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Chapter 1
Introduction

Our current understanding of the Universe is based on the standard Big Bang
theory. At the very beginning the Universe was extremely dense and hot.
Baryons were strongly coupled with photons in a cosmic soup. About 370,000

years after the Big Bang, the temperature of the Universe dropped and electrons
started to recombine with ions to form neutral atoms. Following this epoch, known
as the epoch of recombination, photons decoupled from the baryons, thus rendering
the Universe transparent to radiation which are detected today as the cosmic mi-
cro wave background (CMB). The CMB is one of the most compelling evidences of
the Big Bang scenario and fluctuations in the CMB imprint the prevailing conditions
at that era. After the decoupling phase, the temperature of the Universe declined
to a few thousand K and light is redshifted out of the visible range ushering the
Universe into the so called cosmic dark ages. The dark ages lasted up to about 400
million years after Big Bang until the formation of the first radiation emitting objects
(i.e., stars and quasars).

The quest for the first objects has captivated astronomers since many decades.
Novikov & Zeldovich (1967) were the first to introduce the idea that some objects
could have formed before the present day stars. Figure 1.1 shows the evolution of
the Universe against cosmic time from the Big Bang to the present day. Recently, the
study of primordial objects formation has gained a lot of interest. Although tremen-
dous progress has been made in both theoretical and observational perspectives, still
there are many open questions about the first objects. When and how did the first
stars/mini-quasars form? What are the first galaxies and how are they assembled?
When did the cosmic dark ages end? What were the masses and the initial mass func-
tion of the first stars? How could quasars, observed by the Sloan Digital Sky Survey
at redshifts higher than six, already attain masses of ∼ 109 M¯ when the Universe
was less than a billion years old? Answers to these questions demand substantial
further investigations in this field. This thesis addresses some of the key questions
about the formation of the first objects.

In the coming sections of this chapter, we discuss the basic physics involved in
the formation of the first objects. We also discuss structure formation in the early
Universe as well as primordial gas chemistry and the thermodynamics necessary to
understand the formation of the first objects. We present the current view on how
the first objects are formed and what is the role of feedback effects in subsequent
structure evolution. We also introduce how the atomic hydrogen 21 cm signal is
generated and what are the mechanisms to decouple the spin temperature from the
CMB. We end this chapter by mentioning the motivation and outline of this thesis.



8 CHAPTER 1: INTRODUCTION

Figure 1.1: Pictorial representation of different epochs of the Universe against cosmic time.
Figure depicts that the first objects were formed around 400 million years after the Big Bang.
This is only a small fraction of the age of the Universe. Image credit NASA.

1.1 Structure formation in the early Universe

Our present understanding of cosmic structure formation is based on the Lambda
cold dark matter (ΛCDM) cosmology. It is now widely accepted that structures in
the Universe have been formed out of primordial density fluctuations due to grav-
itational instability. One then expects small scale fluctuations to become non-linear
and form structures. These structures then merge with one another to form bigger
structures and so on. This scenario is known as the hierarchical scenario of structure
formation. These structures collapsed into the cosmic web of sheets, filaments, and
halos which we see around us today. The gravitational potential for these structures
is mainly provided by the dark matter, and baryons are expected to fall into these
potentials. The prevalent notion is that mass in the Universe is dominated by cold
dark matter and the model is generically known as the CDM model (Blumenthal
et al. 1984; Riess et al. 1998; Carroll 2001; Spergel et al. 2007).

The Universe is homogeneous on large scales as postulated by the cosmological
principle (Coles & Lucchin 2002). This was observationally confirmed by the detec-
tion of the CMB radiation as shown in figure 1.2. The formation of structure in the
early Universe is a fundamental problem in cosmology. The geometry of the Uni-
verse needs to be constrained in order to study the gravitational evolution of the
Universe, and general relativity is used for this. In general, the geometrical proper-
ties of space-time can be described by a metric. The most general space-time metric
based on the cosmological principle is called the Robertson-Walker metric (RW) and
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Figure 1.2: Left panel of this figure shows the image of the CMB over whole sky. It shows
that the Universe is homogeneous on large scales with a uniform temperature of 2.725 K.
Right panel of this figure shows the anisotropies in the CMB radiation measured with the
WMAP satellite. Red and dark blue colors in the right panel show the maximum deviations
from uniformity which corresponds to differences in the CMB temperature of approximately
∼ 10−5 K. Image Credit WMAP science team, NASA.

can be written as

ds2 = (cdt)2 − a2(t)[
dr2

1− kr2 + r2(dθ2 + sin2(θ)dφ2)]. (1.1)

