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Abstract

The thesis aims to study the chemical abundances of very metal poor Milky Way halo
stars and Globular cluster stars, to understand their possible common origin. Halo stars
and globular clusters belong to the oldest stellar population of the Galaxy and detailed
Chemical tagging of these populations can addresses several intriguing problems in the
area of galaxy formation and globular cluster formation and evolution. In this study we
have used low and high resolution spectroscopic abundance analysis to address possible
connection between halo stars and globular clusters. In order to achieve this, We carried
out high resolution spectroscopic survey using the Hanle echelle spectrograph at 2m
Himalayan Chandra telescope. We also use low resolution spectra of Halo stars and
globular clusters from Sloan Digital Sky Survey (SDSS). The thesis describes detailed
abundances analysis of about 50 stars, in the metallicity range of halo and Globular
clusters. These are selected from bright SDSS-MARVELS pre-survey data. All these
objects are newly discovered VMP or EMP stars and their detailed chemical abundances
are studied for the first time in the this work. These results are presented in detail in

individual chapters.

The results include two stars (EMP & CEMP-no) in the metallicity range < -3.0 has
already been published in ApJ. The other interesting results of the study are three
globular cluster escapees that show the typical light-element anomalies (CH-CN, Na-
O, Mg-Al anti-correlations) associated with second generation GC stars. Two of them
are RGBs and one is a blue straggler star, which is a rare class of object among halo
stars. It is also the most metal poor Gc escapee discovered till date. The blue straggler
shows strong overabundances of Na([Na/Fe]=+1.50) along with a very depleted Mg
and Ca([Mg/Fe]=-0.30; [Ca/Fe]=-0.50). Lithium is also be detected in two of these
GC escapees which is very important to constrain the nature of the original polluters
of the GC. These objects are bright for detailed isotopic abundances studies with 8-10

i



class telescopes, which will provide insights to the origin of globular cluster abundance

anomaly and efforts are underway.

Additional interesting objects include discovery of an r—process rich star with [Eu-
/Fe]=+0.9 and [Th/Fe]=1.28 and other R-I and R-Il stars with +0.30<[Eu/Fe]<+1.2.
We also identified two CEMP-no stars and two CEMP-s stars. One of the CEMP-s
star ([Fe/H]=-2.3,[C/Fe]=0.87) shows a rather unusually high abundance of n-capture
like [Ba/Fe]=1.67 and [Eu/Fe]=0.78 and uniform enhancement in all heavy elements.
This could be a signature of NS-NS merger events that produce a blue Kilo-Novae and
synthesis light r-process elements or i-process. We have also conducted a comparative
study of CEMP-no and EMP stars using their heavy element enrichment and Lithium.
Lithium was detected in CEMP giants and dwarfs and they exhibit the expected deple-
tion from Spite plateau as they ascend the giant branch. We found Lithium to have
a similar distribution among CEMP-no and EMP stars. Lithium was also detected
(A(Li)=1.60) in one of the r-I stars which a rare occurrence. We also present heavy
element abundance among GC stars using low resolution SDSS data and compare them

with Halo stars to understand the common origin.

We have used the archival data of ESO and SDSS to study the key neutron capture
elements like Sr and Ba for globular cluster stars. A spectral grid was developed over
wide ranges of temperature,log(g),]Fe/H],[Sr/Fe] and [Ba/Fe]. We tried to explore
the common origin for the Halo stars and individual clusters. Neutron star mergers
were found to the chief contributor for globular clusters whereas Halo stars showed

both NS-NS mergers and supernovae to play a key role in different paradigms.
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Chapter 1

Introduction

1.1 Near Field Cosmology

The idea that even the stars in the Milky Way galaxy could reveal significant clues
about the conditions that existed in the early universe, a few billion years following
the Big Bang as described by Freeman and Bland-Hawthorn (2002) is summarily
known as near field cosmology. It had taken several decades to become an impor-

tant realm of investigation for scientists probing the earliest epochs of the universe.

The long-lived metal poor stars in the Galactic halo provides invaluable infor-
mation regarding several intriguing questions. Some of the main aspects of such

studies are given below

e The abundance pattern in the metal poor star are used as inputs for deter-
mining the first mass function (FMF') which is believed to be largely different
1
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from the typical power law initial mass function (IMF) that holds true for
the current epoch. It is also essential to determine the nature of the first

stars.

e The chemical yields in the metal poor stars provide key information towards
the nature of supernova and the production of elements (sequence of nucle-
osynthesis events) during the explosion. These low mass long-lived stars are
least likely to be polluted by several events and hence, retain the signatures

to this day.

e The derivation of metallicity distribution function (MDF) for the Halo re-
quires study of a large sample of halo stars. This would help us to answer
the question if we have reached the limits of the lowest metallicity in the

Galaxy.

e Detailed abundance analysis of the heavy elements for a large number of
halo stars, satellite galaxies and globular clusters provide us relevant infor-
mation about the production sites for neutron capture elements. Neutron
star-neutron star mergers and supernovae with jets are the most likely as-

trophysical sites known till date.

1.2 The Milky Way system

The Milky Way is a spiral galaxy which contains billions of stars and gas. It
consists of a flat disc-like structure in the central region called the disc which
contains the spiral arms, a spheroidal distribution of luminous matter about the
centre called bulge and a halo extending to several kpc. Before discussing the
substructures of Milky Way galaxy, let us discuss the formation of the galaxies in

the universe.
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FIGURE 1.1: Structure of the Milky Way galaxy. The different parts of the
Galaxy are marked in the cartoon diagram. The image is taken from Frebel
(2018)

1.2.1 Formation models

The understanding of the formation of galaxies and larger structures in the universe
involves two different approaches - a top-down approach which states that the huge
clouds fragmented to form protogalactic clouds whereas the other paradigm takes a
bottom-up approach which states that smaller structures combined to form larger

structures.

The top-down approach is also known as the theory of monolithic collapse, came
into existence following the work of Eggen, Lynden and Sandage (ELS theory;
Eggen et al. 1962) who conducted the study on the formation of a single galaxy
which in their case was Milky Way. The ELS theory predicts that the giant
cloud collapses and reaches an equilibrium when the inward gravitational force is
balanced by the outward centrifugal force which develops to conserve the angular
momentum. In this model rapid star formation took place in the halo which was
formed of the protogalactic gas. The process of star formation in the halo lasted
for a time scale comparable to the free fall time. The galactic disc was formed
later out of the leftover gas which fragmented after sufficient cooling to initiate
another episode of star formation. Although this theory successfully explains
several features of the galaxy, it fails to explain a number of observed phenomena
like the retrograde motion of a significant number of stars in the Halo, age spread

in globular clusters and few others.
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The hierarchical clustering or merging follows the bottom-up approach which
states that smaller systems combined over significantly large time scales to form
large structures (Searle and Zinn 1978). The lack of correlations of characteris-
tics of galactic globular clusters (e.g metallicity, stellar mass functions etc) and
halo stars with galactocentric distance points towards a picture where these sub-
systems merged over a large time scale to form the galaxy. It also explains the
formation of elliptical galaxies which could be shown to be a merger of disc galax-
ies. Toomre and Toomre (1972a,b) stated that all galaxies started as disc galaxies,
some of which later merged to form elliptical galaxies. Two of the Toomre objects
NGC 3921 and NGC 7252 were discovered to be post starburst objects which led
to the understanding that these mergers lead to a burst of star formation which
exhausts the available gas in these systems resulting into a merger with primarily
old stellar systems and very little star formation activity. The spiral galaxies like
the Milky Way are the ones which have not undergone any strong interactions or

mergers and thus star formation could still take place in the disk.

ACDM model is the most widely accepted theory to successfully explain the ob-
served properties of the cosmos like the large scale structure formation and the
rate of expansion of the universe (Madriz Aguilar et al. 2017). In this framework,
A denotes the cosmological constant whereas CDM denoted the cold dark matter.
In the ACDM model also known as the standard model of the big bang, the uni-
verse comprises of the A which is related to dark energy, the cold dark matter and
the visible matter (Sola and Gémez-Valent 2015). The theory postulates that as
the universe began to cool after the big bang, the dark matter clumps started to
condense. The gravitational attraction of the gas molecules inside these clumps
accelerated the clumping. This gave rise to regions of higher density. These went
on to become the minihalos which contained the seeds of the first galaxies. As the
subhalos became more massive, the gravitational collapse started and the proto-
galaxies were formed. The process of merging continued to form larger systems

and is known as hierarchical merging.
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1.2.2 (Galactic populations

1.2.3 Disk and Bulge

The bulge is the spheroidal distribution of stars as seen in Figure 1.1. It mainly
contains old stars and also a significant amount of gas and dust. The obscuration
by dust makes the observation of the bulge stars a difficult process and large
uncertainties hover over the determination of the age of the bulge population.
Baade’s window is a small region with a diameter of 2 degree which has a relatively
sparse distribution of dust and thus provides an opportunity to observe and study

the bulge population (e.g. Fulbright et al. 2006).

The disk of the Galaxy is a flattened distribution of stars, surrounding the bulge
in the plane about the galactic centre. It primarily contains the young and in-
termediate stellar populations which move in a coherent orbit about the galactic
centre. The density of the stars decreases both radially and vertically from the
centre in the disk. It also contains the spiral arms where star formation takes place
at a higher rate than the rest of the galaxy. The disk could be categorized into
two sub-categories - the thick disk which contains the old stars formed at earlier

epochs and thin disk which contains the new stars.

1.2.4 Halo

The Galactic halo is a two component spheroidal system - the extended dark
halo following an NFW profile (Navarro-Frenk-White profile; Dalal et al. 2010)
which forms 90% of its mass and the luminous matter which is comprised of the

oldest stars and globular clusters. In terms of the ACDM model, tidal stripping
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and accretion from smaller sub-halos played the key roles in the formation of the
Galactic halo. The chemo-dynamical studies have also led to the separation of the

halo population into two groups -

e The inner halo population have a higher metallicity distribution which peaks
at [Fe/H] = -1.6 and extends to 10-15 kpc. They show a net prograde motion
with highly eccentric orbits (Carollo et al. 2007). Jofré and Weiss (2011)
studied the age distribution of the halo population. No gradient of age was
obtained with metallicity for the stellar halo. This indicates a very rapid
formation of the halo during the collapse of the protogalactic gas. They also
found a number of stars younger than the dominant population which must
have migrated from external galaxies. More recently, Helmi et al. (2018)
have described inner halo to be dominated by net debris from the infall of

Gaia-Enceladus.

e The outer halo population is much older with a lower metallicity distribution
peaking at [Fe/H| = -2.2. They exhibit a net retrograde motion about the
Galactic centre. They provide the most valuable insights into the accretion
and merging history of the Milky Way. Battaglia et al. (2017) have found
the outer halo population to be originating from regions of high initial star
formation rates with large contributions from the asymptotic giant branch

(AGB) stars with respect to the inner halo populations.

1.2.5 Globular Clusters

"Perhaps the most wonderful of all the star clusters are those in which hundreds
upon hundreds of faint stars are all gathered together in the shape of a globe.” Al-
though numerically flawed, Reverend James Baikie beautifully describes the strik-

ing visual appeal of globular clusters. Apart from the magnificent appearance,
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they also play a key role in astronomy. They are isolated systems comprising of
millions of stars located at virtually the same distance which provides us an excel-
lent opportunity to study various aspects of stellar structure and evolution. These
rich ensembles of stars with a significant population at all evolutionary stages are
considered as natural stellar laboratories for extensive studies. The image of the
globular cluster M55 along with its Hertzsprung-Russell (H-R) diagram showing
the rich stellar system with a large number of stars in all evolutionary phases is

shown in Figure 1.2.

Ters [K]
10000 8000 7000 6000 5000

FIGURE 1.2: The photometric image of the metal poor Globular Cluster M55
is shown in the left. The HR diagram for the same cluster is given in the right.

The investigations over several decades have led to several striking discoveries
about globular clusters. They are found to be among the oldest structures to still
exist with estimated ages similar to that of the known universe. They provide
precious information regarding the astrophysical conditions of the early universe
and are of immense importance as fossils of that epoch. They are also found to
host several generations of stars instead of a simple stellar population. Certain
discrepancies have also evolved regarding star-to-star abundance variations, the
peculiar evolution of the cluster stars, chemical enrichment during their formation,
etc which we shall discuss later. The Galactic globular clusters are found to

populate in the Halo.
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1.2.6 Satellite galaxies

There exist more than 50 dwarf galaxies in the vicinity of the Milky Way covering a
wide range of luminosity. Most of them were discovered and could be studied after
the emergence of large sky surveys. The stars in these dwarf spheroidal systems
resemble the abundance pattern of the halo population. This indicates that both
the population were born at similar epochs and have undergone similar chemical
enrichment history. These studies also provide shreds of evidence for the theory

of hierarchical merging.

1.3 Stellar Archaeology: Tracing the path to-

wards early universe

Stellar archaeology is the field of study that is dedicated to the investigation of
the astrophysical conditions in the early universe. It probes into the astrophysical
sites, the physical processes governing star formation at the earliest epochs. The
subject has developed on the results obtained from the chemical abundances of
the older population of stars. The results primarily focus on the patterns of the
distribution of the elements in the periodic table in these metal poor Halo stars.
These observed abundances along with the theoretical models provide detailed
insights into the conditions that prevailed during their formation epochs and the
nature of their predecessors which are believed to be the first generation stars in
the universe (Sneden et al. 2000; Frebel and Norris 2015a; Beers and Christlieb
2005; Frebel and Norris 2015b; Frebel 2018).
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1.3.1 Exploring the earliest times

The first stars were supposed to be formed in metal free environments. The
interstellar matter contained H, He and small amounts of Li. All the heavier
elements (known as metals in astronomy) were synthesized in stellar interiors and
supernova explosions and the ejecta from these stars introduced metals in the
otherwise pristine interstellar matter. As the universe got older, the proportion of
metals in the ISM kept increasing. Thus metallicity could be treated as a proxy
for the age of the universe. Lower the metallicity of an object, earlier was the

epoch of its formation.

Supernovae
Pop Il stars Pop llstars | Supernovae
T Eu « (r-process

) \‘ |Si C C;&( / * Th( process)
He N + AGB stars

. O Fe . Ba <«— (s-process)
Li Mg

Sr X P

: Primordial Chemical Lﬁff\
Big/Bang gas enrichment ;;l{ﬁ
Metallicity (Z), ﬂj U
number of stars
Time >

FIGURE 1.3: The schematic diagram representing the evolution of elements in
the universe from the big bang to the present epoch. The diagram is adopted
from Frebel (2018).

Star formation began within the first few hundred million years of the big bang as
depicted in Figure 1.3 (taken from Frebel (2018)). The first generation of stars are
believed to be massive (known as population III stars due to historical reasons) and
they enriched the ISM by introducing the seeds of heavy elements for subsequent
star formation. The same process got repeated and the cycles of star formation
and death went on with each generation enriching the [ISM with more amount of

metals. The primary contributors were the more massive stars which exploded as
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supernovae of type II resulting in their ejecta getting mixed with the ISM and the
mass loss in the form of winds over long time scales from the relatively lower mass

stars. Both played significant roles to alter the metallicity content of the gas.

With the advent of modern scientific tools like high resolution spectroscopy, several
stars with extremely poor metallicity could be detected with the lowest being
[Fe/H] = -7.3 (Keller et al. 2014). The low mass stars formed in the early epochs
could still be observed today. These are believed to be the direct successors of
the first stars. The ultra faint dwarf spheroidal satellite galaxies of the Milky
Way are also found to host a large fraction of the extremely metal poor stars.
On the contrary, globular clusters which are also one of the oldest stellar systems
to still exist, do not host any star with a metallicity lower than [Fe/H] = -2.5.
Another interesting problem is the estimated over-abundance of carbon in the

lowest metallicity.

Hence, chemical enrichment of the early galaxy is an intriguing problem and de-
mands special attention. The first step towards a deeper understanding of the
problems at hand is to focus on the origin of elements which we shall try to dis-

cuss in the next section.

1.3.2 Nucleosynthesis: Origin of elements

There are several mechanisms by which elements could be produced in the universe.
The lightest elements are believed to have been produced immediately following
the big bang. Most of the elements in the periodic table (barring 'H) up to Fe
are cooked up in the stellar interiors whereas the elements heavier than Fe require
exotic conditions (e.g. high energy, high neutron flux, a certain degree of entropy
and few others) and are synthesized by neutron capture methods. Let us discuss

the details of these mechanisms of how the elements are formed in the universe.
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1.3.2.1 Big Bang Nucleosynthesis

Big bang nucleosynthesis or BBN, also known as primordial nucleosynthesis is an
event which refers to the production of the very light elements for the first time in
the nascent stage of the universe. It was proposed by Ralph Alpher (Alpher-Bethe-
Gamow; Alpher et al. (1948)) who for the first time did the detailed calculations
for production of light elements in the early universe. BBN is supposed to have
taken place in the interval between 10 seconds to 20 minutes from the big bang.
The standard scenario of BBN explains the formation of the elements like 'H,
2H, 3H, 3He, *He, "Li and "Be. Out of these nuclei, *H and “Be were unstable
and they subsequently decayed into *He and "Li respectively. All other elements
heavier than “Li were produced in stellar interiors or explosive stars as we shall

discuss below.

1.3.2.2 Stellar Interiors

The temperature starts rising in the core as the protostellar cloud collapses under
its own gravity. When the core reaches sufficient temperature, the core starts
getting hotter. Once sufficient temperature has reached the hydrogen in the core
starts fusing to form helium. The energy generated from this process of nuclear
fusion halts the further gravitational collapse and the star attains the state of
hydrostatic equilibrium where the radiation pressure balances gravity. This stage is
called the main sequence (MS) and is the most long-lived phase in the journey of a
star. For a solar or sub-solar star, proton-proton (pp) chain is the dominant source
of nuclear energy whereas for a star massive than 1.3 My, the fusion reactions occur
via the CNO (Carbon-Nitrogen-Oxygen) cycle. In both the modes of reactions,
hydrogen get converted to He but different sets of chain reactions are involved.
Temperature for pp chain to be ignited is around 4 x 10° whereas CNO cycle

operates at a temperature of 10 x 10° and higher.
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FIGURE 1.4: Evolutionary sequences of a low mass star in its journey from
main sequence to white dwarf. The image is taken from ”The physical universe,
An Introduction to Astronomy” by Frank Shu.

After spending a long time in this stable hydrostatic equilibrium, the core slowly
gets exhausted and gradually stops burning. Despite having more fuel, the more
massive stars burn it at a faster rate than the low mass stars and move out of the

MS earlier. Then begins the giant phases.

Once the burning hydrogen core is extinguished, gravity again takes over and the
temperature of the core starts rising. This leads to begin the phase of shell H-
burning around the He core. At this stage the star expands, luminosity increases

and the surface temperature falls. This is due to proton diffusion which does not
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FiGUuRE 1.5: The different stages in the evolution of a low mass star. Im-
age credits : https://nate-thegreat.weebly.com/blog/the-life-cycle-of-low-mass-
stars

allow the entire radiation generated by the burning H-shell to reach the surface
resulting it to blot up. As a result, the star takes a sharp right turn as shown in
Figure 1.4. However, at the same time, the core keeps contracting under gravity
and the ash from H-burning shell keeps adding more He to the core. However, it
takes some time for the core to reach He-burning temperature. At this stage, a
convective zone is developed near the surface which transports the products of H-
burning to the surface and is known as ”first dredge-up” or FDU. This significantly
alters the surface composition (e.g. 12¢/13c ratio, Li depletion, etc) and increases
efficiency in energy transport to the surface. This results in the rapid upward rise
and the phase of the star is known as "Red Giant Branch” (RGB). This continues
until the core attains sufficient temperature ( 108 K) and pressure to trigger the
fusion of He into C known as the triple alpha reaction. For low mass stars, it is
known as ”Helium Flash” where He ignition occurs in the ”degenerate core” and is
a violent mechanism which lifts the degeneracy. The point where He fusion starts

is known as the tip of the RGB.

Then follows the downward and leftward movement in which the star shrinks in
size, the temperature starts rising and the luminosity becomes constant after a
sudden drop. This is the second hydrostatic equilibrium phase and is known as
the Horizontal Branch (HB) where the burning He core is surrounded by a burning

H shell. The mass, metallicity and the initial composition of the star play the key
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roles in determining the position of a star in HB. After spending certain time in HB,
the He core gets exhausted and the chain of events get repeated as the star takes
an upward turning ascending into the phase known as ” Asymptotic Giant Branch”
or AGB. It is approximately parallel to the RGB. It is usually characterised by
an inert C-O core, an inner He burning shell and an outer H burning shell which
again becomes convective initiating the ”Second Dredge Up” or SDU. Any event
of the envelope becoming convective after this point are termed as ” Third Dredge
Up”. The surface abundance of the star gets significantly altered by the SDU and
FDU. For massive stars, several chain reactions like Ne-Na cycle and Mg-Al cycle
takes place. Hot bottom burning and Thermally Pulsating AGB (TP-AGB) are
the phases in which different nucleosynthesis events take place (Iben and Renzini
1982; Lattanzio and Forestini 1999; Langer et al. 1999; Herwig 2005). Several
elements of higher atomic numbers like Si, Ne, Al, Na is synthesized in the stellar
interior. Depending upon mass, such chain of nucleosynthesis events can proceed
until the core ash is iron. At the end of this stage, the star is comprised of
different layers which contain ashes from different burning sequences. Figure 1.6
shows the internal structure of a massive star towards the end of the AGB phase.
At this stage, the stars undergo substantial mass loss and finally it sheds the entire
envelope as a planetary nebula which in turn enriches the ISM with the products
of different burning stages. The schematic diagram of the evolution of a low mass

star is displayed in Figure 1.5

1.3.2.3 Explosive stars

The elements in the periodic table till Fe can be synthesized in the stellar interior.
Nucleosynthesis cannot proceed further in the usual manner as Fe has the highest
binding energy per nucleon. The two primary methods by which elements beyond
Fe can be produced are by slow neutron capture (s-process) or rapid neutron

capture (r-process). The s-process can occur with relatively low neutron flux
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FIGURE 1.6: The internal structure of a massive star towards the end of its
AGB phase. Image credits:
https://www.e-education.psu.edu/astro801/book/export /html/1824

and is known to take place inside AGB stars whereas the extremely high neutron
flux to produce r-process cannot be attained inside AGB stars. The primary site
for r-process nucleosynthesis are supernovae, neutron star-neutron star (NS-NS)
merger and neutron star-black hole (NS-BH) merger. Several Fe-peak elements
like Ti, Co, Cr, Ni and Zn are also synthesized during the explosive stages of the
supernovae via the complete and incomplete Si burning in its outer layers. The
a rich freeze out in the supernovae is the primary source for a elements in the

universe.

The burning phase during the explosion of a typical core-collapse supernova is
shown in Figure 1.7. As the shock wave propagates, explosive burning takes place

outside the core and the layers nearest to the centre contain only free neutrons.
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The adjacent layers contain « particles while the heavier nuclei are found furthest
from the core. These heavier nuclei act as the seeds for r-process nucleosynthesis.
In case of NS-NS merger or NS-BH merger, the nucleosynthesis reactions proceed
along the neutron drip line and due to much higher energy being produced in these

mergers, elements much higher in the periodic table like U could be synthesized.
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FI1GURE 1.7: The explosive burning and production of elements in the different

regions of a core collapse supernova. Image credits :
https://physicstoday.scitation.org/doi/full /10.1063/1.1825268
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1.4 Metal poor Halo stars: Relics of the early

age

In the previous sections, we have discussed the chemical evolution of the universe
from the early stages to the current epoch. It is extremely important to categorize
and classify these early generations of stars as discussed in the previous section.
Frebel (2018) provided a detailed scheme of classification based on the paucity of

Fe content in the stars as given in table 1.1.

It is essential to note that in astronomy the abundance of an element with respect
to another is usually quoted in comparison to their ratios in the sun which can be

mathematically represented as

[A/B] = logio(Na/Np)« — logio(Na/Ng)e

where N4 and Np denotes the number of atoms of the elements A and B respec-
tively. Apart from the classification based on metallicity as shown in table 1.1,
the metal poor stars can be categorized based on certain abnormalities in their
abundances. Some show overabundance in carbon, some have excess nitrogen,
some are discovered with a large excess of heavy elements and so on. Discussing
each of such scenarios is beyond the scope of the thesis and so let us briefly discuss

a few of the important classes of stars relevant to this study.

1.4.1 CEMP and EMP stars

Extremely Metal Poor or EMP stars play an important role in understanding the
first stars. As we have discussed already, lower the content of metals in a star,

earlier is the epoch of its formation. The discovery of more number of stars in
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TABLE 1.1: Classes and Signatures of Metal-Poor Stars
Description Definition Abbreviation
Population I1I stars Postulated first stars, formed from metal-free gas Pop IT1
Population IT stars Old (halo) stars formed from low-metallicity gas PopII
Population I stars Young (disk) metal-rich stars Popl
Super metal-rich [Fe/H] > 0.0 MR
Solar [Fe/H] = 0.0
Metal-poor [Fe/H] < —1.0 MP
Very metal-poor [Fe/H] < —2.0 VMP
Extremely metal-poor [Fe/H] < —3.0 EMP
Ultra metal-poor [Fe/H] < —4.0 UMP
Hyper metal-poor [Fe/H] < —5.0 HMP
Mega metal-poor [Fe/H] < —6.0 MMP
Septa metal-poor [Fe/H] < —7.0 SMP
Octa metal-poor [Fe/H] < —8.0 OMP
Giga metal-poor [Fe/H] < —9.0 GMP
Ridiculously metal-poor [Fe/H] < —10.0 RMP
Signature Metal-poor stars with neutron-capture element patterns | 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] > 40.5; also [Ba/Pb] > —1.5 s
r- and s-process 0.0 < [Ba/Eu] < 40.5 and —1.0 < [Ba/Pb] < —0.5 r+s
i-process 0.0 < [La/Eu] < 40.6 and [Hf/Ir] ~ 1.0 i
Signature Metal-poor stars with other element characteristics Abbreviation
Neutron-capture-normal [Ba/Fe|] <0 no
Carbon-enhancement [C/Fe] > +0.7, for log(L/Ls) < 2.3 CEMP

[C/Fe] > (+3.0 — log(L/Lg)), for log(L/Ls) > 2.3°

a-element enhancement

[Mg, Si, Ca, Ti/Fe] ~ +0.4

a-enhanced
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this class enhances the likelihood of observing undiluted signatures of population
IIT stars and imprints of the first supernova. With an increase in the number of
studied EMP stars, a curious feature has emerged. As the metallicity decreases,
[C/Fe] starts increasing. Such stars with [C/Fe] > 40.7 are termed as CEMP or
Carbon Enhanced Metal Poor stars.

