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Abstract

Based on data from large spectroscopic surveys like the GALactic Archaeology with
HERMES (GALAH) and the Large Sky Area Multi-Object Fibre Spectroscopic Tele-
scope (LAMOST), along with astrometric and photometric data fromGlaga survey,

we have addressed three major questions in the eld of the chemical and dynamical
evolution of the Galaxy. The rst of these three questions is understanding the evolu-
tion of lithium (Li) in the Galaxy. For this, we used the spectroscopic data from the
GALAH survey along with astrometric and photometric data fronG@hm survey. We

found that Li has signi cantly increased in the Galactic disc compared to the observed
value in the metal-poor halo stars and the theoretically predicted primordial value from
the Standard Big Bang Nucleosynthesis models. Search for an explanation for such
large-scale Li enrichment throughout the Galactic disc led us to study the evolution
of Li in low-mass stars (the second problem we have addressed). According to the
standard evolutionary models, Li gets depleted as stars ascend on the red-giant branch
(RGB). However, about a per cent of giants have been found to have a thousandfold
higher Li than the value predicted by standard models. These rare giants with high Li,
well known as the Li-rich giants, have puzzled astronomers for over four decades since

their rst discovery by Wallerstein and Sneden (1982).

To understand the evolution of Li in low-mass stars, we used data from the GALAH
and Gaia surveys. From the second data release of the GALAH survey, we discovered
335 new Li-rich giants (witi\(Li) 1.8 dex), of which 20 are super Li-rich with
A(Li) 3.2 dex. We further discovered that almost all of these Li-rich giants are core
He-burning (CHeB) giant stars, and Li enrichment in red giants is likely associated
with the He-core ash. We also found that the Li-rich giants do not belong to any
particular dynamic group in the Galaxy and are found throughout the Galaxy. However,

they are more prevalent among giants of the Galactic thin disc than the thick disc and



halo. We further found that chemically Li-rich and normal giants are similar except
for Li abundance. We also found that the probability of becoming a Li-rich giant

is approximately independent of a star's mass, although the majority of the Li-rich
giants are found to be low massl( 2 M ). The frequency of occurrence of Li-
enriched giants among normal giants is about one per cent and slightly dependent on
metallicity. Li-enriched and normal giants are also found to have a similar projected
rotational velocity, suggesting that Li-enrichment in giants is not linked to scenarios
such as mergers and tidal interaction between binary stars. To nd more clues about
the origin of Li enrichment in giants, we studied the correlation between giants' Li
abundance and asteroseismic parameters. Data for the CHeB giants suggest a decrease
in A(Li) with an increase in the gravity mode period spacing;, which is known to
increase with time at the start of the CHeB phase suggesting the enriched Li in He-core
burning giants decreases as stars evolve. Based on asteroseismic data also, we found
no evidence of Li enrichment at the luminosity bump. In conclusion, these studies
have helped to uncover the almost four-decade-old mystery of the origin of Li-rich
giant stars, and now we know that all the low-mass giants experience Li enrichment

during the CHeB phase to a varying degree.

Lastly, to uncover the formation and evolution history of the Galaxy, we studied the
chemical and kinematic properties of various pro-grade (like the Splash) and retrograde
(like Gaia-Enceladus/Sausage (GE/S), Thamnos and Sequoia) substructures in the
Galactic halo along with the Galactic thin and thick disc. We also studied the age
distributions of all these Galactic components. We found that the star formation in
the Splash, which is the major situ component of the halo and has a median [Fe/H]

of 0:75 0:24dex, peaked about 13 Gyr ago. On the other hand, the star formation
in the GE/S, which is the halo's largest accreted component and has a median [Fe/H]
of 1:.31 0:23dex, peaked about 1.5 Gyr later than the Splash. The Galactic thin
and thick discs are found to have peak ages of about 5.0 and 11.5 Gyr, respectively.
The GE/S and Sequoia are also found to have a distinct chemical evolution from the

Splash, whose chemical composition is found to be similar to the metal-poor stars



of the thick disc. In conclusion, our studies support the idea of galaxy formation by

hierarchical clustering in a Lambda cold dark matter universe.
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Chapter 1