Here, r, θ, and φ are the comoving coordinates, t is the proper time, a(t) is the cos-
mological scale factor (expansion factor), and k is the curvature parameter with a
value +1, 0, -1. The value of k leads to an open, flat or closed Universe respectively.
Einstein’s equations of general relativity relate the geometrical properties of space-
time to an energy-momentum tensor describing the contents of the Universe. An
ideal fluid approximation leads to the Friedmann equations (Coles & Lucchin 2002)
which describe the evolution and expansion of the Universe. The Friedmann equa-
tions are

ä = −4/3πG
(

ρ + 3
p
c2

)
a, (1.2)

ȧ2 + Kc2 = 8/3πGρa2, (1.3)

where G is the gravitational constant, ρ is the mass density, p is the pressure, and Λ is
the cosmological constant. The scale factor can be computed by solving the Friedman
equations. Hubble (1929) discovered the expansion of the Universe, which is given
by the Hubble law

v = H(t)D, (1.4)

where v is the recessional velocity of the source, D is the distance of the source
from the observer and H(t) is the Hubble parameter, given by H(t) = ȧ/a and also
called the expansion rate of the Universe. Its value at the present time is H0 ∼
72 km s−1 Mpc−1. Similarly, the average density of the universe can be calculated as

ρ0 =
3H2

0
8πG

. (1.5)

The growth of structure depends on the contents of the Universe, which are baryons,
dark matter, dark energy and radiation. In a ΛCDM cosmology, values of these
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Figure 1.3: This pie chart shows the composition of the Universe. It can be seen that the major
content of the Universe’s energy density is dark energy. The dark matter contribution is 22%
and only 4% is baryonic matter. Image credit: NASA.

parameters based on WMAP 5-year data (Dunkley et al. 2009) are

Ωb =
ρb
ρc

= 0.0441, Ωm =
ρm

ρc
= 0.2581, ΩΛ =

Λ
3H2

0
= 0.7419. (1.6)

The content of the Universe is depicted in figure 1.3. It can be noticed that 74% of
the energy content of the Universe is dark energy. This is believed to be responsible
for the expanison of Universe, and is also called the cosmological constant. It was
realized in the early 80s that most of the matter is not composed of baryons. Rather,
a non-luminous source of gravity was found to be necessary to explain HI rotation
curves, known as the dark matter (Rubin & Ford 1970; Roberts & Rots 1973; Ostriker
& Peebles 1973; Ostriker et al. 1974; Begeman 1989). For alternatives to the dark
matter, see Sanders (2009) and Spaans (2009b,a). The Universe comprises 23% of
dark matter and 4% of baryonic matter.

According to the standard paradigm of structure formation, structures are formed
out of small density perturbations. These perturbations are produced by the quan-
tum fluctuations in the gravitational potential in the early universe. They are likely
adiabatic in nature. The phases of the quantum fluctuations are random in origin and
obey a Gaussian distribution. Therefore, the initial conditions for cosmic structure
formation are Gaussian random fields. Fluctuations exist on a variety of mass and
length scales. The final structure formation then depends on the growth of these per-
turbations relative to each other. It is therefore necessary to look at the perturbations
in terms of their spectral distribution. A spectrum was suggested independently by
Peebles & Yu (1970), Harrison (1970), and Zeldovich (1972), and now is known as the
Harrison-Zel’dovich or scale-invariant power spectrum. This spectrum is supported
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by inflationary models (Guth & Weinberg 1983; Guth & Sher 1983; Guth & Steinhardt
1984) and has the form

P(k) = Akn, (1.7)

where A is a normalization factor, k is the wave vector and n is the spectral index. For
a scale invariant power spectrum n=1. According to the theory of inflation, the Uni-
verse expanded by factor > 1080 during short period of time. After inflation, these
small density perturbations stretched to cosmological scales and created a plethora
of structures that we see in the Universe. A small perturbation with respect to a
background density field is given by

δ(x) =
ρ(x)− ρb

ρb
, (1.8)

where ρb is the mean baryonic density. These density perturbations collapse through
gravitational instability. To investigate gravitational instability one needs to study
the dynamics of a self-gravitating fluid. Equations of motion of a fluid in the New-
tonian approximation, and for an expanding Universe, are

∂δ

∂t
+

1
a
∇.[(1 + δ)v] = 0, (1.9)

∂v
∂t

+
1
a
(v.∇)v +

ȧ
a

v = − 1
ρa
∇p− 1

a
∇φ, (1.10)

∇2φ = 4πGρa2δ. (1.11)

These are the continuity equation, the Euler equation and the Poisson equation. Den-
sity fluctuations begin to amplify through gravitational collapse. This causes the
denser regions to become denser and rarefies the underdense regions. Deviations
from homogeneity, at early stages, are small and the equations of motion can be
solved analytically using linear perturbation theory. As δ ≥ 1, linear theory does
not remain valid. Non-linear solutions are generally too complex to solve analyti-
cally and one has to rely on other methods (numerical simulations) to study their
evolution.