The CEMP stars have been categorised into several sub-classes based on abun-

dances of neutron-capture elements as follows

e CEMP-s stars: They show an enhancement in s-process elements. Such
enhancements are attributed to mass transfer scenarios in which it receives
contributions from its binary component during its AGB phase. Binarity

studies also tend to confirm the same.

e CEMP-r stars: They show an excess in r-process elements and are extremely
rare to find in the halo. The progenitor of these stars could be faint super-
novae but the exact source or r-process remains unclear. More discoveries

of such objects could greatly help the cause.

e CEMP-r/s stars: These stars are found to have excess abundances for both
s-process and r-process elements. The source of s-process are AGB stars or
Fast Rotating Massive Stars (FRMS) but the origin of r-process is not very

clear.

e CEMP-no stars: These are discovered with no excess of n-capture elements.
The source of this class of stars are believed to be mixing and fallback su-
pernovae (e.g Nomoto et al. 2013; Tominaga et al. 2014) or spinstars (e.g.,
Meynet et al. 2006; Chiappini 2013). Their frequency goes up as metallicity

decreases and tends to dominate at lowest metallicities.

Apart from the standard [C/Fe] ratios, CEMP stars could also be classified using
the absolute C abundances as described by Yoon et al. (2016). The Yoon-Beers
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FIGURE 1.8: The Yoon-Beers diagram presenting an alternate classification of
CEMP stars based on the absolute carbon abundances. Group I stars with
higher C abundances are all CEMP-s stars whereas CEMP-no stars occupy the
lower C band. The CEMP-no stars are also divided into two groups which could
be lightly associated with the different progenitors.

diagram is shown in Figure 1.8. All the CEMP-s stars occupy the higher band
whereas the CEMP-no stars occupy the lower band. The CEMP-no stars could
be further divided into two classes based upon the trends with metallicity which

could roughly be associated with the two different modes of their formation.

1.4.2 R-process rich stars

The r-process rich stars are those which show enhancements in r-process elements.
They are a rare class of objects formed out of material that underwent mixing

with the ejecta of NS-NS merger, NS-BH merger or core-collapse supernova. The
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r-process pattern (after the first peak) found in these stars is identical to the solar
r-process. Such discoveries indicate the universality of the event and it seems,
there was only one class of progenitor for this population of stars. The Ultra
Faint Dwarf Spheroidal galaxies are the potential sites for their origin which later
migrated to the halo. With the onset of r-process Alliance, there has been a surge
in the discoveries of r-process rich stars. It is very essential to identify more of
these stars to investigate the astrophysical production sites and conditions of the

progenitor population.

1.4.2.1 The Li distribution

The Li problem has been troubling the astronomers for a long time. Li is an
element which is produced after the big bang and not in stellar interiors. However,
the measurement of abundances of Li in the oldest low mass stars shows a constant
value (known as the Spite plateau) at A(Li) = 2.19 which is significantly lower
than the predictions of the BBN model. This reflects on the poor understanding
of the modes of Li depletion in the MSTO stars (Korn et al. 2006) and events that
deplete Li in the early universe (Piau et al. 2006). Li being a fragile element tends
to get destroyed at higher temperatures and thus serves as an excellent tool for

stellar studies.
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1.5 Globular clusters: Fossils from the primor-

dial population

1.5.1 Formation and evolution

Following Fall and Rees (1988), models and mechanisms for the formation of glob-
ular clusters could be categorized into three classes - primary, secondary and ter-

tiary.

e In the primary formation models, globular clusters are formed prior to the
galaxies. According to Peebles and Dicke (1968), the Jeans mass following
recombination for the hierarchically clustering models is around 10° M
which is similar to the mass of a globular cluster. Although, it was later
shown that both astrophysical, as well as cosmological factors play significant
roles in the determination of the mass-scale (e.g. Gunn 1980; Carr and Rees
1984; Ashman and Carr 1988; Ashman and Zepf 1992) but the values are

still comparable.

e Secondary formation models assume that formation of the host galaxy and
globular clusters took place at the same epoch. This is the most attractive
among the different models as they could justify for the strong correlations
between some of the globular cluster properties like metallicity gradients
(Searle and Zinn 1978; Zinn 1985; Armandroff et al. 1992), stellar radii dis-
tributions (van den Bergh 1994), stellar mass function (Piotto 1991; Capac-
cioli et al. 1991, 1993; Djorgovski et al. 1993) etc with the galactocentric
distance. Fall and Rees (1985) showed that thermal instabilities in the pro-
togalaxy could give rise to pockets of cool clouds. For such clouds at low
metallicity, the cooling becomes inefficient for a significantly large timescale.

These cool clouds were thought to be the progenitors of globular clusters.
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The model had several drawbacks (King et al. 1990) like the cooling time was
required to be longer than the dynamical time of the clouds (Gunn 1982) and
several improvements on the model gradually came along (e.g. Murray and
Lin 1992; Richtler and Fichtner 1993, and many more). The secondary for-
mation scenario could successfully explain many of the observed properties

of globular clusters but also fails to explain.

e The tertiary models are those in which globular clusters are formed after the
host galaxy. However, as a word of caution, there is an overlap between these
formation models due to the hierarchical clustering of the galaxy which itself
takes a long time to assemble and thus in many scenarios the distinction
becomes largely semantic. The globular clusters residing in the galactic
disc carry substantial evidence for the tertiary models (Burkert et al. 1992;

Ashman and Zepf 1992).

Based on these fundamental paradigms several advances have taken place in the
last decade. These include cosmological galaxy merging theories (Kruijssen 2014b;

Forbes et al. 2018) which takes a fresh approach to solve the problem.

1.5.2 Abundances

More than a few decades ago, star-to-star variations exceeding an order of magni-
tude in the abundances of the elements like Na and Al were discovered for some
globular clusters like M3, M13 and NGC6752 (Cohen 1978; Peterson 1980; Nor-
ris et al. 1981). The scatter largely exceeded the observational errors. CN band
strength was also found to be anti-correlated with the CH band for the stars at
same evolutionary stage (i.e with the same temperature and gravity) 47 Tuc (Har-
beck et al. 2003) and similar traits were also found for many other clusters later

on (Ramirez and Cohen 2001; Ramirez et al. 2001 and many more). The higher
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abundances of N leads to the formation of the stronger CN band while CH band is
weaker due to relatively lower C. O abundances were also found to be inconsistent
in many of the studied clusters and those were in turn found to be anti-correlated

with Na abundances.

With the advent of high resolution spectroscopic survey in the 1990s, abundances
for the light elements like C, N, O, Al, Na and Mg could be measured in a sta-
tistically significant number of stars in the clusters (e.g. the Lick-Texas survey).
Abundances could also be derived for a large number of a and Fe-peak elements
which provided very valuable insights into the chemical abundances in GC stars.
We are going to discuss the results from these surveys and implications for nucle-

osynthesis events inside GCs in the next section.

1.5.3 Nucleosynthesis and Recycling of products

The discovery of the anti-correlations as discussed in the previous section ensued
a long series of debate among the astronomers. Initially, it was thought that
variable amounts of Na and O could be produced in massive stars but then it
must be accompanied by a scatter in n-capture elements which was again not
seen in GCs (Armosky et al. 1994; Ivans et al. 2001). This puzzle was apparently
solved when it was found that Na could be produced by proton capture reactions
in the same region near the H-burning shell of the giant stars where oxygen begins
to deplete via the incomplete ON cycle (Langer et al. 1993; Salaris et al. 2002;
Gratton et al. 2004). At even hotter temperatures(T > 70 x 10° K), 27 Al could be
produced by subsequent proton capture reactions on **Mg. The most likely stars
to produce these elements in their interiors were thought to be either low mass
RGB stars ascending the giant branch and intermediate mass AGB (IM-AGB)
stars. However, if RGB stars were the true sites of production then a non-standard

dredge up to bring the processed material from the stellar interior to the surface
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has to be incorporated in order to explain the observed chemical signatures in the
GC stars. The idea of evolutionary mixing was kept alive by incorporating rotation
induced differential mixing in GC stars to produce the observed abundances (e.g.
Denissenkov and VandenBerg 2003a,b; Denissenkov and Herwig 2003 among many

others).

The paradigm of evolutionary mixing in GC stars to show the observed abundances
were also useful to explain several observed phenomena like a steady decline in
[C/Fe] as the stars move towards the tip of the RGB, constancy in the sum of
C, N, O as well as Mg, Al for individual GC stars (Briley et al. 1996). However,
the big hurdle of the scenario of evolutionary mixing came with the discovery
of dwarf stars by Gratton et al. (2001) using high resolution UVES/VLT spectra
which yielded similar abundance ratios and same anti-correlations as in giant stars.
Early sub-giants and turn off stars also showed similar traits. Thus, deep mixing
was ruled out as the primary phenomenon driving the abundances as such high

temperatures for advanced p-capture reactions could not be attained in these stars.

In the current picture, primordial variations are believed to have played the key
role. The intra-cluster material was polluted by a significant number of IM-AGB
stars which could produce an enhanced fraction of Na and Al in the inter-shell
region which is rich in neutrons during the thermal pulses (Iben 1976; Forestini and
Charbonnel 1997; Marigo et al. 1998; Ventura et al. 2002; Karakas and Lattanzio
2003). AGB stars with hot bottom burning (HBB) are also known as excellent
candidates to have polluted the intracluster gas (Denissenkov et al. 1997; Ventura
et al. 2002; Garcia-Hernandez et al. 2013; Cristallo et al. 2015). The winds from
these AGB stars have mixed with the proto-cluster gas and raised the floor of the
abundances for these elements. The AGB stars begin to loose mass only after the
very massive stars in the cluster have exploded as core collapse supernovae which
disperse the cluster ISM and the slow winds of the AGB stars allow the processed
gas to be retained by the cluster and get mixed with proto-cluster gas. Thus the



Chapter 1: Introduction 26

subsequent generations of stars that were formed from the mixed clouds which we
observe today have higher abundances of Na, Al and a re-distribution of C-N-O

abundances.

Thus, the primordial variations provide the floor of the abundances upon which
the evolutionary mixing could play a role in case of giant GC stars. So, the first
generation of stars in the cluster would still show normal abundances like field
stars whereas the second and subsequent generation of stars would show the light
element anomalies. This brings us to the question of multiple populations in GCs

which we will discuss in the next section.

1.5.4 Multiple population

Instantaneous star formation and homogenization of chemical abundances of the
molecular clouds would be expected to give rise to a single stellar population.
However, such a scenario would not be pragmatic for a large ensemble of stars
like globular clusters. In the last section, we have discussed that the spread in the
chemical abundances is much larger than the expected original inhomogeneities
and this gives rise to the idea of multiple populations of stars. The multiple
generations of stars include a primordial population, first generation stars and
second generation of stars which itself may have several distinct sub-classes. The
second generation of stars were born out of the material mixed with the ejecta of
a few of the first generation of stars (e.g. Gratton et al. 2001; Ramirez and Cohen
2002; Gratton et al. 2004; Carretta et al. 2009a,b; Gratton et al. 2012a) which
could be seen from the study of the abundances of the light elements. Majority
of the stars found in a GC belong to the second generation. Only the low mass
stars of the first generation still survive in the GCs and are very similar to the
Halo stars. They constitute roughly one-third of total cluster stars and show the

composition of the ejecta of a core collapse supernovae.
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FIGURE 1.9: The discovery of two dwarf stars on the red and blue main sequence
of NGC 2808 by Bragaglia et al. (2010). The triple main sequence for the same
GC was obtained by Piotto et al. (2007). Image taken from Gratton et al.
(2012a)

High quality photometric data displayed multiple sequences in the colour-magnitude
diagram in the main sequence and sub-giant phases for a large number of clusters
which could be studied in great detail (Piotto 2009). Multiple sequences could be
observed photometrically even in the case of NGC 6397 which has an extremely

narrow main sequence in the CMD (Milone et al. 2012).

The era of high quality photometric observations of GCs started with the advent
of the Hubble Space Telescope (HST) which led to a dramatic reduction of the
photometric errors and thus finer details in the Color-Magnitude Diagrams (CMD)
of individual clusters could be discovered. Two or more splits in the main sequence
of several clusters like w-centauri (Bedin et al. 2004; Villanova et al. 2007) and
NGC 2808 (Piotto et al. 2007) were discovered soon. Spectroscopic observations
were also not to be left behind. In 2007, the highly sensitive X-SHOOTER at the

Very Large Telescope (VLT) could record the spectrum of two faint main sequence
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stars in NGC 2808. One of them was on the blue MS and the other on the red
MS in the CMD as showing in Figure 1.9. The result of the chemical tagging
was extremely interesting. The one on the red MS showed normal abundances
while the one on the blue MS showed the typical abundances expected in a second
generation GC star with elevated levels of Na, Al, and N, and depleted levels of C
and Mg (Bragaglia et al. 2010). Thus multiple generations in GCs were confirmed
with a combination of photometry and spectroscopic data. The observational data
for correlation between photometry and spectroscopy is robust and the same could

be affirmed for many clusters thereafter.

1.5.5 Nature of primary polluters

In the previous sections, we have discussed the light element abundances which
could be significantly altered in the stellar interiors during different phases across
the evolutionary sequence of a star. However, the heavy elements are immune
to such alterations. Here, we mainly discuss the abundances of neutron-capture
elements which would help us to shed light on the pre-enrichment in GCs. The
elements higher than Fe in the periodic table could only be produced by n-capture
reactions. In the early galaxy, r—process is the chief mode for the production of
these elements as it requires significant time to elapse for the s—process to set in.
The signature of these r-process events are retained in the GC stars and can be
studied with powerful telescopes. This provides a great opportunity to study the
primordial population that polluted the GC clouds during its formation.
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1.6 Globular clusters and Halo connection

1.6.1 Formation

Following the theory of hierarchical merging, the globular clusters and halo stars
were formed in mini-halos which later migrated to the Milky Way halo. Both
the populations are believed to be ancient and were formed at similar epochs in
the nascent stages of the universe. However, self enrichment in globular clusters
took place as the gas could not escape the cluster potential resulting in an evolved
population. The detailed abundance study of the GCs and halo stars could shed
light on the chemical enrichment during their formation epochs and provide valu-
able information about the astrophysical sites and conditions that prevailed in the

early galaxy.

1.6.2 Population

Globular clusters must be formed during massive episodes of star formation (for
the second generation of stars to be formed out of the ejecta of a fraction of the
first generation of stars) and thus they are expected to loose a large number of

their original population of stars.

Evaporation is the primary mode for the loss of stars from the cluster. The frequent
two body encounters in a GC leads to the velocity distribution being a Maxwellian.
Since the globular clusters are old (age) they are also supposed to have undergone
mass segregation following equipartition of energy. Thus, the low mass stars with
higher velocity occupy the outer layers of the clusters while the more massive
stars sink towards the centre. These low mass stars at the high velocity end of

the Maxwellian tend to move out of the cluster potential. A substantial fraction
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of the Halo is believed to be composed of such GC escapees as we shall discuss in

great detail in Chapter 4.

1.7 Scope of the thesis

The thesis work focuses on the chemical abundances of bright (Vmag < 13.0) metal
poor stars in the metallicity range —3.5 < [F'e/H| < —1.0. This metallicity range
covers major milestones of the formation history of Milky Way. It also covers the
metallicity range of the metal poor Globular clusters. Targets were selected from
the SDSS-MARVELS pre-survey (discussed in Chapter 2), which has maximum
overlapping sky with the 2m Himalayan Chandra Telescope (HCT), in India that
is equipped with a high resolution optical spectrograph.

The work involves observations of high resolution spectra presented in the thesis
and the detailed analysis and the interpretation of the results. The metal poor
sample studied here span a wide range of chemical abundance pattern. In this
work, we present the abundance trends in CEMP-no and EMP stars, r-process
rich stars and possible and stars that have similar light element anomaly as seen
in Globular clusters. We study the commonality among EMP and CEMP-no
stars. We also compare the abundance pattern in the light and heavy r-process
elements among different types of Halo stars and Globular clusters and try to infer
the nature of possible first generation massive stars and the role of environment.
Lithium abundance among in the different Halo stars is also presented. Halo stars
among different groups (VMP, EMP, CEMP-no, r-I stars, GC escapees) show

similar Lithium abundances.
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1.8 Plan of the thesis

1.8.1 Chapter 1 : Introduction

This chapter contains a brief introduction about the Milky Way halo stars, globular
clusters and their relevance in the context of this thesis work. It also gives a brief
account of the previous studies and survey that have been carried out with a

similar goal. described in short in the above two sections.

1.8.2 Chapter 2: Data, sample selection and methodology

The observations and data used in this study are presented in this chapter. High-
resolution (R ~ 30,000) spectroscopic observations of about 50 stars were carried
out as a part of the HESP-GOMPA (Galactic survey Of bright Metal Poor stArs)
survey using the Hanle Echelle Spectrograph on the 2.3-m Himalayan Chandra
telescope (HCT) at the Indian Astronomical Observatory (IAO). The targets were
selected from the sub survey MARVELS which was carried out as a part of SDSS-
III. Tt offers the chance to identify bright Halo stars which could be studied in high
resolution using moderate class telescopes. The potential selection biases could
also be reduced due to the simple magnitude and color cuts (B —V > 0.6 and
8 < V < 13) of the MARVELS survey. We have used synthetic spectral fitting
of the pre-survey data to identify new metal-poor candidates(in the domain of
globular cluster metallicity; [Fe/H| > -2.50) with a weak G-band which is a well
known feature of globular cluster stars and could be studied from low resolution
data (e.g. SDSS). We have also identified several other classes of stars like EMP,
CEMP-s, CEMP-no, r-process rich stars. We have also been able to detect Li over

different evolutionary phases of several metal poor stars.
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1.8.3 Chapter 3: Abundance analysis of new bright EMP
and CEMP stars

In this chapter, we discuss the study on several new CEMP and EMP stars discov-
ered in the survey. The origin of carbon in CEMP-s stars is mostly due to mass
transfer from a binary component like AGB stars and thus it does not provide
much insights into the early generations of stars. On the other hand, CEMP-no
and EMP stars have a primordial origin and are supposed to be direct descen-
dants of pop III stars. A comparative study using elemental abundances of Fe
peak elements and heavy elements has been conducted to find the differences (and
similarities) between these two channels of star formation following the early su-
pernovae. We have also tried to find the progenitor type for each CEMP-no stars

in the survey using the individual abundances.

1.8.4 Chapter 4: Discovery of a blue straggler and other
GC escapees in the Halo

Globular clusters are supposed to have lost a large number of stars during their
migration to the Halo. In this chapter, we discuss three such stars found in the
Halo with light element anomalies typically expected to be observed in second
generation stars of globular clusters. One of these stars was found to be a blue
straggler which is a rare object to be studied in detail. We have carried out the
detailed abundance analysis for these objects and the findings are consistent with

previous studies of globular cluster escapees in the Halo.
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1.8.5 Chapter 5: R-process rich stars from the HESP Gompa

Survey

The Halo contains a very small population of stars which are rich in r-process
elements. It is valuable to find more of these stars as they could possibly be
formed in dwarf spheroidal galaxies where they experienced one or more strong
r-process events. They provide key information to the formation of a wide range
of heavy elements in the early phases of the universe. A complete understanding
still eludes the scientific community. In this chapter, we discuss the new r-I and
r-11 stars emanating from the survey. We have carried out a detailed abundance
analysis of each star and compared to the existing literature. Th could also be
detected in one of the targets. We have also used the archival data of SDSS and
ESO to study the key neutron capture elements like Sr and Ba for several globular
cluster stars. A spectral grid was developed over wide ranges of temperature,
log(g), [Fe/H], [Sr/Fe] and [Ba/Fe]. We tried to explore the common origin for the
Halo stars and individual clusters. Neutron star mergers were found to the chief
contributor for globular clusters whereas Halo stars showed both NS-NS mergers
and supernovae to play a key role in different paradigms. The results from SDSS
were only indicative due to the low resolution of the available data and thus are

included in the future plan

1.8.6 Chapter 6: Li distribution and new VMP stars from
HESP-GOMPA survey

Li is a fragile element which is likely to be destroyed as a star ascends the giant
branch. In this chapter, we discuss the Li abundances detected for several stars
in the survey which include main sequence stars, subgiants and red giants. They

showed the expected behaviour of Li depletion. Li was also found not to correlate
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with any other elemental abundances and stellar parameters like temperature and
gravity which is consistent with previous studies. Different classes of stars were
found to have a very similar distribution of Li which points towards a common

origin.

1.8.7 Chapter 7: Conclusion and future work

This chapter summarizes all the results and findings of the thesis. It also describes

the future plans following thesis submission.



Chapter 2

Observations, sample selection

and methodology

2.1 Introduction

The advances in the field of spectroscopy over the last few decades have revolu-
tionized the human ability to study the laws of nature and unravel the secrets of
the universe. Prior to the advent of spectroscopy, the entire subject of astronomy
was limited to mapping the positions of stars and other luminous objects in the
sky, estimating their brightness and in certain cases, marking the trajectory of few
of these heavenly bodies. The long standing questions like what are stars, what
are stars made up of, exactly how far away are these objects from us remained
unanswered. The emergence of spectroscopy, the ability to split starlight to study
the spectrum in detail marked a new dawn in the subject of astronomy. This tool

that could help scientists unravel the secrets about the composition of a star, the

35
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processes which led to the formation of elements in the periodic table and specu-
late the driving forces and events that shaped the evolution of the universe to its

currently known form.

Stellar spectroscopy is primarily the study of absorption and emission lines in the
spectrum of a star. The absorption lines are formed when the photons coming from
inside the star get absorbed by the surface of last scattering. These lines could
be detected and measured by splitting the starlight using a prism, grating, grism
or their combinations. The element causing an absorption line could be uniquely
identified since the discrete energy levels of the transitions for the atoms of a
particular element are unique. Fraunhofer, Kirchhoff and other notable scientists
of the 19th century demonstrated that such atomic transitions could be identified
and used as fingerprint of a particular element in the periodic table. The depth
of the absorption feature is indicative of the relative proportion of that element in

the stellar surface.

2.2 Sample selection

Most of the work presented in the thesis is based upon detailed study of the spectra
of Galactic halo stars in high resolution. The sample of stars have been selected
from the MARVELS (Multi-object APO Radial Velocity Exoplanet Large-area
Survey) pre-survey which is a constituent of SDSS (Sloan Digital Sky Survey)
IIT by using certain selection criteria. Let us discuss SDSS, MARVELS and the

selection criteria employed to shortlist the targets in the sections below.
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2.2.1 SDSS

Sloan Digital Sky Survey (abbreviated as SDSS) is an imaging and spectroscopic
survey with the 2.5m class telescope (Gunn et al. 2006) located at Apache Point
Observatory (APO). It has been observing the celestial sphere since the year 2000
and has till now acquired spectra for more than 4 million objects. SDSS is com-

posed of several stages as briefly discussed below.

e SDSS I - It was the first phase of its operations between 2000 and 2005 which
conducted the ‘legacy survey’ (imaging in all the five bands u, g, r, i and

z) and spectroscopy of galaxies and quasars (York et al. 2000; Gunn et al.

1998; Eisenstein et al. 2001; Strauss et al. 2002; Richards et al. 2002).

e SDSS II - The second phase of its operations was conducted in the period
2005-2008. It completed the legacy survey and carried out spectroscopic
observations of the Galactic stars (Yanny et al. 2009). These spectroscopic
observations were a part of Sloan Extension for Galactic Understanding and
Exploration (SEGUE) which was conducted to obtain a three dimensional

structure of the Milky Way.

e SDSS III - It was carried out in the period 2008-2014 and comprised of four
different surveys (Eisenstein et al. 2011); (i) The APOGEE (APO Galactic
Evolution Experiment) which primarily used infrared high resolution spec-
troscopy to observe the Galactic stars in great detail (Majewski et al. 2017),
(i) BOSS (Baryon Oscillation Spectroscopic Survey) to study the rate of
expansion of the universe by detecting the baryon oscillations in the galaxy
clusters (Dawson et al. 2013; Anderson et al. 2014), (iii) SEGUE-2 which was
completed in this period and (iv) MARVELS to measure the radial velocities
of the bright stars for exoplanet studies (Ge et al. 2015).
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e SDSS IV - It is the fourth phase and is being presently carried out from
2014 to 2020. It is comprised of APOGEE-2, eBOSS (extended BOSS) and
MaNGA (Mapping Nearby Galaxies)

2.2.2 MARVELS

MARVELS (Paegert et al. 2015), a multi-object radial-velocity survey designed
for efficient exoplanet searches, was one of the four sub-surveys carried out as part
of SDSS-III (Eisenstein et al. 2011) as discussed above. The targets for the first
two years of MARVELS were selected based on a lower-resolution (R ~ 1800)
spectroscopic pre-survey using the SDSS spectrographs. Most of the pre-survey
observations were carried out during twilight when the fields were at low eleva-
tion. Targets were selected from these pre-survey fields for the MARVELS main
radial velocity (RV) survey, which were later observed at higher elevations. There
were about 30,000 stars observed as part of the spectroscopic pre-survey of stars
with B —V > 0.6 and 8 < V < 13. The distribution of the number of ob-
served stars in terms of their V magnitudes is shown in Figure 2.1 (taken from
Paegert et al. (2015). Target fields for the first two years of the MARVELS survey
were around known RV standards and about 75% of the target fields were in the
Galactic latitude (b) range 2° < |b| < 30°. The distribution of the fields in the
galactic coordinates are shown in Figure 2.2 (taken from Paegert et al. (2015).
Although not the ideal location to find metal-poor stars, it does offer the chance
to identify a small number of bright halo targets, suitable for high-resolution spec-
troscopic follow-up with moderate-aperture telescopes, that happen to fall into
the MARVELS pre-survey footprint during their orbits about the Galactic center.
The pre-survey also has simple magnitude and color cuts, which reduces potential
selection biases. The metallicity distribution for the targets is being shown in
Figure 2.3. The left panel represents the compilation of entire MARVELS spectra

whereas in the right the metallicity distribution of a single field is shown.
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FIGURE 2.1: The distribution of V-magnitudes in the observed data for MAR-
VELS taken from Paegert et al. (2015)
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FIGURE 2.3: The metallicity distribution for the MARVELS pre survey data.
The spread of the entire compilation of MARVELS spectra over all fields is
shown in the left panel while the distribution of a single field is shown in the
right panel.

