroscopic analysis of a selected sample of
13 CH/CEMP-s/CEMP-r/s stars. The results of the kinematic analysis and the
binary status of the program stars are also discussed. The diagnostics discussed
in chapter 2 are extended to these objects in order to understand the nature of
their companions. A discussion on the possible origin of the CEMP-r/s stars in
our sample is presented based on a comprehensive analysis of a sample of CEMP
stars. Results obtained from a parametric model-based analysis considering i-
process model yields for CEMP-r/s stars and yields from FRUITY models for CH
and CEMP-s stars are also provided.

Chapter 5: Conclusions and future works
The key results of each chapter, as well as the conclusions of the thesis, are sum-
marized in this chapter. Future plans following the thesis submission and future

prospects of the thesis are also discussed.






Chapter 2

Spectroscopic methodology: Sample
selection, observation/data

acquisition and data analysis

2.1 Introduction

The light coming from the celestial bodies are the important source of most of
what we know about them. This light coming from various celestial sources are
analyzed through various methods to draw conclusions regarding the nature of
the source. These include, spectroscopy, photometry, polarimetry etc. The most
powerful among these to study the stars is spectroscopy. It is the study of the
spectrum of light produced as the result of its interaction with matter. Stellar spec-
troscopic studies began with the discovery of spectral lines in the solar spectra by

Joseph Fraunhofer in 19th century. It can be used to infer various properties of

29
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stars such as, mass, temperature, velocities, distance, chemical compositions etc.
Spectroscopy is done at different wavelengths across the electromagnetic spectrum
depending on the properties to be studied, and this study deals with optical spec-
troscopy. This chapter discuss the methods of sample selection, observation, data

processing, and analysis.

2.2 Sample selection

As a first step towards our goal, we have performed an extensive literature survey
of potential metal-poor star candidates including Ba, CH, and CEMP stars. We
have selected a sample of metal-poor star candidates from various sources in the
literature (Lii 1991; Bartkevicius 1996; Goswami 2005; Frebel et al. 2006; Goswami
et al. 2010; Beers et al. 2017), Catalogues of carbon stars identified from the
Hamburg/ESO Survey (HES) (Christlieb et al. 2001a; Christlieb 2003; Christlieb
et al. 2008), and from the LAMOST DR2 (Ji et al. 2016). A discussion on HES
and LAMOST survey, and the criteria employed to select the targets for the high-

resolution follow-up is given in this section.

2.2.1 Hamburg/ESO Survey (HES)

The Hamburg/ESO Survey (HES) is an objective-prism survey with ESO 1 m-
Schmidt telescope, originally designed for bright quasar (12.5 < B < 17.5) searches
(Wisotzki et al. 1996; Reimers et al. 1996; Wisotzki et al. 2000). The HES survey
covers the galactic latitudes |b| > 30°, and the declination range —78°< § <
+25°, resulting in an effective area of 6400 deg? of the southern extragalactic
sky (Wisotzki et al. 2000; Christlieb et al. 2001b). The wavelength coverage of the
HES spectra is 3200 - 5300 A with a spectral resolution of AA~10 A at Ca II K
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line (R~400, Christlieb et al. 2008). Even though it is conceived for finding the
quasars, resolution of the HES spectra enabled to exploit the stellar content of the
survey. Among the total ~10 million digitized HES spectra, the stellar database
consist of ~4 million spectra with S/N > 5 at Ca II K (Christlieb et al. 2001a,b;
Frebel et al. 2006). Later, the stellar contents of the HES was explored by several
authors in search of carbon stars (Christlieb et al. 2001a; Goswami 2005; Goswami
et al. 2010), metal-poor stars (Christlieb 2003; Christlieb et al. 2008; Frebel et al.
2006; Beers et al. 2017), white dwarfs (Christlieb et al. 2001b), Horizontal Branch
stars (Christlieb et al. 2005) etc. The spectral resolution and high S/N ratio of the
HES spectra is well-suited for the identification of carbon stars and metal-poor
stars without the need for follow-up spectroscopy (Christlieb et al. 2001a, 2008).
From the HES stellar content, Christlieb et al. (2001a) identified 403 faint high-
latitude carbon (FHLC) carbon stars based on the strength of Cy bands around
4737 and 5165 A, and CN bands around 3883 and 4215 A. Follow-up medium
resolution spectroscopic observations of these FHLC sample by Goswami (2005)

and Goswami et al. (2010) have shown that ~35 % of them are CH stars.

At the HES spectral resolution, it is possible to detect the Ca II K 3934 A line,
an indicator of |[Fe/H]|, even in very low metallicity stars. The strength of this
Ca II line combined with the B-V color information obtained from the spectra
allow to effectively identify the metal-poor star candidates. The color information
helps to avoid any bias against cool metal-poor giants as Ca II line is strong in
cool giants even if they are metal-poor (Christlieb 2003; Christlieb et al. 2008).
According to Christlieb et al. (2001b), the color range relevant to select the metal-
poor stars is —0.6 < B—V < 2.0. About 6133 giants and 2194 turn-off stars in
the range 0.5 < B—V < 1.2 have been identified as candidate metal-poor stars
from the HES spectra (Christlieb et al. 2008). The medium-resolution (~ 2 A)
follow-up observations carried out for 3200 candidates have shown that ~200 stars
have |[Fe/H| < —3.0, which outnumbers the number of extremely metal-poor stars

identified in all previous surveys. About, 1785 stars among these are expected
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to show enhanced abundance of carbon (characterized by the strong CH G band
in the HES spectra) with [C/Fe| > 1 (Christlieb et al. 2008). A sample of 1777
bright (9 < B < 14) metal-poor star candidates (0.3 < B—V < 1.2) from HES is
presented by Frebel et al. (2006) from the moderate-resolution (~ 2 A) follow-up

studies.

The Metallicity Distribution Function (MDF) of HES from Christlieb (2003) and
Frebel et al. (2006) is shown in Figure 2.1. As noted from this figure, HES is a rich
source of metal-poor stars and it provides the opportunity to enhance the number
of VMP and EMP stars. Several studies have shown that the probability of finding
CEMP stars is higher at lower metallicity (e.g Norris et al. 1997; Rossi et al. 1999,
Section 1.4.3.3). The HES sample contains many CEMP stars, as demonstrated
by recent follow-up observations (e.g Aoki et al. 2006; Goswami et al. 2006; Cohen
et al. 2006; Barklem et al. 2005; Goswami et al. 2021).

2.2.2 LAMOST Survey

Large sky Area Multi-Object Fiber Spectroscopic Telescope (LAMOST also known
as Guo Shou Jing Telescope) is a large-aperture (effective aperture ~3.6 - 4.9 m)
and a wide-FOV (5°) reflecting telescope designed for astronomical spectroscopic
surveys (Cui et al. 2012; Zhao et al. 2012). The first phase of the survey is the
LAMOST low-resolution spectroscopic survey (LAMOST-LRS) between 2011 -
2017. LAMOST-LRS spectra covers the wavelength range 3700 - 9000 A with
a spectral resolution of R~1800 (Zhao et al. 2012). This survey targeted the
objects in the magnitude range 9 < r < 17.5, and galactic longitude range 90°<
1 < 220°(Deng et al. 2012). One of the important advantages of the LAMOST
survey is that the apparent magnitudes are in the range suitable for the high-
resolution follow-up observations with 4 - 10 m class telescopes (Li et al. 2018a).

The LAMOST-LRS has two main parts: i) the LAMOST Experiment for Galactic
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FIGURE 2.1: Metallicity Distribution Function (MDF) of the HES from Christlieb
(2003) (upper panel) and Frebel et al. (2006) (lower panel).

Understanding and Exploration (LEGUE) survey that focused to study the stars
and the Milky Way (MW), and ii) the LAMOST Extra Galactic Survey (LEGAS)
focused mainly on galaxies and quasars (Deng et al. 2012; Yan et al. 2022). The
LEGUE survey is a larger, deeper, and denser spectroscopic survey of the MW
that surveyed large samples of stars in the disk and halo of the Galaxy. The
majority of the stars observed in this survey belong to the F, G, and K spectral
types on either main-sequence or giant phase (Liu et al. 2015; Yan et al. 2022),

and constitutes the largest set of stellar spectral database (~10 million) in the
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northern sky (Yan et al. 2022) till date.

The spectral resolution and the wavelength coverage of the LAMOST spectra
allowed for the reliable estimation of the atmospheric parameters of the stars (e.g
Figure 4 of Li et al. 2018a), and resulted in the identification of many metal-poor
stars and carbon stars. From the LAMOST pilot survey (first phase of LEGUE
survey between 2011 - 2012, Deng et al. 2012; Zhao et al. 2012; Luo et al. 2012),
183 carbon stars were identified by Si et al. (2015), among which 69 stars are
identified to be CH stars. Ji et al. (2016) have identified 894 carbon stars from
4 million stellar spectra in the LAMOST DR2. Among these carbon stars, 339
stars (~38%) are identified to be CH stars from the spectral features such as CH
G band, CN band, Ca II, Ba II, and H, lines (Ji et al. 2016). Li et al. (2018b)
presented a catalogue of 10,008 VMP stars (—4.5 < [Fe/H|< —2, 4000 < Teg <
7000 K) identified from the LAMOST DR3, the largest catalogue of VMP stars
ever. The MDF of these sample of stars (adopted from Li et al. 2018a) is shown in
Figure 2.2. Majority of the stars in this sample belongs to the metallicity range —3
to —2. Among these 10,008 stars, they have identified 636 CEMP star candidates.
A catalogue of 2651 carbon stars identified from LAMOST DRA4 is presented by
Li et al. (2018b), based on a series of spectral features. Among these carbon stars,
864 stars are identified to be CH stars. Besides these carbon stars, they have

identified 17 CEMP turn-off star candidates, an extremely rare class of stars.

2.2.3 Ciriteria for sample selection

e Ba star candidates are selected from the catalogue of Ba stars by Lii (1991)
and from the catalogue of CH and related stars by Bartkevicius (1996). A
few CH star candidates are also selected from the catalogue of Bartkevicius

(1996).



Chapter 2: Methodology 35

3000
2500

2000

1500

Number

1000

T
N
I

500

| S /% Z
45 40 35 30 25 20
[Fe/H]

Al W

FIGURE 2.2: Metallicity Distribution Function (MDF) of the LAMOST DR3 by Li
et al. (2018b).

e We have also selected a few stars form the list of stars that are identified to
be CH stars from medium-resolution spectroscopic follow-up of carbon star
candidates from the HES (Christlieb et al. 2001a; Goswami 2005; Goswami
et al. 2010) based on the spectral features such as CH, Cy, CN bands, Ca II
K, and Ca I 4227 A lines.

e The CH stars identified from the LAMOST survey based on the spectral
features such as CH G, Cy, CN bands, Ca I, Ba II, and H, lines (Ji et al.

2016) are also included in our sample.

e The CEMP-s and CEMP-r/s stars generally have metallicity in the range
—3 to —1 as shown by several studies (eg. Yoon et al. 2016 and references
therein). As seen from Figure 2.1, HES contains plenty of stars in this
metallicity range. Since we are interested in CEMP-s and CEMP-r/s stars
among the CEMP stars, we have selected the metal-poor candidates with —1
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< |Fe/H| < —3 identified from HES through medium-resolution spectroscopy
by Frebel et al. (2006); Christlieb et al. (2008); Beers et al. (2017).

e The typical surface temperatures of the Ba, CH, and CEMP stars occupy
a range 4000 - 6500 K (See Section 1.4.3). Hence, we have considered stars
with photometric temperatures in this range (Table 2.1). Procedure adopted

for the calculation of photometric temperature is discussed in Section 2.6.4.

e The locations of the sample of stars considered for this study are shown in
the color - magnitude ((B-V) v/s My) diagram (Figure 2.3). The color of
the star is an indicator of its temperature. A color-magnitude diagram is a
scatter graph that shows the relation between the absolute magnitude and
color (temperature) of the astronomical objects. The (B-V) color in the range
—0.6 to 2.0 is relevant to select the metal-poor stars (Christlieb et al. 2001b).
In Figure 2.3, all the stars in our sample fall within this range, except for
three objects - BD—19 132, HD 30443, and LAMOSTJ151003.74+305407.3.
However, these three objects are found to be CH stars based on their spec-
tral features from low-resolution spectra by Alksnis et al. (2001), Yamashita
(1975), and Ji et al. (2016) respectively. Hence, we have included these

objects in our sample.

The objects thus short-listed are then subjected to the high-resolution follow-up

studies using various telescopes.

2.3 Observations and data acquisition

High-quality, high-resolution spectrum is crucial for detailed chemical abundance

analysis of a star. In this section, we discuss the facilities used to acquire the
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FIGURE 2.3: Location of the selected stellar sample in color - magnitude diagram.
Blue open squares are Ba stars from literature (Allen and Barbuy 2006; Yang et al.
2016; de Castro et al. 2016). Red circles are CH stars from literature (Karinkuzhi and
Goswami 2014, 2015; Goswami et al. 2016). Green starred triangles are CEMP stars
from literature (Masseron et al. 2010 and references therein). Our stellar sample is
represented by black filled triangles.
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TABLE 2.1: Photometric temperature estimates (in Kelvin) of the stellar sample
Star name Teg Togr Teg Teg
(—0.50) (—0.05) | (+0.05)
(J-K) | (J-H) (J-H) | (J-H)
Ba stars
HD 24035 4684.12 | 4755.15 4716.20 | 4705.18
HD 32712 4484.39 | 4569.26 4534.17 | 4524.18
HD 36650 4768.20 | 4814.32 4774.10 | 4762.07
HD 94518 5780.58 | 5953.08 5884.96 | 5866.22
HD 147609 6310.38 | 6100.99 6702.52 | 6677.25
HD 154276 5846.47 | 5990.51 5977.11 | 5974.15
HD 179832 4740.76 | 4887.54 4845.72 | 4915.93
HD 207585 5922.54 | 5940.32 5884.96 | 5866.22
HD 211173 4862.67 | 4959.03 4915.63 | 4903.43
HD 219116 4862.67 | 5046.19 5000.83 | 4988.11
CH/CEMP stars
Test Test Test Test
(—2.0) (=1.5) | (-1.0)
BD—-19 132 3858.67 | 4090.30 4110.91 | 4114.65
BD—-19 290 4296.16 | 4465.88 4488.12 | 4490.23
HE 0457—1805 4405.01 | 4809.19 4832.93 | 4833.31
LAMOSTJ091608.81+230734.6 | 4731.70 | 4821.40 4845.19 | 4845.50
HE 0920—0506 5515.12 | 5630.71 5658.03 | 5653.32
HE 1157—-0518 4921.67 | 4870.92 4894.92 | 4894.97
HE 1304—2111 4096.60 | 4352.54 4374.29 | 4376.92
HE 1327-2116 4774.36 | 4956.04 4980.42 | 4979.98
HE 1354—2257 4540.34 | 4797.06 4820.74 | 4821.18
LAMOSTJ151003.74+305407.3 | 4307.90 | 4518.05 4540.51 | 4542.38
BD+19 3109 4291.48 | 4323.63 4345.25 | 4348.01
HD 202851 4586.99 | 4725.66 4749.03 | 4749.85

Note: The numbers in the parentheses below Teg

temperatures are calculated.

indicate the metallicity values at which the
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TABLE 2.2: Details of the spectra

wavelength

Instrument coverage (A) | Resolution

(A/3X)
HCT/HESP 3530 - 9970 | 30,000 & 60,000
Mercator/HERMES | 3800 - 9000 | 86,000
VLT /UVES 3290 - 6650 | 48,000
ESO-MPG/FEROS | 3520 - 9200 | 48,000
SUBARU/HDS 4100 - 6850 | 50,000

high-resolution spectra of the stellar sample. The details of the spectra used in

this study are listed in Table 2.2.

2.3.1 Himalayan Chandra Telescope (HCT)

The Himalayan Chandra Telescope (HCT) is 2.01m IR-Optical telescope at In-
dian Astronomical Observatory (IAO), Mt.Saraswati, Hanle, operated by Indian
Institute of Astrophysics, Bangalore (https://www.iiap.res.in/?q=telescope_
iao). The observatory is located at an altitude of 4500 m above mean sea level.
The latitude and longitude are 32°46°46”"N and 78°57°51"E respectively. The
low temperature, low humidity, low dust, and the high altitude enable to achieve
good seeing (slightly less than 1 arcsec) at this site. The telescope has a mod-
ified Ritchey-Chrétien design with f/1.75 primary and f/9 Cassegrain focus and
an alt-azimuth mounting. The telescope has three instruments at the Cassegrain
focal plane; Hanle Faint Object Spectrograph Camera (HFOSC), TIFR Near In-
frared Spectrograph (TIRSPEC) and Hanle Echelle SPectrograph (HESP). The

instruments are mounted on an instrument mount cube with four side ports and


https://www.iiap.res.in/?q=telescope_iao
https://www.iiap.res.in/?q=telescope_iao
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one on-axis port such that switching between instruments could be achieved easily
in the same observing night. The telescope as well as the instruments are re-
motely operated using a dedicated satellite communication link from the Centre
for Research & Education in Science & Technology (CREST), Indian Institute of
Astrophysics, Hosakote.

2.3.1.1 Hanle Echelle SPecrograph (HESP)

The Hanle Echelle Spectroraph is a high-resolution dual fiber-fed echelle spec-
trograph with White pupil optical layout, attached to the 2m HCT (https:
//www.iiap.res.in/?q=hanle_echelle_spectrograph). It operates at two dis-
tinct resolutions R~30,000 and 60,000. The spectra are recorded on a 4K x 4K
CCD detector. The higher resolution (60,000) is achieved by using an image slicer.
The instrument covers the wavelength region 3500 - 10000 A without any gap in
the wavelength coverage, in a single instrument set up. The instrument is equipped

with four sub-systems:

Cassegrain unit: Directs light from the telescope to the spectrograph and the

autoguider system, and it is attached to one of the side ports of the telescope.

Spectrograph unit: It comprises of an off-axis paraboloidal collimator mirror of
1.85m focal length, an echelle grating, two thick prisms that act as a cross-disperse
system and an /2.7 camera. The whole set-up is mounted on an optical table in

a thermally controlled room in the ground floor of the telescope building.
Calibration unit: Consist of ThAr and ThArNe calibration lamps, filters, and

the halogen lamp for flat fielding.

CCD detector system: 4K x 4K CCD detector with pixel size of 15 micron

kept inside the spectrograph room.


https://www.iiap.res.in/?q=hanle_echelle_spectrograph
https://www.iiap.res.in/?q=hanle_echelle_spectrograph
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2.3.2 Very Large Telescope (VLT)

The Very Large Telescope (VLT) is one of the world’s most advanced telescope
facility, operated by European Southern Observatory (ESO) at Cerro Paranal ob-
servatory, Chile, located at an altitude of 2635 m from sea level (https://www.
eso.org/public/teles-instr/paranal-observatory/vlt/). The latitude and
longitude are 24°37°38"”S and 70°24"15”"W respectively. It consists of four Unit
telescopes (UT) with 8.2m main mirrors along with four movable 1.8m Auxiliary
Telescopes (AT). The ATs are installed in the system to make it available while
the UTs are used for other projects. The UTs have Ritchey-Chrétien design with
Cassegrain-Nasmyth focus. The UTs can be used individually, and with the entire
telescope system working together forms ESO Very Large Telescope Interferome-
ter. VLT operates at visible and IR region, and each individual UTs can detect
objects four billion times fainter than that can be seen with naked eyes. The UTs
are equipped with instruments that allow observation from near-UV to mid-IR
wavelengths. The four UTs are named as Antu (Sun), Kueyen (Moon), Melipal
(Southern Cross) and Yepun (Evening Star).

2.3.2.1 Ultraviolet and Visual Echelle Spectrograph (UVES)

The Ultraviolet and Visual Echelle Spectrograph (UVES) is the high-resolution op-
tical spectrograph of the VLT located at the NasmythB focus of UT2 (Kueyen). It
is a cross-dispersed echelle spectrograph and designed to operate in the wavelength
range 3000 - 11000 A. For this, the light beam is split into two arms (uv - blue &
visible - red) within the instrument. The two arms can be operated separately, or
in parallel with the help of a dichroic beam splitter. The spectral resolution for
1 arcsec slit is R~40,000. The maximum resolution that can be attained, using
a narrow slit, is R~110,000 in the red and R~80,000 in the blue (https://www.

eso.org/public/teles-instr/paranal-observatory/vlt/vlt-instr/uves/).


https://www.eso.org/public/teles-instr/paranal-observatory/vlt/
https://www.eso.org/public/teles-instr/paranal-observatory/vlt/
https://www.eso.org/public/teles-instr/paranal-observatory/vlt/vlt-instr/uves/
https://www.eso.org/public/teles-instr/paranal-observatory/vlt/vlt-instr/uves/
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2.3.3 MPG/ESO 2.2 meter Telescope

The MPG/ESO 2.2 meter Telescope is an optical-NIR telescope operated by ESO
at La Silla Observatory, Chile, originally constructed by the Max Planck Institute
for Astronomy (Heidelberg, Germany). The observatory is located at an alti-
tude of 2375 m above sea level. The telescope has Ritchey-Chrétien design with
equatorial mounting. This telescope hosts three science instruments currently -
Wide Field Imager (WFI) to image the celestial objects, the Gamma-Ray Burst
Optical/Near-Infrared Detector (GROND) to chase the gamma-ray bursts, and
Fiber-fed Extended Range Optical Spectrograph (FEROS) to study stars (https:

//www.eso.org/sci/facilities/lasilla/telescopes/national/2p2.html).

2.3.3.1 Fiber-fed Extended Range Optical Spectrograph (FEROS)

The Fiber-fed Extended Range Optical Spectrograph (FEROS) is a fiber-fed echelle
spectrograph mounted on the Cassegrain focus of the MPG/ESO 2.2 meter Tele-
scope (https://www.eso.org/sci/facilities/lasilla/instruments/feros.html).

It was originally installed on the ESO 1.52-metre telescope. It operates at a reso-

lution of R~48,000, and covers the wavelength region 3500 - 9200 A.

2.3.4 Mercator Telescope

The Mercator telescope is a semi-robotic 1.2m telescope at the Roque de los
Muchachos Observatory on La Palma, Canary Islands, Spain, operated by Insti-
tute of Astronomy of the KU Leuven, Belgium (http://www.mercator.iac.es/).
The observatory is located at an altitude of 2333 m above sea level. It is an f/12

telescope with alt-azimuth mounting. This telescope was built by the Institute of


https://www.eso.org/sci/facilities/lasilla/telescopes/national/2p2.html
https://www.eso.org/sci/facilities/lasilla/telescopes/national/2p2.html
https://www.eso.org/sci/facilities/lasilla/instruments/feros.html
http://www.mercator.iac.es/
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Astronomy of the KU Leuven in collaboration with Geneva Observatory, and is a

twin telescope of the Swiss Euler telescope at the La Silla Observatory, Chile.

2.3.4.1 High-Efficiency and high-Resolution Mercator Echelle Spectro-
graph (HERMES)

The High-Efficiency and high-Resolution Mercator Echelle Spectrograph (HER-
MES) is a fiber-fed echelle spectrograph of Mercator telescope (Raskin et al. 2011).
It was built at Institute of Astronomy of the KU Leuven in collaboration with the
Université Libre de Bruxelles, the Royal Observatory of Belgium, the Geneva Ob-
servatory (Switzerland), and the Tautenburg Observatory (Germany). HERMES
covers a wavelength range 3770 - 9000 A at a resolution of R~86,000 in 55 spectral
orders on a 2k x 4.5k CCD detector.

2.3.5 Subaru Telescope

The Subaru telescope is the 8.2m optical-IR telescope, operated by the National
Astronomical Observatory of Japan (NAOJ), at the summit of Maunakea, Hawaii,
USA (https://subarutelescope.org/en/about/). The observatory is situated
at an altitude of 4139 m above sea level at latitude and longitude 19°49 “32”N and
155°28 734" W respectively. The telescope has Ritchey-Chrétien design with alt-
azimuth mounting and f/1.83 focus. Subaru is the only 8-m class telescope which is
capable of mounting an instrument at the prime focus. The main instruments that
the telescope hosts are Hyper Suprime-Cam (HSC), High Dispersion Spectrograph
(HDS), Infrared Camera and Spectrograph (IRCS) and Adaptive Optics (AO)
System, Multi-Object Infrared Camera and Spectrograph (MOIRCS), Cooled Mid-
Infrared Camera and Spectrometer (COMICS), and Faint Object Camera And
Spectrograph (FOCAS).


https://subarutelescope.org/en/about/
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2.3.5.1 High Dispersion Spectrograph (HDS)

The High Dispersion Spectrograph (HDS) is an echelle spectrograph at Nasmyth
focus of the Subaru telescope (Noguchi et al. 2002). It covers, in multiple expo-
sures, the entire wavelength region 3000 - 10000 A; a single exposure covers 1500
- 2500 A. The spectrograph operates at different resolutions up to R~160,000 de-
pending on the slit width used. Two 4K x 2K CCDs of pixel size 13.5 micron are

used as the detectors.

2.4 Data reduction

The raw two dimensional data from the CCD detector is processed into one di-
mensional data for further analysis using Image Reduction and Analysis Facility
(IRAF)* software. The data recorded by the CCD is affected by the atmosphere,
telescope and spectrograph optics, and CCD sensitivity. Such effects can be re-
duced by obtaining additional image frames along with the target. This additional
frames include bias, flat, and dark frames. All the image frames are first trimmed
to get an area that contain only useful data. The bias frames taken with a zero
exposure, in order to correct for the zero of the detector, are median combined
to a master bias using ZERO COMBINE task and then subtracted from all other
image frames using CCDPROC task. Dark frames are taken with shutter closed,
so that no light enters the CCD, for long exposure that are similar to the target
exposure time. These frames are used to remove the thermal noise generated in
the CCD as a result of long exposures. Since most of the CCDs are equipped
with cooling system, the dark current is negligible. The light sensitivity of each

pixel of the CCD is different, hence, the image frames have to be corrected for

*IRAF is distributed by the National Optical Astronomical Observatories (NOAO), which is
operated by the Association for Universities for Research in Astronomy, Inc., under contract to
the National Science Foundation
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it. This is known as flat correction. A number of flat frames are taken by the
illumination with a constant light source that does not have any spectral line,
such as halogen lamp, and then median combined to a master flat using the task
FLATCOMBINE. It is then normalized using either APNORM or RESPONSE
task. The image frames are then corrected by dividing them with the normalized
flat using the task CCDPROC. Then the spectra are extracted using the APALL
task, which now contain counts vs pixels. The pixels are converted to wavelengths
by using Th-Ar arc spectrum. The spectral lines in the extracted arc spectrum are
identified with the help of identification charts using ECIDENTIFY task. Then
the object frames are wavelength calibrated using these arc frames as reference
frames using REFSPEC task. The wavelength calibrated images are then dis-
persion corrected using DISPCOR task. The spectra are continuum fitted using
CONTINU task. The data reduction pipeline developed by A. Surya, which is
publicly available (https://www.iiap.res.in/hesp/), is used for the reduction
of HESP data.

2.4.1 Radial velocity

Radial velocity of the program stars are calculated using a set of clean unblended

lines in the spectra using Doppler equation

()\obs - )\lab) * C

V. =
)\lab

where ¢ is the velocity of light in vacuum. Then, the obtained radial velocity
is corrected for heliocentric motion using the task RVCORRECT in the IRAF
package. The continuum fitted spectra are then radial velocity corrected using

DISPCOR task in the IRAF for further analysis.


https : //www.iiap.res.in/hesp/
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2.5 Basic ingredients of stellar spectroscopy

Stellar spectroscopy is a tool that connects the astrophysicists to the stellar at-
mosphere. Various properties of stars are encrypted in the light we observe from
stars. We study the stellar spectra to infer various characteristics of the stars. This
section deals with the description of basic ingredients to decode the information

about stars from their emitted radiation that we record, ie, the spectra.

2.5.1 Stellar atmosphere

Stellar atmosphere, in simple terms, is the outer layers of the star that emit light. It
is the outer region of the star through which the photons pass before escaping into
the ISM. It can be considered as the transition region from opaque stellar interior
to the ISM. In stellar astronomy, the stellar atmosphere usually refers to the stellar
photosphere which is the only visible region to the outside world. As the spectral
lines are formed in this region, it is of significant importance for the spectroscopic
studies. Stellar atmosphere can be used as a probe to derive the properties of the
star, through the spectra. There are certain empirical parameters or physical vari-
ables, such as effective temperature, surface gravity, micro-turbulence, metallicity,

opacity, magnitude, luminosity etc., that characterize the stellar atmosphere.

2.5.1.1 Absolute Bolometric Magnitude (M)

Magnitudes are used to quantify the brightness of an astronomical object. Abso-
lute magnitude is the measure of intrinsic brightness of a celestial object. Absolute

bolometric magnitude, which is the total luminosity expressed in magnitude units,
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takes into account the energy radiated at all wavelengths of electromagnetic spec-
trum. Detectors are designed in such a way that they are sensitive to only a
certain wavelength region. So, in order to get bolometric magnitude from any
other magnitude, some corrections have to be applied. The correction added to
the photo-visual magnitude is called Bolometric Correction (BC). The correction
for very hot and cool stars are larger compared to the sun because they emit radi-
ations more in UV and IR respectively than visible region, which are inaccessible

from earth. The bolometric magnitude is give by;

My = My + BC =V + 5+ 5log(m) — A, + BC

where My is the absolute visual magnitude, 7 is the parallax in arcsecond, V is

the apparent visual magnitude, and A, is the interstellar extinction.

2.5.1.2 Luminosity (L)

Luminosity is the total amount of energy radiated from the surface per unit time
of an astronomical object. Its unit is erg/s and is often expressed in terms of solar
luminosity. Absolute magnitude is used to quantify the luminosity. Luminosity of

a star is related to its absolute bolometric magnitude through the relation,

Myory — Mpoix = 2.5l0g10(L x /LO)

where x and © refer to the stellar and the solar values respectively.

2.5.1.3 Effective temperature (Teg)

The effective temperature of a star is the temperature of a black body that would

emit the same amount of electromagnetic power per unit area, flux, as the star.
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The effective temperature is related to the luminosity and flux through Stefan-

Boltzmann law as,

o Tog = e — J Fodv

where R and L are the stellar radius and luminosity respectively, o = 5.67 x107°
erg cm ™2 s~! K™% is the Stefan-Boltzmann constant and Teg is the effective temper-
ature. The temperature of the stellar photosphere decreases as we move away from
the core (Figure 2.4). Effective temperature can be derived using spectroscopic as

well as photometric methods

2.5.1.4 Surface gravity (log g)

Surface gravity of a star is the acceleration due to gravity experienced by a hypo-

thetical test particle of negligible mass on the stellar surface, which is defined as

where, g is the surface gravity of the sun (~2.738x10* ¢cm s72), and M and R
are the stellar mass and radius in solar units. In astrophysics, the surface gravity
is expressed in logarithmic units as log ¢g. It is a measure of the compactness
of a star; the higher the surface gravity, the more compact the object is, and it
results in more collisions of the atomic species, hence leading to the broadening
of the spectral lines. The surface gravity of a star decreases as it evolves off the
main sequence to the giant stage, due to the increase in the radius. The surface
gravity is also related to the gas pressure and the electron pressure of the stellar
atmosphere as P, o< g2/% and P, oc g'/? respectively. The log g can be estimated

from the spectroscopic and photometric methods
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FIGURE 2.4: Sketch of the mean temperature as function of height above the con-
vective layer in the sun. The photosphere is characterised by a negative temperature
gradient. Image credit: http://www-star.st-and.ac.uk/ pw3l/education.html

2.5.1.5 Micro-turbulent velocity (¢)

Micro-turbulent velocity arises due to the small-scale (of the order of mean free
path of the photons) non-thermal motion of the particles in the spectral line form-
ing regions. This contributes to the extra broadening of the spectral lines without
the chemical abundance being affected. This fact is advocated in determining the

micro-turbulent velocity. It has negligible effect on the weak lines as they are


http://www-star.st-and.ac.uk/~pw31/education.html
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Gaussian and can be important for strong lines. It is expressed in cm s™.

2.5.1.6 Metallicity ([Fe/H])

In astronomy, the metallicity is the abundance of all elements heavier than He.
Usually, Fe is taken as the representative of metals as there will be enough number

of lines in the stellar spectra.

2.5.1.7 Opacity and optical depth

When a light beam of intensity I, passes through a gas, its intensity will be
reduced as a result of absorption and scattering. The change in the intensity can

be expressed mathematically as,
d[)\ — —/ﬂp])\ds

where ds is the distance travelled, p is the density of the gas, and k) is the
absorption coefficient or the opacity. Opacity has the unit cm? g ~!, and is defined
as the cross-section for absorbing photons of wavelength A\ per unit mass of stellar
material. It is a measure of the interaction between radiation and matter. The
intensity of the radiation at any distance, s, from stellar interior to the surface can
be obtained by integrating the above equation from s=0 (stellar interior) to s=s

(surface)

I, = Lypexp (— [ kapds)
0
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where 1) is the intensity at wavelength A in the absence of any absorption or

scattering. The optical depth is;

s
Ty = [ Kapds
0
Re-writing the intensity equation in terms of optical depth;

Iy =ITpexp(—Ty)

The intensity of light decreases exponentially. The medium with 7, >> 1 is called
optically thick and with 7, << 1 is called optically thin. At the stellar surface 7
= 0, and the stellar interior beyond 7, ~1 is opaque to us. The mean free path of

the photons is defined as;

where o is the interaction cross-section and n is the number density of the particle.
kxp (and oyn) is the fraction of photons scattered off the beam for unit distance
travelled. So, in terms of the mean free path, optical depth can be defined as the
number of mean free paths taken by the photon to travel from the stellar interior

to the surface.

2.5.2 Atomic excitation and ionization: Boltzmann and Saha

equations

The spectral lines are formed as result of the transition between different energy

levels of atoms. So the strength or the intensity of a spectral line depends on
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the number of atoms in the initial energy level of the transition. So, it is impor-
tant to know the relative population in the excited and ionized state of atoms
of different elements. The excitations can be collisonal and radiative. At ther-
modynamic equilibrium, the excitations and de-excitations are balanced and the
relative population of atoms/ions in each energy level is given by the Boltzmann

equation;

—Ey/kT —(Ey—FEaq)
¢ — %6 kT

Ja

np 9

Na  gge Ea/kT

where n,;: number density of atoms in the energy states a, b
E,p: energy of the states a, b

k: Boltzmann constant

T temperature of the gas

Jap: statistical weight of the states a, b

So, the relative population of atoms in various excitation states of a particular
ionization state is a function of the temperature. If we know the relative population
of atoms in a star, derived from the spectral features, it is possible to determine

its temperature.

At high enough temperatures, the higher frequency of the thermal collisions will
ionize the atoms. The ionization and recombination will be balanced at equi-
librium. Under thermodynamic equilibrium, the relative population of atoms in

different ionization state is given by the Saha’s ionization equation;

Mit1 2Zi+1(27TmekT)3/2 X
ny neZ;

12 e kT
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where n;: number density of atoms in the i*" stage of ionization
ni+1: number density of atoms in the (i + 1) stage of ionization
7 partition function, the weighted sum of the different ways that an atom or ion

distribute its electron among the energy levels

E;—Ey

= Zgje_(%)
j=1

me: mass of electron
T': ionization temperature
h: Planck’s constant

Yi: energy required to ionize the atom from 7" stage to (i + 1) stage

For the ideal gas condition, in terms of electron pressure, P,

Pe

ne:ﬁ

Saha’s equation becomes,

LR, = M (e KT e

In logarithmic form, the above equation can be re-written as;
logl()mH — —0.1761 - l0g10P + 50910 Zit1 9. 5l0g OT _ sz

ie, fraction of atoms in the ionized state depends on P,, which is oc ¢!/, hence

this equation can be used to find the surface gravity of the star.
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2.5.3 Equivalent width

Equivalent width is a measure of the strength of spectral lines. It is defined as
the width of a rectangle of height equal to the continuum level of spectral line and
area same as the area enclosed by the spectral line. It is demonstrated in Figure

2.5. In terms of flux, equivalent width, W, can be expressed as;

A2
Wy = [(Be)dA
Al

where, F). and F) are the flux at continuum and at the particular wavelength
A respectively. The quantity F*fw—:F* is defined as the depth of the spectral line.

Higher the equivalent width, stronger will be the spectral lines.

Since the area of the spectral line is related to the number of atoms participated
in that particular transition, the measured equivalent widths of spectral lines can
be used to derive the abundances of elements. This is achieved through Curve
of Growth (CoG) method. CoG is an empirical relation between W, and the
abundances of elements. For the weaker lines, W) o abundance and for stronger

lines, W) o v abundance. So, weaker lines give more accurate abundances.

2.6 Data analysis

This section describes the basic inputs and methods adopted for the detailed anal-

ysis of the reduced, wavelength calibrated stellar spectra.
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FIGURE 2.5: Definition of equivalent width in the case of an absorption line.

Image credit: https://www.open.edu/openlearn/science-maths-technology/
overview-active-galaxies/content-section-8.4

2.6.1 Modelling the stellar atmosphere

The model atmosphere is a mathematical model of stellar photosphere that helps
to interpret the observations. In order to study the properties of the star, the

observed spectra are to be compared with the computed one. To generate such


https://www.open.edu/openlearn/science-maths-technology/overview-active-galaxies/content-section-8.4
https://www.open.edu/openlearn/science-maths-technology/overview-active-galaxies/content-section-8.4
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spectra, we have to have a self-consistent and adequate model describing the phys-
ical conditions (temperature, pressure etc.) of stellar atmosphere. The model at-
mosphere is the analytic link between the physical properties of the star and the
observed spectra. The following assumptions are made in constructing a model

atmosphere:

e Plane parallel: Even though the stars are spherical in shape, the thickness
of the stellar photosphere is very small compared to the stellar radius (A
R/R<<1). Hence, the assumption of plane parallel atmosphere holds well.
This assumption simplifies the model, as the physical variables are functions
of only one spatial coordinate (depth), and g is constant throughout the

surface.

e Homogeneous: Granules, spots, magnetic field etc. are ignored such that the

atmosphere is homogeneous.

e Hydrostatic equilibrium: The photosphere is not undergoing large scale ac-

celerations, ie, pressure balances the gravity.

ar
aw_ g
dr &

dr = —kpdr

where p is the density, g is surface gravity, P is the pressure,  is the opacity,

and 7 is the optical depth.

e Steady state: The properties do not change with time. Rotation, pulsation,

expanding envelopes, winds, shocks, magnetic fields, etc. are neglected.

e Radiative equilibrium (flux constancy): The energy coming from the core is
entirely transported by the atmosphere, such that the flux is constant at any

depth. ie, flux, F = o T = constant
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e Local Thermodynamic Equilibrium (LTE): The temperature is not uniform
at different parts of stellar atmosphere. So, it is difficult to attain a global
thermodynamic equilibrium. However, the thermodynamic equilibrium can
be assumed in a small region of unit optical depth and is called the Local
Thermodynamic Equilibrium (LTE). At LTE, photosphere can be repre-

sented by one temperature and optical depth.

2.6.1.1 Model atmosphere

1D model atmosphere is generated by the ATLAS9 code of R.L.Kurucz (Kurucz
1993), which is coded in FORTRAN language. It is a large table which describes
the temperature, pressure, and many other physical properties of stellar atmo-
sphere as a function of optical depth for an assumed chemical composition. The
model atmosphere contains seventy-two rows representing each layer of the atmo-

sphere.

2.6.2 Line list

Each line in the spectra is the result of atomic/molecular transitions in the star.
Each spectral line is associated with certain specific parameters such as wave-
length, excitation potential, transition energy levels, oscillator strength (prob-
ability of a particular transition) etc. A line list is the compilation of these
information of each spectral line. Since all the information we derive about
the stellar atmosphere is based on the measurement of these spectral lines, a
proper line list is a crucial part of the spectral analysis. Hence, utmost care
should be given in building a line list. All the lines have to be chosen care-

fully and the line parameters have to be precise and accurate. In this study
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the latest available line parameters are adopted from Kurucz data base (https:

//1lweb.cfa.harvard.edu/amp/ampdata/kurucz23/sekur.html).

2.6.3 MOOG

MOOG is an astronomical software package developed by Christopher Sneden in
1973 for his PhD thesis, and is subsequently maintained by him. MOOG is a
FORTRAN code which can be used to determine the chemical composition
of a star through spectral synthesis as well as spectral line analysis techniques,
based on the assumption of LTE. It generates an emergent spectrum by solving
the radiative transfer equation, with a model atmosphere and a line list. The
detailed description of the code is available in Sneden (1973). The MOOG coding
is done in different subroutines which are called using various master programs
called driver. The parameter file is an essential to run the MOOG. This file
instructs MOOG on which driver routine to use, how to analyze the data, and
how to display the result. The name of the driver routine to be used appears on

the first line of the parameter file.

2.6.4 Determination of stellar atmospheric parameters

The stellar atmospheric parameters; the effective temperature T.g, the surface
gravity log g, micro-turbulent velocity ¢, and the metallicity [Fe/H]|, are of fun-
damental astrophysical importance. They are the pre-requisites to any detailed

chemical abundance analysis.

We have estimated the photometric temperature of the program stars using the

color - temperature calibration equations of Alonso et al. (1994, 1996) for dwarfs,


https://lweb.cfa.harvard.edu/amp/ampdata/kurucz23/sekur.html
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and Alonso et al. (1999, 2001) for giants. We made use of the 2MASS J, H, K
magnitudes taken from the SIMBAD (Cutri et al. 2003) for this calculation. The
photometric temperature estimates had been used as an initial guess for deriving

the spectroscopic effective temperature of each object.

To determine the spectroscopic stellar atmospheric parameters, we have used clean
and unblended lines of Fe I and Fe II. The lines are selected such that they have
excitation potentials ranging from 0.0 to 6.0 eV, and equivalent widths ranging
from 18 to 180 mA. In certain cases, we have considered lines with equivalent width
< 18 mA as the lines in the most metal-poor stars are too few and weak. The
IRAF software is used for the equivalent width measurement. A pseudo continuum
(at 1) is fitted to the observed spectrum using the spline function. The equivalent
width is measured for each spectral line by fitting a Gaussian profile. An initial
model atmosphere was selected from the Kurucz grid of model atmosphere with no
convective overshooting (http://kurucz.harvard.edu/grids.html), using the
photometric temperature estimate and the guess of log g value for giants/dwarfs.
A final model atmosphere was adopted by the iterative method from the initially
selected one, using the radiative transfer code MOOG (Sneden 1973, version 2013)

based on the assumptions of Local Thermodynamic Equilibrium (LTE).

The effective temperature is determined by the method of excitation balance, forc-
ing the slope of the abundances from Fe I lines versus excitation potentials of the
measured lines to be zero. The micro-turbulent velocity at a fixed effective temper-
ature is determined by employing equivalent width balance, ie, by demanding that
there will be no dependence of the derived Fe I abundance on the reduced equiva-
lent width of the corresponding lines. The spectral lines of different strengths are
affected differently by micro-turbulent velocity; weak lines (equivalent width < 70
mA) are least sensitive to ¢, whereas moderate/strong lines are heavily affected
(Mucciarelli 2011). Micro-turbulent velocity is fixed at a value which gives zero

slope for the plot of equivalent width versus abundances of Fe I lines. This is
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demonstrated in Figure 2.6. Good Fe II lines are not enough in number to remove
any correlation of the abundances derived from them with the excitation potentials
and the reduced equivalent width. But, we need the consistent abundances from
both Fe I and Fe II lines to fix the metallicity of the star. So, we try to match the
abundances derived from the Fe II lines with that from the Fe I lines which we
have obtained with the help of excitation balance and equivalent width balance.
In F, G, K type stars, the singly ionized species are sensitive to the pressure and
thereby the surface gravity of the star, whereas the neutral species are almost
independent of the surface gravity. So, the surface gravity value is changed such
that the mean abundance derived from the Fe II lines matches with that from
the Fe I lines. Thus, the surface gravity, logg, value is determined by means of
ionization balance, that is by forcing the Fe I and Fe II lines to produce the same
abundance at the selected effective temperature and micro-turbulent velocity. The
final model atmosphere is adopted from the initial one through an iterative pro-
cess until the three conditions, excitation balance, equivalent width balance, and
ionization balance, are satisfied simultaneously. Once this is achieved, [Fe/H] is

estimated from the derived iron abundance.

2.6.4.1 Derivation of log g from parallax

The log g value is also calculated from the parallax using the relation

log(%) = 10g<M£@) + 410g(%) + O.4(Mbol - Mbol@)

Using the definition in section 2.5.1.2; re-writing in terms of luminosity;

log(£) = log(yf) + dlog(=%) - log ()
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FIGURE 2.6: The iron abundances derived from Fe I lines as functions of excitation
potential, equivalent width, and wavelength. The yellow dotted line is the mean Fe I
abundance and the green line represent the trend of the Fe I abundance.

Using the definition in section 2.5.1.1,

log(£) = log(5) + 4log(%) - 0.4(Mpoio - V - 5 - blog () + A, - BC)

g 1
g0 [0 ©

where,

log(££) = 0.4(Myeio - V - 5 - 5log () + A, - BC)



Chapter 2: Methodology 62

where M is the stellar mass, which is determined from their location on the
Hertzsprung - Russell (H - R)diagram (log(L/Lg) - log(Teg)) using the stellar evo-
lutionary tracks of Girardi et al. (2000). For the determination of mass, we have
used the spectroscopic temperature estimate, Teg, and the luminosity, log(L/Lg).
The visual magnitudes V are taken from the SIMBAD astronomical database and
the parallaxes, 7, from the Gaia DR2 (https://gea.esac.esa.int/archive/).
The bolometric correction, BC, is calculated using the empirical calibration equa-
tions of Alonso et al. (1995) for dwarfs, and Alonso et al. (1999) for giants. The
interstellar extinction, A,, is calculated using the calibration equations given in
Chen et al. (1998). We have adopted the solar values log go, = 4.44, Tyre = 5770
K, and My, o = 4.74 mag.

2.6.5 Abundance analysis

One of the most important ventures of stellar spectroscopy is to determine the
chemical abundances with great accuracy as they are related to the chemical his-
tory of the Universe. The determination of abundances in the stellar atmosphere
is indirect, and based on the intensity of the spectral lines. It is based on the com-
parison of the observed quantities with computed ones. This strongly depends on
the assumptions made for generating the model atmosphere and for the line for-
mation mechanisms. The line list and the model atmosphere are the pre-requisite
for the chemical abundance analysis. All the abundances are found relative to
the respective solar values. The solar abundances are adopted from Asplund et al.
(2009). Even though the abundance estimation is performed under the assumption
of LTE, we have applied the non-LTE (NLTE) corrections whenever available. The

abundances of elements are derived by two methods, using the MOOG software:

(1) Fine Analysis Method: For fine analysis method, the driver ABFIND in

MOOG is used. Here, the measured equivalent width of a given unblended line
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is compared with the equivalent width calculated using the line list and adopted
model atmosphere. The line list contains the following line information, wave-
length (in A) of the spectral lines, element ID (atomic number with ionization
state, for eg. 26.00 for Fe I and 26.10 for Fe II), excitation potential (in eV), log
gf, and measured equivalent widths (in mA). This method force-fits the theoreti-
cally calculated equivalent width to the observed equivalent width. The equivalent
width of each spectral line is computed as a function of the abundance of the re-
spective atom. The elemental abundance is varied through an iterative process
until the computed equivalent width matches with the measured equivalent width
within a prefixed limit (say within 0.05 - 0.1 mA). The abundance thus obtained is
taken as the final abundance of that element. The absorption lines of neutral and
ionized atoms with equivalent widths of 18 - 180 mA are used for the abundance
determination as they are on the linear portion of the Curve of Growth (CoG) as
discussed in Section 2.5.3. Absorption lines corresponding to different elements
are identified by comparing closely the spectra of program stars with the Doppler
corrected spectrum of the star Arcturus. The equivalent width of the spectral lines

are measured using various tasks in the IRAF

(2) Spectral Synthesis Method: For the spectrum synthesis method, the driver
SYNTH of MOOG is used. This method requires an extensive line list containing
the line parameters such as wavelength, ionization state, excitation potential, log
gf etc. of all the possible atomic and molecular transitions in the wavelength region
of interest. In this method, the observed spectral line profile is compared with the
theoretically computed one. The theoretical spectrum for a particular species is
computed, based on the model atmosphere, the line parameters in the line list, stel-
lar rotational velocity, limb darkening coefficient, and the FWHM of the spectral
line. The elemental abundance is varied until the computed theoretical line profile
matches with the observed line profile. The abundance corresponding to this is
taken as the final abundance of that particular species under consideration. The

line broadening mechanisms such as natural broadening, collisional broadening,
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FIGURE 2.7: The iterative process employed to determine the abundance in spectrum

synthesis method

and Doppler broadening are taken into consideration for generating the theoret-

ical line profile. This method can be used to confirm the abundances obtained

with the fine analysis method. We have used the method of spectrum synthesis

for elements that show hyperfine splitting, for weak lines, and for molecular bands

to derive the abundance. The spectral synthesis method is shown as a flow chart

in Figure 2.7.
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2.6.5.1 Hyperfine splitting (HFS) and chemical abundances

The interactions between the electron cloud and nucleus of an atom, molecule,
or ion with non-zero spin causes small shifts in their otherwise degenerate energy
levels, and results in the splitting of energy levels. This is known as hyperfine
splitting, and it arises due to the interaction between the spin angular momen-
tum of the nucleus and the total angular momentum of the electron cloud. As
a result of the transition between these hyperfine energy levels, the spectral lines
appear to be broader, which in turn lead to an inaccurate estimation of elemen-
tal abundances and wrong conclusions. So, for the elements with odd number of
nucleons, their hyperfine components should be taken into consideration for an
exact estimation of elemental abundances. In our analysis, we have considered the
hyperfine components and their contributions to the abundances for the elements

Sc, V, Mn, Co, Cu, Rb, Ba, La, and Eu.

2.6.6 Calculation of abundance uncertainties

The uncertainties in the elemental abundances has two main components: random
error and systematic error. Random error arises from the uncertainties in the
line parameters such as measured equivalent width, line blending, and oscillator
strength. Since the random error varies inversely as the square-root of the number
of lines, we can reduce this error by using maximum possible number of lines.
Systematic error is due to the uncertainties in the adopted stellar atmospheric
parameters. The uncertainties in the stellar atmospheric parameters may depend
on the method and codes used to derive them, quality and resolution of the spectra
etc. For example, in the case of low-resolution spectra, the typical uncertainties in
log g obtained from most pipelines are about 0.2 dex or larger (Xiang et al. 2017

and references therein). Depending on the method used, whether the equivalent
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width method or the spectral line fitting technique (Section 2.6.5), various aspects
such as continuum normalization may differ. This may also be a possible source

of uncertainty in the atmospheric parameters.

The total uncertainty in the elemental abundance log € is calculated as;

2 2 Ologe\2 _2 dloge\2 _2 Ologe\2 _2 Ologe \2 _2
Uloge = Oran + ( oT ) UTeff + (8logg) Crlogg + ( a¢ ) UC + (3[Fe/H}) O-[Fe/H}

where 0,4, — % o, is the standard deviation of the abundances derived from the
N number of lines of the particular species. The ¢’ are the typical uncertainties in
the stellar atmospheric parameters, which are (o7,;, Giogg, 0¢, OfFe/m)) ~ (£100 K,
+0.2 dex, £0.2 km s7%, £0.1 dex). The abundance uncertainties arising from the
error of each stellar atmospheric parameters is estimated by varying one parameter
at a time by an amount equal to their corresponding uncertainty, by keeping other
parameters the same and computing the changes in the abundances. In order
to simplify the calculation, we made the assumption that the uncertainties due to
different parameters are independent, following de Castro et al. (2016), Karinkuzhi
et al. (2018a), Cseh et al. (2018). However, since most of the stellar atmospheric
parameters are correlated, our estimates are to be taken as upper limits. The
procedure has been applied to the abundances estimated from the equivalent width

measurement as well as the spectral synthesis calculation. Finally, the uncertainty

in [X/Fe| is calculated as,

2 9 2
Ox/re] — Ox 1T OFe

2.7 Kinematic analysis

It is equally as important as the chemical composition of a star to understand

its kinematics and the Galactic population to which it belongs. This help us to
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understand the spatial distribution of the stars and the galaxy formation better.
The spatial velocity of a star in the solar neighborhood is measured with respect
to the Local Standard of Rest (LSR). LSR is a point in space that is moving on
a perfectly circular orbit around the Galactic center at the Sun’s Galactocentric
distance (~8 kpc). The components of the spatial velocity are Upsr, Visr, and
Wisr; measured positive along the axes pointing towards the Galactic center, the
direction of Galactic rotation, and the Galactic North Pole respectively (Johnson
and Soderblom 1987). A right-handed coordinate system is used so that both
the coordinates and velocities have the same direction, and it is shown in Figure
2.8. Space velocity of the program stars are calculated following the procedures

in Bensby et al. (2003).

Components of the spatial velocity of the star with respect to LSR:

(U,V,W)rsg = (U, V, W), + (U, V,W)g km/s.

where, (U, V, W), is the stellar motion with respect to sun, (U, V, W), is the solar
motion with respect to LSR, and its value is (11.1, 12.2, 7.3) km s~! (Schonrich
et al. 2010) and

Us Vi
Vo | =B | Epa/m
Wo /{.,LL(;/?T

where, B=TA, T is the transformation matrix connecting the Galactic coordinate
system and equatorial coordinate system, and A is a coordinate matrix defined

below
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W

FIGURE 2.8: Schematic representation of the components of spatial velocity in a right-
handed cylindrical coordinate system. (R, 6, z)~(Galactocentric distance, azimuthal
coordinate, height above/below the Galactic plane).
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where « is the right ascension (RA), ¢ the declination (DEC), V, the radial ve-
locity in km s~!, £=4.74057 km s~! equivalent of 1 AU in one year, pi, and us

respectively the proper motions in RA and DEC in arcsec/year, and 7 the parallax
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in arcsec. The proper motion and parallax values are taken from the Gaia DR2
(Gaia Collaboration et al. 2018, https://gea.esac.esa.int/archive/). The

spectroscopic radial velocity estimates have been used in this calculation.

The total spatial velocity of the star is calculated as:

V2. = Ulsr + Visg + Wisr

Errors in the respective velocity components are calculated as follows:

U(ZJ UIQ/T bi2.b13
0% | = Co | (k/m)[0%, + (a0s /7)) | + 2LHTE | by by
Ty (k/m)?lo, + (150 /)] b32.b33

where Cy; = b7;, and o, the errors in respective quantities.
The probability that a star belongs to the Galactic thin/thick disk or halo popu-
lation is calculated following the procedure described in Mishenina et al. (2004),
Bensby et al. (2003, 2004), and Reddy et al. (2006), with assumption that the
space velocities follow a Gaussian distribution.

f3.p3
P

_ fi.p1 _ fop2 _
1:)thin - P 7Pthick - P >Phalo -

P= Eflpl

-U2 VLSR—Vad)? W2
pi = Kiexp[ i — Crgeal — Jgn]
K, = ci=1,2,3

(2.7)(3/2) OU,-OV; - OW;
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where o/, are the dispersion in velocities, V4 the mean galactic rotation velocity
for each stellar population relative to LSR, and f the fractional population. These

values are taken from Reddy et al. (2006).
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Analysis of Ba stars®

3.1 Introduction

Barium stars (Ba II) are peculiar G and K type giant or dwarf stars in a binary
system, whose envelope bear the products of AGB nucleosynthesis that is trans-
ferred from the companion (now invisible white dwarf) in a past mass-transfer
event. Their envelope show enhanced abundance of s-process elements (and car-
bon). Ba stars are the largest stellar sample among the chemically peculiar stars
which amounts around 800 - 20,000 (V < 10) in the Galaxy (Han et al. 1995; de
Castro et al. 2016). The spectra of Ba stars are generally less contaminated by
the molecular contributions, and hence it is easier for analysis compared to cool
AGB stars. So, Ba stars are one of the important targets for constraining the

AGB nucleosynthesis.

A number of studies in the past have been dedicated to model AGB nucleosynthesis

*Results of this chapter are published in Shejeelammal and Goswami (2019); Shejeelammal
et al. (2020); Shejeclammal and Goswami (2020)

71
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based on the chemical abundances of Ba stars (Busso et al. 2001; Liang et al.
2003; Smiljanic et al. 2007; Husti et al. 2009). Detailed studies on barium stars
include Allen and Barbuy (2006), Smiljanic et al. (2007), de Castro et al. (2016),
Yang et al. (2016), and many others. However, these studies have not included
abundances of several heavy elements such as Rb for all the stars and also for C,
N, and O. In this work, we have undertaken to carry out a detailed spectroscopic
analysis for a sample of ten barium star candidates and derived whenever possible
the abundances of C, N, O, and the neutron density dependent [Rb/Zr| abundance
ratio to investigate the neutron source in the former companion AGB stars. There
are two important neutron sources for the s-process in the He intershell of AGB
stars: 3C(a, n)'°0 reaction during the radiative interpulse period and ?*Ne(c,
n)?Mg reaction during the convective thermal pulses. "*C(a, n)'®O reaction is the
dominant neutron source in low-mass AGB stars with initial mass < 3 M. The
temperature T > 90 x 10° K required for the operation of this reaction provides a

3 in a timescale of > 10% years (Straniero et al. 1995;

neutron density N, ~10® cm™
Gallino et al. 1998; Goriely and Mowlavi 2000; Busso et al. 2001). A temperature
300x10° K, required for the activation of ?2Ne source is achieved during the TPs
in intermediate-mass AGB stars (initial mass > 4 My). It produces a neutron
density N,,~10* cm ™3 in a timescale of ~10 years. The temperature required for
the 22Ne source is reached in low-mass stars during the last few TPs providing
N,~10% - 10" ¢cm™3 (Iben 1975; Busso et al. 2001). The Rb is produced only
when the N, > 5x 10® cm™3, otherwise Sr, Y, Zr etc. are produced. Hence, the

[Rb/Zr| ratio can be used as an indicator of mass of AGB stars.