1.2 Why numerical simulations?
During the past two decades, numerical simulations of cosmic structure formation
have emerged as a powerful tool. They not only facilitate physical insight and pro-
vide predictions for observations but also aid in data interpretation. Simulations
have proved to be very useful in understanding the formation of structures in the
early Universe which involve complicated physics like gravity, hydrodynamics, tur-
bulence and radiation transport. The goal is to compute the evolution of structures
from tiny density fluctuations to the formation of galaxies and stars, which makes
the problem exceedingly complex and spans a vast range of spatial and temporal
scales. Therefore, analytical models have a limited but nevertheless important place
in the study of structure formation (Bertschinger 1998). The equations that describe
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Figure 1.4: This figure shows the AMR grid. It can be seen from the figure that the AMR
method adds high resolution only in the regions of interest. It is well suited to follow the
collapse of a self-gravitating fluid.

the growth of density perturbations due to gravitational clustering cannot be solved
analytically and one has to rely on numerical simulations for detailed study.

This combination of non-linear and non-equilibrium phenomena can only be
treated numerically with the help of sophisticated codes. However, even the world’s
most powerful computers are unable to capture the entire range of length and time
scales relevant for this problem. The development of efficient numerical algorithms
like adaptive mesh refinement (AMR) have enabled us to implement the key physics
involved in the formation of structures.

To investigate the thermal, chemical and dynamical evolution of primordial ob-
jects, high resolution cosmological simulations are required whose initial conditions
are governed by the ΛCDM cosmology. We use the AMR technique to simulate the
formation of the first objects. This is an Eulerian based approach which discretizes
the computational domain into a nested hierarchy of grids as shown in figure 1.4.
The ratio of largest to smallest scale is called the dynamic range. The AMR method is
well suited for problems which require a high dynamic range like star formation (go-
ing from cosmological scales to protostellar scales). It is capable of resolving shocks
and hydrodynamic instabilities (i.e., Rayleigh Taylor instability/Kelvin-Helmholtz
instability) which oftenly occur in compressible flow problems. It avoids unneces-
sary grid refinements and adds resolution to the regions of interest with minimal
computational time.



THERMODYNAMICS AND PRIMORDIAL GAS CHEMISTRY 13

1.3 Thermodynamics and primordial gas chemistry
The thermodynamical behavior of primordial gas is controlled by cooling and heat-
ing which in turn depends sensitively on the chemical composition of the gas. There-
fore, it is crucial to understand the chemistry of the early Universe in detail. In
primordial objects, the composition of primordial gas is dictated by Big Bang nu-
cleosynthesis with its main components hydrogen and helium. Despite the simple
chemical composition of primordial gas, the presence of a large number of quantum
states inside atomic and molecular species renders the kinetics of these processes
very complex. Microphysical processes play a vital role in the formation of structure
and their role becomes more important than gravity when the cooling time becomes
shorter than the free-fall time. The formation of the first objects depends on the num-
ber of available coolants, the cooling efficiency and the physical mechanisms that set
their masses (McKee & Tan 2008). For metal-free gas, atomic line cooling dominates.
The net cooling function is a combination of many processes, like collisional exci-
tation, radiative recombination, Brehmstrahlung radiation and Compton scattering.
The cooling function for metal-free gas is shown in figure 1.5 (Barkana & Loeb 2001;
Sutherland & Dopita 1993). At temperature higher than ≥ 106 K cooling is domi-
nated by free-free transitions. Atomic line cooling becomes efficient at temperatures
between 104 − 106 K. There are two peaks in the cooling function. The peak at a tem-
perature around 104 K is due to the cooling by hydrogen Lyman alpha. The second
peak around 105 K is due to the cooling by ionized helium Lyman alpha.

Cooling becomes efficient when the cooling time is less than the collapse time.
The cooling and collapse time are given as

Tcool =
3nKT

2Λ(n, T)
, (1.12)

Tf f =
(

3π

32Gρ

)1/2
, (1.13)

where n is the gas number density, T is the temperature, ρ is the mass density, k is the
Boltzmann constant, G is the gravitational constant and Λ is the cooling rate. Tff is
the free fall/collapse time. For Tcool ¿ Tff, gas cools efficiently and may fragment
as well. Masses of the fragments are determined by the thermal Jeans mass, which
depends on the temperature and number density of the gas in the following way

MJ =
(

R
µG

)3/2 (
3

4π

)1/2
T3/2ρ−1/2, (1.14)

where R is the gas constant and µ is the average particle mass. For the case of atomic
line cooling, the Jeans mass will remain higher (for n = 104 cm−3 and T=8000 K,
MJ ∼ 105 M¯) and fragmentation to lower mass scales is inhibited.