2.2.3 Parameters for target selection

As in our previously published work (Bandyopadhyay et al. 2018), we used syn-
thetic spectral fitting of the pre-survey data to identify new metal-poor candidates.
The main criteria used for short selecting the stars for follow up observation in

high resolution using HESP are the following:

e The stars with a good quality of spectral fit with higher values of signal-to-
noise ratios were considered for selection. This was done to eliminate those

with grossly wrong estimates for stellar parameters.

e The stars that lie in the domain of globular cluster metallicity were short-
listed for further observation. We wanted to tag the escapees from the metal

poor globular cluster escapees in the Halo. So we selected only those stars
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which had [Fe/H] < -1.0. As seen in Figure 2.3, the number of stars in this
regime was relatively lower and thus imposition of these criteria reduced the

number of selections drastically.

e Globular cluster stars show a typical anomaly in light element abundances
like a weak C molecular g-band which could be measured from the low resolu-
tion spectra of the MARVELS data. Thus, we used this additional criterion
to further to refine the selection in order to enhance the probability of finding

the true GC escapees.

e Apart from GC escapees, we were also interested in doing a detailed abun-
dance analysis of the early generations of stars or the extremely metal poor
stars. Hence, we also selected those stars which had a good fit and were
found to be very metal poor from the low resolution data with/without

weak g-band.

The stars were selected for follow up, as they were found to be very metal poor from
the spectral fitting of the pre-survey data and were also very bright. Results from
the spectral fitting used to identify metal-poor candidates from the MARVELS

pre-survey will be discussed in a separate paper.

2.3 Observation

2.3.1 Himalayan Chandra Telescope

The Himalayan Chandra Telescope (HCT) is a 2m class telescope installed in the
Indian Astronomical Observatory (IAO), on Mt Saraswati, Hanle in the eastern

part of the Indian state of Jammu and Kashmir and is operated by Indian Institute
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of Astrophysics. The site is located at a relatively high altitude of 4500 metres
above the mean sea level. It boasts of good seeing conditions all around the year
mainly due to high altitude and lower levels of humidity, dust and aerosols. In
order to withstand the extremely low temperatures, the primary mirror is made
up of corning ultra low ceramic. The telescope is set up in an alt-azimuth mount
and a modified form of Ritchey-Chretein configuration has been used. The main

instruments of the telescope are the following

e Hanle Faint Object Spectrograph and Camera (HFOSC)
e TIFR Near Infrared Spectrometer and Imager (TIRSPEC)

e Hanle Echelle Spectrograph (HESP)

If needed, all the instrument could be accessed during the same night. This is made
possible by mounting them at the Cassegrain focus on an instrument mount cube
which has four ports on the four sides and one on the axis. It is remotely operated
from Centre for Research in Education, Science and Technology (CREST), Hoskote

which is just 35 km away from Bengaluru.

2.3.2 HESP

The design of HESP was based on the concept of white pupil permitting continuous
spectral coverage from 350 nm to 1000 nm in a 4K x 4K detector (single CCD
- Charge Coupled Device). It can operate in two resolution modes - R = 30,000
and R = 60,000 using the image slicer. HESP has a dual fiber mode available, one
fiber for the target star and another, which can be fed with a calibration source
for precise RV measurements, or by the night sky through a pinhole that has a
separation of about 13” from the target. The sky fiber is used for background
subtraction. The spectrograph layout for HESP is shown in Figure 2.4.
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FIGURE 2.4: Spectrograph layout for the Hanle Echelle SPectrograph (HESP).

The HESP instrument is thermally controlled to AT = + 0.1° C at a set point
of 16° C over the entire year, which is expected to provide long term stability of
~ 200 m s~! (Sivarani et al. in preparation), substantially lowering systematic

errors with respect to a spectrograph that does not have such control.

2.4 HESP-GOMPA survey

The HESP-GOMPA or Galactic survey of Metal Poor stArs with HESP is the

high resolution survey carried out as a part of this thesis. Detailed observations of
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more than 50 metal poor stars were carried out in this survey at resolutions of R =
30000 and R = 60000 depending upon the brightness and S/N ratio of the target
star. The target stars were selected from the SDSS MARVELS pre-survey based
on the criteria as discussed above. The aim of the survey was to detect stars of
GC origin in the halo and study the ancient population of stars at low metallicities
to find the signatures of the first stars and first supernova. We have been able
to detect several interesting objects which include GC escapees, r-process rich,
CEMP, EMP and VMP stars. Li could also be detected in a few of these stars.
The metallicity spreads from [Fe/H| = —1.20 to [Fe/H] = —3.20 with the peak at
[Fe/H] = —2.50. The distribution in [Fe/H] is shown in Figure 2.5. The details of
observation for many of the objects from HESP-GOMPA survey is given in Table
2.1. It would be beyond the scope of the thesis to discuss all the objects studied in
this survey and in the forthcoming chapters we shall discuss the interesting results

obtained so far.

-3.2 -3.0 -2.8 -2.6 -24 -2.2 -20 -1.8 -1.6 -1.4 -1.2 -1.0
[Fe/H]

FIGURE 2.5: The distribution of the metallicity of the stars studied as a part
of HESP-GOMPA survey. [Fe/H] varies between —1.0 to —3.2 for the studied
samples.
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TABLE 2.1: Observation details for the reported objects observed through
HESP at R ~ 30000.

Object obs.time frames SNR Vmag Rad.vel
SDSS J1937+5024  2400s 3 130 1044 —184.0
SDSS J02104+3220  2400s 6 61.5 11.54 34.5
SDSS J07534+4908  2400s 3 46.0 11.28 3.0
SDSS J0646+4116  2400s 6 43.1 11.14 —285.0
SDSS J15214-3647  2400s 9 404 11.58 —73.5
SDSS J172544202  2700s 3 53.0 11.66 —266.5
SDSS J1350+4819  2400s 11 54.8 11.65 —109.0

SDSS J1146+2343  2700s
SDSS J0315+2123  2400s
SDSS J0216+3310  2400s
SDSS J1938+4515  2400s
SDSS J0043+1948  1800s
SDSS J0648+3231  2400s
SDSS J0652+4105  2700s
SDSS J0921+5034  2400s
SDSS J1730+4143  2400s
SDSS J1930+6926  2400s
SDSS J2319+1917  2700s
SDSS J1953+4222  2400s
SDSS J0643+5934  2700s
SDSS J2320+1742  2400s
SDSS J0447+5434  2700s
SDSS J1024+4151  2400s
SDSS J0024+3203  2400s

49.1 11.51 -9.5
55.4 11.35 —49.0
41.1  11.68 —40.0
67.2 10.80 2.20
130.2  9.90  —196.5
117.8  9.92 135.5
68.0 11.36 98.5
50.9 11.75 —130.5
58.7  12.03 —133.0
404 12.33 126.0
7.0 11.60 —250.5
2450 923 —308.1
71.6 11.44 52.2
35.7  11.56 289.0
50.2 1211  —-293.7
49.5 11.83 194.0
70.3  11.58 —434.0

SDSS J1933+4524  2700s 65.50 11.48 157
SDSS J2256+3951  2400s 414 11.56 —22.0
SDSS J0022+3212  2400s 51.3  12.0 —77.0
SDSS J0646+4127  2400s 53.3 1148 279.0
SDSS J1143+2740  2400s 36.8 11.1 52.9
SDSS J1144+2651  2400s 404 113 2.90

SDSS J1608+2811  2700s 572  10.86 -35.0
SDSS J0013+3141  7200s 1484 11.32 22.0
SDSS J0826+6125  2400s 15 49.0 11.44 —95.6
SDSS J1341+4741  2400s 9 47.0 1238 —190.5

W W W W W W O W W W W W W W W W W N9 W w o w oo w w
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2.5 Analysis of stellar spectrum /stellar spectroscopy

2.5.1 Stellar atmosphere

It is the outermost layer of a star through which the photons escape into free
space. The spectral lines are formed in this region and are of utmost importance
for spectroscopy. All the information about the nature and properties of a star

could be revealed from a detailed study of the stellar atmospheres.

2.5.1.1 Effective temperature

It is defined as the temperature of a black body emitting an identical amount of
radiation as measured for the star. Albeit a close approximation, it helps us to

measure the temperature via the well known Stefan-Boltzmann law
L =4nR*0T,;;

where L is the luminosity of the star, R is radius, ¢ is the Stefan-Boltzmann
constant = 5.6705x107° erg cm™2 K% s7! and T, is the effective temperature.
Here T.s¢ is the only unknown parameter which can be deduced by measuring

radius and luminosity of any star.

The effective temperatures could also be measured using photometric colors and

spectroscopic methods as described with examples in the next section.
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2.5.1.2 Surface gravity

Surface gravity is analogous to the acceleration encountered by a particle of test
mass on the stellar surface. It is usually expressed in a logarithmic scale. It starts
decreasing for a star as it moves out of the main sequence to enter the sub-giant
and then on to the red giant branch. Higher values of surface gravity indicate
the compact nature of the star and higher collision rate in the surface which leads
to broadening of the spectral lines. This provides an opportunity to astronomers
to measure the surface gravity of a star using the spectrum and measuring the
broadening in certain lines which are more sensitive to changes in gravity (e.g.
Mg triplet in 5172 A region). Evolutionary tracks could also be used to measure

gravity by determining the position of a star in the HR diagram.

2.5.1.3 Metallicity

Astronomers refer to all elements heavier than H and He as metals. Despite O
being the most common element in the universe after H and He, the abundance
of Fe is used to determine metallicty of a star. This is because Fe lines are most
frequently found in the optical domain and hence could be easily measured to
determine the metal abundance with highest degree of precision and accuracy. It

is represented by [Fe/H]

2.5.1.4 Micro-turbulent velocity

It is defined as the non-thermal component of velocity of an individual particle on
the stellar surface which can cause broadening in the spectral lines. It primarily
arises from convection currents close to the surface. Micro-turbulent velocity is

usually denoted by the symbol as .
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2.5.2 Boltzmann and Saha equations

Radiative and collisional excitations and de-excitations is a regular phenomena in
the stellar atmosphere. Thermodynamic equilibrium is said to be attained when
the net excitation and de-excitations are in balance, In thermodynamic equilib-
rium, the no. of atoms in the lower energy level determines the strength of an
absorption line. The distribution of the relative no. of atoms in each energy level

can be obtained by the well known Boltzmann equation which is given by

E

—Zu
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where n,, is the number of atoms per unit volume in a state u
ny is the number of atoms per unit volume in a state [

E, is the energy of the level u

E) is the energy of the level [

k is the Boltzmann constant

T is the gas temperature

g; is the statistical weight of the energy level 4

So, the Boltzmann equation can be employed for a given state of ionization to
determine the relative number of atoms in various excitation states as a function
of temperature. This can be employed to determine the temperature of stars as
the information about the population in different atomic states can be obtained

via knowledge from spectral features.

As the frequency of collisions increases in a star more number of atoms tend
to get ionized. Equilibrium is attained when the ionization rate is balanced by
the rate of recombination, The celebrated Saha’s ionization equation governs the

relative population of a species in different ionization state under thermodynamic



Chapter 12: Data and Methodology 49

equilibrium. It is given as

2rmkT 3 x

nit1 2241 Ve

n; Te Zz ( ]’L2

where y; is the ionization energy required for removing the electron from the state
1tor+1

n. is the number density of free electrons

Z is the partition function which is the weighted sum of the different ways that an
atom or ion distribute its electron among the energy levels. It can be expressed

as:
00
_E-B
7 = E gje kT
Jj=1

Pressure and temperature of an ideal gas can be related as
P, =nkT

, P. being the electron pressure. Substituting n. by P. in the Saha equation

X

TNit1 Pe _ 2Zi+1 27Tm6)%(kT>g€7ﬁ

This could also be expressed in the form

d Zi 5040
log1o nf,:l = —0.1761 — logio P + logro Zfl + 2.5log0T — X

T being the ionization temperature, y; is the ionization energy and P, is the elec-
tron pressure which is proportional to the gravity (¢'/3). Thus Saha’s ionization

equation can be used to measure the surface gravity of a star.
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2.5.3 Equivalent width

Equivalent width is the standard term used to indicate the strength of a spectral
feature. It represents the width of a box of the same height as the depth of the

spectral line and having the same area as that of the spectral line

Mathematically equivalent width can be expressed as

A
> Fye — Fy
W :/ /2 d\
A by F)\c

1

where F'). represents the flux at the level of continuum and F, denotes the flux at

the wavelength A. Depth of a spectral line is given by the quantity (Fi. — F))/Fhe

Measurement of the equivalent width of a line leads to the determination of the
abundance of the corresponding element using the Curve Of Growth(COG) tech-
nique. It is a mathematical relation between equivalent width (W), ) and abundance
which is linear for lower values of equivalent width, Thus weaker lines provide the

best estimates of the abundance for a species.

The COG is related to excitation temperature by the formula -

w. 4
logT)‘ =logC + log(gf\) — b040

Xt log(N) — log(ke.)

C' is constant for given star and ion, N is the abundance, gf is the statistical
weight times the oscillator strength, T., is the excitation temperature, x is the
excitation potential for the lower level in eV, A is the wavelength position of the

line, k. is the continuum opacity at the line position.
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2.6 Methodology

The standard methodology for spectroscopy of stars includes reduction of the data,
a compilation of line lists, choosing the correct model for stellar atmosphere and
then derive the stellar parameters. Describing the reduction of data is beyond the
scope of the thesis. In this section, we shall discuss compilation of line lists, stellar
modelling and spectrum synthesis. The next section is entirely dedicated to the

determination of stellar parameters.

2.6.1 Linelist

Each transition of an atom in the stellar surface corresponds to a line in the
spectrum of the star. The probability of formation of a line depends upon the
conditions of the star. Thus detecting a line in the spectrum provides a wealth
of information about the physical conditions and chemical nature of the photo-
sphere where the transition has taken place. Wavelength, details of the energies
of different atomic states and the transition probabilities (also known as oscillator
strengths) are the basic parameters to characterize a spectral feature. A line list
is the compilation of the precise measurements of these parameters corresponding
to every possible transition for all the atoms and molecules present in the stellar
spectra. NIST, VALD and KURUCZ database with the updated gf values are
used in this study.

2.6.2 Modeling stellar atmosphere

For modelling of stellar atmosphere, the assumptions used are -
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e Plane parallel geometry holds good as the thickness of the photosphere is
usually very small (AR/R << 1). However, spherical geometry becomes

considerably important for the cool giant stars (Heiter and Eriksson 2006).
e The steady state approximation holds true for the stellar atmospheres.

e [t is supposed to be homogeneous as granules, magnetic fields, spots, etc are

ignored.

e The energy generated deep below is entirely transferred through the atmo-
spheric layers keeping the energy flux constant at any depth. This could be
quantified by,

flur = oT, ff f

where 0 = 5.6704x107° erg cm 2571 K.

e There is no relative motion between the layers of the atmosphere in the nor-
mal direction. This is important to consider as pressure is entirely assumed

to balance the gravity.

2.6.3 Model atmosphere- ATLAS9 models

The tabulated set of data for opacity known Opacity Distribution Functions are
employed in the ATLAS9 program (Kurucz 1993) to develop a grid of stellar at-
mospheric models (Castelli and Kurucz 2004). These models contain 72 These
ATLAS9 models have 72 plane parallel layers from logrg,ss = —6.875 to +2.00 at
steps of AlogTr,ss = 0.125. Mixing-length convection with 1/H, =1.25 is incorpo-

rated for all the models.
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2.6.4 Turbospectrum

TURBOSPECTRUM (Plez 2012) is the code used to synthesize stellar spectra
(Plez et al. 1992, 1993; Alvarez and Plez 1998a). It works by evaluating the con-
tinuous opacities and solves for the radiative transfer equations via opacity sam-
pling technique. It can handle the formation of a large number of lines (millions)
to determine the spectrum corresponding to the desired model. The calculations
for radiative transfer are done based on the input parameters of the model (e.g.

temperature, gravity, metallicity and micro-turbulent velocity).

2.7 Derivation of the stellar parameters

Data reduction of the spectrum of individual stars was carried out using the IRAF*
echelle package. Recently, a custom data reduction pipeline has been developed
by A. Surya (available publicly’) that is more suitable for the crowded and curved
orders of the stellar spectra observed with HESP. However, for the study, we use
IRAF, and proper care was taken to avoid drift of the spectral tracings blending

into adjacent orders.

Radial velocity shifts have been taken into account after the continuum normaliza-
tion by using the idl routine crosscor.pro where the radial velocity is calculated by
cross-correlating the observed spectra with the template synthetic spectra. The
template spectrum for an individual star is generated from the approximate stellar
parameters from the low resolution fitting of the MARVELS presurvey data using

the turbospectrum code for spectral synthesis. The IRAF task rvcorrect is also

*IRAF is distributed by the National Optical Astronomy Observatory, which is operated by
the Association of Universities for Research in Astronomy (AURA) under cooperative agreement
with the National Science Foundation.

Thttps : / Jwww.iiap.res.in/hesp/
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employed for the heliocentric corrections after measuring the radial velocity shifts

in velocity units.

We have measured the equivalent widths of the clean absorption lines present in the
spectra and considered only those lines for abundance analysis whose equivalent
width is less than 120 mA, since they are on the linear part of the curve of growth
and are sensitive to the choice of micro-turbulence. Equivalent widths for each
spectral line is measured multiple times and the median is adopted to minimize
the error in measurement. The adopted equivalent widths for the measured lines
are used as the input to the spectral generation codes to determine the abundances

corresponding to each line.

Both photometric and spectroscopic data were used to derive estimates of the stel-
lar parameters for the program stars. The effective temperatures were determined
using various photometric observations in the literature and the T.g-color relations
derived by Ramirez and Meléndez (2005). They were found to be in close proxim-
ity (a difference of less than 60 K was found) to values obtained using Alonso et al.
(1996) and Alonso et al. (1999). The V — K temperature estimate is expected to be
superior, as it is least affected by metallicity and the possible presence of molecular
carbon bands. We also employed VOSA (http://svo2.cab.inta-csic.es/), the online
SED fitter (Bayo et al. 2008), to derive the temperatures using all of the avail-
able photometry (optical, 2MASS, and WISE). A Bayesian fit using the Kurucz
ODFNEW /NOVER model was used to obtain the SED temperature. Examples

for two of the stars are shown in Figure 2.9

Fe lines have been used to determine the ionization balance because of their pres-
ence in a large number in the optical domain. The equivalent widths of the Fe
lines serve as the input to determine the abundance corresponding to each line
depending upon the model. The models are generated large ranges of Tog, log(g),

[Fe/H] and microturbulent velocity. All the possible combinations of these four
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TABLE 2.2: Estimates of Effective Temperature

Method Terr (K)
SDSS J0826+4-6125 SDSS J1341+44741

J—K 4565 5779
J—H 4494 5503
V-K 4427 5916
SED 4500 5500
Ha 4400 5450
Fe I/Fe 11 4300 5400

free parameters are fitted iteratively to obtain the best fit which is adopted as the

stellar parameters as described below.

T.g estimates have also been derived spectroscopically, by demanding that there
be no trend of Fe I line abundances with excitation potential (shown in the upper
panels of Figures 2.6 and 2.7), as well by fitting the H,, profiles as shown for two
stars in Figure 2.8. Examples for estimates for the effective temperatures of the
two of our target stars are listed in Table 2.2. For most of the stars, we have
verified by independently measuring the temperature obtained from fitting of the
H, wings, as it is highly sensitive to small variations in temperature. In cases
of asymmetric the H, profile observed in few stars (e.g. SDSS J0826+6125 ), it
could not be used for accurate measurement of temperature. So, the temperature

obtained from Fe I line abundances was adopted.

Surface gravity, log(g), estimates for the stars have been determined by the usual
technique that demands equality of the iron abundances derived for the neu-
tral (Fe I) lines and singly ionized (Fe II) lines. We used as many clean Fe II
lines and Fe I lines for each spectrum (e.g. 7 Fe II lines and 82 Fe I lines for

SDSS J0826+6125 , and 5 Fe II lines and 49 Fe I lines for SDSS J13414+4741 );



Chapter 12: Data and Methodology 56

J0826+6125

log(Fe/H)+12
= N W »h OO0 O
T
+.
+
L + N
»

;] H\HHH‘\HHH\\‘HHHH\‘HHHH\‘\HHHH‘HH\HH

o HH\HH‘H\HHH‘HHH\H‘
—_

2 3 4
Lower excitation potential (eV)

7E ‘ E

6E J0826+6125 E
o e E
N + # + E
T 4E i + E
p + T * E
o> 3E =
o E E

2= =

1E ‘ ‘ ‘ ‘ ‘ E

-2.6 2.4 2.2 -2.0 -1.8 -1.6 1.4

Equivalent width/wavelength

FIGURE 2.6: Top panel: Fe abundances derived from all lines, as a function
of the lower excitation potential, for the adopted model for SDSS J0826+46125.
Lower panel: Fe abundances, as a function of reduced equivalent widths, for the
measured lines.

best-fit models for two of our target stars are shown in the upper panels of Figures
2.6 and 2.7. The wings of the Mg I lines have also been fitted to obtain estimates
for log(g) as they are highly sensitive to differences of log(g); best-fit models are

shown in Figure 2.10.

The micro-turbulent velocity (£) estimates for each star have been derived itera-
tively in this process, by demanding no trend of Fe I abundances with the reduced
equivalent widths, and are plotted in the lower panels of Figures 2.6 and 2.7. The

final adopted stellar atmospheric parameters are listed in Table 4.
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FIGURE 2.7: Top panel: Fe abundances derived from all lines, as a function
of the lower excitation potential, for the adopted model for SDSS J1341+44741.
Lower panel: Fe abundances, as a function of reduced equivalent widths, for the
measured lines.

2.8 Archival data for globular clusters

2.8.1 ESO

Reduced spectroscopic data were obtained from the archives of European Southern
Observatory. The observations were carried out through UVES and GIRRAFFE.
The spectra were individually normalized using IDL package. We have also gener-
ated the model spectra for each star and calculated the abundances of key neutron

capture elements like strontium and barium as described in the next paragraph.

The photometric data for NGC 1851 was obtained from ACS survey of globu-
lar clusters. The color indices and magnitude were obtained by comparing co-

ordinates of the spectra obtained from ESO with those in the catalogue from ACS
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FIGURE 2.8: Estimates of effective temperature for metal poor stars using Ha
wings. Example of fitting for two stars are shown here. Red denotes the best
fit.
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FIGURE 2.9: The SED obtained from VOSA for SDSS J0826+6125 in the left
shows the temperature to be ~4500 K. The SED obtained from VOSA for
SDSS J1341+4741 in the right shows the temperature to be ~5500 K.

survey (Anderson et al. 2008). The spectroscopic data (red dots) is over plotted
on the photometric data (black dots) for NGC 1851 as shown in the left panel of
Figure 2.11. Then, an isochrone with the given cluster age and cluster metallicity
is fitted with the data to obtain effective temperature and log g corresponding to
each star. For this process the isochrones given by Marigo et al. (2008) and Girardi
et al. (2000) were used. The fit of the data with the isochrone is demonstrated in

the right panel of Figure 2.11. The blue dots mark the data set while the green
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FIGURE 2.10: High-resolution HESP spectra of SDSS J0826+6125 (upper
panel) and SDSS J1341+4741 (lower panel) in the region of the Mg I triplet
for different values of log(g), in steps of 0.25 dex. The red solid line indicates
the best-fit synthetic spectrum.

dots are the isochrones. These stellar parameters are the free parameters required

to generate the model spectra.
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FIGURE 2.11: The spectroscopic data for NGC 1851 from GIRAFFE marked
in red overlaid on the data from ACS survey marked in black dots is shown in
the left. The isochrone fitting to derive the temperature and gravity is shown
in the right
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We have used the models based on ATLAS-9 opacity distribution functions given
by kurucz. It is a computer program to calculate model stellar atmospheres in
radiative and convective equilibrium for the complete range of stellar temperatures
with the plane parallel and horizontally homogeneous approximations. The codes
are written in Fortran IV. So, after obtaining the stellar parameters, we generated
a model spectra corresponding to each star covering the wavelength region as in
the UVES/GIRAFFE spectrum. We ran the process iteratively with different
abundance values of the different lines of Sr and Ba until the best fit is obtained.

Some of the examples of best fit spectra will be discussed in Chapter 5.

2.8.2 SDSS

Spectroscopic data obtained from the Sloan Digital Sky Survey (SDSS) has been
used. The stellar parameters have been derived using the color indices and magni-
tudes from SDSS. A grid for working with the SDSS data and finding abundances
of key elements is also generated. The grid generated models for temperatures
from 4000k to 7000k in steps of 200k, log g from 0 to 5.0 in steps of 0.50, [Fe/H]
from 0.0 to -2.50 in steps of 0.50 and [Ba,Sr/Fe] from -4.0 to 4.0 in steps of 0.50
so as to span the entire globular cluster range for all given parameters. We have
used the models based on ATLAS-9 opacity distribution functions given by ku-
rucz. So, after obtaining the stellar parameters, a template spectrum was used
to cross-correlate with the observed spectrum to find the radial velocity which is
re-checked for accuracy. Method of interpolation is used to produce the model for
each input stellar parameter from SDSS data and a chi-square fit was carried out
to obtain the minima of [Ba,Sr/Fe] fits and is adopted as the abundance corre-
sponding to the star. This grid was run for four globular clusters in the domain

of lower metallicity and the relevant abundances were obtained.



Chapter 3

Abundance analysis of new bright

EMP and CEMP stars!

3.1 Introduction

After the Big Bang, cosmic primordial gas consisted mostly of H, He, and a small
proportion of the very light element Li. The heavier elements were synthesized
during the evolution and explosion of the first (likely very massive) stars, which
were free of heavy metals. These first supernovae had a considerable dynamical,
thermal, and chemical impact on the evolution of the surrounding interstellar
medium, including mini-halos that can be some distance away from the location
of the first star explosion (Cooke and Madau 2014; Smith et al. 2015). Stars (and
the galaxies to which they belong) that formed thereafter are expected to carry the
imprints of the nucleosynthesis events from these Population IIT stars (Beers and

Christlieb 2005; Frebel and Norris 2015a; Sharma et al. 2017). Hence, identifying

TResults of this chapter are published in Bandyopadhyay et al. (2018)
61
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and analyzing early generations of stars is of crucial importance to advance our

understanding of this epoch.