Introduction

1.1 The Milky Way system

On a clear, moonless night, when the Sun has gone below the horizon, it is possible
to see thousands of celestial objects like asteroids, planets, stars, galaxies, etc., in
the sky. If the night is dark enough, one may even see a broad stream of white
light across the sky, resembling a owing milk river. The ancient Greeks named it
‘galaxias kyklos which translates to milky circle. Since then, several variants of
this name have been used to refer to it, but today, it is most commonly known by
the Milky Way (MW). The studies of MW and other objects we see in the night
sky have been going on for many millenniums. From rather basic technology and
methodologies, each new clue kept on surprising us and made us more curious to
know about the MW and other objects in the night sky. A signi cant turning
point in our understanding came in the early 1600s when the legendary Italian

polymath Galileo Galilei pointed his newly perfected telescope to the MW and
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realized that it consists of many individual stars. Now, after almost 400 years,
with the help of more powerful telescopes, we know that it consists of not only

billions of individual stars but also gas and dust with a complex structure.

A photograph of the MW, taken from the Indian Astronomical Observatory (IAO;
Hanle, Ladakh, India), is shown in Figure 1.1. The Himalaya Chandra Telescope
(HCT) is visible in the foreground. The broad bright band with patches of dark
regions at the center is a section of the MW's inner region. This broad bright band
is a result of the light emitted from billions of stars, while the dark patches are
due to obstruction of this light by dust and gas, which are abundant in the MW's
inner region. Most of the scattered faint dots, whose number density decreases

with distance from the central band, are stars, clusters of stars, or distant galaxies.

Figure 1.1: An optical view of the Milky Way from the Indian Astronomical
Observatory located in Hanle, Ladakh, India. The Himalaya Chandra Telescope
(HCT) is visible in the foreground. Image credit: Dorje Angchuk, IAO, Hanle,
Ladakh, India.
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The dust and gas are relatively transparent to wavelengths in infrared (IR) radia-
tion. Hence, mapping the inner region of MW is possible in IR wavelength. Figure
1.2 shows an edge-on view of the MW in IR band from the Di use Infrared Back-
ground Experiment (DIRBE), Cosmic Background Explorer (COBE) mission. The
image reveals a much clear structure of the MW. Combinedly, these two images
(Figure 1.1 and 1.2) readily suggest that most of the MW's stars are present in a
narrow plane, and their numbers decrease with vertical distance from this plane.
The number density of stars also decreases as one moves radially away from the
central point of the plane. Additionally, the two gures suggest an abundance of

gas and dust in the narrow central plane.

Figure 1.2: Edge on view of the Milky Way in near-infrared from the Dif-
fuse Infrared Background Experiment (DIRBE), Cosmic Background Explorer
(COBE) mission. Image credit: E. L. Wright, DIRBE, the COBE Project,
NASA.

These two simple yet powerful images are enough to make anyone curious and gen-
erate thought-provoking questions about the structure and history of the Galaxy.

A few of these questions are: Why do most of the stars reside in the central plane?
Why stars' number density decreases as one moves vertically away from the central
plane and radially away from the centre of this plane? Why do most of the gas

and dust reside in the central region of the MW? Are the stars from the inner and
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outer regions of the MW similar or di erent, and do they have di erent origins?
Why is the MW the way it is? What leads to such complicated distributions of
stars and gas in the MW? Moreover, what is the MW made of, and how has its
content and shape evolved over time? This thesis aims to address some of these

and related questions about the formation and evolution histories of the MW.

For centuries, star count has been extensively used to understand the stellar struc-
ture of the MW. For example, the earlier models of the MW were constructed based
on star count by the likes of Herschel (1785) and Kapteyn (1922). However, to
fully understand the formation and evolution of the MW, one needs more than
the stellar count. As discussed in the next section, stars' spatial, kinematic and
chemical properties, along with their ages, can be used to accurately understand

the formation and evolution of the MW.

1.2 Chemodynamic studies of the Galaxy

One of the most signi cant outstanding astronomical issues is deciphering the his-
tory of the origin and growth of our home galaxy, the MW. In the 1950s, it began to
be understood that combining stars' kinematics, chemistry (metallicities estimated
based on photometry), and ages may help build a picture of the Galactic creation
and learn more about its evolution (e.g. Roman 1954). From an observational
standpoint, the quantitative study of the Galaxy based on kinematics and chemical
properties of a large sample of nearby stars by Eggen, Lynden-Bell, Sandage (ELS;
Eggenet al. 1962) set the stage for systematic studies of the Galaxy's formation
and evolution. In simple words, the study of the formation and evolution histories

of the Galaxy is similar to traditional archaeology, which deals with the study of