14 CHAPTER 1: INTRODUCTION

Figure 1.5: The cooling rates are plotted against the temperature for a zero metallicity gas.
The solid line (red) shows the cooling rate for an atomic gas. The dashed (blue) line shows the
contribution of molecular hydrogen. Courtesy Barkana & Loeb (2001)

For zero metallicity gas devoid of molecules, Lyman alpha emission is the only
efficient pathway to cool the gas down to 8000 K. It is generally assumed that the
gas remains optically thin to Lyman alpha radiation. However, as the collapse pro-
ceeds, the escape fraction of Lyman alpha photons which perform a random walk
in frequency and coordinate space falls below unity. The presence of large columns
of neutral hydrogen makes the gas optically thick to Lyman alpha cooling and for
columns above 1021 cm−2 (optical depths τ0 > 107), the photon escape time becomes
longer than the free-fall time. Consequently, cooling due to Lyman alpha photons is
suppressed and the polytropic equation of state (EOS) stiffens (Spaans & Silk 2006).
The EOS plays a crucial role in the formation of structure. Under local thermal equi-
librium, the polytropic exponent (γ) is given by

γ = 1 +
dlogT
dlogρ

. (1.15)

Fragmentation of gas clouds is strongly dependent on the polytropic EOS (Li et al.
2003; Spaans & Silk 2000). In the presence of Lyman alpha line trapping, the forma-
tion of H2 is inhibited as it is collisionally dissociated at temperatures > 5000 K. The
Jeans mass thus remains high and fragmentation to lower mass scales is not possible.
This has important implications for the formation of massive objects.

In primordial gas, H2 is the only species that can cool the gas down to a few
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hundred Kelvins. Saslaw & Zipoy (1967) were the first to realize the importance of
gas-phase reactions in the formation of H2. They showed that trace amounts of the
H2 can be formed through the following reactions

H + e− → H− + γ, (1.16)

and
H + H− → H2 + e−. (1.17)

The residual fraction of electrons from the epoch of recombination acts as a catalyst
in the formation of the molecular hydrogen. Free electrons can also be present in
shocks or in photo-ionized gas that cools faster than it recombines. Another route
involves the formation of H+

2 as intermediary where protons act as a catalyst

H+ + H → H+
2 + γ, (1.18)

and
H+

2 + H → H2 + H+. (1.19)

However, H− is the dominant route for the formation of H2 (Tegmark et al. 1997).
H2 is the most abundant molecule at redshifts between the recombination epoch and
the formation of the first stars (Lepp & Shull 1984). The rotational and vibrational
modes of H2 can be excited at low temperatures, provided that H2 molecules are
not dissociated by UV radiation. The first rotational state of H2 can be excited at
0.0443 eV. The temperature at which the vibrational and rotational modes of H2 can
be excited defines the Jeans mass. The H2 cooling rate is shown in figure 1.6. Cooling
due to molecular hydrogen depends on the number of H2 molecules and the number
density of the gas. At densities greater than 108 cm−3, H2 can be formed through 3-
body reactions which make the cloud fully molecular. Consequently, the Jeans mass
is reduced (Palla et al. 1983). The Einstein A coefficients of the H2 molecule are
modest because of the absence of a permanent dipole moment. H2 can be photo-
dissociated by photons with energy range between 11.2 and 13.6 eV (Lyman-Werner
photons). A photon in this energy range is absorbed in the Lyman-Werner band of
the H2 molecule and put its in excited state. The H2 molecule then decays to the
vibrational continuum of the ground state and is dissociated. This two-step process
is called the Solomon process. The photo-dissociation reaction is given by

H2 + γ → H∗
2 → H + H. (1.20)

There are two main features which render a molecule an efficient coolant, one is
the fractional abundance and second is the presence of a dipole moment. Apart from
H2, the second most important coolant is HD. Its main formation path is through
collisions between H2 and deuterium species as given below

H2 + D+ → HD + H+, (1.21)

and
H2 + D → HD + H. (1.22)
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Figure 1.6: Cooling rate per H2 molecule is plotted against temperature for a zero-metal gas.
The green line shows the cooling rate calculation by Galli & Palla (1998), the red line shows
the cooling rate estimates from Lepp & Shull (1983) and the blue line shows the cooling rate
computed by Martin et al. (1996). Image courtesy Tom Abel.