In this chapter, the results of the detailed spectroscopic analysis and the origin of
the abundance peculiarity of our first stellar sample, Ba stars, are discussed. In
Section 3.2, we describe the source of the spectra used in this study. Section 3.3
describes estimated atmospheric parameters and radial velocities. A discussion
on the stellar mass is also provided in the same section. A comparison of our re-

sults with the literature values is presented in section 3.3. In section 3.4, we have
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discussed the abundance estimation. Same section provides a discussion on abun-
dance uncertainties. Binary status of the program stars are discussed in section
3.5. A discussion on several diagnostics to understand the nature of companion
AGB stars is given in section 3.6. A comparison of the observed abundances of the
program stars with AGB stars is provided in section 3.7. This section also pro-
vides a comparison of the observational data with the FRUITY models of Cristallo
et al. (2009, 2011, 2015) and a parametric model based analysis. Results of the
kinematic analysis is given in section 3.8. A discussion on the individual stars is

given in section 3.9. Conclusions are drawn in section 3.10.

3.2 Object selection, data acquisition and data re-

duction

The objects analyzed in this study are taken from the CH star catalogue of
Bartkevicius (1996). Six of them are also listed in the barium star catalogue
of Liu (1991). The spectra of these objects were acquired from three different
sources. For HD 219116, HD 154276, and HD 147609, the high-resolution spectra
(A/0A~60,000) were obtained in October 2015, May 2017, and June 2017 us-
ing HCT/HESP. For all these objects, we had acquired three frames; each frame
was taken with 2400 seconds exposure time. The three frames were added to
enhance the S/N ratio, and the co-added spectrum was used for further analy-
sis. Data is reduced using the HESP data reduction pipeline and IRAF software.
For HD 24035 and HD 207585, high-resolution spectra (A/dA~48,000) were ob-
tained with the VLT/UVES. A high-resolution spectrum of HD 219116 is also
obtained from VLT /UVES. For HD 32712, HD 36650, HD 94518, HD 211173,
and HD 179832, high-resolution spectra (A/dA~48,000) were obtained with the
FEROS of the 1.52 m telescope of ESO at La Silla, Chile. Basic data about the
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FIGURE 3.1: Sample spectra of the program stars in the wavelength region 5840 to

5863 A

program stars, as well as the source of the spectra, are given in Table 3.1. A few

sample spectra are shown in Figure 3.1.



Chapter 3: Analysis of Ba stars 75

TABLE 3.1: Basic data about the program stars

Star RA(2000)  Dec.(2000) B A% J H K  Exposure Date of obs. Source S/N
(seconds) of spectrum (5500 A)
HD 24035 03 43 42.53 —7236 3280 9.74 851 6.567 6.043 5.919 900 05/04,/2002 UVES 110.35
HD 32712 0501 3491 -58 3115.05 9.71 855 6.634 6.054 5.912 1200 11/11/1999 FEROS 86.20
HD 36650 05274292 —680427.16 991 879 6.812 6.297 6.190 1200 10/11/1999 FEROS 79.67
HD 94518 1054 12.20 —3109 34.58 895 8.36 7.182 6.891 6.824 900 02/01,/2000 FEROS 154.39
HD 147609 16 21 51.99 +272227.19 9.69 9.18 8.211 8.035 7.948 2400(3) 01/06/2017 HESP 67.21
HD 154276 17 03 49.15 +171121.08 9.80 9.13 7.911 7.624 7.549 2400(3) 06/05/2017 HESP 74.78
HD 179832 1916 30.00 —49 13 13.01 9.46 8.44 6.660 6.163 6.031 600 14/07/2000 FEROS 161.26
HD 207585 2150 34.71 —241111.68 10.50 9.78 8.633 8.341 8.301 240 24/04/2002 UVES 110.59
HD 211173 221557.01 —31513852 943 849 6.810 6.332 6.218 600 14/07/2000 FEROS 92.57
HD 219116 2313 30.24 —172208.71 10.29 9.25 7.602 7.137 7.012 240 19/05,/2002 UVES 184.64
2400(3)  30/10/2015  HESP 62.94

Note: The numbers in the parenthesis with exposures indicate the number of frames taken
3.3 Stellar atmospheric parameters and radial ve-

locity estimation

Stellar atmospheric parameters are derived from Fe I and Fe II lines with excitation
potentials ranging from 0.0 to 6.0 eV, and equivalent width ranging from 20 to 180
mA. The detailed procedure is given in section 2.6.4. The estimated abundances
from Fe I and Fe II lines as function of excitation potential and equivalent widths

are shown in Figure 3.2.

Radial velocities of the program stars are calculated using a set of clean and un-
blended lines of several elements. In Table 3.2, we present the derived atmospheric
parameters and radial velocities of the program stars, along with their uncertain-

ties. Discussion on uncertainties is given in detail in Section 2.6.6.

A comparison of our results with the literature values whenever available is given
in Table 3.3. In most of the cases, our estimates of stellar atmospheric parameters
match closely with the literature values. However, we note a difference in Teg of

~400 K in the case of HD 147609 and HD 207585. The object HD 219116 shows a
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FIGURE 3.2: Iron abundances of the program stars derived from individual Fe I and

Fe II lines as function of excitation potential (lower panel), and equivalent width (upper

panel). The dotted lines correspond to the derived and adopted Fe abundance for each

star. Solid circles correspond to Fe I and solid triangles correspond to Fe II lines.
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TABLE 3.2: Derived atmospheric parameters for the program stars.
Star T logg ¢ |Fe I/H] |Fe II/H| V.,
(K) cgs (kms™!) (km s71)
+100 +£0.2 +0.2
HD 24035 4750 2.20 1.58 —0.51£0.19 —0.50£0.16 —1.56%0.25
HD 32712 4550  2.53 1.24 —0.25+0.12 —0.25+0.12 +10.37£0.02
HD 36650 4880  2.40 1.30 —0.02+£0.12 —0.02+£0.14 +36.40+0.19
HD 94518 5700 3.86 1.30 —0.55£0.10 —0.55£0.12 +92.20+0.43
HD 147609 6350  3.50 1.55 —0.2840.16 —0.284+0.12 —18.17+1.47
HD 154276 5820 4.28 0.63 —0.09£0.13 —0.10+0.14 —64.17£1.42
HD 179832 4780 2.70 0.99 +0.23+0.04 +0.22+0.06 +6.731+0.03
HD 207585 5800  3.80 1.00 —0.38£0.12 —0.3840.11 —65.97+0.07
HD 211173 4900 2.60 1.15 —0.17+£0.10 —0.17+0.09 —27.8440.25
HD 219116 5050  2.50 1.59 —0.45+£0.11 —0.44£0.11 —40.90+0.25

difference of ~1 dex in log g from the literature. In the case of the stars HD 94518
and HD 207585, a difference of ~1 km s~! in ( is recorded. These differences may

be due to the difference in choices of line parameters, codes used, and the method

of abundance analysis.



TABLE 3.3: Comparison of estimated stellar parameters with literature values

Star Terr logg ¢ [Fe I/H| |FeII/H|] Ref. || Star Terr logg ¢ |[Fe I/H| [Fe II/H] Ref.
(K) (lam 5°7) (K) (lam 571)

HD 24035 4750 2.20 1.58 —0.51 —0.50 1 HD 154276 5820 4.28 0.63 —0.09 —0.10 1
4700 2.50 1.30 —0.23 —0.28 2 0722 4.28 0.93 —0.29 - 3
4500 2.00 - —0.14 - 3 o731 4.35 1.28 —0.30 - 11

HD 32712 4550 2.53 1.24 —0.25 —0.25 1 HD 179832 4780 2.70 0.99 +0.23 +0.22 1
4600 2.10 1.30 —0.24 —0.25 2 HD 207585 5800 3.80 1.00 —0.38 —0.38 1

HD 36650 4880 2.40 1.30 —0.02 —0.02 1 5800 4.00 - —0.20 - 3
4800 2.30 1.50 —0.28 —0.28 2 5400 3.30 1.80 —0.57 - 12

HD 94518 5700 3.86 1.30 —0.55 —0.55 1 2400 3.50 1.50 —0.50 - 13
5859 4.20 4.15 —0.56 - 4 HD 211173 4900 2.60 1.15 -0.17 -0.17 1
5839 4.15 1.20 —0.49 —0.50 ) 4800 2.50 - —0.12 - 3
9709 3.86 2.23 —0.84 - 6 HD 219116 5050 2.50 1.59 —0.45 —0.44 1

HD 147609 6350 3.50 1.55 —0.28 —0.28 1 4900 2.30 1.60 —0.61 —0.62 2
6411 3.90 1.26 —0.23 - 7 4800 1.80 - —0.34 - 3
5960 3.30 1.50 —0.45  40.08 8 5300 3.50 2.00 -0.30 - 14
6270 3.50 1.20 - - 9 5300 3.50 - —-0.34 - 15
6300 3.61 1.20 - - 10

References: 1. Our work, 2. de Castro et al. (2016), 3. Masseron et al. (2010), 4. Battistini and Bensby (2015), 5. Bensby et al. (2014), 6. Axer et al.

(1994), 7. Escorza et al. (2019) 8. Allen and Barbuy (2006), 9. North et al. (1994), 10. Thévenin and Idiart (1999), 11. Ramirez et al. (2013), 12.

Luck and Bond (1991), 13. Smith and Lambert (1986a), 14. Smith et al. (1993), 15. Cenarro et al. (2007)

sunys g Jo sisfippuy & 4a3doy))
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TABLE 3.4: Estimates of logg and Mass using parallax method

Star name Parallax Myl log(L/Ly)  Mass(Mg) log g log g (spectroscopic)
(mas) (cgs) (cgs)
HD 24035 4.61240.101  1.401+£0.05  1.339+0.02 0.704£0.21  2.61+£0.02 2.20
HD 32712 2.6214+0.026  0.0814£0.022 1.868+0.01 1.8040.26 2.41+£0.005 2.53
HD 36650 2.655+0.027 0.474+£0.023 1.710£0.01  2.20£0.26  2.78+0.01 2.40
HD 94518 13.774+0.05  3.872+0.01 0.35140.003 0.8540.06 4.00£0.005 3.86
HD 147609 4.3014+0.107 1.95540.055 1.118£0.02 1.704+0.05 3.7140.02 3.50
HD 154276 11.554+£0.025 4.339+0.005 0.164+0.002 1.00£0.05 4.2940.002 4.28
HD 179832 2.91440.052 0.216£0.041 1.814£0.02  2.5+0.28  2.7040.02 2.70
HD 207585 5.31464+0.407 3.313£0.165 0.575+£0.065 1.054+0.05 3.9040.045 3.80
HD 211173 3.387£0.066 0.839£0.042 1.564£0.02 2.204+0.24  2.9340.02 2.60
HD 219116 1.58440.044  0.002+0.06  1.901+£0.02  2.354+0.17 2.68+0.015 2.50

We have also calculated the logg values from the parallax method as described
in Section 2.6.4.1. The masses of the program stars are determined from their
location on the Hertzsprung-Russell diagram using the spectroscopic temperature
estimate, Teg, and the luminosity, log(L/Lg). The H-R diagram is generated using
the stellar evolutionary tracks of Girardi et al. (2000).

We have used z = 0.004 tracks for HD 24035 and HD 94518; z = 0.008 for
HD 207585 and HD 219116; z = 0.019 for HD 32712, HD 36650, HD 1476009,
HD 154276, and HD 211173, and z = 0.030 for HD 179832. The evolutionary
tracks for the program stars are shown in Figures 3.3 and 3.4. The mass and logg

estimates are presented in Table 3.4.

3.4 Abundance analysis and discussion

In this section, we discuss the details of abundance determination of various ele-

ments and the observed abundances.
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Evolutionary tracks (from bottom to top) for (i) 0.6, 0.7, 0.8 and 0.9 M, for z = 0.004
(upper panel), (ii) 1.0, 1.1, 2.2 and 2.5 Mg for z = 0.008 (lower panel).
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3.4.1 Light elements: C, N, O, carbon isotopic ratio 1>C/3C,

odd-Z elements Na, Al, a-, and Fe-peak elements

The [O I] line at 6300.304 A is used to derive the oxygen abundances whenever
possible; otherwise, the resonance O I triplet lines around 7770 A are used. The
O I triplet lines are known to be affected by the NLTE effects (Eriksson and Toft
1979; Johnson et al. 1974; Baschek et al. 1977; Kiselman 1993; Amarsi et al. 2016).
Corrections are made to the LTE abundance obtained from these lines following
Bensby et al. (2004) and Afsar et al. (2012). The [O I| line at 6363.776 A is found
to be blended and not usable for abundance determination in any of the stars. This
line is generally affected by the contributions from CN feature (Lambert 1978),
and Ca I line around 6362 A (Mitchell and Mohler 1965; Allende Prieto et al. 2001;
Bensby et al. 2004). In Sun, this Ca I line contributes ~1.1 mA to the equivalent
width of the [O 1] 6363.776 A line (Bensby et al. 2004).

We could use [O I] 6300.304 A line for O abundance determination. Although
the [O I] 6300.304 A line is known to be affected by a Ni I feature at 6300.335 A
(Lambert 1978), the Ni I contamination is smaller on this [O T] 6300.304 A line
compared to the CN contamination on the [O I] 6363.776 A line (Allende Prieto
et al. 2001 and references therein). Also, the spectra of the program stars are not
contaminated by the telluric absorption features in this region. The Sc IT 6300.7
A line is well displaced from this [O 1] line and not blended. The Ni I 6300.335 A
line is taken into consideration while estimating the oxygen abundance using [O ]
6300.304 A line. The average value of the Ni abundances derived from a number
of lines of Ni I (10 - 27 lines) is adopted to derive the oxygen abundance from |O
1] 6300.304 A line.

The spectrum synthesis fits of O I triplet lines for a few program stars are shown

in Figure 3.5. All three lines of the O I triplet gave the same abundance values,

except for HD 147609. In the case of HD 147609, the lines at 7771 and 7774 A
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gave the same abundance, and the line at 7775 A gave an abundance that is 0.15
dex lower. In this case, we have taken the average of the three values as the final

oxygen abundance.

We have estimated the oxygen abundance in all the program stars except HD 24035.
The derived abundance of oxygen is in the range —0.47 < [O/Fe|] < 0.97. Oxygen
is under abundant in HD 36650 and HD 211173 with |O/Fe| values —0.47 and
—0.26 respectively. HD 32712 and HD 179832 show near-solar values (Tables 3.5
- 3.7). Purandardas et al. (2019) found [O/Fe|~—0.33 for a barium star in their
sample, somewhat closer to our lower limit. A mild overabundance is found in the
stars HD 154276 and HD 219116 with [O/Fe| values 0.32 and 0.21 respectively.
In the other three stars, we found an [O/Fe| > 0.6, with HD 207585 showing the
largest enhancement of oxygen |O/Fe|~0.97. The first dredge-up (FDU) is not

expected to alter the oxygen abundance.

For six objects, the carbon abundances are derived using the spectral synthesis
calculation of Cs band at 5165 A, as illustrated in Figure 3.6. The G-band of CH
at 4300 A is used for two stars as the Cy band at 5165 A is not usable for the
abundance determination. In the objects for which we could estimate the carbon
abundance using both C; and CH bands, we find that the CH band returns a
lower value for carbon by about 0.2 to 0.3 dex. We could determine the carbon
abundance in all the objects except for HD 154276 and HD 179832. Carbon is
found to be under abundant in most of the stars analyzed here. The [C/Fe| value
ranges from —0.28 to 0.61. The stars HD 24035, HD 147609, and HD 207585 show
a mild overabundance of carbon with values 0.41, 0.38, and 0.61 respectively,
whereas it is near-solar in HD 32712 and HD 219116. HD 36650, HD 94518,
and HD 211173 show mild under abundance with [C/Fe| values, —0.22, —0.28,
and —0.23 respectively (Tables 3.5 - 3.7). These values are consistent with those
generally noticed in barium stars (Barbuy et al. 1992; North et al. 1994).
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FIGURE 3.5: Synthesis of [O I] line around 6300 A (upper panel) and O I triplet around
7770 A (lower panel, LTE abundance estimates). Dotted and solid lines represent
synthesized and the observed spectra. Short-dashed and long-dashed lines represent
the synthetic spectra corresponding to A[O/Fe] = —0.3 and +0.3 respectively.
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FIGURE 3.6: Synthesis of Cy band around 5165 A. Dotted and solid lines represent
synthesized and the observed spectra. Short-dashed and long-dashed lines represent
the synthetic spectra corresponding to A [C/Fe] = —0.3 and +0.3 respectively

With the estimated carbon abundances, we have derived the abundances of ni-
trogen using the spectrum synthesis calculation of '2CN lines at 8000 A region in
HD 32712, HD 36650, HD 94518 and HD 211173. For other objects, where this
region is not usable or unavailable, "2CN band at 4215 A is used. The molecular
lines for ?CN and C, are taken from Brooke et al. (2013), Sneden et al. (2014),
Ram et al. (2014).

The nitrogen abundance is estimated in seven of the program stars. Estimated
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[N/Fe| values range from 0.47 to 1.41 dex with HD 24035 and HD 94518 showing
[N/Fe| > 1.0 dex (Tables 3.5 - 3.7). Such higher values of nitrogen have already
been noted in some barium stars by several authors (Smith 1984; Luck and Lam-
bert 1985; Barbuy et al. 1992; Allen and Barbuy 2006; Smiljanic et al. 2006; Merle
et al. 2016; Karinkuzhi et al. 2018a). Nitrogen enhancement with [N/Fe|] > 1 is
possible if the star is previously enriched by the pollution from a massive AGB
companion experiencing Hot-Bottom Burning (HBB). In super-massive AGB stars,
nitrogen can be substantially produced at the base of the convective envelope when
the temperature of the envelope exceeds ~10® K (Doherty et al. 2014). The final
C, N, and O abundances are determined by an iterative process. Using the first
estimate of oxygen abundance, the abundance of carbon is estimated from the
Cy/CH molecular bands. The abundance of nitrogen is then determined using
these derived abundance estimates of O and C. Once the nitrogen abundance is
obtained, the oxygen and carbon abundances are re-determined using this nitrogen

abundance. This iteration process is continued until a convergence is reached.

We could derive the carbon isotopic ratio, >C/13C, using the spectral synthesis
calculation of the '2CN lines at 8003.292, 8003.553, 8003.910 A, and 3CN features
at 8004.554, 8004.728, 8004.781 A, for four stars, HD 32712, HD 36650, HD 211173,
and HD 219116. The values for this ratio are 20.0, 7.34, 20.0, and 7.34, respectively
(Tables 3.5 - 3.7). Values in the range 7 - 20 (Barbuy et al. 1992; Smith et al. 1993;
Smith 1984; Harris et al. 1985; Karinkuzhi et al. 2018a), and 13 - 33 (Tomkin and

Lambert 1979; Sneden et al. 1981) are found in the literature for barium stars.

The lower level of carbon enrichment and the low 12C/!3C ratio, along with the
larger overabundance of nitrogen, indicate that the matter has undergone CN
processing and the products have been brought to the surface by the FDU. From
their locations on the H-R diagram, the four stars for which we could estimate
the 12C/13C ratio (HD 32712, HD 36650, HD 94518, HD 211173, and HD 219116)
are on the ascent of the first giant branch (FGB). These stars underwent the
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FDU at the beginning of FGB. It has been noted that less evolved barium stars
show higher carbon abundance as they have not reached the FDU (Barbuy et al.
1992; Allen and Barbuy 2006). Among our program stars, HD 207585 shows the
maximum enhancement of carbon, which is on the sub-giant branch. However,
the star HD 94518 shows the least enrichment among the program stars despite
being less evolved one, a sub-giant barium star. According to Vanture (1992),
if the accreted material is mixed into the hydrogen burning region of the star,
either during the main sequence or the first ascent of the giant branch, certain
nucleosynthesis can happen, thereby reducing the carbon abundance. Smiljanic
et al. (2006) attribute the rotational mixing to the reduction in the surface carbon
abundance. Even though the star has not reached the stage of dredge-up, the
difference in the mean molecular weight of the accreted material and the inherent
stellar materials in the interiors can induce thermohaline mixing, and this could
also reduce the surface carbon abundance by an order of magnitude compared to

the unaltered case (Stancliffe et al. 2007).

We have calculated the [C+N+O/Fe| ratios of the program stars, for which we
could estimate the abundances of C, N, and O. This ratio can provide clues to
the origin of heavy element enrichment in the stars. The values obtained for
[C+N+0O/Fe| for HD 32712, HD 36650, HD 94518, HD 207585, HD 211173, and
HD 219116 are 0.05, —0.15, 0.67, 0.87, —0.10, and 0.20, respectively. For Ba giants,
a value in the range 0.06 < [C+N-+0O/Fe| < 0.24 is noted by Barbuy et al. (1992).
Allen and Barbuy (2006) obtained values in the range of 0.01 - 0.73 for their
sample of Ba stars that includes dwarfs as well as giants, with the least evolved
star showing the largest value. The estimated [C+N-+O/Fe| ratios of the program
stars as a function of log g is shown in Figure 3.7. The four stars, HD 32712,
HD 36650, HD 94518, HD 211173, and HD 219116, are on the FGB (Figures
3.3 - 3.4), and might have undergone the FDU. In giants, after the FDU, [N/Fe]
can reach a value ~0.55 (Allen and Barbuy 2006). We have noted similar values

(IN/Fe|~0.5, Tables 3.5 - 3.7) in these four giants, indicating the operation of
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FIGURE 3.7: Observed [C+N+O/Fe] ratios of the program stars as function of surface
gravity, log g. HD 32712 (starred triangle), HD 36650 (filled triangle), HD 94518 (filled
circle), HD 207585 (six-sided cross), HD 211173 (nine-sided star), and HD 219116 (filled
square).

FDU. However, these stars, except for HD 219116, do not show any [C+N+O/Fe]
excess (values are close to zero). The stars HD 94518 (0.67) and HD 207585
(0.87) show the highest values for [C+N+O/Fe| ratio. Less evolved Ba stars are
expected to show [C+N+O/Fe| excess due to their enhanced N abundance (Allen
and Barbuy 2006). As discussed previously, these two are the least evolved (Figure
3.7), and show higher N abundances (|N/Fe| > 0.7, Tables 3.5 - 3.7). This may
be responsible for their [C+N+O/Fe| excess.
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We have estimated the C/O ratios of the program stars except for HD 24035,
HD 154276, and HD 179832. The estimated C/O < 1, as normally seen in barium
stars (Table 3.10).

The estimated Na abundances in the range 0.05 < [Na/Fe| < 0.42 are similar to
what is normally seen for the disk stars, normal field giants, and some barium
stars (Antipova et al. 2004; de Castro et al. 2016; Karinkuzhi et al. 2018a). The
derived abundance of aluminium in HD 154276 and HD 211173 returns near-solar
values [Al/Fe|~—0.12 and —0.11 respectively. Yang et al. (2016) found a range
—0.22 < [Al/Fe|] < 0.56, Allen and Barbuy (2006) —0.1 < [Al/Fe] < 0.1, and
de Castro et al. (2016) —0.07 < [Al/Fe| < 0.43 for their sample of barium stars.
The estimated abundances of Mg are in the range —0.10 < [Mg/Fe|] < 0.34. The
estimated abundances for other elements, from Si to Zn, are found to be well
within the range normally seen for the disk stars (Tables 3.5 - 3.7). The hyperfine
components of Sc and Mn are taken from Prochaska and McWilliam (2000), V,
Co and Cu from Prochaska et al. (2000).

A comparison of the light element abundances observed in our program stars with
their counterparts in normal stars and other Ba stars in literature is shown in
Figure 3.8. The observed abundances of our program stars are found to match

closely with the abundances of other Ba and normal stars from literature.

3.4.2 Heavy elements

3.4.2.1 The light s-process elements: Rb, Sr, Y, Zr

The abundance of Rb is derived using the spectral synthesis calculation of Rb I
resonance line at 7800.259 A in the stars HD 32712, HD 36650, HD 179832 and
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represent the synthetic spectra corresponding to A[Rb/Fe] = —0.3 and +0.3 respectively

HD 211173. We could not detect the Rb I lines in the warmer program stars.
The NLTE effect on the abundance derived from this line is negligible (|[Anrrg|
< 0.05) for the temperatures and surface gravities of our program stars (Takeda
2021). The Rb I resonance line at 7947.597 A is very weak and could not be
used for abundance estimation. The hyperfine components of Rb are taken from
Lambert and Luck (1976). The spectrum synthesis fits of Rb for a few program
stars are shown in Figure 3.9. Rubidium is found to be under abundant in all the

four program stars with [Rb/Fe| ranging from —1.35 to —0.82 (Tables 3.5 - 3.7).
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Strontium abundances are derived from the spectral synthesis calculation of Sr
I line at 4607.327 A whenever possible. The NLTE correction to the abundance
derived from this line is adopted from Bergemann et al. (2012). HD 154276 shows a
mild under abundance with value [Sr/Fe|~ —0.22, while HD 32712 and HD 179832
show near-solar values. Other stars show enrichment with values [Sr/Fe| > 0.66

(Tables 3.5 - 3.7).

The abundance of Y is derived from the spectral synthesis calculation of Y I
line at 6435.004 A in all the program stars except for HD 94518, HD 147609,
HD 154276, and HD 179832, where no useful Y I line were detected. While the
spectral synthesis of Y II line at 5289.815 A is used in HD 94518, the equivalent
width measurement of several lines of Y II is used in other stars. We could not
find any useful Y II lines in HD 24035 for the abundance determination. The
abundances estimated from Y I lines range from 0.38 to 1.61, and that from Y II

lines 0.07 to 1.37 (Tables 3.5 - 3.7).

The spectral synthesis of Zr I line at 6134.585 A is used in all the stars except
HD 94518, HD 147609, and HD 154276, where this line was not detected. We could
detect useful Zr II lines in all the program stars except HD 36650 and HD 219116.
In HD 24035, the equivalent width measurement of Zr II lines at 4317.321 and
5112.297 A are used. Spectral synthesis calculation of Zr II line at 4208.977 A
is used in HD 94518, HD 147609 and HD 154276, line at 5112.297 A is used in
HD 32712, HD 179832, HD 207585 and HD 211173. The measurement using Zr
I lines gives the value 0.38 < [Zr I/Fe| < 1.29 and Zr II lines return —0.08 < |Zr
IT /Fe] < 1.89 (Tables 3.5 - 3.7). The spectrum synthesis of Zr for a few program

stars are shown in Figure 3.10.
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FIGURE 3.10: Synthesis of Zr I line at 6134.585 A. Dotted and solid lines represent
synthesized and the observed spectra. Short-dashed and long-dashed lines represent

the synthetic spectra corresponding to A[Zr/Fe] = —0.3 and +0.3 respectively

3.4.2.2 The heavy s-process elements: Ba, La, Ce, Pr, Nd

The abundance of Ba is derived from the spectral synthesis calculation. Ba II
lines at 5853.668, 6141.713, and 6496.897 A are used in HD 154276, whereas in
all other stars, we have used the line at 5853.668 A. The hyperfine components
of Ba are taken from McWilliam (1998). The spectrum synthesis fits for Ba for

a few program stars are shown in Figure 3.11. Ba shows slight overabundance in
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FIGURE 3.11: Synthesis of Ba II line at 5853.668 A. Dotted and solid lines represent
synthesized and the observed spectra. Short-dashed and long-dashed lines represent

the synthetic spectra corresponding to A[Ba/Fe] = —0.3 and +0.3 respectively

HD 154276 with |[Ba/Fe|~0.22, whereas HD 179832 and HD 211173 show moderate
enhancement with values 0.41 and 0.57 respectively. All other program stars show

the overabundance of Ba in the range 0.79 to 1.71 (Tables 3.5 - 3.7).

Lanthanum abundance is obtained from the spectral synthesis analysis of La II
line at 4322.503 A in HD 147609. For all other stars, spectral synthesis analysis
of La II line at 4921.776 A is used. The hyperfine components of La are taken

from Jonsell et al. (2006). The estimated La abundances are in the range 0.20 <
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[La/Fe|] < 1.70. HD 154276 shows a mild enhancement of La with |La/Fe|~0.20.
All other program stars are enhanced in La with [La/Fe| ranging from 0.52 to 1.70
(Tables 3.5 - 3.7).

The abundance of Ce is obtained from the equivalent width measurement of sev-
eral Ce II lines. The star HD 154276 show near-solar abundance for Ce with
[Ce/Fe]~0.18, whereas all other stars are over abundant in Ce with [Ce/Fe| >
0.7 (Tables 3.5 - 3.7). The abundance of Pr is derived from the equivalent width
measurement, of Pr II lines, whenever possible. We could not estimate Pr abun-
dance in HD 94518 and HD 154276 as there were no useful lines detected. While
HD 179832 is mildly enhanced in Pr with [Pr/Fe|~0.23, other stars show the en-
richment in the range 0.85 to 1.98 (Tables 3.5 - 3.7). Abundance of Nd is estimated
from the spectral synthesis calculation of Nd II lines at 4177.320 and 4706.543 A
in HD 154276. In all other stars, we have used the equivalent width measurement
of several Nd II lines. A near-solar value is obtained for the Nd abundance in the
star HD 179832 with [Nd/Fe|~0.04, whereas a moderate enhancement is found in
HD 154276 with [Nd/Fe|~0.40. All other objects show an enrichment in Nd with
[Nd/Fe|] > 0.70 (Tables 3.5 - 3.7).

3.4.2.3 The r-process elements: Sm, Eu

Samarium abundance is derived by the spectral synthesis of Sm II line at 4467.341
A in HD 154276. The equivalent width measurement of several Sm II lines is
used to obtain the Sm abundance in the rest of the program stars. All the good
Sm lines are found in the bluer wavelength region of the spectra. The maximum
number of Sm IT lines used is eight, in HD 207585. The estimated Sm abundances
give a near-solar value for HD 154276 with [Sm/Fe|~0.07, while all other stars are
enriched in Sm with values ranging from 0.78 to 2.04 (Tables 3.5 - 3.7).
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The Eu abundance is derived from the spectral synthesis of Eu II line at 4129.725
A in HD 94518, HD 147609, and HD 207585. In all other stars except HD 154276,
spectral synthesis calculation of Eu II line at 6645.064 A is used. In HD 154276,
no useful lines for abundance analysis is detected. The hyperfine components are
taken from Worley et al. (2013). The estimated Eu abundance covers the range
0.00 < [Eu/Fe|] < 0.49 (Tables 3.5 - 3.7). The r-process element Eu is not expected

to show enhancement in Ba stars according to their formation scenario.

The abundance estimates are given in Tables 3.5 through 3.7 and the lines used for

the the abundance estimation are presented in Tables Al and A2 (Section 3.11).

A comparison of the heavy element abundances with the literature values, when-
ever available, is presented in Table 3.8. In most of the cases, our estimates agree,
within error bars, with the literature values. However, in a few cases, our esti-
mates show deviation from those available in literature. For instance, in the case
of HD 24035, we got a [La II/Fe| value that is 1.07 dex lower than the estimate of
de Castro et al. (2016). In HD 32712, our estimates of [Ce II, Nd II/Fe| are ~0.50
dex higher than those of de Castro et al. (2016) (Table 3.8). These differences
between our estimated abundances with those by other authors may be due to the

difference in stellar atmospheric parameters (Table 3.3).

The observed abundance ratios of the heavy elements in the program stars are
compared with those in normal stars and other Ba stars from literature. This
comparison is shown in Figure 3.12. The observed abundance ratios when com-
pared with their counterparts in other barium stars from the literature, the light
as well as the heavy element Eu, are found to follow the Galactic trend (Figure

3.8 and 3.12).
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TABLE 3.5: Elemental abundances in HD 24035, HD 32712, and HD 36650
HD 24035 HD 32712 HD 36650

Z  solar loge* loge |X/H] |X/Fe] loge |X/H] |X/Fe] loge [X/H] |X/Fe]
C 6 843 8.33(syn) —0.10 041  8.13(syn) 03 005  819(syn) —024  —0.22
2o/sc - - - - - - - 20.0 - - 7.34
N 7783 8.73(syn) 0.90 141 8.10(syn) 0.27 052 8.38(syn) 0.55 0.57
O 8 8.69 - - - 8.42(syn) —0.27 —0.02 8.20(syn) —0.49 —0.47
Nal 11 624  6.15£0.17(4) 009 042 620+0.13(4)  —0.04 021  6.33+£0.08(4)  0.09 0.11
Mgl 12 7.60 7.23(1) —0.37 014  7.2540202)  —0.35  —0.10 7.69£0.04(2)  0.09 0.11
Sil 14 7.51 7.2640.04(2) —0.25 0.14 7.6040.19(3) 0.09 0.34 7.2840.10(3) —0.23 —0.21
Cal 20 6.34 5.9140.13(10) 0.43 0.08  5.92+0.09(11) —0.42 —0.17  6.23+0.12(16) —0.11 —0.09
Sell 21 315 2.65(syn) —050 001  2.95(syn) 020 005  3.08(syn) —012  —0.10
Til 22 4.95 4.76+£0.11(19) —0.19 0.32  4.68+0.11(27) —0.27 —0.02  4.9240.09(24) —0.03 —0.01
Till 22 4.95 4.68+0.03(2) —0.27 0.24 4.75+0.11(5) —0.20 0.05 4.974+0.14(7) 0.02 0.04
VI 23 3.93 3.30(syn) —0.63 —0.12 3.46(syn) —0.47 —0.22 3.92(syn) —0.53 —0.51
Crl 24 5.64 5.1140.06(6) —0.53 —0.02  5.334+0.17(7) —0.31 —0.06  5.60£0.15(9) —0.04 —0.02
Cr I 24 5.64 - - - 5.72+0.17(4) 0.08 0.33 5.54+0.08(3) —0.10 —0.08
Mn I 25 5.43 4.85(syn) —0.58 —0.07 4.86(syn) —0.57 —0.32 5.08(syn) —0.40 —0.38
Fe I 26 7.50 6.9940.19(87) —0.51 - 7.2540.12(84) —0.25 - 7.48+0.12(92) —0.02 -
Fe IT 26 7.50 7.00£0.16(7) —0.50 - 7.2540.15(9) —-0.25 - 7.48+0.14(6) —0.02 -
Col 27 4.99 4.67(syn) —0.32 0.19 4.43(syn) —0.56 —0.31 4.86(syn) —0.43 —0.41
Nil 28 6.22 6.07+£0.14(13) —0.15 0.36  6.04£0.18(11) —0.18 0.07  6.3340.10(11) 0.11 0.13
Cul 29 4.19 4.57(syn) —0.09 —-0.07
Zn1 30 4.56 3.92(1) —0.64 —0.13 4.42(1) —0.14 0.11 - - -
RbI 37  2.52 - - - 1.14(syn) -138  —113  1.68(syn) 081  —0.82
Srl 38 287 - - - 2.65(syn) 022 003 3.78(syn) 0.64 0.66
Y1 39 2.21 3.31(syn) 1.1 1.61 2.52(syn) 0.31 0.56 2.70(syn) 0.49 0.51
Y II 39 2.21 3.0040.15(6) 0.79 1.04  2.8940.13(10) 0.68 0.70
Zr 1 40 2.58 3.28(syn) 0.7 1.21 2.85(syn) 0.27 0.52 3.07(syn) 0.49 0.51
Zr 11 40 2.58 3.96+£0.07(2) 1.38 1.89 3.15(syn) 0.57 0.82 - - -
Ba II 56 2.18 3.38(syn) 1.20 1.71 3.32(syn) 1.14 1.39 2.95(syn) 0.77 0.79
La II 57 1.10 2.22(syn) 1.12 1.63 2.10(syn) 1.00 1.25 1.81(syn) 0.60 0.62
Ce II 58 1.58 2.774+0.12(9) 1.19 1.70  3.01£0.11(11) 1.43 1.68  2.5540.13(11) 0.97 0.99
Pr il 59 0.72 2.19+0.18(6) 1.47 1.98 2.14+0.18(6) 1.42 1.67 1.5540.13(3) 0.83 0.85
Nd I 60 1.42 2.32+0.17(15) 0.90 141 2.93+0.18(11) 1.51 1.76  2.34+0.16(15) 0.92 0.94
Sm II 62 0.96 2.48+0.13(4) 1.52 2.03 2.4240.17(6) 1.46 1.71 1.93+0.12(6) 0.97 0.99
Eu II 63 0.52 0.50(syn) —0.02 0.49 0.61(syn) 0.09 0.34 0.59(syn) 0.07 0.09

Note: * Asplund et al. (2009), The number of lines used to determine abundance is indicated in

parentheses.
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TABLE 3.6: Elemental abundances in HD 94518, HD 147609, and HD 154276
HD 94518 HD 147609 HD 154276

Z  solar loge* loge [X/H] |X/Fe| loge |X/H]| |X/Fe| loge |X/H]| [X/Fe]
C 6 8.43 7.60(syn) —0.83 —0.28 8.53(syn) 0.10 0.38 - - -
] 7783 8.63(syn) 0.80 1.35 . . N N . .
O 8 8.69 8.79(syn) 0.10 0.65 9.05(syn) 0.36 0.64 8.91(syn) 0.22 0.32
Nal 11 6.24 5.88+0.06(4) —0.44 0.11 6.2640.19(2) 0.02 0.30 6.2040.05(3) —0.04 0.06
Mgl 12 7.60 7.37£0.12(4) —0.23 0.32 7.49+0.08(4) —0.11 0.17 7.81+0.06(3) 0.21 0.31
All 13 6.45 - - - - - 6.2340.08(2) —0.22 —0.12
Sil 14 7.51 6.9040.20(4) —0.61 —0.06  7.37+0.05(4) —0.14 0.14 7.5440.05(5) 0.03 0.13
Cal 20 6.34 6.01£0.13(18) —0.33 0.22 6.0440.21(21) —0.30 0.21 6.2240.20(27) —0.12 —0.02
ScIl 21 3.15 2.72(syn) —0.63 —0.08 2.90(syn) —0.25 0.03 3.25(syn) 0.10 0.20
Til 22 4.95 4.6440.13(12) —0.31 0.24 4.66=£0.06(10) -0.29 —0.01 5.02+0.17(27) 0.07 0.17
Till 22 4.95 4.81+0.14(13) —0.14 0.41 4.67+0.16(8) —0.28 0.00 5.06+0.21(18) 0.11 0.21
VI 23 393 3.15(syn) 078 —0.23  3.53(syn) 2040 —0.12 3.90(syn) 003 007
Crl 24 5.64 5.07£0.14(15) —0.57 —0.02  5.29+0.15(9) —0.35 —0.07 5.51£0.20(11) —0.13 —0.03
Cril 24 5.64 5.060.19(4) —0.58 —0.03  5.29+0.11(3) —0.35 —0.07 5.53£0.07(5) —0.11 —0.01
Mnl 25 543 4.61(syn) 11 —055  5.03(syn) 040 012 5.174+0.15(6) 026 —0.16
Fel 26 7.50 6.95+0.10(110) —0.55 - 7.2240.16(151) —0.28 7.41£0.13(150) —0.09 -
Fell 26 7.50 6.95+0.12(15) —0.55 - 7.22+0.12(20) —0.28 - 7.40£0.14(15) —0.10 -
Col 27 4.99 4.52(syn) —0.64 —0.09 - - 4.8540.10(2) —0.14 —0.04
Nil 28 6.22 5.70+0.15(26) —0.52 0.03 5.88+0.11(14) —0.34 —0.06 6.13+0.15(19) —0.09 0.01
Cul 29 4.19 3.67(syn) —0.82 —0.27 - - - - -
Znl 30 4.56 4.1540.10(2) —0.41 0.14 4.30 £0.07(2) —0.26 0.02 4.6440.00(2) 0.08 0.18
SrI 38 2.87 3.59(syn) 0.63 1.18 4.10(syn) 1.23 1.51 2.55(syn) —0.32 —0.22
YII 39 2.21 2.16(syn) —0.05 0.50 3.00+0.14(9) 0.79 1.07 2.184+0.19(4) —0.03 0.07
Zell 40 258 2.32(syn) 026 029 3.30(syn) 0.72 1.00 2.40(syn) 018 —0.08
Ball 56 2.18 2.58(syn) 0.35 0.90 3.30(syn) 112 1.40 2.30(syn) 0.12 0.22
Lall 57 110 2.12(syn) 0.08 0.58 2.09(syn) 0.99 1.27 1.20(syn) 0.10 0.20
Ce Il 58 1.58 1.9440.09(9) 0.36 0.91 2.56+0.11(8) 0.98 1.26 1.66+0.03(2) 0.08 0.18
PriI 59 0.72 - - - 1.79(1) 1.07 1.35 - - -
NAIL 60 142 1.92:£0.20(9) 0.50 105 2.2140.17(8) 0.79 107 17240.12(syn)(2)  0.30 0.40
Sm II 62 0.96 1.8040.08(4) 0.84 1.39 1.97+ 0.19(4) 1.01 1.29 0.93(syn) —0.03 0.07
Eull 63 0.52 0.12(syn) —0.40 0.15 0.37(syn) —0.15 0.13

Note: * Asplund et al. (2009), The number of lines used for abundance determination are given

within the parentheses.
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TABLE 3.7: Elemental abundances in HD 179832, HD 207585, HD 211173, and

HD 219116

HD 179832 HD 207585 HD 211173 HD 219116

Z  solar loge loge [X/H] [X/Fe] loge [X/H] [X/Fe] loge [X/H] [X/Fe] loge [X/H] [X/Fe]
¢ 6 8.43 - - - 8.66(syn) 0.23 0.61 8.03(syn) —040  —0.23  8.03(syn) —0.43 0.02
2o/mBe - - - - - - - - - - 20.0 - - 7.34
N 7 783 8.20(syn) 0.37 0.75 8.20(syn) 0.37 054 7.85(syn) 0.02 047
01 8 8.69 8.93(syn) 0.24 0.01 9.28(syn) 0.59 0.97 8.26(syn) —0.43 —0.26 8.45(syn) —0.24 0.21
Nal 11 6.24 6.52+0.13(2) 0.28 0.05 6.1140.11(4) —0.13 0.25 6.30£0.14(4) 0.06 0.23 6.05+0.16(4) —0.19 0.26
Mg 1 12 7.60 7.83+0.02(2) 0.23 0.00 7.2940.12(3) —0.31 0.07 7.660.08(2) 0.06 0.23 7.4740.02(3) —0.11 0.34
AlT 13 6.45 - - - - - - 6.1740.07(2) —0.28 —0.11 - - -
Sil 14 7.51 7.7140.08(4) 0.20 —0.03 7.2540.02(2) —0.26 0.12 6.974+0.11(2) —0.54 —0.37  7.0840.20(2) —0.43 0.02
Cal 20 6.34 6.27+0.06(9) —0.07 —0.30  6.22+0.17(11) —0.12 0.26 6.23+0.17(15) —0.11 0.06  6.02+0.14(16) —0.34 0.13
Sell 21 315 3.35(syn) 0.20 003 2.63(syn) —0.52  —0.14  2.79(syn) —0.36  —0.19  2.66(syn) —0.49  —0.04
Til 22 4.95 5.060.07(4) 0.11 —0.12  4.58+0.15(7) —0.37 0.01 4.77£0.11(27) —0.18 —0.01  4.73+0.09(21) —0.22 0.23
Ti Il 22 4.95 5.3940.08(4) 0.44 0.21 4.8240.12(9) —0.13 0.25 4.7610.16(9) —0.19 —0.02  4.65+0.15(6) —0.3 0.15
VI 23 3.93 4.03(syn) 0.10 —0.13 3.11(syn) —0.82 —0.44 3.47(syn) —0.46 —0.29 3.67(syn) —0.26 0.19
Crl 24 5.64 5.78+0.12(2) 0.14 —0.09  5.3940.15(11) —0.25 0.13 5.45+0.16(11) —0.19 —0.02  5.34£0.16(9) —0.3 0.15
Cr 1T 24 5.64 5.71+0.02(2) 0.07 —0.16  5.3840.15(4) —0.26 0.12 5.2440.16(4) —0.4 —0.23  5.2040.09(2) —0.44 0.01
Mnl 25 543  5254009(3)  —0.18  —041  4.60(syn) 083  —045  5.13(syn) 030  —013  4.78(syn) ~0.65 0.2
Fel 26 7.50 7.7340.01(68) 0.23 - 7.1240.12(107) —0.38 - 7.3340.10(109) —0.17 - 7.0540.11(92) —0.45 -
Fell 26 750  7.7240.04(9) 0.22 S T124011(12)  —038 o T.33£009(11)  —017 S T06£01209) —0.44 -
ol 2T 499 5.24+0.08(6) 0.25 0.02 4.55(syn) —044  —006  4.58(syn) —041  —024  4.69+0.10(7) —0.3 0.15
Nil 28 6.22 6.43+0.07(10) 0.21 —0.02  5.83£0.14(16) —0.39 —0.01  6.14£0.17(27) —0.08 0.09  5.91+0.12(11) —0.31 0.14
Cul 29 4.19 4.36(syn) —0.63 —0.25 3.92(syn) —0.27 —0.10 4.09(syn) —0.12 0.33
Zn1 30 4.56 4.94+0.11(2) 0.38 0.15 4.4340.02(2) —0.13 0.04 4.04(1) —0.56 0.11
Rb1 37 252 1.40(syn) 112 -135 - - - 1.35(syn) 117 -1.00 - - -
Srl 38 2.87 3.12(syn) 0.25 0.02 - - - 3.40(syn) 0.53 0.70 3.13(syn) 0.26 0.71
Y1 39 221 - - - 2.77(syn) 0.56 0.94 2.42(syn) 0.21 038 2.49(syn) 0.28 073
Y11 39 2.21 2.55+0.05(5) 0.34 0.11 3.2040.08(9) 0.99 1.37 2.6940.07(8) 0.48 0.65 2.51+0.09(3) 0.30 0.75
Zrl 10 258 1, lli(syn) 1.52 1.29 3.30(syn) 0.72 110 2.79(syn) 0.21 038 2.79(syn) 0.21 0.66
Zr 11 40 2.58 25(syn) 1.67 1.44 3.74(syn) 0.82 1.20 2.80(syn) 0.22 0.39
Ba Il 56 2.18 2.82(syn) 0.64 0.41 3.50(syn) 1.22 1.60 2.58(syn) 0.40 0.57 2.90(syn) 0.77 1.22
La IT 57 110 1.85(syn) 0.75 0.52 2.47(syn) 1.32 1.70 1.88(syn) 0.78 0.95 2.00(syn) 0.9 1.35
Ce Il 58 1.58 2.55+0.11(2) 0.97 0.74 2.92+0.16(14) 1.34 1.72 2.15+0.10(11) 0.57 0.74  2.70+0.20(10) 112 1.57
PriI 59 0.72 1.1840.05(2) 0.46 0.23 1.93+0.11(3) 1.21 1.59 1.93+0.11(2) 1.21 1.59 1.5440.18(3) 0.82 1.27
Nd IT 60 1.42 1.6940.04(2) 0.27 0.04 2.66+0.10(19) 1.24 1.62 1.9840.17(14) 0.56 0.73  2.10+0.12(10) 0.68 1.13
Sm IT 62 0.96 1.97+0.04(5) 1.01 0.78 2.6240.17(8) 1.66 2.04 1.66£0.07(4) 0.70 0.87 2.09+0.18(7) 113 1.58
Eull 63 052 0.75(syn) 0.23 0.00 0.42(syn) ~0.10 0.28 0.48(syn) —0.04 013 0.50(syn) ~0.02 0.43

Note: * Asplund et al. (2009), The number of lines used to determine abundance is indicated in

parentheses.



TABLE 3.8: Comparison of the heavy elemental abundances of program stars with literature values.

Star name  [Fe I/H| |FeIl/H| [Fe/H| [Rb1/Fe| |[Sr/Fe| |[Y I/Fe] |Y II/Fe| |[Zr1/Fe| [ZrII/Fe] [Ball/Fe| [Lall/Fe] |[CeIl/Fe| [PrII/Fe| [NdII/Fe] [Sm II/Fe| [Eull/Fe| Ref
(£0.17)  (£018) (£0.17) (£0.20) (£0.32) (£0.24) (£0.24) (£0.26) (£0.23)  (£0.24)  (£0.21)  (£0.25)  (£0.21)  (£0.21)  (£0.21)  (£0.20)
HD 24035 —0.51 —0.50 —0.51 - - 1.61 - 1.21 1.89 1.71 1.63 1.70 1.98 1.41 2.03 0.19 1
—0.23 —0.28 —0.26 - - 1.35 - 1.20 - - 2.70 1.58 - 1.58 - - 2
- - —0.14 - - - - - - 1.07 1.01 1.63 - - - 0.32 3
HD 32712 —0.25 —0.25 —0.25 —-1.13 0.03 0.56 1.04 0.52 0.82 1.39 1.25 1.68 1.67 1.76 1.71 0.04 1
—0.24 —0.25 —0.25 - - 0.74 - 0.56 - - 1.53 1.16 - 1.19 - - 2
HD 36650 —0.02 —0.02 —0.02 —0.82 0.66 0.51 0.70 0.51 - 0.79 0.62 0.99 0.85 0.94 0.99 —0.21 1
—0.28 —0.28 —0.28 - - 0.55 - 0.46 - - 0.83 0.68 - 0.57 - - 2
HD 94518 —0.55 —0.55 —0.55 - 1.18 - 0.50 - 0.29 0.90 0.58 0.91 - 1.05 1.39 —0.17 1
—0.49 —0.50 —0.50 - 0.55 - - - - 0.77 - - - - - - 4
HD 147609 —0.28 —0.28 —0.28 - 1.51 - 1.07 - 1.00 1.40 1.27 1.26 1.35 1.07 1.29 0.13 1
—0.45 +0.08 —0.45 - 1.32 - 1.57 0.89 1.56 1.57 1.63 1.64 1.22 1.32 1.09 0.74 5
- - - - - 0.96 - 0.80 - - - - - 0.98 - - 6
HD 154276  —0.09 —0.10 —0.10 - —0.22 - 0.07 - —0.08 0.22 0.20 0.18 - 0.40 0.07 - 1
- - —0.29 - - —0.07 - - - —0.03 - - - - - - 4
HD 179832  1+0.23 +0.23 +0.22 —1.35 0.02 - 0.11 1.29 1.44 0.41 0.52 0.74 0.23 0.04 0.78 0.00 1
HD 207585  —0.38 —0.38 —0.38 - - 0.94 1.37 1.10 1.20 1.60 1.70 1.72 1.59 1.62 2.04 —0.02 1
- - —0.50 - - - - - - 1.23 1.37 1.41 - - - 0.58 3
- - —0.57 - - 1.29 - 1.50 - - 1.60 0.84 0.61 0.93 1.05 - 7
HD 211173 —0.17 —0.17 —0.17 —1.00 0.70 0.38 0.65 0.38 0.39 0.57 0.95 0.74 1.59 0.73 0.87 —0.17 1
- - —0.12 - - - - - - 0.35 0.29 0.73 - - - 0.15 3
HD 219116  —0.45 —0.44 —0.45 - 0.71 0.73 0.75 0.66 - 1.22 1.35 1.57 1.27 1.13 1.58 0.13 1
—0.61 —0.62 —0.62 - - 0.59 - 0.65 - - 1.21 1.07 - - - - 2
- - —0.34 - - - - - - 0.77 0.56 0.80 - - - 0.17 3
- - —0.30 - - - - - - 0.90 - - - 1.43 - - 8

References: 1. Our work, 2. de Castro et al. (2016), 3. Masseron et

(1994), 7. Luck and Bond (1991), 8. Smith et al. (1993)

al. (2010), 4. Bensby et al. (2014), 5. Allen and Barbuy (2006), 6. North et al.

sunys g Jo sisfippuy & 4a3doy))

00T
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3.4.3 Abundance uncertainties

The uncertainties in the elemental abundances are calculated for the representative

star, HD 211173, in our sample as explained in section 2.6.6. The estimated differ-

ential abundances, Aloge, for the variations in each stellar atmospheric parameters

are given in Table 3.9.

TABLE 3.9: Differential Abundance (Aloge) of different element species with
the variations in stellar atmospheric parameters for HD 211173 (columns 2 - 9).

Element AT,y ATepy Alog g Alog g A¢ A AlFe/H]| AlFe/H]  (So2)V? (SoA)V? opxipe Opxyre
(+100 K) (=100 K) (+0.2dex) (—0.2dex) (+0.2kms™!) (—0.2kms™!) (+0.1dex) (—0.1dex) (+A) (=A)  (+4A)  (-4)
C 0.00 0.00 +0.03 —0.03 —0.03 +0.03 +0.01 —0.01 0.04 0.04 0.19 0.18
N +0.10 —0.10 0.00 0.00 +0.02 —0.02 +0.05 —0.05 0.11 0.11 0.21 0.21
O —0.19 +0.19 +0.06 —0.06 0.00 0.00 0.00 0.00 0.20 0.20 0.27 0.26
Nal +0.07 —0.08 —0.02 -+0.02 —0.05 +0.05 0.00 +0.01 0.09 0.10 0.21 0.21
Mg I +0.06 —0.05 0.00 +0.01 —0.06 0.07 0.00 +0.01 0.08 0.09 0.21 0.20
All -+0.06 —0.07 0.00 0.00 —0.02 -+0.02 0.00 0.00 0.06 0.07 0.20 0.19
Sil —0.03 -+0.03 +0.04 —0.04 —0.03 -+0.03 +0.01 —0.01 0.06 0.06 0.20 0.20
Cal +0.10 —0.11 —0.04 +0.03 —0.10 +0.09 0.00 0.00 0.15 0.15 0.24 0.23
Sc 11 —0.02 +0.02 -+0.09 —0.09 —0.09 +0.08 +0.02 —0.03 0.13 0.13 0.22 0.21
Til +0.14 —0.15 —0.01 +0.01 —0.08 +0.08 0.00 0.00 0.16 0.17 0.24 0.24
Till —0.02 0.00 +0.07 —0.08 —0.10 -+0.09 +0.02 —0.03 0.13 0.12 0.23 0.22
VI +0.16 —0.17 —0.01 0.00 —0.07 +0.07 —0.01 +0.01 0.18 0.18 0.25 0.25
Crl £0.13 —0.13 —0.02 +0.02 —0.13 0.12 0.00 0.00 0.18 0.18 0.26 0.25
Cr I —0.08 +0.07 +0.10 —0.09 —0.08 +0.09 +0.01 —0.02 0.15 0.15 0.25 0.24
Mn I +0.09 —0.10 —0.02 +0.01 —0.16 +0.14 —0.01 0.00 0.18 0.17 0.26 0.24
Fe I +0.07 —0.07 0.00 —0.01 —0.13 +0.12 +0.10 —0.10 0.18 0.17 - -
Fe IT —0.09 +0.07 -+0.10 —0.10 —0.10 +0.09 +0.10 —0.10 0.20 0.18
Col +0.07 —0.07 +0.02 —0.03 —0.06 +0.06 +0.01 —0.02 0.09 0.10 0.20 0.20
Nil +0.04 —0.03 +0.02 —0.02 —0.10 +0.10 +0.01 —0.01 0.11 0.11 0.21 0.20
Cul +0.09 —0.09 —0.01 0.00 —0.15 +0.12 +0.03 —0.02 0.18 0.15 0.25 0.23
Zn 1 —0.05 0.06 +0.07 —0.06 —0.08 0.09 +0.02 —0.01 0.12 0.12 0.22 0.21
Rb 1 +0.10 —0.10 0.00 0.00 —0.03 +0.03 0.00 0.00 0.10 0.10 0.21 0.20
Sr 1 +0.15 —0.16 —0.03 +0.02 —0.22 +0.22 0.00 +0.01 0.27 0.27 0.32 0.32
Y1 £0.16 —0.17 —0.01 0.00 —0.02 +0.03 0.00 +0.01 0.16 0.17 0.24 0.24
Y II —0.01 0.00 +0.08 —0.08 —0.14 +0.14 +0.02 —0.03 0.16 0.16 0.24 0.24
Zr 1 +0.17 —0.19 —0.01 0.00 —0.03 +0.03 —0.01 0.00 0.17 0.19 0.25 0.26
Zr 11 —0.03 +0.01 +0.09 —0.09 —0.09 +0.11 +0.02 —0.03 0.13 0.15 0.22 0.23
Ba II +0.02 —0.03 -+0.05 —0.06 —0.19 +0.15 +0.03 —0.04 0.20 0.17 0.27 0.24
La Il +0.01 0.00 +0.09 —0.09 —0.06 +0.07 +0.03 —0.03 0.11 0.12 0.21 0.21
Ce I1 +0.01 —0.01 -+0.09 —0.08 —0.11 +0.15 +0.04 —0.03 0.15 0.17 0.23 0.25
Pr1I -+0.01 —0.02 +0.08 —0.09 —0.03 -+0.03 +0.03 —0.04 0.09 0.10 0.22 0.21
Nd II +0.01 —0.02 +0.08 —0.09 —0.09 -+0.09 +0.03 —0.04 0.12 0.11 0.22 0.21
Sm II +0.02 —0.02 -+0.09 —0.08 —0.05 +0.07 +0.04 —0.03 0.11 0.11 0.21 0.21
Eu II —0.02 +0.01 +0.09 —0.09 —0.03 +0.04 +0.03 —0.03 0.10 0.10 0.21 0.20
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FIGURE 3.12: Observed [X/Fe] ratios of the neutron-capture elements (Tables 3.5 -

3.7) for the program stars with respect to metallicity [Fe/H]. Symbols have the same
meaning as in Figure 3.8

3.4.4 s-process content of the program stars

We have calculated the |hs/Fe|, [Is/Fe|, and |hs/ls| ratios of the program stars,
where Is refers to the light s-process elements (Sr, Y, and Zr) and hs to the heavy
s-process elements (Ba, La, Ce, and Nd). In order to find the s-process content
in the stars, we have estimated the mean abundance ratio [s/Fe| of the s-process

elements (Sr, Y, Zr, Ba, La, Ce, Nd), for our stars. The estimated values of these
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TABLE 3.10: Estimates of [Is/Fe|, [hs/Fe], [s/Fe], [hs/ls], [Rb/Sr], [Rb/Zx|, C/O

Star name  |[Fe/H| [ls/Fe| |hs/Fe| [s/Fe| [hs/Is] [Rb/Sr|] [Rb/Zr] C/O
HD 24035 —0.51 1.41 1.61 1.55 0.20 - - -
HD 32712 —-0.25  0.37 1.52 1.03 1.15 —1.06 —-1.65 0.51
HD 36650 —0.02  0.56 0.84 0.72 0.28 —1.48 —-1.33 0.56
HD 94518  —0.55  0.67 0.86 0.77 0.19 - - 0.06
HD 147609 —-0.28  1.19 1.25 1.23 0.06 - - 0.27
HD 154276 —0.10 —-0.08  0.25 0.11 0.33 - - -
HD 179832 +40.23  0.47 0.66 0.45 0.19 —1.37 —2.64 -

HD 207585 —0.38  1.02 1.66 1.45 0.64 - - 0.24
HD 211173 —-0.17  0.49 0.75 0.64 0.26 —1.70 —-1.38  0.59
HD 219116 —-0.45 0.70 1.32 1.05 0.62 - - 0.95

ratios are provided in Table 3.10. The star HD 154276 shows the least value for
[s/Fe| ratio. A comparison of [s/Fe| ratio observed in our program stars with that
in Ba stars and normal giants from literature is shown in Figure 3.13. The stars
which are rejected as Ba stars from the analysis of de Castro et al. (2016) are
also shown for a comparison. The [s/Fe| value of HD 154276 falls among these
rejected stars. Most of these rejected Ba stars are listed as marginal Ba stars by
MacConnell et al. (1972). There is no clear mention in the literature on how high
should be the [s/Fe] value for a star to be considered as a Ba star. According
to de Castro et al. (2016), this value is +0.25, while Sneden et al. (1981) found
a value +0.21, Pilachowski (1977) found +0.50 and Rojas et al. (2013) found a
value > 0.34. If we stick on to the values of these authors, the star HD 154276
with [s/Fe|~0.11, can not be consider as a Ba star. However, according to Yang
et al. (2016), [Ba/Fe| should be at least 0.17 for the star even to be a mild Ba star.
Following this, HD 154276 can be considered as a mild Ba star with [Ba/Fe|~0.22.
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FIGURE 3.13: Observed [s/Fe| ratios of the program stars with respect to metallicity
[Fe/H]. Red open circles represent normal giants from literature (Luck and Heiter 2007).
Green crosses, blue four-sided stars, cyan filled pentagons, red eight-sided crosses repre-
sent strong Ba giants, weak Ba giants, Ba dwarfs, Ba sub-giants respectively from litera-
ture (de Castro et al. 2016; Yang et al. 2016; Allen and Barbuy 2006). Magenta six-sided
stars represent the stars rejected as Ba stars by de Castro et al. (2016). HD 24035 (filled
hexagon), HD 32712 (starred triangle), HD 36650 (filled triangle), HD 94518 (filled cir-
cle), HD 147609 (five-sided star), HD 154276 (open hexagon), HD 179832 (open trian-
gle), HD 207585 (six-sided cross), HD 211173 (nine-sided star), and HD 219116 (filled
square).
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3.5 Binary status of the program stars

For a precise identification of the source of carbon and heavy-element enrichment
in peculiar stars, it is very crucial to know their binary status. A number of
investigations dedicated to identify the binarity of the peculiar stars have been
carried out to date. The precise radial velocity monitoring studies have shown
that most of the Ba stars (McClure et al. 1980; McClure 1983, 1984; McClure and
Woodsworth 1990; Jorissen et al. 1998; Udry et al. 1998a,b) are in binary systems.