" Throughout the literature, “Galaxy' with a capital ‘G’ refers to the Milky Way, while “galaxy"'
with a lower-case 'g' is used to refer to any galaxy in general. The same notations are adopted
in this thesis.
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human history based on artefacts (remains of objects that human-created, modi-
ed, or used) and features (like pyramids and depressions on the Earth's surface
where a human-made structure once stood) which can be excavated and observed
today. Because of this similarity, the study of the formation and evolution histories

of the Galaxy is also known as Galactic archaeology. However, unlike traditional
archaeology, all the investigations in the Galactic archaeology case are based on
pieces of information collected by detailed observations of the basic building blocks
of the Galaxy like the stars, gas and dust, and other structures (like stars clusters,
galactic nuclei, etc.). The study of stars in the Galaxy, as noted by Freeman and
Bland-Hawthorn (2002), gives substantial clues regarding the circumstances that

prevailed in the early Universe.

1.3 Chemical and kinematic populations of stars

in the MW

An edge-on view of the Galaxy, as shown in Figure 1.2, reveals that most of these
stars, gas and dust are concentrated in the central plane. Further, at the cen-
tre of this relatively thin plane, one can also see a bright spherical distribution
corresponding to the swelled-up over-density of stars relative to the thin planner
distribution. Distribution in Figure 1.2 is stars' instantaneous positional distribu-
tion only, and in actuality, they move in complex orbits governed by a complicated
Galactic gravitational potential. However, even after being in continuous motion,
their combined positional distribution stays approximately the same as in Figure
1.2 for millions of years which is much less than the Galactic time scale. Also, as
stars age, their atmospheric parameters and composition change and when they ex-
plode, they enrich the interstellar medium with various metals. The newly formed
stars from such altered ISM clouds will have enhanced metal content and also ac-

quire the cloud's kinematics. Sun-like stars are known to conserve the signatures
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of these acquired chemical elements in their outer atmosphere for most of their
life. However, the acquired kinematics may change with time due to the contin-
uous in uence of the Galactic gravitational potential. For decades, astronomers
have been using stars' spatial, kinematic and chemical properties to classify them
into di erent stellar populations, nd distinct stellar groups, and nally build a
picture of the Galaxy. We now know that the Galaxy has a complex structure with
four key internal components: the bulge, thin disc, thick disc, and halo, as well
as one external component: accreted material (e.g. Gilmoet al. 1989; Freeman
and Bland-Hawthorn 2002; Helmi 2008; Iveziét al. 2012, and references therein).
These components are typically de ned by the phase spaces in which we observe
them spatially, kinematically and chemically, and constitute the basis for any at-
tempt to model, simulate and understand the birth and evolution histories of the

Galaxy.

Figure 1.3: A cartoon representation of the Galaxy showing its four major
stellar components.

A cartoon depiction of our Galaxy highlighting the four primary internal compo-

nents is shown in Figure 1.3. Detailed discussion on each of these components is



Chapter 1: Introduction 7

provided in the below sections.

1.3.1 The Bulge

The innermost component of the MW, the bulge, is a dense concentration of stars
in a roughly spheroidal shape. Most of the stars in the bulge are predominantly old
(e.g. Gonzalez and Gadotti 2016; Hasselquist al. 2020, and reference therein).
Early low-resolution spectroscopic studies and photometric metallicity calculations
revealed that the bulge stars span a wide range in metallicity with [Fe/H] ranging
from about -1.0 to 0.4 dex (e.g. Sadleet al. 1996; Ramirezet al. 2000; Zoccali

et al. 2003). Thanks to the availability of large multi-object spectroscopic surveys,
we now know that the bulge is a mixture of many stellar populations rather than

a single homogeneous one. These populations have di erent dynamical and mor-

phological characteristics and show evidence for a multiple-component scenario.

Metallicity distribution of bulge stars suggests the presence of more than one
population (Hill et al. 2011; Rojas-Arriagadaet al. 2014). The two dominant
populations metal-poor and metal-rich bulge populations peak at [Fe/H] -0.3
and 0.3 dex, respectively. Kinematically, the metal-poor bulge population stars
follow a spheroidal distribution, while the metal-rich bulge population stars rotate
cylindrically (see, e.g. the review of Gonzalez and Gadotti 2016, and references

therein).