HD is an efficient coolant around 100 K and it has a small dipole moment (D=8.3×
10−4 debyes), which makes HD a good coolant at low temperatures despite its low
abundance (i.e., ≤ 10−5). The excitational energy corresponding to the first rota-
tional state of HD is 0.0129 eV. The HD cooling rate for primordial gas has been
computed (Coppola et al. 2011; Lipovka et al. 2005; Galli & Palla 1998). It is found
that the cooling efficiency of HD increases with density up to 105 − 106 cm−3. At
densities higher than this, the first few HD rotational levels reach thermal equilib-
rium and cooling saturates.

The formation of molecules plays a significant role in the formation of structures
in the early Universe. Hence, it is important to properly model the chemistry of
the early Universe. In order to follow the complete evolution of gas species, all
the necessary processes should be taken into account which contribute to the for-
mation or destruction of that specie. Relevant species in the primordial gas are
H, H+, He, He+, He++, e−, H−, H2, H+

2 , D, D+, and HD. The complex nature
of the chemical network demands solving the rate equations for non-equilibrium
ionization. The rate equations are

dni
dt

= −Dini + Ci, (1.23)

where ni is the number density of the ith specie, Di and Ci are the destruction and
creation coefficients for ith specie. Self-consistently solving the rate equations with
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cosmological simulations is a computationally demanding task. The stiff nature of
the chemical network demands a very stable method. Anninos et al. (1997) were
first to self-consistently solve the rate equations with hydrodynamic and N-body
simulations in an expanding Universe. They developed a method which is based
on the backward differencing scheme (BDF). The BDF method is widely used as it is
very stable and computationally efficient.

1.4 First stars
How do stars form? It has a long and venerable history (Schwarzschild & Spitzer
1953; Silk 1977; Palla et al. 1983). Here, we study the formation of the first generation
of stars in the early Universe. First stars, also called Pop III stars, are formed out of
primordial gas composition. They are presumed to be hotter than the present day
stars and may have formed in isolation or multiple systems. The absence of metals
and magnetic fields makes the evolution of first stars different from the present day
stars. They could have emitted radiation and altered the dynamics of the Universe
by heating and ionizing the gas (Ciardi & Ferrara 2005; Bromm & Larson 2004). They
may have polluted the Universe with metals through supernova explosions (Yoshida
et al. 2004; Bromm et al. 2003).

According to the standard paradigm of hierarchical structure formation, the first
collapsed objects are formed in minihalos with virial temperatures < 104 K. Gas
collapses in the dark matter potentials and gets virialized. During virialization, part
of the gravitational potential energy is converted into kinetic energy and a part into
internal energy. The virial theorem describes the relation between kinetic energy and
potential energy as

2〈T〉 = −
N

∑
k=1
〈 fk.rk〉, (1.24)

where fk represents the force on the kth particle, which is located at position rk and
〈T〉 is the average kinetic energy of the gas. Gas gets heated up to the virial tem-
perature through shocks and subsequently cools by the rotational and vibrational
modes of molecular hydrogen. Numerical simulations performed to study the for-
mation of the first stars show that primordial gas clouds formed in the cosmological
simulations are the potential sites for the formation of Pop III stars. They are formed
in 106 M¯ halos (also called mini-halos) at redshifts between 20-30 (Abel et al. 1998,
2002; Bromm & Larson 2004; Tegmark et al. 1997; Ciardi & Ferrara 2005; Yoshida
et al. 2006; O’Shea & Norman 2007; Bromm & Yoshida 2011). The collapse in primor-
dial gas clouds is triggered by the H2 cooling. Their fragmentation depends on the
complex interplay between hydrodynamics, chemistry, cooling and turbulence.

The process of fragmentation stops when critical density for the local thermal
equilibrium is reached or gas becomes optically thick to the cooling radiation. In
those cases, Tcool À Tff, and temperature of the gas does not decrease further. Con-
sequently, the Jeans mass is increased, fragmentation remains suppressed, and the
collapse proceeds adiabatically. Dynamic heating could also have an important im-
pact on the thermal evolution of the gas clouds. The final mass of a star depends on
the accretion and feedback effects. The first self-consistent simulations of protostellar
collapse were performed by Abel et al. (1998). Due to limited resolution, they could
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Figure 1.7: This figure shows the formation of a protostar in primordial gas cloud. The
projected density distribution is shown here. Distance scales are mentioned in each panel
of the figure. Courtesy: Yoshida et al. (2006).