Extremely metal-poor (EMP; [Fe/H] < —3.0) stars of the Galactic halo are thought
to be the immediate successors of the first stars, and were likely to have formed
when the Universe was only a few hundred million years old (see, e.g. Bromm
et al. 2009). Studies of such stars, sometimes referred to as “near-field cosmology”
have greatly benefited from the large spectroscopic surveys that were carried out
in the past in order to identify them in significant numbers, such as the HK survey
of Beers and collaborators (Beers et al. 1985, 1992) and the Hamburg/ESO Survey
of Christlieb and colleagues (Christlieb 2003). More recent surveys, such as SDSS,
RAVE, APOGEE and LAMOST continue to expand the known members of this
rare class of stars (e.g., Fulbright et al. 2010; Ivezié¢ et al. 2012; Aoki et al. 2013;
Zhao et al. 2012; Garcia Pérez et al. 2013; Anders et al. 2014; Li et al. 2015).

High-resolution spectroscopic studies of metal-poor Galactic halo stars have demon-
strated diversity in their chemical compositions. For example, on the order of
15-20% of stars with [Fe/H] < —2.0 exhibit large enhancements in their carbon-
to-iron ratios ([C/Fe] > 40.7; Aoki et al. 2007; Lee et al. 2013, 2017). As shown
by numerous studies, the frequency of carbon-enhanced metal-poor (CEMP) stars
continues to increase with decreasing [Fe/H]. The fractions of CEMP stars also in-
crease with distance from the Galactic plane (Frebel et al. 2006; Beers et al. 2017),

and also between the inner-halo and the outer-halo regions (Lee et al. 2017).

CEMP stars can be separated into four sub-classes (Beers and Christlieb 2005):
i) CEMP-s stars, which show enhancements of s-process elements, ii) CEMP-r

stars, which exhibit enhancements of r-process elements, iii) CEMP-r/s stars,
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which show enhancements in both r- and s-process elements*, and iv) CEMP-
no stars, which exhibit no neutron-capture element enhancements. Long-term
radial-velocity monitoring studies have shown that most (>80 %, possibly all)
CEMP-s stars are members of binary systems involving a (now extinct) asymp-
totic giant branch (AGB) star that transferred carbon and s-process rich material
to the presently observed (lower-mass) star (Lucatello et al. 2005; Starkenburg
et al. 2014; Hansen et al. 2016a), while CEMP-no stars exhibit observed binary
frequencies typical of non-carbon-enhanced halo giants, ~ 18% (Starkenburg et al.

2014; Hansen et al. 2016D).

Yoon et al. (2016) have considered the rich morphology of the absolute abundance
of carbon A(C)= log(C') as a function of [Fe/H], based on high-resolution analyses
of a large sample of CEMP stars (their Figure 1, the Yoon-Beers diagram). In
addition to their Group I stars, which are dominated by CEMP-s stars, they
demonstrate that the CEMP-no stars not only exhibit substantially lower A(C),
but bifurcate into two apparently different regions of the diagram, which they
refer to as Group II and Group III stars. This behaviour immediately suggests
that these groups might be associated with different progenitors responsible for
the carbon production, a suggestion borne out by the modelling carried out by
Placco et al. (2016), and/or on the nature of the mini-halo environment in which
these stars formed. Multiple models for the production of CEMP-no stars have
been considered in the literature, such as the “spinstar” models (e.g., Meynet et al.
2006, 2010; Chiappini 2013), and the “mixing and fallback” models for faint SNe
(e.g., Umeda and Nomoto 2003, 2005; Nomoto et al. 2013; Tominaga et al. 2014).
Both processes may well play a role (Maeder and Meynet 2015; Choplin et al.
2016).

Regardless of the complexity of the situation, additional detailed observations of

*Hampel et al. (2016) suggest that the observed heavy element patterns of these stars are
well accounted for by an “intermediate neutron-capture process,” (as first suggested by Cowan
and Rose (1977)) and should be referred to henceforth as CEMP-i stars.
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EMP stars with and without clear carbon enhancement, such as those carried out
here, are required for progress in understanding.

In this chapter, we discuss the detailed analysis of one EMP, two CEMP-no and
two CEMP-s stars from the HESP-GOMPA survey. The chapter is outlined as
follows. In Section 2 we describe our high-resolution observations. Consideration
of possible radial-velocity variations for the two targets which could be observed
over several epochs is presented in Section 2. Section 3 summarizes our estimates
of stellar atmospheric parameters and describes our abundance analyses. Results
of the abundance analysis are reported in Section 4. We present a discussion of
our results with a comparative study of CEMP-no and EMP stars in Section 5,

along with a brief conclusion in Section 6.

3.2 RADIAL VELOCITIES

Radial velocities (RVs) were calculated for SDSS J0826+6125 based on six epochs
of observations spread over a period of 12 months. For SDSS J1341+44741 , we
obtained five observations spread over six months. A cross-correlation the analysis
was performed with a synthetic template spectrum suitable for each star to obtain
the RV measurement for each spectrum. We made use of the software package
RVLIN provided by Wright and Howard (2009), which is a set of IDL routines
used to fit Keplerian orbits to derive the orbital parameters from the RV data.
The RV measurements exhibit peak-to-peak variations of ~ 60 km s~!, with a
period of 180 days for SDSS J0826+46125 , and ~ 110 km s~!, with a period of
116 days for SDSS J1341+4+4741 . The best-fit orbits for these stars, based on the
data in hand, are shown in Figure 3.1. Although the existence of RV variations
is secure, with such sparse coverage of the proposed orbits more data are required

to confirm the periods.
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Radial velocity (km/s)

TABLE 3.1: Observation log and radial velocities for SDSS J0826+6125

Date MJD A Coverage SNR  Radial Velocity
(A) (km sec™!)

2015-11-03 57330.20903 3600-10800 51 —110.4
2015-11-29 57356.36042 3600-10800 49 —95.6
2015-12-22 57379.10417 3600-10800 47 —80.3
2016-01-27 57415.09792 3600-10800 47 —52.3
2016-10-20 57682.21667 3600-10800 50 —108.9
2016-11-16  57709.13542 3600-10800 51 —104.1

TABLE 3.2: Observation log and radial velocities for SDSS J1341+4741
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Date MJD A Coverage SNR Radial Velocity
(A) (km sec™!)
2016-27-01 57415.24722 3600-10800 43 —240.1
2016-24-04 57503.18819  3600-1080 49 —190.5
2016-26-04 57505.06458  3600-1080 47 —192.1
2016-24-06 57564.02361  3600-1080 48 —176.2
2016-25-06 57565.20139  3600-1080 47 —174.5
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FIGURE 3.1: Variation of radial velocity for SDSS J0826+4-6125 is shown on
the left. The derived period is of 180.4 days. Variation of radial velocity for
SDSS J1341+4741 is shown on the right. The derived period is 116.0 days.
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TABLE 3.3: Adopted Stellar Parameters

Object Ter (K) log(g) ¢ [Fe/H]
SDSS J0826+6125 4300 0.40 180 —-3.10
SDSS J1341+4741 2450 250 1.80 —3.20

SDSS J0013+3141 4400 1.00 1.90 —-2.30
SDSS J1953+4222 6000 4.00 1.75 —2.25
SDSS J1350+4819 5100 250 1.20 —-3.00

3.3 STELLAR PARAMETERS

The adopted stellar parameters are tabulated in table 3.3.

3.3.1 Abundance Analysis

To determine the abundance estimates for the various elements present in our tar-
get stars we have employed one dimensional LTE stellar atmospheric models (AT-
LAS9; Castelli and Kurucz 2004) and the spectral synthesis code turbo-spectrum
(Alvarez and Plez 1998b). We measured the equivalent widths of the absorption
lines present in the spectra and considered only those lines for abundance analysis
whose equivalent width is less than 120 mA, since they are on the linear part of the
curve of growth, and are relatively sensitive to the choice of microturbulence. We
have adopted the solar abundances for each element from Asplund et al. (2009);
Scott et al. (2015a,b); Grevesse et al. (2015); solar isotopic fractions were used for
all the elements. Version 12 of the turbo-spectrum code for spectrum synthesis
and abundance estimates have been used for the analysis. We have adopted the
hyperfine splitting provided by McWilliam (1998) and solar isotopic ratios. The
total broadening including instrumental broadening was estimated by convolving

with a Gaussian for the resolution(R 30000 and R=60000) of HESP. We have
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measured FWHM of telluric and Th-Ar lines to broaden the synthetic spectra
using Gaussian profile. We have also used 2D MARCS models (Gustafsson et al.
2008) to derive the abundances, but no significant deviations were obtained. The

abundances differed by values ranging from 0.01 to 0.02 dex for individual species.

We have used the Chi-square minimization technique and taken the fit with the
minimum residue as the best. The sum over the line width was taken as the error
in the theoretical the equivalent widths. The error in abundance was calculated

using this error in equivalent width.

3.4 Abundances

3.4.1 Carbon, Nitrogen, and Oxygen

Carbon-abundance estimates for our stars were derived by iteratively fitting the
CH bandhead region with synthetic spectra, and adopting the value that yields
the best match. We have used the CH molecular line list compiled by Bertrand
Plez (Plez and Cohen 2005). The CN and CH molecular linelists are taken from

the Kurucz database.

For the EMP star SDSS J0826+4-6125 , fits to the CH G-band yielded a value of
[C/Fe] = —0.82 The oxygen line at 630 nm is too weak to be detected, hence
meaningful O abundance could be derived only for SDSS J0826+6125 and SDSS
J001331.76+314144.10 . We could, however, detect the bandhead in the region of
the CN band at 3884, A, and obtain an enhancement in nitrogen corresponding

to a value of [N/Fe] = +1.27 for SDSS J0826+6125 .
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TABLE 3.4: Elemental Abundance Determinations for SDSS J0826+6125 .

Elements Species Nypes A(X) Solar [X/H] [X/Fe] o
C CH 4.60 843 —-3.92 —0.82 synth
N CN 6.00 7.83 —1.83 1.27  synth
O OlI 6.50 8.69 —2.19 0.91 synth
Na Nal 2 3.30 624 —-294 0.16 synth
Mg Mg I 4 505 7.60 —2.53 0.57 synth
Al Al 1 3.40 645 —3.05 0.05 synth
Ca Cal 8 3.68 6.34 —2.66 0.44  0.06
Sc Sc 11 5 —0.06 3.15 —-3.21 —0.11 synth
Ti Til 7 1.96 495 -2.99 0.11  0.03

Ti II 6 2.06 495 —2.89 0.21  0.04
Cr Crl 3 2.10 564 —-354 —-0.44  0.05

Cr II 2 235 564 —-329 —-0.19 0.05
Mn Mn I 4 1.60 543 —-3.83 —0.73 synth
Co Col 2 2.00 499 -2.99 0.11 synth
Ni Nil 3 3.00 6.22 -322 -—-0.12 0.04
Zn Zn 1 2 1.50 4.56 —-2.96 0.14  0.05
Sr Sr 11 2 —-090 287 —-3.77r —0.67 synth
Y Y II 1 —147 221 —-3.68 —0.58 synth
Zr Zr 11 2 —0.75 258 =333 —0.23 synth
Ba Ba Il 2 —180 218 —-398 —0.88 synth

o indicates the random error.
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TABLE 3.5: Elemental Abundance Determinations for SDSS J1341-+4741 .

Elements Species Nynes A(X) Solar [X/H] [X/Fe] o
Li Lil 1 195 ... . ... synth
C CH e 6.22 843 =221 0.99 synth
Na Nal 2 280 6.24 —-3.44 —0.24 synth
Mg Mg I 5 510 7.60 —2.50 0.70 synth
Al Al 1 3.2 645 —-3.25 —0.05 synth
Si Sil 1 533 7,51 -—2.18 1.02  0.07
Ca Cal 11 3.60 6.34 —2.74 0.46  0.05
Sc Sc 11 3 —01 315 —-325 —0.05 synth
Ti Til 4 223 495 =272 0.48  0.05

Ti I1 13 189 495 -3.06 0.19  0.04
Cr Crl 6 231 564 —-333 -0.13 0.04
Cr 11 1 277 5.64 -—2.87 0.33  0.06
Mn Mn I 1.89 543 —-354 —-0.34 0.05

)
Co Co 1 2 1.99 499 -3.00 0.20  0.05
Ni Nil 4 3.3 6.22 —287 0.33 0.04
Sr Sr 11 2 —-0.88 287 —-3.75 —0.55 synth
Ba Ba Il 2 —1.68 218 —-3.86 —0.66 synth

o indicates the random error. Values obtained after applying NLTE corrections.

For all the CEMP stars, the derived fit to the CH G-band yielded [C/Fe] > 0.65
showing the enhancement in C. The signal-to-noise ratio at the region of CN band
at 3884 AA is too low to confirm enhancement in nitrogen for most of the stars; so
we could only obtain an upper limit of [N/Fe| < 42.37 for SDSS J1341+4741 and
no meaningful values could be derived for SDSS J1953+4722 and SDSS J1350+4-4819 .
However, SDSS J001331.76+314144.10 was found to be deficient in N abundances
with [N/Fe]=-1.53. O abundances for SDSS J001331.76+314144.10 could also be
measured from the lines at 6300,A and 6363,A after the telluric corrections and
was obtained to be [O/Fe]=0.61.



Chapter3: Extremely metal poor and Carbon enhanced metal poor stars

TABLE 3.6: Elemental Abundance Determinations for SDSS
J001331.76+314144.10 .

Elements Species Npypes A(X) Solar [X/H] [X/Fe] o
C CH 70 843 —1.43 0.87 synth
N CN 4.0 783 —3.83 —1.53 synth
O Ol 1 70 869 —1.69 0.61 synth
Na Na I 2 4.5 624 —-1.72 0.58 synth
Mg Mg I 5 540 7.60 —220  0.10 synth
Al All 1 27 645 =335 —1.05
Si Sil 2 5.50 751 =201 0.29 synth
Ca Cal 11 440 634 —-194 0.36
Sc Sc 11 3 0.95 315 =220 0.10
Ti Til 4 3.3 495 —1.65 0.65

Ti Il 13 315 495 —1.80 0.50
\Y% VI 2 1.50 3.93 —2.43 —0.13 synth
Cr Crl 6 3.10 564 —-254 —-0.24

CrII 1 3.5 5.64 =214 0.16
Mn Mn I 5 280 543 -263 —0.33
Co Col 2 2.710 499 -2.29 0.01
Ni Nil 4 3.9 6.22 232 0.02 synth
Cu Cul 2 .25 419 —-294 —0.64 synth
Zn Zn 1 1 2.50 456 —2.06 0.24 synth
Sr Sr 11 2 175 287 —1.12 1.18 synth
Y Y 11 2 =025 221 —246 —0.16 synth
Zr Zr 11 3 050 258 —2.08 0.22 synth
Ba Ba II 2 1.5 218 —-0.68 1.62 synth
Ce Ce II 3 —050 158 —2.08 0.22 synth
Nd Nd II 2 —050 142 -1.92 0.38 synth
Sm Sm 11 2 =075 096 —1.71 0.59 synth
Eu Eu II 1 —1.0 0.52 —1.52 0.78 synth
Dy Dy II 2 —-050 110 -1.60 0.70 synth

o indicates random error.
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TABLE 3.7: Elemental Abundance Determinations for SDSS J1953+4722 .

Elements Species Nypes A(X) Solar [X/H] [X/Fe] o
Li Lil 1 200 ... . ... synth
C CH e 7.00 843 —-1.43 0.82 synth
Na Nal 2 450 624 —-1.74 0.51 synth
Mg Mg I 5 580 7.60 —1.80 0.45 synth
Al AlT 1 312 645 —-3.33 —1.08 synth
Ca Cal 11 4.60 6.3¢ -—1.74 0.51  0.07
Sc Sc 11 3 130 3.15 —-1.85 0.40 synth
Ti Til 4 3.00 495 -1.95 0.30 0.12

Ti 11 13 293 495 -2.02 0.23  0.08

Cr Crl 6 350 564 -—-214 0.11  0.08

Cr1I 1 3.67 564 —-1.97 0.28  0.09
Mn Mn I 5 3.05 543 =238 —0.13 0.05
Co Co 1 2 290 499 -2.09 0.16  0.07
Ni Nil 4 425 6.22 —-1.97 0.28 0.12
Sr Sr 11 2 100 287 —1.87 0.38 synth
Zr Zr 11 2 1.07 258 —-1.51 0.74  synth
Ba Ba Il 2 055 218 —-1.63 0.62 synth

o indicates the random error.

Fits for in the region of the CH G-band are shown for two of the stars, SDSS J0826+6125 and
SDSS J1341+4741 in Figure 3.2

3.4.2 The a-Elements

Several magnesium lines were detected in the spectra of our target stars. Two
of the lines in the Mg triplet at 5172 A, and three other lines at 4167 A, 4702 A,
and 5528 A were used to obtain the abundances. The derived [Mg/Fe] ratios
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TABLE 3.8: Elemental Abundance Determinations for SDSS J1350+4819 .

Elements Species Nynes A(X) Solar [X/H] [X/Fe] o
C CH ... 610 843 —-233 067 synth
Na Na I 2 3.75 624 =249 0.51 synth
Mg Mg I 5 517 7.60 —243 057 synth
Ca Cal 11 3.70  6.34 -2.64 0.36  0.05
Sc Sc 11 3 0.25 3.15 =290 —0.10 synth
Ti Til 4 223 495 =272 0.28  0.09

Ti Il 13 2.00 495 =295 0.05  0.07

Cr Crl 6 218 564 —-346 —-046 0.10
Mn Mn I ) 207 543 =336 036 0.13
Co Co I 2 237 499 -2.62 0.38  0.07
Ni Nil 4 3.45  6.22 =277 0.23  0.09
Sr Sr 11 2 0.00 287 =287 0.13 synth
Ba Ba II 2 =050 218 -2.68 0.32  synth

o indicates the random error.

were enhanced and consistent with the values often found among halo stars. The
silicon lines at 5268 A and 6237 A were too weak to be used for abundance esti-
mates of SDSS J0826+6125 , SDSS J135044819 and SDSS J1953+4722 but for
SDSS J1341+4741 and SDSS J001331.76+314144.10 , we obtain [Si/Fe] = +1.0
and [Si/Fe|=0.29. It should be noted that Si may appear over-abundant for metal-
poor stars because LTE results are known to overestimate the true value (Shi et al.

2012).

Several clean Ca I lines were detected in the spectra of all the stars were used to
measure the abundance which includes the prominent lines at 4226.73 A, 4302.53 A,
and 4454.78 A. The measurements indicate slightly enhanced [Ca/Fe] ratios as
given in the respective abundance table for each star. The overall abundance of

the a-elements are consistent with the typical halo enhancement of [a/Fe] = 40.4.
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red solid line indicates the synthetic spectrum corresponding to the best fit,
overplotted with two synthetic spectra with carbon 0.20 dex higher and lower
than the adopted value.

3.4.3 The Odd-Z Elements

The sodium abundance is determined from the Na D; and D, resonance lines
at 5890 A and 5896 A. The aluminium abundance is obtained from one of the
resonance lines at 3961.5 A. This line is not the ideal indicator, as it can have large
departures from LTE, as discussed by Baumueller and Gehren (1997), who found it
to be as large as +0.6 dex. Gratton et al. (2001) showed that incorporation of these
corrections improves the agreement between the values of aluminium abundances
obtained from this line and the high-excitation infrared doublet at 8773 A in the
case of globular cluster dwarfs. Hence, we have applied this non-LTE correction to
Al in our abundance table. Aluminium is slightly enhanced for some of the stars
SDSS J0826+6125 , while Na tracks the iron content of the stars. The scandanium

content is also very similar to iron. Na and Al are produced by the Ne-Na and
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Mg-Al cycles in intermediate and massive stars during H-shell burning. Sodium
and aluminium in the two stars could be due to a well-mixed ISM, and unlikely to

have received a direct contribution from intermediate-mass or massive-star winds.

3.4.4 The Iron-Peak Elements

Iron abundances for SDSS J0826+46125 were calculated using clean Fe I lines
and Fe II lines found in the spectra; a maximum difference of 0.40 dex was noted
between the derived abundances. This difference between Fe I and Fe II is in

agreement with the NLTE effects explored by Asplund (2005).

We also detected the iron-peak elements Mn, Cr, Co, Ni, and Zn in our target
stars. Mn and Cr are products of incomplete explosive silicon burning, and their
abundances decrease with decreasing metallicity (McWilliam et al. 1995; Ryan
et al. 1996; Carretta et al. 2002). The abundance of Mn was derived from the
resonance Mn triplet at 4030 A, 3823 A and three weaker lines near 4780 A. Cr
lines are measured from 4 lines, including the stronger ones at 4646 A and 5206 A.
Products of complete silicon burning such as Co, Ni, and Zn have also been de-
tected in most of the stars and all of these elements are found to track the iron
content. The observed abundances of Mn and Cr are similar to other stars of

similar metallicity.

For SDSS J1341+4741 , the abundance of Mn was derived from the resonance Mn
triplet at 4030 A and an additional line at 3823 A. The abundance derived for Ni
using the 4 lines of this element present in the spectrum of SDSS J134144741 is
clearly higher relative to iron, [Ni/Fe] = 40.33.



Chapter3: Extremely metal poor and Carbon enhanced metal poor stars 75

3.4.5 The Neutron-Capture Elements

Strontium and barium are the two neutron-capture elements detected in all the
stars. Resonance lines of Sr IT at 4077 A and 4215 A were used to measure the Sr
abundance. Ba II resonance lines at 4554 A and 4937 A were used to determine the
Ba abundances. The EMP star SDSS J0826+6125 is found to be under-abundant
in both strontium and barium, with abundances of [Sr/Fe] = —0.67 and [Ba/Fe]
= —0.88, respectively. The other neutron-capture elements found in this star are Y
and Zr, which are under-abundant as well. The stars SDSS J13414+4741 and SDSS
J1350+4819 are also found to be under-abundant in both strontium and barium
with enhanced abundances for carbon. Based on the clear under-abundance of the
neutron-capture elements, along with the elevated carbon abundance, these stars

can be classified as a CEMP-no star following Beers and Christlieb (2005).

Best-fit spectra of the Sr and Ba syntheses for two of the stars are shown in Figures
3.3 and 3.4 with (SDSS J082625.70+612515.10 ) at the upper panel and (SDSS
J134144.60+474128.90 ) at the lower panel.

3.4.6 Lithium

A strong feature of Li could be obtained in SDSS J1953+4722 and SDSS J1341+4741 at
6707 A, the Li doublet, from which we obtain an abundance A(Li) = 2.00 and
A(Li) = 1.95 respectively. The measurement of Li in SDSS J1341+4741 is similar

to some other CEMP-no stars (e.g , Sivarani et al. 2006; Matsuno et al. 2017)
but the Li abundance of SDSS J1953+-4722 is comparatively higher than a typical
CEMP-s star. The synthesis for this element is shown in Figure 3.5.
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FIGURE 3.3: Synthesis in the Sr IT region for SDSS J0826+6125(upper panel)
and SDSS J1341+4741(lower panel). The red line indicates the best-fit, over-
plotted with two synthetic spectra with Sr abundance 0.20 dex higher and lower
than the adopted value.

3.5 Discussion

3.5.1 EMP stars

3.5.1.1 Carbon, Nitrogen, and the Non-detection of Lithium

In the First Stars VI paper, Spite et al. (2005) carbon and nitrogen was found to be
anti-correlated, and the faint halo stars could be classified into two groups — “un-
mixed” stars, which exhibited C enhancement with N depletion, having A(Li) be-
tween 0.2 and 1.2, and “mixed” stars, which showed [C/Fe| < 0.0, [N/Fe] > 40.5,
and Li below the detection threshold. SDSS J0826+6125 clearly falls into the

second group. Li is a very fragile element which is destroyed at temperatures in
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FIGURE 3.4: Synthesis in the Ba II region for SDSS J0826+6125 (upper panel)
and SDSS J1341+4741(lower panel). The red line indicates the best-fit, over-
plotted with two synthetic spectra with Ba abundance 0.20 dex higher and lower
than the adopted value.

excess of 2.5 million Kelvin. Evidence for this can be seen in previous samples of
metal-poor stars; the A(Li) = 2.3 observed for metal-poor dwarfs starts decreas-
ing as the star ascends the giant branch, to A(Li) < 1.2 for giants (First Stars
VII; Bonifacio et al. 2007b). The non-detection of lithium for this star could be

understood in this way.

In First Stars IX, Spite et al. (2006) argued that such destruction could be taken as
a signature of mixing, and placed this mixed group of stars higher up in the giant
branch stage of evolution. Other scenarios for the depletion of lithium, such as
binary mass transfer, can be eliminated for SDSS J0826+6125 , as no such peculiar
chemical imprints have been found. During mixing, material from deeper layers
where carbon is converted to nitrogen is brought to the stellar surface. Figure 4
of Cayrel et al. (2004) shows the decline in the value of [C/Fe| for temperatures

below 4800 K in metal-poor stars, which is again attributed to deep mixing at lower
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indicates the best-fit, overplotted with two synthetic spectra with Li abundance
0.20 dex higher and lower than the adopted value of A(Li)=1.95.

temperatures. With a T.g of 4300 K and a low log(g) = 0.4, SDSS J0826+6125 can
be placed in the mixed group of stars close to the tip of the red giant branch
(RGB).The left panel of Figure 3.6 shows the position of the star in log(g)-Tugs
plane compared with other metal-poor halo stars compiled in the SAGA database
(Suda et al. 2008). The right panel in Figure 3.6 compares the [C/N] ratio with
metallicity of the halo stars having carbon deficiency (for which both estimates of

carbon and nitrogen are available).

3.5.1.2 The Light Elements

SDSS J0826+4-6125 exhibits a low Na, high Mg, and low Al content, consistent with
the odd-even pattern expected to occur during massive-star nucleosynthesis at low

metallicities. A slight enhancement of Na is observed, which could be an imprint
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carbon deficiency. SDSS J0826+-6125 is marked by the blue cross. The red dots
mark the stars at the tip of the RGB with log(g) less than 1.

of the previous generations of stars which underwent the Ne-Na cycle, as it is not
possible to produce these elements in the RGB phase. Such an anomaly could be
similar to that seen in globular cluster stars (Gratton et al. 2001, 2004), which
have undergone the AGB phase and passed on processed material to a subsequent
generation of star formation in a closed system. Unfortunately, other signatures
seen in globular cluster stars, such as the C-N-O and O-Na-Mg-Al correlations
and anti-correlations (Shetrone 1996; Gratton et al. 2004; Carretta et al. 2010a;
Coelho et al. 2011; Mészaros et al. 2015) were not observed in this star.