A comparison of the estimated radial velocity of the program stars with that
available in the Gaia (Gaia Collaboration et al. 2018) is given in Table 3.11. Three
objects in our sample, HD 24035, HD 147609, and HD 207585 are confirmed
binaries with orbital periods of 377.83 £ 0.35 days (Udry et al. 1998a), 672 £ 2
days (Escorza et al. 2019), and 1146 + 1.5 days (Escorza et al. 2019) respectively.
Our estimated radial velocity (—1.56 km s™!) for HD 24035 is slightly higher than
the range of radial velocities found in literature (—2.14 to —19.81 km s™') for
this object. However, for HD 207585 (—65.9 km s7!) and HD 147609 (—18.17 km
s71), our estimates fall well within the range of velocities available in literature, i.e.,
(—52.2to —74.1 km s™!) and (—19.2 to —11.9 km s™!) respectively. Radial velocity
studies are not available for other program stars. The estimated radial velocity for
the stars HD 36650, HD 154276, and HD 219116 differ from the literature values
(Table 3.11), indicating that these stars are likely binaries.

Analysis of Yoon et al. (2016) have shown that, in the absolute carbon abundance
A(C) - |Fe/H] diagram, the majority of binary stars lie above A(C)~T7.1. So
this diagram could be used as a tool to understand the binary nature of carbon
stars when the radial velocity studies are not available. We have extended this
method to the higher-metallicity regime to check the binarity of the Ba stars. The
distribution of absolute carbon abundance with metallicity for different classes of

chemically peculiar stars are shown in Figure 3.14. In this figure, all the program
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TABLE 3.11: Radial velocity data of the program stars

Star V., V., period

(km s—1) (km s—1) (days)
(our estimate) (Gaia)

HD 24035 —1.564+0.25 —12.514+0.13 377.834+£0.35

HD 32712 +10.37+0.02 +11.274+0.16 -

HD 36650 +36.40=4+0.19 +31.5240.47 RV wvariation

HD 94518 +92.204+0.43 92.69+0.015 -

HD 147609 —18.174+1.47 —17.1140.82 6722

HD 154276 —64.1741.42 —55.9440.17 RV wvariation

HD 179832 +6.734+0.03 +7.64=4+0.13 -

HD 207585 —65.97+0.07 —60.104+1.20 11464+1.5

HD 211173 —27.8440.25 —28.194+=0.63 -

HD 219116 —40.9040.25 —11.00%x7.30 RV wvariation

stars lie in the region occupied by binary stars, indicating that our program stars

are likely binaries.

3.6 Diagnostics to understand the nature of com-

panion AGB stars

In this section, we try to understand the nature of the companions for our sample

of Ba stars based on various abundance profile analysis.

3.6.1 The |[hs/ls| ratio as an indicator of neutron source

The |hs/Is| ratio is a useful indicator of neutron source in the former AGB star.

As the metallicity decreases, the neutron exposure increases. As a result, lighter
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FIGURE 3.14: The A(C) - [Fe/H] diagram for known/likely binary and single stars.
The binary and single stars are separated by the dashed line at A(C) = 7.10. The long-
dash dot line corresponds to [C/Fe] = 0. Green and magenta open hexagons represent
binary and single CEMP stars, respectively from literature (Yoon et al. 2016). Black
open squares represent the binary CH stars from literature (Purandardas et al. 2019;
Karinkuzhi and Goswami 2014, 2015; Luck 2017). Binary Ba stars from literature
(Karinkuzhi et al. 2018a) are represented by cyan open pentagons. The prefixes B- and
S- in the figure imply binary and single stars, respectively. The blue squares represent
the confirmed binary program stars, and the red squares represent the program stars
with unknown binary status.
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s-process elements are bypassed in favour of heavy elements. Hence, [hs/ls| ratio
increases with decreasing metallicity. The models of Busso et al. (2001) have
shown the behaviour of this ratio with metallicity for AGB stars of mass 1.5
and 3.0 Mg, for different 3C pocket efficiencies. According to these models, the
maximum value of |hs/ls|] is ~1.2 which is at metallicities ~—1.0 and ~—0.8 for
the 3 and 1.5 Mg models respectively for the standard ¥C pocket efficiency. In
their models, Goriely and Mowlavi (2000), have shown the run of |hs/Is| ratio with
metallicity for different thermal pulses for AGB stars in the mass range of 1.5 - 3
M. The maximum value of |hs/Is|~0.6 occurs at metallicity ~—0.5. It was noted
that, in all these models, the |hs/Is| ratio does not follow a linear anti-correlation
with metallicity, rather exhibits a loop like behaviour. The ratio increases with
decreasing metallicity up to a particular value of [Fe/H| and then starts to drop.
Our |hs/ls| ratio has a maximum value of ~1.15 which occurs at a metallicity of
~—0.25. The anti-correlation of [hs/Is| suggests the operation of *C(a, n)'%0
neutron source, since *C(a, n)'°0 is found to be anti-correlated with metallicity

(Clayton 1988; Wallerstein et al. 1997).

At metallicities higher than solar, a negative value is expected for this ratio and
at lower metallicities, a positive value is expected for low-mass AGB stars where
13C(a, n)'®0 is the neutron source (Busso et al. 2001; Goriely and Mowlavi 2000).
However, it is possible that AGB stars with masses in the range 5 - 8 M can also
exhibit low [hs/Is| ratios considering the ?Ne(a, n)**Mg neutron source (Karakas
and Lattanzio 2014). The models of Karakas and Lattanzio (2014) predicted that
the Is elements are predominantly produced over the hs elements for AGB stars
of mass 5 and 6 Mg. The |hs/ls| ratio is correlated to the neutron exposure.
The **Ne(a, n)*Mg source has smaller neutron exposure compared to the *C(q,
n)'%0 source. Hence, in the stars where **Ne(a, n)**Mg operates, we expect a
lower [hs/ls] ratio. The lower neutron exposure of the neutrons produced from the
22Ne source together with the predictions of low |hs/Is| ratio in massive AGB star

models have been taken as the evidence of operation of *’Ne(a, n)*Mg in massive
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AGB stars. As seen from the Table 3.10, all the program stars show positive values

for [hs/ls| ratio. This indicates low-mass AGB companions for the program stars.

3.6.2 Rb as a probe of the neutron density at the s-process

site

In addition to the [hs/ls| ratio, the abundance of rubidium can also provide clues
to the mass of the companion AGB stars. The AGB star models predict higher
Rb abundances for massive AGB stars where the neutron source is ??Ne(a,n)*Mg
reaction (Abia et al. 2001; van Raai et al. 2012). In the s-process nucleosynthesis
path, the branching points at the unstable nuclei *Kr and ®Rb controls the Rb
production. The amount of Rb produced along this s-process path is determined by
the probability of these unstable nuclei to capture the neutron before -decaying,
which in turn depends on the neutron density at the s-process site (Beer and

Macklin 1989; Tomkin and Lambert 1983; Lambert et al. 1995).

The production of 8’Rb from *Kr and *Rb is possible only at higher neutron
densities N,, > 5x10® n/cm?; Sr, Y, Zr etc. are produced otherwise (Beer 1991;
Lugaro and Chieffi 2011). The 8"Rb isotope has a magic number of neutrons,
and hence it is fairly stable against neutron capture. Furthermore, the neutron
capture cross-section of 8'Rb is very small (0 ~15.7 mbarn at 30 KeV) compared
to that of ®Rb (0 ~234 mbarn) (Heil et al. 2008a). Hence, once the nucleus 5"Rb
is produced, it will be accumulated. Therefore, the isotopic ratio 8"Rb/*Rb could
be a direct indicator of the neutron density at the s-process site, and thus helps to
infer the mass of the AGB star. But, it is impossible to distinguish the lines due
to these two isotopes of Rb in the stellar spectra (Lambert and Luck 1976; Garcia-
Hernandez et al. 2006), as the isotopic shift between the two isotopes is very small
(of the order of 1 mA). However, the abundance of Rb relative to other elements

in this region of the s-process path, such as Sr, Y, and Zr, can be used to estimate
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the average neutron density of the s-process. Detailed nucleosynthesis models for
the stars with masses between 5 - 9 Mg, at solar metallicity predict [Rb/(Sr,Zr)]
> 0 (Karakas et al. 2012). A positive value of [Rb/Sr| or [Rb/Zr| ratio indicates
a high neutron density, whereas a negative value indicates a low neutron density.
This fact has been used as an evidence to conclude that *C(a, n)'%0 reaction act
as the neutron source in M, MS and S stars (Lambert et al. 1995). The same fact
was used to conclude that the C stars are low-mass AGB stars with M < 3 Mg
(Abia et al. 2001). The observed [Rb/Zr| ratios in the AGB stars, both in our
Galaxy and the Magellanic Clouds, show a value < 0 for low-mass AGB stars and
a value > 0 for intermediate-mass (4 - 6 M) AGB stars (Plez et al. 1993; Lambert
et al. 1995; Abia et al. 2001; Garcia-Hernandez et al. 2006, 2007, 2009; van Raai
et al. 2012).

M stars are late type O-rich giants (C/O~0.5) characterized by the presence of
strong TiO molecular band in their spectra (Merrill 1922; Smith and Lambert
1988; Karakas and Lattanzio 2014). They do not show any enhancement of s-
process elements, despite some of them showing the Tc I line in their spectra
(Merrill 1952; Keenan 1954; Smith and Lambert 1985, 1988). These stars may
belong to the earliest phase of TP-AGB that not yet experienced the TDU (Smith
and Lambert 1988). They show abundances similar to those observed in G and
K giants with deep convective envelope and have undergone FDU (Smith and
Lambert 1990). S stars are late type giants whose spectra are characterized by
strong ZrO molecular band (Merrill 1922; Smith and Lambert 1986b; Van Eck and
Jorissen 1999). MS stars are also late type giants, intermediate between M and S
type, having a weaker ZrO band than the S stars (Smith and Lambert 1986b). MS
and S stars are characterized by the enhanced abundances of carbon and s-process
elements in their atmosphere (Merrill 1922; Smith and Lambert 1985, 1986b; Van
Eck et al. 2017). The MS and S stars with Tc I line in their spectra (intrinsic MS
and S stars) are AGB stars (TP-AGB) where s-process operates in the He-shell
(Smith and Lambert 1985, 1986b, 1990; Lambert et al. 1995; Van Eck et al. 2017).
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The MS and S stars without Tc I in their spectra (extrinsic MS and S stars) are
results of pollution from binary AGB companion (Smith and Lambert 1985, 1986b,
1990; Jorissen and Mayor 1988; Jorissen et al. 1993; Van Eck and Jorissen 1999;
Van Eck et al. 2000; Van Eck and Jorissen 2000; Van Eck et al. 2017). The MS
and S stars show a higher abundance of N than the M giants (Smith and Lambert
1990). The S stars show C/O ratio close to unity (Karakas and Lattanzio 2014;
Van Eck et al. 2017), attributing to the TDU episodes. The sequence M-MS-S-C
is based on the increasing order of C/O ratio with the transition from C/O < 1
to C/O > 1 (Smith and Lambert 1986b; Karakas and Lattanzio 2014). The Ba
giants are known to be the warmer counterparts of extrinsic S stars (Jorissen and

Mayor 1988; Smith and Lambert 1988).

The estimated [Rb/Zr| and [Rb/Sr| ratios (Table 3.10) give negative values for
our stars, for which we could estimate these ratios. The observed [Rb/Fe| and
|Zr/Fe| ratios are shown in Figure 3.15. The observed ranges of Rb and Zr in
intermediate-mass AGB stars (shaded region) in the Galaxy and the Magellanic
Clouds are also shown for a comparison. It is clear that the abundances of Rb and
Zr observed in the program stars are consistent with the range normally observed

in the low-mass AGB stars.

3.6.3 Na and Mg abundances

Here, we will discuss the astrophysical origin and possible sources of overabun-
dances of Na and Mg. The light elements Na and Mg are significantly produced in
TP-AGB stars. When the temperature reaches ~15x10° K, secondary Na is pro-
duced in the H-burning shell during the interpulse stage from ??Ne produced in the
previous hot pulses via 2?Ne(p, 7)**Na (Ne - Na chain). If the temperature exceeds
35x10% K, the burning of the abundant ?°Ne also contributes to ?*Na. However,

at temperatures T > 60x10° K, the 23Na depletes through?*Na(p, 7)**Mg and /or
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FIGURE 3.15: The observed abundances [Rb/Fe| vs [Zr/Fe]. HD 32712 (starred
triangle), HD 36650 (filled triangle), HD 179832 (open triangle), and HD 211173 (nine-
sided star). The shaded region corresponds to the observed range of Zr and Rb in
intermediate-mass AGB stars in the Galaxy and the Magellanic Clouds (van Raai et al.
2012). The four program stars occupy the region of low-mass AGB stars.
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#Na(p, @)?°Ne (Arnould and Mowlavi 1995; Mowlavi 1999b; Goriely and Mowlavi
2000; Karakas et al. 2006). The isotope **Mg is produced during the interpulse
from the ?*Na as mentioned above. However, the competing reaction **Na(p,
a)?®Ne is faster than the one producing ?*Mg (El Eid and Champagne 1995; Il-
iadis et al. 2001; Izzard et al. 2007). When the temperature of the TP reaches
~300x10° K, other isotopes of Mg are produced during the TP via 2?Ne(a, n)*Mg
and ??Ne(a, 7)*Mg reactions (Karakas and Lattanzio 2003; Karakas et al. 2006;
Kaeppeler et al. 1994). But, if the temperature reaches 70x10° K, 2*Mg, and then
Mg are depleted into 27Al (Denissenkov and Weiss 1996; Arnould et al. 1999).
However, such high temperatures are attained only in the case of massive AGB
stars (3 - 8 M) in their Hot-Bottom Burning regions, and it is impossible for the
low-mass AGB stars to sustain these reactions (Boothroyd and Sackmann 1992;

Gratton et al. 2000).

Since the mass of the intershell material dredged-up to the surface is very small
compared to the envelope mass, the secondary Na produced (produced from the
22Ne dredged-up to the surface) has negligible impact on the total Na surface
abundance (Bisterzo et al. 2011). If the Na produced is primary, ie, produced
through a chain of TP /TDU/IP events from the '*C and ?*Ne (produced during the
TP) dredged-up to the surface from the He-burning shell of the AGB stars, a larger
amount of it would be expected (Mowlavi 1999b; Gallino et al. 2006). The primary
12C produced by the 3a-reaction are brought to the surface from the intershell
region by the TDU. Then, during the following interpulse, this ?C is transformed
into 1*N through the CNO cycle by the H-burning shell, and accumulated in the top
layers of the intershell-region. This 4N is converted to ?Ne during the early phase
of next thermal instability via “N(a,y)"*F(87)®0(a,v)**Ne (Mowlavi 1999b;
Gallino et al. 2006). This *Ne results in the primary production of the »*Na via
the n-capture reaction: *Ne(n, 7)*Ne(87v)**Na, and isotopes of Mg through the
n-capture reaction: *Na(n, 7)*Na(87v)*Mg, and a-capture reactions: ?*Ne(c,

n)*»Mg and **Ne(«, 7)**Mg (Gallino et al. 2006). These reactions are significant
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at low-metallicities due to the large amount of ?2Ne produced, and have negligible
effect at metallicities [Fe/H| > —1 (Gallino et al. 2006; Bisterzo et al. 2011). So

at metallicities characteristics of Ba stars, the Na and Mg are not primary.

However, Na enrichment can be expected in stars prior to the AGB phase. El
Eid and Champagne (1995) and Antipova et al. (2004) related this overabundance
of Na to the nucleosynthesis associated with the evolutionary stage of the star.
According to them, Na is synthesized in the convective H-burning core of the main
sequence stars through the Ne - Na chain. Later, these products are mixed to the
surface during the FDU. As a result, it is possible to observe sodium enrichment
in giants rather than in dwarfs. An anti-correlation between [Na/Fe| and log g
was reported by Boyarchuk et al. (2001) and de Castro et al. (2016). We observed
a similar trend in our sample. According to Denisenkov and Ivanov (1987), a star
with a minimum mass of 1.5 Mg will be able to raise the Na abundance through
the Ne - Na chain even in the main sequence itself. Even though the Na-enriched
material can be synthesized in AGB, and subsequently transferred to the barium
stars, there may be a non-negligible contribution to the Na enrichment from the

barium star itself.

A comparison of the observed Na and Mg abundances in the program stars with
those in the field giants and disk dwarfs is shown in Figure 3.16. Na and Mg
enhancement is expected if the s-process pattern results from the massive AGB
stars, as mentioned above. We could not find any such enhancement in our sample
when compared with the disk stars and normal giants. This discards the possibility
of the neutron source ?Ne(a,n)*Mg as well as a massive AGB companion for the
program stars. The observed Na and Mg abundances also confirm the low-mass

former AGB companions of the program stars.

The studies of the disk dwarfs and field giants of the Galaxy have shown that they

do not show any trend in [Na/Fe| ratio with metallicity (Edvardsson et al. 1993;
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Reddy et al. 2003, 2006; Mishenina et al. 2006; Luck and Heiter 2007). Since Na,
Mg, and Al are produced in the carbon burning stages of massive stars, SNe II
are the likely sources of these elements in the Galactic disk (Burbidge et al. 1957;
Woosley and Weaver 1995; Wallerstein et al. 1997). Owing to this common origin,
all the stars in the disk are expected to show similar abundances. This fact is

clearly seen from Figures 3.8 and 3.16.

3.7 Comparison with the AGB stars

The analysis based on different diagnostics and abundance profiles discussed in the
previous section confirmed the low-mass nature of the former AGB companions
of the program stars. Now, to corroborate this results, we have performed a
comparison of the estimated abundances of the program stars with the observed

abundances as well as the model yields of AGB stars.

3.7.1 Comparison of the observed abundances with litera-

ture values of AGB stars

The observed abundance ratios for eight neutron-capture elements are compared
with their counterparts in the low-mass AGB stars from literature, which are found
to be associated with the *C(«, n)'%O neutron source. This comparison is shown
in Figure 3.17. The observed abundances of the Ba stars are in agreement with
those of the low-mass AGB stars. The scatter observed in the ratios may be a
consequence of different dilution factors during the mass transfer, as well as the

orbital parameters, metallicity, and initial mass as discussed in de Castro et al.

(2016).
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FIGURE 3.16: The observed abundances [Na/Fe| and [Mg/Fe]. Red open circles rep-
resent the normal filed giants from literature (Luck and Heiter 2007). Blue squares
are the disk dwarfs from literature (Reddy et al. 2003; Bensby et al. 2005; Reddy
et al. 2006). HD 24035 (filled hexagon), HD 32712 (starred triangle), HD 36650 (filled
triangle), HD 94518 (filled circle), HD 147609 (five-sided star), HD 179832 (open trian-
gle), HD 207585 (six-sided cross), HD 211173 (nine-sided star), and HD 219116 (filled
square).
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FIGURE 3.17: Comparison of abundance ratios of neutron-capture elements observed
in the program stars and the low-mass AGB stars with respect to metallicity [Fe/H].
Red crosses represent the AGB stars from literature (Smith and Lambert 1985, 1986b,
1990; Abia and Wallerstein 1998). HD 24035 (filled hexagon), HD 32712 (starred
triangle), HD 36650 (filled triangle), HD 94518 (filled circle), HD 147609 (five-sided
star), HD 179832 (open triangle), HD 207585 (six-sided cross), HD 211173 (nine-sided
star), and HD 219116 (filled square).
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3.7.2 Comparison with the FRUITY models and a para-

metric model-based analysis

A publicly available (http://fruity.oa-teramo.inaf.it/, Web sites of the Ter-
amo Observatory (INAF)) data set for the s-process in AGB stars is the FRANEC
Repository of Updated Isotopic Tables & Yields (FRUITY) models (Cristallo et al.
2009, 2011, 2015). These models cover the range of metallicity from z = 0.000020
to z = 0.020 for the mass range 1.3 - 6.0 M. The computations comprise of the
evolutionary models starting from the pre-main sequence to the tip of AGB phase
through the core He-flash. During the core H-burning, no core overshoot has been
considered, a semi-convection is assumed during the core He-burning. The only
mixing considered in this model is arising from the convection, additional mixing
phenomena such as rotation is not considered here. The calculations are based on a
full nuclear network, considering all the stable and relevant unstable isotopes from
hydrogen to bismuth. This includes 700 isotopes and about 1000 nuclear processes
such as charged particle reactions, neutron captures, and §-decays (Straniero et al.
2006; Gorres et al. 2000; Jaeger et al. 2001; Abbondanno et al. 2004; Patronis et al.
2004; Heil et al. 2008¢c). The details of the input physics and the computational
algorithms are provided in Straniero et al. (2006). In this model, 3C pocket is
formed through time-dependent overshoot mechanisms, which is controlled by a
free overshoot parameter (f) in the exponentially declining convective velocity
function. This parameter is set in such a way that the neutrons released are
enough to maximize the production of s-process elements. For the low-mass AGB
star models (initial mass < 4 M), neutrons are released by the *C(a, n)®O reac-
tion during the interpulse phase in radiative conditions, when temperatures within
the pockets reaches T~1.0 x 10® K, with typical densities of 105 - 10" neutrons
cm 3. However, in the case of the metal-rich models (z = 0.0138, z = 0.006, and
z = 0.003), 13C is only partially burned during the interpulse; surviving part is
ingested in the convective zone generated by the subsequent thermal pulse (TP),

and then burned at T~1.5 x 10® K, producing a neutron density of 10'* neutrons
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cm 3. For larger z, ?Ne(a, n)**Mg neutron source is marginally activated during
the TPs; but for low z, it becomes an important source when most of the ??Ne is
primary (Cristallo et al. 2009, 2011). For the intermediate-mass AGB star models,
the s-process distributions are dominated by the 2?Ne(c, n)?**Mg neutron source,
which is efficiently activated during TPs. The contribution from the *C(a, n)**O
reaction is strongly reduced in the massive stars. This is due to the lower extent of
the ¥C pocket in them. It is shown that the extent of *C pocket decreases with
increasing core mass of the AGB star, due to the shrinking and compression of
He-intershell (Cristallo et al. 2009). These massive models experience Hot-Bottom

Burning and Hot-TDUs at lower metallicities (Cristallo et al. 2015).

We have compared our observational data with the FRUITY model. The model
predictions are unable to reproduce the |hs/ls| ratios characterizing the surface
composition of the stars. A comparison of the observed |hs/lIs| ratios with metal-
licity shows a large spread (Figure 3.18), somewhat similar to the comparison
between the model and observational data as shown in Cristallo et al. (2011) (Fig-

ure 12 of theirs).

The observed discrepancy may be explained by considering the different 3C pocket
efficiencies in the AGB models. In the FRUITY models, a standard 3*C pocket
is being considered. However, if a variation in the amount of ¥C pocket would
give a better match with the observed spread, is yet to be examined. The absence
of stellar rotation in the current FRUITY models may also be a cause of the
observed discrepancy. The rotation induced mixing alters the extent of the 3C
pocket (Langer et al. 1999), which in turn affects the s-process abundance pattern.
However, a study conducted by Cseh et al. (2018) using the rotating star models
available for the metallicity range of Ba stars (Piersanti et al. 2013) could not

reproduce the observed abundance ratios of stars studied by de Castro et al. (2016).

We have performed a parametric model-based analysis in order to find the mass of
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FIGURE 3.18: Comparison of the predicted and observed values of [hs/ls] ratios. The
black circles with error bars represent the observed [hs/ls] ratio in the program stars.
The curves correspond to the predicted [hs/ls] ratios for AGB stars of different masses
in the range 1.3 - 6 Mg from the FRUITY models.

the companion AGB stars of our program stars. The observed abundance in the
atmosphere of the Ba stars might not be the actual signature of the progenitor
AGB stars. The accreted s-rich material may undergo mixing and dilution in
the envelope of these secondary Ba stars. So, the dilution experienced by the
accreted material after the mass transfer should be incorporated in the analysis.

The diluted theoretical abundance on the surface of Ba stars;
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]AGB

[X/Fe] = log(10X/Fel™  f 4 10B/FI? 10—y

where d is the dilution factor, f = 1 - 1074, and |X/Fe]A®B is the abundance
of element X in the AGB star (Husti et al. 2009). The solar values have been
taken as the initial composition. The dilution factor, d, is defined as M /Mianst
= 104, where MV is the mass of the envelope of the observed star after the
mass transfer, MY25! is the mass transferred from the AGB. Both the AGB and
Ba stars are assumed to be formed from the same cloud of interstellar medium.
The dilution factor, d, is a free parameter that can be varied between 0 to 1.
The case d = 0 means that no mixing has happened on the surface of the Ba
stars, and the observed abundance is the actual nucleosynthesis products of the
companion AGB star. The mass of the AGB stars responsible for the observed
abundances of the Ba stars are derived by comparing the observed abundance with
the predicted abundance from the FRUITY model for the heavy elements (Sr, Y,
Zr, Ba, La, Ce, Pr, Nd, Sm, and Eu) using the above parametric model function.
The dilution factor is varied by minimizing the x2. between the observed and

predicted abundances.

X2 — E ([X/Fe]obs;[X/Fe]mod)2

obs

where [X/Fe|ops, [X/Fe|moa are the observed abundance and model prediction, and
02, is the uncertainty on [X/Fe|ops. The best fit masses and corresponding dilution
factors, along with the y? values are given in Table 3.12. The goodness of fit of
the parametric model function is determined by the uncertainty in the observed
abundance. The best fits obtained are shown in Figure 3.19. All the Ba stars
are found to have low-mass AGB companions with M < 3 M. Among our stars,
HD 147609 is found to have a companion of 3 My, by Husti et al. (2009), whereas

our estimate is 2.5 Mg,
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TABLE 3.12: The best fit mass, dilution factor and reduced chi-square values.

Star name/ HD 24035 HD 32712 HD 36650 HD 94518 HD 147609 HD 179832 HD 207585 HD 211173 HD 219116
mass (M/Mg)
1.5 d - - - 0.22 - 0.21 - - 0.04
x? - - - 9.91 - 51.39 - - 1.40
2.0 d - 0.001 - 0.52 - 0.65 - - 0.36
x? - 16.14 - 10.14 - 48.04 - - 1.55
2.5 d 0.07 0.08 0.10 0.62 0.08 0.82 0.07 0.03 0.46
X2 1.92 17.64 8.15 10.31 1.39 48.06 4.28 18.15 1.66
3.0 d - - 0.04 0.27 - 0.75 - - 0.10
x? - - 8.08 9.92 - 48.01 - - 1.33
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FIGURE 3.19: The solid curves are the best fit for the parametric model function
obtained from the comparison of the observed abundances in the Ba stars and predicted

abundances from the FRUITY models by minimizing the x2. The observed abundances

in the program stars are indicated by the points with error bars.
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TABLE 3.13: Spatial velocity and probability estimates for the program stars
Star name Ursr Visr Wisr Vpa Pivin  Pinick  Prao  Population
(km s71) (km s71) (km s71) (km s71)
HD 24035 —11.184+0.52 27.32+0.38 —16.354+0.58 33.74£0.15 0.99 0.01 0.00 Thin disk
HD 32712 76.7840.66 —11.17£0.16 17.13£0.17  79.46+£0.65 0.97 0.03 0.00 Thin disk
HD 36650 21.4440.13 —18.644+0.17 —10.09+0.13 30.15+0.06 0.99 0.01 0.00 Thin disk
HD 94518 46.2440.11  —119.854+0.43 —62.49+0.44 142.85+0.52 0.00 0.95 0.05 Thick disk
HD 147609  19.45+0.87 —15.6440.90 —4.114+1.03  25.30£0.06 0.99 0.01 0.00 Thin disk
HD 154276 1.75+0.96 —116.16+0.76 ~ 22.48+0.76 118.33+£0.58 0.07 0.92 0.01 Thick disk
HD 179832  9.21+£0.15 —5.80+0.32 —4.98+0.21  11.974£0.41 0.99 0.01 0.00 Thin disk
HD 182274  35.72+0.05 17.56£0.05 —2.76£0.03  39.90£0.06 0.99 0.01 0.00 Thin disk
HD 207585 —27.104+0.32 —41.914+2.68  44.05+1.04  66.57+1.13 0.72 0.28 0.00  Thin disk
HD 211173 —48.53+0.88 27.71£0.42 4.79£0.54 56.0940.51 0.99 0.01 0.00 Thin disk
HD 219116 —46.224+1.31 —17.18+0.49 25.184+0.59 55.37£0.98 0.97 0.03 0.00 Thin disk

3.8 Kinematic analysis

The methodology followed for kinematic analysis is discussed in detail in section

2.7. The results of the kinematic analysis for the stellar sample is presented in

this section. The estimates of the total spatial velocity and components of spatial

velocity, along with the probability estimates are given in Table 3.13. All the stars

are found to be members of the Galactic disk.

3.9 Discussion on individual stars

HD 24035, HD 32712, HD 36650, HD 207585, HD 211173, and HD 219116:

These objects are listed in the CH star catalogue of Bartkevicius (1996) as well
as in the barium star catalogue of Lii (1991). While Smith et al. (1993) classified
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HD 219116 as a CH sub-giant, MacConnell et al. (1972) and Mennessier et al.
(1997) suggested these objects to be giant barium stars. Based on our temper-
ature and luminosity estimates, their locations on the H-R diagram correspond
to the giant phase of evolution, except for HD 207585 which is found to be a
strong Ba sub-giant. Earlier studies on these objects include abundance analysis
by Masseron et al. (2010) and de Castro et al. (2016). We have estimated the
abundances of all the important s-process elements and Eu in these objects ex-
cept Sr in HD 24035. Based on our abundance analysis, we find these objects
to satisfy the criteria for s-process enriched stars by Beers and Christlieb (2005)
with [Ba/Fe] > 1 and [Ba/Eu| > 0.50. Following Yang et al. (2016), they can
also be included in the strong Ba giant category, while HD 211173 is a mild Ba
giant. They show the characteristics of Ba stars with an estimated C/0O~0.95,
0.51. 0.56, 0.24, and 0.59 for HD 219116, HD 32712, HD 36650, HD 207585, and
HD 211173, respectively. HD 24035 shows the largest enhancement of Ba among
our program stars with [Ba/Fe|~1.71 and the largest mean s-process abundance
with [s/Fe|~1.55. A comparison with the FRUITY models shows that the former
AGB companions of HD 24035, HD 32712, HD 36650, HD 207585, HD 211173,
and HD 219116 are low-mass objects with masses 2.5 Mg, 2.0 Mg, 3.0 Mg, 2.5
Mg, 2.5 Mg, and 3.0 Mg, respectively. From kinematic analysis, we find these ob-
jects to belong to the thin disk population with probability > 0.97. The estimated
spatial velocities < 85 km s™! also satisfy the criterion of Chen et al. (2004) for
stars to be the thin disk objects. From radial velocity monitoring, HD 24035 and
HD 207585 are confirmed to be binaries with orbital periods of 377.834+0.35 days
(Udry et al. 1998a) and 1146+1.5 days (Escorza et al. 2019) respectively.

HD 94518: This object belongs to the CH star catalogue of Bartkevicius (1996).
Our abundance analysis places this object in the strong Ba star category with
C/0~0.06. The abundance pattern observed in this star resembles with that of a
1.5 M AGB star. The position of this star on the H-R diagram shows this object
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to be a sub-giant star. Kinematic analysis shows this object to belong to the thick

disk population with a probability ~0.95.

HD 147609: This object is listed in the CH star catalogue of Bartkevicius (1996).
This star is a strong Ba dwarf with a C/O~0.27. Comparison of the observed
abundance in HD 147609 with the FRUITY model shows a close resemblance to
that seen in the 2.5 My AGB star. Kinematic analysis has shown that this object
belongs to the thin disk population with the characteristic spatial velocity of the
thin disk objects. The radial velocity monitoring study by Escorza et al. (2019)
has confirmed this object to be a binary with an orbital period of 672+2 days.

HD 154276: This star is listed in the CH star catalogue of Bartkevicius (1996).
Our analysis has shown that this star is a dwarf. Our analysis based on mean
s-process abundance, [s/Fe|, revealed that this object cannot be considered as a

Ba star.

HD 179832: This object belongs to the CH star catalogue of Bartkevicius (1996).
We have presented a first-time detailed abundance analysis for this object. Our
analysis has shown that this object is a mild Ba giant. The abundance trend
observed in this star suggests that the former companion AGB star’s mass is 3
Mg. From kinematic analysis, HD 179832 is found to be a thin disk object with
a probability of 0.99. The spatial velocity is estimated to be 11.97 km s™!, as
expected for the thin disk stars (Chen et al. 2004).
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3.10 Conclusions

Results from high-resolution spectroscopic analysis of ten objects are presented.
All the objects are listed in the CH star catalogue of Bartkevicius (1996). Six
of them are also listed in the barium star catalog of Lii (1991). Except for one
object, HD 154276, all other objects are shown to be bonafide barium stars from
our analysis. Although it satisfies the criteria of Yang et al. (2016) to be a mild
barium star, our detailed abundance analysis shows this object to be a normal
star. An analysis based on the mean s-process abundance clearly shows that this
particular star lies among the stars rejected as barium stars by de Castro et al.

(2016).

Although some of the objects analyzed here are common to the sample analyzed
by different authors, abundances of important heavy elements such as Rb, and
C, N, and O are not found in the literature. New results for these elements are

presented in this work.

We have presented the first time abundance results for HD 179832 and shown it to
be a mild barium giant. Kinematic analysis has shown it to be a thin disk object.
A parametric model-based analysis has shown the object’s former companion AGB

star’s mass to be about 3 Mg,

The sample of stars analyzed here covers a metallicity range from —0.55 to +0.23,
and a kinematic analysis has shown that all of them belong to the Galactic disk,

as expected for barium stars.

The estimated masses of the barium stars are consistent with that observed for
other barium stars (Allen and Barbuy 2006; Liang et al. 2003; Antipova et al.
2004; de Castro et al. 2016). The abundance estimates are consistent with the

operation of the 13C(a, n)®0 source in the former low-mass AGB companion.
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We did not find any enhancement of Mg in our sample, which discards the source
of neutron as the ?2Ne(a, n)**Mg reaction. An enhancement of Mg abundances
when compared with their counterparts in disk stars and normal giants would have

indicated the operation of ?Ne(a, n)*Mg.

The detection of the Rb I line at 7800.259 A in the spectra of HD 32712, HD 36650,
HD 179832, and HD 211173 allowed us to determine the [Rb/Zr| ratio. This ratio
gives an indication of the neutron source at the s-process site and in turn provides
clues to the mass of the star. We have obtained negative values for this ratio in
all four stars. The negative values obtained for these stars indicate the operation
of BC(a, n)'°0 reaction. As this reaction occurs in the low-mass AGB stars, we

confirm that the former companions of these stars are low-mass AGB stars with

M < 3 M,.

The distribution of abundance patterns and |hs/ls| ratios indicate low-mass com-
panions for the objects for which [Rb/Zr| could not be estimated. A comparison
of observed abundances with the predictions from the FRUITY models, and with
those observed in low-mass AGB stars from literature confirms low-mass for the

former companion AGB stars.

3.11 Appendix A

Atomic lines and line information used to derive the elemental abundances are

listed in Tables A1 and A2.
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Table Al : Equivalent widths (in mA) of Fe lines used for deriving atmospheric

parameters

Wavelength(A)  El  Ej,(éV) loggf HD 24035 HD 32712 HD 36650 HD 94518 HD 147609 HD 154276 HD 179832 HD 207585 HD 211173 HD 219116 Ref

4132.9 Fel 28  -1.01 - - - 88.70(6.94) - - - 83.40(6.96)  132.2(7.31) - 1
4139.927 099 -3.629 - - - - - - - . . . 1
4147.669 1485 -2.104 - - - - - - - - . . 1
4153.9 34 -0.32 129.9(6.79) - - - - - - 90.80(6.90) - - 1
4154.499 2832 -0.688 - - - - - - , . . . 9
4184.891 2831 -0.860 - - - - - - , . . . 1
4187.039 2449 -0.548 - - - 132.4(6.88) - - - 132.60(7.02) - - 1
4202.029 1485 -0.708 - - - - - - - . . . 1
4203.569 1011 -3.869 - - - - 34.6(7.23) - - - - - 2
4210.343 2482 -0.87 - - - - 120.4(7.48) - - - - - 1
4213.648 2845  -1.29 - - - - 68.5(6.96) - , . . . 1
4216.18 0 -3.36 - - - - - - - 106.4(7.16) - - 1
4217.546 343 -0.51 - - - - 99.6(7.43) - - - - - 1
4222213 2449 -0.967 - - - - 104.9(7.19) - - - - - 1
4224.171 3368 -0.41 - - - - 101.2(7.31) - - - - - 1
4238.81 3397 -0.28 - - - - 105.7(7.29) - - - - - 1
4239.362 3642 -1.52 - - - - 34.7(7.19) - - - - - 1
4240.371 3547 -1.34 - - - - 51.4(7.26) - - - - - 1
4250.119 2469 -0.405 - - - - 134.5(7.25) - - - - - 1
1250.787 1557 -0.71 - - - - 175.9(7.34) - - - - - 1
4276.675 3882  -1.21 - - - - 27.5(6.93) - - - , - 1
1282.403 2176 -0.81 - - - - 115.4(7.03) - - - - - 1
4327.096 3547 -0.96 - - - - - 88.57(7.61) - - - - 1
4343.697 3047 -1.88 - - - - - 62.40(7.53) - - - - 1
4347.233 0 -5.503 - - - - - 26.68(7.22) - - - - 1
4348.937 299 2130 - - - - - 39.82(7.11) - - - - 1
4360.804 3642 -1.87 - - - - - 39.52(7.46) - - - - 1
4352.735 2223 -1.26 - - - - 114.2(7.47) - - - - - 1
4365.896 299 -221 - - - - - 42.47(7.26) - - - - 1
4369.772 3047 -0.73 - - - - 93.0(7.14) - - - - - 1
4373.561 3018 -1.826 - - - - 40.2(7.05)  53.86(7.21) - - - - 3
4376.773 3017 -2.336 - - - - - 42.79(7.42) - - - - 2
4377.791 3274 -2.31 - - - - - 32.49(7.37) - - - - 1
4387.801 3071 -1.47 - - - - 67.1(7.28)  66.95(7.25) - - - - 1
4388.407 3603 -0.59 - - - - 71.3(6.96)  80.63(7.12) - - - - 1
4389.245 0052  -4.583 - - - - - 65.79(7.46) - - - - 1
4392.58 3.882 2 - - - - - 31.02(7.59) - - - - 1
4422568 2845 -L11 - 143.5(7.18) - 88.50(6.97) - - - - - - 1
4423.841 3654 -1.61 - - - - - 42.89(7.29) - - - - 1
4430.614 2223 -1.639 - - - - 97.0(7.44) - - - - - 1
4432.568 3573 -16 - - - - 30.6(7.11)  44.03(7.23) - - - - 1
14433.218 3654 0.7 - - - - 60.0(6.87) - - . . . 1
4436.921 3.047 211 - - - - 36.5(7.28) - - - - - 1
4438.345 3.8%2  -1.63 - - - 29.60(7.06) - - - - , - 1
4442 831 2176 -2.792 - - - - - 55.74(7.43) , - . . 1
4445.471 0087  -5.38 95.02(6.81) 111.4(7.43) - - - 31.41(7.35) - - 92.30(7.40) - 1

3687 -1.33 - - - - 35.5(7.04)  63.89(7.56) - 56.40(7.28) - - 1

2198 -2.59 - - - - - 53.12(7.17) - - - - 1
4447717 2223 -1.342 - - - - 107.7(7.37) - - - - - 1
4454.381 2832 -1.250 - - - - - 84.05(7.22) . . . , 1
4456.326 3.047 217 - - - - - 45.08(7.34) - - - - 1
4461.653 0073 -3.210 - - - - - - , - - . 1
4466.551 2832 -0.590 - - - 118.5(7.00)  123.0(7.47) - - 107.7(6.97)  172.3(7.23) - 1
4466.551 2832 -0.590 - - - 118.5(7.00)  123.0(7.47) - - 107.7(6.97)  172.3(7.23) - 1
4481.609 3.686  -1.42 - - - - - 17.42(7.23) - . . . 1
4482.739 3654 -1.35 - - - - 52.0(7.35) - - - - - 1

The abundance obtained from each line is given in parenthesis.



Chapter 3: Analysis of Ba stars 129

Table Al : continues....

Wavelength(A) El  Ep,(eV) loggf HD 24035 HD 32712 HD 36650 HD 94518 HD 147609 HD 154276 HD 179832 HD 207585 HD 211173 HD 219116 Ref

4484.22 3603 -0.720 106.5(6.76) 107.7(6.99) 137.6(7.70) 70.30(6.82) - 83.77(7.31) - 76.70(7.15)  104.4(7.17) - 1
4485.676 3686 -1.02 - - - - - 69.49(7.38) - - - - 1
4489.739 0121  -3.966 161.5(6.97) 166.6(7.04) - - - 86.26(7.49) - 83.80(7.19)  138.4(7.16) - 1
4490.084 3017 -1.58 - - - - 48.5(6.95) - - - - - 1
4502.501 3573 -2.35 - - - - - 22.06(7.40) - - - - 1
4517.524 3071 -1.84 - - - - 40.2(7.10)  66.19(7.59) - - - - 1
4531.15 149 215 - - - 106.4(7.10) - - - - - - 1
4531.626 3211 -2.511 - - - - 24.1(7.55) - - - - - 2
4547.847 3546 -0.780 - 124.9(7.31) - 67.60(6.75)  69.4(7.05) T8.87(7.23) - - 109.2(7.26) - 1
4566.514 3301 -2.250 - 74.60(7.29) - 21.60(6.91) - - - - 67.70(7.36) - 1
4574.215 3211 25 - - - - - - - 58.40(7.27) - - 1
4587.128 3573 -1.78 - - - - 26.4(7.19)  46.48(7.46) - - - - 1
4595.358 3301 -1.72 - - - 52.30(7.08) - 60.15(7.51) - - - - 1
14596.06 3603 -1.64 - - - - 48.9(7.53) - - - - - 1
4596.415 3654  -2.32 - - - - - 24.29(7.50) - - - - 1
4602.001 1608 -3.154 - - - - 45.3(7.21)  65.00(7.49) - - - - 1
4602.941 1485 -1.95 - - - - 93.1(6.92) - - - - - 3
4619.288 3603 -1.120 - 94.40(7.04)  98.70(7.26)  60.90(6.98) - 71.18(7.44) - - 93.00(7.25) - 1
4625.045 3241 -1.34  102.0(6.80) - - - - - - - - - 1
4630.12 2278 -2.600 - - - 54.60(7.01) - - - 61.90(7.32) - - 1
4632.911 1608 -2.913 - - - - 71.6(7.49) - - - - - 1
4635.846 2815  -242  72.55(6.74) 84.10(7.14) 90.40(7.45) 32.40(6.89) - 45.52(7.39) - 35.40(7.05)  80.90(7.35) - 1
4637.503 3283 -1.39  99.86(6.84) 96.20(6.97) - 57.30(6.85) - 75.18(7.52) - 64.30(7.14)  100.20(7.34) 104.2(7.19) 1
4643.464 3654 -1.29  94.65(7.06) 91.50(7.18) - 51.90(6.98) - - - 56.50(7.19)  81.70(7.16) - 1
4647.434 2949 -1.31 - - - - 88.4(T.AT)  T9.76(7.25) - - - - 1
4657.585 2815  -1.9 - - - - - 25.12(7.34) - - - - 1
4661.97 299 246 - - - - - 37.41(7.36) - - - - 1
4678.846 3603  -0.66 - - - - - 86.78(7.29) - - - - 1
4679.218 4558 -1.115 - - - - - 37.84(7.45) - - - - 2
4683.56 2832  -2.53 - - - - - 43.43(7.42) - - - - 1
4690.138 3686 -1.64 72.70(6.95) 80.50(7.29) - 31.10(6.90) - 45.28(7.43) - (7.17) - - 1
4704.948 3686 -1.57 - - - - 35.1(7.25)  57.54(7.62) - - - - 1
4705.457 3547 -2.31 - - - - - 25.13(7.41) - - - - 1
4707.488 2815 -2.34 - - - - - 56.59(7.60) - - - - 1
4721.001 299 -2.801 - - - - - 39.90(7.76) - - - - 2
4728.546 3654 -1.28 - - - - - 68.00(7.56) - - - - 2
4733.501 1484 271 - - 146.7(7.42)  85.00(7.08) - 65.91(6.92) - 86.00(7.28)  138.0(7.40) - 3
4735.843 4076 -1.22 - - - - 35.5(7.25)  48.31(7.39) - - - - 1
4736.772 3211 -0.74 - - 154.8(7.50)  94.40(7.00)  99.5(7.38) - - - - - 1
4741.529 2831 -2.000 - - 114.2(7.60)  51.30(6.87) 52.1(7.26)  61.88(7.38) - - 101.7(7.45) - 1
4745.8 3654 -1.27 - - - - - 64.59(7.46) - - - - 2
4749.948 4559 -1.34 - - - - - 24.04(7.34) - - - - 1
4768.319 3686 -1.109 - - - 64.50(7.12)  52.8(7.14) - - - - - 2
4772.804 1557 -2.807 - - - - - 81.22(7.59) - - - - 2
4786.807 3017 -1.59 - - - - - 72.73(7.42) - - - - 1
4787.827 2998 2770 64.40(7.09) 72.20(7.34) 74.50(7.55) 20.20(7.08) - - - 24.90(7.29)  65.50(7.44) - 1
4788.751 3236 -1.810 - - - 48.70(6.96)  40.2(7.20)  55.72(7.40) - 56.90(7.27) - - 1
4789.651 3546 -0.91 119.8(7.10) - - 67.00(6.84) - 72.34(7.12) - 68.50(7.00)  110.8(7.36) - 3
4791.247 3274 -2.51 - - - - 22.0(7.54) - - - - - 1
4798.265 4186 -1.55 - - - - - 26.27(7.27) - - - - 1
4798.732 1608  -4.25 - - - - - 27.32(7.53) - - - - 1
4799.406 364 223 - - - - 20.0(7.49)  25.68(7.43) - - - - 1
4800.649 4143 -1.26 - - - - 27.8(7.18)  54.31(7.62) - - - - 1
4802.88 3642 -1.514 - - - - - 50.78(7.34) - - - - 2
4834.506 2424 -3.410 - - - - - - - - - - 1

The abundance obtained from each line is given in parenthesis.



Chapter 3: Analysis of Ba stars 130

Table Al : continues....

Wavelength(A) El  Ep,(eV) loggf HD 24035 HD 32712 HD 36650 HD 94518 HD 147609 HD 154276 HD 179832 HD 207585 HD 211173 HD 219116 Ref

4842.788 4104 -1.56 - - 78.30(7.70)  22.80(7.01) - 33.28(7.39) - 27.70(7.20) - - 1
4843.143 3307 -1.84 - - - - - 56.01(7.59) - - - - 1
4844.014 3547 -2.03 - - - - - 38.20(7.46) - - - - 1
4845.655 3267 -2.687 - - - - - 34.36(7.76) - - - - 2
4871.318 2.865  -0.410 - - - - - - - - - - 1
4875.871 3332 -2.02 - 89.40(7.43)  90.20(7.56) 36.80(7.05) - 47.74(7.49) - - 80.30(7.44) - 1
4882.143 3417 -1.64  91.20(6.99) 100.4(7.42) - 44.10(6.92) - 61.14(7.53) - 54.20(7.25) 90.80(7.44) 90.70(7.22) 1
4885.43 3.8%2  -1.095 - - - - - 61.13(7.40) - - - - 2
4886.332 4154 -0.685 - - - - 51.6(7.09)  63.71(7.27) - - - - 2
4890.755 2876 -0.43 - - - - 120.2(7.21) - - - - - 1
4892.859 4218 -1.29 - - - - 28.9(7.20)  40.71(7.39) - - - - 1
4806.439 3834 -2.05 - - - - - 27.54(7.52) - - - - 1
4903.31 2881 -1.080 - - - - 96.3(7.33) - - - - - 1
4907.732 343 -1.840 86.80(7.11) 92.70(7.45) 94.20(7.59) 33.60(6.97) - - - 43.00(7.19)  79.80(7.36) 77.10(7.15) 1
4908.031 4217 <1396 70.20(7.14) 70.70(7.29) 90.70(7.71) - - - - 23.00(6.90) 60.70(7.22) - 2
1909.383 3929 -1.327 - - - - 34.5(7.20) - - - - - 2
4917.229 4191 -1.180 74.70(7.10) - - 38.60(7.08) - - - 40.60(7.20) - - 1
4924.77 2278 2220 122.2(6.92) - - 71.50(7.04)  67.3(7.27) - - 72.70(7.22) - 121.9(7.22) 1
4927.418 3573 -1.99 - - - - 26.1(7.37) - - - - - 1
4930.315 3959  -1.350 - - - 45.30(7.17)  26.1(7.37) - - 45.30(7.26) - - 1
4938.174 3943 -1.018 - - - - 51.6(7.23) - - - - - 2
4938.814 2876 -1.077 - - - - 78.2(6.90) - - - - - 2
4939.687 0.859  -3.340 162.2(7.06) 169.4(7.23) 166.2(7.53) - 65.2(7.06) - 166.9(7.55)  78.50(7.03) 149.0(7.40) - 1
4946.387 3368 -1.17 - - - - 77.2(7.41) - - - - - 1
4950.104 3417 -1.670 - - - - 43.2(7.26) - - - - - 1
4967.89 4191 -0.622 100.0(7.08) 99.20(7.26) 99.90(7.36) 54.80(6.87) 59.8(7.13) - - 59.40(7.07) 93.50(7.32) 84.90(6.93) 2
4969.917 4216 -0.71 - 100.6(7.41)  100.1(7.49) 51.00(6.90)  47.4(7.08) - - 53.20(7.04) 92.50(7.43) 81.90(6.99) 1
4973.102 396 -0.95 - - - - 60.1(7.35) - - - - - 1
4985.253 393 -0.560 108.5(6.89) 115.1(7.23) 117.7(7.40) 70.80(6.92) - - - 69.00(6.99) 113.1(7.42) 104.9(7.01) 2
4994.129 0914 -3.080 - - - - 75.0(7.04) - - - - - 1
5001.863 3.8%2  0.01 - - - 92.90(6.70) - - - 94.50(6.86) - - 1
5002.792 3397 -1.58 - - - - 44.8(7.19) - - - - - 1
5005.712 3.884  -0.142 - - - 81.80(6.75) - - - - - 116.9(6.84) 2
5006.119 2833  -0.61 - - - 119.9(6.95) - - - 112.0(6.97) 179.2(7.22) 168.2(7.05) 2
5014.942 3943 -0.25 - - - - 79.8(7.04) - - - - - 1
5022.236 3984 -0.530 108.5(6.92) - - 70.70(6.93) - - - 78.80(7.23) 117A(7.52) 114.6(7.24) 1
5028.126 3573 -1474 - 95.80(7.30)  95.20(7.39) 52.50(7.07) - - - 57.50(7.20)  90.20(7.40) - 2
5031.915 4372 167 - - - - - - - 41.70(7.34) - - 1
5044.211 2851 215 - 103.9(7.28) 108.4(7.53) 47.20(6.92) - - - - - 97.00(7.19) 1
5049.819 2278 -1.420 - - - 109.2(6.98) 100.9(7.22) - - 109.6(7.15) - 168.2(7.16) 1
5051.635 0915  -2.795 - - - - 100.7(7.34) - - 81.10(6.74) - - 1
5054.642 364 -2.140 - - 72.54(7.57)  20.20(7.06) - - 70.4097.68) - 63.40(7.46) 5040(7.17) 1
5074.748 122 02 - - - - 87.9(7.39) - - - - - 1
5079.223 22 -2.067 - 141.3(7.17)  152.0(7.58)  80.60(6.97) - - - 81.30(7.14) 136.5(7.43) 128.5(7.04) 1
5083.338 0958  -2.958 - - 172.7(7.30) - 81.8(7.10) - - 98.80(7.25) 150.2(7.23) 160.4(7.11) 1
5000.767 4256 -0.400 - - - - 68.0(7.21) - 118.6(7.70) - - - 1
5096.998 4283 -0.196 - - - - 71.1(7.09) - - - - - 2
5109.652 4302 -0.98 - 87.90(7.47) 87.80(7.54) - - - - - - - 1
5110.413 0 -3.76 - - - - 94.8(7.29) - - - - - 1
5123.72 1011 -3.068 - - - - 84.5(7.31) - - - - - 1
5126.193 4256 -1.08 - - - - 42.6(7.39) - - - - - 1
5127.359 0915  -3.307 174.0(7.22) - 154.8(7.32) - - - - 83.40(7.15) 135.6(7.13) 145.0(7.09) 1
5133.681 4178 0.4 - - - 101.3(7.05) - - - - - 146.1(7.34) 1
5141.739 2424 -2.150 - - - 63.60(6.86) 56.9(7.11) - 138.2(7.78) - - 113.9(7.04) 1
5150.839 099  -3.07 - - - - 83.9(7.27) - - - - - 1

The abundance obtained from each line is given in parenthesis.



Chapter 3: Analysis of Ba stars 131

Table Al : continues....