The metal-poor bulge stars, with [Fe/H]< -0.3, are found to be enhanced in
[ /Fe] by about 0.3 dex, suggesting a fast stars formation scenario (McWilliam
and Rich 1994; Rich and Origlia 2005; Cunha and Smith 2006; Fulbriglet al.

2007; Lecureuret al. 2007; Richet al. 2007). The metal-rich, however, stars show

the expected decreasing trend in JFe] relative to [Fe/H], reaching a solar value
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for metallicities higher than the Solar metallicity. More interestingly, not all the

chemical elements in bulge stars follow the expected yield trends.

1.3.2 The Thin disc and the thick disc

About three-quarters of the Galaxy's stars, along with most of the gas and dust,
reside in its disc. Radially, the Galactic disc extends up to 15 kiloparsecs (kpc),
but most of the stars are centrally concentrated, i.e. their number density falls
o0 exponentially as we move away from the centre. For a long time, based on
the density distribution of stars, the Galactic disc is known to have two main
components, namely the thin disc and the thick disc (e.g. Yoshii 1982; Gilmore
and Reid 1983). These ndings are further con rmed by dierent kinematics
and chemical compositions of thin and thick disc stars. Now we know that the
thin and thick disc stars are spatially, kinematically and chemically di erent (e.g.
Gilmore and Reid 1983; Gilmore and Wyse 1985; Edvardssenal. 1993; Freeman
and Bland-Hawthorn 2002; Bovyet al. 2012; Haywoodet al. 2013; Rix and Bovy
2013). Also, most of the disc stars (about 95%) lie in the thin disc and remaining

forms the thick disc.

Spatially, the thin disc is de ned by an exponential power law with a vertical
height of about 300 pc and a radial scale length of 3.4 kpc (e.g. Bogyal. 2012;
Haywoodet al. 2013, and references therein). Thin disc stars have modest velocity
dispersion and follow near-circular, co-rotational orbits (Edvardssoat al. 1993;
Reddy et al. 2003; Rix and Bovy 2013). Chemically, the thin disc is found to have
a metallicity range of 0:7 < [Fe/H] < 0:1 dex, and abundances oélpha-process

elements similar to that of the Sun (Reddyet al. 2003; Bensbyet al. 2005).

The thick disc, on the other hand, is de ned spatially by an exponential power law

with a large vertical scale height of about 900 pc and smaller radial scale length
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of about 1.8 kpc compared to the thin disc (Bensbgt al. 2011; Haywoodet al.
2013). Kinematically, similar to the thin disc stars, the thick disc stars co-rotate
with the Galactic disc but with a smaller rotational velocity about the Galactic
centre and overall have hotter orbits than stars of the thin disc (e.g. Edvardsson
et al. 1993; Reddyet al. 2003; Haywoodet al. 2013). Chemically, thick disc stars
are signi cantly metal-poor compared to their thin disc counterparts (Gilmore
and Wyse 1985; Reddet al. 2003; Bensbyet al. 2014). Unlike the thin disc, the
metallicity of the thick disc extends well below [Fe/H]< 1.0 dex (Beerset al.

2002; Reddyet al. 2003).

1.3.3 The Halo

The bulk of the observable part of the Galaxy that is outside the disc is known
as the Galactic halo (or simply halo). Unlike the Galactic disc, it lacks gas and
dust and consists of individual stars and dense, compact clusters of stars (known as
globular clusters). All the halo stars are predominantly old, as due to a lack of cold
gas and dust, there is no new star formation going on in the halo. Kinematically,
the Galactic halo consists of stars with a wide range in rotational velocity from
small pro-grade rotation to highly retrograde rotation (see, e.g., Carollet al. 2007,
Helmi 2008, and references therein). Chemically, halo stars are predominately
metal-poor and enriched in the alpha-elements (see, e.g., Chiba and Beers 2000;
Ishigaki et al. 2012). For a long time, the halo is also known to have a bi-model
metallicity distribution. It is believed to consist of many small components but
can be divided into two major components: a metal-rich halo and a metal-poor
halo (see, e.g., Carollet al. 2007; Helmi 2008, and references therein). Recent
discoveries based on the data from th@aia survey in combination with data from
the large spectroscopic surveys suggest that the metal-poor halo is a remnant of

dwarf galaxy Gaia-Enceladus/Sausage (GE/S) which merged with the MW about
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some 10 billion years ago (Haywoodt al. 2018; Gallartet al. 2019). The metal-
rich halo is understood to bein situ component and is believed to be a mixture
of the stars of MW's original halo and the ones that were knocked out from the

inner region of the MW during the merger events.