3.5.1.3 The Iron-Peak Elements

Abundances of Fe-peak elements (Cr, Mn, Co, and Ni) for metal-poor stars from
the SAGA database are plotted, as a function of metallicity, in Figure 7, along
with the position of SDSS J0826+6125 . This star appears is relatively rich in Co,
but poor in Cr, Mn, and Ni, consistent with McWilliam et al. (1995) and Audouze
and Silk (1995), who showed the same trends for several stars with metallicity
below [Fe/H| = —2.4. The relative abundances of the Fe-peak nuclei could be

well-explained by their dependence on the mass cut of the progenitor supernova
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with temperature, which gives rise to a photo-disintegration process (Woosley and

Weaver 1986).
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3.5.1.4 The Neutron-Capture Elements

Abundances of both the heavy and light s-process elements found in SDSS J0826+6125 are
low, which is again consistent with the lack of available neutron flux (Audouze and

Silk 1995). The abundance values are very similar to other EMP giants.
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3.5.1.5 The Asymmetric Ha Profile of SDSS J0826+46125

SDSS J0826+6125 was observed several times, and an asymmetry in the Ha
profile was noted for all of the spectra. The profile also could not be well-fit with
synthetic spectra. The Ha profile and its fit with the model spectrum is shown
in Figure 3.8. This could be due to the inadequacy of the 1D stellar models, or it
may be due to an extended atmosphere present in the star. The Ha profile was
also found to be not varying over several observation epochs indicating no ongoing
mass transfer. The extended atmosphere could be the result of past mass transfer
from an intermediate-mass AGB companion or mixing due to first dredge up of
the star in the RGB phase. It is also possible that the star itself is an AGB star
(e.g., Masseron et al. 2006).
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FIGURE 3.8: The strange Ha profile of SDSS J0826+6125 for different values
of temperature from 4200k to 4600k in steps of 100k shown in the left. The
lack of variability of the Ha profile of SDSS J0826+6125 for four epochs of
observation are shown in the right.

3.5.2 CEMP stars

3.5.2.1 Lithium

We have obtained a measurement of A(Li) = 1.95 for SDSS J1341+4741 , which
is lower than the Spite Plateau (Spite and Spite 1982) value of A(Li) = 2.2+
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0.1 (Pinsonneault et al. 1999), and much lower than the predicted amount of Li
from Big Bang nucleosynthesis (A(Li) = 2.75; Steigman 2005). Our limited RV
information for this star indicates clear variation, from which we derive a possible
period of 116 days. However, we have no other evidence that a mass-transfer
event may have occurred. A slight depletion from the Spite Plateau value (A(Li)
= 2.19) could be attributed to internal mixing of the star, or the observed value of
lithium for SDSS J1341+4741 and SDSS J1953+4722 may be the result of several

concurrent phenomena as discussed in details later in Chapter 6.

3.5.2.2 Carbon

According to Spite et al. (2013) and Bonifacio et al. (2015), CEMP stars are dis-
tributed along two bands in the A(C) vs. [Fe/H] plane. The upper band is centred
around A(C)~ 8.25, and comprises relatively more metal-rich CEMP-s stars, while
the lower band centred around A(C) ~ 6.50 comprises more metal-poor, and pri-
marily CEMP-no, stars. Further investigation by Hansen et al. (2016b) also led
the result that the majority of the stars that are known binaries lie close to the

upper band.

By expanding the list of CEMP stars with available high-resolution spectroscopic
analyses to include more evolved sub-giants and giants (with the later giants hav-
ing C abundances corrected for evolutionary mixing effects; Placco et al. 2014),
Yoon et al. (2016) demonstrated that the morphology of this abundance space is
more complex, with three prominent groups identified in the so-called Yoon-Beers
diagram (their Figure 1). They argued that a separation between CEMP-s stars
and CEMP-no stars in their sample could be reasonably achieved by splitting the
sample at A(C) = 7.1, with the Group I CEMP-s stars lying above this level and
the Group II and III CEMP-no stars lying below this level. In this classification
scheme, SDSS J1341+44741 , with A(C) ~6.22) can be comfortably identified as a
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Group II CEMP-no star. Hence, the enhancement of carbon in this star is most
likely to be intrinsic to the star (i.e., the C was present in its natal gas), and not
the result of mass transfer from an extinct AGB companion. Thus, the elemental-
abundance pattern observed from this star is associated with nucloesynthesis from
a core collapse SN at early times, perhaps with additional contributions from stars

that formed and evolved within its natal gas cloud.
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FIGURE 3.9: Top: Variation of A(Na) and A(Mg) with metallicity for the two
groups of CEMP-no stars. The Group II and Group III stars are shown as black
and blue colored points, respectively. The program star CEMP-no stars, shown
in red diamonds, again falls within the Group II sub-class. Bottom: Variation
of A(Na) and A(Mg) with A(C) for the two groups of CEMP-no stars, following
the classification of Yoon et al. (2016). The program CEMP-no stars, shown as
a red cross, is clearly a member of Group II.

3.5.2.3 The Light Elements

The program CEMP-no stars exhibit the low [Na/Fe], high [Mg/Fe], and low
[Al/Fe] ratios expected from the odd-even pattern in massive-star nucleosynthesis

yields at low metallicities (e.g., Arnett 1971; Truran and Arnett 1971; Peterson
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1976; Umeda et al. 2000; Heger and Woosley 2002). The light elements closely fol-
low the overall halo population observed in the Galaxy as well (Cayrel et al. 2004).
Following Yoon et al. (2016), both SDSS J1341+4741 and SDSS J1350+4819 are
clearly members of the Group II stars as shown in Figure 11, and supports a

possible mixing and fallback SN as a likely progenitor.

3.5.2.4 The Iron-Peak Elements

Abundances of Fe-peak elements for CEMP-no stars (Cr, Mn, Co, and Ni) are
shown in Figure 3.7, as a function of [Fe/H]|, compared with other CEMP-no
and C-normal EMP stars compiled from the SAGA database (Suda et al. 2008).
One feature that clearly stands out is the over-abundance of Cr and Ni, and to
some extent Mn. In the low-metallicity regime, the stars are expected to show
signatures of Type II SNe nucleosynthesis. All three elements play key roles in
determining the progenitor population in the halo and the subsequent SNe yields.
A decrease in [Cr/Fe] and [Mn/Fe] with decreasing [Fe/H] should be accompanied
with enhancement in [Co/Fe| as a function of deeper mass cuts in the progenitor
SNe (refer to Figure 9 of Nakamura et al. 1999). However, enhancement in both
[Cr/Fe| and [Mn/Fe| can be explained by an excess of neutrons as well. Since
neutron excess is a function of metallicity, we have plotted [Cr/Fe] vs. [Mn/Fe| in
Figure 22 to eliminate the trend with Fe abundance (following, e.g., Carretta et al.
2002). In this plot, SDSS J1341+4741 occupies a relatively higher position amidst
the population of CEMP-no stars. From Heger and Woosley (2002), Heger and
Woosley (2010) and Qian and Wasserburg (2002), it is known that very massive
stars (80 < M /M. < 240) belonging to population III explode as pair-instability
SNe, which should not produce a correlation between [Cr/Fe| and [Mn/Fe|. Thus,
the presence of this correlation points us towards Type II SNe associated with a

relatively high-mass (M /M < 80), but not extremely high-mass, progenitor.
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Nickel is an extremely important element to gain further insight into the nature
of the progenitor of SDSS J1341+4741 . The depth of the gravitational potential
and amount of neutrino absorbing material in the models are the two factors that
compete for the production of Ni in Type II SNe. In very massive (M /Mg > 30)
stars the deeper gravitational potential restricts nickel from being ejected due to
fallback, while intermediate-mass (10 < M /M. < 20) stars eject large amounts
of Ni because of a large neutrino-absorbing region (Nakamura et al. 1999). Thus,
enhancement of Ni also points in the same direction, that the progenitor is likely
to be a massive (20 < M/M < 30) star exploding as a Type II SNe in the early
Galaxy. The observations support the hypothesis of a mixing and fallback model

(Nomoto et al. 2013) with a lower degree of fallback, so as to eject a larger mass

of *°Ni.
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Ficure 3.10: The relative enhancement of Cr and Mn for SDSS
SDSS J1341+4741 , shown as a red cross, in the [Cr/Fe| vs. [Mn/Fe] space.
Red dots mark the CEMP-no stars while the black dots mark the EMP stars.
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3.5.2.5 The Neutron-Capture Elements

The first s-process peak element Sr and the second s-process peak element Ba have
been detected in both the CEMP-no stars, and they exhibit under-abundances.
The ratio of light to heavier neutron-capture elements are sensitive to the nature
of the progenitors. Neutron star mergers are expected to produce heavy neutron-
capture elements (e.g., Argast et al. 2004) and have been observed to do so in the
kilonova SSS17a associated with GW170817 (Kilpatrick et al. 2017), which exhib-
ited clear evidence for the presence of unstable isotopes created by the r-process
(Drout et al. 2017; Shappee et al. 2017a). SNe with jets (e.g., Winteler et al.
2012; Nishimura et al. 2015) may also produce heavy neutron-capture elements.

Formation of these systems may depend on the environment as well.

3.5.2.6 Nature of the Binary Companions of SDSS J0826+6125 and
SDSS J1341+44741

Both of our program stars exhibit clear radial-velocity variations, indicating the
likely presence of a binary companion. In the case of SDSS J0826+6125 , the
enhanced abundances of N and under-abundance of C indicates the possible mixing
of the atmosphere with CN-cycle products. This can result from first dredge-up
mixing in the star, which is currently in the RGB, from mass transfer from an
intermediate-mass AGB star that might have gone through hot bottom burning
(Lau et al. 2007; Suda et al. 2012). The low log(g) value of the star supports RGB
mixing, although AGB mass transfer cannot be ruled out. The non-detection
of Li and peculiar Ha profiles could indicate either internal mixing or binary
mass transfer as well. The O abundance can help to differentiate between the
RGB and AGB scenarios. In the case of an intermediate-mass AGB that goes
through hot bottom burning, the temperatures are sufficiently high for the star
to operate the CNO cycle, which will result in a depleted O abundance. In that
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case, SDSS J0826+6125 may be a true nitrogen-enhanced metal-poor (NEMP;
see Johnson et al. 2007, Pols et al. 2009, Pols et al. 2012) star, which are known

to exist, but are relatively rare.

In the case of SDSS J1341+4741 , the binary companion did not likely contribute
through a mass-transfer event, since the Li abundance in the star is similar to other
EMP stars, although it is lower than the Spite Plateau value. The mild depletion of
Li could be due to binary-induced mixing or internal mixing of the star during its
sub-giant phase. It may well be worthwhile to mount an RV-monitoring campaign
for this and other Li-depleted EMP stars to test for a possible binary-star origin
to the declining lithium abundance problem for stars with [Fe/H] < —3.0.

3.5.3 SDSS J001331.76+4+314144.10

SDSS J001331.764-314144.10 is a CEMP-s star discovered in this study along with
SDSS J1953+4722 . SDSS J001331.76+314144.10 shows an elevated [C/Fe]=0.87,
a low [N/Fe|—1.53 and [O/Fe]=0.61. It also shows a slightly lower [Mg/Fe]=0.10
but [Ca/Fe]=0.36 consistent with the a enrichment of the Halo stars. The Fe-peak
elements track the Fe abundances but [Cu/Fe]—0.64 deviates from the expected

abundance pattern.

The abundances of n-capture elements show a peculiar distribution. The light
n-capture elements have values close to solar abundances with the exception of Sr
which exhibits a very strong enhancement of [Sr/Fe]= +1.18. Among the heavier
n-capture elements, Ba abundance is also very high with [Ba/Fe]=+1.62. The

other heavy n-capture elements show a moderate enhancement of [n/Fe]=0.65.

The abundances are not typical of a halo star. It is very likely that SDSS
J001331.76+314144.10 has undergone a chemical enrichment history completely
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different from the usual metal poor stars. The paper is in progress and it might

be of considerable interest for stellar modelling.

3.5.4 CEMP-no and EMP Stars

From the above discussion, and based on previous studies, it is evident that CEMP-
no and C-normal EMP stars have very different origins. Even within the sub-class
of CEMP-no stars, there may well be different types of progenitors. As discussed
by Yoon et al. (2016), the Group II CEMP-no stars could be associated with
the faint mixing and fallback SNe, whereas the Group III CEMP-no stars can
be attributed to the spinstar models, with a number of exceptions for both the
classes (Meynet et al. 2006; Nomoto et al. 2013). See also the discussion of the
progenitors for CEMP-no stars by Placco et al. (2016). Some of the CEMP-no stars
lying in the low A(C) region may have a binary component, but no mass transfer is
supposed to have taken place (Starkenburg et al. 2014; Bonifacio et al. 2015; Yoon
et al. 2016), which is further strengthened by the only “slight” depletion of Li in
SDSS J1341+44741 , as described in the previous section. Iron-peak elements can
provide valuable insights regarding the nucleosynthetic yields of their progenitor
supernovae, as these elements cannot be produced or modified during the post
main-sequence evolutionary stages of the star. Figure 3.7 shows the distribution
of some key Fe-peak elements for both CEMP-no and C-normal EMP stars. Visual
inspection suggests that Cr and Co are enhanced for the CEMP-no population.
We have compiled data from SAGA database to see if there is an enhancement
of Cr in CEMP-no stars. The fit is given in Figure 18 for [Cr/Fe]. There is
a slight offset between the EMP and CEMP-no stars, but they exhibit similar
increasing trends of [Cr/Fe| with [Fe/H]. We have checked, and these behaviours
apply to both dwarfs and giants. The similar offset could also be noted for Co. Lai
et al. (2008) and Bonifacio et al. (2009) have considered the discrepancies in the

behaviour of Cr between giants and dwarfs, since Cr II could be measured only in
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giants, while Cr I is a resonance line, and could suffer substantial NLTE effects.
However, such issues are not expected to play a substantial role when we compare
only giants with giants or dwarfs with dwarfs. Temperature and gravity do not
play a major role in deviations from LTE abundances (Bergemann and Cescutti
2010), so we have not used them to further refine our sample from the archival
data. Enhancement in [Cr/Fe| for CEMP-no stars with respect to C-normal EMP
stars can play a key role in the understanding of SNe ejecta and relevant mass

cuts. It would be very interesting to investigate the origin of this discrepancy.
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FIGURE 3.11: Linear fit for CEMP-no and C-normal EMP stars. Red is used
for CEMP-no stars while black is used for EMP stars. The slope and o are
shown for each fit in the corresponding color.

3.6 Conclusion

We have derived LTE abundances for the EMP star SDSS J082625.70+612515.10 ;
it is mostly consistent with the behaviour of other halo stars. The depletion in

carbon and enhancement in nitrogen could be due to internal mixing within the
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star. It is unlikely that self enrichment similar to that is seen in globular clusters
has occurred, due to the overabundance in oxygen. The peculiar Ha profiles of
SDSS J0826+4-6125 also supports the possibility of mixing that might occur in an
extended atmosphere. The radial-velocity variation strongly suggests this star is
a member of a binary system, but it is likely there is no ongoing mass transfer,

due to non-variable peculiar Ha profile over a period of a year.

SDSS J134144.60+474128.90 and SDSS J1350+4819 are CEMP-no type stars with
SDSS J1341+4-4741 likely being a member of a binary system. The lithium is de-
tected in SDSS J1341+4741 and mildly depleted, similar to other EMP stars.
Lithium in EMP dwarfs and CEMP-no stars exhibit similar trends at different
metallicities. SDSS J001331.76+314144.10 and SDSS J1953+4722 are found to be
CEMP-s stars with SDSS J001331.76+314144.10 showing a very peculiar nucle-

osynthesis pattern which might be very interesting for stellar modellers.

Below [Fe/H] < —3.0, EMP and CEMP-no stars often have lithium abundance
below the Spite Plateau. We also studied the trends of heavy elements among
EMP and CEMP stars. At a given metallicity, CEMP-no stars appear to have
larger abundances of Cr. This might provide important clues to the nature of the

progenitors that contributed to the origin of carbon.



Chapter 4

Discovery of a blue straggler and

other GC escapees in the Halo

4.1 Introduction

Globular clusters are expected to loose a large amount of stellar mass during their
migration and evolution in the Halo (e.g. Martell 2018 and references therein;
Kruijssen 2014a). There are several processes by which stars can escape from the
globular clusters. The most important of them is evaporation. The clusters owing
to their large age are dynamically relaxed systems which allow mass segregation
to have already taken place. Thus the stars with the highest velocity are pushed
towards the least bound or outer parts of the cluster making it very easy for them to
escape (Balbinot and Gieles 2018) from the cluster potential. Another important
process resulting in mass loss from the clusters is tidal interactions with the Galaxy
as observed in the case in the well studied GC Palomar 5 (Odenkirchen et al. 2001).
Other processes like disc shocking and dynamical friction also contribute towards

loss of stars from globular clusters. The importance of each mass-loss process
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depends upon the properties of the cluster as shown in the "vital diagram” by
Gnedin and Ostriker (1997). On average, each globular cluster is expected to have

lost half its mass over a span of 12 Gyr (Fall and Zhang 2001).

Chemical tagging is one of the important tools to identify stars of globular cluster
origin among the field stars (Freeman and Bland-Hawthorn 2002). Both the pop-
ulations display a similar elemental abundances for alpha, Fe-peak and n-capture
elements (Gratton et al. 2004; Pritzl et al. 2005; Lind et al. 2015). However, glob-
ular clusters show certain unique trends for light elements like C, N, O, Na, Mg,
Al which is uncharacteristic of halo stars (e.g. Kraft et al. 1979; Kraft 1979; Norris
and Freeman 1979 and many references since). These traits emerge as a result of
self evolution where the gas from the first generation of stars does not escape from
the cluster but instead pollutes the second generation stars with the products of
evolved hydrogen burning (Kraft et al. 1997; Carretta et al. 2009a,b). In hotter
regions (T > 40 million K) Ne-Na chain starts converting *°Ne to ?*Na while at
the same region O starts depleting via the ON cycle (Gratton et al. 2012a). In
even hotter temperatures (T > 70 million K) Mg-Al cycle is ignited which steadily
depletes Mg and then Mg to 2"Al (Denissenkov and Weiss 1996; Salaris and
Weiss 2002). The true sites where C-N-O, Ne-Na, and Mg-Al cycles occur are the
H-burning shells of low mass (<1 M) RGB stars, and in the Hot Bottom Burning
(HBB) regions (Bloecker and Schoenberner 1991; Boothroyd and Sackmann 1992)
of the outer convective envelope of intermediate mass (38 M) AGB stars. The fast
rotating massive stars (FRMS) is also a probable site for similar nucleosynthesis
reactions to take place (Decressin and Charbonnel 2007). The winds from these
early generations of IM-AGB stars and FRMS alters the chemical composition of
the birth cloud of subsequent generations of stars. Consequently, a large fraction
of present-day GC stars is enhanced in Na and Al along with depleted levels of
C, O and Mg. Spectroscopically almost all the studied Galactic globular clusters
are found to host multiple generations of stars (Bragaglia et al. 2017) and can be

traced by the C-N-O anomaly (Kayser et al. 2008; Smolinski et al. 2011) and the
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anticorrelations of Na and O, Mg and Al (e.g. Carretta et al. 2009a,b; Martell and
Grebel 2010; Martell 2011; Lee 2010; Bragaglia et al. 2015; Carretta et al. 2017).

Martell and Grebel (2010) demonstrated that 2.5% of the 2000 low metallicity
Halo giants studied from the SEGUE survey had and enhanced N and depleted C
relative to the field stars. A similar result was obtained by Martell et al. (2011)
from SEGUE-II. Ramirez et al. (2012) discovered two field dwarfs showing the Na-
O anti-correlations which could be attributed to globular cluster origin. Lind et al.
(2015) found one star from the GAIA-ESO survey with the Mg and Al abundances
largely different from the Halo population but consistent with globular cluster
abundances. Halo giants with globular cluster abundances of N and Al were also

obtained by Martell et al. (2016) using the SDSS-IV APOGEE survey.

The studies have estimated a substantial part of the Halo to be contributed by
globular cluster stars(e.g. Carretta et al. 2010b; Ramirez et al. 2012;Lind et al.
2015) but the scientific community is still in pursuit of a consensus regarding the
precise number. Martell and Grebel (2010), Martell (2011) have estimated 3% of
the Halo to be contributed by globular clusters. This number is consistent with
the high resolution studies conducted by Carretta et al. (2010b) which suggested
3% while Ramirez et al. (2012) found it to be 3+2 %. Martell et al. (2016) have
found 2% of their sample of halo stars to have the chemical signatures of second
generation GC stars which accounts for a much larger amount of mass loss from
globular clusters. Following Martell et al. (2011) the original contribution from
GCs amounts to 13% of the Halo stars in order to account for the 2% being
chemically taggable.

Here we discuss the first discovery of three second generation globular cluster
escapees with enhanced Na, Al and depleted C, O and Mg. One of them is a blue
straggler which is a rare discovery and also the most metal poor globular escapee

discovered to date.



Chapterj: GC' escapees in the Halo 94

TABLE 4.1: Observation details for the reported objects observed through
HESP at R 30000.

Object obs.time frames SNR Vmag Rad.vel
SDSS J1937+5024  2400s 3 130 1044 —184.0
SDSS J0646+4116 2400s 6 43.1  11.14 —285.0
SDSS J2256+3951 2400s 6 41.4  11.56 —22.0

4.2 Observations and analysis

High-resolution (R ~ 30,000) spectroscopic observations of the three stars were
carried out as a part of the HESP-GOMPA (Galactic survey Of bright Metal
Poor stArs) survey using the Hanle Echelle Spectrograph on the 2.3-m Himalayan
Chandra Telescope (HCT) at the Indian Astronomical Observatory (IAO). The
target selection was done as explained in Chapter 2. We have used synthetic
spectral fitting of the pre-survey data to identify new metal-poor candidates(in
the domain of globular cluster metallicity; [Fe/H] > —2.50) with a weak G-band
which is a well known feature of globular cluster stars and could be studied from
low resolution data(e.g. SDSS). We identified 3 globular cluster escapees showing
the expected chemical signatures out of 55 metal poor stars with weak G-band
from low resolution data. The epoch of observation, radial velocities, signal-to-

noise ratio are listed in Table 4.1.

The stellar parameters were derived following the same technique as described in

Chapter 2. The adopted values for the three stars are given in Table 4.2.
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TABLE 4.2: Adopted stellar parameters for the stars

Object Eff temp(K) log(g) ¢ [Fe/H]
SDSS J1937+5024 4800 1.50 1.50 —2.20
SDSS J0646+4116 5150 225 150 —-1.90
SDSS J2256+3951 7000 5.00 1.80 —2.40

4.3 Abundances

4.3.1 Light elements

Lithium could be detected in SDSS J193712.014-502455.50 and SDSS J064655.6+411620.5 .
The strong Li doublet at 6707 A, was used from which we obtain an abundance
A(Li) = 1.05 and 0.95 respectively, which is similar to some other giants observed
in the field. Li could not be measured for SDSS J225641.254+-395145.9 which is
expected as it is a very fragile element and likely to be destroyed at higher tem-

peratures.

Carbon abundances are measured by performing a spectral synthesis around the
CH G bandhead region around 4313 A. The bandhead could be detected and
measured in SDSS J193712.01+502455.50 and SDSS J064655.64+411620.5 which
yielded the best fit values of [C/Fe] = 0.02 and [C/Fe] = —0.53 respectively. How-
ever, the G band could not be detected in case of SDSS J225641.25+395145.9 which
is understandable because of its relatively high temperature of 6800 K. N abun-
dances were obtained by measuring the CN molecular band at 3883 A. The C
abundances obtained from the G band was used with a wide range of N abun-
dances and the best fit in the spectral bandhead was taken as the value of the
N abundance. However, being close to the extreme blue end of the spectrum the

signal-to-noise in the region is poor. N could be measured only in case of SDSS
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J193712.01+502455.50 owing to its brightness and high SNR and it is found to be
slightly enhanced with a value of [N/Fe] = 4+0.37. O abundances are measured
from the weak lines at 6300 Aand 6363 Alines which are the regions heavily popu-
lated by atmospheric lines and thus telluric correction is vital for obtaining the cor-
rect values of oxygen. O could be measured for SDSS J193712.014+502455.50 and
SDSS J064655.64+411620.5 and both are found to be enhanced with abundances
of [O/Fe] = +0.61 and [O/Fe] = +0.51 respectively.

Among the a elements, Mg and Ca could be studied in the stars. The Si lines were
too weak to derive any meaningful abundances. Several lines for Mg and Ca could
be obtained throughout the spectra of which only the clean lines were used to derive
the abundances. The very strong lines like the strongest among the Mg triplet
around 5172 Awere ignored in the computation of the abundances. For SDSS
J193712.014+502455.50 [Ca/Fe] = +0.21 is slightly enhanced but lower than the
typical Halo o enhancement of +0.4 whereas [Mg/Fe]= —0.13 is depleted. SDSS
J064655.64+411620.5 is also found to have [Ca/Fe| = 0.23 and [Mg/Fe| = 0.21 which
are lower than typical Halo stars. Ca could be taken as the true representative of
« elements as the other elements like O, Si and Mg are mostly altered due to the
recycling of the products of an earlier generation of stars during subsequent star
formation inside globular clusters (Kraft et al. 1997; Gratton et al. 2004; Carretta
et al. 2010b; Gratton et al. 2012a). SDSS J225641.25+395145.9 shows a depleted
value of both the « elements [Ca/Fe] = —0.63 and [Mg/Fe]= —0.40.

Na and Al are the most important among the odd Z elements to tag a star of
globular cluster origin(ref). Both of them could be detected for all the three stars.
Al abundances have been derived by spectral fitting of the strong resonance line
at 3961 Awhile the D1 and D2 lines at 5890 Aand 5896 Awere used for deriving
abundances of Na. The spectral fit for Al have been shown in Figure 1. The NLTE
corrections for this line could rather high upto 0.75 dex as discussed by Baumueller

and Gehren (1997); Andrievsky et al. (2008); Nordlander and Lind (2017). The
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NLTE corrections for Na (Andrievsky et al. 2007) has also been taken into account

which is incorporated in the final values.

4.3.2 Fe-peak elements

Abundances of Cr, Co, Mn, Ni and Zn could be measured by the usual equivalent
width analysis of the clean lines. The non LTE correction for each species (e.g.
Bergemann and Gehren 2008; Bergemann et al. 2010; Bergemann and Cescutti

2010; Sitnova et al. 2016) have been incorporated in the final abundances.