Wavelength(A) El  Ep,,(eV) loggf HD24035 HD 32712 HD 36650 HD 94518 HD 147609 HD 154276 HD 179832 HD 207585 HD 211173 HD 219116 Ref

5151.911 1011 -3.32 - 171.5(7.37)  172.7(7.70)  78.40(6.94) - - - - - - 1
5159.058 4283 -0.82  70.43(6.74) - - 43.40(6.90)  42.6(7.15) - - 51.20(7.16) - 82.30(7.15) 1
5162.273 4178 0.02 - - - - 95.3(7.30) - - - - - 1
5166.282 0 -4.195 - - - - 74.1(7.27) - - - - - 1
5171.6 1485 -1.790 - - - - 117.9(7.23) - - - - - 1
5187.915 4143 -1.26 T7.31(7.14)  83.50(7.45) 87.90(7.63) 29.70(6.90) 22.5(7.03) - - 34.40(7.07) - 65.00(7.11) 1
5192.344 2998 -0.421 - - - - - - - - - - 2
5194.941 1557 -2.000 - - - - 92.3(7.00) - - - - 170.9(7.08) 1
5195.472 422 008 119.5(6.8) - 128.7(7.35) - 80.6(7.02) - - 73.90(6.82) 117.3(7.23) - 2
5198.711 2222 2135 145.5(7.14) - 150.9(7.62)  74.70(6.90)  66.2(7.09) - 152.2(7.71)  76.50(7.10) - 128.3(7.00) 1
5215.179 3266 -0.933 1324(6.93) 137.4(7.20) 142.9(7.46) 85.60(6.98) - - 157.2(7.73)  83.60(7.07) 131.7(7.38) - 1
5216.274 1608 -2.15 - - - - 93.0(7.12) - - - - - 1
5217.389 3211 -1.097 - - - - 78.7(7.27) - 142.1(7.69) - - - 1
5226.862 3.038  -0.667 156.4(6.85) - - - - - - - - 163.0(7.19) 2
5228.376 4221 -1.29 - - 86.00(7.70) - 37.2(7.46)  44.14(7.47) - - - - 1
5229.845 3283 -1.136 - - - - 81.6(7.37) - - - - - 2
5232.939 294 -0.640 - - - - - - - - - - 1
5242.491 3634 -0.840 103.8(6.79) 106.9(7.08) 113.8(7.34) 63.20(6.86) 67.3(7.08) 75.91(7.23) - 70.00(7.13)  104.0(7.26) 100.6(6.94) 1
5243.776 4256 -1.15 - - - - 33.3(7.27) - - - - - 1
5247.05 0.087  -4.946 133.7(6.95) 138.5(7.28) 134.4(7.50) - - 58.50(7.46) - 45.70(7.04)  116.0(7.27) - 1
5250.209 0121 -4.938 146.7(7.24) - - - - - - - 122.6(7.44) - 1
5250.646 2198 -2.050 - - - - - - - - - . 1
5253.462 3283 -1.670 92.50(6.82) 99.90(7.19) 103.3(7.38) 53.50(6.99) - - - 54.20(7.11)  92.30(7.27) 93.00(7.08) 1
5263.305 3265 -0.970 - - 159.6(7.74)  83.90(6.97) 82.7(7.21) - - 90.70(7.27) - 1320(7.19) 1
5266.555 2998 -0.490 - - - - 126.1(7.42) - - - - - 1
5269.537 0859 -1.321 - - - - 168.6(7.06) - - - - - 1
5281.79 3.038  -1.020 167.9(7.18) 173.8(7.29) 174.6(7.53) 103.8(7.04) 94.1(7.31) - - 100.0(7.11)  162.6(7.45) 153.0(7.18) 1
5283.621 3241 -0.630 - - - - 104.7(7.33) - - - - - 1
5285.118 4434 -1.640 - - - - - - 54.40(7.67) - - - 1
5288.52 369 -1.510 - - - - 28.0(7.18)  47.22(7.44) - - - - 4
5307.36 1608 -2.987 - - - - 66.9(7.39)  76.32(7.50) 147.5(7.76) - - - 1
532111 442 <1190 54.50(6.88) - 70.00(7.36) - - - 65.30(7.74) - 57.10(7.15) - 4
5322.04 228 -2.810 - 106.10(7.20) 111.5(7.49) 39.00(6.81) 23.2(7.18) 49.70(7.50) 104.5(7.78) 36.40(6.85) 91.40(7.16) 89.20(6.96) 4
5324.178 3211 -0.240 - - - - 127.6(7.37) - - - - - 1
5329.99 4076 -1.300 - - - - - 45.33(7.37) - - - - 1
5332.9 1557 -2.940 - - - - - 75.14(7.37) - - - - 1
5339.93 327 -0.680 150.0(6.98) 152.4(7.14) 155.2(7.37) 97.70(6.97) 85.6(6.98) - - 97.90(7.12) 144.1(7.20) 139.4(7.02) 4
5341.024 1608 -2.06 - - - - 118.6(7.59) - - - - - 1
5349.738 438 -1.300 - - - - - - - 35.98(7.43) - - 1
5364.858 4445 022 121.9(6.93) 127.5(7.18) 130.2(7.34) 85.70(6.89) 80.6(6.99) - - 80.40(7.07) 119.9(7.24) 113.1(6.90) 4
5365.399 3573 -144 92.84(6.94) 105.2(7.42) - 50.00(6.97)  52.1(6.90) - - 60.90(7.32) 97.00(7.47) 92.20(7.15) 2
5367.479 4415 035 128.6(6.80) 134.3(7.12) - 91.50(6.84)  96.9(7.17) - - 95.00(7.02) 125.1(7.17) - 1
5369.961 437 035 - - - 97.20(6.91) - - - 98.10(7.04) 127.9(7.17) 129.5(7.01) 1
5373.698 4437 -0.860 63.20(6.85) 75.40(7.24) - 41.30(7.07)  36.1(7.22) 49.60(7.39) 86.50(7.72) 42.40(7.16) 72.90(7.33) 65.00(7.05) 4
5379.574 3.694  -1.480 100.5(7.28) 96.80(7.41) - 36.20(6.83) 33.3(7.10) 50.31(7.32) 101.5(7.81) 42.70(7.05) 82.30(7.28) - 1
5383.369 4312 05 145.4(691) 152.0(7.08) - 107.5(6.87) - - - 112.3(7.06) 145.1(7.19) 138.8(6.95) 1
5387.488 4142 -2.140 - - - - - - - - - - 1
5389.479 4415 -0.410 - - - - 59.3(7.17) - 102.9(7.55) - - - 1
5391.459 4154 -0.812 - - - - - 67.99(7.47) - - - - 2
5303.17 324 -0.720 145.5(7.08) - 165.9(7.70)  92.30(7.05) - - - 97.90(7.31) 145.8(7.51) 134.3(7.10) 4
5307.127 0914 -1.993 - - - - 129.6(7.10) - - - - - 1
5308.277 4445 -0.670 - - - - - 61.50(7.43)  92.30(7.68) - - - 1
5400.502 4371 -0.160 - - - - 84.1(7.38) - - - - - 1
5405.774 099  -1.844 - - - - - - - - - - 1
5415.192 438 05 - - - - 105.5(7.17) - - - - - 1

The abundance obtained from each line is given in parenthesis.



Chapter 3: Analysis of Ba stars 132

Table Al : continues....

Wavelength(A) El Epu(eV) loggf HD 24035 HD 32712 HD 36650 HD 94518 HD 147609 HD 154276 HD 179832 HD 207585 HD 211173 HD 219116 Ref

5424.07 432 058 - - - - 116.2(7.29) - - - - - 4
5434.523 1011 2122 - - - - - - - - - - 1
5436.588 2279 -3.390 - - - - - 28.69(7.32) - - - - 1
5441.34 431 -1.580 - - - - - 21.82(7.42)  56.70(7.66) - - - 4
5445.042 439 -0.020 107.7(6.80) 118.3(7.20) 124.7(7.41) 69.50(6.96) 84.2(7.25) - - 83.80(7.15) 115.4(7.33) 107.1(6.94) 1
5466.39 4371 -0.630 - - - - 55.5(7.28) - 103.7(7.77) - - - 1
5472.709 4200 -1.550 - - - - - 31.49(7.57) - - - - 1
5473.901 4154 -0.76 - - - - 48.8(7.09) - - - - - 1
5487.745 432 -0.352 - - - - 54.3(6.92) - - - - - 1
5501.464 0958  -2.950 - - - - 83.1(7.07) - - - - - 1
5506.78 099  -2.800 - - - - 88.2(7.05) - - - - - 4
5522.45 421 -1.400 - - - - - 32.81(7.44) 63.90(7.53) - - - 4
5525.544 4231 -1.33  69.58(7.15) - 74.30(7.33)  29.90(7.05) - 43.21(7.49) - 36.80(7.28) 65.80(7.35) 58.00(7.12) 1
5532.75 357 -2.000 - - - - - - - - - - 4
5543.147 3.694  -1.570 - - - - - - - - - - 1
5543.936 4217 -114  78.36(7.10) - - 35.50(6.97) 34.0(7.23)  48.12(7.40) - 44.30(7.24)  80.50(7.48) 73.50(7.19) 1
5546.506 4371 -131 - - - - 21.9(7.26) - - - - - 1
5554.804 4549 -0.440 - - - 50.00(7.11)  59.3(7.31)  76.79(7.59) - - 42.30(6.94) - 1
5557.983 1473 -1.28 - - - - 27.5(7.45) - - - - - 1
5560.212 4435 119 69.36(7.24) 68.10(7.35) T7T1.70(7.48) 25.70(7.00) 28.1(7.34) 40.36(7.46) - 33.10(7.24) 63.20(7.38) 55.50(7.12) 1
5562.706 4435 -0.58 - - - - 32.9(6.83) - - - - - 2
5563.6 4191 -0.99 - - - - 50.3(7.37) - - - - - 1
5567.39 261 -2.560 - - - - 25.8(7.30)  52.82(7.65) - - - - 4
5569.62 342 -0.490 - 153.0(7.14)  155.7(7.36)  100.8(7.00) - - - 102.2(7.17)  145.9(7.30) 139.4(6.99) 4
5576.09 343 -0.851 138.6(7.22) 128.0(7.23) - 66.90(6.74)  72.6(7.15) - 140.6(7.69) 88.40(7.36) 129.9(7.52) 125.0(7.19) 1
5586.756 3368 0210 165.5(6.82) - - - - - - 129.6(7.22) - 166.0(7.04) 1
5615.644 3332 -0.140 - - - - - - - - - - 1
5617.19 3252 -2.88 - 54.60(7.20) 63.00(7.59) - - - - - 47.10(7.35) - 1
5618.631 4209 -1.380 - 63.10(7.04) - 23.00(6.79) - 37.86(7.39) - - 62.60(7.18) - 1
5624.022 4386 -148 - - - - 20.1(7.39) - - - - - 1
5624.542 3417 -0.9 - - - - 79.0(7.17) - - - - - 1
5633.946 4991 -0.270 - - - - 46.5(7.27)  50.62(7.24) - - - - 1
5636.696 364 261 - 42.60(7.25) - - - - - - 34.30(7.25) - 1
5638.26 422 -0.720 - - - - - 65.13(7.51) - - - - 4
5641.436 4256 -1.180 - - - - - - - - - - 1
5653.865 438 -1.640 - - - - - 25.81(7.51) - - - - 1
5662.516 4178 -0.573 - - - - 48.5(6.91) - - - - - 2
5679.02 465 -0.770 - - - - 31.9(7.34) - 75.30(7.68) - - - 4
5679.025 4652 -0.920 - - - - - 45.14(7.49) - - - - 1
5686.53 455 -0.450 - - - - - . - - - . 4
5701.544 2550 -2.216 129.5(7.15) 128.1(7.35) 127.5(7.50) 58.80(6.90) - - - 63.00(7.12) 111.6(7.32) 113.1(7.12) 1
5717.833 4284 -1.130 - - - - - 48.0(7.46) - - - - 1
5731.76 426 -1.150 - 76.30(7.41)  84.90(7.66) 34.10(7.13) 34.6(7.43)  45.35(7.52) - - 72.30(7.48) - 4
5741.848 4256 -1.73  43.00(7.08) - 52.50(7.40) - - - - 57.90(7.20) 42.40(7.25) 36.60(7.15) 1
5752.032 4549 -0.864 - - - - 30.3(7.16)  41.59(7.27) - - - - 2
5753.12 426 -0.760 90.40(6.98) 85.50(7.07) - 45.10(6.83)  49.6(7.18) - - - 82.90(7.18) 82.50(7.01) 1
5775.08 422 -1.203 - - - - 27.7(7.25)  47.04(7.52) 90.00(7.91) - - 64.70(7.08) 2
5793.913 422 -1.700 - - - - - 24.21(7.36)  61.80(7.62) - - - 1
5806.73 461 -0.900 - - - - - 39.80(7.46)  80.90(7.88) - - - 4
5809.22 388 -1.690 - - 81.60(7.44) 21.70(6.78) 23.5(7.40)  35.56(7.47) - 31.20(7.08) 72.70(7.36) 65.50(7.12) 4
5816.373 4549 -0.680 - - - - - 63.50(7.56) - - - - 1
5852.22 455 -1.180 - - 68.50(7.65) 20.50(7.10) - 29.33(7.43) - 21.80(7.20) - 44.20(7.21) 4
5855.001 4607 -1.760 - - 35.10(7.47) - - - 47.90(7.81) - - - 1
5856.088 4204 164  4945(7.07) 49.10(7.13) 59.80(7.41) - - 23.56(7.35) - - 51.20(7.30) 39.80(7.08) 1
5859.586 4549 -0.386  105.6(7.26) 101.9(7.40) 99.10(7.39) 45.20(6.75) 43.1(6.94) 57.23(7.13) - 50.90(6.94) 79.00(7.05) 75.10(6.82) 2

The abundance obtained from each line is given in parenthesis.



Chapter 3: Analysis of Ba stars 133

Table Al : continues....

Wavelength(A) El Epu(eV) loggf HD 24035 HD 32712 HD 36650 HD 94518 HD 147609 HD 154276 HD 179832 HD 207585 HD 211173 HD 219116 Ref

5862.357 4549 -0.051 - - - - - 70.94(7.08) - 62.60(6.82) - 89.10(6.75) 2
5883.813 3959  -1.360 76.60(6.95) - - 38.60(6.99) - - 95.00(7.76)  42.80(7.17) - 79.70(7.21) 1
5916.249 2453 -2.994 - - - - - 45.43(7.48)  99.30(7.69) - - - 1
5027.786 465 -1.090 - - - - - 31.50(7.34) - - - - 1
5930.173 4652 -0.230 - - - - 60.9(7.21)  73.96(7.40) 113.2(7.72) - - - 1
5934.65 393 -1.020 - - - - 47.7(7.26) - 105.1(7.75) - - - 4
5049.346 4608 -1.248 - - - - - 24.98(7.29) - - - - 2
5956.692 0.859  -4.605 107.6(6.84) - 115.5(7.42)  27.50(6.88) - 38.63(7.33) 122.2(7.81) 30.90(7.08) 104.3(7.36) - 1
5975.35 4835 -0.883 68.7L(7.31) 64.10(7.36) 65.50(7.42) 21.50(6.89) - - - 30.00(7.16)  59.50(7.35) - 2
5076.777 3943 -1.31  84.80(7.02) 94.60(7.42) 65.50(7.40) 37.60(6.90) 34.5(7.35) 52.75(7.59) - 41.50(7.06)  80.00(7.27) 73.40(7.02) 2
5084.814 4733 -0.343 - - 84.20(7.25) - 49.1(7.27) - - - - - 2
5987.066 4795 -0.556 - - - - - 55.43(7.55) - - - - 2
6003.01 3881 -1.120 100.3(7.06) 103.6(7.33) 101.4(7.36) 51.60(6.95) 53.1(7.26) 68.97(7.53) 109.8(7.74) 58.20(7.19) 92.90(7.31) 9240(7.10) 1
6007.96 4652 -0.978 - - - - - 40.95(7.45) - - - - 2
6008.556 3.884  -1.291 - - - - 50.0(7.39) - - - - - 2
6024.049 4548 -0.120 101.8(6.87) 108.5(7.22) 116.3(7.42) 73.60(7.03) - - - 79.30(7.12)  113.0(7.46) 104.7(7.08) 1
6024.06 455 -0.060 - - - - - 87.92(7.45) - - - - 4
6027.05 4076 -1.210 - - - - - 53.43(7.44)  97.50(7.79) - - - 1
6055.992 4733 -0.460 - - - - - - - - - - 1
6056.01 473 -0.400 - - - - - 58.98(7.40)  93.80(7.70) - - - 4
6065.482 2.608  -1.530 - - - - - - - - - - 1
6078.491 4795 -0.424 - - - - - - - - - - 2
6078.999 4652 -1.120 - - - - - - 100.8(7.91) - - - 1
6082.71 2222 -3.573  75.2(6.96) 90.40(7.35) 84.50(7.40) - - 24.27(7.29)  68.30(7.68) - 71.70(7.26)  59.30(7.04) 1
6096.66 398 1780 - - - - - - - - - - 4
6120.246 0915  -5.95 36.93(7.12) 49.20(7.24) - - - - - - 28.20(7.22) - 1
6127.906 4143 -1.550 - - - - - 32.29(7.34) - - - - 2
6136.61 245 -1.400 - - - - - - - - - 158.4(6.94) 4
6136.994 2198 295 107.0(6.88) 108.2(7.10) - - - - - 40.40(6.96) - 95.70(7.01) 1
6137.694 2588 -1.403 166.1(6.94) 178.5(7.24) 171.5(7.37) 98.90(6.96) 87.8(7.07) - - 96.60(7.07) 168.9(7.44) 155.2(7.05) 1
6151.62 218 -3.200 94.00(6.97) 103.5(7.31) 93.50(7.26) 30.60(6.97) - 40.25(7.36) 1002.(7.62) 28.70(7.02) 84.90(7.23) 79.20(7.04) 4
6157.725 4076 -1.260 - - - - - 51.13(7.43) - - - - 4
6165.36 414 -1.470 64.00(7.11) 74.30(7.44) 67.10(7.35) 26.60(7.08) - 32.29(7.34) 76.50(7.71) 24.40(7.08) 60.20(7.29) 56.10(7.16) 4
6173.34 222 -2.8%0 - 118.8(7.28) 121.1(7.50) 44.00(6.88) - 56.99(7.40) 124.3(7.79) 48.20(7.08) 103.1(7.27) 100.0(7.05) 4
6180.204 2727 -2.780 86.40(7.00) - 97.00(7.49)  29.70(6.98) - 40.16(7.39) - 29.20(7.06)  88.50(7.45) - 1
6187.989 394 1570 - - - - - - 85.80(7.86) - - - 1
6191.56 243 41420 - - - - - - - - - - 4
6200.314 2608 2437 115.4(7.05) 119.2(7.35) 127.0(7.64) 46.70(6.87) - 61.89(7.46) 125.2(7.83) 48.70(7.02) 107.1(7.39) 98.90(7.03) 1
6213.429 2222 -2.660 139.2(7.22) 130.0(7.28) 132.4(7.50) 57.10(6.92) - 70.91(7.52) 134.0(7.74) 64.20(7.21) 116.1(7.33) 114.1(7.07) 1
6219.279 2198 -2433 142.8(7.03) 145.2(7.30) 147.3(7.53) 68.70(6.92) - 78.79(7.46) 153.4(7.79) 69.20(7.07) 129.6(7.36) 121.7(6.96) 1
6229.225 2845  -2.970 - - - - - 27.71(7.38)  8.60(7.86) - - - 1
6230.72 256 -1.280 - - - - 104.5(7.26) - - - - - 4
6232.639 3.653  -1.271 - - 120.9(7.61)  56.60(6.96) - 67.64(7.36) 116.9(7.66) 58.70(7.11) 107.0(7.47) 94.50(7.00) 2
6240.646 2222 -3.380 95.60(6.91) 100.9(7.17) 100.4(7.32) - - 37.31(7.42) - 26.70(6.89)  85.80(7.16) 76.00(6.90) 1
6246.318 3.603  -0.960 128.4(7.06) 128.9(7.30) 130.6(7.43) 77.80(7.06) 72.4(7.22) - - 83.60(7.32) 124.3(7.45) 119.7(7.12) 1
6252.554 2404 -1.687 167.5(6.99) 174.5(7.24) 172.6(7.43) - 87.6(7.16) - - 94.60(7.11) 156.6(7.32) 149.8(6.99) 1
6254.258 2279 248 - - - - 71.2(7.50) - - - - 1
6256.361 2453 -2.62 - - - - 51.1(7.44) - - - - - 1
6265.131 2176 -2.550 - - - 61.30(6.85) 48.9(7.08)  74.59(7.45) - 66.40(7.09) 126.3(7.37) 123.5(7.08) 1
6270.223 2858 271 - - - 25.60(6.94) - 37.33(7.37) - 35.80(7.26) - - 1
6280.617 0859  -4.39 - - - - - - - 48.50(7.20) - - 1
6290.965 4733 -0.874 - - - - - 60.95(7.63) - - - - 2
6297.8 2222 274 - - - 62.40(7.10) - 64.27(7.43) - - 113.0(7.33)  106.6(6.99) 1
6301.5 3654 -0.672 119.1(6.72) 128.3(7.30) - - - - - 79.20(7.04) 125.6(7.30) 116.7(6.89) 2
6302.494 3.686  -1.131 - - - - - 69.65(7.36) - - - - 2

The abundance obtained from each line is given in parenthesis.



Chapter 3: Analysis of Ba stars 134

Table Al : continues....

Wavelength(A)  El  Ep,(éV) loggf HD 24035 HD 32712 HD 36650 HD 94518 HD 147609 HD 154276 HD 179832 HD 207585 HD 211173 HD 219116 Ref

6315.809 4076 -1.710 - - - - - - 70.90(7.64) - - - 2
6318.018 2453 -233  137.1(7.12) - 147.8(7.72) - - - - - - - 2
6322.69 2588 -2.426 121.9(7.10) 123.9(7.37) 125.5(7.55) 49.40(6.8) - 62.74(7.43) 125.9(7.78) 51.00(7.04) 108.5(7.35) 102.3(7.04) 2
6335.328 2198 -2.230 144.4(6.83) 152.1(7.19) 152.5(7.39) - - 83.95(7.36) 161.4(7.66) 76.80(7.03) 134.3(7.22) 130.5(6.90) 1
6336.823 368 -1.05 - - - 71.70(7.10) - 786.68(7.62) - 6.70(7.32) - - 1
6344.148 2433 -2.923 - - - - - 47.41(7.40) - - - - 1
6380.74 419 -1.320 - - - - - 40.69(7.42) - - - - 4
6380.746 4186 -1.400 - - - - - - - - - - 1
6393.602 2432 -1.620 - - 178.0(7.44)  98.50(6.97) - - - 103.3(7.24) 163.1(7.35) 161.9(7.13) 1
6408.016 3.686  -1.048 - - 127.3(7.52)  64.70(6.94) - - - 63.70(7.02) 105.1(7.21) 105.9(7.01) 2
6411.647 3653 -0.820 140.7(7.18) - 145.5(7.58)  88.50(7.17) - - 149.6(7.76)  88.70(7.31) 132.7(7.49) 126.1(7.13) 1
6416.933 4796 -0.885 - 48.90(7.04) - 23.50(6.96) - - - 33.20(7.25) 94.50(7.38) 47.00(7.05) 2
6419.95 473 -0.090 - - 97.60(7.34)  53.50(6.91) - 68.17(7.10)  105.9(7.68) 57.80(7.08) - 89.00(7.08) 4
6421.349 2278 -2.027 176.2(7.12) - 174.3(7.60)  86.30(6.96)  82.8(7.28) - - 87.10(7.13) - 152.3(7.17) 1
6430.85 218 -2.010 168.6(6.98) 178.0(7.28) 173.1(7.44) - - - - 87.90(7.03) 157.4(7.35) 151.3(7.01) 4
6469.192 4835 -0.77 - - - - - 42.50(7.43) - - - - 1
6475.626 2559 -2.940 - - - - - 43.77(7.45) - - - - 1
6481.87 2278 -2.084 - - - 39.60(6.93) - 51.87(7.41) - 37.20(6.98) 105.4(7.44) 95.60(7.09) 1
6494.98 2404 41273 - - - - - - - - - - 1
6495.741 4835 -0.94 - - - - - 29.25(7.28) - - - - 1

4558 -1.460 - - - - - - - - - - 1
6546.239 2758 -1.650 - - - - - - 160.6(7.69) - - - 1
6569.209 4733 -0.420 - - - - - - 101.4(7.76) - - - 1
6574.227 099  -5.04 89.39(7.05) 96.40(7.24) 97.20(7.51) - - - - - 83.60(7.40) - 1
6575.019 2588 -2.820 92.90(6.94) - 112.1(7.61)  34.50(6.97) - - - 39.30(7.16)  87.90(7.25) - 1
6592.91 272 -1470 139.8(6.73) 152.6(7.18) 149.3(7.29) 79.20(6.82) - - - 82.90(7.04) 135.1(7.19) 135.0(6.94) 4
6593.871 2432 -2422 121.1(6.84) 134.7(7.32) 142.3(7.62) 60.70(6.94) - - 140.9(7.80) 58.40(7.02) 121.2(7.37) 115.9(7.05) 1
6597.557 4759 -1.070  53.00(7.19) - 64.30(7.54) - - - 66.30(7.72) - 55.70(7.44) - 1
6608.024 2278 -4.030 47.60(7.03) 63.40(7.30) 61.40(7.46) - - - 70.30(7.71) - 47.90(7.29) - 1
6609.11 2559 -3.227 - - - - - - 111.7(7.66) - - - 1
6627.54 4548 -1.680 - - 52.20(7.63) - - - 56.50(7.81) - 41.00(7.46) - 1
6646.931 2609 -3.99 - 40.90(7.26)  54.60(7.69) - - - - - 35.50(7.40) - 1
6677.989 2692 -1.470 - 177.3(7.33) 175.7(7.50)  95.10(6.98) - - - - 158.7(7.39) - 1
6725.356 4108 -2.17 - 38.30(7.25) - - - - - - 34.00(7.29) - 1
6733.151 1638 -1.580 - - - - - - 51.80(7.71) - - - 1
6739.521 1557 -4.950 - 58.70(7.03) - - - - - - - - 1
6750.15 2424 -2.621 - - - 52.70(6.96) - - 129.9(7.76) - 114.8(7.40) - 1
6752.707 464 -12 - 52.7(7.22)  66.50(7.53) - - - - - 52.50(7.32) - 1
6810.26 461 -1.200 - - - - - - 75.70(7.75) - - - 4
6843.648 4548 -0.930 - - - - - - 91.70(7.84) - - - 1
6858.145 4607 -1.060 - - - - - - 74.50(7.66) - - - 1
7071.854 4607 -1.700 - - - - - - 52.30(7.79) - - - 1
7219.678 4076 -1.690 - - - - - - 79.50(7.74) - - - 1
4233.172 Fell 2583  -2.000 - 106.9(7.07) - 99.90(6.98) 123.6(7.09) - - 111.1(7.25) 121.5(7.23) - 1
4369.411 2778 -3.67 - - - - 46.5(7.08) - - - - - 1
4416.83 2778 26 - - - - - 75.43(7.48) - - - - 1
4489.183 2828 297 - - - - 90.3(7.38) - - - - - 1
4491.405 2855 -2.700 - 73.80(7.21) - 67.50(7.05)  93.0(7.20)  63.71(7.31) - 71.20(7.17)  85.70(7.34) 94.20(7.07) 1
4508.288 2855 -2.210 - 84.70(7.00) - 78.30(6.85) - 80.78(7.28) - 77.40(6.84) - 107.8(6.91) 1
4515 281 -2.480 - 83.70(7.22) 102.6(7.35) 68.30(6.83) 101.5(7.17) - - - 95.90(7.37) - 1
4520.224 281 -2.600 - - - 63.10(6.78) 105.8(7.39) - - 73.10(7.06) - - 1
4541.524 2856 -3.05 - - - - 87.8(7.42)  59.95(7.55) - - - - 1
4576.34 2844 -3.04 - - - - 82.0(7.25)  60.50(7.54) - - - - 1
1582.835 2844 -3.1 - - - - - 52.11(7.34) - - - - 1
4620.521 2828 -3.280 - - - 40.50(6.91)  66.1(7.11)  46.88(7.35) 75.10(7.84) - 65.30(7.32) - 1

The abundance obtained from each line is given in parenthesis.



Chapter 3: Analysis of Ba stars 135

Table Al : continues....

Wavelength(A) El  Ep,(eV) loggf HD 24035 HD 32712 HD 36650 HD 94518 HD 147609 HD 154276 HD 179832 HD 207585 HD 211173 HD 219116 Ref

4629.339 2807 -2.280 - - 129.4(7.67)  81.80(6.95) - - - 88.70(7.16) - - 1
4731.453 2891 -3.360 - - - - 72.1(7.36) - - - - - 1
4923.927 2891 -1.320 143.8(6.81) 143.6(7.27) - 119.8(6.85)  170.8(7.27) - - 135.20(7.09)  153.5(7.23) - 1
4993.35 281 -3.670 - - - - - - 71.70(7.79) - - - 2
5120.352 2828  -4.214 - - - - 31.1(7.32) - - - - - 2
5197.56 323 -2.250 - 82.90(7.27) - 69.50(6.81)  97.6(6.94) 71.90(7.22) - 81.00(7.11) - 100.4(6.94) 4
5234.62 322 -2.240 - 84.70(7.26) - 74.90(6.89) - 78.75(7.33) 104.8(7.75) 82.20(7.08) 91.40(7.17) 102.8(6.93) 4
5256.938 2801 -4.25 - - - - 24.0(7.24) - - - - - 2
5264.812 323 -3.19 - - - - 53.9(7.08) - - - - - 1
5284.1 280 -3.010 - - - - - - - - - - 4
5325.56 322 -3.170 - - - - - - - - - - 4
5414.05 322 -3.620 - - 45.80(7.59) - 33.9(7.28) - 40.80(7.81) - 20.50(7.29) 38.30(7.27) 4
5425.257 3199 -3.360 - - - - 57.0(7.28) - 56.60(7.79) - - - 4
5534.83 325 2770 60.80(7.03) - - 51.20(7.19)  70.0(7.15) - - - - - 4
5991.37 315 -3.560 - - - - - - 48.60(7.73) - - - 4
6147.741 3880 -2.721 - - - - 57.2(7.23) - - - - - 2
6149.25 380 -2.720 - - - - - 30.37(7.29)  42.90(7.48) - - - 4
6238.392 3880  -2.63 - - - - 50.8(7.19)  36.14(7.36) - - - - 2
6247.55 380 -2.340 42.10(6.75) 48.00(7.43) - - - 49.14(7.41)  54.50(7.51) - - 62.00(7.03) 4
6369.462 2801  -4.253 22.61(7.08) 23.10(7.50) 29.60(7.30) 43.80(7.02) - - - - 27.70(7.36) - 2
6416.919 3.801  -2470 41.50(7.16) - - 23.70(6.91) - - - 32.80(7.11)  47.00(7.46) - 2
6432.68 2891 -3.708 48.50(7.15) - 62.40(7.51) 32.70(7.15) - 34.40(7.43) - 39.20(7.27)  52.90(7.44) 57.20(7.21) 2
6456.383 3903 -2.075 63.90(7.01) - 80.80(7.45) 51.40(6.95) - 55.64(7.33) 7TL.80(7.72) 61.20(7.16) 65.10(7.26) 75.40(7.05) 1

6516.08 2801 -3.45 - - - - - 56.71(7.75) - - - - 1

The abundance obtained from each line is given in parenthesis.

References: 1. Fuhr et al. (1988), 2. Kurucz (1988), 3. Bridges and Kornblith (1974), 4. Lambert

et al. (1996)



Chapter 3: Analysis of Ba stars 136

Table A2 : Equivalent widths (in mA) of lines used for deriving elemental abundances

Wavelength(A)  El  Ey(eV) loggf HD 24035 HD 32712  HD 36650 HD 94518 HD 147609 HD 154276 HD 179832 HD 207585 HD 211173 HD 219116 Ref

5682.633 Nal 2102 -0.700 126.7(6.29) 133.5(6.31) 126.0(6.44) 63.50(5.86) 66.2(6.13) 83.46(6.23) 132.2(6.55) 79.00(6.17) 121.5(6.43) 104.5(6.13) 1
5688.205 21 0450 137.1(621) 151.3(6.31) 130.1(6.26) 85.20(5.94) 98.2(6.39) - 145.1(6.50)  98.00(6.22) 136.2(6.41) 126.8(6.24) 1
6154.226 2102 -1.560 49.40(5.91) 66.90(6.04) 67.70(6.30) 20.50(5.90) - 27.36(6.13) - 22.20(6.00) 60.10(6.21) 37.90(5.92) 1
6160.747 2104 -1.260 88.30(6.20) 92.70(6.16) 87.50(6.31) 29.20(5.81) - 47.85(6.22) - 38.00(6.03) 74.80(6.15) 57.20(5.93) 1
4571.096 Mg 1 0 -5.691 - - - - - 108.9(7.88) - - - - 2
4702.991 4316 -0.666 - 179.6(7.10) - 179.6(7.27)  156.2(7.56) - - 149.0(7.16) - 177.3(7.48) 3
4730.029 4346 -2.523 - - 85.10(7.71)  45.50(7.46) 32.3(7.48) 60.20(7.80) 87.10(7.81) - 76.80(7.60) - 3
5528.405 4346 -0.620 - - - 175.6(7.26)  153.3(7.53) - - 168.7(7.34) - 170.8(7.44) 3
5711.088 4346 -1.833 111.1(7.23) 118.5(7.30) 125.7(7.66) 88.80(7.48) 68.1(7.38) 101.4(7.76) 130.4(7.84) 78.10(7.39) 125.1(7.72) 114.6(7.48) 3
6696.023 AT 3143 -1.347 - - - - - 36.21(6.29) - - 53.50(6.12) - 4
6698.673 3143 -1.647 - - - - - 18.39(6.17) - - 36.40(6.22) - 4
4782.991 SiT 495 247 - - - - - - 26.90(7.55) - - - 1
5645.613 193 214 - - - - 20.5(7.37)  30.77(7.52) - - - - 5
5665.555 192 2,04 - - - - 26.7(7.41)  35.58(7.51) - - - - 5
5690.425 4929 -1.870 56.60(7.23) 65.10(7.66) 57.70(7.39) 30.80(7.14) 20.2(7.30) 43.50(7.50) - 33.10(7.23) - 53.60(7.24) 5
5793.073 193 -2.06 - - - - - 39.57(7.62) 61.90(7.89) - - - 5
5948.541 5083 -1.23  86.85(7.20) 95.40(7.76) - 50.10(7.17)  63.9(7.41)  74.91(7.54) - 61.60(7.26) - - 5
6131.852 5616 -1.140 - 47.60(7.39)  47.80(7.23) - - - - - 20.80(6.89) 35.20(6.92) 1
6145.016 5616 -0.820 - - - 25.30(6.61) - - - - - - 6
6155.134 5619 -0.400 - - - - - - - - - - 6
6237.319 5613 -0.530 - - 81.40(7.22)  44.90(6.70) - - - - 68.50(7.04) - 6
6414.98 587 -11 - - - - - - 51.30(7.75) - - - 1
6555.463 5.98 -1 - - - - - - 145.30(7.64) - - - 1
4098.528 Cal 2526  -0.540 - - - 86.70(6.10) - - - 95.90(6.37) - - 4
14283.011 1886 -0.224 - - - 124.4(5.90) - - - 147.3(6.29)  177.1(6.26) - 4
4318.652 1899 -0.208 - - 156.70(6.10) - 105.4(6.02) 116.3(5.91) - - 146.9(5.95) 149.8(5.95) 4
4425.437 1879 -0.385 154.0(5.88) - 152.3(6.17)  111.9(5.88) 113.0(6.33) - - 122.7(6.18)  152.7(6.16) 152.2(6.12) 4
4435.679 189 052 - - - 120.0(6.13) - 123.6(6.27) - - - - 4
4455.887 1899 -0.510 - 178.7(6.13) - 119.2(6.12) - 137.6(6.43) - 123.8(6.33) 173.9(6.51) - 4
4456.616 1899 -1.66 - - - 58.40(6.14) 51.6(6.32) 68.56(6.53) - 72.90(6.57) - 93.00(6.26) 4
4526.928 2709 -043 - - - - 51.6(5.78)  77.36(6.10) - - - - 4
4578.55 2521 -0.56 - - 114.0(6.29) - 61.7(5.94)  71.03(5.99) 103.9(6.12) - - - 4
4585.865 2526 -0.16 - - - - 98.6(6.28)  132.1(6.45) - - - - 4
5260.387 2521 -1.900 57.60(6.15) 56.90(6.00) 61.00(.38) - - 26.90(6.38) - - 48.60(6.18) 41.10(6.12) 4
5261.704 2521 -0.730 - - - 78.30(6.13) - - - 75.70(6.21)  121.3(6.54) - 4
5349.465 2709 -1.178 - - - - - - . B . . 7
5512.98 2932 -0.200 - 109.2(5.92) 110.6(6.22) 67.70(5.87) 52.0(5.82) 76.65(6.13) 108.8(6.24) - 101.1(6.12) 94.60(5.92) 4
5581.965 2523 -1.833 - - 117.8(6.31) - 68.9(6.20) 85.75(6.39) 124.9(6.50) 75.70(6.18) 115.7(6.37) 108.5(6.15) 4
5588.749 2525 0.21 - - - - 121.1(6.29)  133.6(6.10) 124.5(6.49) - - - 4
5590.114 2521 -0.710 109.6(5.91) 112.2(5.80) 113.9(6.22) 75.80(6.07) G64.7(6.11) 86.73(6.40) - 68.80(6.03) 106.5(6.18) 104.0(6.06) 4
5594.462 2523 -0.050 - - - - - 130.4(6.31) - 114.6(6.03) - - 4
5857.451 2932 023 129.6(5.78) 137.0(5.81) 1335(6.07) 101.2(5.90) 104.1(6.28) 114.8(6.15) - - 140.2(6.17) 132.2(6.04) 4
6102.723 1879 -0.890 141.5(5.81) 153.5(5.88) 146.2(6.12) 102.4(6.12) 89.0(6.19) - - 96.80(6.16) - 137.7(6.08) 4
6122.217 1886 -2.303 - - - - - 158.6(6.42) - - - - 4
6161.207 1523 -1.02 - - - - 33.7(5.84)  53.72(6.05) - - - - 4
6162.173 1899 0.1 - - - 156.3(5.81)  142.1(6.20) 175.5(6.04) - - - - 4
6166.439 2521 -0.900 103.1(5.91) 105.9(5.88) 100.5(6.06) - 36.1(5.76)  62.24(6.10) - - - 85.00(5.84) 4
6169.042 2523 055 126.8(5.99) 126.1(5.90) 127.9(6.24) - 57.9(5.82)  82.07(6.14) - - 115.9(6.13) 102.4(5.82) 4
6169.563 2523 -027 120.6(5.78) 137.7(5.81) 139.2(6.19) 87.30(5.83) 73.9(5.84) 144.6(5.90) - - - 118.4(5.84) 4
6439.075 2525 047 - - - - 129.3(6.13) - - - - - 4
6449.808 2523 -0.550 - - 140.1(6.40)  85.30(6.05) - - 131.7(6.31) - 122.7(6.21) - 4
6455.508 2523 -1.350 - - - 38.50(5.95) - 50.95(6.31)  163.0(6.06) - 89.80(6.38) 75.70(6.11) 4
6471.662 2525 -0.500 132.6(6.09) 124.5(5.87) 129.6(6.25) 74.90(5.90) 60.4(5.90) 84.48(6.21) 128.8(6.29) - - 113.1(6.02) 4
6493.781 2521 0.4 163.0(5.81) - - - 101.4(5.94) 115.5(5.92) - - - - 4
6499.65 2523 -0.590 - 133.3(6.00)  127.7(6.22) - 55.9(5.80)  79.67(6.11) - 79.60(6.05) 108.1(5.98) 101.6(5.81) 4

The abundance obtained from each line is given in parenthesis.



Chapter 3: Analysis of Ba stars 137

Table A2 : continues....

Wavelength(A)  El  Epu(eV) loggf HD 24035 HD 32712 HD 36650 HD 94518 HD 147609 HD 154276 HD 179832 HD 207585 HD 211173 HD 219116 Ref

6572.779 0 -4.290 - - 113.4(6.46) - - - - - 96.10(6.31)  76.80(6.13) 4
6717.692 2709 -0.61 - - - 82.30(6.22) - 101.9(6.64) - - - - 7
7148.15 2709 0.208 - - - - - - - - - - 7
4374.457 ScIl 0618  -044 150.5(3.08) 139.0(3.14) 144.7(3.29) 102.8(2.97) - - - 99.40(3.01)  131.7(3.16) - 8
4400.389 0606  -0.51 - - - 81.00(2.48) - - - - - - 4
4431.352 0.605  -1.880 - - - 32.50(2.70) - - - 37.80(2.87)  76.70(3.20) - 4
5031.021 1357 -0.260 - - - 68.10(2.58) - - - - 112.3(3.23) - 8
5239.813 1455 -0.770 - - - - - - - - - - 4
5526.79 1768 013 1317(3.07) 119.8(3.31) 120.7(3.23) T74.90(2.71) - - - 85.60(3.03)  103.6(3.02) - 4
6245.637 1507 -0.980 83.70(2.83) 72.50(3.00) 75.30(2.99) 33.50(2.62) - - 75.30(3.38) 37.80(2.75) 68.90(2.97) 70.80(2.69) 4
6300.698 1507 -1.84 - - 23.00(2.80) - - - - - - - 4
6309.92 1497 157 - 39.40(2.94)  50.00(3.08) - - - - - 33.40(2.82) 37.40(2.68) 4
6604.6 1357 -148 - 79.60(3.42)  33.60(2.95) - - - 36.20(3.04)  65.30(3.19) - - 8
4417.273 Til 1887  -0.02 - - - - - 38.97(4.97) - - - - 8
4449.143 1887 05 - - - - - 51.60(4.76) - - - - 8
4453.312 143 -0.051 - - - - 35.2(4.76)  59.89(5.10) - - - - 8
4453.71 1873 -0.01 91.28(4.81) 98.50(4.94) 83.50(4.94) 31.90(4.62) - 36.52(4.88)  100.3(5.48) 35.20(4.68) - - 8
4465.805 1739 -0.163 - - - - - 36.98(4.91) - - - - 8
4471.237 1734 -0.103 - - - - - 42.09(4.97) - - - - 1
14480.588 1739 -0.847 - - - - - 32.45(5.49) - - - - 1
4512.734 0836  -0.480 118.1(4.61) 123.3(4.67) - 57.00(4.62) 39.3(4.74)  65.66(5.11) - 50.30(4.59) 101.5(4.77) - 8
4518.022 0826 -0.325 - - - - 41.2(4.61)  69.63(5.05) - - - - 8
4527.304 0813 -047 - - - - - 76.86(5.37) - - - - 8
4533.239 0.848  0.476 - - 158.0(4.88)  92.70(4.55) - - - - 145.3(4.74) - 8
4534.776 083 028 - - - - 72.8(4.63)  92.29(5.00) - - - - 8
4548.763 0826 -0.354 - - - - 36.7(4.55)  68.71(5.05) - - - - 8
4555.485 0.848  -0.488 - - - - - - - - - - 8
4617.269 1749 0389 - 112.5(4.66) - 51.10(4.51) 37.5(4.64) 61.36(4.98) - 47.20(4.52)  95.40(4.78) - 8
4656.468 0 S1.345  130.2(4.62) 132.3(4.58) 124.1(4.95) 54.20(4.56) 30.8(4.68) 67.18(5.16) - - 112.9(4.85) - 8
4681.909 0.048  -1.071 - - - - - 75.03(5.16) - - - - 8
4742789 2236 021 - - - - - 28.69(4.79) - - - - 8
4758.118 2249 0.425 - - - - 20.0(4.64)  39.33(4.85) - - - - 8
4759.272 2255 0514 88.70(4.62) 96.40(4.74) 86.80(4.87) - 24.3(4.67)  47.72(4.96) - - 74.20(4.66) - 8
4778.255 224 -0.220 - 58.80(4.56) - - - - - - 36.50(4.54) - 8
4805.415 2345 015 - - - - - 29.84(4.98) - - - - 8
4820.41 1503 -0.441 - - - 40.60(4.85) - 41.85(5.05) - - - - 8
4840.874 0.899  -0.509 - 117.8(4.50)  122.0(5.08) 51.90(4.55) - 57.94(4.94) - - - 97.50(4.61) 8
4870.126 2249 0.34 - - - - - 48.41(5.14) - - - - 4
1926.147 0818  -2.17 49.54(4.77) 53.40(4.55) 45.30(4.94) - - - - - 33.00(4.76) 23.30(4.73) 8
4937.73 0813  -2.23 49.50(4.82) 54.60(4.62) 37.60(4.85) - - - 44.60(4.86) - 35.30(4.83) - 1
4999.5 083 031 - - - 104.0(4.86) - - - - - - 8
5009.646 0021 -2.259 - - 86.60(4.81) - - - - - 72.40(4.63) 71.90(4.76) 8
5024.842 0818 -0.602 129.2(4.75) 139.6(4.87) - 56.50(4.65) - - - 49.70(4.63) - 103.3(4.68) 8
5039.96 002 -113  149.6(4.65) 159.4(4.70) 146.6(5.06) 62.90(4.53) - - - 47.40(4.30)  124.1(4.75) - 8
5064.653 0.048  -0.991 - - 139.5(4.75)  71.90(4.58) - - 142.8(4.93)  64.50(4.55) 133.9(4.80) - 8
5087.06 1420 -0.78 - - 86.50(5.07) - - - 82.00(4.98) - 76.30(4.96) - 8
5210.386 0.047  -0.884 167.2(4.69) 179.9(4.70) 163.3(5.08) 86.80(4.87) 52.3(4.62) 85.54(5.14) - 74.00(4.71) 144.3(4.89) 141.0(4.79) 8
5282.38 1052 -1.300 - - - - - - - - - - 8
5426.237 0021  -3.006 - - - - - - - - . - s
5460.499 005  -2.8%0 70.80(4.79) 84.60(4.72) 64.80(4.95) - - - - - 57.80(4.92) 44.30(4.91) 9
5471.197 1443 <1440 62.50(4.97) 57.90(4.65) 45.70(4.91) - - - - - 35.60(4.75) 23.80(4.68) 8
5512.524 146 -035 - - - - - 85.54(5.14) - - - - 4
5716.457 2207 -0.77 - 35.60(4.65)  28.30(4.90) - - - - - 21.50(4.76) - 8
5739.982 2236 -0.67 - 45.90(4.66) - - - - - - - 27.20(4.86) 8
5766.33 3204 0.254 30.02(4.93) 24.20(4.63) 22.20(4.88) - - - - - 23.00(4.91) - 1

The abundance obtained from each line is given in parenthesis.



Chapter 3: Analysis of Ba stars 138

Table A2 : continues....

Wavelength(A)  El Epu(eV) loggf HD 24035 HD 32712 HD 36650 HD 94518 HD 147609 HD 154276 HD 179832 HD 207585 HD 211173 HD 219116 Ref

5866.451 1067 -0.84 - - - - - 15.24(5.03) - - - - 8
5918.535 107 -1.460  69.90(4.60) - - - - - - - 46.30(4.49) 38.50(4.53) 8
5922.11 1046 -1.466 77.50(4.70) 81.60(4.54) 70.40(4.83) - - - - - 64.20(4.80) 56.70(4.82) 8
5937.811 1067  -1.89 58.26(4.84) 62.90(4.64) 45.20(4.85) - - - - - 34.00(4.68) 21.90(4.62) 8
5941.751 105  -1510 78.30(4.76) 76.20(4.48) - - - - - - 60.20(4.77) 44.60(4.67) 8
5965.828 1879 -0.409 - 93.50(4.83)  71.20(4.80) - - - - - TL70(4.91) 54.90(4.69) 8
5978.543 1873 -0.496 - 84.60(4.73)  75.30(4.95) - - - - - 57.40(4.70) 55.10(4.77) 8
6064.629 1046 -1.944 - 67.60(4.74)  53.00(5.00) - - - - - 42.90(4.87)  26.80(4.76) 8
6091.174 2268  -0.423 - 67.80(4.83)  53.90(4.97) - - - - - 42.00(4.79)  32.10(4.73) 8
6126.216 1067 -0.84 - - - - - 21.42(5.02) - - - - 8
6303.757 1443 <1566 49.63(4.83) 53.40(4.62) 39.70(4.86) - - - - - - 24.40(4.77) 8
6556.062 146 -1.074 79.80(4.81) 89.80(4.77) - - - - - - 55.00(4.69) 46.20(4.69) 8
6599.133 09  -2085 70.36(4.95) 74.10(4.73) 59.50(5.01) - - - - - 40.00(4.74)  32.80(4.82) 8
6743.124 0.899  -1.630 - - - - - - - - - - 8
4161.535 Till 1084  -2.360 - - - 77.20(4.98) - - - 70.20(4.87) - - 8
4337.915 108 -113 - - - - - - - - - - 8
4394.051 1221 -159 - - - - - 88.07(5.26) - - - - 8
4395.85 1243 217 - - - - - 65.74(5.27) - - - - 8
4399.772 127 -127 - - - - - - - - - - 8
4417.719 1165 -1.430 - - - 108.9(5.03) - - - - - - 8
4418.33 1237 -2.460 - - - 70.60(4.74) - - - 72.80(4.87) - - 8
4421938 2061 -1.77 - - - - 56.8(4.81) - - - - - 8
4443.794 108 -0.700 - - 180.0(4.88) - 142.3(4.76)  133.8(4.97) - 136.3(4.75)  177.2(4.88) - 8
4464.45 1161 -2.08 - - - - 83.0(4.86) - - - - - 8
1468.52 113 06 - - - 137.9(4.60) - 133.4(4.90) - 136.0(4.70) - - 8
4470.857 1164 -2.280 - - - 67.80(4.87)  65.0(4.66) 67.68(5.34) - - - - 8
4493.51 108 -273 - - - - 33.6(4.44)  33.61(4.78) - - - - 8
4501.273 1116 -0.75 - - - - - - - - - - 8
1533.969 1237 077 - - - - - 131.6(5.14) - - - - 8
4563.761 122 -0.960 - - - 120.2(4.78) - 130.2(5.28) - - - - 8
4568.314 122 -2.650 - 69.40(4.81) - - - 32.25(4.80)  78.30(5.42) - 67.60(4.83) - 8
4571.96 1571 -0.53 - 146.2(4.81)  154.4(4.92) 123.1(4.73) - 140.8(5.29) - - 142.1(4.83) - 8
4583.409 1164 -2.720 - - - - - 33.15(4.83) - - - - 7
14589.959 1237 179 - - - - - - - - - - 8
4636.32 1164 -2.855 - - 66.30(4.82) - - - - - 55.80(4.68) 67.00(4.63) 8
4657.21 124 -2.32 - - - 53.20(4.60) - - 101.9(5.57) - - - 8
4708.665 1236 -2.210 - 82.80(4.70) - - - 53.28(4.91) - 56.50(4.62) 71.80(4.49) - 8
4764.526 1236 -2.770 - 54.80(4.59) - - - 34.44(4.98) - - 48.90(4.51) 76.80(4.81) 8
4779.985 2048 -1.37  97.06(4.70) - 98.50(5.11)  67.00(4.78) T2.2(4.67) 67.49(5.22) - 69.10(4.89) 86.60(4.96) 97.50(4.77) 8
4798521 108 -243 - - - - - 43.50(4.71) - - - 82.40(4.40) 8
4805.085 2061 -1.100 - - - 87.60(5.02) - - - - - - 8
4865.612 1116 -261 - - 91.30(5.07) - - - - - 76.20(4.84)  80.60(4.57) 8
5185.9 189 -135 - 93.90(4.85)  97.80(4.82) - - - 99.50(5.36) - 89.80(4.78) - 8
5226.543 1566 -1.300 - - 131.1(5.14)  91.20(4.77) - - - 88.10(4.77) - - 8
5336.771 158 -1.700  109.4(4.66) - - 74.60(4.77) - 76.28(5.27) - 76.80(4.89) - 107.4(4.70) 8
5381.015 1566 -2.08 - - - 60.00(4.79)  64.2(4.73)  59.91(5.21) - 66.30(4.99) - - 8
5418.751 1581 -1.999 - - - - 50.8(4.42)  52.70(4.95) - - - - 8
4379.23 VI 0301 058 179.6(4.06) - - 93.90(4.00) - - - 92.40(4.15) - - 8
4406.63 03 -0.19 - - - 69.60(4.14) - - - 68.10(4.26) - - 8
4831.646 0017 -1.38  91.65(3.74) 100.1(3.71) 84.30(3.94) - - - - - 69.70(3.73) 59.60(3.68) 8
4851.482 0 -1.139 - - - - - - - 39.00(4.13) - - 8
4864.731 0017 -0.96 - - 108.3(4.09) - - - - 37.00(3.92) 94.50(3.93) 87.10(3.79) 8
5703.575 105 -0211 99.80(3.89) 111.0(3.98) 85.80(3.91) - - - - - 76.80(3.84) 62.40(3.67) 8
5727.048 108 -0.012 - - - - - - 116.1(4.47) - - - 8
5727.652 1051 -0.870 59.50(3.83) 69.20(3.75) 53.20(3.96) - - - 66.20(4.12) - 40.90(3.79) - 8

The abundance obtained from each line is given in parenthesis.



Chapter 3: Analysis of Ba stars 139

Table A2 : continues...

Wavelength(A)  El  Ej,(éV) loggf HD 24035 HD 32712 HD 36650 HD 94518 HD 147609 HD 154276 HD 179832 HD 207585 HD 211173 HD 219116 Ref

5737.059 1063 -0.740 64.90(3.81) T74.80(3.75) 60.50(3.98) - - - - - 46.10(3.78)  20.30(3.64) 8
6039.722 1064 -0.65 - - 57.10(3.80) - - - - - 44.30(3.63) 31.10(3.57) 8
6081.441 1051 -0.579  66.96(3.63) - - - - - - - 44.40(3.54)  38.30(3.61) 8
6119.523 1063 -0.320 101.9(3.99) 93.60(3.65) 84.40(3.94) - - - - - 7150(3.81) 49.90(3.56) 8
6216.354 0275 <129 105.7(3.97) 114.6(3.91) - - - - - - 82.90(4.00) 62.40(3.80) 8
6243.105 03 -0.980 102.4(3.63) 97.40(3.83) - - - - - 84.80(3.75) 75.00(3.72) 8
6251.827 0286 -1.340 - 107.9(3.83)  89.00(4.02) - - - - - 69.90(3.80) 50.00(3.67) 8
6274.649 0267  -1.67 8643(4.00) 82.50(3.64) 62.30(3.88) - - - - - 48.90(3.73) 31.40(3.65) 8
6292.825 0287 147 - - 73.50(3.88) - - - - - 60.00(3.75)  46.00(3.73) 8
6531.415 1218 -0.840 43.60(3.70) 51.40(3.56) 41.00(3.87) - - - - - 27.90(3.65) 8
42748 Crl 0 -0.23 - - - - 149.5(5.38) - - - - 8
4289.72 0 -0.36 - - - - - 164.8(5.04) - - - - 8
4351.05 097  -145 - - - - - 75.77(5.74) - 66.80(5.36) - - 8
4545.945 0941  -1.370 - - - - - - - - - - 8
4600.748 1004 -1.260 - - - 63.90(4.93)  54.6(5.16)  74.17(5.50) - - 126.2(5.53) - 8
4616.12 0982 -1.190 - - 133.5(5.47) 70.90(5.02) 66.6(5.31) 81.85(5.50) - - 116.6(5.23) - 8
14626.173 0968  -1.320 - - - 61.70(4.90)  47.7(5.05)  73.93(5.50) - 67.40(5.20) - - 8
14652.157 1004 -1.030 - 170.7(5.34)  161.9(5.79) 77.70(5.05) 74.3(5.34) 88.85(5.60) 167.1(5.80) 91.30(5.54) 144.1(5.59) - 8
4737.347 3.087  -0.099 - - 91.20(5.79) 39.80(5.23) - 41.48(5.41) - - 81.50(5.65) - 8
4829.372 2544 -0.810 - - - 33.00(5.27) - - - 37.10(5.45) - - 8
4870.801 3079 005 - 102.6(5.57)  91.40(5.61)  50.10(5.29) - - - 59.60(5.60) - 89.30(5.55) 8
5206.04 094 002 - - - 139.4(4.95) 135.8(5.53) 163.0(5.34) - - - - 8
5247.565 0961  -1.640 128.3(5.11) 131.3(5.12) 124.4(5.42) 53.80(4.97) 39.1(5.16) 69.88(5.62) - 50.70(5.23)  110.4(5.28) - 8
5206.691 0982 -1.400 - 161.3(5.40)  145.4(5.64) 67.10(5.06) - - - 73.00(5.35) 133.8(5.36) 125.6(5.31) 8
5208.277 0983  -1.15 - - - - - - - - - 151.3(5.55) 8
5300.744 0982  -2120 101.8(5.05) 110.0(5.13) 102.5(5.40) 27.10(4.87) - - - - 94.30(5.38)  86.50(5.20) 8
5312.871 345 -0.562 28.97(5.12) - - - - - - - 27.60(5.24) 22.00(5.19) 8
5345.801 1003 -0.980 167.4(5.19) - 175.5(5.70) - 101.3(5.60)  164.7(5.62) 160.9(5.55) 8
5348.312 1003 -1.200 146.0(5.13) 159.6(5.27) - 156.5(5.76)  74.00(5.28) 138.1(5.53) 126.5(5.23) 8
5409.772 103 -0.720 174.1(5.04) - - 104.7(5.42) - 163.1(5.33) 8
5787.965 3323 -0.083 - 86.10(5.50)  78.00(5.59) 28.20(5.22) 63.00(5.35) 53.00(5.17) 8
4588.19 Crll 4072 -0.63 - 78.60(5.61)  89.60(5.60) 71.90(5.62) - 66.80(5.13) - 8
4592.04 1073 -1.220 - 57.60(5.64) - 57.60(5.80) - 149.40(5.25) - 8
4634.07 4072 -1.240 - - - - 48.90(5.37) - - 8
4812.337 3.864  -1.800 - - - - - 68.80(5.46) - 8
4848.25 3864 -1.140 - - - - - 30.70(5.11) - 8
5305.853 3827 -2.357 - - 26.20(5.45) - - - - 23.90(5.59) - - 7
5308.404 4072 181 - 45.90(5.97)  41.70(5.57) - - - - 25.50(5.32) - 37.80(5.26) 8
5334.869 4073 -1.562 - 43.30(5.65) - 21.70(4.98) - - - 31.80(5.23) - 43.50(5.13) 7
14034483 Mn I 0 0.811 - - - 159.8(4.76) - - - - - - 8
4041.355 2114 0.285 - - - - - - - . . B 3
4451586 2888 0278 143.2(5.38) 147.1(5.40) - 71.70(4.85) - - 141.1(5.73) - 119.6(5.38) - 8
4453.012 2941 -0.49 - - - - - - - - - 66.90(4.84) 8
4455.31 3072 -0.246 - - - - - - - - 79.30(5.02) 7
4470144 2041 -0.444 - - 75.70(4.97)  21.60(4.42) - - - 3.80(4.96) - - 8
4709.712 2839 -0.34  107.0(5.20) - 93.00(5.20)  36.60(4.63) - - - - - 83.40(4.96) 8
4739.087 2941 -0.490 103.6(5.31) 111.0(5.57) 85.80(5.21) 24.80(4.54) - - - 50.40(5.27)  88.90(5.43) - 8
4761.53 2953 -0.138 - 114.2(5.29) - 33.30(4.41) - - 118.1(5.81)  45.90(4.79) 103.9(5.45) - 8
4765.846 2941 -0.080 - - - 44.30(4.59) - - 116.0(5.70)  53.20(4.90) - - 8
4766.418 2919 0.1 - 129.8(5.30) - 61.90(4.79) - - - 66.30(5.02) 127.0(5.64) - 8
4783.427 2208 0.042 - - - - - - 100.8(5.29) 162.2(5.51) - 8
5304.677 0 -3.503 - - - 27.00(4.63) - - - 31.40(4.86) - - 8
5399.499 3853  -0.287 T1.68(5.42) 67.80(5.36) 54.50(5.28) - - - - - 53.60(5.32) - 7
5420.355 2142 -1.462 - - - 26.00(4.72) - - - - - - 8
5516.774 2178 -1.847 - - - - - - - - 87.40(5.67) 60.00(5.09) 8

The abundance obtained from each line is given in parenthesis.