not follow the collapse to stellar densities. Bromm et al. (1999) used a smoothed par-
ticle hydrodynamics technique to follow the collapse of a primordial gas cloud and
found that the gas is settled in a rotationally supported disk, and fragments to form
massive clumps (i.e., 104 M¯). Their results suggested that the first stars could be
massive. Numerical studies using AMR technique found that a hydrostatic core of
100 M¯ is formed where only small fraction (1%) of the gas is cooled and collapsed
to form stars (Abel et al. 2002). Similar results were found by high resolution cosmo-
logical simulations (Yoshida et al. 2006; O’Shea & Norman 2007). It was found that
the first stars are massive due to inefficient cooling and are formed in isolation. The
morphological structure of a protostar formation scenario is shown in figure 1.7. It
can be seen from the figure that a protostar is formed at the intersection of filaments
where gas is fed into the center through filaments. Turk et al. (2009) performed
high resolutions simulations using the AMR code ENZO and followed the collapse
of primordial gas cloud to very high densities. They found that a central 50 M¯
clump fragments into 2 cores which may form a binary system. Clark et al. (2011a)
employed sink particles in numerical simulations to study the run-away collapse
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of proto-stellar cores (in the absence of magnetic fields as well as feedback effects).
They found that the presence of small amount of the turbulence in the primordial ha-
los makes the gas highly susceptible to fragmentation. Such turbulence is presumed
to accompany the primordial halos. Recent work by Clark et al. (2011b) included
more detailed physics (i.e., thermodynamics of accretion disk) and followed the col-
lapse up to 1016 cm−3. Their results show that the disk formed around the protostars
is unstable contrary to previous studies. It fragments and forms binary/multiple
systems. Results from recent simulations (as mentioned above) agree that the first
stars may not be living solitary lives as previously thought.

1.5 Mini-quasars
The name quasar comes from “quasi-stellar radio sources” as they were initially
thought to be point sources like stars. Quasars are among the most luminous (
∼ 1012 L¯), the most energetic and the distant objects known in the Universe. They
are one of the most powerful probes of the early Universe. They provide constraints
for reionization, early structure formation, and early chemical enrichment (Djorgov-
ski et al. 2006). The absorption spectra of quasars provides a key measurement of the
optical depth and the neutral gas fraction of the IGM. Their feedback plays a vital
role for the galaxy formation and evolution. We do not know how quasars observed
by the Sloan Digital Sky Survey at redshifts higher than six could attain masses of
∼ 109 M¯ (Fan 2003; Fan et al. 2006). They reside in the centers of galaxies. Ac-
cretion on supermassive black holes (SMBHs, > 105 M¯) is thought to be the most
likely mechanism to power quasars (Willott et al. 2005). Figure 1.8 shows an artist’s
impression of a quasar.

The formation of SMBHs is still an outstanding issue in the study of structure
formation. It is important to obtain a physical understanding how did they form?
How efficiently did they grow in the first billion years? Different mechanisms have
been suggested for the formation of seed black holes (Rees & Ostriker 1977; Djor-
govski et al. 2006; Regan & Haehnelt 2009a; Devecchi & Volonteri 2009; Volonteri
2010) as shown in figure 1.9. There are three main processes that can potentially lead
to the formation of SMBHs: (1) Pop III remnants (2) stellar dynamical processes (3)
direct collapse. Pre-galactic black holes might have formed during the early stages
of the Big Bang, although we do not see any observational evidence of their forma-
tion (Ricotti et al. 2008). We discuss the above mentioned processes in the coming
subsections.

1.5.1 Pop III remnants

It is possible that MBHs could have formed through the accretion and merging of the
remnants of Pop III stars (Haiman 2004b,a). As mentioned in the previous section
that the first stars were massive as they were formed out of primordial composition
of the gas. Accretion rates of Pop III stars are ∼ 103 times higher than the present
day stars (Tan & McKee 2004). Final fate of a star depends on its mass. Stars with
masses between 25− 140 M¯ or > 260 M¯ are predicted to form black holes without
exploding as supernovae (Madau & Rees 2001; Ricotti & Ostriker 2004). The masses
of the remnants are roughly half of the stellar masses (Zhang et al. 2008). Stellar black
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Figure 1.8: An artist’s impression of a quasar. The figure shows that an accretion disk is being
formed around a supermassive black hole. Image source: NASA.

hole of a 100 M¯ must have accreted with an average accretion rate of > 1 M¯/year
to power the 109 M¯ quasars observed at redshift 6. Although, it seems a natural
way to form black holes but still there are many uncertainties. Numerical simula-
tions show that low gas densities in the vicinity of remnant black holes may form
an obstruction to the formation of SMBHs through an efficient accretion (Johnson &
Bromm 2007; Alvarez et al. 2008). Gravitational recoiling could be an obstacle to the
formation of black holes through merging at high redshift due to shallow potentials
of the dark matter halos (Volonteri 2007).