The two odd Z elements Mn and Cu show the usual deficiency with respect to
Fe in the metal poor domain as found in previous studies for halo as well as GC
stars. However, Ni is found to be high for SDSS J225641.254+395145.9 and SDSS
J193712.01+502455.50 which could be explained by invoking mass cuts (Woosley
and Weaver 1986) or a progenitor which is likely to be a massive (20 < M/Mg <
30) star exploding as a Type II SNe in the early Galaxy. The over-abundance
of [Co/Fe] in the case of SDSS J225641.25+395145.9 could also be explained by
deeper mass cuts, as Co is formed in the innermost layers whereas Fe can be
synthesized in deeper layers as well as outer layers during Si burning (Maeda and
Nomoto 2003; Nomoto et al. 2013). The identical trends for Fe-peak elements in
GCs and halo stars indicate that they had a similar pre-enrichment history during

the epoch of formation at the early phases of galactic evolution.

4.3.3 Neutron capture elements

Neutron capture elements like Sr and Ba could be measured in all the three stars

and they are found to have normal abundances without notable irregularities. The
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resonance lines of Sr IT at 4077 Aand 4215 Awere used to derive the Sr abundances

while resonance lines at 4554 Aand 4934 Awere measured to determine the Ba

abundances. Method of spectral synthesis was employed to derive the abundances

which took care of the hyperfine transitions.
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TABLE 4.3: Elemental Abundance Determinations for SDSS
J193712.014+502455.50 .

Elements Species Nypes A(X) Solar [X/H] [X/Fe] o
Li Lil 1 1.05
C CH ... 625 843 —-2.18 —0.02 synth
N CN e 6.05 7.83 —1.78 0.42 synth
O 01 ... 710 869 —-1.59 0.61 synth
Na Na 2 450 624 -—-1.74 0.46 synth
Mg Mg I 4 517 7.60 —243 —0.23 synth
Al AlT 1 470 645 —-1.75 0.45 synth
Ca Cal 8§ 435 6.34 —-1.99 0.21  0.06
Sc Sc 11 5 095 315 —2.20 0.00 synth
Ti Til 7 314 495 1281 0.39 0.03
TilI 6 286 495 -2.09 0.11  0.04
Cr Crl 3 333 564 -231 -—-0.11 0.05
CrII 2 335 564 —229 —-0.09 0.05
Mn Mn I 4 260 543 —-2.83 —0.63 synth
Co Col 2 268 499 —-231 —0.11 synth
Ni Nil 3 470 6.22 —1.52 0.68 0.04
Zn Zn 1 2 237 456 =219 0.01  0.05
Sr Sr 11 2 075 287 -—2.12 0.08 synth
Ba Ba II 2 025 218 -1.93 0.27 synth

o indicates the random error.
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TABLE 4.4: Elemental Abundance Determinations for SDSS
J064655.6+411620.5 .

Elements Species Nypes A(X) Solar [X/H] [X/Fe] o
Li Lil 1 095
C CH ... 6.00 843 —243 —0.53 synth
O 01 e 730 869 —1.39 0.51 synth
Na Nal 2 475 624 —-1.49 0.41 synth
Mg Mg I 4 591 760 —1.69 0.21 synth
Al Al 1 492 645 —1.53 0.37 synth
Ca Cal 8 467 634 —1.67 0.23  0.09
Sc Sc 11 5 1.72 315 —-1.43 0.47 synth
Ti Til 7T 347 495 —-1.47 0.43  0.08
Ti Il 6 357 495 —1.38 0.52  0.06
Cr Crl 3 380 564 —1.84 0.06  0.09
Cr I 2 406 564 —1.58 0.32  0.08
Mn Mn I 4 324 543 =219 —0.29 synth
Co Col 2 262 499 —-237 —047 synth
Ni Nil 3 456 6.22 —1.66 0.24  0.07
Zn Zn 1 2 289 456 -—1.67 0.23  0.06
Sr Sr 11 2 125 287 -—1.62 0.28 synth
Ba Ba II 2 075 218 -—-143 0.47 synth

o indicates random error.
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TABLE 4.5: Elemental Abundance Determinations for SDSS
J225641.254+395145.9 .

Elements Species Nypes A(X) Solar [X/H] [X/Fe] o
Na Nal 2 568 6.24 —-0.56 1.74 synth
Mg Mg I 4 490 760 -270 —040 synth
Al All 1 450 645 —-1.95 0.35 synth
Ca Cal 8§ 440 634 —-294 —-0.64 0.12
Sc Sc 11 5 140 315 —-1.75 0.55 synth
Ti Til 7 310 495 —-1.85 0.55 0.10

Ti 11 6 295 495 —-2.00 0.30  0.08
Cr Crl 3 400 564 -—-1.64 0.66  0.09

Cr1I 2 360 564 =204 0.26 0.13
Mn Mn I 4 329 543 =214 0.16 synth
Co Col 2 300 499 -1.99 0.31 synth
Ni Nil 3 440 6.22 —-1.82 0.48  0.08
Sr Sr 11 2 050 287 —-237 —0.07 synth
Ba Ba Il 2 000 218 =218 0.12 synth

o indicates the random error.
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4.4 Results and discussion

4.4.1 Light element anti-correlations

All the three stars SDSS J193712.014-502455.50 ,SDSS J064655.6+411620.5 ,SDSS
J225641.25+395145.9 show enhancement in [Na/Fe] and [Al/Fe] in comparison to
the other Halo stars of similar metallicity. They also show under-abundance of
|C/Fe] with enhancement in [O/Fe] which is compatible with the yields for a sec-
ond generation globular cluster star. [Mg/Fe]| is also found to be depleted in SDSS
J193712.01+502455.50 and SDSS J064655.6+411620.5 but with the expected value
for [Ca/Fe| around +0.4 dex which is compatible with the extreme globular clus-
ter abundances. Since the elements like C, O, Mg could be significantly altered
during the quiescent burning in the proton fusion reactions (Gratton et al. 2004),
we have restricted Ca as the best representative of a elements for comparison
with halo star abundances. However, SDSS J225641.254+395145.9 shows a strong
depletion of both [Mg/Fe] and [Ca/Fe] which might be due to significantly lower
impact of supernovae type Il on the parent cluster or it might have migrated from
satellite galaxies (Kirby et al. 2009). We have conducted a comparative study of
these three stars with the Halo population and globular cluster abundances using
light elemental abundances as shown in Figure 2. The panels a and b display the
enhancement in [Na/Fe] and [Al/Fe] with respect to [Fe/H] in globular clusters as
compared to the Halo stars. To clearly separate the GC population from the halo
stars we have plotted [(Na+Al)/Fe| vs [Fe/H]. All the three program stars clearly
fall in the domain of GC abundances in these plots. To strengthen the argument,
we have also tried to look for the Na-O and Mg-Al anti-correlations in the panels
d and e. Though we could not detect O in SDSS J225641.254+395145.9 and could
only get an upper limit for SDSS J064655.64+411620.5 (marked with an arrow) the
abundances fit better with the globular cluster population. Apart from globular

clusters, the origin of such peculiar abundance pattern could be mass transfer from
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a binary component. Such stars could be polluted by the winds of an AGB com-
panion which would then show enhancement in [C/Fe] and slow neutron capture
elements(ref). Any remaining Li would also be destroyed. However, the presence
of Li in SDSS J193712.014+-502455.50 and SDSS J064655.64+411620.5 along with
a depleted value of [C/Fe] indicates such a scenario to be extremely unlikely (few
references) in these stars. In the case of SDSS J225641.25+395145.9 ., the low

value of [Sr/Fe]= —0.1 constrains such a possibility.
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FIGURE 4.2: A comparative study on the light element abundances for globular
clusters and Halo stars. The blue upwards triangles mark the mean globular
cluster abundances whereas the open circles indicate the halo stars. The three
stars discussed here are marked in red filled stars. The top two panels study
the Na-O and Mg-Al anticorrelations whereas the lower three panels show the
distribution of the key elements with the metallicity. Our program stars consis-
tently fall in the domain of GC abundances in all the plots. The data for GCs
are taken from (Carretta et al. 2009a) and the abundances for halo stars are
taken from the SAGA database.
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4.4.2 Nature of original polluters of GCs

We have also done a comparative study using the heavy elements as they remain
unaltered during the proton burning stages and thus provide an opportunity to
study the chemical enrichment at their epoch of formation. Absence of any en-
hancement in C also indicates r-process to be the chief mechanism for the produc-
tion of the n-capture elements in these stars. Following Tsujimoto and Shigeyama
(2014a,b) heavier r-process is produced by NS—NS mergers alone((e.g., Thiele-
mann et al. 2017) whereas light r-process could be produced by both NS—NS
mergers and CCSNe. The nucleosynthesis products of these two sources are mixed
to different amounts within the sub-haloes due to the differences in their wind
speeds and a vari- ations of sub-halo masses (Prantzos and Charbonnel 2006;
Ishimaru et al. 2015). The high ratios of [light r-process/heavier r-process| is ar-
gued to be produced by massive sub-haloes and a lower ratio is produced in low
mass sub-haloes. In Figure 3 we have used barium as a representative element
for heavier r-process elements, and strontium to represent lighter r-process ele-
ments (Susmitha Rani et al. 2016) The red dots mark the a poor halo stars and
the upward triangles mark the mean globular cluster abundances from literature.
Two distinct populations could be identified. A lower value of [Sr/Ba] indicates
maximum contribution from NS—NS whereas a higher value of [Sr/Ba] indicates
a higher contribution from core collapse supernovae. All the three globular cluster
escapees along with majority of the other Globular clusters being placed towards
the bottom indicate NS—NS mergers to be the chief contributor(e.g., Hotokezaka
et al. 2015; Wallner et al. 2015; Drout et al. 2017; Shappee et al. 2017b) which
is expected from the denser environment compared to the Galactic halo. In this
figure, the X-axis does not represent the formation epoch as the globular clus-
ters were formed at the same epoch as the EMP stars but have migrated from
their original position towards the current position as shown in the plot due to

self-enrichment over the evolutionary time scale. We have also plotted the well
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studied r-process enhanced satellite dwarf spheroidal galaxy Reticulum II in up-
ward red triangles which also shows a similar trend. We shall revisit the paradigm

at the end of chapter 5.
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FIGURE 4.3: Exploring the origin of Halo and globular clusters. The red line
marks the contributions for NS-NS mergers whereas blue line marks the contri-
bution from core collapse supernova. The halo stars from literature are marked
in black dots while the data for globular cluster stars from this study are marked
in red diamonds. The GCs from literature are shown in blue upward triangles.

4.4.3 Blue Straggler

SDSS J225641.254395145.9 is found to be a blue straggler. It occupies a position
to the left of the turn off in the HR diagram. The chemical anomalies as expected in
globular cluster stars like an enhancement in [Na/Fe| is much more pronounced in
SDSS J225641.254+-395145.9 . This could either be the actual unmixed abundances

that could hardly be observed in evolved stars in their giant phases or it could
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be resulting from binary mass transfer which might have led to the formation of
the blue straggler. In the case of the unmixed scenario discovery of such blue
stragglers could be used as a smoking gun to study the true composition of the
progenitor population. However, no detection of Li makes it unlikely to be unmixed
or undiluted and is consistent with the previous studies on Halo blue stragglers
(e.g Ryan et al. (2001)) which explains such stars on the basis of binary mass
transfer. It would make an extremely interesting problem for future studies to

test for the signatures of mass transfer and demarcate between the two scenarios.

4.5 Conclusion

A large sample of stars ( 60) in the domain of GC metallicity with a weak carbon
molecular g-band from the low resolution fits have been studied in high resolution
to find signatures of the second generation stars of globular clusters. Out of the
sample, only 3 were found to be consistent with all the expected light element
anomalies. This study was an attempt to understand the progenitor population
of globular cluster stars and to address the question regarding why the GC stars
are so unique. Rare classes of stars like r-process rich stars, CEMP-no stars have
been discovered in the halo but till date not a single bonafide halo star has been
discovered with similar anomalies to GC star. So the stars studied here could be
GC escapees or they could be the first detection of bonafide Halo members with
massive star progenitors that resulted in similar abundance pattern. Binarity

studies and proper motion studies could help shed some light on this aspect.



Chapter 5

R-process rich stars from the

HESP-GOMPA Survey

5.1 Introduction

Detection and measurement of the abundances of the rare elements in metal poor
stars provide a wealth of information regarding their formation history and the
prevalent astrophysical conditions in the early stages of the Galaxy (Beers and
Christlieb 2005; Frebel and Norris 2015a,b). The low iron content in these stars
already indicates that the natal clouds had received contributions from very few
stars which in certain cases could be a single star(e.g. Placco et al. 2014). The
category of rare elements that are most important to trace the nature of the first
stars and the early galaxies are the ones that are formed by the rapid neutron
capture process (e.g., Sneden et al. 1996; Christlieb et al. 2004; Frebel et al. 2007;
Roederer et al. 2014; Placco et al. 2017; Hansen et al. 2018; Holmbeck et al. 2018;
Sneden et al. 1996).

107



Chapter5: R-process abundances 108

The enhancements in the n-capture elements in the low mass, old metal poor stars
in the Halo could be produced by either s-process or r-process. The enhance-
ment in s-process is attributed to mass transfer from its relatively massive binary
companion in its AGB phase usually comes when the binary component transfers
the mass. Lucatello et al. (2006) has shown that most of the stars with s-process
enhancements actually have an unseen binary component. On the other hand,
enhancements in r-process is intrinsic to a star. Such nuclides could be produced
under very exotic conditions and require extreme fine tuning of several physical
parameters like temperature, mass, entropy, neutron flux, etc (Argast et al. 2004).
The primary site for the production of r-process elements is still being debated.
The main contenders are core-collapse supernovae, magneto-rotationally jet-driven
supernovae and neutron star mergers (e.g., Lattimer and Schramm 1974; Rosswog
et al. 2014; Lippuner et al. 2017) and neutron star-black hole mergers. It requires
the order of a few seconds to produce these enrichments in the gas during such

violent events.

The pattern of r-process enhancement is universal and robust. All the stars with
chemical imprints of enriched r-process show the same patterns as the scaled solar
abundance pattern. However, this universal nature of r-process pattern holds good
for Ba and higher elements. In the lighter elements certain discrepancies have been
noted (Barklem et al. 2005; Honda et al. 2006; Roederer et al. 2010; Hansen 2012;
Yong et al. 2013). The current understanding states that the overall r-process
enhancement in the stars could be a composite event rather than a single event.
A weak r-process (also known as limited r-process) could be responsible for the
production of the lighter elements but lacked sufficient neutron flux to produce
the heavier elements (Truran et al. 2002; Frebel 2018) whereas the main r-process
could be responsible for the production of the second peak elements and beyond. A
mechanism called ” Lighter Element Primary Process” or LEPP was also proposed

by Travaglio et al. (2004) which preferentially produces the lighter elements in the
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TABLE 5.1: Observation details for the reported objects observed through
HESP at R 30000.

Object obs.time frames SNR Vmag Rad.vel
SDSS J0043+1948  1800s 6 130.2 990 —196.5
SDSS J0648+3231  2400s 117.8  9.92 135.5
SDSS J0652+4105  2700s 68.0 11.36 98.5
SDSS J0921+5034  2400s 50.9 11.75 —130.5
SDSS J17304+4143  2400s 58.7 12.03 —133.0
SDSS J193046926  2400s 40.4  12.33 126.0
SDSS J2319+1917  2700s 77.0 11.60 —250.5

w W w o w w

early galaxy.

The r-process enhanced stars are the ideal candidates to constrain and provide
detailed information about sites and mechanisms of r-process enhancements at

the earliest epochs.

5.2 Observations and analysis

The details of the observation of the newly detected r—process rich stars are listed
in Table 5.1. The radial velocities are computed by cross-correlating the observed
spectrum with the synthetic template. Stellar parameters are determined by the
same methods as described in Chapter 2. The adopted stellar parameters are
listed in Table 5.2. The elemental abundances for each star are given in Table 5.3

to 5.9
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TABLE 5.2: Adopted stellar parameters for the stars

Object Eff temp(K) log(g) ¢ [Fe/H]
SDSS J0043+1948 4500 1.50 1.80 —2.25
SDSS J0648+3231 4800 1.70 1.50 —2.35
SDSS J0652+4105 2000 250 1.50 —2.56
SDSS J0921+5034 4800 1.75 1.50 —2.65
SDSS J1730+4143 4900 250 1.75 —2.85
SDSS J1930+6926 4600 210 1.50 —3.00
SDSS J2319+1917 4500 1.25 150 -2.10

5.3 Abundance

5.3.1 Light and Fe-peak elements

Abundances for carbon have been derived from the molecular band (known as
g-band) around the 4313 A region by using the method of spectrum synthesis.
The spectral sitting for the g-band region is shown for three of the stars in Figure
5.1. The coloured lines indicate the synthetic spectra whereas the dots denote the
observed spectrum. The best fit for each target star is marked in red. Nitrogen
could be measured in only one of the stars. The CN molecular band at 3883 A
is used to derive the abundances of N by iteratively changing the N abundances
while keeping the C abundances constant as derived from g-band synthesis. Due to
the poor S/N towards the blue end of the spectrum. Measurement and detection
from the CN band region are difficult using HESP spectra owing to the poor

signal-to-noise at that region.

Among the light elements, abundances for Na, Mg, Al and Ca could be derived for

all the stars. A mixture of equivalent width analysis and spectral synthesis were
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FIGURE 5.1: The fits for carbon molecular band for three of the r—process
enhanced stars. Red marks the best spectral fit.

used for measuring the abundances. Spectrum synthesis was primarily used for
the weaker lines whereas the method equivalent width measurement was employed
for the relatively stronger and clean lines. The NLTE corrections were applied on
a case to case basis for Na and Al as discussed by Baumueller and Gehren (1997);
Andrievsky et al. (2008, 2007). The enhancement in « elements of about 0.4 dex
as expected for typical halo stars was noted for all the objects except for SDSS
J231923.85+191715.4 which indicates that it might have undergone a different star
formation history in the sub-halo and the birth cloud have not received sufficient

contribution from type-II supernovae.

Abundances could be derived for the Fe-peak elements like Sc, Cr, Mn, Co and Ni
by the method of equivalent width analysis. Additionally, Cu and Zn could also
be measured for a few of the target stars. The derived abundances are similar to
the other normal stars of similar metallicity. They tend to track the Fe content of

the star in a similar manner as described in Chapter 4.
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5.3.2 Neutron capture elements

For the seven stars studied here, we could obtain abundances for up to 11 neutron-
capture elements. The factors that primarily prohibit from measuring a larger

number of n-capture elements in these stars are the following.

e Most of the target stars have relatively higher metallicity as seen in table
2 and hence show relatively stronger metal lines compared to the EMP or
UMP stars. These lines cause blending which creates difficulty in measuring

the weak n-capture elements.

e The poor signal-to-noise ratios at the blue end of the spectrum. The bulk of
the spectral lines of the key n-capture elements fall around the 4000 A region
where the quality of signal gets degraded and no meaningful abundances

could be derived.

The abundances for the elements Sr, Y, Zr, Ba, Ce, Nd, Sm, Eu, Dy and Th
were measured using spectral synthesis which accounts for hyperfine transitions
as well as blending of the absorption features. Sr is usually measured from two
lines - 4077 A and 4215 A. The 4077 A line is in some cases too strong for reliable
measurement and in those cases only one line at 4215 A is used to derive the
abundance. Abundances for Ba is derived using four lines - 4554 A, 4915 A | 5853
A and 6141 A. NLTE corrections have also been taken into account for the strong
4554 A, 4077 A and 4215 A lines following Short and Hauschildt (2006) which
found only a small offset of +-0.14 in case of Ba and even smaller offsets for Sr. Eu
abundances could also be derived for all the stars; two lines at 4129 A and 4205
A were used to derive the Eu abundances. The spectral synthesis for three of the
most important elements to classify r-process rich stars - Eu, Sr and Ba are shown

in the top, middle and bottom panels of Figure 5.2.



Chapter5: R-process abundances 113

0.8f 0.8

Normalized flux
o
>
Normalized flux
o
>

oS ¢
I
S ¢
IS
T

0.2~ 4 0.2F 4

oot ] ook ]

4129.0 41292 41294 41296 4129.8 4130.0 41302 41304 4129.0 4129.2 4129.4 4129.6 4129.8 4130.0 4130.2
Wavelength in Angstrom Wavelength in Angstrom

1.2 1.2

Normalized flux
o
@
Normalized flux

4214.8 4215.0 4215.2 4215.4 4215.6 4215.8 4216.0 4215.0 4215.2 4215.4 4215.6 4215.8 4216.0
Wavelength in Angstrom Wavelength in Angstrom

|

Normalized flux
o
>
Normalized flux

02f

0.0f . . . ] 0.0f . . . ]
4553.0 4553.5 4554.0 4554.5 4555.0 4553.0 4553.5 4554.0 4554.5 4555.0
Wavelength in Angstrom Wavelength in Angstrom

FIGURE 5.2: Spectral fitting for the key r—process elements Eu, Sr and Ba.
Red is used to show the best fit spectra.

The elements like Sm, Dy and Th could be detected in very few of the targets
depending upon brightness, [Fe/H], S/N and enhancement of the particular r-
process elements. Syntheses for some of the other key r-process elements like Th,

Nd, Ce, La, Zr and Y are shown for different stars in Figure 5.3.

5.3.3 Globular clusters

The Sr and Ba abundances were derived for the globular cluster NGC 1851. The
photometric colors were obtained from Anderson et al. (2008) by cross-matching
the coordinates of the stars from ESO. Then, the stellar parameters were derived by
the standard isochrone fitting. The isochrones were obtained from Marigo et al.
(2008); Girardi et al. (2000). Cluster metallicity was assumed for all the stars
and the spectrum synthesis was done using TURBOSPECTRUM for different

abundances of Sr and Ba. Examples of best fit spectra are shown in Figure 5.4.
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TABLE 5.3: Elemental Abundance Determinations for SDSS
J004305.27+194859.20 .

Elements Species Nynes A(X) Solar [X/H] [X/Fe] o
C CH 5.25 843 —-3.18 —0.93 synth
Na Na I 2 4.0 624 =224 0.01 synth
Mg Mg I 5 550 7.60 —2.10  0.15 synth
Al Al 1 296 645 =349 -—-124  0.09
Ca Cal 11 45 634 —1.84 0.41  0.06
Sc Sc 11 3 1.10  3.15 -2.15 0.10 0.11
Ti Til 4 3.2 495 —-1.75 0.50 0.13

Ti II 13 31 495 —185 040 0.12
Cr Crl 6 310 564 —254 —029 0.08

CrII 1 385 564 —181 044 0.09
Mn Mn I 5 27 543 —273 —048 0.14
Co Col 2 260 499 —239 —0.14 0.08
Ni Ni I 4 380 622 —-242 —0.17 synth
Zn Zn 1 1 260 456 —196  0.29 synth
Sr Sr 11 2 075 287 -212  0.13 synth
Y Y II 2 000 221 —221  0.04 synth
Zr Zr 11 3 075 258 —1.68  0.57 synth
Ba Ba Il 2 050 218 —1.68  0.57 synth
La La II 3 —0.60 1.11 —171 054 synth
Ce Ce II 3 —030 158 —1.88  0.37 synth
Nd Nd II 2 —0.25 142 —1.67  0.58 synth
Sm Sm 11 2 —0.69 096 —1.65  0.60 synth
Eu Eu II 1 —0.75 052 —127  0.98 synth
Dy Dy II 2 —050 1.10 —1.60  0.65 synth
Th Th II 1 —0.95 0.02 —097 128 synth

o indicates the random error.
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TABLE 5.4: Elemental Abundance Determinations for SDSS
J064813.33+323105.2 .

Elements Species Npupes A(X) Solar [X/H] [X/Fe] o
C CH 5.50 843 —2.93 —0.58 synth
Na Nal 2 4.11  6.21 —-2.10 0.25 synth
Mg Mg I ) 5.60 759 —1.99 0.36 synth
Al AlT 1 241 643 —-4.02 —-1.67 0.12
Ca Cal 11 443 6.32 —-1.89 0.46  0.09
Sc Sc 11 3 0.89 3.15 —2.26 0.09 0.08
Ti Til 4 3.07 493 —1.86 0.49  0.10

Ti Il 13 290 493 -2.03 0.32  0.06
Cr Crl 6 332 562 -2.30 0.05  0.06

Cr1II 1 3.54 562 -—2.08 0.27  0.09
Mn Mn I 5 277 542 —-2.65 —0.30 0.13
Co Col 2 268 493 -—-2.25 0.10  0.09
Ni Nil 4 432 620 —-1.88 0.47 synth
Cu Cul 2 1.03 4.19 -3.16 0.81 synth
Zn Zn 1 1 244 456 -—2.12 0.23 synth
St Sr 11 2 075 283 -2.08 0.27 synth
Y Y II 2 0.00 221 =221 0.14 synth
Zr Zr 11 3 075 259 -—-1.84 0.51 synth
Ba Ba Il 2 025 225 -—=2.00 0.35 synth
Ce Ce 11 3 —0.46 158 -—2.04 0.31 synth
Nd Nd II 2 —-0.39 142 -1.81 0.54 synth
Sm Sm 11 2 —-0.81 09 -—-1.77 0.58 synth
Eu Eu II 1 —-1.15 0.52 -1.67 0.68 synth

o indicates the random error.
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TABLE 5.5: Elemental Abundance Determinations for SDSS
J065252.76+410506 .

Elements Species Nypes A(X) Solar [X/H] [X/Fe] o
Li Lil 1 1.60 synth
C CH 5.75 843 —2.68 —0.13 synth
Na Na 2 4.23 6.21 —1.98 0.57 synth
Mg Mg I 5 562 759 —1.97 058 synth
Al AlT 1 1.96 643 —4.47 —-192 0.18
Ca Cal 11 4.14  6.32 =218 0.37  0.08
Sc Sc 11 ) 1.00 3.15 —-2.15 0.40  0.10
Ti Til 4 294 493 -1.99 0.56 0.15

Ti Il 13 278 493 -2.15 0.40 0.11

Cr Crl 6 3.04 562 —-258 -—-0.03 0.16

CrII 1 3.79 5.62 —1.83 0.75  0.09
Mn Mn I 5 271 542 =271 -0.16 0.12
Co Co 1 2 239 493 -2.54 0.01  0.08
Ni Nil 4 382 620 -2.38 0.17 synth
Zn Zn 1 1 257 456 —1.99 0.56 synth
Sr Sr 11 2 1.00 2.83 —-1.83 0.72  synth
Y Y 11 2 025 221 -1.96 0.59 synth
Zr Zr 11 3 075 259 -—-1.84 0.71 synth
Ba Ba II 2 0.50 225 —1.75 0.80 synth
La La II 2 —-0.87 111 -1.98 0.57 synth
Nd Nd II 2 0.0 142 —-1.42 1.13  synth
Eu Eu II 1 —-10 052 -—-1.52 1.03 synth

o indicates the random error.
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TABLE 5.6: Elemental Abundance Determinations for SDSS
J092157.274+503404.7 .