Chapter 3: Analysis of Ba stars 140

Table A2 : continues....

Wavelength(A)  El Ej(eV) loggf HD 24035 HD 32712 HD 36650 HD 94518 HD 147609 HD 154276 HD 179832 HD 207585 HD 211173 HD 219116 Ref

5537.76 2187 -2.017 - - - - - - - - 81.20(5.69) - 7
6013.513 3072 -0.251 129.5(5.51) 138.8(5.73) - 27.80(4.45) - - - 44.70(4.93) 116.7(5.72) 90.20(5.05) 8
6021.819 3075 0.034 142.9(5.46) 136.7(5.41) - 45.90(4.58) - - - 58.10(4.95) 118.9(5.47) 100.2(4.97) 8
4121311 Col 0922 -0.320 - - - 110.4(4.72) - - - 104.6(4.82) 155.0(4.65) - 10
4693.165 3232 -0.545 - 65.40(5.20) - - - - - - 41.20(4.82)  36.00(4.73) 7
4749.66 3.053  -0.321 - - - - - 28.95(4.92) - - - - 7
4771.08 3133 -0.504 69.61(4.96) - - - - - - - - - 7
4781.43 1882 215 GAT8(4.98) 64.80(5.00) 38.10(4.76) - - - 54.10(5.20) - 140.30(4.84) - 10
4792.846 3252 -0.067 73.00(4.73) - 60.90(4.74) - - 25.95(4.77)  68.60(5.15) 22.20(4.50) 54.80(4.67) 49.80(4.52) T
4813.467 3216 005 76.60(4.65) 78.60(4.91) 79.30(5.02) 25.40(4.44) - - 81.90(5.36) 25.00(4.51) 70.50(4.91) 65.30(4.66) 7
4867.872 3117 0.226 - - - 40.60(4.53) - - - 53.30(4.94) - - 7
5331.452 1785 -1.960 80.70(4.92) 90.50(5.31) - - - - - - 64.00(4.99) 55.20(4.80) 10
5342.695 4021 0.609 - - 54.40(4.68) 20.60(4.44) - - - 20.20(4.49)  49.10(4.62) - 7
5352.045 3577 0.06 - - 52.50(4.76) - - - - - 43.80(4.62) - 10
5483.344 L7l -1.490 - - - 25.50(4.45) - - - 27.90(4.62) - - 10
5530.774 L7110 =206 88.40(5.05) 90.50(5.27) 69.60(4.99) - - - - - 58.10(4.84) 51.70(4.74) 10
5590.72 2042 -1.87 - - - - - - 70.40(5.42) - 49.60(4.87) - 10
6116.996 1785 -249  38.66(4.63) - 36.00(4.83) - - - - - 27.50(4.68) - 10
6454.99 3632 -0.233 51.34(4.82) 47.70(4.87) 46.80(4.94) - - - 48.60(5.13) - - - 10
6632.433 228 -2.000 - 53.40(5.04)  42.00(5.00) - - - 46.10(5.19) - 30.30(4.81)  25.30(4.77) 10
4470.472 Nil 3399 -0.310 - - - 50.00(5.98) 51.8(5.72) 69.99(6.11) 106.2(6.49) - - 7
1686.207 3597 -0.64 - - 90.00(6.34)  41.70(5.72) - - - 40.40(5.77)  82.20(6.25) 75.00(5.86) 7
4703.803 3.658  -0.735 88.44(6.14) - - 33.20(5.68) - - - 46.10(6.05)  75.20(6.22) 77.60(6.07) 7
4714.408 338 0.23 - - - 92.30(5.75)  88.8(5.95)  106.0(6.12) - - 130. 0(6 13) - 10
4731.793 3833 -0.85 - - - 20.20(5.63) - - - - 80(6.03) 61.00(6.03) 10
4732.46 4106 -0.55 - - - 25.40(5.73)  27.4(6.05)  34.30(6.08) - - - - 10
4752.415 3658 -0.7  80.22(5.91) - 80.90(6.22) 35.80(5.70) - - - 33.40(5.72) 73.20(6.12) 76.40(6.00) 10
4756.51 348 -0.340 - 88.90(5.81) - 59.90(5.72) - - - 58.70(5.80) 93.90(6.10) 90.80(5.77) 7
4814.59 3597 -1.68  41.19(6.01) 28.90(5.85) - - - - 44.00(6.36) - 38.10(6.18) - 7
4821.13 4153 -0.85 45.46(5.91) 52.20(6.21) 56.10(6.33) - - 30.46(6.33) - - 51.50(6.28) - 10
4852.56 3542 -1.07 - - - 24.00(5.67) - - 76.50(6.61) 26.90(5.81)  66.30(6.18) - 10
4855.406 3.542 0 - - - 63.80(5.52) - - - 62.50(5.60) - - 1
4857.39 374 -1.199 - - - - - - - - - . 7
4937.341 3606 -0.390 112.2(6.23) 98.80(6.20) 103.1(6.37) 52.90(5.72) 47.6(5.8%) 66.03(6.24) 100.3(6.59) 62.80(6.06) 94.80(6.28) - 1
4953.2 374 067 90.49(6.17) - 87.30(6.41) 34.90(5.72) 24.0(5.68) 43.64(6.01) - 39.30(5.89)  79.00(6.31) - 7
4980.166 3606 -0.110 - - - 77.30(5.99)  72.1(5.92) 87.71(6.19) - - 130.3(6.67) - 10
5035.357 3635 029 - - - 72.90(5.51)  75.2(5.80) 84.47(5.95) 121.3(6.31) 74.30(5.66) - - 10
5081.107 3847 03 - - - 72.20(5.67)  70.0(5.85) 78.81(6.00) 107.2(6.27) 68.60(5.71) 105.1(6.05) - 10
5082.35 3657 -0.54 - - - 41.60(5.66)  42.9(5.97) 52.81(6.11) - - 87.80(6.30) - 10
5084.089 3678 0.03 - 97.00(5.81) - 64.70(5.63) 58.4(5.73)  76.57(6.09) 106.5(6.35) 71.70(5.90) 96.10(5.95) - 1
5009.927 3.678  -0.100 - 109.4(6.18) - 60.90(5.67) 57.7(5.84)  70.97(6.10) 102.7(6.40) - 99.10(6.14)  97.40(5.85) 1
5102.96 1676 -2.62 - - - 27.50(5.45) - 38.60(5.93) - - 87.80(6.05) - 10
5115.389 3834 -0.11 - - - 51.80(5.62) - - - 51.20(5.70) - - 10
5146.48 3706 0.12 - - - 57.10(5.39) - - - 67.40(5.73) - - 11
5259.47 374 -1.502 - - 45.00(6.24) - - - - - 28.30(5.91) - 7
6007.306 1676 -3.330 - - - - - - - . . . 10
6086.28 4266 -0.53  71.05(6.17) - 60.70(6.16) 23.80(5.78)  21.6(6.00) 31.76(6.11) 64.60(6.50) 31.10(6.03) 55.70(6.13) - 10
6111.066 4088 -0.870 55.10(5.90) 56.00(6.12) - - - 25.77(6.13)  57.80(6.45) - - - 1
6128.963 1676 -3.330 - - - - - - - - 45.90(5.95) - 10
6175.36 4089 -0.530 72.30(5.97) 66.30(6.09) 75.60(6.27) 24.10(5.62) - - - 20.10(5.81)  62.90(6.08) 52.00(5.74) 10
6176.807 4088  -0.260  83.90(6.20) - 84.30(6.46) 35.10(5.88) 37.9(5.94)  52.23(6.16) - - 76.00(6.38) 70.50(6.09) 7
6177.236 1826 -35 54.30(5.85) 54.70(5.96) - - - - - - 38.30(5.87) 32.60(5.79) 10
6186.71 4106 -0.777 - 45.70(5.91) - - - 22.33(6.14) - - 42.70(5.90) - 10
6204.6 1088 -1.130 - 48.50(6.29) 51.30(6.35) - - - - - 35.20(6.06) 31.30(5.94) 10
6327.503 1676 -3.150 106.2(6.23) - 100.0(6.46) - - - - 24.80(5.94)  79.10(6.17) - 10

The abundance obtained from each line is given in parenthesis.



Chapter 3: Analysis of Ba stars 141

Table A2 : continues....

W'avch:ngth(ﬁ\) El  Epu(eV) loggf HD 24035 HD 32712 HD 36650 HD 94518 HD 147609 HD 154276 HD 179832 HD 207585 HD 211173 HD 219116 Ref

6314.622 1935 -1.770 - - - - - - - - - - 10
6378.247 4154 -0.89 - - - - - - - - 43.50(6.07) 37.80(5.90) 7
6643.629 1676 -2.300 153.8(6.20) - - 64.60(5.87)  48.1(5.98)  83.94(6.60) - - - - 1
6767.768 1826 -2.170 - - - - - - - - - - 10
6772.313 3.657  -0.980 - - - - . - - - . . 10
5105.537 w1389 -1516 - - - 62.70(3.80) - - - 83.10(4.49) 143.7(477) 116.3(3.99) 12
5782.127 1642 -1.72 - - - 34.80(3.54) - - - 50.00(4.23) 141.5(5.07) 109.4(4.19) 12
4722.15 ZnT 4029 -0.370 - - - 60.80(4.22) 65.7(4.35) 65.35(4.65) 92.80(5.18) - 81.20(4.42) - 13
4810.53 408 0170 79.0(3.92) 79.80(4.42) - 63.00(4.08)  68.5(4.25) 72.22(4.64) 79.90(4.70) - 21.40(4.45) 84.20(4.04) 13
4607.327 Srl 0 -0.570 - 109.6(3.64)  97.10(3.78)  50.60(3.59) - - 72.30(3.17) - 92.00(3.83) 74.60(3.22) 14
5630.134 Y1 133 0211 - 21.70(2.36) - - - - - - - - 15
6435.004 0.066  -0.82 102.5(3.48) T73.00(2.66) 47.50(2.77) - - - - - 31.40(2.52) 27.50(2.66) 15
4854.863 YI 0992 -0.380 - - 112.5(2.94)  54.90(2.04) - - 83.80(2.71) 92.90(3.18) 97.30(2.75) - 15
4883.684 1084 0.07 - - 128.0(2.90) 73.30(2.19) 119.5(3.12) 50.74(2.10) - 115.8(3.22)  108.4(2.65) - 15
5087.416 1084 -0.170 - 114.1(2.80) 118.3(289) 60.00(2.04) 104.8(297) 41.43(2.01) 84.80(258) 103.7(3.23) 99.70(2.64) - 15
5119.112 0992 -1.360 - 86.20(3.19)  82.60(3.06) - 56.5(2.92) - 40.80(2.39) - 61.80(2.67) 73.50(7.56) 15
5200.406 0992 -1.360 - 113.7(3.06)  106.1(2.87) 53.50(2.16) - - - 90.40(3.25) 93.30(2.74) 101.3(241) 15
5205.724 1033 -0.34 - - 103.7(2.62)  63.60(2.24) 113.6(3.28) 43.10(2.17) - 90.40(3.06) - - 15
5280.815 1033 -1.85 - 57.10(2.96)  55.20(2.90) - 27.9(2.85) - 24.90(2.49) 37.60(3.12)  38.60(2.62) - 15
5402.774 1839 -0.510 - 67.20(2.87) 70.00(2.85) 22.90(2.15) - - - 60.60(3.21)  55.80(2.62) - 16
5544.611 1738 -1.090 - 50.30(3.12) 49.10(2.81) - 37.8(2.93) - 26.10(2.58) 48.60(3.34) 44.40(2.79) 47.00(2.56) 15
5546.009 L748  -L11 - - - - 41.5(3.02) - - - - - 15
5662.925 1944 0.16 - - 102.2(3.07) 52.40(2.33) 84.6(2.87)  40.63(2.45) - - - - 16
6613.733 L1748 -1 - - - - 45.7(3.06) - - 45.40(3.21) - - 15
4739.48 Zrl 0651 023 104.9(3.60) - 69.80(3.10) - - - - 44.20(3.78)  62.50(3.05) - 17
4772.323 0623 0.044 83.20(3.22) T7.60(2.94) 64.20(3.12) - - - - 27.60(3.49) 51.90(3.92) 38.30(2.78) 17
4805.889 0687  -0.420 64.90(3.35) 51.40(2.82) 34.90(3.03) - - - - - 22.70(2.77) - 17
6134.585 0 S1.280 82.90(3.46) 73.20(2.98) 42.70(3.04) - - - - - 33.10(2.92) 20.00(2.87) 17
4208.99 Zrll 071 -0.46 - - - 56.50(2.47) - - - - - - 17
4210.631 1665  -0.800 - - - - - - - - - - 18
4317.321 0713 -1.38  123.5(4.00) - - 31.00(2.66) - - - 68.30(3.86) - - 17
4414.539 124 1171 - - - - - - 78.80(4.25) - - - 16
5112.297 1.665  -0.59 114.8(3.91) - - - - - - 59.80(3.61) 51.50(2.89) - 17
4130.65 Ball 272 056 - - 104.8(3.39)  66.30(2.72) - - - 107.3(3.59) - - 4
5853.668 0.604  -1.020 - - 154.7(3.10)  88.10(2.51) - - 116.9(2.97)  137.8(3.40) - 169.2(297) 4
6141.713 0.703  -0.076 - - - 152.2(2.52) - - 176.1(2.82) - - - 4
6496.897 0.604  -0.377 - - - 138.2(2.56) - - 162.8(2.85) - - - 4
4123.23 Lall 032 012 - - 93.70(1.85)  70.10(1.85) - - - 92.00(2.56) - - 19
4238.38 04  -0.058 158.4(2.73) - - 69.00(2.04) - - - - - - 19
4322.51 017 -1.05 113.6(2.67) - - - - - - - - - 14
4662.498 0 -1.240 - 82.90(2.21) 68.10(1.83) - - - - 54.60(2.40) - 80.60(1.88) 20
4748.726 0926 -0.860 - 56.60(2.21)  39.60(1.78) - - - 23.40(1.65) 43.80(2.59) 34.60(1.74) 55.80(1.95) 20
4921.776 0244 -0.680 148.5(2.85) - - 54.60(1.92) - - - - - 110.7(2.30) 14
5303.528 0321 -143 - 73.30(2.37)  48.00(1.80) - - - - 41.90(2.43) - 57.90(1.82) 20
5936.21 0173 -2.06 93.25(2.74) 64.50(2.48) - - - - - - - 34.20(1.78) 20
6320.376 0172 -1.940 - - - - - - - - 43.10((2.04) - 20
6390.477 0321 -1.450 110.7(2.61) 85.70(2.51) 51.40(1.80) - - - - 41.10(2.34) - 66.60(1.93) 21
4073.47 Cell 048 032 - - - - - - - 68.40(2.74) - - 21
411729 074 045 - - - - - - - 38.50(2.72) - - 21
4257.12 046  -1.116 76.78(2.85) 62.20(2.88) 52.60(2.66) - - - - 31.60(2.88)  35.60(2.30) - 21
4336.244 0.704  -0.564 - - 62.30(2.65) - - - - - 40.80(2.16) - 21
4349.789 0701 -0.107 - 95.40(3.17) - 22.60(1.76) - - - 62.00(3.09)  53.90(2.08) - 16
4364.653 0495 -0.201 - - - 31.60(1.91) - - - 62.70(3.00)  57.70(2.05) - 21
4407.273 0701  -0.741 80.30(2.82) 68.80(2.97) - - - - - - - 77.70(2.95) 21
441878 0863 0177 111.4(2.93) - 80.30(2.64) 33.10(1.94)  60.1(2.59) - - - 58.10(2.11) 102.2(2.87) 21

The abundance obtained from each line is given in parenthesis.
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Table A2 : continues....

Wavelength(A)  El  Ej,(eV) loggf HD 24035 HD 32712 HD 36650 HD 94518 HD 147609 HD 154276 HD 179832 HD 207585 HD 211173 HD 219116 Ref

1427.916 0535 -0.460 - 84.10(2.95) 68.30(2.51) 22.20(1.94) 36.1(2.38) - - 46.50(2.73)  50.30(2.12) 77.20(2.44) 21
4483.803 0864 001 - - - 28.60(1.97) - - - 62.00(3.11) - 84.00(2.53) 21
4486.909 0205  -0.474 99.17(255) 9.10(3.08) 80.20(2.39) 35.70(2.08) - - - 65.10(3.12) 64.00(2.28) 94.50(2.64) 21
4508.079 0621  -1.238  62.40(2.74) - - - - - - 24.00(2.90) - 62.60(2.94) 21
4560.28 091 0 - - - 24.00(1.89)  53.5(2.62) - - - - - 21
14562.359 0477 0.081 - 106.5(2.90) 90.80(2.55) 46.20(2.00) 69.2(2.53) 19.21(1.63) 75.40(2.64) - 74.00(2.24) - 21
4628.161 0516 0.008 - - 95.20(2.77) 43.00(2.01) 69.7(2.64) 17.67(1.68) - - - 119.2(2.82) 21
4725.069 0521 -1.204 67.90(2.68) 60.40(2.88) - - - - - 32.40(3.00) - 46.00(2.41) 21
4747.167 032 -1.246 - - 51.60(2.52) - 20.2(2.56) - - 29.80(2.76) - - 21
4773.941 0924 -0.498 - - 47.00(2.35) - 22.9(2.43) - - 34.20(2.74)  28.60(1.98) - 21
4873.999 1107 -0.892 60.50(2.89) 57.30(3.21) - - - - - - - - 21
5187.458 1211 -0.104 87.10(2.81) 78.10(3.07) 56.10(2.48) - - - - 48.50(3.02) 40.20(2.19) 64.10(2.43) 21
5274.229 1044 -0.323 - - - - - - 39.50(2.44) - - - 8
5330.556 0.869  -0.760 72.90(2.70) 67.80(2.98) 40.60(2.36) - 27.8(2.73) - - 39.50(3.05)  29.40(2.17) - 21
5556.941 1813 -0.405 - - - - - - - - - - 21
5613.694 142 -0.999 - - - - - B - - . . 21
6034.205 1458 -1.019 - 30.60(3.04) - - - - - - - 32.00(2.91) 21
5188.217 Pril 0922 -1.145 39.10(232) 30.10(2.39) - - - - - - - - 21
5219.045 0795 -0.24  T7412(1.98) 58.70(2.00) 30.60(1.41) - - - - 20.50(1.82) 20.40(1.19) - 22
5259.728 0633 -0.682 80.30(2.36) 55.80(2.16) 30.30(1.65) - - - 27.60(1.09) - - - 22
5202.619 0.648  -0.300 89.00(2.19) 75.70(2.31) - - 19.6(1.79) - - 31.40(2.04) - 57.50(1.70) 22
5322.772 0482 -0.315 103.3(2.33) - 51.90(1.58) - - - - 33.00(1.93) 26.20(1.06) 60.10(1.57) 21
6165.891 0923 -0.205 7L60(1.95) 53.60(1.92) - - - - - - - 31.80(1.35) 21
6278.676 1196 -0.63 - 26.80(2.08) - - - - - - - - 2
4061.08 NdIT 0471 055 120.6(2.24) - 109.4(2.58)  61.30(1.93) - - - 81.80(2.71) 90.00(2.27) 114.3(2.31) 23
14069.27 006 -04 - - 87.60(2.46) - - - - 63.10(2.70) - - 21
4446.384 0204 -0.500 87.50(2.06) 102.2(3.00) 79.60(2.42) 30.20(1.80) 44.9(2.24) - - 57.20(2.75)  64.70(2.14) - 23
4451.563 038 -0.040 - - - - - - - - - - 23
4475.555 0063 -1.980 - - - - - - - - - - 23
4516.346 032 -0.950 - - - - - - - - - - 21
4556.133 0.064  -1.610 - - - - - - - - - - 21
4645.76 0559 -0.750 84.10(2.48) - - - - - - 37.70(2.56) - 55.80(2.00) 21
4703.572 038  -1.07 - - 55.30(2.30) - - - - 35.00(2.62)  30.70(1.78) - 21
4706.543 0 -0.880 - 97.10(2.75)  75.20(2.20)  30.60(1.83) - - - 60.00(2.83)  66.10(2.12) - 21
4797.153 0559 -0.950 69.40(2.28) - - - - - - 35.20(2.67) 36.20(1.99) 55.50(2.18) 21
4811.342 0.064  -1.140 - 101.0(3.16)  77.00(2.56) 23.80(1.96)  36.5(2.44) - - - - - 21
4825478 0182 -0.86 - - - 38.10(2.18) - - - - - - 21
4859.039 032 -0.83 - - - 34.30(2.19) - - - - - - 21
4947.02 0559 -1.250 59.90(2.35) - 35.10(2.18) - - - - - - - 21
14961.387 0631 -0.710 - 93.20(3.19) - - - - 24.40(1.73)  41.50(2.67) 35.40(1.80) - 21
4989.95 063 -0.500 - - - - 32.7(2.22) - - - - - 21
5089.832 0204 -1.16  71.42(2.05) - - - - - 24.20(1.66) - - - 21
5130.59 13 0.1 - - 71.20(2.57) 28.10(2.07)  41.6(1.95) - - - - - 23
5212.361 0204 -0.870 - - - - 23.3(1.97) - - - - - 21
5255.506 0204 -0.820 - - - - - - - 47.70(2.50) - - 21
5276.869 0.859  -0.440 T73.60(2.16) - - - - - - B . - 23
5287.133 0744 -1.300 60.40(2.60) 49.50(2.69) 27.20(2.24) - - - - - 24.20(2.22) - 21
5203.163 0.822  -0.060 98.50(2.31) - 80.90(2.39) 24.30(1.63) 53.8(2.38) - - 60.90(2.77)  20.10(1.88) 88.50(2.28) 23
5311.453 098  -0.420 - 79.60(3.03) 53.20(2.38) - - - - 33.80(2.63) 65.10(1.96) - 23
5319.815 055  -0.210 103.0(2.22) 108.7(2.87) 83.40(2.27) 30.90(1.68) 52.3(2.23) - - 65.50(2.77)  23.50(1.74) - 23
5356.967 1264 -0.250 76.00(2.51) - 42.10(2.13) - - - - 30.90(2.51) - 42.40(1.97) 23
5361.51 068  -04 - - - - - - - 54.40(2.75) - - 23
5371.927 1412 0.003 - - - - 24.9(2.24) - - 43.60(2.76) - - 23
5442.264 068  -0.910 - 84.40(3.09) - - - - - 31.30(2.59) - 48.50(2.08) 23
5485.696 1264 -0.120 - 79.20(2.91) 51.80(2.22) - - - - 43.90(2.74)  32.30(1.84) 55.60(2.09) 23

The abundance obtained from each line is given in parenthesis.
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Table A2 : continues....

Wavelength(A)  El Epu(eV) loggf HD 24035 HD 32712 HD 36650 HD 94518 HD 147609 HD 154276 HD 179832 HD 207585 HD 211173 HD 219116 Ref
5

5548.448 055  -1.34  61.27(2.39) - - - - - - 43.80(2.57) - 39.20(2.17) 21
5688.518 0986  -025 81.09(2.24) 81.40(2.70) - - - - - - 49.50(2.06) 65.70(2.09) 23
5702.238 0744 -0.770 - - - - . . B , B B 2
5718.118 141 -0.340 57.30(2.34) - - - - - - - - - 23
5744.777 098  -1.03 - - - - - - - - - 23.80(2.01) 21
5770.489 108 -1.030 - - - - - - - - - - 23
5825.857 108 -0.760 68.00(2.58) 61.80(2.82) 30.00(2.13) - - - - 20.50(2.51)  20.60(1.93) - 21
14318.927 SmIl 028  -0.270 - - - - - - - - - - 21
4424337 0485  -0.26 - - - 41.70(1.75)  43.0(1.79) - - 67.00(2.71) - 21
4434.318 0378 -0.576 - - - 36.30(1.79)  42.2(1.99) - - 65.00(2.85) - - 21
4458.509 0104 111 95.36(2.39) - - 25.50(1.75) - - 50.20(2.59) - 79.50(2.19) 21
4499.475 0248 -1413 78.90(240) 62.10(2.38) 41.40(1.91) - - - 31.10(1.94) 27.30(2.32) 29.80(1.70) 47.40(1.88) 21
1519.63 0543 -0.751 - - 56.70(1.97) - 22.7(1.86) - 37.00(1.82) 52.80(2.75) 38.60(1.60) 78.90(2.30) 21
4566.21 033 -1.245 - 71.20(2.58)  48.00(1.98) - - - 38.10(2.07) - 35.10(1.75) - 21
4577.69 025 -0.77 - - - - - - 41.90(2.07) - - - 21
4642228 0379 -0.951 - 80.70(2.62) 62.00(2.10) - - - - 51.30(2.71) - 71.50(2.09) 21
4674.593 0184 -1.055 107.1(2.67) - - - - - - - - - 21
4676.902 004 -1.407 - 75.20(2.45)  49.00(1.82) - - - - - 36.50(1.60) 61.60(1.92) 21
4704.4 0 1562 89.61(2.46) - - 20.10(1.91)  25.3(2.22) - - 40.40(2.58) - 74.10(2.31) 21
4791.58 0104  -1.846 - 53.10(2.32)  26.00(1.78) - - - 23.10(1.95) - - - 21
4844.209 0277 -1.558 - - - - - - - 27.60(2.47) - - 21
4854.368 0379 -1.873 - 31.40(2.16) - - - - - - - 24.10(1.95) 21
4205.042 Eu IT 0 0.117 - - - - - - - - - - 2
6437.64 1319 -0276 28.70(0.77) 20.60(0.86) - - - - - - - - 2
6645.064 138 0204 41.04(0.62) 33.70(0.79) - - - - 25.10(0.85) - - 23.30(0.34) 24

The abundance obtained from each line is given in parenthesis.

References: 1. Kurucz and Peytremann (1975), 2. Laughlin and Victor (1974), 3. Lincke and
Ziegenbein (1971), 4. NBS in Kurucz database, 5. Garz (1973), 6. Schulz-Gulde (1969), 7.
Kurucz (1988) 8. MFW in Kurucz database, 9. Smith and Kuehne (1978), 10. Fuhr et al
(1988), 11. Heise (1974), 12. Bielski (1975), 13. Warner (1968), 14. CB in Kurucz database, 15.
Hannaford et al. (1982), 16. Cowley and Corliss (1983), 17. Biemont et al. (1981), 18. estimated
from multiplet table intensity, 19. Andersen et al. (1975), 20. Arnesen et al. (1977), 21. Meggers

et al. (1975), 22. Lage and Whaling (1976), 23. Ward et al. (1985), 24. Biemont et al. (1982)






Chapter 4

Analysis of CH and CEMP stars®

4.1 Introduction

Being enriched with carbon (and neutron-capture elements), the atmospheres of
the less-evolved, low-mass stars form a unique treasure trove of information for
the astrophysicists seeking the chemical evolution history of the Galaxy. Thus,
studies on the metal-poor stars such as CH stars (Keenan 1942), with their more
metal-poor counterparts, Carbon Enhanced Metal-Poor (CEMP) stars offer the
best means to constrain the neutron-capture nucleosynthesis processes, especially
the nucleosynthesis occurring in the Asymptotic Giant Branch (AGB) stars. The
spectra of these peculiar stars show strong CH and Cs molecular bands and features
due to enhanced neutron-capture elements compared to the normal stars. They

are characterized by C/O > 1.

The CEMP stars are more metal-poor ([Fe/H| < —1) than the classical CH stars

*Main results from this chapter are published in Purandardas et al. (2019), Shejeelammal
et al. (2021), Shejeelammal and Goswami (2021).
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(Lucatello et al. 2005; Aoki et al. 2007; Abate et al. 2016; Hansen et al. 2016¢,a)
with [C/Fe| > 1 (Beers and Christlieb 2005; Abate et al. 2016). They were iden-
tified among the Very Metal-Poor stars discovered in the extensive spectroscopic
survey to identify a large sample of most metal-poor stars, the HK survey (Beers
et al. 1985, 1992, 2007; Beers 1999), and later in a number of successive surveys
like the Hamburg/ESO Survey (HES; Christlieb et al. 2001a,b; Christlieb 2003;
Christlieb et al. 2008), Sloan Digital Sky Survey (SDSS; York et al. 2000), Sloan
Extension for Galactic Understanding and Exploration (SEGUE; Yanny et al.
2009) etc. A number of other large sky survey programs in the past were also
dedicated to identify the Galactic carbon stars, for instance, the First Byurakan
Spectral Sky Survey (Gigoyan et al. 1998), the Automatic Plate Measuring sur-
vey (Totten and Irwin 1998; Ibata et al. 2001), infrared objective-prism surveys
(Alksnis et al. 2001), Large sky Area Multi-Object Fiber Spectroscopic Telescope
(LAMOST) pilot survey (Cui et al. 2012; Deng et al. 2012; Zhao et al. 2012). Tt
has been identified that the fraction of CEMP stars in the Galactic halo increases
with decreasing metallicity; ~20% for [Fe/H| < —2 (Norris et al. 1997; Rossi et al.
1999, 2005; Christlieb 2003; Cohen et al. 2005; Marsteller et al. 2005; Frebel et al.
2006; Lucatello et al. 2006; Carollo et al. 2012; Lee et al. 2013), ~40% for |Fe/H]
< —3 (Aoki et al. 2013; Lee et al. 2013; Yong et al. 2013), ~75% for [Fe/H| <
—4 (Lee et al. 2013; Placco et al. 2014; Frebel and Norris 2015), and thus making
them important tools for studies of the formation and evolution of early Galactic

halo.

Beers and Christlieb (2005) put forward the first classification scheme for CEMP
stars, and classified them into different sub-classes depending on the level of en-
richment of neutron-capture elements Ba and Eu; CEMP-s (show enhanced abun-
dances of s-process elements), CEMP-r (show strong enhancement of r-process el-
ements), CEMP-r/s (show simultaneous enhancement of both s- and r-process ele-
ments), and CEMP-no (do not show any enhanced abundance of neutron-capture

elements). A slight deviation from the original classification scheme has been
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adopted by several authors (Aoki et al. 2007; Abate et al. 2016; Frebel 2018;
Hansen et al. 2019). High-resolution spectroscopic analyses have shown that, at
present, about 80% of the CEMP stars are CEMP-s stars (Aoki et al. 2007), and
about half of the CEMP-s stars are CEMP-r/s stars (Sneden et al. 2008; Kappeler
et al. 2011; Bisterzo et al. 2011).

The diverse abundance pattern observed in the CEMP stars points to different for-
mation scenarios. CH, CEMP-s, and CEMP-r/s stars belong to the main sequence
or giant phase of stellar evolution. Hence, the observed overabundances of the
carbon and neutron-capture elements are attributed to an extrinsic origin. In the
case of CH and CEMP-s stars, enriched in s-process elements, the most accepted
scenario involves binary mass-transfer from an AGB companion. There exist a
number of proposed scenarios for the simultaneous r- and s- process enrichment
observed in CEMP-r/s stars (Jonsell et al. 2006 and references therein); however,
none of them could successfully reproduce the observed frequency and high |hs/Is]
ratio of CEMP-r/s stars (Abate et al. 2016). An intermediate neutron-capture pro-
cess (i-process) that operates with neutron densities in between s- and r-process
had been invoked to explain the observed abundances of CEMP-r /s stars. Hampel
et al. (2016, 2019) could successfully reproduce the observed abundance trend of
several CEMP-r/s stars considering this production scenario. The i-process was
originally proposed by Cowan and Rose (1977). Among the proposed scenarios
for the nucleosynthesis sites of the i-process are, massive (5 - 10 M) super-AGB
stars (Doherty et al. 2015; Jones et al. 2016), evolved low-mass stars (Herwig
et al. 2011; Hampel et al. 2019), low-mass, low-metallicity (|Fe/H| < —3) stars
(Campbell and Lattanzio 2008; Campbell et al. 2010; Cruz et al. 2013; Cristallo
et al. 2016) and Rapidly Accreting White Dwarfs (Herwig et al. 2014; Denissenkov
et al. 2017). Clarkson et al. (2018) and Banerjee et al. (2018) have suggested
that massive (M > 20 M), metal-poor stars could also play a role in the pro-
duction of i-process elements. Despite several efforts, large uncertainties still exist

regarding the i-process nucleosynthesis and the possible astrophysical sites of its
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occurrence (Frebel 2018; Koch et al. 2019). It has been found from the long-term
radial velocity monitoring studies that the vast majority of CH stars (McClure
and Woodsworth 1990; Jorissen et al. 2016b) and CEMP-s and CEMP-r/s stars
(Lucatello et al. 2005; Starkenburg et al. 2014; Jorissen et al. 2016b; Hansen et al.
2016¢) are most likely binaries, thus strongly favoring the binary mass transfer

scenario.

Just like CEMP-r/s stars, the origins of CEMP-no and CEMP-r stars are also
not clearly understood. The suggested origin for CEMP-r stars is that they were
formed from the ISM pre-enriched by core-collapse SNe, neutron star mergers,
neutron star - black hole mergers (Surman et al. 2008; Arcones and Thielemann
2013; Rosswog et al. 2014; Drout et al. 2017; Lippuner et al. 2017). The suggested
progenitors for the origin of carbon enhancement of CEMP-no stars, that polluted
ISM, are faint SNe, spinstars, metal-free massive stars, binary mass-transfer from
extremely metal-poor AGB stars (Heger and Woosley 2010; Nomoto et al. 2013,;
Chiappini 2013; Tominaga et al. 2014).

In this chapter, we have presented a detailed spectroscopic analysis of thirteen
carbon stars selected from various sources in the literature, in order to understand
their formation history from a detailed elemental abundance analysis. The struc-
ture of this chapter is as follows. Observations and data reduction are presented
in Section 4.2. Radial velocity of the stars and stellar atmospheric parameters are
presented in Section 4.3. The same Section also provides a brief discussion on the
stellar mass. Section 4.4 provides a discussion on elemental abundance determi-
nation and abundance uncertainties. Classification of program stars is discussed
in Section 4.5. In Section 4.6, binary status of the programs stars is discussed.
Section 4.7 provides a discussion on the analysis of various abundance profiles of
the program stars, and the interpretations. Origin(s) of the program stars are dis-
cussed in Section 4.8. The parametric model-based analysis is discussed in Section

4.9. Results of the kinematic analysis are provided in Section 4.10, followed by
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the discussion on the individual stars in Section 4.11. Conclusion are drawn in

Section 4.12.

4.2 Stellar sample: selection, observation/data ac-

quisition and data reduction

Out of the total thirteen objects analyzed here, five objects, BD—19 132, BD—19
290, BD+19 3109, HD 30443, and HD 202851 are selected from the catalogue of
CH star by Bartkevicius (1996). The objects, HE 0457—1805, HE 0920—0506,
HE 1157—-0518, HE 1304—2111, HE 1327—2116, and HE 1354—2257 are selected
from the candidate metal-poor stars identified in the Hamburg/ESO survey (HES)
(Christlieb 2003) and in the HK survey of Beers et al. (1992). The stars HE 0457—1805,
HE 1157—0518, and HE 1354—2257 are also listed in the catalogue of carbon
stars identified from the Hamburg/ESO survey (HES) by Christlieb et al. (2001a).
The objects HE 0920—0506 and HE 1327—2116 are listed in the catalogue of
bright metal-poor candidates from the HES by Frebel et al. (2006). The ob-
jects HE 1157—0518 and HE 1327—2116 are also listed in the catalogue of can-
didate metal-poor stars identified from the HES by Christlieb et al. (2008). The
detailed object selection criteria is discussed in Section 2.2. The objects LAM-
0OSTJ091608.81+4230734.6 and LAMOSTJ151003.74+305407.3 are selected from
the catalogue of carbon stars identified from the LAMOST DR2 by Ji et al
(2016). The spectra of the objects BD—19 132, BD—19 290, HD 30443, LAM-
OSTJ091608.81+230734.6, BD+19 3109, and HD 202851 at a resolution of \/d A~60,000
and of the object LAMOSTJ151003.74+305407.3 at a resolution of A\/dA~30,000
are obtained using the HCT/HESP. For all these objects, we have taken three
frames each with an exposure of 2700 sec (2400 sec for HD 30443) and then co-
added to improve the quality (S/N ratio) of the resulting spectra. This S/N

ratio enhanced spectra are then used for further analysis. The high resolution
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(A/dA~86,000) spectra of the objects HE 0457—1805, HE 0920—0506, and HE 1327—2116
are obtained with the Mercator/HERMES. The reduced, wavelength calibrated
spectra of the objects HE 1157—0518, HE 1304—2111, and HE 1354—2257 at a
resolution of A\/0A~50,000 were taken from the SUBARU/HDS archive (http:
//jvo.nao.ac.jp/portal/v2/). The SUBARU spectra covers 4100 - 6850 Ain
wavelength. The spectra have a gap between 5440 and 5520 A because of the
separation of the two CCDs used. The basic information of the program stars are
given in Table 4.1, and sample spectra of a few program stars are shown in Figure

4.1.


http://jvo.nao.ac.jp/portal/v2/
http://jvo.nao.ac.jp/portal/v2/

TABLE 4.1: Primary information of the program stars.

Star RA(2000)  Dec.(2000) B Vv J H K Exposure Date of obs. Source S/N

(seconds) of spectrum 4200 A 5500 A 7700 A
BD-19 132 00 50 24.16 —19 04 40.19 13.25 10.73 8.083 7.354 7.070  2700(3) 07/11/2017 HESP 11.37 30.71 40.93
BD—-19 290 01 40 34.11 —18 56 51.52 1241 11.07 8710 8.102 7.914 2700(3) 08/11/2017 HESP 6.41 23.59 47.07
HD 30443 04 49 16.02  +35 00 6.49 11.2 8.82 4.62 3.28 2.83 2400(3)  07/11/2017 HESP 22.38 53.30 62.96
HE 0457—1805 04 59 43.56 —18 01 11.99 12.372 11.014 8937 8421 8.186 1800(15) 04/01/2016 HERMES 15.82 55.48 89.05
LAMOSTJ091608.81+230734.6 09 16 8.82 +23 07 34.86 11.44 10.40 8.654 8.141 8.022  2700(3) 04/04/2018 HESP 21.38 37.15 42.38
HE 0920—0506 09 23 05.96 —051932.75 11.80 10.95 10.317 9.971 9.900  780(10) 21/01/2019 HERMES 14.00 51.88 49.89
HE 1157—-0518 12 00 08.06 —05 34 43.12 16.273 15.120 13.418 12917 12.846 1800 25/05/2003  SUBARU 9.32 25.15 -
HE 1304—2111 13 07 27.26 —21 27 34.24 14.547 13.061 9.651 9.009 8.764 1200 25/05/2003  SUBARU 5.21 21.53 -
HE 1327-2116 1330 19.36 —21 32 03.33 12.714 11.651 9.893 9.412 9.275 1200(3)  01/02/2019 HERMES 13.85 29.60 68.14
HE 1354—-2257 1357 43.30 —23 12 34.55 15.22 14.00 11.809 11.290 11.110 1800 26/05/2003  SUBARU 6.39 35.56 -
LAMOSTJ151003.74+305407.3 1510 3.30 +3054 7.36  13.50  11.38 9.33 8.737 8.539  2700(3) 23/05/2018 HESP 10.77 33.67 70.17
BD+19 3109 1629 26.99 +19 30 3446 11.88 10.29 8.051 7.40 7.253  2700(3)  23/05/2018 HESP 7.80 48.27 95.90
HD 202851 21 18 43.49 —013203.34 10.89 9.67 7711 7174 7.029  2700(3)  07/11/2017 HESP 17.01 31.82 54.57

The number of frames taken are given with exposure time, in parenthesis.
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4.3 Stellar atmospheric parameters and radial ve-

locity

The radial velocities of the program stars are calculated from the Doppler equa-
tion using the measured wavelength shift of a set of clean spectral lines of sev-
eral elements. While the objects BD—19 290, HE 1157—0518, HE 1327—2116,
HE 1354—2257, LAMOSTJ151003.74+305407.3, and BD+19 3109 are found to
be high radial-velocity (|V,| > 100 km s™') objects with V, in the range —181.89 to
+289.46 km s~1, BD—19 132, HD 30443, HE 0457—1805, LAMOSTJ091608.81+230734.6,
HE 0920—0506, HE 1304—2111, and HD 202851 are low velocity (|V,| < 100 km
s71) objects with V, in the range +2.14 to +66.61 km s~!. The equivalent width
measured from a set of clean Fe I and Fe II lines are used for the derivation of
the stellar atmospheric parameters following the procedure in Section 2.6.4. The
lines are selected such that they have equivalent width and excitation potential in
the range 18 - 180 mA and 0 - 6 eV respectively. The abundances derived from
Fe I and Fe II lines as functions of excitation potentials and equivalent widths
are shown in Figure 4.2. The derived atmospheric parameters, along with the
available literature values, as well as the radial velocities of the program stars, are

given in Table 4.2.

The log g value is estimated employing the parallax method as well (Section
2.6.4.1). The stellar masses are found from their positions on the H-R diagram
(log Teg v/s log (L/Lg)). The H-R diagram is generated using the stellar evo-
lutionary tracks of Girardi et al. (2000). We have used z = 0.0004 tracks for
the objects BD—19 132, BD—19 290, HD 30443, HE 0457—1805, HE 1157—0518,
HE 1327-2116, LAMOSTJ151003.74+305407.3, and BD-+19 3109 and z=0.004
tracks for LAMOSTJ091608.81+230734.6, HE 0920—0506, and HD 202851. These
H-R diagrams are shown in Figure 4.3. We could not determine the masses of

the objects HE 1304—2111 and HE 1354—2257, as the tracks corresponding to
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FIGURE 4.1: Sample spectra of the program stars in the wavelength region 5160 to
5190 A.

their luminosity and temperatures are not available. We could find only an up-
per limit to the mass of the stars BD—19 132, HD 30443, HE 0457—1805, LAM-
OSTJ151003.74+305407.3, and BD+19 3109. The mass estimates and log g values
estimated from the parallax method (Section 2.6.4.1) are given in Table 4.3. For
the stars LAMOSTJ091608.814-230734.6 and HE 0920—0506, the spectroscopic
log g is ~0.9 dex lower than that estimated from parallax method. In some car-
bon stars, such inconsistency between the spectroscopic atmospheric parameters

and those derived from the evolutionary tracks could arise as their evolutionary
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FIGURE 4.2: Iron abundances of the program stars derived from individual Fe I and
Fe II lines as function of excitation potential (lower panel), and equivalent width (upper
panel). The dotted lines correspond to the derived and adopted Fe abundance for each
star. Solid circles correspond to Fe I, and solid triangles correspond to Fe II lines.
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TABLE 4.2: Derived atmospheric parameters and radial velocity of the program

stars.
Star Tesr log g ¢ [Fe I/H]| |Fe II/H]| V, Reference
(K) cgs (kms7t) (km s71)
+100 +0.2 +0.2
BD-19 132 4005 1.13 2.02 —1.86+0.06 —1.86+0.01 +3.94£0.81 1
BD-19 290 4315 0.61 3.10 —2.86+0.07 —2.86+0.13 +106.2840.90 1
HD 30443 4040 2.05 2.70 —1.68+0.05 —1.69£0.11  66.61£0.20 1
HE 0457—-1805 4435 0.70 1.97 —1.98+0.13 —1.984+0.12  +62.83£0.02 1
4484 0.77 - —1.46 - - 2
LAMOSTJ091608.814230734.6 4820 1.43 1.62 —0.89+0.14 —0.89£0.12 16.13£4.30 1
HE 0920—-0506 5380 2.65 0.69 —0.75£0.06 —0.75+0.01  +49.60+0.03 1
5291 2.99 - —1.39 - - 3
—1.01 4
HE 1157-0518 5050 2.52 2.15 —2.4240.15 —2.42+0.16 +116.024+0.70 1
4900 2.00 - —2.40 - - 5
HE 1304-2111 4325 1.06 0.63 —2.344+0.10 —2.34£0.07 +2.1440.34 1
HE 1327-2116 4835 1.50 3.45 —2.844+0.07 —2.84+0.05 +176.774+0.06 1
4868 0.55 - —3.48 - - 3
—2.93 4
HE 13542257 4700 1.13 1.86 —2.114+0.17 —2.11+0.15 +289.46+1.80 1
LAMOSTJ151003.744305407.3 4500 1.55 1.24 —1.57+0.12 —1.57£0.12 —141.5843.57 1
4358.31 0.956 1.667 —1.346 - - 6
BD-+19 3109 4035 0.75 2.05 —2.23£0.09 —2.23+0.02 —181.89+£1.38 1
HD 202851 4900 2.20 1.54 —0.85+0.11 —0.85£0.05 422.22+0.90 1
4800 2.10 1.50 —0.70 - - 7
4733 1.60 - —0.88 - - 8

References: 1. Our work, 2. Kennedy et al. (2011), 3. Beers et al. (2017), 4. Frebel et al. (2006),

5. Aoki et al. (2007), 6. Hayes et al. (2018), 7. Sperauskas et al. (2016), 8. Arentsen et al. (2019b)

tracks shift towards lower temperatures (Marigo 2002; Jorissen et al. 2016a).
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FIGURE 4.3: The evolutionary tracks (Girardi et al. 2000) for 1.0, 1.1, and 1.3 Mg
for z = 0.004 (upper panel), and for 0.6, 0.8, 1.0, 1.4, and 1.8 Mg, for z = 0.0004 (lower
panel) are shown from bottom to top.



TABLE 4.3: Mass and log g estimated from the parallax method

Star name Parallax My log(L/Lg) Mass(Mg) log g log g (spectroscopic)
(mas) (cgs) (cgs)
BD—-19 132 0.3556£0.0560 —2.395+£0.345 2.85440.138 < 0.60 - 1.13
BD-19 290 0.144940.0417 —3.745+£0.334 3.390+0.260  1.00+0.40 0.54+0.07 0.61
HD 30443 2.1612+0.0460 0.76+0.05 2.20£0.03 < 0.60 - 2.05
HE 0457—1805 0.467+0.0309  —1.341+£0.14 2.4340.05 < 0.60 - 0.70
LAMOSTJ091608.81+230734.6 1.0543+0.0517  0.10540.107 1.8544+0.043 1.10£0.06  2.334+0.03 1.43
HE 0920—0506 2.3764+£0.0653  2.488+0.06 0.90£0.02 1.3040.005 3.5040.03 2.65
HE 1157—-0518 0.0778+0.0397 —0.725+1.222  2.18640.490 1.00£0.60 2.0240.25 2.52
HE 1304—2111 22.75584+0.040  9.22940.004 —1.797+0.002 - - 1.06
HE 1327-2116 0.34284+0.0358 —1.130+0.228 2.35+0.09 0.70£0.10  1.6340.03 1.50
HE 1354—2257 0.0150£0.0514  5.638+3.231 4.151+£1.292 - - 1.13
LAMOSTJ151003.74+305407.3 0.2778+0.0346  1.891+0.271 2.653+0.109 < 0.60 - 1.55
BD+19 3109 0.37641+0.0284 —2.7654+0.165  3.000+£0.060 < 0.60 - 0.75
HD 202851 2.2160£0.0982  0.95540.999 1.51440.040 1.056+0.05 2.66+0.02 2.20
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4.4 Abundance determination and discussion

The details of the abundance derivation of each element, along with the details of

HEFS and the NLTE corrections used are discussed in this Section.

4.4.1 Light elements: C, N, O, 12C/!3C, Na, a-, and Fe-peak

elements

The abundance of oxygen is derived from the spectral synthesis calculation of
forbidden [O I] 6300.304 A line. This line is insensitive to NLTE effect. The
other oxygen forbidden line at 6363.776 A is not usable for the abundance de-
termination in any of the program stars. A discussion on the blends that affect
the [O I lines is given in Section 3.4.1. Even though the [O I] forbidden line
at 6300.304 A is affected by Ni I blend, its effect decreases and becomes negligi-
ble in stars with metallicity < —1 (Allende Prieto et al. 2001). Due to the poor
SNR, the O I triplet lines around 7770 A are not usable for abundance analysis
in any of the program stars. We could determine the oxygen abundance only in
seven stars: BD—19 132, BD—19 290, HD 30443, LAMOSTJ091608.81+230734.6,
HE 0920—0506, HE 1354—2257, and HD 202851, with HD 30443 showing the
highest enhancement of [O/Fe]~1.41. In other stars [O/Fe| ranges from —0.14 to
1.34.

Once the oxygen abundance is determined, the carbon abundance is derived from
the Cy molecular bands at 5165 and 5635 A by spectral synthesis calculation. The
spectral synthesis fits for these two regions for a few program stars are shown
in Figure 4.4. The C, band at 5165 A is noisy in the spectra of BD—19 132
and HE 1304—2111; so we could not use this region in these stars. In all other

stars, we derived the carbon abundance from both the regions. The abundances
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derived from these two bands are consistent within 0.3 dex. The average abun-
dance from these two C, regions is taken as the final carbon abundance. All the
stars except BD—19 132, LAMOSTJ091608.81+230734.6, HE 0920—0506, and
HD 202851 show [C/Fe| > 1, with BD+19 3109 being the most carbon enhanced
with |C/Fe|~2.47.

We could determine nitrogen abundance in all the stars except HE 1304—2111.
The nitrogen abundance is derived from 2CN band at 4215 A region in HD 30443,
HE 1157—0518, and HE 1354—2257. In all other stars, the 2CN lines at 8000 A
region are used to estimate the nitrogen abundance. Except HD 30443, LAM-
OSTJ091608.81+230734.6, HE 0920—0506, and HE 1354—2257, all other stars
show [N/Fe|] > 1. Once the carbon, nitrogen, and oxygen abundances were de-
rived, we re-derived the oxygen abundance. Then, with this oxygen abundance,
carbon and nitrogen abundances are re-estimated. This iterative process is re-

peated until a convergence is obtained.

The 2CN lines at 8003.292, 8003.553, 8003.910 A, and BCN lines at 8004.554,
8004.728, 8004.781 A are used to derive the carbon isotopic ratio, 2C/*C in the
HSEP and HERMES spectra of the stars that cover these regions. The SUB-
ARU spectra used for three objects, however extend only till 6800 A in the
wavelength region. The values obtained for this ratio in BD—19 132, BD—19
290, HD 30443, HE 0457—1805, LAMOSTJ091608.81+4-230734.6, HE 1327—2116,
LAMOSTJ151003.744-305407.3, BD+19 3109, and HD 202851 are 18, 4, 9.33, 23,
8.67, 7, 13.33, 9, and 42 respectively. For CEMP-s and CEMP-r/s stars, the val-
ues of 12C/13C ratio are found in the range 2.5 - 40 (Bisterzo et al. 2011). The

spectrum synthesis fit for this region is shown in Figure 4.5.

The equivalent width measurements of several lines listed in Table B2 (Appendix
B, Section 4.13) are used to derive the abundance of Na, Mg, Si, Ca, Ti, Cr, Ni,
and Zn. We could not estimate sodium abundance in HE 1157—0518. The stars
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FIGURE 4.4: Synthesis of Cy band around 5165 A (lower panel) and 5635 A (upper
panel). Dotted and solid lines represent synthesized and observed spectra respectively.
short-dashed and long-dashed lines represent the synthetic spectra for A [C/Fe|] = —0.3
and 0.3 respectively.
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FIGURE 4.5: Spectral synthesis of CN band around 8005 A. Dotted and solid lines
represent synthesized and observed spectra respectively. short-dashed and long-dashed

lines are the synthetic spectra for 12C/13C ~ 90 and 4 respectively.

HE 0457—1805 and HE 1304—2111 show [Na/Fe| > 2 with values of 2.20 and
2.83, respectively. In HE 1304—2111, the lines used to derive the Na abundance
were very strong, so this abundance may not be reliable. The NLTE corrections
for these lines were not available. The stars, BD—19 132, and BD—19 290 have
[Na/Fe| > 1. In very metal-poor stars, Na suffers large uncertainties due to the
NLTE corrections or 3D hydrodynamical model atmospheres (Bisterzo et al. 2011;
Andrievsky et al. 2007). The NLTE effect may reduce the Na abundance by up
to 0.7 dex (Andrievsky et al. 2007). However, the Na I 5682.633, 5688.205 A
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lines have negligible NLTE effect (Takeda et al. 2003). We have used these two
weak lines to derive the Na abundance in most of the stars. The Mg abundance is
derived mainly from Mg I 4702.991, 4730.029, 5528.405, 5711.088 A lines. The Mg
abundance of the program stars are in the range —0.02 < [Mg/Fe| < 1.32, with
HE 0457—1805 being the most enriched in Mg.

The elements Sc, V, Mn, Co, and Cu show HF'S. The abundances of these elements
are derived using the spectral synthesis calculation, taking the hyperfine compo-
nents into account. The hyperfine components of these elements are taken from
Prochaska and McWilliam (2000) and Prochaska et al. (2000). Sc abundance is de-
rived mainly from the Sc II lines at 6245.637, 6309.920, and 6604.601 A. In the case
of HE 1327—2116, Sc II 4374.457, 5031.021 A lines were used. It shows near-solar
value in HD 30443, LAMOSTJ091608.81+230734.6, and HE 1354—2257. While
in HE 0920—0506 and HE 1327—2116, scandium is slightly under abundant with
[Sc/Fe]~—0.25, in all other stars it ranges from 0.27 to 0.81. Spectral synthesis
calculation of the V I lines at 4864.731, 5727.048, and 6251.827 A are used to
derive the vanadium abundance. We could not estimate vanadium abundance in
HE 1327—2116 as there is no clean lines available. Three objects in our sample,
BD—19 290, HE 1304—2111, and HE 1354—2257 show |[V/Fe| > 1, whereas it
ranges from —0.64 to 0.78 in other stars. The Mn abundance is estimated from
the Mn I lines at 4451.586, 4470.140, 4761.530, 6013.513, and 6021.89 A. We have
derived the Co abundance from Co I lines at 5342.695 and 5483.344 A, and Cu
abundance from Cu I line at 5105.537 A. In the case of BD+19 3109, cobalt abun-
dance is derived from the lines Co I 4792.846, 4867.872, and 4792.846 A. The Co
I 4118.770, 4121.320 A lines are used in the case of HE 1327—2116.

A comparison of the light element abundances observed in our program stars
with their counterparts in normal stars and other classes of chemically peculiar
stars is shown in Figures 4.6 and 4.7. While the estimated abundances of the

elements Si, Ca, Sc, Ti, Co, and Zn in all the program stars follow the Galactic



Chaptery: Analysis of CH and CEMP stars 163

trend (similar to that observed in normal stars), Na, Mg, V, Cr, Mn, and Ni
are enhanced in a few program stars. Such enhancements of Na, Mg, and/or Fe-
peak elements are observed in a few CEMP stars such as HE 1327—2326 (Aoki
et al. 2006; Frebel 2008), and SMSS J031300.36—670839.3 (Bessell et al. 2015).
The models of spinstar (Maeder et al. 2015; Maeder and Meynet 2015), faint SNe
(Iwamoto et al. 2005; Tominaga et al. 2007; Bessell et al. 2015) have been used
to reproduce their observed abundance pattern. According to Aoki et al. (2006),
either faint SNe or AGB-binary mass transfer along with the accretion of metals
from the ISM might explain the observed abundance pattern of HE 1327—2326.
Choplin et al. (2017) have suggested that spinstar could also have played a role
in the formation of some CEMP-s stars, and the abundance patterns of CEMP-
s stars may be resulting from several sources. From these facts, the observed
enhanced abundances of Na, Mg, V, Cr, Mn, and Ni in the program stars may be
attributed to the pre-enriched ISM from which they were formed. Also, some of
the CEMP-s and CEMP-r/s stars show enhanced abundances of Na and/or Mg
at low metallicities (Bisterzo et al. 2011 and references therein, Allen et al. 2012,
Karinkuzhi et al. 2021, Goswami et al. 2021). A discussion on the Na and Mg

abundances is provided in Section 4.7.3.

4.4.2 Heavy elements

4.4.2.1 The light s-process elements: Rb, Sr, Y, Zr

The spectral synthesis calculation of Rb I 7800.259 A resonance line is used to
derive the rubidium abundance in the program stars, by taking the hyperfine
components from Lambert and Luck (1976). Rb I 7947.597 A was very weak,
and could not be used for the abundance determination. We could determine

Rb abundance only in the stars whose spectra are obtained from the HESP and
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FIGURE 4.6: Observed [X/Fe| ratios of the light elements in the program stars with
respect to metallicity [Fe/H]. Red open circles represent normal giants from literature
(Honda et al. 2004; Venn et al. 2004; Aoki et al. 2005, 2007; Reddy et al. 2006; Luck
and Heiter 2007; Hansen et al. 2016a; Yoon et al. 2016). Magenta open squares and
blue starred triangles are CEMP-s and CEMP-r/s stars respectively from literature
(Masseron et al. 2010; Purandardas et al. 2019; Karinkuzhi et al. 2021; Purandardas
and Goswami 2021). Cyan crosses and green open triangles are CH (Vanture 1992;
Karinkuzhi and Goswami 2014, 2015; Goswami et al. 2016) and Ba stars (Allen and
Barbuy 2006; de Castro et al. 2016; Yang et al. 2016; Karinkuzhi et al. 2018a; Shejee-
lammal et al. 2020) respectively from literature. BD—19 132 (filled square), BD—19
290 (open hexagon), HD 30443 (open pentagon), HE 0457—1805 (filled triangle),
LAMOSTJ091608.81+230734.6 (five-sided cross), HE 0920—0506 (nine-sided cross),
HE 1157—0518 (starred triangle), HE 1304—2111 (four-sided star), HE 1327—2116
(nine-sided star), HE 1354—2257 (filled circle), LAMOSTJ151003.744-305407.3 (open
square), BD+19 3109 (filled pentagon), and HD 202851 (six-sided star).
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FIGURE 4.7: Observed [X/Fe| ratios of the light elements in the program stars with
respect to metallicity [Fe/H]. Symbols have the same meaning as in Figure 4.6.
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HERMES. It is enhanced in BD—19 290 and HE 0457—1805 with [Rb/Fe| >
1, shows near-solar value in the stars: BD—19 132, HD 30443, HE 0920—0506,
LAMOSTJ151003.74+305407.3, BD+19 3109, and HD 202851, whereas LAM-
OSTJ091608.81+-230734.6 shows a mild enhancement with [Rb/Fe|~0.47.