1.5.2 Stellar dynamical processes

Massive halos might be polluted by a trace amount of metals due to star formation in
the minihalos. In the presence of metals, fragmentation of a halo becomes inevitable
above critical metallicity (i.e., ∼ 3× 10−4 Z¯) and may form a dense cluster of low
mass stars in the nucleus of a halo (Schneider et al. 2006; Omukai et al. 2008). Stellar
dynamical processes in the compact cluster may lead to the formation of a black hole
(Portegies Zwart et al. 2004; Devecchi & Volonteri 2009). This phenomena occurs in
multi-mass systems like realistic star clusters, where dynamical friction may lead to
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Figure 1.9: Various pathways for the formation of supermassive black holes in the high red-
shift Universe are shown in the figure. Courtesy: Regan & Haehnelt (2009a).

a mass segregation in the center. Consequently, massive stars decouple from the rest
of the cluster and run-away collisions in them ultimately lead to the formation of a
massive object in the center (Volonteri 2010). This mechanism further depends on
the metallicity, background radiation flux and the fragmentation of a halo.

1.5.3 Direct collapse

Given the difficulties with other methods, one possibility is that metal-free gas may
have directly collapsed in the protogalactic halo to form a SMBH (Bromm & Loeb
2003; Begelman et al. 2006; Volonteri & Rees 2006). Self-gravitating gas can form
a black hole through direct collapse if it is cooled down to a small fraction of the
virial temperature (Begelman & Shlosman 2009). Massive black holes can only form
in minihalos (Abel et al. 2000) with Tvir ≥ 104 K. Gas cools and collapses in the
atomic cooling halo through Lyman alpha radiation until the collapse is halted by



22 CHAPTER 1: INTRODUCTION

a rotational support. The key point of this method is to avoid the fragmentation.
Gas cannot fragment to form stars in the absence of H2 or HD cooling. Numerical
simulations carried out to study the collapse of a metal-free halo with Tvir > 104 K
found that a 105 − 106 M¯ black hole can be formed in the center of the halo in the
absence of H2 cooling (Bromm & Loeb 2003; Wise et al. 2008). They also found that
angular momentum transfer plays a vital role in the formation of a black hole.

Cooling due to molecular hydrogen in the halos with Tvir > 104 K can be sup-
pressed through Lyman-Werner radiation emitted by a nearby star forming galaxy.
Therefore, such halos could be plausible candidates for the growth of SMBHs (Dijk-
stra et al. 2008). Trapping of Lyman alpha photons can suppress the fragmentation
by increasing the Jeans mass (Rees & Ostriker 1977). Line trapping of Lyman alpha
photons stiffens the polytropic equation of state and keeps the temperature of the
gas above 104 K. Consequently, a halo collapses isothermally to form a 104 − 106 M¯
object (Spaans & Silk 2006). The model by Spaans & Silk (2006) for the formation of
black holes does not require any explicit mechanism for the dissociation of H2. The
only assumption for this model is that the halo is metal-free. Studies show that the
metal distribution is inhomogeneous and the pockets of metal-free gas can exist until
a redshift six (Trenti et al. 2009).

1.6 First galaxies

What are the first galaxies? There is no proper definition of the first galaxies due
to our evolving understanding. Theorists and observers have different working hy-
potheses and they keep changing with time (Bromm & Yoshida 2011). Numerical
simulations suggest that halos with Tvir ≥ 104 K and masses ≥ 108 M¯ are the po-
tential sites for the formation of the first galaxies (Wise et al. 2008; Greif et al. 2008).
The collapse in these halos is induced by the atomic line cooling. Moreover, their po-
tential wells are deep enough to retain the gas from supernova explosions by the first
stars which in contrast may completely disrupt minihalos (Tvir < 104 K). It makes
the atomic cooling halos plausible candidates for the formation of the first galaxies.
From an observer’s perspective, the first galaxies are the ones that are observed at
the highest redshift. It may happen that galaxies at different evolutionary stages can
be observed concurrently. It makes this definition a bit ambiguous. Another per-
spective from observer’s view point could be the search for the galaxies which have
zero metallicity. It is however, possible that the first galaxies are already polluted by
supernova explosions from the first stars and may already host Pop II stars (Greif
et al. 2010). A tentative definition of the first galaxy is, “First galaxies are comprised
of the very first system of stars to be gravitationally bound in a dark matter halo,
regardless of whether the stars are Pop III or Pop II” (Bromm & Yoshida 2011).