Elements Species Npypes A(X) Solar [X/H] [X/Fe] o
C CH 550 843 —-293 —0.28 synth
Na Na I 2 4.08 6.21 —-2.13 0.52 synth
Mg Mg I 5 538 759 —221  0.44 synth
Al All 1 2.39 6.443 —-4.04 -—-1.39 0.21
Ca Cal 11 4.13  6.32 —-2.19 0.46  0.08
Sc Sc 11 3 0.28 3.1 —-2.87 —-0.22 0.06
Ti Til 4 242 493 -—-2.51 0.14 0.14

TiII 13 265 493 —2.28 0.37  0.08
Cr Crl 6 295 5.62 -—-2.67 —-0.02 0.13

CrlI 1 3.57 562 —-2.05 0.60  0.10
Mn Mn I 5) 2.04 542 -338 —-0.73 0.15
Co Col 2 206 499 -—-287 —-0.22 0.05
Ni Nil 4 4.18 6.20 —2.02 0.63 synth
/m Zn 1 1 244  4.56 —2.12 0.53 synth
Sr Sr 11 2 050 283 -—-233 032 synth
Y Y 11 2 0.0 221 =221 0.44 synth
Zr Zr 11 3 0.30 2,59 -2.29 0.36 synth
Ba Ba II 2 0.0 225 =225 0.40 synth
La La II 3 —065 1.11 —-1.76 0.89 synth
Ce Ce II 3 0.15 1.58 —1.43 1.22  synth
Nd Nd II 2 —045 142 -—-1.87 0.78 synth
Sm Sm 1T 2 —1.00 096 -1.96 0.69 synth
Eu BEu II 1 —-0.90 0.52 —1.42 1.23  synth
Dy Dy II 2 080 110 —1.90  0.75 synth

o indicates the random error.
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TABLE 5.7: Elemental Abundance Determinations for SDSS
J173025.57+414334.7 .

Elements Species Nynes A(X) Solar [X/H] [X/Fe] o
C CH 5.50 843 —-293 —0.08 synth
N CN 6.00 7.83 -1.83 1.02  synth
Na Na I 2 3.50  6.21 =271 0.14 synth
Mg Mg I 5 530 759 —229 056 synth
Al All 1 255 643 —-388 —-1.03 0.16
Ca Cal 11 384 6.32 —2.48 0.37  0.09
Sc Sc 11 3 030 3.15 —2.85 0.00  0.07
Ti Til 4 2710 493 -2.23 0.62 0.09

Ti Il 13 280 493 =213 0.72  0.06
Cr Crl 6 2.80 562 —2.82 0.03  0.12

Cr II 1 3.00 562 —2.62 0.23 0.11
Mn Mn I ) 2.10 542 =332 —-047 0.18
Co Co I 2 215 493 -=-2.78 0.07 0.14
Ni Nil 4 3.6 622 -—-2.62 0.23 synth
Sr Sr 11 2 0.50 283 —-2.33 0.52 synth
Y Y II 2 0.00 221 =221 0.64 synth
Zr Zr 11 3 0.50 258 —2.08 0.77 synth
Ba Ba Il 2 0.00 225 -=2.25 0.60 synth
Eu Eu IT 1 —-125 052 -1.77 1.08 synth

o indicates the random error.



Chapter5: R-process abundances 120

TABLE 5.8: Elemental Abundance Determinations for SDSS
J193018.914+692636.1 .

Elements Species Npypes A(X) Solar [X/H] [X/Fe] o
C CH 5.25 843 —-3.18 —0.18 synth
Na Na I 2 3.10 6.21 —-2.11 —0.11 synth
Mg Mg I 5 524 759 —235  0.65 synth
Al All 1 1.74 643 —-4.69 -169 0.14
Ca Cal 11 3.88 6.32 —2.44 0.56 0.11
Sc Sc II 3 —042 315 =357 067 0.07
Ti Til 4 260 493 -2.33 0.57  0.10

TiII 13 1.78 493 —-3.15 0.15  0.08
Cr Crl 6 259 5.62 —-3.03 -0.03 0.11

Cr Il 1 3.50 5.64 —-2.14 0.86  0.06
Mn Mn I ) 294 542 -248 042  0.18
Co Co I 2 112 493 -381 —0.81 0.14
Ni Nil 4 310 6.20 —-3.10 —0.10 synth
St Sr 11 2 —-050 283 —=333 —0.33 synth
Y Y II 2 —-0.10 221 =231 0.69 synth
Zr Zr 11 3 050 259 —2.09 0.91 synth
Ba Ba Il 2 =075 225 -3.00 0.00 synth
Ce Ce II 3 =030 1.58 —1.88 1.12  synth
Eu Eu II 1 —-1.50 052 —-2.02 0.98 synth

o indicates the random error.
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TABLE 5.9: Elemental Abundance Determinations for SDSS
J231923.85+191715.4 .

Elements Species Nypes A(X) Solar [X/H] [X/Fe] o
C CH 575 843 —268 —0.58 synth
Na Nal 2 412  6.21 —-2.09 0.01 synth
Mg Mg T 5 558 759 —2.01 009 synth
Al AlT 1 242 643 —-401 -191 0.17
Ca Cal 11 417 632 =215 —-0.05 0.08
Sc Sc 11 3 082 315 =233 —-0.23 0.09
Ti Til 4 2.89 493 -2.04 0.06 0.15

Ti II 13 263 493 —-230 -0.20 0.11
Cr Crl 6 3.35  5.62 —-227 —0.17 0.06

Cr1II 1 3.5 5.62 —-212 -0.02 0.04
Mn Mn I ) 3.80 542 —1.62 0.48 0.19
Co Col 2 3.15 493 —-1.78 0.32  0.12
Ni Nil 4 445 6.20 -—-1.75 0.35 synth
Zn Zn 1 1 227 456 —229 —0.19 synth
Sr Sr 11 2 0.7 283 —-2.08 0.02 synth
Y Y II 2 0.00 221 -221 —0.11 synth
Zr Zr 11 3 0.50 259 -2.09 0.01 synth
Ba Ba II 2 0.00 2.25 —-2.25 —0.15 synth
La La II 3 —120 111 -231 —0.21 synth
Ce Ce 11 3 —0.75 158 =233 —0.23 synth
Nd Nd II 2 —043 142 —-1.85 0.25 synth
Eu Eu II 1 —-1.15 0.52 -1.67 0.43 synth

o indicates random error.
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5.4 Discussion

5.4.1 New identifications of r-process enhanced stars

In this study, we have identified 7 new stars in the Halo with moderate to high
enhancement in r-process abundances. Following the standard definition laid down
by Beers and Christlieb (2005), three of them are r-II stars ([Eu/Fe] > +1.0 and
[Ba/Eu] < 0.0) while the other four are r-I stars (1.0 > [Eu/Fe] > 0.3 and [Ba/Eu]
< 0.0) as shown in Table 5.10. The distribution over metallicity of the objects
range from [Fe/H] = —2.95 to [Fe/H] = —2.10 and thus spanning a range of
0.85 dex. This metal poor end is more suited to find such stars as the r-process
signatures are not wiped out or diluted by subsequent chemical evolution. At
higher metallicities, stars with the strongest r-process signatures (r-1I stars) could
be detected (e.g 18024226-4404426 at [Fe/H] = —1.55). The moderate spread in
[Eu/Fe] in our sample of 0.80 dex could be attributed to the contributions from
several r-process events (Sneden et al. 2000; Travaglio et al. 2004; Hansen et al.
2018). The spread of our sample is shown in Figure 5.5 with all the program stars
marked in red diamonds, The data for reference has been compiled from the first
data release of r-process alliance and few other well known r-process rich stars.
The dashed marks the different levels of enhancements demarcating between r-1,

r-1I and limited-r stars.

5.4.2 The sub populations

As we have discussed earlier, enhancement in n-capture elements in a metal poor
star could be caused by both r-process and s-process. The best way to determine
the contribution of one process relative to the other is by measuring the abun-

dance of an element which could be produced by only one process with respect to
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TABLE 5.10: Classification of the stars

Object [Fe/H] [C/Fe] [Sr/Fe] [Ba/Fe] [Eu/Fe] [Ba/Eu] [Sr/Ba] class
J0o43 —2.25 —0.93 0.13 0.57 0.98 —-0.41 —-0.44 r-1
J0648  —2.35 —0.58 0.27 0.35 0.68 —-0.33  —0.08 r-1
J0652  —2.57 —0.13 0.72 0.80 1.03 —-0.23 —0.08 r-II
J0921  —2.65 —0.28 0.32 0.40 1.23 —-0.83 —0.08 r-II
J1730 —2.85 —0.08 0.52 0.60 1.08 —0.48 —0.08 r-II
J1930  —-3.00 -0.18 —0.33 0.00 0.98 —-0.98 —0.33 r-1
J2319  —2.10 —0.58 0.02 —0.15 0.43 —0.58 0.17 r-1
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FIGURE 5.5: Distribution of [Eu/Fe| for the program stars as a function of

[Fe/H] and are marked in filled red diamonds.

The r-I (blue triangles),r-11

(pink triangles) and limited-r (black triangles) are marked for comparison and
are compiled from the r-process alliance (Hansen et al. 2018; Holmbeck et al.
2018; Placco et al. 2017; Cain et al. 2018). The open circles are the ones with

measured Eu abundances and are taken from SAGA database.

The dashed

lines are marked to distinguish the different classes of r-process enhanced stars

at [Eu/Fe] = 40.3 and [Eu/Fe] = +1.0.
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another element which could be produced by both the process. Eu is a representa-
tive of pure r-process element (Simmerer et al. 2004) at low metallicities whereas
Ba is predominantly produced by s-process but r-process also contributes at low
metallicities. Pb is the end product after completion of s-process and could be
the best indicator but we were unable to detect Pb in any of our spectra. Thus,
[Eu/Ba] could be used as a standard yardstick to probe the relative contribution

of one process to the other (Barklem et al. 2005; Frebel and Norris 2015b).
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FIGURE 5.6: Distribution of [Ba/Eu] for the program stars as a function of
[Fe/H] and are marked in filled red diamonds. The r-I (blue triangles), r-1I
(pink triangles) and limited-r (black triangles) are marked for comparison and
are compiled from the r-process alliance Hansen et al. (2018), Holmbeck et al.
(2018), Placco et al. (2017), Cain et al. (2018). The open circles are the ones
with measured Eu abundances and are taken from SAGA database. The dashed
lines represent the solar system r-process fraction at [Ba/Eu] = —0.80 and solar
system s-process fraction at [Ba/Eu] = 1.0 Simmerer et al. (2004)

[Ba/Eu] is often used as an indicator of the degree of relative enhancements from
r-process and s-process contributions. Following Simmerer et al. (2004), [Ba/Eu]
< —0.80 implies a pure r-process origin whereas [Ba/Eu| > 1.0 marks the solar

s-process. As expected, all the known r-process enhanced stars show [Ba/Eu] <
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0.0, indicating a higher contribution from r-process in comparison to s-process.
However, only a few of those lies in the paradigm of the pure r-process origin with
[Ba/Eu] < —0.80. Among our sample, only two of the stars (one r-I and one r-II)

represent a pure r-process origin as shown in Figure 5.6.

A few of the r-process enhanced stars show deviations from the scaled solar pat-
terns for the lighter elements and are known as limited r-process enhanced stars
as we have discussed earlier. The reason is attributed to a separate weak r-process
event that preferentially produces the lighter elements. In Figure 5.7, the ratio
of [Sr/Ba] has been plotted against [Eu/Fe]. The limited-r stars marked in black
occupies the top left corner of the plot. None of our sample of stars is found to
belong to this category. The ratio of [Sr/Ba] declines steadily as [Eu/Fe] increases
which again suggests different sites and mechanisms for the production of the
lighter elements. Many studies suggested that high entropy neutrino winds from a
core collapse supernovae could be responsible for the limited-r stars (Woosley and

Hoffman 1992; Kratz et al. 2007; Arcones and Montes 2011; Wanajo 2013). 2013)

5.4.3 A case of actinide boost

The abundance pattern of the light and Fe-peak elements in SDSS J004305.274194859.20 is
very similar to a typical metal poor Halo star. Among the light n-capture ele-
ments Sr, Y and Zr could be measured and they show a spread which could be
attributed to a limited or weak r-process (Wanajo and Ishimaru 2006), (Hansen
2012) ; (Frebel 2018)) and has a distinct history of production from the 2"d and
3"d r-process peaks. The lower values of the first r-process peak elements indicate

a marginal contribution from the limited r-process.

The heavy n-capture elements show a lower degree of scatter and compare well

with the scaled solar abundances and the other r-process rich stars from literature.
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FIGURE 5.7: Distribution of [Sr/Ba] for the program stars as a function of
[Eu/Fe] and are marked in filled red diamonds. The r-I (blue squares), r-II (pink
triangles) and limited-r (black circles) plotted for comparison were compiled
from the r-process alliance (Hansen et al. 2018), Holmbeck et al. (2018), Placco
et al. (2017), Cain et al. (2018).

Unfortunately due to the poor signal-to-noise ratio towards the blue end of the
spectrum, we could get abundances for only Ba, La, Ce, Nd, Sm, Eu and Dy out
of the second r-process peak elements. They show a consistent level of elevation

as seen in Table 5.3 which is expected in the main r-process.

Th is one of the more difficult elements to measure in a spectrum. We could
measure the abundances for Th II line at 4019 A and calculated the value of
[Th/Fe]= 1.28. The synthesis for Th II line is shown in Figure 2. The measured
[Th/Eu]= 0.30 shows a high actinide-to-lanthanide ratio and shows an actinide
boost for SDSS J004305.274+194859.20 . The log ¢(Th/Eu) = —0.20 is higher
than the non-actinide boost stars which typically show a value around —0.50 (e.g.
Holmbeck et al. 2018). The comparison of SDSS J004305.27+194859.20 with other

r-process enhanced stars with measured Th abundances are shown in Figure 3.
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FIGURE 5.8: Distribution of loge[Th/Eu] for stars with detection of Th as a
function of [Eu/Fe]. The program star in this study is marked in filled red dia-
mond s. The r-I (black filled circles), r-II (blue triangles) are plotted for compar-
ison were compiled from the r-process Alliance-1I (Sakari et al. 2018),Holmbeck
et al. (2018), Roederer et al. (2014), Hill et al. (2017), and Placco et al. (2017).
The pink square shows the bright r-II star in Reticulum II galaxy. The dashed
lines mark the corresponding ages. The stars with a high degree of actinide
boost occupy the top region of the diagram with un-physical ages from [Th/Eu]
ratios.

The presence of actinide boost in a significant number of stars demonstrates the
variation in the production of actinides although it might be difficult to decouple

them from the main r-process production sites (Holmbeck et al. 2018).

Detection and measurement of actinides also help in the determination of age us-
ing the technique of radioactive decay dating (Placco et al. 2017). Since U could
not be measured Th/Eu chronometer could be used using the production ratios
from (Schatz et al. 2002). However, in the case of actinide boosts using the ra-
tio of Th/Eu leads to unphysical values as the measured values tend to be higher
than the theoretically obtained initial production ratios. The existing models of r-

process nucleosynthesis fail to successfully derive the yields of actinide-boost stars.



Chapter5: R-process abundances 128

Thus, despite having measurements for Th and Eu, age could not be determined
in case of SDSS J004305.274194859.20 . Measurement of U could help to use the
Th/U chronometer and derive the stellar age as both the elements are likely to be

affected by the actinide boost proportionately.

5.4.4 r-process abundances in Globular cluster stars

Abundances of the key elements are also derived from archival data for NGC
1851. Earlier works have mainly concentrated on multiple generations of stars in
the cluster and the difference in elemental abundances of these populations. The
key criteria used for such classification are the chemical anti-correlations like O-
Na and Mg-Al. The second generation stars are found to be enhanced in sodium
and aluminium and depleted in magnesium and oxygen. For our analysis, we have
classified the stars into first generation (FG) and second generation (SG) following

Gratton et al. (2012b).

08¢ E [ . $77
05F B E L . .
04 *e s E [ .

E - L
03F PR 3 AT PR .

[Sr/Fe]

02F . . E 081

H 06 o 4

E . E L
E . E

0.0F - . = .
E . E r

0.41E L L . L 3 0.4 L L L L
-1.2 -1.0 -0.8 -1.5 -1.4 -1.3 -1.2 -1.1 -1.0
[Fe/H] [Fe/H]

FIGURE 5.9: The distribution for [Sr/Fe] and [Ba/Fe| as a function of [Fe/H].
Red points indicate the stars of the faint SGB associated to the older popu-
lation whereas black points mark the blue SGB associated with the younger
population.

The distribution of neutron capture elements is explored in Figures 5.9 and 5.10.

Ba and Sr are found to be comparatively enhanced in the first generation stars.
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FIGURE 5.10: Trends for [Sr/Fe] and [Ba/Fe| with [C/Fe] for the two popula-
tions.

The origin of the excess could be s-process as well as r-process. A good tool to
quantify s-process contamination could be carbon. If s-process rich material is
transferred from an AGB star to its component then carbon is also expected to
be transferred with the same. In Figure 5.10, we have shown the distribution of
strontium and barium with carbon for both the populations. Though a trend is
seen, large overall scatter is found to exist. The FG stars are found to be elevated
in n-capture elements with respect to C which indicates that they were most likely
to be polluted by an event prior to the formation of the SG stars. This indicates

towards an r—process origin of the relative enhancement of these elements.

5.4.5 Origin of r-process

Strontium is the surrogate for light r-process elements and could be produced by
both core collapse supernovae as well as neutron star-neutron star mergers whereas
barium being the representative element for heavy r-process could be produced by
neutron star-neutron star mergers alone as described in Chapter 3. Figure 5.11
shows the distribution of the FG stars of NGC 1851 and all the program stars with
r—process enhancement. The red line at the bottom marks the paradigm of NS-

NS mergers while the blue curve indicates CCSNE contributions. NGC 1851 and
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other globular clusters are found to occupy the bottom of the plot showing NS-NS
mergers to be the primary contributor for the enhancement in r—process which is
expected due to the dense environment compared to the Galactic halo. The RPE
stars are found to be distributed evenly in the plot indicating contributions from
both the sources. In this plot, X-axis does not represent the formation epoch as
the globular clusters might have formed at the same epoch as the EMP stars of the
Halo but have migrated from their original position towards the current location
as shown in the plot due to the process of enrichment over the evolutionary time
scale. We have also plotted the very well known r-process enhanced satellite dwarf
spheroidal galaxy reticulum II which also demonstrates that the primary origin of

these dense systems now in the Halo is NS-NS merger.

All the globular clusters being placed slightly towards the lower side indicates
maximum NS mergers. Mean abundances of a few of the well studied globular
clusters have also been shown in blue upward triangles which also fall along the
bottom curve. The GC escapees as shown in Chapter 3 have also been marked in

pink diamonds.

Figure 5.11 also indicates that the halo r—process rich population might have
received contributions from type-II supernova and NS-NS merger irrespective of
their classification (r-I, r-II etc) as they are apparently mixed in the diagram.
Search for the signatures of unmixed Ba which is taken to be of r—process origin
is probed in figure 5.12. The r—process rich stars expectedly segregate towards the
right with a higher abundance of [Ba/H] but again they are mixed which makes
it difficult to interpret the results.
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5.5 Conclusion

Theoretical and observational studies have shown that robust r-process produc-
tion is possible among a limited number of sites. The r-process rich stars show
direct observational evidence of such rare events and the elemental abundance ra-
tios are likely to be unaltered by mixing and dilution inside the star as well as by
the primordial gas cloud. These objects help with the theoretical modelling and
understanding of the physical conditions of r-process production and provide very
valuable information. In this work, we have identified seven new r-process rich
stars that are very bright. These are ideal candidates for detailed isotopic abun-
dance estimation with larger 8-10m class telescopes. Ome of the r-process rich
star with Thorium detection is the brightest known star of its kind. This offers
unique possibility for detection of several key n-capture elements using larger tele-
scopes. We also studied r-process enhancement among Globular cluster stars and
found that the FG stars in the Globular cluster NGC 1851 show higher n-capture
elements compared to the SG stars of the cluster. We show that the n-capture
elements are likely r-process in origin, due to the no associated strong carbon
enhancement among them. Finally, in this work, we compared the abundances
ratios of light and heavy r-process element of stars in different environments (e.g.
Halo, Globular clusters, Satellite galaxies, r-process rich and normal-EMP stars).
Since NS-NS mergers are considered as potential site for the production of heavy r-
process elements, the enhancement of these elements marks the time of such event
and serve as a good chronometer and help probe the star formation history. In
the case of Globular clusters, diagnosis of heavy and light r-process elements can
also help to understand the origin of multiple stellar populations. Future large
dedicated spectroscopic surveys will provide the evolution r-process abundance

ratios among a wide range of stellar systems.
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Li distribution and new VMP
stars from HESP-GOMPA survey

6.1 Introduction

The discovery of a large number of metal poor stars has provided great opportuni-
ties to study the pristine conditions that existed in the early universe when these
old stellar objects were formed. Among the many studies that could be conducted
on these stars, detection and measurement of Li carries a great importance. Li is
the only element in the periodic table that owes its origin to the big-bang nucle-
osynthesis. All other elements can be cooked up in stellar interiors or other exotic

stellar events.

Li is also a very fragile element which easily gets destroyed when exposed higher
temperatures. A consistent depletion is seen in Li content as a star ascends the
giant branch and the stellar surface is exposed to the hot tenuous matter from the

stellar interior due to the convective channels that are formed this phase. This is

133



Chapter 6: The VMP stars and Lu distribution 134

called evolutionary mixing which largely depletes A(Li).

Spite and Spite (1982) did a pioneering study on the abundance of Li in the un-
evolved older population of stars in the halo and disk. A constant abundance of
Li of A(Li) = 2.2 was obtained and was subsequently termed as the “Li plateau”
which was much lower than the cosmological predictions. Since then there have
been many studies and efforts to understand the Li plateau and solve the Li prob-
lem (e.g. Pinsonneault et al. 1999; Bonifacio et al. 2007b; Korn et al. 2006 among
many others). The most metal poor stars were found to have a Li abundance lower
than the Spite plateau (e.g. Bonifacio et al. 2015) causing the “breakdown of Spite
plateau” (Aoki et al. 2009) and a small slope of Li plateau was also discovered

(Ryan et al. 1999) as more stars with Li detection were studied.

Apart from Li, the abundances of other important elements in the Very Metal
Poor (VMP) stars are of considerable interest to the astronomers to constrain the
nature of pollution received by the natal gas clouds during the formation epoch
of these VMP stars. They also provide valuable constraints for improvements in
the models of nucleosynthesis. More discoveries of stars of [Fe/H]<-2.0 with or
without anomaly is crucial for better understanding about the events in the early

universe.

6.2 Observations

The observations of the VMP stars were carried out over a total period of two
years. The details of the observation of the sample are given in Chapter 2. The
interesting candidates were observed for several indicates to build a good signal-
to-noise ratio. The stellar parameters for the observed stars were determined using

the same methodology as discussed in Chapter 2. The adopted stellar parameters
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TABLE 6.1: Adopted stellar parameters for the stars

Object Eff temp(K) log(g) ¢ [Fe/H] A(Li)
SDSS J1937+5024 4800 1.50 1.50 —2.20 1.0
SDSS J0646+4116 5150 225 1.50 —1.90 1.0
SDSS J1725+4202 5400  3.50 1.20 -2.50 1.80
SDSS J1146+2343 5100  3.00 1.00 -2.60 1.20
SDSS J0315+2123 5400 450 1.00 -2.30 1.80
SDSS J1938+4515 5500  4.00 1.50 —1.20  2.05
SDSS J0652+4105 2000 250 1.50 —2.56  1.62
SDSS J1953+4222 6000  4.00 1.75 =225  2.00
SDSS J0643+5934 4900 2,50 1.50 —=2.90 1.0
SDSS J1024+4151 4800 2.50 1.50 —2.25 1.0
SDSS J0024+3203 5700  3.75 1.50 =245  2.00
SDSS J1933+4524 5800 450 1.80 —1.80 2.30
SDSS J1341+4741 5450 250 1.80 —-3.20 1.95

of the stars with detection of Li in the HESP-GOMPA survey are listed in Table

6.1.

6.3 Abundance analysis

6.3.1 Lithium

Li abundances have been derived from the strong absorption features at 6707.76

A and 6707.98 A by using the method of spectrum synthesis. The continuum level

for the observed spectra is estimated locally around the Li doublet. The observed

spectra were fitted iteratively with the synthetic spectra for different values of Li
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abundance and the best fit was adopted for each star. Li abundances were kept as
the only free parameter in the synthesis spectra. Examples of spectrum synthesis

for Li are shown in Figure 6.1.

The errors in the abundance analysis of Li primarily originates from uncertainties
in estimates of temperature. A difference of 100K is found to alter the Li abun-
dance by 0.10 dex on an average. For determination of abundances of neutral
species like Li, uncertainties in surface gravity play a minimal role and can be

ignored.