Strontium abundance is derived from the spectral synthesis calculation of Sr I
4607.327 A line, with log gf value taken from Bergemann et al. (2012). We
could estimate strontium abundance only in seven objects; BD—19 132, HD 30443,
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HE 0457—1805, LAMOSTJ091608.81+230734.6, HE 0920—0506, HE 1354—2257,
and HD 202851, and they show [Sr/Fe|] > 0.74. It has been proven that the
Sr I lines are affected by NLTE effects (Barklem and O’Mara 2000; Short and
Hauschildt 2006). The NLTE corrections of Sr I 4607.327 A line is adopted from
Bergemann et al. (2012). They have calculated the NLTE corrections for different
combinations of stellar atmospheric parameters for four different stars. For the
star HD 122563, the NLTE correction is 4-0.47 dex, which has got similar atmo-
spheric parameters (T = 4600 K, log g = 1.60, ¢ = 1.80 km s™!, [Fe/H] = —2.50)
as BD—19 132, HD 30443, HE 0457—1805, LAMOSTJ091608.81+-230734.6, and
HE 1354—2257. For these stars, we have applied this correction term to our esti-
mated abundance of Sr. For the stars HE 0920—0506 and HD 202851, the NLTE
correction (~+0.17 and +0.32 dex) has been taken from Table 3 of Bergemann
et al. (2012), which corresponds to a similar combination of atmospheric parame-
ters as them. The spectrum synthesis fits for Sr I 4607.327 A line for the program

stars are shown in Figure 4.8

The yttrium abundance is derived from Y I 6435.004 A line using spectrum syn-
thesis calculation, and also using the equivalent width measurements of the Y
IT lines listed in Table B2 (Appendix B, Section 4.13). We could not estimate
Y I abundances in BD—19 290, HD 30443, HE 1157—0518, HE 1304—2111, and
HE 1327—2116, and Y II abundance in HE 1354—2257 as no good lines are de-
tected in their spectra due to these species. It is enhanced in all the program
stars with [X/Fe| > 0.69. The zirconium abundance is estimated using the spec-
tral synthesis calculation of Zr I 6134.585 A and Zr II 5112.297 A, and equivalent
width measurement of several Zr I and Zr II lines whenever available. We could
not estimate Zr I abundance in HE 1157—0518, and Zr II abundance in HD 30443
and HE 1354—2257. The abundance estimated from Zr I lines are in the range
0.63 - 2.43, and that from Zr II lines are in the range 0.55 - 2.06.
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FIGURE 4.8: Synthesis of Sr I line at 4607.327 A. Dotted and solid lines represent
synthesized and observed spectra respectively. short-dashed and long-dashed lines rep-
resent the synthetic spectra for A[Sr/Fe] = —0.3 and +0.3 respectively.

4.4.2.2 The heavy s-process elements: Ba, La, Ce, Pr, Nd

The barium abundance is derived from the spectral synthesis calculation of Ba II
5853.668 A line in BD—19 132, HD 30443, HE 0457—1805, LAMOSTJ091608.81+230734.6,
HE 0920—0506, HE 1157—0518, HE 1327—2116, and HD 202851. This line is
blended in all other stars and could not be used for abundance determination.

This line is known to be affected by NLTE effect. The NLTE corrections to the
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abundance derived from this line are adopted from Andrievsky et al. (2009), which
are +0.22, 0.00, 0.00, 0.00, 0.00, +0.41, +0.28, and +0.35 dex, respectively for the
above objects. The Ba II 4934.076, 6141.713, and 6496.897 A lines are also used
for the estimation of Ba abundance. The line list for Ba II 6496.897 A line is taken
from linemake' atomic and molecular line database (Placco et al. 2021). The hy-
perfine components of other lines are taken from McWilliam (1998). Barium is
enhanced in all the program stars with [Ba/Fe| > 1. The spectral synthesis fits
for Ba II 5853.668 and 6141.713 A lines are shown in Figure 4.9.

Spectral synthesis calculation of La II 4748.726, 4921.776, 5259.379, 5301.969,
5303.528 A lines, whenever available, is used to derive the abundance of lanthanum
in the program stars. The hyperfine components of La IT 4921.776 A line are taken
from Jonsell et al. (2006), and 5301.969, 5303.528 A lines from Lawler et al. (2001),
whereas it is not available for 4748.726 and 5259.379 A lines. We could not find
any useful lines due to La in the star HE 1157—0518 for abundance determination.
In all other stars, it is enhanced with [La/Fe| > 1.25 with BD—19 132 showing the
highest enhancement of [La/Fe|~2.66. Equivalent width measurements of several
spectral lines were used to derive the abundances of Ce, Pr, and Nd. All these

elements are enhanced in all our program stars with [X/Fe| > 1.0.

Finally, the [ls/Fe|, |hs/Fe|, and |hs/ls| ratios of the program stars are estimated.
We have also estimated the [s/Fe| ratio, an indicator of total s-process content of
the star (s refers to the s-process elements Sr, Y, Zr, Ba, La, Ce, and Nd). The
neutron-density dependent [Rb/Zr| ratio is also estimated. The values for these

ratios are given in Table 4.4.

flinemake 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.


https://github.com/vmplacco/linemake
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FIGURE 4.9: Synthesis of Ba II 5853.668 A (lower panel) and 6141.713 A (upper panel)
lines. Dotted and solid lines represent synthesized and observed spectra respectively.
short-dashed and long-dashed lines represent the synthetic spectra for A [Ba/Fe| =
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TABLE 4.4: Estimates of [Is/Fe|, |hs/Fe|, [s/Fe|, [hs/ls|, [Rb/Zr]

Star name |[Fe/H| |[ls/Fe|] |hs/Fe| [s/Fe| [hs/ls] [Rb/Zr]
BD—-19 132 —1.86 1.38 2.52 2.34 1.14 —2.07
BD—-19 290 —-2.86 1.05 1.89 1.61 0.84 —0.25
HD 30443 —-1.68 1.24 2.24 1.81 1.00 —1.54
HE 0457—1805 —1.98 188 2.38 2.16 0.50 —1.02
LAMOSTJ091608.814+230734.6 —0.89  1.20 1.57 1.41 0.37 —0.92
HE 0920—-0506 —-0.75 1.29 1.22 .15  —-0.07 —1.29
HE 1157—-0518 —2.42  1.27 1.86 1.37 0.59 -

HE 1304—-2111 —2.34 098 1.56 1.37 0.58 -

HE 1327-2116 —2.84 092 1.75 1.48 0.83 -

HE 1354—2257 —2.11 1.85 1.61 .71 —0.24 -

LAMOSTJ151003.744+-305407.3 —1.57  1.30 1.44 1.40 0.14 —0.99
BD-+19 3109 —-2.23 091 1.64 1.40 0.73 —0.72
HD 202851 —-0.85 1.31 1.83 1.61 0.52 —1.95

4.4.2.3 The r-process elements: Sm, Eu

The abundance of samarium is derived from the equivalent width measurements of
Sm II lines listed in Table B2 (Appendix B, Section 4.13). The [Sm/Fe| values in
our program stars are in the range 1.34 - 2.41. The europium abundance is derived
from the spectral synthesis calculation of Eu IT 6645.064 A line in all our program
stars. None of the stars has usable 6437.640 A line for abundance determination.
In the stars HE 0920—0506 and HE 1354—2257, we could use Eu IT 4129.725 A line
also. This line is affected by NLTE effect, and the appropriate NLTE correction
(~+0.16) is adopted from Mashonkina et al. (2008). The hyperfine components
of Eu are taken from Worley et al. (2013). In HE 0920—0506, Eu is mildly un-
der abundant with [Eu/Fe|~—0.20. All other the stars show enhancement of Eu
with [Eu/Fe] > 0.7 except HE 1354—2257 where it is moderately enhanced with
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FIGURE 4.10: Synthesis of Eu II 6645.064 A line. Dotted and solid lines represent
synthesized and observed spectra respectively. short-dashed and long-dashed lines rep-
resent the synthetic spectra for A [Eu/Fe] = —0.3 and +0.3 respectively.

[Eu/Fe|~0.47. The spectral synthesis fits for Eu IT 6645.064 A line are shown in
Figure 4.10.

In Tables 4.5 - 4.8, the abundances derived from the lines showing NLTE effect
are given separately after the NLTE correction. Figure 4.11 shows a comparison
of the observed abundances of heavy elements in our program stars with their
counterparts in normal stars and other chemically peculiar stars. From the figure,

it is clear that our program stars show clear over-abundance of heavy elements
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TABLE 4.5: Elemental abundances in BD—19 132, BD—19 290, and HD 30443

BD-19 132 BD-19 290 HD 30443

Z  solar loge* loge |X/H]| |X/Fe] loge |X/H]| |X/Fe] loge [X/H]| |X/Fe]
C(Cyband 5165 A) 6 8.43 l - B 7.35(syn) ~1.08 178 8.43(syn) 0 1.68
C(Cyband 5635 A) 6 8.43 7.27(syn) ~1.16 0.7 7.58(syn) ~0.85 201 8.43(syn) 0 1.68
12¢ /B3¢ 18 4 9.33
N 7783 T43(syn)(3) ~0.40 1.46 6.86(syn)(3) ~0.97 189 6.55(syn) 128 04
0 8 860  7.06(syn)(1) ~1.63 0.23 7.17(syn) (1) ~1.52 134 8.42(syn) 027 141
Na I 11 6.24 5.47£0.07(2) —0.77 1.09 4.5610.13(2) —1.68 1.18 5.14+0.20(3) —-1.1 0.58
Mg I 12 7.6 6.3240.02(2) —-1.28 0.58 5.35(1) —2.25 0.61 6.0440.13(2) —1.56 0.12
Sil 14 7.51 6.6540.05(2) —0.86 0.82
Cal 20 6.34 5.2140.11(4) -1.13 0.73 3.93+0.05(4) —2.41 0.45 5.17+0.17(4) —1.17 0.51
Se 11 21 315 2.09(syn)(1) ~1.06 0.8  L10£0.07(syn)(2)  —2.05 081 1.60(syn) 155 013
Til 22 4.95 3.68+0.14(7) —1.27 0.59 2.2840.0(2) —2.67 0.19 3.37£0.16(9) —1.58 0.1
Till 22 4.95 3.4240.13(7) —1.53 0.33 2.17£0.03(3) —2.78 0.08 3.68+0.25(4) —1.27 0.41
VI 23 3.93 1.93(syn)(1) 200 014 213(syn)(1) ~1.80 106 1.61(syn) 232 —0.64
CrlI 24 5.64 3.80+0.10(2) —1.84 1.02
Mn I 25 543 3.50(syn)(1) 193 —0.07  3.68(syn)(1) ~1.75 111 3.88(syn) 161 0.07
Fe I 26 7.5 5.64+0.06(19) —1.86 - 4.6440.07(12) —2.86 - 5.8240.05(11) —1.68 -
Fe IT 26 7.5 5.64+0.01(2) —1.86 - 4.6440.13(2) —2.86 - 5.81+0.11(3) —1.69 -
Col 27 499 3.01(syn)(1) 198 —0.12 3.45(syn) 154 0.4
Nil 28 6.22 4.2240.18(4) —2.00 —0.14 4.1240.04(3) —2.10 0.76 5.13+0.22(3) —1.09 0.59
Cul 29 4.19
Zn 1 30 4.56 3.00(1) —1.56 0.3 2.33(1) —2.23 0.63 3.22(1) —1.34 0.34
Rb 1 37 252 0.75(syn) (1) 177 0.09 0.72(syn)(1) ~1.80 106 0.90(syn) ~162 006
St Inore 38 287 3.07(syn)(1) 0.2 2.06 1.93(syn) 094 074
Y1 39 221 2.43(syn)(1) 0.22 2.08
YII 39 2.21 2.7140.13(3) 0.5 2.36 0.38+0.10(2) —-1.83 1.03 1.90+0.04(2) —0.31 1.37
7l 10 258 2.88(syn)(1) 0.3 216 1.03%0.10(2) ~155 131 2.50(syn) 008 16
Zr 11 40 258 2204007(2)  —0.29 157 0.78(syn)(1) ~1.80 1.06
Ba Ilors 5 218 2.66(syn)(1) 048 234 1.03(syn)(1) ~115 171
Ba Ilyirs 5 218 2.58(syn)(1) 0.4 2.26 2.72(syn) 0.54 222
La II 57 11 1.90(syn) (2) 0.8 2.66 0.22(syn)(1) —0.88 198 1.40(syn) 0.3 1.98
Ce II 58 1.58 2.20£0.13(3) 0.62 2.48 0.63+0.13(4) —0.95 1.91 2.18+0.15(4) 0.60 2.28
Pr 11 59 0.72 1.43+0.11(3) 0.71 2.57 —0.14£0.12(2) —0.86 2.00 1.7140.07(4) 0.98 2.67
Nd II 60 1.42 2.20£0.14(6) 0.78 2.64 0.53+0.13(6) —0.89 1.97 2.21£0.18(9) 0.79 2.47
Sm II 62 2.41 1.1740.11(6) 0.21 2.07 0.19+0.02(3) -0.77 2.09 1.5240.17(5) 0.56 2.24
Eu s 63 052  —0.05(syn)(1)  —0.57 120 —1.02(syn)(1) —1.54 132 0.65(syn) 0.13 1.81

% Asplund et al. (2009), The number of lines used to determine abundance is indicated in

parentheses.

with respect to the normal stars. A comparison of the elemental abundances in

the program stars with the literature value is given in Table 4.9.
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TABLE 4.6: Elemental abundances in HE 0457—1805, LAM-
0OSTJ091608.814230734.6, and HE 0920—0506

HE 0457—1805 LAMOSTJ091608.81+230734.6 HE 0920—-0506

7 solar loge* loge X/H] IX/Fe| loge X/H] X/Fe| loge IX/H] IX/Fe|
C (Cy band 5165 A) 6 8.43 8.32(syn) —0.11 187 T7.90(syn) —0.53 0.36 8.20(syn) —0.23 0.52
C(Coband 5635 A) 6 8.43 8.17(syn) ~0.26 172 7.90(syn) ~0.53 0.36 8.30(syn) ~0.13 0.62
2o/1c 23 8.67
N 7 7.83 7.5240.07(syn)(3) —0.31 1.67 7.79(syn)(3) —0.04 0.85  7.53+0.20(syn)(3) —0.30 0.45
0 8 869 7.76(syn) ~0.93 004 7.80(syn)(1) ~0.89 ~0.14
Nal 11 6.24 6.46+0.06(3) 0.22 2.2 6.03+0.15(4) —0.21 0.68 5.9440.09(3) —0.30 0.45
Mg 1 12 7.6 6.94+0.14(2) —0.66 1.32 7.1240.15(2) —0.46 0.43 7.5040.03(3) —0.10 0.65
Sil 14 7.51 5.98+0.17(2) —1.53 0.45 6.5940.18(3) —0.92 —0.03 7.1440.17(2) —0.37 0.38
Cal 20 6.34 5.214+0.12(7) -1.13 0.85  5.3840.15(10) —0.96 —0.07 5.98+0.11(16) —0.36 0.39
Sc IT 21 3.15 1.85(syn)(1) —1.30 0.68 2.19(syn) —0.96 —0.07 2.14(syn)(2) —1.09 —0.26
Til 22 4.95 3.83+0.17(6) —-1.12 0.86  4.07+0.17(12) —0.88 0.01 4.40£0.08(8) —0.55 0.2
Till 22 4.95 3.4040.14(5) 1.55 0.43 3.774+0.17(4) 1.18 0.29 4.3440.08(8) 0.61 0.14
VI 23 3.93 2.73(syn)(2) —1.20 0.78 3.42(syn) —0.51 0.38 2.87(syn)(1) —1.06 —0.31
Crl 24 5.64 1.72+0.10(4) —0.92 1.06 5.1340.18(6) —0.51 0.38 5.360.09(10) —0.28 0.47
CrII 24 5.64 4.5840.04(2) —1.06 0.92 5.3740.07(3) -0.27 0.48
Mn I 2 543 4.43(syn)(2) ~1.00 098  4.70(syn) ~0.73 016 4.4420.01(syn)(2) ~0.99 —0.24
Fel 26 75 5.52+0.13(11) —1.98 - 6.61+0.14(73) —0.89 - 6.75+0.06(17) —0.75
Fe IT 26 7.5 5.52+0.12(4) —1.98 - 6.6140.12(6) —0.89 - 6.75+0.01(3) —0.75 -
Col 27 499 3.58(syn)(1) —1.41 057 3.89(syn) ~1.10 021 4.19(syn)(1) ~0.80 ~0.05
Nil 28 6.22 5.3140.08(7) —0.91 1.07  5.6340.11(11) —0.59 0.3 5.83+0.10(10) —0.39 0.36
Cul 29 419 2.21(syn)(1) ~1.98 0 3.19(syn)(1) ~1.00 —0.25
Zn1 30 4.56 3.10(1) 1.50 0.48 4.11(1) 0.49 0.4 4.3440.12(2) 0.22 0.53
Rb1 37 252 1.95(syn)(1) —0.57 1.41 2.10(syn) —0.42 047 1.70(syn)(1) ~0.82 ~0.07
SrIncre 38 2.87 2.54(syn)(1) —0.33 1.65 2.95(syn) 0.08 0.97 3.57(syn)(1) 0.7 1.45
Y1 30 221 3.01(syn)(1) 0.8 278 2.56(syn) 0.35 1.24 2.32(syn)(1) 0.11 0.86
Y II 39 2.21 2.18+0.20(4) —0.03 1.95 2.3240.10(6) 0.11 1 2.67+0.11(6) 0.46 121
Zr1 40 2.58 3.03(syn)(1) 0.45 2.43 3.08(syn) 0.5 1.39 3.05(syn)(1) 0.47 1.22
Zr 11 10 258 2.63(syn) (1) 0.05 203 2.73(syn) 0.15 1.04 2.38(syn) (1) ~0.20 0.55
Ba Il 7 56 218 - - - - - - 2.83(syn)(1) 0.65 14
Ba llyire 56 218 2.73(syn) (1) 0.55 2.53 2.48(syn) 0.3 1.19 2.83(syn) (1) 0.65 14
La Il 57 11 1.394:0.02(syn) (3) 0.29 227 2.00(syn) 0.9 179 1.60(syn)(2) 05 1.25
Ce II 58 1.58 1.9540.15(6) 0.37 2.35 2.34+0.11(7) 0.76 1.65 1.9940.14(6) 0.41 1.16
Pr1I 59 0.72 1.30+0.11(6) 0.58 2.56 1.48+0.18(6) 0.76 1.65 1.15+0.03(2) 0.43 118
Nd IT 60 1.42 1.8140.11(9) 0.39 2.37 2.1740.17(9) 0.75 1.64 1.74+40.14(4) 0.32 1.07
Sm II 62 2.41 1.39+0.11(7) 0.43 241 1.4140.11(10) 0.45 1.34 1.5740.18(4) 0.61 1.36
Eu s 63 0.52 —0.20(syn)(1) —0.72 126 0.33(syn) ~0.19 07 —0.39(syn)(1) ~0.91 ~0.16
Eu llyire 63 0.52 —0.43(syn)(1) —0.95 —0.20

* Asplund et al. (2009), The number of lines used to determine abundance is indicated in

parentheses.

4.4.3 Abundance uncertainties

The uncertainty in each elemental abundance is calculated for a representative
star HD 202851 using the procedure in Section 2.6.6. The differential abundances,
Aloge, for the variations in each stellar atmospheric parameters are given in Table

4.10.
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TABLE 4.7: Elemental abundances in HE 1157—0518, HE 1304—2111, and
HE 1327-2116

HE 1157-0518

HE 1304—-2111

HE 1327-2116

7 solar loge* loge [X/H] |X/Fe| loge |X/H]| |X/Fe| loge IX/H]| [X/Fe|
C (Cy band 5165 A) 6 8.43 8.18(syn) —0.25 2.17 8.05(syn) —0.38 2.46
C (Cy band 5635 A) 6 8.43 8.45(syn) 0.02 2.44 8.33(syn) —0.10 2.24 8.05(syn) —0.38 2.46
120130 7
N 7 7.83 6.93(syn) —0.90 1.52 50-£0.10(syn)(3) —0.33 2.51
Nal 11 6.24 6.7340.12(2) 0.49 2.83 4.28(1) —~1.96 0.88
Mg I 12 7.6 5.45(1) —2.15 0.27 5.46(1) —2.12 0.22 5.22(1) 238 0.46
Sil 14 7.51 - - - 5.91£0.01(2) ~1.60 0.74 5.45(1) —2.06 0.78
Cal 20 6.34 4.0740.13(4) 227 0.15 4.4940.16(2) ~1.85 0.49 4.13+0.06(5) 221 0.63
Sc I 21 3.15 1.35(syn)(1) ~1.80 0.62 1.45(syn)(1) ~1.70 0.64 0.03+0.01(2) -3.12 -0.27
Til 22 4.95 2.36(1) ~2.59 —0.17  3.0740.14(3) ~1.88 0.46 2.7740.02(2) 218 0.66
Ti Il 22 4.95 2.5940.17(3) —2.36 0.06 2.54(1) 241 —0.07  2.59+0.08(4) ~2.36 0.48
VI 23 3.93 1.75(syn) (1) —2.18 0.24  2.99+0.23(syn)(2) —0.94 1.4 - - -
Crl 24 5.64 3.18+0.11(2) —2.46 —0.04  4.43+0.11(4) —1.21 1.13 3.03+0.01(2) —2.61 0.23
Crll 24 5.64 - - - - - - - - -
Mn [ 25 5.43 3.25£0.08(syn) (2) —2.18 0.24 3.70(syn) (1) —-1.73 0.61  3.610.03(syn)(2) —~1.81 1.03
Fel 26 7.5 5.08+0.15(10) —2.42 5.160.10(16) —2.34 4.6640.07(11) —2.84
Fe I 26 75 5.08£0.16(2) —2.42 5.16+0.07(3) —2.34 4.6620.04(2) —2.84
Col 27 499 4.29(syn)(1) —0.70 1.64 1.8120.07(2) —-3.18 —0.34
Ni I 28 6.22 3.9740.10(3) —2.25 0.17 4.1540.15(4) —2.07 0.27 4.69+0.06(3) —~1.53 1.31
Cul 29 4.19 1.40(syn)(1) —2.81 047
In1 30 4.56 - - - - - - 2.16(1) —2.40 0.44
Y 11 39 2.21 0.5840.08(4) ~1.63 0.79 0.7540.12(2) ~1.46 0.88 0.060.02(2) 215 0.69
Zr 1 40 2.58 - - - 1.77+0.03(2) —0.81 1.53 1.81(syn)(1) —-0.77 2.07
Zr 11 40 2.58 1.20(syn)(1) ~1.38 1.04 1.32(syn)(1) ~1.26 1.08 0.89(syn)(1) ~1.69 1.15
Ba e 56 2.18 1.50(syn)(2) —0.68 174 1.4240.05(syn)(2) —0.76 1.58 - - -
Ba Iy 56 2.18 1.51(syn)(1) —0.67 1.75 - - - 1.08(syn)(1) —~1.10 1.74
Lall 57 1.1 0.30(syn)(2) —0.80 1.54 0(syn)(1) —~1.10 1.74
Ce Il 58 1.58 1.00£0.14(4) —0.58 1.84 0.75£0.26(2) —0.83 1.51 0.49+0.10(5) —1.09 1.75
Prll 59 0.72 0.18+0.11(4) —0.54 1.88 —0.06(1) —0.78 1.56 —0.23(1) —0.95 1.89
Nd II 60 1.42 0.99+0.14(13) —0.43 1.99 0.69+£0.03(2) —0.73 1.61 0.360.08(8) —1.06 1.78
Sm II 62 2.41 0.59+£0.19(2) —0.37 2.05 0.06=£0.02(2) —0.90 144 —0.07£0.15(4) —~1.03 1.81
Eu g 63 0.52 —0.62(syn)(1) —1.14 1.28 —0.70(syn)(1) ~1.22 1.12 ~1.16 ~1.68 1.16

* Asplund et al. (2009), The number of lines used to determine abundance is indicated in

parentheses.

4.5 Classification of the program stars

All the stars analyzed here are metal-poor objects with [Fe/H| < —1, except
LAMOSTJ091608.81+-230734.6, HE 0920—0506, and HD 202851 with metallicities
[Fe/H|~ —0.89, —0.75, and —0.85. Six objects in the sample are very metal-poor
with [Fe/H| < —2. Except LAMOSTJ091608.814230734.6 and HE 0920—0506
where carbon is moderately enhanced with values 0.36 and 0.57 respectively, all
other stars in our sample show enhanced abundance of carbon with [C/Fe] > 0.70
. According to Beers and Christlieb (2005), the stars with [Fe/H| < —2 and [C/Fe|

> 1 are Carbon Enhanced Metal-Poor (CEMP) stars. However, a number of stars
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TABLE 4.8: Elemental abundances in HE 1354—2257, LAM-
0OSTJ151003.74+305407.3, BD+19 3109, and HD 202851

HE 1354-2257 LAMOSTJ151003.74 3054073 BD 119 3109 HD 202851

Z  solar loge* loge [x/H| [X/Fe| loge [x/H| [X/Fe loge X/m xR loge [X/H] [X/Fe|
C (C; band 5165 A) 6 8.43 8.40(syn) —0.03 208 8.60(syn) 017 174 8.69 0.26 249 8.30(syn) 013 0.72
C(Coband 5635 A) 6 843 8.30(syn) ~0.13 198 8.60(syn) 017 174 8.65 0.22 245 8.45(syn) 002 087
12g/1sC 13.33 9 12
N 7783 6.23(syn) ~1.60 051 7.53(syn)(3) ~0.30 127 7.83(syn)(3) 0 223 8.40+0.02(syn)(3) -0.57 142
[¢) 8 869 7.09(syn)(1) —1.60 0.51 819(syn)(1)  —0.50 0.35
Nal 11 624 4.71£0.06(2) 1.53 058 5.24:0.05(2) 1.00 057 4.13+0.02(2) 211 0.12 5.92:£0.08(3) 032 053
Mg 1 1276 5.47(1) —2.13 —0.02  6.20+0.18(3) —1.58 —0.01  6.13+0.14(3) —147 0.76 7.02£0.102) 058  0.27
Sil 4 751 5.890.16(2) ~1.62 049 6.63(1) ~0.88 —0.03
Cal 20 634 1.45+0.13(7) ~1.89 022 4.52+0.13(8) -1.82 —0.25  4.2040.11(7) —2.14 0.09 5.46+0.14(8)  —0.88 —0.03
Se I 21 315 1.05(syn)(1) —2.10 0.01 1.85(syn) ~1.30 027 145(syn)(1) ~1.70 0.53 2.86(syn)(1)  —0.20 056
Til 22 495 2.60(1) -2.35 —0.24  3.300.14(4) ~1.65 ~0.08  3.450.10(6) ~1.50 0.73 1.37+0.15(13)  —0.58  0.27
Ti I 2 495 2.70£0.07(4) —2.25 —0.14  3.21+0.19(5) —174 017 3.14+0.13(5) —181 0.42 140£0.17(9)  —0.55 03
Vi1 23 393 2.95(syn)(2) ~0.98 113 3.1(syn) ~0.82 075 1.833(syn)(1) -2.10 0.13 275(syn)(1)  ~1.18 —033
Crl 24 564 3.5940.10(5) —2.05 —0.48  2.830.09(7) —281 —0.58  5.25£0.13(9)  —0.39  0.46
Crll 24 564 4.30+0.08(2) 1.34 0.77 5.20+0.19(3) 044 041
Mn T 25 543 3.59(syn)(1) —1.84 027 3.43(syn) ~2.00 043 3.13(syn)(2) ~2.30 —0.07  4Tlsyn)(1) 072 0.3
Fel 26 75 5.30+0.17(20) —2.11 - 5.93£0.12(35) ~1.57 - 52740.00(27)  -2.23 - 6.65£0.01(30) 085
Fe Il 2% 75 5.39£0.15(4) —2.11 - 5.93+0.12(4) -1.57 - 52740.02(3) -2.23 - 6.65£0.07(3)  —0.85
Col 27 4.99 3.59(syn) (1) ~1.40 0.71 3.20+£0.07(3) ~1.79 0.44 430(syn)(1)  —0.69  0.16
Nil 28 622 3.81£0.20(3) —241 030 4.61+0.17(6) ~1.61 004 4.46+0.12(3) ~1.76 047 5.80+0.12(11)  —0.42 043
Cul 29 419 2.85(syn)(1)  —1.34 049
Znl 30 456 2.50(1) ~2.06 005 2.56+0.14(2) ~2.00 ~043 2.48(1) ~2.08 0.15 3.48(1) ~1.08 —0.23
RbI 3T 252 1.00(syn) —1.52 005 0.20(syn)(1) —2.32 —0.09  149(syn)(1)  —103 —0.18
Sr Iyre 38 287 2.44(syn)(1) 043 1.68 3.12(syn)(1) 025 11
Y1 39 221 2.18(syn)(1) —0.03 208 2.20(syn) —0.01 156 1.16(syn)(1) ~1.05 L18 2.44(syn)(1) 023 L0
Y1 39 221 3.05+0.11(2) 0.84 24 142+0.16(3) —0.79 144 3.05£0.08(4) 084 169
71 10 258 2.27(syn)(1) 031 1.8 2.05(syn) —0.53 104 0.95(syn)(1) ~1.60 0.63 3.50(syn)(1) 092 177
Zr 1T 0 258 2.09(syn) ~0.49 L8 128(1)(1) ~1.30 0.93 3.79(syn)(1) 121 206
Ba llzre 56 2.8 1.70(syn)(2) —0.48 163 2.00(syn) —0.18 139 1.68(syn)(1) ~0.60 173 3.50(syn) (1) 132 217
Ba llyirp 56 218 3.15(syn) (1) 097 182
Lall 57 11 0.40(syn)(1) ~0.70 141 1.10(syn) 0 157 0.50(syn)(1) ~0.60 1.63 1.85(syn)(2) 075 16
Ce II 5 158 L170.07(4) —041 LT 1.32+0.13(7) —0.26 131 0.92£0.11(7) —0.66 157 2.62:£0.14(8) 104 189
Pril 50 072 0.1420.09(3) 0.58 153 1.0240.11(5) 03 187 0.23+0.12(4) 0.49 174 2.040.14(4) 132 217
Nd 11 60 142 0.980.13(9) —0.44 167 1.3520.14(12) —0.07 L5 0.82+0.09(14)  —0.60 1.63 238£0.11(9) 096 181
Sm 11 62 241 0.50-0.08(3) 0.46 165  1.0320.08(6) 0.07 164 038+0.11(8) 0.58 1.65 1.8320.00(6) 087 172
Eullzre 63 052 —L12(syn)(1) —1.64 047 0.09(syn) —0.43 L14 —0.99(syn)(1) —151 0.72 0.56(syn)(1) 0.04 089
Eullyire 63 052 —116(syn)(1) ~1.68 043

* Asplund et al. (2009), The number of lines used to determine abundance is indicated in

parentheses.

with [Fe/H|] < —1 are identified as CEMP stars in literature (Jonsell et al. 2006;
Goswami et al. 2006; Aoki et al. 2007; Goswami and Aoki 2010; Masseron et al.
2010; Abate et al. 2016; Purandardas et al. 2019; Karinkuzhi et al. 2021; Goswami
et al. 2021). Several authors have adopted different lower limits for |C/Fe| ratio to
define the CEMP stars, for instance, [C/Fe| > 0.7 (Carollo et al. 2012; Lee et al.
2013; Norris et al. 2013a; Skuladottir et al. 2015), [C/Fe] > 0.9 (Jonsell et al.
2006; Masseron et al. 2010), [C/Fe| > 1 (Abate et al. 2016; Hansen et al. 2019).
However, in the case of evolved metal-poor giants, the carbon abundance will be
lower compared to their earlier evolutionary stages due to the internal mixing of
the CNO processed material from the stellar interiors (Gratton et al. 2000; Spite
et al. 2005, 2006; Aoki et al. 2007; Placco et al. 2014). This will be discussed in
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TABLE 4.9: Comparison of the elemental abundances of our program stars with
the literature values.

Star name [Fe /H] [C/Fe] [N/Fe] [Mg/Fe| [Ca/Fe| [Ti/Fe| [Cr/Fe] [Mn/Fe] Ref.

HE 0457—1805 —1.98 1.80 1.67 1.32 0.85 0.86 1.06 0.98 1

—1.46 0.99 - - - - - - 2

HE 0920—0506 —0.75 0.57 0.45 0.65 0.39 0.20 0.47 —-0.24 1

—1.01 0.09 - - - - - - 3
—1.39 1.19 - - - - - - 4
HE 1157-0518 —2.42 2.31 1.52 0.27 0.15 0.06 —0.04 0.24 1
—2.40 2.15 1.56 0.50 0.16 0.09 —0.28 - 5
HE 1327-2116 —2.84 2.46 2.51 0.46 0.63 0.66 0.23 1.03 1
—2.93 1.11 3
-231  2.73 4
LAMOSTJ151003.74-+305407.3  —1.57 1.74 1.27 —0.01 —-0.25 —-0.08 —0.48 —0.43 1
—1.35 0.81 - 0.21 0.36 - 0.11 —0.15 6
HD 202851 —0.85 0.72 1.42 0.27 —0.03 0.30 0.46 0.13 1
—0.70 - - - - 0.00 —0.20 - 7

Star name [Fe /H] [Ni/Fe] [Y/Fe] [Ba/Fe] [La/Fe] [Ce/Fe] [Nd/Fe] Ref.
HE 0457—1805 —1.98 1.06 1.95 2.53 2.27 2.35 2.37 1
—1.46 - - - - - - 2
HE 0920—0506 —0.75 0.36 1.21 1.40 1.25 1.16 1.07 1
—1.01 - - - - - - 3
—1.39 - - - - - - 4
HE 1157-0518 —2.42 0.17 0.79 1.75 - 1.84 1.99 1
—2.40 - - 2.14 - - - 5
HE 1327-2116 —2.84 1.31 0.69 1.74 1.74 1.75 1.78 1
—2.93 - - - - - - 3
—2.31 - - - - - - 4
LAMOSTJ151003.74+305407.3 —1.57  —0.04 1.56 1.39 1.57 1.31 1.50 1
—1.35 0.07 - - - - - 6
HD 202851 —0.85 0.43 1.08 2.00 1.60 1.89 1.81 1
—0.70 - 1.30 1.60 1.40 1.30 1.60 7

References: 1. Our work, 2. Kennedy et al. (2011), 3. Frebel et al. (2006), 4.

(2017), 5. Aoki et al. (2007), 6. Hayes et al. (2018), 7. Sperauskas et al. (2016)

Beers et al.
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TABLE 4.10: Change in the abundances (Aloge) of different elemental species
with the variations in stellar atmospheric parameters for the representative star
HD 202851 (columns 2 - 5). The rms uncertainty, computed from the random
error (0,qn) and the differential abundances given in second to fifth columns, is
given in sixth column. Total uncertainty in [X/Fe| of each elemental species is
given in seventh column.

Element AT sy Alog g AC A[Fe/H] (ZoH)? ox/re
(£100 K) (+£0.2 dex) (+£0.2 kms™!) (&£0.1 dex)

C +0.07 +0.10 F0.10 +0.10 0.19 0.24
N +0.13 +0.03 0.00 +0.02 0.14 0.20
O 0.00 +0.04 +0.02 0.00 0.05 0.15
Na I +0.06 F0.02 F0.06 F0.01 0.10 0.17
Mg 1 +0.07 F0.06 F0.07 +0.01 0.10 0.17
Sil +0.01 F0.01 F0.07 +0.01 0.07 0.16
Cal +0.09 F0.02 F0.09 F0.01 0.14 0.20
Sc I1 F0.03 +0.08 +0.10 +0.03 0.14 0.21
Til +0.13 F0.01 F0.07 F0.02 0.16 0.21
Ti I F0.01 +0.07 F0.11 +0.03 0.15 0.21
VI +0.15 F0.01 +0.04 F0.02 0.16 0.21
Crl +0.12 F0.01 +0.09 F0.01 0.16 0.21
Cr II F0.07 +0.08 F0.03 +0.02 0.16 0.22
Mn I +0.10 F0.03 +0.13 F0.01 0.17 0.22
Fel +0.09 +0.01 F0.11 0.00 0.14 —
Fe I1 F0.09 +0.09 F0.07 +0.05 0.16 —
Col +0.09 +0.01 F0.03 0.00 0.10 0.17
Nil +0.07 +0.01 +0.08 0.00 0.11 0.18
Cul +0.14 F0.01 F0.18 F0.01 0.23 0.27
Zn 1 F0.04 +0.05 F0.09 +0.02 0.11 0.18
Rb 1 +0.10 0.00 +0.03 0.00 0.11 0.18
Sr I +0.14 F0.02 F0.16 +0.02 0.22 0.26
Y I +0.16 0.00 F0.01 70.01 0.16 0.22
Y II 0.00 +0.05 F0.14 +0.03 0.16 0.22
Zr 1 +0.11 +0.01 +0.10 +0.02 0.15 0.21
Zr 11 F0.01 +0.06 F0.19 +0.02 0.20 0.26
Ba II +0.03 +0.02 F0.07 +0.05 0.10 0.19
La II +0.02 +0.08 +0.09 +0.03 0.13 0.20
Ce I1 +0.01 +0.07 F0.13 +0.03 0.16 0.22
Pr II +0.02 +0.08 F0.11 +0.03 0.16 0.22
Nd IT +0.02 +0.07 F0.14 +0.03 0.16 0.23
Sm IT +0.01 +0.08 F0.08 +0.03 0.12 0.20
Eu II F0.02 +0.08 F0.02 +0.03 0.09 0.18
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detail in the next section. So, while setting the limit for the |C/Fe]| ratio of CEMP
stars, the evolutionary stage of the star should also be taken care of. Aoki et al.
(2007) have taken into consideration the luminosity of the star, which represents
the evolutionary stage, to account for the depletion of surface carbon, to set a
threshold [C/Fe| that defines CEMP star population. The following empirical
definition is given by Aoki et al. (2007) for the CEMP stars;

> +0.7; if log(L/Lg) < 2.3
C/F] ’
> 43.0 — log(L/Lg); if log(L/Lg) > 2.3

We have adopted this criteria to define the CEMP stars in our sample, which is
demonstrated in Figure 4.12. It is clear from the figure that CEMP stars and non-
carbon-enhanced metal-poor stars belong to two different regions of the diagram.
Even though the star HD 202851 shows a [C/Fe| value that resembles CEMP stars
according to this definition, because of its higher metallicity, [Fe/H]~ —0.85, we
classify it as a CH star. The stars LAMOSTJ091608.81+230734.6, HE 0920—0506,
and HD 202851 are found to be CH stars, whereas all other ten stars in our sample

are CEMP stars.

There exist a number of classification schemes in the literature for the sub-classification
of CEMP stars (Abate et al. 2016; Frebel 2018; Hansen et al. 2019), the classifica-
tion of Beers and Christlieb (2005) being the pioneering one. Beers and Christlieb
(2005) and Abate et al. (2016) considered [Ba/Fel|, [Eu/Fe|, and [Ba/Eu] ratios
to define CEMP sub-classes, Hansen et al. (2019) considered [Sr/Ba| ratio, and
Frebel (2018) considered [Sr/Bal, [Sr/Eu], [Ba/Pb|, and [La/Eu| ratios. Goswami
et al. (2021) revisited all these classification schemes, and came up with a slightly
modified criteria in terms of |[Ba/Eu| and |La/Eu]. We adopted this scheme to

sub-classify our CEMP stars which is as follows;

-CEMP-s; [Ba/Fe| > 1
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FIGURE 4.12: Observed [C/Fe] ratios as a function of log(L/Lg). Red filled hexagons
represent CEMP stars from literature (Aoki et al. 2007 and references therein, Goswami
et al. 2016; Purandardas et al. 2019; Karinkuzhi et al. 2021; Goswami et al. 2021). Blue
crosses represent carbon-normal metal-poor stars from literature (Aoki et al. 2005,
2007; Cayrel et al. 2004; Honda et al. 2004). BD-—19 132 (filled square), BD—19
290 (open hexagon), HD 30443 (open pentagon), HE 0457—1805 (filled triangle),
LAMOSTJ091608.81+230734.6 (five-sided cross), HE 0920—0506 (nine-sided cross),
HE 1157—0518 (starred triangle), HE 1304—2111 (four-sided star), HE 1327—2116
(nine-sided star), HE 1354—2257 (filled circle), LAMOSTJ151003.74+-305407.3 (open
square), BD+19 3109 (filled pentagon), and HD 202851 (six-sided star). The threshold
[C/Fe] is shown by the dashed line. A representative error bar is shown at the top right

corner.
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(i) |[Eu/Fe] < 1, [Ba/Eu] > 0, and/or [La/Eu| > 0.5

(i) [Eu/Fe|] > 1, [Ba/Eu] > 1, and/or [La/Eu] > 0.7

-CEMP-r/s; [Ba/Fe| > 1, [Eu/Fe|] > 1

(iii) 0 < |Ba/Eu] < 1 and/or 0 < |[La/Eu] < 0.7

Figure 4.13 depicts this classification scheme. The regions marked as (i) and (ii) are
two CEMP-s star regions corresponding to the above mentioned conditions (i) and
(i), respectively, and the region marked as (iii) corresponds to CEMP-r/s stars.
In this figure, the stars BD—19 290, HD 30443, HE 1157—0518, HE 1304—2111,
HE 1327—2116, and LAMOSTJ151003.74+4305407.3 occupy the region (iii) and
they are found to be CEMP-r/s stars. We could not locate the position of the
star HE 1157—0518 in the [La/Fe| - [Eu/Fe| plot as La abundance could not be
estimated in this star. In both the plots, the object HE 0457—1805 clearly lie in
the region (ii), and the objects HE 1354—2257 and BD+19 3109 in the region (i),
and they are identified to be CEMP-s stars. The star BD—19 132 lies marginally
in the region (ii) in the |Ba/Fe| - [Eu/Fe| plot, but it clearly lies in the region
(ii) in the [La/Fe| - [Eu/Fe| plot; hence, it is identified as a CEMP-s star. The
estimated [C/Fe|, [Ba/Eu|, and [La/Eu| ratios of the program stars are given in
Table 4.11.

4.6 Binary status of the program stars

The precise radial velocity monitoring studies have shown that most of the CH
stars (McClure and Woodsworth 1990; Jorissen et al. 2016b), and a high fraction
of CEMP-s and CEMP-r/s stars (Lucatello et al. 2005; Starkenburg et al. 2014;
Jorissen et al. 2016b) are in binary systems. The compilation of Duquennoy and

Mayor (1991) and Starkenburg et al. (2014) have shown the binary fraction of
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FIGURE 4.13: Observed [Ba/Fe| (upper panel) and [La/Fe| (lower panel) as functions
of observed [Eu/Fe| for CEMP and r stars. Magenta squares, blue starred triangles, and
red five-sided stars represent CEMP-s, CEMP-r/s, and r (including both CEMP-r and
rI/r11 stars) stars, respectively from literature (Masseron et al. 2010; Karinkuzhi et al.
2021; Purandardas et al. 2019; Goswami et al. 2021). BD—19 132 (filled square), BD—19
290 (open hexagon), HD 30443 (open pentagon), HE 0457—1805 (filled triangle),
LAMOSTJ091608.81+230734.6 (five-sided cross), HE 0920—0506 (nine-sided cross),
HE 1157—0518 (starred triangle), HE 1304—2111 (four-sided star), HE 1327—2116
(nine-sided star), HE 1354—2257 (filled circle), LAMOSTJ151003.74+-305407.3 (open
square), BD+19 3109 (filled pentagon), and HD 202851 (six-sided star). Region (i)
and (ii) are the CEMP-s, and (iii) is CEMP-r/s star region as given by Goswami et al.
(2021). The dashed line is the least-square fit to the observed abundances in r-stars. A
representative error bar is shown at the top left corner of each panel.
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TABLE 4.11: The [C/Fe|, [Ba/Eu] and [La/Eu] ratios in the program stars

Star name [Fe/H] [C/Fe] [Ba/Fe] [La/Fe] [Eu/Fe] [Ba/Eu] [La/Eu]
BD—-19 132 —-1.86 0.70 2.30 2.66 1.29 1.01 1.37
BD—-19 290 —2.86 190 1.71 1.98 1.32 0.39 0.60
HD 30443 —1.68 1.68 2.22 1.98 1.81 0.41 0.17
HE 0457—1805 —1.98 1.80 2.53 2.27 1.26 1.43 1.01
LAMOSTJ091608.81+230734.6 —0.89  0.36 1.19 1.79 0.70 0.49 1.09
HE 0920—0506 —-0.75  0.57 1.40 1.25 —0.20 1.60 1.45
HE 1157-0518 —-2.42 231 1.75 - 1.28 0.47 -
HE 1304—2111 —234 224 1.58 1.54 1.12 0.46 0.42
HE 1327—2116 —2.84 2.46 1.74 1.74 1.16 0.58 0.58
HE 1354—2257 —-2.11  2.03 1.63 1.41 0.47 1.16 0.94
LAMOSTJ151003.74+305407.3 —1.57 1.74 1.39 1.57 1.14 0.25 0.43
BD-+19 3109 —2.23 247 1.73 1.63 0.72 1.01 0.85
HD 202851 —-0.85  0.80 2.00 1.60 0.89 1.11 0.71

CEMP-s and CEMP-r/s stars to be 100%. However, a few recent studies have
reported a binary frequency of 82+10% for CEMP-s and CEMP-r /s stars (Hansen
et al. 2016¢), and 17+£9% for CEMP-no stars (Hansen et al. 2016b).

Our radial velocity estimates, along with those from Gaia (Gaia Collaboration
et al. 2018), are presented in Table 4.12. Radial velocity data are not available in
literature for the stars HE 1157—0518 and HE 1354—2257. The objects HD 30443,
HE 0457—1805, BD+19 3109, and HD 202851 are confirmed binaries with periods
of 2954477 days (McClure and Woodsworth 1990), 2724423 days (Jorissen et al.
2016b), 2129+13, and 129546 days respectively (Sperauskas et al. 2016). The es-
timated radial velocities of these objects differ by, ~5 km s~! for BD+19 3109 and
HD 202851, ~3 km s~ for HD 30443, and ~2 km s~* for HE 0457—1805, from the
literature values available in the Gaia archive. For the objects BD—19 132, BD—19
290, HE 0920—0506, HE 1304—2111, and LAMOSTJ151003.74+305407.3 our esti-
mates show a difference of ~13, 6, 3, 17, and 4 km s~ respectively from those listed
in the Gaia archive. This may be an indication that these stars could possibly be

binaries. However, we note that, in the case of LAMOSTJ151003.74+305407.3,
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TABLE 4.12: Radial velocity data of the program stars

Star V, V, period

(km s71) (km s71) (days)
(our estimate) (Gaia)

BD—-19 132 +3.9440.81 +16.97£0.79 RV variation

BD—-19 290 +106.28+£0.90  +111.99+£0.73 RV variation

HD 30443 +66.61£0.20 +63.17+0.22 2954+£77

HE 0457—1805 +62.83+£0.02  +60.80£0.35 2724423

LAMOSTJ091608.81+230734.6  +16.13+4.30 +17.33+0.40 -

HE 0920—0506 +49.60+£0.03 +52.4441.27 RV variation

HE 1157—-0518 +116.02£0.70 - -

HE 1304—2111 +2.1440.34 +19.33+£0.59 RV variation

HE 1327-2116
HE 1354—-2257

+176.77£0.06
+289.46+1.80

+177.43+1.46

LAMOSTJ151003.74+305407.3 —141.58+3.57 —145.25+£0.003 RV variation
BD-+19 3109 —181.89+1.38  —187.09£1.55 2129+£13
HD 202851 +22.2240.90 +17.384+1.22 129546

with the uncertainty in the radial velocity, the lower-limit of our radial velocity

estimate is almost consistent with the Gaia value.

Spite et al. (2013) have introduced for the first time the existence of low- and
high-carbon bands (carbon bimodality) in CEMP stars, and later elaborated by
Bonifacio et al. (2015) and Hansen et al. (2015). Investigation of Yoon et al.
(2016) showed that majority of the stars with A(C) > 7.1 in the A(C) - [Fe/H]
diagram belong to binary systems. A detailed discussion on the classification
scheme based on the A(C) - [Fe/H] diagram is given in the Section 4.7.1. We
have used A(C) - [Fe/H] plot (described in Section 3.5) to understand the binary

nature of our program stars. Before using this diagram for this purpose, the carbon

abundance should be corrected to account for any internal mixing mentioned in the
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previous section. Placco et al. (2014) have calculated the corrections to the carbon
abundance for 0.0 < log g < 5.0, —5.5 < [Fe/H] < 0.00, and —1.0 < [C/Fe] <
3.0. We have obtained the corrections to the estimated carbon abundances of our
program stars using the public online tool (http://vplacco.pythonanywhere.
com/) developed by Placco et al. (2014). The necessary corrections have been
applied to our estimates of carbon abundance and, then used in Figure 4.14. It is
to be noted that all our program stars lie in the region of binary stars. This might

be a robust indication that all the program stars are likely binaries.

4.7 Abundance profile analysis and interpretations

The detailed analysis of the abundance profiles of the program stars, and their
interpretation are discussed here. We have extended the diagnostics to under-
stand the nature of companion AGB stars, discussed in Section 3.6, to the lower

metallicity regime.

4.7.1 Carbon, nitrogen, oxygen abundances

The analysis of Spite et al. (2013) for a sample of dwarf and main sequence turn-off
CEMP stars (~50 objects) with [Fe/H| < —1.80 have shown that the CEMP stars
show bimodality in the absolute carbon abundance, that is, they show two distinct
absolute carbon abundance A(C) values. The stars with [Fe/H] > —3.4 (CEMP-s
and CEMP-r/s) populate the high-carbon region at A(C)~8.25, and the stars with
[Fe/H] < —3.4 (CEMP-no) populate the low-carbon region at A(C)~6.80. This
analysis did not consider any giants so as to avoid any carbon dilution resulting
from any mixing processes. Later, Bonifacio et al. (2015) confirmed the bimodality

of CEMP stars from an extended sample of CEMP stars that included dwarfs and
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FIGURE 4.14: Distribution of A(C) as a function of [Fe/H] for known (and likely)
binary and single stars. The binary and single stars are separated by the dashed line at
A(C) = 7.10. The long-dash dot line corresponds to [C/Fe] = 0. Green and magenta
open hexagons represent binary and single CEMP stars, respectively from literature
(Yoon et al. 2016). Black open squares represent the binary CH stars from literature
(Purandardas et al. 2019; Karinkuzhi and Goswami 2014, 2015; Luck 2017). Binary Ba
stars from literature (Karinkuzhi et al. 2018a) are represented by cyan open pentagons.
The prefixes B- and S- in the figure imply binary and single stars, respectively. The blue
squares represent the confirmed binary program stars, and the red squares represent
the program stars with unknown binary status.
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main sequence turn-off stars, along with a few sub-giants and lower RGB giants.
In both the studies, they noted a clear separation between the two carbon bands.
Their interpretation of this bimodality is that the carbon in the stars of these
two carbon bands have different astrophysical origin. The carbon in the high-
carbon band stars are of extrinsic origin - resulting from the mass transfer from
a low-mass AGB companion, and carbon in the low-carbon band stars owe to an
intrinsic origin - C-enriched ISM from which they were formed, despite a few of
them are binaries as noted by Starkenburg et al. (2014) and Bonifacio et al. (2015).
Subsequently, Hansen et al. (2015) also noted the bimodal carbon distribution
of CEMP stars for their sample of (~64 objects) CEMP stars. However, they
found a smooth transition between the two carbon bands, in contrast to the well
separated bands reported by Spite et al. (2013) and Bonifacio et al. (2015), with
three CEMP-no stars occupying the high-carbon band. This observation points to
the importance of the knowledge of the binary status of the CEMP stars in order
to better constrain the accurate origin of the observed abundances in the CEMP

sub-classes.

In an attempt to address this question, Yoon et al. (2016) have compiled an ex-
tensive set of 305 CEMP stars from literature with [Fe/H] < —1 and [C/Fe| >
0.70. The sample comprised of 147 CEMP-s and CEMP-r/s stars (together they
denoted as CEMP-s stars), and 127 CEMP-no stars, out of which, the binary sta-
tus of 35 CEMP-s and 22 CEMP-no stars are known. They also noted the carbon
bimodality, but at A(C) values lower than that noted by Spite et al. (2013); the
low- and high-carbon bands peaking at A(C)~6.28 and 7.96, respectively. Based
on the behaviour of A(C) with respect to [Fe/H|, these stars were grouped into
three groups; CEMP-s stars being the members of Group I, and CEMP-no stars
being members of Group II and III. Their analysis have confirmed the interpreta-
tion put forward by Spite et al. (2013) and Bonifacio et al. (2015) for the origin of
carbon. Also they presented the A(C) - |[Fe/H] diagram as a powerful tool to dis-
tinguish between the CEMP-no, CEMP-s, and CEMP-r/s sub-classes. According
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to this study, the absolute carbon abundance A(C)~7.1 separates the majority of
binary stars, which lie above this carbon abundance, from single stars, despite a
few outliers. Also, stars with A(C) < 7.1 are classified as CEMP-no stars, and
those with A(C) > 7.1 are classified as CEMP-s and CEMP-r /s stars.

The distribution of the A(C) as a function of [Fe/H] for the program stars is
shown in Figure 4.15. It is clear from the figure that, at higher metallicities,
the carbon abundance show almost similar values (high-carbon band), while the
bimodality becomes significant at lower metallicities (~|Fe/H| < —2). The stars
LAMOSTJ091608.81+230734.6, HE 0920—0506, and HD 202851 lie among the CH
stars, and other program stars lie among the CEMP-s and CEMP-r/s stars, with
all the stars lying in the high-carbon band. It is also noted that all our program
stars lie in the region (A(C) > 7.1) of binary stars that bear the signatures of
binary mass transfer from the low-mass AGB companions according to Bonifacio

et al. (2015).

As mentioned in the Section 4.5, the surface carbon abundance (as well as nitrogen
and oxygen abundances) of a star is related to its evolutionary stage. When a
star evolves into a red giant, the surface carbon abundance decreases due to the
internal mixing that brings the CNO processed material from the stellar interiors
to the surface, known as First Dredge-Up (FDU). Some extra mixing processes in
addition to the internal mixing are also found to operate in more evolved giants.
Here, the mixing between the surface and the hydrogen burning layer in the upper
RGB stars converts C to N through the CNO cycle, and this tends to decrease the
carbon abundance further (Charbonnel 1995). This has been observed in more
evolved metal-poor field giants (Charbonnel et al. 1998; Gratton et al. 2000; Spite
et al. 2005, 2006), and giants in globular and open clusters (Gilroy 1989; Grundahl
et al. 2002; Shetrone 2003; Jacobson et al. 2005). This internal mixing processes
result in an increase of nitrogen abundance at the expense of carbon and oxygen

(the CN and ON cycles).
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FIGURE 4.15: The A(C) - [Fe/H] diagram. Green open hexagons represent CEMP-s
and CEMP-r/s stars, and magenta open hexagons represent CEMP-no stars from lit-
erature (Yoon et al. 2016). Cyan open pentagons are the CH stars from literature (Pu-
randardas et al. 2019; Karinkuzhi and Goswami 2014, 2015; Luck 2017). Yellow crosses
are the Ba stars from literature (Karinkuzhi et al. 2018a; Shejeelammal et al. 2020).
All red, blue, and black symbols, respectively represent CEMP-r/s, CEMP-s, and CH
stars of our sample. BD—19 132 (filled square), BD—19 290 (open hexagon), HD 30443
(open pentagon), HE 0457—1805 (filled triangle), LAMOSTJ091608.814230734.6 (five-
sided cross), HE 0920—0506 (nine-sided cross), HE 1157—-0518 (starred triangle),
HE 1304—2111 (four-sided star), HE 1327—2116 (nine-sided star), HE 1354—2257 (filled
circle), LAMOSTJ151003.74+305407.3 (open square), BD-+19 3109 (filled pentagon),
and HD 202851 (six-sided star). The low- and high-carbon bands at A(C) = 6.28 and
7.96 noted by Yoon et al. (2016) is shown as dashed lines. The solid line corresponds
to [C/Fe] = 0.70, and long-dash dot line to [C/Fe] = 0.
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From Figure 4.3, and from the estimated log g values, all our program stars are
found to be on the Red Giant Branch (RGB). The observed |C/Fe|, [N/Fe|, and
[O/Fe| ratios of the program stars are shown in Figure 4.16. Carbon abundance
is available for all the program stars, nitrogen abundance for twelve stars, and
oxygen abundance for seven stars. Nine out of the thirteen program stars show
[C/Fe|] > 1, eight stars show [N/Fe| > 1, and two stars show [O/Fe| > 1. While
the nine objects in our sample show similar [C/Fe| ratio, four objects BD—19
132, LAMOSTJ091608.814-230734.6, HE 0920—0506, and HD 202851, show low-
est [C/Fe]. From the Figure 4.16, it is clear that the stars BD—19 132, LAM-
OSTJ091608.81+230734.6, and HD 202851 are enhanced in nitrogen, and show
lower [O/Fe|, may be an indication of the CNO cycle and internal mixing. If that
is the case, these stars are expected to show low |[C/N] and high [N/O] ratio. Ac-
cording to Spite et al. (2005), the stars with [C/N| < —0.6 are mixed stars, and
those with [C/N] > —0.6 are unmixed stars. The [C/N] and [N /O] ratios of the
program stars are shown in Figure 4.17. The stars BD—19 132 and HD 202851
lie in the region of mixed stars, whereas the star LAMOSTJ091608.81+230734.6
lies marginally in this region, and they show higher [N/O] ratio. Figure 4.16
combined with Figure 4.17 suggest that both the CN and ON cycle might have
operated in these stars which altered the surface CNO abundances through mix-
ing. If the nitrogen abundance is altered only due to the CN processing, then
the [C+N/Fe| ratios of the mixed and unmixed stars will be similar, with lower
12C/13C ratio for the mixed stars, and if the ON cycle also contributed to the N
enhancement, such stars show [C+N/Fe| excess compared to the unmixed stars
of similar metallicity (Spite et al. 2005, 2006). The observed |[C+N/Fe| ratios of
the program stars are shown in Figure 4.18 (left panel). The star BD—19 132,
which is a CEMP-s star, lies below the bulk of other CEMP stars in the sam-
ple. This star shows lower [C+N/Fe| compared to other CEMP stars. Among
the three CH stars (of similar metallicity), LAMOSTJ091608.81+230734.6 and
HE 0920—0506 show similar [C+N/Fe| values, indicating that nitrogen enhance-
ment resulted from the CN cycle. However, HD 202851 shows [C+N/Fe| excess
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compared to the other two CH stars; this may indicate the occurrence of the ON
cycle. To check whether the [C+N/Fe| excess of HD 202851 resulted from the ON
cycle, we have estimated the [C+N+O/Fe| abundance of the program stars, and
compared with the [C+N+O/Fe| estimate of HD 202851. In the case of the CN
and NO cycles in operation, the value of [C+N+O/Fe| ratio of the star should be
similar to those observed in other stars. The |[C+N-+O /Fe| ratios of the program
stars are shown in Figure 4.18 (right panel). However, as seen from the figure,
HD 202851 shows [C+N+O/Fe| excess compared to other CH stars, and BD—19
132 shows a lower value than the other CEMP stars. Both these stars show similar
[C/Fe|, [N/Fe|, |[C+N/Fe|, and [C+N+0O/Fe| values. BD—19 132 and HD 202851
exhibit relatively higher ?C/!3C ratios (18 and 42 respectively) (Tables 4.5 and
4.8). This suggests that the nitrogen overabundance (|N/Fe|] > 1) in these two
stars may not have resulted from an in-situ enhancement. It may be either the
signature of a massive AGB companion with Hot-Bottom Burning (HBB), or the
nitrogen enhanced primordial matter from which these stars were formed. We will
explore the possibility of HBB using different abundance ratios in the next few

sections.