1.4 Formation of the Galaxy: An overview of dif-

ferent formation models

In the last section, we learned about the Galaxy's structure along with some of
the properties of its four major stellar components. But what led to the formation

of such a complex Galactic system, and how various components of this Galactic
system have evolved over time? To answer these and similar questions related to
the formation and evolution of the Galaxy and galaxies in general, we rst need
to understand the history of the Universe and understand how the structures were

formed and evolved in it.

Based on the works of Willem de Sitter and Albert Einstein, the Belgian Catholic
priest and cosmologist Georges Lemaitre in his seminal paper in 1927, proposed the
idea that the Universe is expanding and is not static. In 1931, to further explain
the origin of the Universe, Lemaitre proposed the Hypothesis of the Primeval
Atom". According to this hypothesis, the Universe began with the explosion of
the primeval atom, and this explosion occurred at a nite point in time. This

led to the foundation of the well-known and widely accepted Big Bang theory.
According to the Big Bang theory, the observable Universe originated from the
singular cataclysmic event Big Bang (BB) about 13.7 billion years ago. From this

singular point, the Universe stretched and expanded to get as big as it is today.
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Figure 1.4: History of the Universe: From the Big Bang to present. Here,
WIMPs refer to weakly interacting massive particles. (Image credit: NASA/CX-
C/M.Weiss)

A rough timeline of the evolution of the Universe since the BB is shown in Figure
1.4. Within a fraction of a second of the BB, the newly formed universe expanded
very rapidly and cooled down, allowing the formation of weakly interacting mas-
sive particles (WIMPs). A further drop in temperature allowed the formation of
subatomic particles, which later clubbed together to form atoms. This epoch of
the formation of the rst atoms in the Universe began about one minute after
the Big Bang and is known as the Big Bang Nucleosynthesis (BBN). The BBN is
believed to be responsible for forming the neutral hydrogeiH), deuterium (D,

or ?H), helium isotopesHe and “He along with a small amount of the lithium
isotope ‘Li (see, e.g., Peebles 1966a,b; Wagonetr al. 1967; Reevest al. 1973;
Wagoner 1973; Schramm and Wagoner 1977; Boesgaard and Steigman 1985, and
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references therein).

When the Universe was about 300 million years old, the newly formed giant gas
clouds were cold enough to collapse under their own gravity. The collapse of these
giant clouds of primordial gas resulted in the birth of the Universe's rst stars.
These rst stars, believed to be very massive, quickly evolved and died. In this
process, they cooked chemical elements heavier than hydrogen and enriched the
Universe with these elements. The new stars, which formed from these clouds, in-
herited these enriched elements. (For more details on how stars contribute towards

the chemical evolution of galaxies, see Section 1.5.)

In the meantime, when the Universe was just about a billion years old, more
prominent structures like galaxies also started forming from the gravitational col-

lapse of primordial gas clouds. Over time, these initial structures in the Universe
interacted and evolved and acquired di erent shapes and sizes. At present, many
of these galaxies, typically with a stellar halo of roughly spherical shape and a disc

full of gas and stars, look like our home galaxy, the Milky Way.

Understanding the formation and evolution of larger structures in the Universe,
like the galaxies, involves two competing approaches: the top-down and the bottom-
up approach. According to the top-down approach, large systems like galaxies are
formed by the monolithic collapse of vast clouds of primordial gas. Contrary
to this, in the bottom-up approach, smaller structures formed rst, which then
merged to form larger systems like the galaxies. Cartoon illustrations of models
for the formation of a MW-like galaxy through these two approaches are shown
in Figure 1.5. A brief introduction to the origins of these two models, along with

their limitations, is provided below.
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Figure 1.5: Cartoon illustrations of the top-down and bottom-up models for
the formation of a complex structures galaxy like the MW. Red arrows indicate
the direction of contraction due to gravity, while circular grey arrows indicate
the sense of rotation of the system (galaxy).

1.4.1 Top-down model:

Proposed by ELS in their seminal paper in 1962, this model is also well known as

the ELS model and the “monolithic collapse' model and is based on the relative
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