6.3.2 Heavier elements

The abundances of the heavier elements have been derived in the same manner
as described in the previous chapters. In this case (e.g.[X/Fe]) the errors due to
temperature and gravity if very small as they tend to cancel out while computing
the ratios (Cayrel et al. 2004; Bonifacio et al. 2009; Spite, M. et al. 2015). Random
error is the main source of error in this case and has been tabulated for each star
in the respective tables. Some examples of spectral for the VMP stars are shown
in Figures 6.1 to 6.4. The complete abundance tables for the individual VMP stars
are listed in Tables 6.2 to Table 6.13.
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FIGURE 6.1: The spectral synthesis for Li for two of the VMP stars. Red line
marks the best fit spectrum.
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TABLE 6.2: Elemental Abundance Determinations for J1146+2343

Elements Species Nynes A(X) Solar [X/H] [X/Fe] o
Li Lil 1 1.20
C CH 6.00 843 —-243 —-0.17 0.04
Na Na I 2 3.67 6.21 —-2.64 —-0.04 0.01
Mg Mg I 4 5.39 759 —2.00 0.60 0.01
Al Al 1 1.90 643 —4.53 —-1.93 0.02
Ca Cal 8 410 6.32 —-2.22 0.38 0.06
Sc Sc 11 5o —0.73 315 -—2.42 0.18 0.01
Ti Til 7 283 493 -2.10 0.50 0.03
Ti IT 6 262 493 =231 0.29 0.04
Cr Crl 3 297 562 —-2.65 —0.05 0.05
Cr II 2 3.49 562 -2.13 0.47 0.05
Mn Mn I 4 2.84 542 =258 —-0.02 0.02
Co Co I 2 236 493 =257 0.03 0.01
Ni Nil 3 431 6.20 -1.89 0.71 0.04
Zn Zn 1 2 257 456 —-1.99 0.61 0.05
Sr Sr 11 2 07 283 -2.08 0.52 0.01
Ba Ba Il 2 0.25 225 -2.00 0.60 0.01

o indicates the random error.
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TABLE 6.3: Elemental Abundance Determinations for J0210+3220

Elements Species Nypes A(X) Solar [X/H] [X/Fe] o
C CH . 6.00 843 —-2.43 0.02  synth
Na Na I 2 394 621 -—227 0.18  synth
Mg Mg I 4 523 759 —236  0.09 synth
Si Sil 1 6.02 751 -1.49 0.96
Ca Cal 8§ 416 6.32 —-2.16 0.29 0.0
Sc Sc 11 5 084 315 -—-231 0.14 0.11
Ti Til 7 310 493 —-1.83 0.62 0.09

Ti 1T 6 291 493 -2.02 0.43 0.07
Cr Crl 3 306 562 —-256 —0.11 0.08

CrII 2 415 562 —247 —0.02 0.06
Mn Mn I 4 160 542 -292 —-047 0.12
Co Col 2 199 493 —-294 —049 0.09
Ni Nil 3 435 620 -1.85 0.60 Osynth
Cu Cul 1 159 419 -2.60 —0.15 synth
Zn Zn'1 2 276 456 —1.80 0.65  synth
Sr Sr 1T 2 075 283 —-2.08 0.37  synth
Ba Ba II 2 0.0 225 —=2.25 0.20  synth

o indicates the random error.
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TABLE 6.4: Elemental Abundance Determinations for J0315+2123

Elements Species Nynes A(X) Solar [X/H] [X/Fe] o
Li Lil 1 1.80
C CH e 6.10 843 —-2.33 —0.03 synth
Na Nal 2 374 621 —247 —0.17 synth
Mg Mg I 4 585 759 —-1.74 0.56 synth
Si Sil 1 577 751 —1.74 0.56 synth
Ca Cal 8 424 634 -2.10 0.20  0.08
Sc Sc 11 5 —1.04 315 =211 0.19 0.04
Ti Til 7 3.11 493 —-1.82 0.48  0.09
Ti 1T 6 298 493 —-1.95 0.35 0.13
Cr Crl 3 3.08 5.62 —-254 022 0.08
Cr 1l 2 319 562 —-243 -0.13 0.09
Mn Mn I 4 2.60 542 =282 —-0.52 0.12
Co Col 2 270 493 -—-2.23 0.07  0.06
Ni Nil 3 444 620 -—1.76 0.54  0.08
Cu Cul 2 232 419 -—-1.87 0.43
Zn Zn1 2 309 456 —147 0.83 synth
St Sr 11 2 040 2.83 —243 —0.03 synth
Ba Ba Il 2 0.25 225 —2.00 —0.30 synth

o indicates the random error.
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TABLE 6.5: Elemental Abundance Determinations for J0753+4908

Elements Species Nypes A(X) Solar [X/H] [X/Fe] o
C CH 6.50 843 —-1.93 0.07 synth
Na Na I 2 416 6.21 —-205 —0.05 synth
Mg Mg I 4 577 759 —1.82  0.18 synth
Al AlT 1 228 643 —-4.15 —2.15 synth
Ca Cal 8§ 430 6.32 =202 -0.02 0.10
Sc Sc 11 5 1.58 3.15 —1.57 0.43  0.06
Ti Til 7 336 493 -—1.57 0.43  0.08

Ti 1T 6 337 493 —1.56 0.44  0.07
Cr Crl 3 293 562 —-269 —-0.69 0.13

Cr1II 2 464 562 —-0.98 1.02  0.11
Mn Mn I 4 311 542 -231 -0.31 0.14
Co Col 2 246 493 =247 —-0.47 0.07
Ni Nil 3 443 6.20 —1.77 0.23  0.04
Cu Cul 2 265 419 —-154 —0.46 synth
Zn Zn 1 2 350 456 —-1.06 0.94 synth
Sr Sr 11 2 100 283 -—-1.83 0.17 synth
Ba Ba II 2 050 225 —-1.75 0.25 synth

o indicates the random error.
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TABLE 6.6: Elemental Abundance Determinations for J1521+3647

Elements Species Npypes A(X) Solar [X/H] [X/Fe] o
C CH 6.50 843 —1.93 0.22 synth
Na Nal 2 419 6.21 -2.02 0.13 synth
Mg Mg 1 4 577 759 —1.82 0.33 synth
Al All 1 194 643 —4.49 —2.34 synth
Ca Cal 8§ 440 6.32 —-1.92 0.23 0.11
Ti Til 7 363 493 —1.30 0.85 0.08

Ti Il 6 323 493 -1.70 0.45  0.09
Cr Crl 3 336 562 —-226 -0.11 0.07

Cr Il 2 400 562 —1.62 0.53  0.06
Co Col 2 270 493 -—-223 -0.08 0.08
Ni Nil 3 406 620 -—2.14 0.01 0.09
Cu Cul 2 233 419 —-1.86 0.29 synth
Zn Zn 1 2 3.05 456 —1.51 0.64 synth
Sr Sr 1T 2 050 283 —233 —0.18 synth
Ba Ba II 2 025 225 =200 0.15 synth

o indicates the random error.
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TABLE 6.7: Elemental Abundance Determinations for J1725+4202

Elements Species Nypes A(X) Solar [X/H] [X/Fe] o
Li Lil 1 1.80
C CH ... 600 843 -—243 0.07 synth
Na Nal 2 392 621 =229 0.21 synth
Mg Mg I 4 553 759 —2.06 044 synth
Al All 1 237 643 —-4.06 —1.56 synth

Ca Cal 8§ 428 6.32 =202 0.48  0.08
Sc Sc 11 5 063 315 —252 —-0.02 0.09
Ti Til 7 2838 493 —2.05 0.45 0.08

Ti II 6 287 493 —-2.06 044  0.04
Cr Crl 3 303 562 —259 —-0.09 0.07

Cr Il 2 346 562 -2.16 0.34 0.11
Mn Mn I 4 260 542 —-292 —-0.32 0.15
Co Col 2 254 493 -2.39 0.11 0.09
Ni Nil 3 426 620 —-1.94 0.56  0.08
YA Zm I 2 271 456 —1.85 0.65 synth
Sr Sr 11 2 07 283 -2.08 0.42 synth
Ba Ba II 2 000 225 =225 0.25 synth

o indicates the random error.
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TABLE 6.8: Elemental Abundance Determinations for j0643+5934

Elements Species Nynes A(X) Solar [X/H] [X/Fe] o
C CH e 5.75 843 —2.68 0.22  synth
Na Nal 2 3.54  6.21 —-2.67 0.23 synth
Mg Mg I 4 503 759 —-2.56 0.34 synth
Al Al 1 1.70 643 —-4.73 —-1.83 0.09
Ca Cal 8 3.6l 6.32 -—271 0.19  0.06
Sc Sc 11 5) 0.47 3.15 —2.68 0.22  0.11
Ti Til 7 242 493 =251 0.39 0.10

Ti II 6 236 493 =257 0.33  0.07
Cr Crl 3 244 562 =318 —-0.28 0.08

Cr1II 2 3.12  5.62 —2.40 0.50  0.08
Mn Mn I 4 1.52 542 -390 —-1.00 0.12
Co Col 2 232 493 =261 029 0.11
Ni Nil 3 3.78  6.20 —2.42 0.48  0.09
Zn Zn 1 2 1.86 4.56 —2.70 0.20  0.06
Sr Sr 11 2 0.00 283 —-2.83 0.07 synth
Ba Ba II 2 —0.50 225 -=2.75 0.15 synth

o indicates the random error.
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TABLE 6.9: Elemental Abundance Determinations for J2320+1742

Elements Species Nppes A(X) Solar [X/H] [X/Fe] o
C CH 6.00 8.43 -—2.43 —0.08 synth
Na Nal 2 37 621 -246 —0.11 synth
Mg Mg I 4 552 7.59 -=-2.07 0.27 synth
Al AlT 1 177 643 —-4.66 —2.31 synth
Ca Cal 8 4.00 6.32 —2.32 0.03 0.13
Sc Sc 11 5 006 315 —-3.09 -0.74 0.14
Ti Til 7 3.08 493 —-1.85 0.50  0.09

Ti 1T 6 254 493 =239 -0.04 0.05
Cr Crl 3 28 562 —-276 —-041 0.09

Cr 1l 2 362 562 -200 0.35  0.07
Mn Mn I 4 254 542 -2.88 —-0.53 0.15
Co Col 2 1.8 493 —-3.05 -0.70 0.14
Ni Nil 3 429 620 -191 0.44  0.09
Zn Zn 1 2 236 456 —-2.20 0.15 0.08
Sr Sr 11 2 050 283 —-233 0.02 synth
Ba Ba Il 2 000 225 =225 0.10 synth

o indicates the random error.
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TABLE 6.10: Elemental Abundance Determinations for J0447-+5434

Elements Species Nypes A(X) Solar [X/H] [X/Fe] o
C CH ... 6.00 843 —2.43 0.07 synth
Na Na I 2 360 6.21 —-261 —0.11 synth
Mg Mg I 4 524 759 —235 015 synth
Al AlT 1 190 643 —-4.53 —2.03 synth
Ca Cal 8§ 4.04 6.32 -—-228 0.22  0.10
Sc Sc 11 5 017 3.15 —298 —-0.48 0.09
Ti Til 7T 279 493 -214 0.36 0.12

Ti 1T 6 285 493 -—-2.08 0.42  0.07
Cr Crl 3 290 562 —-272 -022 0.13

CrII 2 330 5.62 —232 0.18  0.09
Mn Mn I 4 272 542 -270 —-0.20 0.08
Co Col 2 217 493 —-27 —0.26 0.03
Ni Nil 3 373 6.20 —247 0.03  0.05
Cu Cul 2 171 419 —248 synth
Zn Zn 1 2 210 456 —-2.46 0.04 synth
Sr Sr 11 2 025 283 —258 —0.08 synth
Ba Ba II 2 000 225 =225 0.25 synth

o indicates the random error.
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TABLE 6.11: Elemental Abundance Determinations for J1024+4151

Elements Species Nypes A(X) Solar [X/H] [X/Fe] o
Li Lil 1 1.00
C CH e 6.00 843 —2.43 —0.18 synth
Na Na 2 390 6.21 —-231 —0.06 synth
Mg Mg I 4 576 759 —2.03 022 synth
Al Al 1 199 6.43 —4.44 —-2.19 synth
Ca Cal 8§ 3.68 632 —-2.64 0.46  0.09
Si Sil 2 522 751 =229 —-0.04
Sc Sc 11 5 1.08 3.15 -—2.23 0.12 0.08
Ti Til 7 352 493 -—-141 0.84 0.12
Ti Il 6 3.01 493 —-1.92 0.33  0.09
Cr Crl 3 325 562 =237 —-0.12 0.13
Cr Il 2 350 562 -—212 0.13  0.09
Mn Mn I 4 251 542 =291 —-0.66 0.10
Co Col 2 246 493 -—-247 —0.22 0.06
Ni Nil 3 447 620 —-1.73 0.52  0.09
Cu Cul 1 289 456 —1.67 0.58 synth
Zn Zn 1 2 289 456 -—-1.67 0.58 0.11
Sr Sr 11 2 075 283 —-2.08 0.17 synth
Ba Ba II 2 050 225 —-1.75 0.50 synth

o indicates the random error.
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TABLE 6.12: Elemental Abundance Determinations for J0024-+3203

Elements Species Nypes A(X) Solar [X/H] [X/Fe] o
Li Lil 1 2.00
C CH e 6.00 843 —2.43 0.02 synth
Na Na I 2 422 621 -1.99 0.46 synth
Mg Mg I 4 564 759 —-1.95 0.50 synth
Al All 1 300 643 —-343 —0.98 synth
Si Sil 2 546 751 —-2.05 0.40  0.09
Ca Cal 8 437 632 —1.95 0.50  0.06
Sc Sc 11 5 103 315 —-2.12 0.33  0.06
Ti Til 7 314 493 -—-1.79 0.66  0.09
Till 6 3.03 493 —-1.90 0.55  0.05
Cr Crl 3 321 562 -—-241 0.04 0.12
Cr1I 2 352 562 —-2.10 0.35  0.07
Mn Mn I 4 262 542 —-280 -0.35 0.11
Co Col 2 273 493 -—-2.20 0.25 0.06
Ni Nil 3 442 6.20 —-1.88 0.57 synth
Zn Zn'1 2 271 456 —-1.85 0.60  0.07
Sr Sr 11 2 100 283 —-1.383 0.62 synth
Ba Ba II 2 025 225 =200 0.45 synth

o indicates the random error.
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6.4 Discussion

6.4.1 Li distribution in the metal poor regime

The detection of lithium indicates that a star unlikely to have experienced AGB
binary mass transfer or direct winds from a massive star and has preserved the
signatures of the primordial nucleosynthesis events in its surface. Mass transfer
from a low-mass AGB would produce large amounts of carbon and deplete lithium,
along with the production of s-process enhanced material. A (4-7TMy) AGB star
that had experienced hot bottom burning produces large nitrogen and very low
carbon. There are some models in which AGB stars could produce lithium through
the Cameron-Fowler mechanism (Cameron and Fowler 1971). It is unclear if an
AGB with mass 3-4M, could explain the observed star-to-star C, N, low s-process

elements and lithium.

The distribution of the abundance of Li has been plotted with temperature for
different stellar families in Figure 6.5. The stars have been further categorized
into giants and dwarfs for each class of objects. The literature data is compiled
from SAGA database and the program stars with detection of Li are marked in
red diamonds. As noted by several studies on Li abundances in metal poor stars
(Spite, Bonifacio, etc) the plateau is observed for warmer dwarf stars with Tesf |,
5800. However, the scatter tends to increase as temperature decreases from 6500
to 5700. The slope could also be seen. The different stellar families, particularly
CEMP-no and EMP stars are believed to have different progenitor populations
and have undergone different star formation history. The identical distribution of
Li indicates the ISM to be well mixed during the epochs of their formation. Hence,
Li could not be used as a yardstick to differentiate between the different stellar
populations. Only three of our sample stars with Li are the main sequence turn

off stars which is not a good number to test the consistency of the slope for our
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sample. Black and blue are used for the literature sample to differentiate between
giants and dwarfs. The CEMP-s star SDSS J1953+4722 falls on the edge of the
Li desert (Aguilera-Gémez et al. 2018). Evolutionary mixing inside the star in
its sub-giant phase tends to deplete the original lithium abundance of the star-
forming cloud. As seen in Figure 6.5 the depletion of Li as the star ascends the

giant branch could be understood.
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FIGURE 6.5: The distribution of A(Li) as a function of T.f f for the different
stellar families. The program stars are marked by large red diamonds.

The significant large scatter in the Li abundance in the Spite plateau region could
also be due to the adoption of different T-eff scales for the stars compiled from
SAGA database for the comparison. As stated by Bonifacio et al. (2007a) the
Spite plateau appears very different for different temperature scales (e.g. V-K
produces no slope with large scatter whereas Ha shows a small slope with less
scatter). For the stars in our sample, we have adopted the temperature from
the ionization equilibrium using Fe lines which is consistent with the Ha based

temperature (with a difference up to 100 K). Using photometric colors (V-K)
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for determination of temperature (Ramirez and Meléndez 2005) leads to slightly

warmer temperatures and consequently higher Li abundances.

The trend of Li abundance with metallicity is shown in Figure 6.6. The cosmo-
logical value of Li and the observed value of Spite plateau is shown in black lines.
The small slope could be seen and the scatter tends to increase for MS stars as
metallicity decreases. The lowest metallicity stars have a lower value of Li abun-
dance which reaches the Spite plateau at [Fe/H] ; -3.50 albeit with large scatter.
Our sample being small in size could not yield significant results but detection of
Li in more number of stars would provide us better opportunities to understand

the evolution and (possible) depletion of Li in the early universe.
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FIGURE 6.6: The distribution of A(Li) as a function of [Fe/H]. The predictions
from Planck mission and the Spite plateau abundances are shown by black solid
lines. The dwarf stars are marked in black while giant stars are marked in blue.
CEMP-no stars are shown in red dots. The program stars with Li detection in
this study are shown by filled red diamonds.
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6.4.2 Trends with other elements

Pasquini et al. (2005) found a trend for Li abundances with other elements like Na,
O and N for the TO stars in NGC 6752. A(Li) was found to correlate with [O/Fe]
and anti-correlate with [Na/Fe| and [N/Fe|. Bonifacio et al. (2007a) also confirmed
the A(Li)-[Na/Fe| anti-correlations in 47 Tucanae. However, no such trends could
be noticed among the Halo stars. In Figure 6.7, the halo stars have been divided
into giants (blue dots) and dwarfs (black dots). The depletion of A(Li) due to
evolutionary mixing can be seen in all the four panels. No trends could be seen
for A[Li] with [Na/Fe] (as reported in few GCs), [Ca/Fe] (representative of «
abundance), [Cr/Fe| (Fe-peak element) and [Ba/Fe] (n-capture element). We have
also marked the abundances of the GC escapees and CEMP-no star in coloured

diamonds in each of the panels.

6.4.3 CEMP stars

Matsuno et al. (2017) has proposed a novel way of classifying the CEMP stars
using the abundances of Li. Since CEMP-s stars have undergone mass transfer
they are more likely to show a depleted Li abundance whereas the CEMP-no
stars are most likely preserve the primordial Li till it reaches the subgiant phase.
However, this criterion could not be universal as there exist a few CEMP-s stars in
the literature with high abundances of Li. SDSS J1953+4722 | one of the CEMP-s
stars in this study also shows a very high value of A(Li)=2.40. These stars have
mostly received contributions from a Li rich ejecta from the companion star during

its AGB phase which could produce Li by the Cameron Fowler mechanism.

According to the analysis of Meynet et al. (2010) and Masseron et al. (2012),
the stars falling at the edge of Li-depleted stars (A(Li) = 2.00 are adopted as
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the separation between Li-normal and Li-depleted metal-poor stars). A slight

depletion from the Spite Plateau value could be attributed to internal mixing of

the star, or the observed value of lithium for SDSS J13414+4741 and J0024 may

be the result of several concurrent phenomena.

e The ejected material from the progenitor SN will have depleted lithium abun-
dance along with other nucleosynthetic elements and enhanced carbon (for
the case of SDSS J1341+4741 ) that is mixed with the primordial cloud.
Depending upon the dilution factor in the natal cloud, it may be possible to
achieve the necessary lithium value Piau et al. (2006); Meynet et al. (2010);
Maeder et al. (2015).

A Spite Plateau value of Li was present in the natal cloud of SDSS J1341+4741 ,
and it is depleted by thermohaline mixing or meridional circulation (Masseron
et al. 2012) in the star. If we consider the current evolutionary state of the

star to be in the RGB phase, this could be a viable mechanism.

Enhanced rotationally-induced mixing in the RGB phase (following Denis-
senkov and Herwig 2004) can lead to formation of lithium in the star, follow-
ing depletion of all the primordial lithium. It is very difficult to differentiate
between an AGB or a massive rotating star as the precursor using Li as the
sole yardstick, as both result in almost the same nucleosynthetic yield of Li

(Meynet et al. 2006; Masseron et al. 2012).

6.4.4 VMP stars

Several new VMP stars have been identified in this study as seen in Tables 6.2 to

6.12. The stars show the expected features like signatures of odd-even nucleosyn-

thesis for the light elements, standard a enhancement of [o/Fe] 0.40, abundances
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FIGURE 6.7: The Li abundance for VMP and EMP stars with detection of Li.
The black dots mark the dwarf stars while blue dots represent the giant. The
GC escapees from this study are marked in red diamonds whereas the CEMP-no
star is marked in pink diamond.

of Fe-peak elements scaled to Fe abundances and the expected production of n-
capture elements of the neutron capture elements. The trends for the abundances
of light and n-capture elements are shown in Figures 6.8 and 6.9. The program

stars have not been separately highlighted to keep the plots neat.

As seen in Figure 6.8, RGB and MS stars follow a similar trend for light elements.
[Na/Fe] tends to increase with an increase in [Fe/H] whereas it is mostly a scatter
with no singular trend for [Mg/Fe] and [Al/Fe] at the lowest metallicities for VMP
stars. Figure 6.9 tries to find the trends for the n-capture elements in VMP stars.
CEMP stars have also been separately marked in red as they tend to dominate at
lowest metallicities and play a key role in the production of n-capture elements.
[Ba/Fe| tends to rise as [Fe/H] increases. This might indicate the onset of the

dominance of s-process at higher metallicity (Wallerstein et al. 1997). However, a
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FIGURE 6.8: Distribution of light elements for the VMP stars in the Galactic
halo, taken from the SAGA database. The EMP giants are marked by black
points, whereas dwarfs are marked by blue points.

similar increase in [Sr/Fe] is also expected which is not observed. This results in
a marginal decrease in [Sr/Ba] as metallicity increases. The histogram in the last

panel confirms a similar distribution of VMP and CEMP stars.

6.5 Conclusion

We studied Lithium abundance among metal poor stars that have solar abundance
ratio, CEMP-no stars, r-process rich stars and GC escapees. Lithium is in general
depleted in CEMP-s stars, however, the CEMP-no stars show very similar Li
distribution as the EMP stars. The giants and dwarfs among them show similar

Li abundances in CEMP-no and EMP stars. This indicates that the enhanced
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FIGURE 6.9: Trends of Sr and Ba for VMP stars in the Galactic halo. CEMP-
no stars have also been separately marked in red dots. The distribution for both
the classes of stars follow a similar pattern as shown in the last panel.

carbon in CEMP-no is likely from its star forming cloud and hence a massive
star origin for carbon. There are few CEMP-s stars that show enhanced Lithium
abundance compared to other typical CEMP-s stars. These objects might have

an i-process origin for their n-capture elements and will be interesting for further

investigation.






Chapter 7

Conclusions and Future Work

7.1 Conclusions

This study has reported high resolution spectra of several classes of stars in the
very metal poor domain. Some of them have shown remarkable characteristics
like over-abundance of carbon, strong enhancement of r-process, and widespread

abundance of lithium.

We have also been able to tag a few stars of globular cluster origin using nucle-
osynthetic signatures out of which one is speculated to be a blue straggler, an

extremely rare object to be found in the Halo.

Comparative study between the families of stars was also carried out and an offset
between CEMP-no and EMP stars was noted for the trend in Cr abundance against
metallicity. This could point to a different chemical evolutionary history of these
two populations. One of the CEMP-no stars was also found to be in a binary

system but the detection of undepleted Li indicates that no mass transfer has

159
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taken place.

We report the detection of Thorium in one of the r—process rich stars and it was
found to have a high degree of actinide boost. Cosmochronometry using [Th/Eu]
yielded unphysical ages. The reported sample of r-I and r-II stars were found to
have the expected signatures of strong contributions from an r-process rich source

during their epoch of formation in the early universe.

The evolution of the Halo is intricately linked with globular clusters evolution and
mass loss. The low [Sr/Ba] for NGC 1851 studied in this work indicate towards
primary contribution from NS — NS mergers towards Galactic chemical enrich-
ment as compared to type II SNe. Few GCs from the literature were also found to
display similar abundance pattern. This study also indicates that due to a closed
environment GC stars have chemically evolved at a much rapid pace compared to
ordinary Halo stars despite being born at the same epoch which is expected due
to high retention of matter by the cluster potential. The stars of globular cluster
origin discovered in the Halo are also found to lie in close proximity to the globular
clusters in the [Sr/Ba] vs [Fe/H] plane showing a greater contribution from NS-NS

mergers and is thus consistent with theoretical predictions.

7.2 Future Work

Abundances of key elements neutron capture elements like Sr and Ba are obtained
for five metal poor globular clusters M2, M3, M13, M15 AND M71. Earlier abun-
dance studies in the literature have concentrated on multiple generations of stars
in the cluster and the difference in elemental abundances of these populations.

The key criteria used for such classification are the chemical anti-correlations like
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O-Na and Mg-Al. The second generation stars are found to be enhanced in sodium
and aluminium while at the same time being depleted in magnesium and oxygen

as discussed earlier.

In the future, we want to undertake a study on the origin of neutron capture
elements in GCs. In the current study used the data of NGC 1851 from the
archival data of ESO and derived the Sr and Ba abundances which were consistent
with the values abundances of Gratton which validated our methods. The grids
for the key elements Sr and Ba are already in place as discussed earlier in chapter
2. We have also downloaded the spectra for several metal poor GCs covering the
wavelength ranges for Sr and Ba. The goal is to derive the abundances for these

GCs and probe the r-process enrichment history.

The grids were initially used for the low resolution archival data of SDSS for the
five GCs M2, M3, M13, M15 and M91. Though the resolution is very low we were
still able to detect Sr and Ba in few of the stars in these clusters. The distribution
of [Sr/Fe] and [|Ba/Fe] as a function of [C/Fe| for the four clusters from SDSS data
is shown in figure 7.1 and 7.2. They show a scatter and no trends with [C/Fe]
could be deduced. When overplotted with the halo stars and NGC 1851 they all
occupy the lower region of the plot favouring the NS-NS merger scenario as seen in
figure 7.3. However, to confirm these results we need to study the GCs at a higher
resolution. It would be very important to verify the results with a larger sample
and better quality of data. Hence our plan to undertake such studies with ESO
archival data would be helpful to understand the nature of the primary polluters

of the GCs.

Apart from the archival data of GCs, we also plan to use LAMOST data for
future observations using the 2-m class and larger telescopes. We plan to fit the
low resolution data from LAMOST and find interesting targets for observation.

The primary aim would be to choose stars of the lowest metallicity with a good
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fit showing considerable S/N ratios. We hope to add many more interesting stars
with chemical peculiarities to the HESP-GOMPA survey and turn it to one of the

leading high resolution spectroscopic surveys currently being pursued.
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