4.7.2 The |[hs/ls] ratio

Here, we examine another diagnostic of companion AGB star’s mass, and indi-
cator of s-process efficiency, the [hs/lIs| ratio, where hs stands for heavy s-process
elements and ls stands for light s-process elements. At higher neutron exposures,
the second peak (hs) s-process elements are produced over the first peak (Is), re-
sulting in high |hs/Is| ratio. Since the neutron exposure increases with decreasing
metallicity, the |[hs/Is| ratio is anti-correlated with metallicity. Also, the neutron
source C(a, n)'0 is found to be anti-correlated with metallicity (Clayton 1988;
Wallerstein et al. 1997). Hence, positive values for |hs/ls| ratio could be seen

in low-mass, low-metallicity AGB stars (Goriely and Mowlavi 2000; Busso et al.
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FIGURE 4.16:
[Fe/H] for the program stars.
CEMP-s stars, and black symbols CH stars.
290 (open hexagon), HD 30443 (open pentagon), HE 0457—1805 (filled triangle),
LAMOSTJ091608.81+230734.6 (five-sided cross), HE 0920—0506 (nine-sided cross),
HE 1157—-0518 (starred triangle), HE 1304—2111 (four-sided star), HE 1327—2116
(nine-sided star), HE 1354—2257 (filled circle), LAMOSTJ151003.74+-305407.3 (open

i

Observed [C/Fe], [N/Fe], and [O/Fe] as functions of observed
Red symbols are CEMP-r/s stars, blue symbols
BD-19 132 (filled square), BD—19

square), BD+19 3109 (filled pentagon), and HD 202851 (six-sided star).
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FIGURE 4.17: Observed [C/N] (left panel) and [N/O] (right panel) as functions
of observed [Fe/H] for the program stars. BD-—19 132 (filled square), BD—19
290 (open hexagon), HD 30443 (open pentagon), HE 0457—1805 (filled triangle),
LAMOSTJ091608.81+230734.6 (five-sided cross), HE 0920—0506 (nine-sided cross),
HE 1157—-0518 (starred triangle), HE 1304—2111 (four-sided star), HE 1327—2116
(nine-sided star), HE 1354—2257 (filled circle), LAMOSTJ151003.74+-305407.3 (open
square), BD+19 3109 (filled pentagon), and HD 202851 (six-sided star).
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FIGURE 4.18: Observed [C+N/Fe| ratio (left panel) and [C+N-+O/Fe|] ratio
(right panel) as functions of observed [Fe/H] for the program stars. BD-—19
132 (filled square), BD—19 290 (open hexagon), HD 30443 (open pentagon),
HE 0457—1805 (filled triangle), LAMOSTJ091608.814230734.6 (five-sided cross),
HE 0920—0506 (nine-sided cross), HE 1157—0518 (starred triangle), HE 1304—2111
(four-sided star), HE 1327—2116 (nine-sided star), HE 1354—2257 (filled circle),
LAMOSTJ151003.744305407.3 (open square), BD-+19 3109 (filled pentagon), and

HD 202851 (six-sided star).
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2001), whereas in the case of massive AGB stars (5 - 8 M), where the neutron
source is *?Ne(a, n)*Mg, this ratio gives negative values (Goriely and Siess 2005;
Karakas 2010; Karakas et al. 2012; van Raai et al. 2012; Karakas and Lattanzio

2014). A detailed discussion on this topic is given in Section 3.6.1.

The CEMP-1/s stars generally show higher |hs/ls] value compared to the CEMP-s
stars (Abate et al. 2015a; Hollek et al. 2015). However. there is no clear distinction
observed between the |hs/lIs| ratios of the CEMP-r/s and CEMP-s stars. Analysis
of Goswami et al. (2021) have shown that CEMP-s stars and CEMP-1 /s stars peak
at |hs/ls| values ~0.6540.35 and 1.06+0.32, respectively, with an overlap between
them in the range 0 < |hs/ls|] < 1.5. Karinkuzhi et al. (2021) also noted in their
sample of CEMP stars the overlap of [hs/ls| ratio between CEMP-s and CEMP-
r/s stars. The |hs/ls| ratios observed in our program stars are below 1.50 (Table
4.4), and we could not see any distinction between these two classes of stars in
terms of the |hs/lIs| ratio (Figure 4.19). All the six CEMP-r/s stars in our sample
show positive values of |hs/ls| (Figure 4.19). All the other program stars except
HE 0920—0506 and HE 1354—2257 show positive |hs/ls| ratio, indicating a low-
mass AGB companion. These two stars have [hs/ls| values of —0.07 and —0.24,
respectively, indicating a clear over-production of ls elements over hs elements,
a trend observed in massive AGB stars. In the literature, a few CEMP-s stars
are known to show negative values for [hs/lIs| ratio. For instance, Hansen et al.
(2019) present a star HE 2158—5134 that shows |hs/Is|~—0.15, and Aoki et al.
(2002) noted a value ~—0.36 for the object CS 22942—019. Analysis of Bisterzo
et al. (2011) have shown that the abundance pattern in CS 22942—019 could be
reproduced by 2.0 My AGB model.
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FIGURE 4.19: The |hs/ls| ratio as a function of [Ba/Eu| (left panel) and [Fe/H]
(right panel) for the program stars . Red symbols are CEMP-r/s stars, blue sym-
bols CEMP-s stars, and black symbols CH stars. BD—19 132 (filled square), BD—19
290 (open hexagon), HD 30443 (open pentagon), HE 0457—1805 (filled triangle),
LAMOSTJ091608.81+230734.6 (five-sided cross), HE 0920—0506 (nine-sided cross),
HE 1157—0518 (starred triangle), HE 1304—2111 (four-sided star), HE 1327—2116
(nine-sided star), HE 1354—2257 (filled circle), LAMOSTJ151003.744-305407.3 (open
square), BD+19 3109 (filled pentagon), and HD 202851 (six-sided star).
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4.7.3 Na, Mg and heavy elements

The detailed discussion on the production mechanisms of Na and Mg is provided
in the Section 3.6.3. Four out of the twelve program stars for which we could
estimate the Na abundance show enhancement of Na with [Na/Fe] > 1. The
objects HE 0457—1805 and HE 1304—2111 show the largest enhancement with
[Na/Fe|~2.20 and 2.83 respectively. The star HE 0457—1805 is enhanced in mag-
nesium as well with [Mg/Fe|~1.32. Similar values of Na and Mg enhancement are
observed by others in CEMP stars (Aoki et al. 2007, 2008), which are considered
as extreme cases of Ba-enhanced CEMP stars. The Na enhancement through the
Ne - Na cycle is expected in massive AGB stars where HBB operates (Mowlavi
1999b). HBB also results in an increased surface abundance of N through the CN
cycle (Sugimoto 1971; Lattanzio et al. 1996; Goriely and Siess 2005; Karakas and
Lattanzio 2003, 2014; Ventura and D’Antona 2005). Since the HBB is responsible
for the over-production of N and Na in massive stars, they should be correlated
if the abundance peculiarity is the result of massive AGB star nucleosynthesis.
But, we could not see any such trend in our sample of program stars (Figure 4.20,
upper panel, left column). The diffusive mixing and H-burning in the massive
AGB stars can reduce the s-process efficiency, and it should be anti-correlated
with the products of HBB (Goriely and Siess 2005). However, we have not noticed
any such behaviour among our program stars (Figure 4.20, upper panel, right col-
umn). Enhanced Mg is also expected in the massive AGB stars, resulting from
the a-capture reaction of 22Ne. Hence, the same aspects of Na as explained above
is expected in the case of Mg too. No such trend is noted for the program stars
(Figure 4.20, lower panel). All the Na and Mg enhanced stars in our sample show
positive values for the [hs/Is] ratio as discussed in the previous section. These facts
therefore rule out the possibility of the stars being influenced by the pollution from

massive AGB stars with HBB.

The objects HE 0920—0506 and HE 1354—2257 with negative |hs/ls|, as discussed
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in Section 4.7.2, do not show any N, Na, and Mg enhancement. So, this discards
the possibility of massive AGB star companions for them. Similarly, for the objects
BD—19 132 and HD 202851 (discussed in Section 4.7.1), the possibility of massive

AGB star companions is discarded.

The AGB models of Bisterzo et al. (2010) predict higher Na and Mg abundances
at lower metallicities. They have studied the nucleosynthesis in low-mass AGB
stars (Milhy ~1.3 - 2 My) of metalliicity [Fe/H] in the range —3.6 - —1 and
for different 3C pocket efficiency. The major neutron source is the *C(c, n)'®0O
reaction during the interpulse phase. The #?*Ne(«, n)**Mg source is also considered
to be partially activated during the TP. These models include the production of
primary Na through ??Ne(n, v)?*Na, and subsequently primary Mg via 2Na(n,
7)**Mg, *Ne(a, n)*Mg, and **Ne(a, 7)**Mg, as described in Section 3.6.3. The
amount of the primary Na and Mg produced is shown to increase with decreasing
metallicity and/or increasing M4y (Figure 15 of Bisterzo et al. 2010). Bisterzo
et al. (2011) performed a comparison of abundance patterns of a sample of 100
CEMP-s stars collected from literature with the AGB nucleosynthesis models of
Bisterzo et al. (2010). Among this sample, nine stars show [Na/Fe| > 1 with two
stars showing [Na/Fe|~2.68 (CS 29528—028, |Fe/H|~—2.86, Aoki et al. 2007) and
[Na/Fe]~2.71 (SDSS 1707+58, [Fe/H]~—2.52, Aoki et al. 2008). These two stars
are also enhanced in Mg with [Mg/Fe|~1.69 and 1.13, respectively. The analysis of
Bisterzo et al. (2011) have shown that the higher Na abundances of CS 29528028
and SDSS 1707-+58 could be reproduced by the AGB models of M5 ~1.5 M.
Their higher [ls, hs/Fe| values could be reproduced by the ML, ~2.0 My, models.
The entire observed abundance pattern could not be reproduced by the same AGB

model.

In AGB models, considering the Partial Mixing (PM) of protons, *Na is produced
efficiently, that is almost fifty times higher than that produced in the H-burning
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ratios as a function of [N/Fe| and [s/Fe| for the program stars.
are CEMP-r/s stars, blue symbols CEMP-s stars, and black symbol CH star.
BD—19 132 (filled square), BD—19 290 (open hexagon), HD 30443 (open pentagon),
HE 0457—1805 (filled triangle), LAMOSTJ091608.81+230734.6 (five-sided cross),
HE 0920—0506 (nine-sided cross), HE 1157—0518 (starred triangle), HE 1304—2111
(four-sided star), HE 1327—2116 (nine-sided star), HE 1354—2257 (filled circle),
LAMOSTJ151003.744305407.3 (open square), BD-+19 3109 (filled pentagon), and

HD 202851 (six-sided star).
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shell (Goriely and Mowlavi 2000). In such a scenario, Na is produced in the inter-
shell, in a region above the region of s-process, and a correlation between [Na/Fe]
and [s/Fe| is expected. This will entirely depend on the extent of partial mixing
zone. However, these models could not explain the least Na-enriched CEMP-s and
most Na-enriched CEMP-r/s stars (Figure 19 of Karinkuzhi et al. 2021). Better

models with improved simulations are needed to explain this.

4.7.4 'The [Rb/Zr| ratio

Based on the CNO abundances, [hs/ls| ratio, Na and Mg abundances in the pro-
gram stars, we have ruled out the possibility of massive AGB companions for our
program stars. We have tried to establish an upper limit to the companion’s mass
from the neutron-density dependent [Rb/Zr| ratio. Recalling the discussion in Sec-
tion 3.6.2, massive AGB stars (M > 4 M) are characterized by positive values of
[Rb/Zr| ratio, and low-mass AGB stars (M < 3 My,) by negative values of [Rb/Zr|
ratio. The estimated values of the [Rb/Zr| ratio for our program stars are given
in Table 4.4. All the nine stars where we could estimate this ratio show a negative
value, indicating a low-mass AGB companion. The observed range of [Rb/Fe| and
[Zr/Fe| in our program stars, along with those observed in the intermediate-mass
AGB stars, is shown in Figure 4.21. It is clear from the figure that the [Rb/Fe]
and |Zr/Fe| ratios observed in the program stars do not match closely with their

counterparts observed in the intermediate-mass AGB stars.
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pentagon), and HD 202851 (six-sided star). The observed ranges of [Rb/Fe| and [Zr/Fe]
in intermediate-mass AGB stars of the Galaxy and the Magellanic Clouds (van Raai

et al. 2012) are shown as shaded region.
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4.8 Origin of CEMP-r/s stars: clues from the abun-

dance pattern

The CEMP-s stars are considered as the metal-poor analog of Ba and CH stars, and
the binary mass transfer from an evolved low-mass AGB companion is the most
accepted scenario for their abundance peculiarity (Herwig 2005). Comparison of
observed abundances in the CEMP-s stars with theoretical model predictions also
confirms the binary mass-transfer from low-mass AGB companions (Bisterzo et al.

2011; Placco et al. 2013; Hollek et al. 2015).

With the knowledge that r-process and s-process are ascribed to different astro-
physical sites (Burbidge et al. 1957), several formation scenarios for CEMP-1/s
stars have been proposed in the literature (Cohen et al. 2003; Qian and Wasser-
burg 2003; Zijlstra 2004; Barbuy et al. 2005; Wanajo et al. 2006; Jonsell et al.
2006; Bisterzo et al. 2011), most of them suggesting different independent pro-
cesses for the r- and s- peculiarity. One scenario describes that the CEMP-r/s star
could have been a secondary in a binary system formed out of r-process enriched
ISM, and its s-elements and carbon enhancement is due to the later pollution
from the AGB companion through mass-transfer mechanism(s) (Hill et al. 2000;
Cohen et al. 2003; Ivans et al. 2005). But, this scenario could not successfully
explain the observed frequency of CEMP-r/s stars. The study by Barklem et al.
(2005) have revealed that an order of 1% of population II stars are CEMP-r/s
stars. Cohen et al. (2003) have discussed another scenario that considers a triple
system in which the star could have been the least massive tertiary, polluted first
with the r-elements from a massive primary exploded as supernova, and later,
polluted with s-elements by the secondary star that evolved into an AGB star.
This hypothesis had been discarded, as such a dynamically stable triple system

is unlikely to exists. Accretion Induced Collapse (AIC) in a binary system have
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been suggested by Qian and Wasserburg (2003) and Cohen et al. (2003), but dis-
carded since it is physically uncertain with the existing neutrino theories (Qian
and Woosley 1996). Another scenario is a binary picture in which the primary
star evolved through AGB, contributed the s-rich material to the secondary star,
and later exploded as a Type 1.5 supernova (Zijlstra 2004; Wanajo et al. 2005),
depositing r-material on the surface of the secondary. Abate et al. (2016) have
calculated the frequency of CEMP-r/s stars among the CEMP-s stars for all these
formation scenarios. The theoretical frequency predicted in most of the scenarios
underestimates the observed frequency (~54% in their sample) at least by a factor
of five. The simulation based on the hypothesis of independent enrichment of s-
and r- elements could predict a frequency (~22%) that approaches the observa-
tions. However, it fails to reproduce the observed correlation between the Ba and
Eu abundances, and higher [hs/ls| ratios in CEMP-r/s stars. The simulations of
Jonsell et al. (2006) for a high neutron density s-process in AGB star in a binary
system also could not reproduce the observed abundance pattern in CEMP-r/s
stars. From the analysis of a sample of CEMP stars (~18 objects), Allen et al.
(2012) argued that CEMP-r/s stars have the same astrophysical origin as CEMP-s

stars.

The analysis based on different abundance profile in Section 4.7 have shown that
there is no distinction between the CEMP-s and CEMP-r/s stars. The overlap of
[hs/ls] ratio between the CEMP-s and CEMP-r/s stars indicates that the origin
of both the groups of stars owes a common astrophysical site and formation pro-
cess, but under different conditions. The higher [hs/ls| ratio, more precisely, the
higher [hs/Fe| ratio of the CEMP-r/s stars (Figure 4.22, upper panel) compared
to the CEMP-s stars, indicates a higher neutron exposure for their formation than
the classical s-process. The tight correlation between the observed [Eu/Fe| and
[hs/Fe] ratios in CEMP-r/s stars (Figure 4.22, lower panel) points towards a single
stellar site where both the s- and r- process elements could be produced simul-

taneously, which indicates a higher neutron density than the classical s-process
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neutron density.

The intermediate neutron-capture process, i-process, originally proposed by Cowan
and Rose (1977), has been explored recently by several authors to explain the
CEMP-r/s phenomena (Dardelet et al. 2014; Hampel et al. 2016, 2019; Hansen
et al. 2016¢). Higher neutron densities than that required for the classical s-
process, of the order of 10 - 107 cm ™3, intermediate between the s- and r-process
neutron densities, could be achieved when a substantial amount of hydrogen rich-
material is mixed into the intershell region of the evolved red giant stars (Proton
Ingestion Episode, PIE) undergoing helium shell flash (Cowan and Rose 1977).
Several sites have been proposed to host the PIEs in order for the i-process nu-
cleosynthesis to take place. Simulations have shown that the neutron densities of
the order of 10'? - 10" ¢cm™ can be achieved in very low-metallicity (z < 107%),
low-mass (M < 2Mg) AGB stars (Fujimoto et al. 2000; Campbell and Lattanzio
2008; Lau et al. 2009; Cristallo et al. 2009; Campbell et al. 2010; Stancliffe et al.
2011). A similar neutron density is achieved during the dual core flash (H flash
following the PIEs during the He flash) in low-mass, extremely low-metallicity (z
< 1079) stars (Fujimoto et al. 1990; Hollowell et al. 1990; Lugaro et al. 2009), in
the very-late thermal pulses of post-AGB stars (Herwig et al. 2011, 2014; Bertolli
et al. 2013; Woodward et al. 2015), during the thermal pulses of low-metallicity
super-AGB stars (Doherty et al. 2015; Jones et al. 2016), in Rapidly Accreting
White Dwarfs (RAWD) (Denissenkov et al. 2019), and in massive (M > 20 M)
metal-poor stars (Banerjee et al. 2018). A recent study by Karinkuzhi et al. (2021)
has reported low-mass (1 My ), low-metallicity (|[Fe/H|~—2.5) AGB stars as sites
of the i-process. Several other studies have also shown that the models of i-process
in low-mass low-metallicity AGBs could successfully reproduce the observed abun-

dances of CEMP-r/s stars (Hampel et al. 2016, 2019; Goswami et al. 2021).
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4.9 Parametric model-based analysis

The details and results of the parametric model-based analysis performed for our

stellar sample is discussed in this section.

4.9.1 CEMP-r/s stars

From the analysis of our sample, a higher neutron density, along with a high
[hs/Fe] ratio, suggest extreme conditions for the i-process, i.e., low-mass and low-
metallicity AGB stars. Hampel et al. (2016) successfully used the simulations
based on the i-process occurring in low-mass, low-metallicity (1 Mg, z~107%)
AGB stars to reproduce the observed abundance patterns of 20 CEMP-r/s stars.
Later, this method has been extended successfully to a sample of seven low-Pb
post-AGB stars in the Magellanic Cloud (Hampel et al. 2019). Hampel et al.
(2016) used a single-zone nuclear network calculation to simulate the properties
of the intershell region of low-mass (1 Mg), low-metallicity (z~10"*) AGB star,
and studied the neutron-capture nucleosynthesis under the influence of different
constant neutron densities ranging from 107 to 10'® em™3. The physical input
conditions of intershell region are adapted from Stancliffe et al. (2011), and the
composition from Abate et al. (2015b). The considered temperature and density of
the intershell region are 1.5 x 108 K and 1600 g cm ™3, respectively. Compared to
the classical s-process, at i-process neutron densities, this simulation resulted in an
increased production of heavy s-, and r-process elements, and similar abundances
of light s-process elements, as typically observed for CEMP-r/s stars (Abate et al.
2015a; Hollek et al. 2015). In these simulations, a range of temperatures (1.0 x 10®
- 2.2 x 10% K) and densities (800 - 3200 g cm™—3) have been considered. However,

no significant changes have been noticed within the given range of temperature

and density.
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We have used the i-process model yields [X/Fe|, from Hampel et al. (2016), and
compared with the observed [X/Fe| (X stands for neutron capture elements) of
the CEMP-1/s stars in our sample for the neutron densities ranging from 10° to
10'® cm™3. A further dilution of the accreted material can occur on the surface
of the CEMP-1/s stars as in the case of similarly formed CEMP-s stars (Stancliffe
et al. 2007, 2013). The neutron-density responsible for the observed abundances
in the star is derived by fitting the observed abundance with the dilution factor

incorporated parametric model function:

where X represents the final abundance, X; the i-process abundance, d is the
dilution factor, and X is the solar-scaled abundance. Here, d is a free parameter
that can be varied to find the best fit between the model and the observational
data for each constant neutron density. The best fit model is found using x%min

method, where x? is defined as;

- zZ: ([XZ/Fe]ob;%*’iiZ/Fe]modP

where [Xz/Fe|obs, [Xz/Fée|moa are the observed and model abundances of the ele-
ment with atomic number Z. a%pbs is the observed uncertainty for [Xz/Fe|q,s. The
best fit model is selected in such a way that it shows least deviation from the ob-
servation, that is by minimizing the x?. The best fits obtained for the CEMP-1/s
stars are shown in Figure 4.23. The neutron density responsible for the observed
abundances in the stars BD—19 290, HD 30443, HE 1157—0518, HE 1304—2111,
HE 1327—2116, and LAMOSTJ151003.74+305407.3 are found to be n~10'!, 104,
1012, 103, 10'%, and 10'2, respectively.
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4.9.2 CH and CEMP-s stars: parametric model-based anal-
ysis using FRUITY models

We have conducted a parametric model-based analysis for the CEMP-s and CH
stars in our sample to find the mass of their AGB companion stars. The observed
abundances in these stars are compared with the predicted abundances for AGB
stars from FRUITY models (Cristallo et al. 2009, 2011, 2015). The best fit mass
of the companion AGB star is derived by fitting the observed abundance with the
parametric model function of Husti et al. (2009) by minimizing the y? value. The
procedure is same as that adopted for Ba stars as described in Section 3.7.2. The
best fits obtained for these stars are given in Figure 4.24. The objects BD—19
132, HE 0457—1805, BD+19 3109, and HD 202851 are found to have companions
of mass M~2.0 M. The objects LAMOSTJ091608.81+230734.6, HE 0920—0506,
and HE 1354—2257 have companions of mass M~2.5 M.

4.10 Kinematic Analysis

The kinematic analysis of the stellar sample is performed as described in Section
2.7. The components of the spatial velocity, total space velocity, and the probabil-
ity that a star belongs to a particular Galactic population are presented in Table

4.13.

While the stars BD—19 290, HE 1157—0518, HE 1327—-2116, HE 1354—2257,
LAMOSTJ151003.74+305407.3, and BD-+19 3109 belong to the Galactic halo, the

other seven objects BD—19 132, HD 30443, HE 0457—1805, LAMOSTJ091608.81+230734.6,
HE 0920—0506, HE 1304—211,1 and HD 202851 are found to belong to the Galac-

tic disk.
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TABLE 4.13: Estimates of spatial velocity and probabilities for the membership to the Galactic population of the program stars 3

s

Star name Ursr Visr Wisr Vipa Pitin  Pthick  Phato  Population &

S

(kms™1) (kms™1) (kms™1) (kms™1) é

BD—19 132 13.66+1.06 —69.134+12.91 —6.75+1.79 70.79+12.56 0.90 0.10 0.00 Thin disk Sy

=)

BD—19 290 —252.60+68.56 —573.19+£168.57 —38.004+16.68 627.56+182.56  0.00 0.00 1.00 Halo i

HD 30443 —60.8940.25 —2.20+0.62 11.72+0.30 62.0440.21 0.02 0.95 0.03 Thick disk g

HE 0457—1805 —33.97+5.88 —31.96+14.12 —9.62£18.18 47.62416.30 0.98 0.02 0.00 Thin disk %

LAMOSTJ091608.81+230734.6 —12.1442.99 1.57+£1.41 2.714+2.95 12.534+1.98 0.99 0.01 0.00 Thin disk &

S

HE 0920—0506 —28.0040.48 —34.214+0.34 —2.38+0.84 44.2740.52 0.98 0.02 0.00 Thin disk %
HE 1157—-0518 —113.96+69.93 —449.47+202.19 —154.28+130.96 488.68+241.24  0.00 0.00 1.00 Halo

HE 1304—2111 2.68+0.18 —41.4740.25 —32.034+0.27 52.47+0.35 0.92 0.08 0.00 Thin disk

HE 1327—-2116 —192.58+31.16 —529.30+46.59 —3.95+13.17 563.26454.50 0.00 0.00 1.00 Halo

HE 1354—2257

LAMOSTJ151003.74+305407.3 —16.38+2.84 —207.80£20.74 —49.68+8.67 214.25+£22.33 0.00 0.29 0.71 Halo
BD-+19 3109 —122.65+1.87 —253.64+£13.83 41.66£11.43 284.80+11.44 0.00 0.01 099 Halo
HD 202851 64.35£1.90 —38.17£2.92 —40.82+1.68 85.231+0.68 0.72  0.28 0.00 Thin disk

—695.99£3045.67 —1855.03+5913.33 —295.05+1636.19 2003.144+4853.64 0.00 0.00 1.00 Halo

11¢
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4.11 Discussion on individual stars

In this section, we provide a discussion of the individual stars, summarizing the

results of the above analyses.

BD—-19 132, BD—-19 290, HD 30443, BD-+19 3109: These object are listed
in the CH star catalogue of Bartkevicius (1996). We present, the first-time abun-
dance analysis results for these objects. Our analysis have shown that BD—19 132
and BD+19 3109 are CEMP-s stars, and BD—19 290 and HD 30443 are CEMP-r/s
stars. HD 30443 and BD+19 3109 are confirmed binaries with periods of 2954+77
(McClure and Woodsworth 1990) and 2129413 days (Sperauskas et al. 2016), re-
spectively. We found that BD—19 290 and BD+19 3109 are high radial-velocity
objects ([V,;| > 100 km s™!), HD 30443 and BD—19 132 are low radial velocity
(JV:] < 70 km s7!) objects. Yamashita (1975) classified HD 30443 as CH star,
and BD+19 3109 as CH like star. Kinematic analysis have shown that HD 30443
belongs to the Galactic thick disk, BD—19 132 to the Galactic thin disk, and
BD—19 290 and BD-+19 3109 to the Galactic halo populations. From the neutron
density dependent [Rb/Zr| ratio, these objects are found to have low-mass AGB

companions.

LAMOSTJ091608.81+230734.6, LAMOSTJ151003.74+305407.3: From
the multiple line indices measured from the stellar spectra from LAMOST DR2, Ji
et al. (2016) have identified the objects LAMOSTJ091608.81+230734.6 and LAM-
OSTJ151003.74+305407.3 to be CH stars. We present the first-time abundance
analysis for the object LAMOSTJ091608.81+230734.6. Our detailed abundance
analysis confirms LAMOSTJ091608.81+230734.6 to be a CH star, and LAM-
OSTJ151003.74+305407.3 to be a CEMP-r/s star. Our kinematic analysis shows
that LAMOSTJ091608.81+230734.6 belongs to the Galactic thin disk, and the lat-
ter to the Galactic halo. The spatial velocity estimate of LAMOSTJ151003.74-+305407.3



Chaptery: Analysis of CH and CEMP stars 213

is similar to the typical velocity of halo objects, Vg,, > 180 km s=! (Chen et al.
2004). Also it satisfies the criteria [Fe/H|] < —0.90 and Visg < —120 km s~ of
Eggen (1997) to be a halo object.

HE 0920-0506, HE 1327—2116: These two objects belong to the sample of
bright metal-poor candidates selected from the HES (Frebel et al. 2006) through
medium-resolution (R~2000) spectroscopic analysis. Frebel et al. (2006) have
derived the metallicity of these objects from the Ca IT K 3933 A line using the cal-
ibration equation of Beers (1999). Within the error limits, these estimates agrees
with our metallicity values. A more refined analysis of Beers et al. (2017) using the
same medium-resolution spectra as Frebel et al. (2006) had reported the stellar
atmospheric parameters (Teg, log g, [Fe/H|)~(5291 K, 2.99, —1.39) and (4868 K,
0.55, —3.48) respectively for HE 0920—0506 and HE 1327—2116. In the case of
HE 0920—0506, while our estimate of temperature agrees with their temperature
estimate, our estimates of surface gravity is ~0.34 dex lower and metallicity is
~0.64 dex higher. In the case of HE 1327—2116, the temperature estimates are in
agreement, whereas our estimates of metallicity and surface gravity respectively
are 0.64 and 0.95 dex higher than their estimates. These differences in the at-
mospheric parameters may be due to the difference in the method adopted for
their determination and also due to the different resolution of the spectra used.
While Frebel et al. (2006) reported the carbon abundances [C/Fe|~0.09 and 1.11
respectively for HE 0920—0506 and HE 1327—2116, Beers et al. (2017) reported
[C/Fe|~1.19 and 2.64. Our estimates of carbon abundance for these two stars are
[C/Fe|~0.57 and 2.46 respectively. Our analysis shows that HE 0920—0506 is a
CH star, and HE 1327—2116 is a CEMP-r/s star. While the former belongs to the
Galactic thin disk, HE 1327—2116 belongs to the Galactic halo.

HE 0457—1805, HE 1157—0518: These two objects are listed among the
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faint high latitude carbon stars identified from the HES (Christlieb et al. 2001a).
Goswami (2005) identified HE 0457—1805 as a potential CH star candidate from
low-resolution spectroscopic analysis. The object HE 0457—1805 is a confirmed bi-
nary with a period of 2724423 days (Jorissen et al. 2016b). The object HE 1157—0518
is a VMP star with |Fe/H|~ —2.42, whereas HE 0457—1805 is a metal-poor star
with [Fe/H|~ —1.98. Our analysis shows that HE 0457—1805 is a CEMP-s star,
and HE 1157—0518 is a CEMP-r/s star. Aoki et al. (2007) could not determine
the Eu abundance for HE 1157—0518, however, they have classified it as a CEMP-
s star. Our estimates of atmospheric parameters are in agreement with those of
Aoki et al. (2007) except for the log g value, which is 0.5 dex lower than our
estimate. The abundances of C, N, Mg, Ca, Ti, and Cr also match well within the
error limits. However, our estimate [Ba/Fe|~1.75 is ~0.40 dex lower than their
estimate. For the object HE 0457—1805, the estimated atmospheric parameters
are in agreement with Kennedy et al. (2011) except for [Fe/H]|, which is 0.5 dex
higher than our estimate. HE 0457—1805 is found to be a member of the Galactic
thin disk, and it is a low spatial-velocity object. HE 1157—0518 is found to belongs
to the Galactic halo with a probability of 100%. It is a high spatial-velocity and
high radial-velocity object.

HE 1304—2111, HE 1354—2257: Both these objects are found to be very metal-
poor stars with [Fe/H]~ —2.34 and —2.11, respectively. Ours is the first-time
abundance analysis for these objects. HE 1304—2111 is found to be a CEMP-r/s
star, whereas the latter is a CEMP-s star. While HE 1304—2111 is a disk object,
HE 1354—2257 is found to belong to the Galactic halo population.

HD 202851: This object is listed in the CH star catalogue of Bartkevicius (1996).
Our analysis shows this star to be a CH giant with [Fe/H|~ —0.85. Sperauskas
et al. (2016) confirmed this object to be a binary with a period of 129546 days
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from radial velocity studies. HD 202851 is found to be a low velocity object, and
belongs to the Galactic thin disk with 72% probability. The estimated atmospheric
parameters of this star by Sperauskas et al. (2016) (Teg, log g, ¢, [Fe/H|)~(4800
K, 2.1, 1.5, —0.70) are in close agreement with our estimates (4900 K, 2.2, 1.54,
—0.85). Arentsen et al. (2019b) determined the atmospheric parameters of this
star from medium-resolution (R~10,000) spectra obtained with X-shooter spec-
trograph (Vernet et al. 2011) of Very Large Telescope (VLT). Their estimates for
Tesr, log g, and [Fe/H| are 4733 K, 1.6, and —0.88. The negative value obtained for
the [Rb/Zr| ratio in this star confirms low-mass AGB companion for HD 202851.

4.12 Conclusions

Detailed spectroscopic analyses of thirteen potential CH/CEMP stars are carried
out based on high-quality, high-resolution spectra obtained with the HCT /HESP,
Mercator/HERMES, and SUBARU/HDS. We have estimated the abundances of
twenty eight elements including both light and neutron-capture process elements
as well as carbon isotopic ratio. We present the first-time abundance analysis for
the objects BD—19 132, BD—19 290, HD 30443, LAMOSTJ091608.81-+230734.6,
HE 1304—2111, HE 1354—2257, and BD+19 3109. Although a few light element
abundances are available in the literature for the rest of the objects in our sample,

we have presented for the first time a detailed abundance analyses for these objects.

The objects HD 30443, HE 0457—1805, BD+19 3109, and HD 202851 are con-
firmed binaries. The difference in the estimated radial velocities of the stars
BD—-19 132, BD—19 290, HE 0920—0506, HE 1304—2111, and LAMOSTJ151003.74+305407.3
from the Gaia values may be a robust indication that they are likely binaries. In
the A(C) - [Fe/H| diagram, all the program stars fall in the region occupied by

the binary stars. The kinematic analysis shows that the seven low radial-velocity



Chaptery: Analysis of CH and CEMP stars 216

(JV:] < 100 km s™!) objects in our sample, BD—19 132, HD 30443, HE 0457—1805,
LAMOSTJ091608.814-230734.6, HE 0920—0506, HE 1304—2111 and HD 202851,
are members of the Galactic disk population, and the rest six high radial-velocity
(JV:] > 100 km s™') objects belong to the Galactic halo population. From their
position on the H-R diagram, all the stars are found to be low-mass objects (~1
Mg) except for HE 1304—2111 and HE 1354—2257. We note that the evolution-
ary tracks corresponding to the luminosity and temperature of HE 1304—2111 and
HE 1354—2257 are not available.

The objects LAMOSTJ091608.81+230734.6, HE 0920—0506, and HD 202851 are
found to be CH stars, while the remaining ten objects in our sample are bonafide
CEMP stars. Four objects, BD—19 132, HE 0457—1805, HE 1354—2257, and
BD-+19 3109, are CEMP-s stars, whereas BD—19 290, HD 30443, HE 1157—0518,
HE 1304—2111, HE 1327—2116, and LAMOSTJ151003.74-+305407.3 are found to
be CEMP-r/s stars. Our analysis based on various diagnostics confirms the pol-
lution from low-mass AGB companions. There is no clear separation between the
CEMP-s and CEMP-r/s stars as long as different abundance profiles are concerned.
The parametric model considering the i-process in low-mass, low-metallicity AGB
stars could successfully reproduce the observed abundances in the CEMP-r/s stars.
The parametric model analysis, based on the predictions from the FRUITY mod-
els, performed for the CEMP-s and CH stars, confirms the former low-mass AGB

companions with masses M < 2.5 M.

4.13 Appendix B

Atomic lines and line information used to derive the elemental abundances are

listed in Tables B1 and B2.



Table B1 : Equivalent widths (in mA) of Fe lines used for deriving atmospheric parameters

Wavelength(A)  El  Ej,(eV) loggf BD-19132 BD-19200 HD30443 HE0457-1805 LAMOSTJ091608 HE0920-0506 HEI1157-0518 HE1304-2111 HEI1327-2116 HEI1354-2257 LAMOSTJ151003 BD-193109 HD202851 References
4132.9 Fel 28  -1.01 - - - - - 76.1(6.73) - - - - - - - 1
4337.05 156 -17 - - - 145.6(5.42) - - - - - - - - - 1
4422568 2845 -111 - - - - - 74.8(6.69) - - - - - - - 1
4445471 0087  -5.38 105.3(5.69) 34.9(4.75) - - 77.50(6.44) - - - - - - - 77.1(6.64) 1
4466.551 2832 -0.590 - - - - - - - - - - - - 136.4(6.59) 1
4484.22 3.603  -0.720 - - - - 91.70(6.40) - - 41.8(5.26) - - 88.1(5.72) - - 1
4489.739 0121 -3.966 - - - - 133.5(6.39 - - - - 108.3(5.31) - - 128.3(6.53) 1
4531.626 3211 -2.511 - - - - - - - - 83.4(4.68) - - - - 1
4547.847 3546 -0.780 - - - - - 62.6(6.65) - - - - - - - 1
4595.358 3301 -1.72  56.0(5.73) - - - : - B : B B . B ) 1
4619.288 3603 -1.120  63.5(5.65) - - - 84.2(6.60) - - - - - 76.7(5.95) - 87.3(6.79) 1
4625.045 3241 -1.34 - 20.3(4.64) - 61.9(5.49) - 58.0(6.73) - 36.6(5.25) - - - - - 1
4630.12 2278 -2.600 - - - - - - - 28.4(5.03) - 50.1(5.66) - - - 1
4635.846 2845  -242  48.0(5.68) - - - 56.2(6.45) - - - - - - 24.0(5.17)  57.2(6.57) 1
4637.503 3283 <139 69.5(5.59) - - - 86.3(6.53) - - - - - - - - 1
4643.464 3654 -1.29  53.4(5.73) - - - 53.7(6.60) - - - - - - 38.2(5.40) - 1
4690.138 3.686  -1.64 - - - - 53.7(6.60) - - - - - - - - 1
4733.591 1484 271 - - - 127.0(5.66) - - - - - - - - - 1
4787.827 2998 -2.770 - - - - - - - - - - - - 39.4(6.77) 1
4788.751 3236 -1.810 52.5(5.61) - - - - - - - - - - - - 1
4789.651 3546 -0.91 - - - - - - - - - 33.0(5.20) - - - 2
4882.143 3417 -1.64 - - - - 82.1(6.80) - - - - - 55.7(5.94) - - 1
4907.732 343 -1.84 - - - - 61.7(6.62) - - - - - - - - 1
4908.031 4217 -1.396 - - - - 39.8(6.58) - - - - - - - - 2
4917.229 4191 -118 - - - - 35.7(6.38) - - - - - - - - 1
4924.77 2278 -2.220 - - - - 111(6.64) - 22.1(5.20)  52.7(5.32) - 48.8(5.26) 112(5.85) - - 1
4930.315 3.959  -1.350 - - - - - - - - - - - - 44.7(6.53) 1
4939.687 0.859  -3.340 - 128.5(4.67) - - 142(6.64) - - - - 99.7(5.33) 173(6.02) - - 1
4967.89 4191 -0.622 - - - - 82.8(6.7) - - - - - - 35.5(5.38) - 3
4969.917 4216 -0.71 - - - - 56.7(6.31) 45.3(6.70) - - - - - - - 1
4985.253 393 -0.560 76.8(5.73) - 77.5(5.80) - 84.8(6.36) - - - - - - - 96.6(6.75) 3
5001.863 3882 0.01 - - - - - - 32.8(4.84) - - 78.9(5.33) - - - 1
5005.711 3883 -0.18 - - - 82.8(5.42) - 81.3(6.88) - - - - - - - 3
5006.119 2833 -0.61 - - - 143.9(5.63) - - - - - - - - - 3
5022.236 3984 -0.53 - - - - 80.8(6.31) - - - - - 96(6.05) - - 1

The abundance obtained from each line is

given in parenthesis.
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Table B1 : continues....

Wavelength(A) El  E,(eV) loggf BD-19132 BD-19200 HD30443 HE0457-1805 LAMOSTJ091608 HE0920-0506 HE1157-0518 HE1304-2111 HE1327-2116 HE1354-2257 LAMOSTJI51003 BD+193109 HD202851 References
5028.126 3573 -1474  41.8(5.59) - - - 71.9(6.59) - - - - - 42.6(5.78) - - 3
5044.211 2851 -215  63.3(5.62) - - - - - - - - 22.3(5.36) - - - 1
5049.819 2278 -1.420 - - - - 160.4(6.77) - - 76.5(5.17) - - - - - 1
5079.223 22 -2.067 - - 147.8(5.86)  115.6(5.65) - 725(6.71)  27.9(5.04) - 27.3(4.72) - - - 112.6(6.54) 1
5083.338 0958  -2.958 - - - - - - - 81.4(5.11) - - - - - 1
5109.652 4302 -0.98 - - - - 62.3(6.77) - - - - - - - - 1
5127.359 0915  -3.307 - - - - 133.2(6.37) 80.9(6.78)  32.8(4.89) - - - - - - 1
5141.739 2424 -2.150 - - - - - - - - - - - 78.1(5.14) - 1
5151.911 1011 -3.32 - 107.8(4.63) - - - - - - - - - - - 1
5159.058 4283 -0.82 - - - - 55.3(6.46) - - - - - - - - 1
5187.915 4143 -1.26 - - - - 54.2(6.71) - - - - - - - - 1
5195.468 422 002 - - - 71.2(5.49) - 74.2(6.83) - - - - - - - 1
5198.711 2222 2135 - - - - - - - - 20.6(4.67)  58.3(5.18) - 112.4(5.37) - 1
5215.179 3266 -0.933 102.6(5.61) - 114.9(5.75) - 121(6.67) - - - 20.7(4.69) - - 91.7(5.31)  113.3(6.67) 1
5226.862 3.038  -0.667 - - - 115.7(5.34) - 92.0(6.76) - - 45.4(4.57) - - - - 1
5242.491 3.634  -0.840 - 20.1(4.71) - - 95.7(6.58) - - - - 46.0(5.54) 84.2(5.87) 58.2(5.33)  94.3(6.71) 1
5247.05 0.087 -4.946 139.3(5.64) 66.8(4.60) - - - 53.8(6.70) - 55.6(5.01) - - 136.1(5.89) 124.1(5.23)  115.2(6.79) 1
5250.209 0121  -4.938 - 58.7(4.52) - - 120.4(6.63) - - - - - 131.1(5.82) 131.2(5.37) - 1
5253.462 3283 -1.67 - - - - 92.1(6.8) - - - - - 78.6(6.06) - - 1
5263.305 3265 -0.970 - - - - - - - 44.7(5.05) - 75.5(5.55) - - - 1
5281.79 3038 -1.020 - - - - - - 41.2(4.96) - - - 150.6(5.94) - - 1
5307.37 161 -2.192 - - - 138.7(5.32) - - - - - - - - - 1
5322.04 228 2840 T72.0(5.57) - 83.5(5.86) - 81.2(6.48) - - - - - 76.4(5.88) 47.9(5.14)  68.9(6.42) 4
5339.93 327 -0.680 - - - 117.8(5.66) 132.7(6.63) - 55.0(5.26) - - - - 100.9(5.19) - 4
5364.858 4445 0.22 - - - - 110.5(6.68) - - - - - - - - 3
5365.399 3573 <144 432(557) - - - 86.7(6.8) - - - - - 55.7(5.9) - - 3
5367.479 4415 035 - 34.7(4.66)  99.4(5.82) - 113.5(6.57) - - 44.5(5.21) - - - 69.9(5.25)  111.4(6.66) 1
5369.961 437 035 87.1(5.58) 30.8(4.54) 110.7(5.92) - 114.3(6.54) - - - - - - 80.2(5.36)  100.9(6.38) 1
5379.574 3.694  -1.480 - - - - - 40.8(6.78) - - - - - - - 1
5383.369 4312 05 - - - - 130(6.65) - - - - - - 80.7(5.13)  131.2(6.78) 1
5303.17 324 -0.720 - - - - - - - - 24.2(4.71) - - - - 4
5445.042 439 -0.020 T73.5(5.75) - 69.0(5.75) - - - - 27.6(5.07) - - - 43.6(5.16)  98.2(6.70) 1
5543.936 4217 -114 - - - - 58.8(6.74) - - - - - - - - 1
5569.62 342 -0.490 - - - - 125.7(6.45) - - - 31.2(4.66)  99.8(5.67) - - 125.6(6.64) 4
5576.09 343 -0.851 - - - - 113.5(6.69) - - - - - - 68.4(5.21) - 1

The abundance obtained from each line

is given in parenthesis.
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Table B1 : continues....

Wavelength(A) El  Ej,(eV) loggf BD-19132 BD-19200 HD30443 HE0457-1805 LAMOSTJ091608 HE0920-0506 HE1157-0518 HE1304-2111 HE1327-2116 HE1354-2257 LAMOSTJ151003 BD+193109 HD202851 References
5586.756 3368 -0.210 137.8(5.60) - - - 157.8(6.71) - - 68.9(5.10) - - - - 152.1(6.75) 1
5615.644 3332 -0.140 - - - - - - - - - - - 129.0(5.31) - 1
5618.631 4209 -1.38 - - - - 51.4(6.72) - - - - - - - - 1
5701.544 2559 -2.216 - - - - 108.5(6.69) - - - - 52.1(5.54) 90.7(5.79) 80.1(5.37) - 1
5741.848 4256 -1.73 - - - - 20.8(6.63) - - - - - - - - 1
5753.12 426 -0.760 - - - - 77.6(6.72) - - - - - 58.6(6.08) 23.1(5.33)  67.6(6.65) 1
5809.22 388  -1.690 - - - - - 27.4(6.74) - - - - - - - 4
5856.088 1204 -1.64 - - - - 34(6.79) - - - - - - - - 1
5859.586 4549 -0.386 - - - - 83.1(6.79) - - - - - - - - 2
5862.357 4549 -0.051 - - - - 81.7(6.31) 61.8(6.71) - - - - - - - 3
5883.813 3.959  -1.360 - - - - - - - - - - - - 57.6(6.71) 1
5956.692 0.859  -4.605 - - - - 95.9(6.62) - - 38.9(5.22) - - 81.6(5.81) - 86.5(6.69) 1
6003.01 3881  -1.12 - - - - - - - - - - 47.7(5.82) - - 1
6024.049 4548 -0.120 - - 54.1(5.85) - - - - - - - - 35.7(5.30)  86.0(6.65) 1
6082.71 2222 -3.573 - - - - 55.2(6.66) - - - - - 28.3(5.86) 21.7(5.29)  57.5(6.83) 1
6136.994 2198 -2.95 - - - - 84.5(6.47) 51.0(6.84) - - - - 78.3(5.88) - - 1
6137.694 2588 -1.403 - 105.3(4.73) - - 157.5(6.76) - - - 40.4(4.65)  98.6(5.39) - 135.7(5.38) - 1
6151.62 218 -3.200 - - - - 79.8(6.71) - - 20.4(5.24) - 21.3(5.57) 62.4(6.01) 39.1(5.30) - 4
6173.34 222 -2.880 - - - - 101.7(6.72) - - - - 30.6(5.41) 108.2(6.17) - - 4
6180.204 2727 278 - - - - 64.8(6.64) - - - - - 43.2(5.96) - - 1
6200.314 2608  -2.437 - - - - - - - - - 36.6(5.54) 85(5.96) - - 1
6213.429 29222 -2.66 - - - - 113(6.68) - - - - - 102.7(5.88) - - 1
6219.279 2198 -2433 - - - - 120.5(6.56) - 25.2(5.27) - - - 140.4(6.08) - - 1
6240.646 2222 -3.380 - - - - 70.8(6.49) 38.6(6.78) - - - 27.9(5.64) 54.1(5.84) - - 1
6246.318 3.603  -0.960 75.7(5.60) - - - - - - - - - - - - 1
6252.554 2404 -1.687 - 87.3(4.60) - - 155.1(6.73) - 146.9(5.12) - - 82.5(5.19) 152.2(5.76) - - 1
6254.258 2279 -248 - - - - - - - - - 73.6(5.62) 117.3(5.86) - - 1
6280.617 0859  -4.39 - - - - 120.5(6.75) - - 52.1(5.26) - - - - - 1
6297.8 2222 274 - - - - 90.3(6.36) 55.7(6.76) - - - - - - - 1
6301.5 3.654  -0.672 - - - - 107.8(6.45) - - 37.6(5.06) - - - 69.6(5.24)  101.8(6.51) 3
6318.018 2453 -2.33 - - - - - - - - - 41.2(5.31) - 83.7(5.32) - 3
6322.69 2588 -2.426 - - - - - - - - - 33.1(5.44) 99.7(6.08) - - 3
6335.328 2198 -2.230 - - 146.4(5.84) - 128(6.46) - - - 26.4(4.77)  58.7(5.14) - 105.0(5.15)  127.5(6.69) 1
6336.823 3.686  -1.05 - - - - - - - - - 22.9(5.19) - - - 1
6393.602 2432 -1.620 - - - - 158.3(6.71) - - - - 90.4(5.25) - - - 1

The abundance obtained from each line is given in parenthesis.
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Table B1 : continues.... §
\Navclcng‘rh(A) El  Ew(eV) loggf BD-19132 BD-19290 HD30443 HE0457-1805 LAMOSTJ091608 HE(0920-0506 HE1157-0518 HE1304-2111 HE1327-2116 HE1354-2257 LAMOSTJ151003 BD-+193109 HD202851 References ‘R
6408.016 3.687 -1.048 - - - 59.4(5.56) 93.5(6.52) - - - - - - - - 1 :Ik
6416.933 479 -0.8%5 - - - - - - - - - - - - 20.9(6.65) 3 S
6419.95 473 0.09 - - - - $1.3(6.77) - - - - - 53.5(6.05) - - 3 (:N
6421.349 2.278 -2.027 - - - - - - - 65.9(5.21) 22.2(4.58) 80.7(5.32) 153.1(5.91) - - 1 C£
6430.85 2.18 -2.010 - - - - 151.5(6.63) - - - 26.5(4.52) 107.9(5.55) 160.5(5.84) - - 4 i
6481.87 2078 2984 - - - - 99.5(6.8) - - - - - - - - 1 <,
6574.227 099  -5.04 - - - - 73.2(6.81) - - - - - 69.5(6.23) - - 1 Q
6575.019 2.588 -2.820 52.0(5.67) - 48.4(5.84) - 79.4(6.69) - - - - - - - 62.4(6.58) 1 :':
6592.91 272 -1470 - 57.0(4.62) 129.7(5.74) - 131.8(6.53) - - - - 56.6(5.12) - 95.8(5.13)  124.5(6.61) 4 §
6593.871 2.432 -2.422 - - - - 107.1(6.55) - - - - - - - 105.1(6.71) 1 S
6677.989 2602 -1.470 - - - - 148.4(6.64) - 45.0(5.17) - - - 169(6.07) - - 1 Q
6739.521 1.557 -4.95 - - - - 28.6(6.59) - - - - - - - - 1 m
6750.15 2.424 -2.621 - - - - 113.7(6.82) - - - - - - - - 1 %
4416.83 Fe II 2.778 -2.6 - - - - - - - - - - 71.3(5.95) - - 1 I
4491.405 2.855 -2.700 - - - 57.6(5.68) - - - - - 33.7(5.21) - 22.8(5.29) - 1 S
4508.288 2855  -2.210 45.0(5.64) 29.5(4.55) 33.5(5.71)  67.8(5.39) - - 25.2(4.97) - 20.2(4.63) - - 140.4(5.27) - 1 P!
14515339 281 2480 - - 2%6.7(5.79)  62.5(5.53) - 70.5(6.75) - - 20.0(4.68) - - 30.3(5.26) - 1
4520.224 2.81 -2.600 32.7(5.65) - 28.9(5.93) 55.1(5.47) - - - - - - - - - 1
4629.339 2.807 -2.280 - - - - 108.3(6.55) 77.8(6.74) - 31.5(5.16) - - - - - 1
4731453 2801 3360 - - - - - - - - - 20.5(5.58) - - - 1
4923.927 2.891 -1.32 - - - - 159.8(6.68) - - - - - - - - 1
5197.56 3923 -2.250 - - - - - 72.2(6.74) - 24.0(5.23) - - - - 85.4(6.62) 4
5234.62 322 2240 N 25.4(4.73) . . 99.2(6.48) - 25.4(5.20)  22.0(5.09) - 52.3(5.35) 60.9(5.76) - - 4
5534.83 325 270 - - - - - - - - - - - - 48.3(6.64) 1
6247.55 380 -2.340 - - - - 57.1(6.6) - - - - - 20.3(5.98) - 46.4(6.72) 4
6369.462 2.891 -4.253 - - - - - - - - - - - - - 2
6456.383 3903 2075 - - - - 67.3(6.56) - - - - 19.9(5.40) 30.8(6.03) - - 1
The abundance obtained from each line is given in parenthesis.
References: 1. Fuhr et al. (1988), 2. Bridges and Kornblith (1974), 3. Kurucz (1988), 4. Lambert et al. (1996)
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Table B2 : Equivalent widths (in mA)

of lines used for deriving elemental abundances

Wavelength(A)  El  Eiy(eV) loggf BD-19132  BD-19200  HD30443  HE0457-1805 LAMOSTJ091608 HE0920-0506 HE1157-0518 HE1304-2111 HE1327-2116 HE1354-2257 LAMOSTJ151003 BD-+193109 HD202851 References
5682.633 Nal 2102 -0.700 120.0(5.52) 31.5(4.65) 99.20(4.96)  140.1(6.49) 109.4(6.15) 66.9(5.89) - 129.8(6.65) - 27.3(4.76) - 21.5(4.14)  93.0(5.90) 1
5688.205 21 0450 130.5(5.42) 35.4(447) 1355(5.11)  149.6(6.39) 106.8(5.86) - - 170.5(6.81)  17.1(4.28)  35.5(4.67) - 31.8(4.11)  104.3(5.84) 1
6154.226 2102 -1.560 - - - - 59.90(6.16) 24.9(5.88) - - - - 23.10(5.27) - - 1
6160.747 2104 -1.260 - - 86.60(5.36)  112.3(6.51) 66.40(5.97) 46.1(6.04) - - - - 35.20(5.20) - 66.4(6.00) 1
4702.991 Mgl 4346  -0.666 - - - 144.4(6.85) - 173.0(7.54) - - - - 116.9(5.85) 115.9(6.05)  151.9(6.95) 2
4730.029 4346 -2.523  37.1(6.30) - - - - - - - - - - 28.4(6.29) - 2
5528.405 4346 -0.620 - 89.4(5.35)  173.00(5.95) - 175.6(7.23) 165.6(7.47)  67.0(5.45)  68.5(5.46)  65.0(5.22) - 138.9(6.00) 141.5(6.06)  171.8(7.09) 2
5711.088 4346 -1.833  92.4(6.33) - 84.00(6.13)  106.2(7.04) 92.80(7.01) 86.1(7.49) - - - 12.4(5.47) 64.30(6.20) - - 2
5690.425 Sil  4.920  -1.870 - - 29.80(6.69) - 31.90(6.67) 32.5(7.02) - - - - - - - 3
5948.541 5083 -123 - 110.0(6.99) - - 61.40(6.72) 65.8(7.26) - 24.8(5.91) - 25.7(6.01) - - 90.8(6.63) 3
6131.852 5616 -1.140 - - 19.60(6.62) - - - - - - - - - - 3
6145.016 5616 -0.820 - - - 24.6(6.10) 31.60(6.38) - - - - - - - - 4
6237.319 5613 -0.530 - 98.7(6.80) - 27.5(5.87) - - - 27.0(5.92)  10.2(5.45)  20.2(5.78) - - - 4
4283.011 Cal 1836 -0.224 - - - 114.3(5.09) - 101.8(5.80) - - - - - - - 5
4318.652 1.809  -0.208 - - - 128.8(5.35) - - - - - - - - - 5
4425.437 1879  -0.385 - - - - - 102.4(5.95)  66.0(4.60) - - - - - - 5
4435.679 189 -0.52 - 57.8(4.00) - - - 91.5(5.86) - - - - 119.2(4.77) - - 5
4455.887 1899 -0.510 - - - - - - 38.8(4.03) - - - - - - 5
4456.616 1899 -1.66 - - - - - 58.7(6.12) - - - - - - - 5
4578.55 2521 -0.56 - - - 73.9(5.22) - 70.2(5.94) - - 17.2(4.17) - - - - 5
5260.387 2521 -1.900 - - 65.40(5.38) - - - - - - - - - - 5
5261.704 2521 -0.730 - - 147.70(5.21) - - - - - - - - - - 5
5265.56 252 -0.11 - 140.4(3.90) - - - - - 50.3(4.38) - - - - - 5
5349.465 2709 -1.178 - - 80.30(5.09) - 38.20(5.42) - - - - - - - - 5
5512.98 2932 -0.29 - - - - 69.90(5.36) - - - - - - - - 5
5581.965 2523 -1.833 116.9(5.13) - - - - - - - 10.5(4.02) - 39.60(4.41) 56.7(4.36) - 5
5590.114 2521 -0.710 - - - - 89.50(5.67) - 12.4(4.22) - 13.04.12) 23.1(4.38) 35.30(4.33) 47.4(4.21)  74.6(5.43) 5
5594.462 2523 -0.050 - 58.7(3.89) - 113.9(5.04) - - 31.8(3.91) - - - - - - 5
5857.451 2932 023 - - - - 93.60(5.27) 93.8(6.01) - - 36.8(4.17)  44.9(4.35) 76.20(4.47) 50.7(4.01)  94.5(5.34) 5
6102.723 1879 -0.890 - - - - 102.0(5.26) - - - 44.2(4.18)  53.4(4.35) 103.5(4.59) 98.2(4.12)  115.9(5.63) 5
6162.173 1899 0.1 - 137.6(3.92) - - - 142.5(5.91) - - - 105.7(4.34) - - - 5
6166.439 2521 -0.900 - - - 82.0(5.36) 64.10(5.33) 57.9(5.87) - - - - - 37.5(4.16)  72.1(5.54) 5
6169.042 2523 -0.55 - - - - 79.50(5.26) 78.2(6.04) - - - 36.2(4.47) - - - 5
6169.563 2523 -0.27 - - - - - 93.4(6.11) - - - - 83.30(4.53) - 96.0(5.37) 5
6439.075 2525 047 - - - - 157.5(5.64) 136.8(6.03) - - - 103.7(4.66) - 137.5(4.24)  155.9(5.61) 5

The abundance obtained from

each line is given

in parenthesis.
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Table B2 : continues....

Wavelength(A)  El  Eu(eV) loggf BD-19132 BD-19200 HD30443  HE0457-1805 LAMOSTJ091608 HE0920-0506 HE1157-0518 HE1304-2111 HE1327-2116 HE1354-2257 LAMOSTJI51003 BD-+193109 HD202851 References
6449.808 2523 -0.550 138.0(5.12) - - 98.6(5.25) 86.90(5.37) 82.0(6.11) - - - - 70.30(4.61) - 92.6(5.55) 5
6455.598 2523 -1.350 - - - - - 47.9(6.05) - - - - - - - 5
6471.662 2525 -0.590 152.7(5.36) - - - - 80.6(6.12) - - - 42.9(4.62) 56.80(4.48) 68.0(4.28) - 5
6493.781 2521 0.14 - - - 134.9(5.16) 117.9(5.27) 110.8(5.99)  69.1(4.12) - - - - - 112.0(5.23) 5
6499.65 2523 -0.590 - - - - - 68.7(5.81) - - - - - - - 5
4453.312 Til 143 -0.051 - - - - - 35.2(4.48) - - - - - - 59.2(4.34) 6
4512.734 0836 -0.480 - - 160.80(3.25) - 84.90(4.04) 55.7(4.44) - - - - - - - 6
4533.239 0.848  0.476 - - - 142.2(3.71) - - - - - 62.2(2.60) - - - 6
4617.269 1749 0.389 - - - - 87.00(4.29) 51.1(4.38) - - 12.9(2.76) - - - 81.0(4.25) 6
4656.468 0 -1.345 - - - 124.4(3.83) - - - - - - - - - 6
4759.272 2255 0.514 - - - 57.7(3.89) 40.30(3.82) 33.8(4.30) - - - - - - - 6
4778.255 224 -0.220 - - 68.50(3.74) - - - - - - - - - 38.1(4.54) 6
482041 1503 -0.441 - - - - - - - 25.4(3.17) - - - - - 6
4840.874 0899  -0.509 163.9(3.80) - 175.30(3.45) - 81.20(3.98) 52.4(4.39) - - - - 78.00(3.19) - 89.1(4.27) 6
4926.147 0818  -217  78.8(3.83) - - - - - - - - - - - - 6
4999.5 083 031 - - - - - - 28.4(2.36)  82.8(3.13) - - - - 133.6(4.31) 6
5007.21 082 017 - - - - 131.4(4.25) - - - 68.5(2.79) - - - - 6
5009.646 0021 -2.259 - - - 81.4(3.92) - - - - - - - - - 6
5024.842 0818  -0.602 - - 176.50(3.36)  118.7(4.05) 82.10(3.95) 56.9(4.51) - - - - 90.20(3.30) - 94.3(4.33) 6
5039.96 002  -113 - 68.4(2.32) - - - - - - - - - - 104.5(4.12) 6
5064.653 0.048  -0.991 - - - 139.7(3.56) - 66.8(4.32) - - - - - - - 6
5210.386 0.047  -0.884 - 84.8(2.24) - 110.0(3.79) 71.2(4.37) - 77.6(2.90) - - 143.9(3.23) - - 6
5460.499 005  -2.88 - - 105.50(3.46) - 27.30(4.26) - - - - . - B B 6
5471.197 1443 -1.440 - - - - - - - - - - - 32.6(3.45) - 6
5739.982 2236 -0.67 - - - - - - - - - - - - 23.6(4.62) 6
5918.535 107 -1.460 103.4(3.64) - 78.70(3.27) - 33.30(4.16) - - - - - 25.70(3.50) - 36.6(4.30) 6
5922.11 1046 -1.466  95.3(3.50) - 77.00(3.22) - 35.10(4.17) - - - - - - - 45.0(4.44) 6
5937.811 1067 -1.89 - - - - - - - - - - - 38.6(3.36) - 6
5941.751 105 -1.510  95.8(3.56) - 77.80(3.28) - 30.70(4.14) - - - - - - - 31.7(4.24) 6
5965.828 1879 -0.409 - - - - - - - - - - - 57.0(3.38) - 6
5978.543 1873 -0.496 - - - - - - - - - - - 52.6(3.39) - 6
6064.629 1046 -1.944 - - - - - - - - - - - - 26.8(4.56) 6
6303.757 1443 -1.566 - - - - 25.00(4.03) - - - - - - 43.5(3.64) - 6
6556.062 146 -1.074  89.1(3.59) - 67.60(3.30) - - - - - - - - - 42.5(4.45) 6
6599.133 09  -2.085 - - - - - - - - - - - 60.2(3.49) - 6

The abundance obtained from each line is given in parenthesis.
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Table B2 : continues....

Wavelength(A) Bl Eiu(eV) loggf BD-19132  BD-19200  HD30443  HE0457-1805 LAMOSTJ091608 HE0920-0506 HE1157-0518 HE1304-2111 HE1327-2116 HE1354-2257 LAMOSTJ151003 BD-+193109 HD202851 References
4161.535 Till  1.084  -2.360 - - - - - - - - 41.9(2.51) - - - 92.8(4.35) 6
4417.719 1165 -1.430 - - - - - 84.4(4.27) - - - - - - - 6
4418.33 1237 -2.460 - - - - - 68.9(4.41) - - - - - - - 6
4443.794 108 -0.700 - - - - - 130.6(4.40) - - - - - - 157.1(4.15) 6
4468.52 113 06 - - - - - 134.9(4.41) - - - - - - - 6
4493.51 108 -2.73  60.0(3.34) - - - - - - - 17.8(2.58) - - - - 6
4563.761 122 -0.960 139.8(3.33) 114.3(2.20) 154.20(3.31) - - - - - - - - 124.4(3.00) - 6
4568.314 122 2650 61.1(3.47) - 74.70(3.83)  59.4(3.30) 69.10(3.98) - - - - - 30.20(3.02) 42.1(3.03) - 6
4571.96 1571 -0.53  123.1(4.73) - - 135.1(3.25) - - - - - - 140.4(3.16) - - 6
4636.32 1164 -2.855 - - - - - - - - - - - - 67.0(4.42) 6
4708.665 1236 -2.210 - - - - - - - - - - - - 86.9(4.29) 6
4764.526 1236 -2.770  62.0(3.57) - 62.40(3.79)  64.9(3.48) - 140.0(4.26) - - - 22.2(2.80) 49.90(3.47) - 76.8(4.61) 6
4779.985 2048 -1.37 - 20.9(2.16) - - - - 18.3(2.75) - 37.0(2.70) - - 57.0(3.14)  97.5(4.64) 6
4798.521 108 243 - 296(2.14) - - 72.10(3.62) 64.9(4.44) - - - 42.2(2.68) - - 82.4(4.21) 6
4805.085 2061 -1.100  87.9(3.56) - - - - - - 33.2(2.54) - - - - - 6
4865.612 1116 -2.61  73.7(3.43) - - - 71.30(3.82) - - - - 31.8(2.70) - - 80.6(4.38) 6
5185.9 189 -1.35 - - - 94.4(3.37) 82.10(3.66) 65.8(4.23)  21.8(261)  99.50(5.36) - 48.4(2.64) 86.30(3.34) 87.2(3.32) - 6
5226.543 1566 -1.300 - - - - - 81.0(4.30)  32.1(242) - - - - - - 6
5336.771 158 1700 81.4(3.23) - - - - - - - - - - - 107.4(4.56) 6
5381.015 1566 -2.08 - - - 94.1(3.61) - - - - 23.5(2.55) - 46.00(3.07) 69.9(3.20) - 6
5418.751 1581 -1.999 - 50.8(4.42) - - - - - - - - - - - 7
4351.05 crl 097 -145 - - - - - 67.0(521)  17.3(3.26) - - - - - - 6
4600.748 1004 -1.260 - - - - - - - 87.0(4.52) - - - - - 6
4616.12 0982  -1.190 - - - - - 80.6(5.33) - - - - - - - 6
4626.173 0968  -1.320 - - - - - - - - - - - 73.7(2.71) - 6
4652.157 1.004  -1.030 - - - - - 82.5(5.24) - - - - - - - 6
4737.347 3.087  -0.099 - - - - - 50.9(5.46) - 29.9(4.29) - - - - 73.5(5.31) 6
4829.372 2544 -0.810 - - - - - 16.4(5.47) - - - - - - 58.8(5.08) 6
4870.801 3.079 005 - - - - - - - 42.0(4.51) - - - - - 6
4942.49 0941 -2.204 - - - - - - - - - - - 33.9(2.91)  99.5(5.55) 6
5247.565 0.961  -1.640 - - - 134.1(4.71) - 68.8(5.28) - - - - 81.80(3.60) 77.3(2.86) - 6
5296.691 0982 -1.400 - - - - 131.8(5.17) - - - 21.6(3.03) - - - 114.3(5.18) 6
5298.277 0983  -1.15 - - - - - - - 100.0(4.39)  34.1(3.02) - - - 125.6(5.19) 6
5300.744 0982  -2.120 - - - 104.1(4.70) - - - - - - 49.00(3.68) 46.1(2.92) - 6
5312.871 345 -0.562 - - - 21.8(4.87) - - - - - - - - 28.6(5.23) 6

The abundance obtained from

each line is given in parenthesis.
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Table B2 : continues....
VVavol(‘,ngth(A) El Ejpw(eV) log gf BD-19132 BD-19290 HD30443 HE0457-1805 LAMOSTJ091608 HE0920-0506 HE1157-0518 HE1304-2111 HE1327-2116 HE1354-2257 LAMOSTJ151003 BD-+193109 HD202851 References
5345.801 1003 -0.980 - - - - 150.1(5.12) 94.2(5.37) - - - - 128.7(3.64) 122.9(2.91)  145.7(5.16) 6
5348.312 1003 -1.290 - - - 148.6(4.62) 121.6(4.86) 84.7(5.43)  18.8(3.10) - - - 106.5(3.62) 95.6(2.81) - 6
5409.772 103 -0.720 - - - - 156.1(4.98) 107.8(5.42) - - - - 130.0(3.41) 125.4(2.70)  168.4(5.25) 6
5787.965 3.323 -0.083 - - - - - 414(5.37) - - - - - - 65.9(5.32) 6
6362.862 0.941 -3.623 - - - - 33.00(5.33) - - - - - - - - 6
4588.19 CrlI 4.072 -0.63 - - - 81.1(4.55) - - - - - - - - - 6
4634.07 4072 -1.240 - 25.9(3.87) - - - 58.0(5.41) - - - 44.6(4.24) - - - 6
4812.337 3.864 -1.800 - 39,4(3.73) - - - - - - - - - - - 6
4848.25 3.864  -1.140 - - - 46.5(4.60) - - - - - 35.9(4.36) - - - 6
5305.853 3.827 -2.357 - - - - - 30.9(5.42) - - - - - - 36.1(5.40) 7
5308.404 4.072 -1.81 - - - - - - - - - - - - 37.8(5.16) 6
5334.869 4.073 -1.562 - - - - - 115/1(5.29) - - - - - - "13.5(5.04) 7
4470.472 Nil 3.399 -0.310 3[).8(4.19) - - - - - - - - - - - - 7
4686.207 3.597 -0.64 - - - 62.8(5,19) G/1.7U(5.11"1) - - - - - - "14,7(4.59) 75.0(5.77) 7
4703.803 3.658 -0.735 - - - - - 45.1(5.87) - - - - - - - 7
4714.408 3.38 0.23 - - - - - - - - - 30. 5(3.59) - - - 8
4731.793 3.833 -0.85 - - - - - 329(5‘80) - - - - - - 61.0(5.92) 8
4732.46 4.106 -0.55 - - - - - - - - 10.1 (4.65) - - - - 8
4752.415 3658 0.7 - - - - - 46.8(5.88) - - - - 40.90(4.76) - 76.4(5.91) 8
4756.51 348 -0.340 - - 104.50(4.95)  94.1(5.39) - 66.3(5.96) - - - - - - 90.8(5.69) 7
4821.13 4.153 -0.85 - - - 23.3(5.25) 37.40(5.73) - - - - - - - - 7
4852.56 3542 -1.07 - - - - - 38.0(5.86) - - 16.7(4.76) - - - - 7
4953.2 374 -0.67 - - - 66.5(5.41) 59.80(5.51) 42.8(5.81) - - - - 22.00(4.45) - - 1
4980.166 3606 -0.110 - - - - - - - 28.10(4.00) - - 72.90(4.55) - - 8
5035.357 3.635 0.29 78.9(4421) - - - - 82.2(5.89) - - - - - - - 8
5081.107 3847 03 52.8(4.02) B N B . N . 38.7(4.23) N . N - - 8
5082.35 3.657 -0.54 - - - - 77.40(5.63) - - 32.2(4.06) - - 36.50(4.49) - - 8
5084.089 3.678 0.03  75.0(4.45) - - - - - 15.6(3.92) - - 20.7(3.87) - - - 1
5099.927 3.678 -0.100 - - - - - - - - - - - - 97."1(5.78) 1
5102.96 1676 -2.62 - 44.9(4.07) - - - - - - - . 93.90(4.87) 89.0(4.45) - 8
5115.389 3.834 -0.11 - - - - - - 11.7(4.09) - - - - - 83.3(5.6/1) 8
5146.48 3706 0.12 - 55.4(4.15) - - - 64.9(5.46) - - - - - - - 9
6086.28 4.266 -0.53 - 53.50(5.79) - 8
6175.36 4089 -0.530 - - 64.10(5.38) - 52.30(5.55) - - - - - - - 52.0(5.64) 8
6176.807 4.088 -0.260 - - - - - - - - 13.8(4.67) - - - 70.5(6.01) 7

The abundance obtained from each line is given in parenthesis.
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Table B2 : continues....

Wavelength(A) Bl Eiy(eV) loggf BD-19132  BD-19200  HD30443  HE0457-1805 LAMOSTJ091608 HE0920-0506 HEI157-0518 HE1304-2111 HE1327-2116 HEI1354-2257 LAMOSTJ151003 BD-+193109 HD202851 References
6177.236 1826 -35 - - - 57.7(5.38) 38.40(5.56) - - - - - - - - 7
6186.71 4106 -0.777 - - - 37.9(5.28) 41.80(5.62) - - - - - - - - 8
6204.6 4088 -1.130 - - - - 32.40(5.76) - - - - - - - 31.3(5.82) 8
6327.593 1676 -3.150 - - - - 79.10(5.72) 29.4(5.65) - - - - - 66.8(4.34)  75.7(5.84) 8
6378.247 4154 -0.89 - - - 29.3(5.26) 31.40(5.57) 24.6(5.88) - - - - - - 37.8(5.79) 7
6643.629 1676 -2.300 - 102.2(4.14)  177.80(5.06) - - - 14.6(3.80)  61.3(4.31) - 34.8(3.98) 106.6(4.53) - - 1
4722.15 Znl 4029  -0.370 - 27.4(2.33) - - - 68.2(4.25) - - - 29.9(2.50) 34.80(2.66) - - 10
4810.53 408 -0.170  48.3(3.00) - 54.70(3.22)  69.9(3.10) - - - - 22.5(2.16) - 33.80(2.46) 20.6(2.48)  64.1(3.48) 10
6362.34 5.8 0.15 - - - - 29.60(4.11) 29.2(4.42) - - - - - - - 10
4883.684 YII 1084 007 - - - - 145.4(2.37) 103.9(2.81)  73.5(0.67) - 79.7(0.08) - - - 169.0(2.97) 11
5087.416 1.084  -0.170 - - - - - 90.8(2.76) - - 59.1(0.06) - - - 164.9(3.12) 11
5119.112 0992 -1.360 - - - - - - - - - - 172.7(3.13) 89.2(1.55)  104.3(3.11) 11
5200.406 0992 -1.360 - - 158.80(1.94) - - 78.0(271)  35.5(0.55 - - - - - - 11
5205.724 1033 -0.34 - - - - - 79.1(255)  41.8(0.48) - - - - - - 11
5289.815 1033 -1.85 - - - - 63.50(2.27) - - - - - - 44.4(123)  78.2(2.99) 11
5402.774 1839 -0.51 - 25.9(0.46)  71.70(1.87) - 77.50(2.20) 19.8(2.56) - - - - - - - 11
5544.611 1738 -1.090 101.0(2.64) - - - 64.50(2.36) 38.3(2.62) - 14.1(0.83) - - - - - 11
5546.009 1748 -L11 - - - - - - - - - - 124.9(2.97) - - 11
5662.925 1944 016 156.8(2.64) 52.7(0.31) - - 105.3(2.26) - 22.7(0.61) - 17.7(0.04) - - - - 12
6613.733 1748 <11 123.5(2.85) - - - 74.20(2.49) - - 12.1(0.67) - - - 54.5(1.47) - 11
4739.48 Zel 0651 023 - 8.3(0.95) - - 84.30(3.30) - - 30.9(1.80) - - 47.30(1.89) - - 13
4772.323 0623 0.04 - 8.3(1.10) - - 60.90(2.92) - - - - - 63.90(2.27) - - 13
4805.889 0687  -042 - - - - 40.40(3.06) - - - - - - - - 13
6134.585 0 -1.280 - - - - 54.10(3.18) - - 19.2(1.75) - - 32.50(2.15) - - 13
4317.321 Zell 0713 -1.38  98.3(2.24) - - - - - - - - - - 53.7(1.28) - 13
5112.297 1665  -0.59  88.0(2.34) - - - - - - - - - - - - 13
4257.12 Cell 046  -1.116 - - - - - - - - - - 36.80(1.15) - - 14
4336.244 0704  -0.564 - 47.3(0.64) - - 82.70(2.32) - - - 20.1(0.52) - - - - 14
4349.789 0701 -0.107 - - - - - 44.3(2.11) - - - - 65.90(1.34) - - 14
4364.653 0495  -0.201 - - - - - 41.9(1.86) - - - - - 94.5(1.08) - 14
4407.273 0701 -0.741 - - 74.10(1.59) - - - - 21.6(0.67) - - 53.70(1.32) - - 14
4418.78 0.863  0.177 - - - - - 41.1(1.88) - - - - - - - 14
4427.916 0535 -0.460 - - - 107.5(1.83) - - - - 32.8(0.46) - - - - 14
4460.207 0477 0171 - - - - . N - B 98.0(0.54) B - B . 14
4483.893 0.864  0.01 - - - 124.4(2.16) - - 38.5(0.99) - - - - - - 14

The abundance obtained from each line is given in parenthesis.
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Table B2 : continues....

\Vavelength(A) El Ejpy(eV) loggf BD-19132  BD-19290 HD30443  HE0457-1805 LAMOSTJ091608 HE0920-0506 HE1157-0518 HE1304-2111 HE1327-2116 HE1354-2257 LAMOSTJ151003 BD-+193109 HD202851 References
4486.909 0.295 -0.474 - - - - - 48.3(2.19) - - - - 67.00(1.44) - - 14
4497.846 0.958 -0.349 - - - - 60.90(2.28) - - - - 48.2(1.11) - - 80.5(2.90) 14
4508.079 0.621 -1.238 - - - 70.8(1.84) - - - - - - - 36.1(1.04) 57.4(2.58) 14
4560.28 0.1 0 - - - - - - 34.4(0.96) - 43.1(0.58) - - - - 14
4562.359 0.477 0.081 - - 140.60(1.39) - - - 62.9(0.87) - - 97.8(1.20) - - 103.5(2.30) 14
4628.161 0.516 0.008 174.3(2.31) - 145.40(1.57) - 120.8(2.43) - - - 62.2(0.33) - - 105.1(0.95)  115.7(2.69) 14
4725.069 0.521 -1.204 - 32.1(0.65)  47.90(1.41) - - - - - - - - 40.6(0.87) - 14
4747167 032 -1.246 - - 86.90(1.65) - - - - - - - 50.80(1.25) 53.7(0.86) - 14
4773.941 0.924 -0.498 - - - - - - - - - - - 42.3(0.77) - 14
4873.999 1.107 -0.892 - - - 61.7(1.83) 49.60(2.22) - - 12.5(0.84) - - - - 53.6(2.67) 14
5187.458 1211 -0.104 - 60.9(0.78) - 102.7(1.94) 86.20(2.35) - - - - 58.5(1.25) - - 82.9(2.68) 14
5274.229 1.044 -0.323 - 89.2(0.46) - - - - 62.2(1.19) - - - 96.10(1.21) 89.2(0.84) - 7
5330.556 0.869 -0.760 103.2(2.06) - - - 72.30(2.23) - - - - 39.8(1.12) 59.40(1.53) - 70.9(2.60) 14
6034.205 1.458 -1.019  53.6(2.23) - - 55.5(2.10) 42.10(2.52) - - - - - - - 35.2(2.74) 14
5188.217 Pr Il 0.922 -1.145  53.4(1.52) - 54.70(1.82) 41.5(1.25) 26.00(1.59) - - - - - 20.40(1.18) - 36.0(2.17) 14
5219.045 0.795 -0.24  112.1(1.47) - - 101.5(1.31) - - 11.9(0.31) 21.3(-0.06) - 24.0(0.06) 77.20(1.02) 60.3(0.37) - 15
5259.728 0.633 -0.682  93.4(1.30) - 116.40(1.70) 91.1(1.31) 65.90(1.60) 12.1(1.12) - - - - 61.90(1.04) - 72.7(2.15) 15
5292.619 0.648  -0.300 - 53.1(-0.06) 141.50(1.68)  104.6(1.21) 83.40(1.62) 22.8(1.17) 10.8(0.15) - - 33.3(0.13) - 54.5(0.10)  77.3(1.90) 15
5322.772 0482  -0.315 - 55.9(-0.23) - 131.8(1.51) 90.30(1.58) - 12.4(0.04) - 20.4(-0.23)  49.5(0.23) 98.00(0.98) 79.3(0.28)  86.9(1.94) 14
6165.891 0.923 -0.205 - - 125.60(1.64)  102.4(1.22) 59.20(1.24) - 8.70(0.21) - - - 63.00(0.87) 50.3(0.18) - 14
4446.384 Nd IT 0.204 -0.590 - - - 139.7(1.99) - - 49.4(0.84) - - - 110.9(1.27) 93.6(0.75) - 16
4451.563 0.38 -0.040 - - - 145.4(1.76) 115.1(2.04) - - - - - - 112.6(0.84) 119.8(2.52) 16
4556.133 0.064 -1.610  123.1(2.14) - 152.30(2.43) - 76.60(2.13) - 17.0(0.99) - - - - 58.1(0.76) - 14
4703.572 0.38 -1.07 - 58.8(0.50) - - - - - - - - - - - 14
4706.543 0 -0.880 - - - - - - - - - - - - - 14
4797.153 0.559 -0.950 - - - - - - - 29.1(0.67) - 41.7(0.82) - - - 14
4811.342 0.064 -1.140 148.9(2.05) 90.7(0.50) 177.70(2.24)  127.3(1.82) 92.80(2.00) 38.4(1.91) - - 47.7(0.52) 79.9(1.15) - 85.3(0.68)  98.4(2.59) 14
4825.478 0182  -0.86 - - - - 112.4(2.37) 34.9(1.62) 43.0(0.90) - 44.0(0.33) - - - - 14
4859.039 032  -0.83 - - - - - - 41.1(0.99) - 38.8(0.39)  63.6(0.80) - - 87.5(2.29) 14
4947.02 0.559 -1.250 109.0(2.08)  28.9(0.40) 107.80(2.02) - - - - - - 29.5(0.85) 58.00(1.42) 56.0(0.96) 62.3(2.35) 14
4961.387 0.631 -0.710 - 58.7(0.40)  138.60(2.02) - 96.00(2.32) - 39.0(1.18) - - 63.0(1.04) 98.20(1.56) - - 14
5130.59 13 0.1 - - - - - 33.4(1.79) 37.0(1.09) - - - - - - 16
5212.361 0204  -0.870 - 123.9(0.70) - 137.4(1.76) - - 60.1(1.17) - - 87.5(1.13) 104.7(1.21) 103.3(0.80)  99.6(2.41) 14
5255.506 0204  -0.820 - - - - - - 41.9(0.82) - 51.2(0.36)  83.5(0.98) - 105.9(0.78) - 14
5276.869 0.859 -0.440 - - 140.20(2.05) - - - 22.4(0.82 - - - 71.80(1.15) 65.8(0.67) - 16
The abundance obtained from each line is given in parenthesis.
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Table B2 : continues....

Wavelength(A) El  Epw(eV) loggf BD-19132  BD-19290 HD30443  HE0457-1805 LAMOSTJ091608 HE0920-0506 HEI1157-0518 HE1304-2111 HE1327-2116 HE1354-2257 LAMOSTJ151003 BD-+193109 HD202851 References

5287.133 0.744  -1.300 101.5(2.17) - 111.90(2.34)  78.1(1.74) - - - - - - 39.30(1.39) 42.4(0.96)  49.5(2.31) 14
5293.163 0.822  -0.060 - - - - - - 46.9(0.86) - 51.2(0.34) - - - - 16
5311.453 098  -0.420 - - 117.00(2.03)  93.8(1.63) - - - 28.2(0.71) - 49.8(1.04) - 58.1(0.84)  66.8(2.23) 16
5319.815 055  -0.210 - - - - - 432(1.64)  63.0(0.94) - 59.3(0.25) - - - - 16
5356.967 1264  -0.250 126.0(2.34) - - - - - - - - 30.90(2.51) 68.20(1.42) - 72.2(2.38) 16
5361.51 068  -04 - 106.9(0.65) - - - - 51.3(1.10) - 36.0(0.30) - 92.40(1.16) 94.2(0.85) - 16
5371.927 1412 0.003 - - - - - . . - - : B B i 16
5442.264 068  -0.910 143.8(2.39) - - 115.8(1.95) 84.40(2.19) - 28.1(1.19) - - - 86.00(1.56) 71.0(0.92) - 16
5485.696 1.264  -0.120 - - - 107.2(1.79) 77.70(1.96) - - - - - 68.70(1.28) - - 16
5688.518 098  -0.25 - - - - - - - - 32.8(0.43) - - - - 16
5718.118 141 -0.340 - - 120.10(2.41) - - - - - - - 48.90(1.39) 37.4(0.78) - 16
5825.857 108  -0.760 - - 123.90(2.38)  95.2(1.85) 65.90(2.08) - - - - - 50.00(1.40) 49.4(0.93)  59.3(2.33) 14
4318.927 SmIl 028  -0.270 - - 176.80(1.69) - - - - - 55.1(-0.19) - - - - 14
4424.337 0485  -0.26 - - - - - 47.0(1.68) - 34.7(0.08) - - - - - 14
4434318 0378  -0.576 108.3(1.14) 52.8(-0.21) 127.50(1.29) - - - - - 24.8(-0.24) - - 80.1(0.50) - 14
4458.509 0104 -111 - 44.3(-0.19) - - 76.30(1.45) - - 28.0(0.05) - 56.1(0.51) - 67.7(0.34)  71.8(1.74) 14
4499.475 0248  -1413  81.6(1.18) - 94.10(1.41)  81.5(1.29) 52.10(1.34) - 16.6(0.73) - - 28.3(0.42) 61.20(1.04) 51.2(0.52)  59.4(1.89) 14
4519.63 0543 -0.751 - - - - - - - - - - 81.70(1.07) 59.6(0.46) - 14
4566.21 033  -1.245 - - - 88.7(1.36) 57.80(1.38) 22.5(1.46) - - - - 63.70(1.01) - - 14
4577.69 025  -0.77 - - - - - - - - 33.0(-0.07) - - - - 14
4615.444 0544 -1.262 - - - - 50.60(1.49) - - - - - - 25.0(0.21)  53.9(1.94) 14
4642.228 0379 -0.951 - - - - 71.20(1.45) 27.4(1.39) - - 23.6(0.08) - 88.90(1.15) - - 14
4674.593 0.184  -1.055 - - - 116.9(1.54) 68.10(1.23) - - - - - - 66.3(0.28) - 14
4676.902 004  -1.407  94.2(1.04) - - - 62.30(1.28) - 16.3(0.46) - 21.6(0.08) - - - - 14
4704.4 0 1562 99.7(1.23) - - 102.5(1.46) 73.10(1.62) 32.0(1.75) - - - - 65.00(0.89) - - 14
4726.026 0333 -1.849 - - - - 31.80(1.42) - - - - - 27.70(1.02) 22.6(0.40) - 14
4791.58 0104 -1.846 84.7(1.35) - 99.40(1.65)  81.6(1.41) - - - - - 25.6(0.57) - - 42.5(1.73) 14
4815.805 0.185  -1.501 - 23.2(-0.17) - - - - - - - - - 45.9(0.30) - 14
4844.209 0277 -1.558 - - 96.60(1.57)  87.3(1.46) - - - - - - - - 53.2(1.87) 14
4854.368 0379 -1.873  44.4(1.07) - - 53.0(1.23) 32.10(1.49) - - - - - - - 29.1(1.79) 14

SUDIS JINHD Puv [ Jo sisfippuyy :ruapdoyy)

The abundance obtained from each line is given in parenthesis.

References: 1. Kurucz and Peytremann (1975), 2. Lincke and Ziegenbein (1971), 3. Garz (1973), 4. Schulz-Gulde (1969), 5. NBS in Kurucz database,
6. MFW in Kurucz database, 7. Kurucz (1988), 8. Fuhr et al. (1988), 9. Heise (1974), 10. Warner (1968), 11. Hannaford et al. (1982), 12. Cowley

and Corliss (1983), 13. Biemont et al. (1981), 14. Meggers et al. (1975), 15. Lage and Whaling (1976), 16. Ward et al. (1985)
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Chapter 5

Conclusions and future work

The thesis sought to comprehend the role of metal-poor stars in the Galactic
chemical enrichment. In particular, we aimed to provide tighter observational
constraints, in the form of observed abundances, to the low-mass (0.8 - 3.0 M)
AGB nucleosynthesis in the Galaxy from a detailed chemical composition analysis

of a sample of metal-poor stars at different metallicities.

The low- and intermediate-mass stars (0.8 - 10 M) are the predominant popula-
tion of our Galaxy. These stars contribute significantly to the chemical evolution of
the Universe as they evolve through different evolutionary stages. The majority of
elements heavier than Fe are produced by these stars through slow- (s-) and rapid-
(r-) neutron-capture processes. The origin and evolution of these heavy elements
remains poorly understood. The atmospheres of low-mass, metal-poor stars in the
Galaxy bear the fingerprints of the chemical evolution history of the Galaxy. The
diverse abundance pattern observed in them points at different formation scenar-
ios. Estimated abundances of these extrinsic stars provide insights into the poorly
understood origin and evolution of elements in the early Galaxy. The last two

decades have witnessed an increase in the high-resolution spectroscopic studies
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of these stars, especially the CEMP stars. However, there are many questions
associated with their origin and the evolution of heavy elements in the Galaxy.
The abundance data available for metal-poor stars has been exploited extensively
to constrain the Galactic chemical evolution. Many studies have highlighted the
scope of enhancing such studies based on larger homogeneous abundance data,

especially for the heavy elements in the low-metallicity regime.

In this thesis, we investigated the contribution of low-mass stars to the Galactic
chemical enrichment from a detailed abundance analysis of a stellar sample of 23
objects ranging in metallicity [Fe/H| from —2.86 to 4+0.23. The stellar sample is
comprised of three subsets: i) a comparatively metal-rich Ba star sample; ii) a
moderately metal-poor CH star sample; and iii) a very metal-poor CEMP-s and
CEMP-r/s star sample. The analysis is based on high-quality, high-resolution
spectra obtained with HCT/HESP (R ~30,000 and 60,000), Mercator/HERMES
(R ~86,000), VLT/UVES (R ~48,000), ESO-MPG/FEROS (R ~48,000), and
SUBARU/HDS (R ~50,000). Some important results obtained from the program
stars are briefly summarized in Table 5.1 for a quick review. We have derived
necessary clues about the evolutionary nature of these objects from a careful anal-
ysis of their abundance patterns and a comparison of their observed abundance
patterns with their counterparts available in the literature for different classes
of metal-poor stars. Clues to the production of heavy-elements by the neutron-
capture process operating at low-metallicity are also derived. For the first time, we
investigated the possible origin(s) of these stars using various abundance profiles
and abundance ratios. The physical properties as well as the initial mass of their
companion AGB stars were investigated from their surface chemical composition
analysis. We presented the first-ever mass estimate for the companion AGB stars
of all the Ba, CH and CEMP-s stars in our sample except for HD 147609. We
have used the least or little explored neutron-density dependent [Rb/Zr| ratio for
the first time for our stellar sample and derived an upper limit to the initial mass

of their companions.
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The main results obtained from this study are summarized below:

e Among the 23 objects in our sample, we present the first ever detailed
high-resolution optical spectroscopic analysis for 12 objects: BD—19 132,
BD—19 290, HD 30443, HE 0457—1805, LAMOSTJ091608.81+4230734.6,
HE 0920—0506, HE 1304—2111, HE 1327—-2116, HE 1354—2257, LAM-
OSTJ151003.74+305407.3, BD+19 3109, and HD 179832. For the other
11 objects in the sample, although a few studies are available in the litera-
ture, they lack in various abundance details. For instance, i) abundance of
Rb, a key s-process element for finding the neutron density at the s-process
site that serves as an indicator of the mass of the companion AGB stars,
ii) abundances of several key elements such as C, N, O, carbon isotopic ra-
tio 12C/13C, and several neutron-capture elements. For these objects, we
have presented updated elemental abundances along with new results from

a detailed spectroscopic analysis.

e Stellar atmospheric parameters: The stellar sample is found to cover
ranges in metallicity [Fe/H]| from —2.86 to +0.23, surface temperature Teg
from 4005 to 6350 K, surface gravity log g from 0.61 to 4.28, and micro-
turbulent velocity ¢ from 0.63 to 3.45 km s™!.

e Stellar mass: The mass of the Ba stars ranges from 0.70 to 2.50 M. All
the CEMP and CH stars for which mass could be estimated are found to be

low-mass with mass < 1.3 Mg,

¢ Elemental abundances and classification: We have estimated the abun-
dances of 28 elements, including light elements, a-process, Fe-peak and
neutron-capture elements. We have also derived the carbon isotopic ratio
12C/13C, an important indicator of mixing, whenever possible. All the pro-
gram stars except HD 154276 show enhanced abundances of neutron-capture
elements. Using the observed abundances and following the robust classifi-

cation schemes, we found nine objects in our sample to be Ba stars, three
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CH stars, four CEMP-s stars, six CEMP-r/s stars, and the star HD 154276

is found to be a normal metal-poor star.

— Carbon: We could determine the carbon abundance in all the program
stars except for the Ba star HD 179832, and the normal metal-poor star
HD 154276. The estimated carbon abundance [C/Fe| in Ba stars ranges
from —0.28 to 0.61. For CH stars, this ratio ranges from 0.36 to 0.80.
The CEMP stars in our sample show an enhanced abundance of carbon

with [C/Fe|] > 1.68, except for BD—19 132 (|C/Fe|~0.70).

— Nitrogen: Nitrogen abundance is estimated in all the program stars
except the Ba stars HD 147609 and HD 179832, the normal metal-poor
star HD 154276, and the CEMP star HE 1304—2111. The estimated
nitrogen abundance |[N/Fe| is in the range of 0.47 - 1.41 for the Ba
stars, 0.45 - 1.42 for the CH stars, and 0.40 - 2.51 for the CEMP stars.
The Ba stars HD 24035 and HD 94518, the CH star HD 202851, and
all the CEMP stars except HD 30443 and HE 1354—2257, show an
enhanced abundance of nitrogen with |[N/Fe|] > 1. The CEMP stars
HE 1327—2116, and BD+19 3109 show the largest enhancement in our
sample with [N/Fe|~2.51 and 2.23 respectively.

— Oxygen: Oxygen abundance is estimated in all the Ba stars except for
HD 24035. The observed oxygen abundance |O/Fe| in them ranges from
—0.47 to 0.97. In the Ba stars HD 94518, HD 147609, and HD 207585,
oxygen is enhanced with [O/Fe| > 0.60. The normal metal-poor star
HD 154276 shows a mild enhancement with a value of [O/Fe|~0.32. The
abundance of oxygen is estimated for all the three CH stars and four
CEMP stars BD—19 132, BD—19 290, HD 30443, and HE 1354—2257.
The [O/Fe| ranges from —0.14 to 0.35 for the CH stars and from 0.23 to
1.41 for the CEMP stars. The CEMP stars BD—19 290 and HD 30443
have the highest oxygen enhancement, with |O/Fe| ratio 1.34 and 1.41,

respectively.
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— Carbon isotopic ratio '*C/!¥C: We have estimated the carbon iso-
topic ratio for 13 stars in our sample. The 2C/13C ratio ranges from
4.0 to 42.0. The low values of this ratio suggest that the observed

abundance patterns of these stars are extrinsic in nature.

— Odd-Z elements- Na, Al: We could estimate the Na abundance
in all the program stars except the CEMP star HE 1157—0518. The
estimated Na abundance |[Na/Fe| in the Ba stars is either near-solar
or slightly enhanced with values ranging from 0.05 to 0.42. The CH
stars show moderate enhancement with [Na/Fe| values ranging from
0.45 to 0.68. The CEMP stars show [Na/Fe| values in the range of 0.12
- 2.83. Among the four Na-enhanced CEMP stars, HE 0457—1805, and
HE 1304—2111 show |[Na/Fe| >2, with HE 1304—2111 (|[Na/Fe|~2.83)
showing the highest reported value of Na for CEMP stars. Such higher

values, although not common, are not unusual in lower metallicity.

The Al abundance could be determined only in 2 stars: HD 154276,
a normal star, and HD 211173, a Ba star. The estimated abundances
of aluminium [Al/Fe| show near-solar values (~—0.10) in these two

objects.

— a-elements: The a-elements show near-solar values in all the Ba
stars, in the normal star HD 154276, and in the CH stars. Except
for HD 30443, and LAMOSTJ151003.74+305407.3, which show near-
solar values, the CEMP stars show enhancement of a-elements with

[or/Fe| in the range of 0.22 - 0.66.

— Fe-peak elements: In our sample, all the Ba stars, the normal star
HD 154276, and all the CH stars except HD 202851 show near-solar
abundance values for Fe-peak elements. While the CEMP stars BD—19
132, HE 1157—-0518, LAMOSTJ151003.74+305407.3, and BD+19 3109
show a near-solar abundance of Fe-peak elements, the remaining CEMP

stars show [X/Fe| in the range of 0.27 - 0.96.
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— Neutron-capture elements: Except for the normal star HD 154276,
all of the other stars in our sample have been found to be enhanced
in neutron-capture elements. The estimated [ls/Fe| and |hs/Fe| are in
the range of (0.91 - 1.88 and 1.44 - 2.52) for the CEMP stars, in the
range of (1.20 - 1.31 and 1.22 - 1.83) for the CH stars, and in the range
of (0.37 - 1.41 and 0.66 - 1.66) for the Ba stars. The total s-process
content |s/Fe| of the program stars is found to be in the range of 0.64

- 2.34 except for the normal star HD 154276 where it is ~0.11.

e Evolutionary stage: From the positions on the H-R diagram, all the pro-
gram stars are found to belong either to the main-sequence or the giant
branch. In our sample, we found 16 giants, three sub-giants, one main-
sequence turn-off star, and one dwarf. Stellar nucleosynthesis theories do
not support the observed enhanced abundance of heavy elements in the evo-
lutionary stages to which these stars belong. This, when combined with
the observed abundance, suggests that the enhanced abundance of these

elements is not in-situ. This indicates pollution from external sources.

e Radial velocity: The estimated radial velocities of the program stars are in
the range of —181.89 - +289.46 km s~!. All the Ba stars, CH stars, and four
CEMP stars - BD—19 132, HD 30443, HE 0457—1805, and HE 1304—2111
are found to be low radial-velocity (|V,| < 100 km s™!) objects. The re-
maining six CEMP stars, BD—19 290, HE 1157—-0518, HE 1327—2116,
HE 1354—2257, LAMOSTJ151003.74+4-305407.3, and BD+19 3109 are found
to be high radial-velocity (|V,| > 100 km s™!) objects.

Seven stars in our sample HD 24035, HD 147609, HD 207585, HD 30443,
HE 0457—1805, BD+19 3109, and HD 202851 are confirmed binaries. For
eight stars HD 36650, HD 154276, HD 219116, BD—19 132, BD—19 290,
HE 0920—-0506, HE 1304—2111 and LAMOSTJ151003.74+4-305407.3, our ra-

dial velocity estimates show deviations from the radial velocity estimates
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listed in the Gaia archive. This may be an indication that these stars are in

binary systems.

e Absolute carbon abundance as diagnostic of binarity: The abso-
lute carbon abundance A(C) - metallicity [Fe/H|, diagram can be used to
distinguish between majority of binary and single stars. In the absence of
long-term radial velocity-monitoring studies, this diagram can be used to
understand the binary status of the program stars. According to Yoon et al.
(2016), the majority of the binary stars lie above the value of A(C)~7.1. All
the program stars are found to occupy the region in this diagram that are
occupied by confirmed binary stars. Thus, from the locations of our program
stars in this diagram, as well as from the the radial velocity estimates, we
infer that the program stars are binaries and that the observed increase in
the abundances of neutron-capture elements could be due to pollution from

binary companions.

Furthermore, based on the A(C) - |Fe/H| diagram, all of our program stars
are Group I objects by Yoon et al. (2016) that reside in the high-carbon band
region at A(C)~7.96. The stars of Group I are known to be the products of
binary mass-transfer from an AGB companion. We may therefore infer that

these stars owe their abundance pattern to a binary AGB companion.

e Nature of companion AGB stars: We have investigated the nature of
the companion AGB stars of our program stars using several diagnostics such
as C, N, O, Na, and Mg abundances, [hs/ls| and [Rb/Zr| ratios. From our
analysis, we found that all these diagnostics are robust indicators of mass

for companion AGB stars.

— CNO abundances: The positions of the stars on the A (C) - [Fe/H]
diagram indicate that they are in the region of binary stars known
to be polluted by low-mass AGB stars. Among our sample, the Ba
stars HD 24035 and HD 94518, the CEMP star BD—19 132 and the
CH star HD 202851 show enhanced abundance of nitrogen (|[N/Fe| >1)
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compared to carbon, a behaviour that is characteristic of massive AGB
stars with HBB. Our analysis based on [C/N] ratio has shown that all
these stars have undergone internal mixing ([C/N] < —0.6) that altered
the C and N abundance through the CN cycle. The [C+N-+O/Fe|
values of the stars BD—19 132, and HD 202851, on the other hand, may
indicate pollution from massive AGB companion. We have examined

this possibility using abundances of other elements.

— Na and Mg abundances: In massive AGB stars, where the neutron
source is *?Ne(a, n)*Mg reaction, Na is found to be produced in abun-
dance through the Ne - Na cycle. These stars also show an enhanced
abundance of Mg produced from the a-capture reactions of *’Ne. Be-
sides Na and Mg, N is also produced in abundance in these stars through
HBB. As a result, the abundance of Na and Mg are expected to be cor-
related with the abundance of N. Furthermore, the diffusive mixing and
the H-burning in the massive AGB stars reduce the s-process efficiency;,
leading to an anti-correlation of s-process elements and nitrogen. We
could not find any enhancement of Na and Mg in the Ba stars as com-
pared to the disk dwarfs and field giants of the Galaxy. This discards
the operation of **Ne(a, n)**Mg neutron source and and rules out the
possibility of a massive AGB companion for them. The four CEMP
stars BD—19 132, BD—19 290, HE 0457—1805, and HE 1304—2111,
on the other hand, are enhanced in Na with [Na/Fe|] > 1. The star
HE 0457—1805 is enhanced in Mg as well ([Mg/Fe| > 1). However, the
absence of [Na/Fe| - [N/Fe|, [Mg/Fe| - [N/Fe| correlations, and [Na/Fe|
- |s/Fe], [Mg/Fe| - [s/Fe| anti-correlations for the sample of CH and

CEMP stars rules out massive AGB star companions.

— The [hs/ls] ratio as an indicator of the neutron source: The
ratio of abundances of heavy s-process elements to the light s-process

elements, the |[hs/lIs| ratio, is an indicator of s-process efficiency in AGB
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stars. The AGB models predict a positive value for this ratio in low-
mass AGB stars (M < 3 M) and a negative value in the case of massive
AGB stars (M > 3 M,). All the stars in our sample show positive values
for this ratio except for the CH star HE 0920—0506, and the CEMP star
HE 1354—2257. However, these two stars do not show any enhancement
of N, Na, and Mg that is expected in massive AGB stars. This, com-
bined with the negative values of |hs/ls| ratio, discarded the possibility
of massive AGB companions for these two objects. Furthermore, for
the objects BD—19 132, and HD 202851 with enhanced nitrogen abun-
dance, the positive |[hs/ls| ratio values, as well as the conclusion drawn
from the Na and Mg abundances, rule out pollution from massive AGB

companions.

— The [Rb/Zr| ratio as a probe of the neutron density at the
s-process site: Rb is a unique probe of the neutron density at the
s-process site and hence a powerful diagnostic of the mass of the AGB
star. AGB models and observations have shown that massive AGB stars
(M > 4 M) are characterized by positive values of the [Rb/Zr| ratio
and low-mass AGB stars (M < 3 M) by negative values of the [Rb/Zr].
However, this important neutron density dependent abundance ratio,
[Rb/Zr]|, is not explored by many to determine the mass of the AGBs.
We have examined the [Rb/Zr| ratio for our stellar sample, and inves-
tigated the characteristics of their companion AGB stars. We could
estimate the values of the [Rb/Zr| ratio in 13 program stars, and all of
them show a negative value for this ratio. We have made a comparison
of the observed Rb and Zr abundances in the program stars with their
counterparts observed in low- and intermediate-mass AGB stars of the
Galaxy and the Magellanic Clouds. It has been shown that the observed
ranges of Rb and Zr in the program stars are incompatible with those

observed in the intermediate-mass AGB stars. This confirmed that all
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the program stars are polluted by the low-mass AGB companions (M
< 3 Mg).

e i-process and the origin of CEMP-r/s stars: The origin of CEMP-
r/s stars is still a puzzling problem. We have conducted a comprehensive
analysis of the observed abundance patterns of the CEMP-s and CEMP-r/s
stars, including data from literature. The CEMP-s stars and CEMP-r/s
stars could not be distinguished in terms of any of the abundance profiles
considered. The continuity between the CEMP-s and CEMP-r/s stars in
terms of various abundance profiles and abundance ratios confirms the same
astrophysical site for both the classes of stars. The similar [ls/Fe| values, but
higher |hs/Fe| values, and the tight correlation between [Eu/Fe| and |[hs/Fe]
of the CEMP-r/s stars compared to the CEMP-s stars indicate a higher
neutron exposure and higher neutron density requirement than that for the
classical s-process that produces the CEMP-s stars. We have confirmed from
our analysis that a modified s-process in AGB stars, called the i-process,
that requires a neutron density between s- and r-process neutron densities,
is responsible for the observed abundances of the CEMP-r/s stars in our

sample.

e Parametric model-based analysis: From the analysis based on different
diagnostics, we have found that none of the program stars are polluted by
massive AGB stars. Our analysis, based on different abundance ratios and
abundance profiles, confirmed the low-mass AGB companions of the program
stars. To strengthen our results, we have conducted a parametric-model
based analysis for our sample. The observed abundances of neutron-capture
elements in our program stars are compared with the predictions of stellar
nucleosynthesis models appropriate for each class of the stars. The para-
metric model-based study for the program stars corroborated the results we

have obtained from the abundance profile analysis.
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— Ba, CH, and CEMP-s stars: A comparison of the observed abun-
dances of these stars with the predictions from the FRUITY models
of AGB stars that considers a dilution factor in the parametric model
function confirmed that the AGB stars that polluted them are low-mass

stars with masses M < 3 Mg.

— CEMP-r/s stars: We have conducted the i-process parametric model-
based analysis of the CEMP-r/s stars to confirm their origin. The ob-
served abundance patterns in the CEMP-r/s stars of our sample are well
reproduced by the i-process yields [X/Fe| of low-mass, low-metallicity
AGB stars. The neutron densities responsible for the observed abun-
dance patterns of the CEMP-r/s stars BD—19 290, HD 30443, HE 1157—0518,
HE 1304—2111, HE 1327—2116 and LAMOSTJ151003.74+305407.3 are
found to be n~10*, 10*, 102, 10*3, 10, and 102 respectively.

e Kinematic analysis: A kinematic analysis of the program stars has been
performed to understand their spatial distributions. This information is
just as important as elemental abundance information in constraining the
evolution of the Galaxy. The Ba and CH stars are found to be members of
the Galactic disk population, and the majority of the CEMP stars are found
to belong to the Galactic halo.

Our analysis of stars at the given range of metallicity has shown that the stars
are polluted by ejecta from the low-mass AGB companions. The studies on the
Galactic chemical evolution would thus remain incomplete without considering
the contribution of these low-mass stars. We also confirm that low-mass stars
began contributing to the Galactic chemical evolution at metallicities as low as

[Fe/H|~—3.
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TABLE 5.1: Program stars with important results

Star name |Fe/H| |C/Fe] 2¢/18C [Ba/Eu| [hs/ls] [Rb/Zr| Galactic population
Ba stars
HD 24035 —0.51 041 - 1.22 0.20 - Disk
HD 32712 —-0.25 —0.05 20.00 1.05 1.15 —1.65 Disk
HD 36650 —-0.02 —-0.22 7.34 0.70 0.28 —1.33 Disk
HD 94518 —0.55 —0.28 - 0.75 0.19 - Disk
HD 147609 —-0.28 0.38 - 1.27 0.06 - Disk
HD 179832 +0.23 - - 0.41 0.19 —2.64 Disk
HD 207585 —0.38  0.61 - 1.32 0.64 - Disk
HD 211173 -0.17  —-0.23 20.00 0.44 0.26 —1.38 Disk
HD 219116 —0.45 0.02 7.34 0.79 0.62 - Disk
Normal metal-poor star
HD 154276 —0.10 0.33 Disk
CH stars
LAMOSTJ091608.81+230734.6 —0.89  0.36 8.67 0.49 0.37 —0.92 Disk
HE 0920—-0506 —-0.75  0.57 1.60 —-0.07  -1.29 Disk
HD 202851 —0.85  0.80 42.00 1.11 0.52 —-1.95 Disk
CEMP-s stars
BD-19 132 —-1.86 0.70 18.00 1.01 1.14 —2.07 Disk
HE 0457—1805 —-1.98 1.83 23.00 1.43 0.50 —1.02 Disk
HE 1354—-2257 —2.11 2.03 1.16 —0.24 Halo
BD-+19 3109 —2.23 247 9.00 1.01 0.73 —0.72 Halo
CEMP-r/s stars
BD—19 290 —2.86 1.90 4.00 0.39 0.84 —0.25 Halo
HD 30443 —1.68  1.68 9.33 0.41 1.00 —1.54 Disk
HE 1157—0518 —2.42 2.31 - 0.47 0.59 - Halo
HE 1304—2111 —2.34 2.24 - 0.46 0.58 - Disk
HE 1327-2116 —2.84 246 7.00 0.58 0.83 - Halo
LAMOSTJ151003.74+305407.3  —1.57 1.74 13.33 0.25 0.14 —-0.99 Halo

Our abundance results, combined with the results from earlier studies, can be used

to constrain the nucleosynthesis as well as the physical properties of low-mass AGB

stars.

5.1 Future work

e In the thesis, we have considered the analysis of only CEMP-s and CEMP-r/s

sub-classes. In the future, we would like to enhance this study by considering

a larger sample of extremely metal-poor, low-mass stars. They are important
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probes for studying the very early Galactic nucleosynthesis and the nature of
the first stars (Pop III stars). The surface chemical composition of CEMP-
no stars is thought to have an intrinsic origin, making them ideal candidates
for such studies (Spite et al. 2013; Bonifacio et al. 2015; Hansen et al. 2015;
Yoon et al. 2016). They are direct descendants of first generation stars and
exhibit abundance patterns similar to Pop III stars (Frebel 2008; Nomoto
et al. 2013; Spite et al. 2013; Choplin et al. 2017; Ezzeddine et al. 2019). A
number of scenarios have been proposed for their origin (Hansen et al. 2015
and references therein). However, the exact origin of these stars is not yet
confirmed. We propose to conduct analysis of a sample of CEMP-no stars
with the aim of deriving clues to their origin. The high-resolution data re-
quired for such a study are obtained from HCT /HESP, Mercator/HERMES,
and SUBARU/HDS.

e The present study focused mainly on the abundance of heavy elements. It
would be interesting to study the behaviour of light elements such as C, N,
O, Na, Mg, and Al with respect to the neutron source and neutron density.
In particular, understanding the observed overabundance of Na in the low-

metallicity regime is still a challenge.

e All the extrinsic stars analyzed in this study are found to have a low-mass
AGB companion. It would be worthwhile to investigate if this result holds
true for all extrinsic stars in the Galaxy. To conduct such a study, we require
homogeneous abundance data for a still larger sample of extrinsic stars in
AGB binary systems. This is expected to provide a better understanding
of AGB stars’ contributions to the Galactic chemical enrichment and shed

light on the chemical evolution history of galaxies.
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Successful observing proposals

S1.No. Title of the proposal Proposal code** Instrument  Allotted Clear Investigators™
nights  nights
1 Spectroscopy of potential CH star candidates HCT-2016-C3-P10 HCT/HFOSC 4 4 AG (PI), ST (Co-PI)
2 Spectroscopy of potential CH star candidates HCT-2017-C1-P03 HCT/HFOSC 4 4 AG (PI), ST (Co-PI)
3 Spectroscopy of potential CH star candidates HCT-2017-C2-P02 HCT/HFOSC 3 2 AG (PI), ST (Co-PI)
HCT/HESP

4 Spectroscopy of potential CH star candidates HCT-2017-C3-P05  HCT/HESP 4 4 G (PI), ST (Co-PI)
5 Spectroscopy of potential CH star candidates HCT-2018-C1-P01  HCT/HESP 3 3 G (PI), ST (Co-PI)
6 Spectroscopy of metal-poor stars HCT-2018-C1-P07 HCT/HESP 3.5 3 SJ (PI), AG (Co-PI)
7 Spectroscopy of metal-poor stars HCT-2018-C2-P03 HCT/HESP 2 0 SJ (PI), AG (Co-PI)
8 Spectroscopy of potential CH star candidates HCT-2018-C2-P02 HCT/HESP 2 2 AG (PI), ST (Co-PI)
9 Spectroscopy of metal-poor stars HCT-2018-C3-P44 HCT/HESP 3 2.5 SJ (PI), AG (Co-PI)
10 Spectroscopy of potential CH star candidates HCT-2018-C3-P52 HCT/HESP 3 2 AG (PI), SJ (Co-PI)
11 Spectroscopy of metal-poor stars HCT-2019-C1-P63 HCT/HESP 4 1.5 SJ (PI), AG (Co-PI)
12 Spectroscopy of potential CH star candidates HCT-2019-C1-P61 HCT/HESP 3 1.5 AG (PI), SJ (Co-PI)
13 Spectroscopy of metal-poor stars HCT-2019-C2-P55 HCT/HESP 3 1 SJ (PI), AG (Co-PI)
14 Spectroscopy of potential CH star candidates HCT-2019-C2-P06  HCT/HESP 3 1 AG (PI), ST (Co-PI)
13 Spectroscopy of metal-poor stars HCT-2019-C3-P18 HCT/HFOSC 4 1 SJ (PI), AG (Co-PI)
14 Spectroscopy of potential CH star candidates HCT-2019-C3-P26 HCT/HFOSC 3 2 AG (PI), ST (Co-PI)
15 Identification of most metal-poor stars based on low-resolution spectroscopy HCT-2020-C1-P12 HCT/HFOSC 5 3 SJ (PI), AG (Co-PI)
16 Identification of most metal-poor stars based on low-resolution spectroscopy HCT-2020-C2-P06 HCT/HFOSC 6 2.5  SJ (PI), AG (Co-PI)
17 Identification of most metal-poor stars based on low-resolution spectroscopy HCT-2020-C3-P08 HCT/HFOSC 4.5 3.5 SJ (PI), AG (Co-PI)
18 Identification of most metal-poor stars based on low-resolution spectroscopy HCT-2021-C1-P09 HCT/HFOSC 4 25 SJ (PI), AG (Co-PI)
19 Identification of most metal-poor stars based on low-resolution spectroscopy HCT-2021-C2-P16 HCT/HFOSC 3.5 0 SJ (PI), AG (Co-PI)
20 Identification of most metal-poor stars based on low-resolution spectroscopy HCT-2021-C3-P06 HCT/HFOSC 4 2 SJ (PI), AG (Co-PI)

*AG: Aruna Goswami, SJ: Shejeelammal J

**Cycles: C1: January - April, C2: May - August, C3: September - December
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