Large ground based telescopes and the Hubble space telescope (HST) have opened
a new window to the high redshift Universe. Figure 1.10 shows that with Wide Field
Camera 3 (WFC3) available with HST, we have just begun to explore high redshift
galaxies. Recently, galaxies have been observed at redshift > 7 (Bouwens et al. 2011,
2010; Lehnert et al. 2010; Bunker et al. 2010; Vanzella et al. 2011). Upcoming tele-
scopes, like the James Webb Space Telescope (JWST), will make it possible to explore
the galaxies by few orders of magnitude deeper and scrutinize the present under-
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Figure 1.10: The likely candidates for the first galaxies are observed in the Hubble Ultra
Deep Field with Wide Field Camera 3 available with the Hubble space telescope. It shows
that current observations are bringing us close to the detection of the first sources of light.
They were formed about 400-700 million years after the Big Bang. Courtesy: NASA.

standing of structure formation. Currently, high redshift galaxies are detected using
the spectral imprint of neutral hydrogen. Two techniques have been employed to
detect the galaxies at redshift greater than 6. The first technique is based on the
“dropout” method and the second is based on the strong emission in the Lyman α
line (i.e., search for Lyman alpha emitters). The “dropout ” method depends on the
ubiquity of neutral hydrogen in the Universe in large amounts. Neutral hydrogen
absorbs light with wavelengths shorter than 1216 Å. Consequently, distinct break
occurs in the spectrum of the source. The position of the break tells us about the
redshift of the observed source. For the sources at redshift zero, the break will occur
at 1216 Å. Similarly, for high redshift sources, a break will occur at 1216× (1 + z) Å.
Broad band photometry is used to detect the breaks in the vicinity of a source. The
second technique employs the detection of Lyman alpha emission from the young,
star forming, high redshift galaxies.

The Lyman α line is an important probe of the first galaxies. They are known to
be strong Lyman α emitters due to their spatially extended gas distribution. Lyman
alpha emitters (LAEs) can be used to probe the last stages of the epoch of reioniza-
tion and can constrain the evolution of IGM (Dijkstra et al. 2007). Many LAEs have
been detected so far (Steidel et al. 2000; Saito et al. 2006; Ouchi et al. 2009). Some
are even observed at z > 7 (Lehnert et al. 2010; Vanzella et al. 2011). They have
typical luminosities of ∼ 1042 erg/s and sizes of a few kpc. It is still not completely
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clear what is the origin and the source of these LAEs. One explanation is that the gas
collapses in the dark matter potentials to form galaxies which results in the emission
of copious amounts of radiation. The energy released in this process is compara-
ble to the binding energy of baryons. Most of the radiation are emitted by gas with
temperatures around 104 K, and about 50% of them emerges in the Lyman α line
which could potentially explain the observed Lyman alpha luminosities. This sce-
nario has been supported by theoretical studies and numerical simulations (Haiman
et al. 2000b; Dijkstra et al. 2006b,a; Dekel et al. 2009; Goerdt et al. 2010). Some of the
observed LAEs have been associated with massive star forming galaxies (Matsuda
et al. 2004). Gas can be photo-ionized by radiation sources, following the recom-
bination results in the emission of Lyman α photons. Energy sources of the LAEs
include photo-ionization by the stars or mini-quasars (Haiman & Rees 2001; Jimenez
& Haiman 2006).

Lyman α emission also depends on the neutral fraction of the IGM. If the gas in
the surrounding of a LAE is neutral then Lyman alpha photons are attenuated. Large
opacity of the IGM before the epoch of reionization makes the detection of the LAEs
difficult. For a Lyman alpha source embedded in the IGM to be detected, HII region
of≥1 Mpc will be required before it reaches the IGM so that it will be able to redshift
to higher wavelengths (Cen & Haiman 2000). This requires unphysical luminosity of
a galaxy to generate such big HII region. However, there are some effects which can
help in the detectability of the LAEs before the epoch of reionization. Firstly, if the
sources are clustered they may help in increasing the size of the Strömgren sphere
(Iliev et al. 2008; McQuinn et al. 2008). Secondly, if reionization of the IGM is patchy
it can give rise to fluctuations in the IGM opacity along different lines of sight (Mc-
Quinn et al. 2008). Thirdly, the radiative transfer effects of the Lyman alpha photons
can help in the detection. The presence of outflows may enhance the detection of
Lyman α photons by directly injecting them along the line of sight. Their detectabil-
ity is enhanced by at least 5% in this way (Dijkstra & Wyithe 2010). Lyman alpha
photons can be trapped in the center of a galaxy above columns of 1022 cm−2. LAEs
can itself be the sources of ionization. This complex interplay of processes demands
further investigation in this field.

The formation of the first galaxies is a more complex process than the first gen-
eration of stars whom they host. The conditions for the star formation are well
known from the cosmological models and relevant processes are virtually known
(Yoshida et al. 2006). The first galaxies are formed in the atomic cooling halos which
are formed in 2σ peaks in Gaussian random field initial conditions at redshift about
10-15 (Bromm & Yoshida 2011). Stars could have played a crucial role in the forma-
tion of the galaxies through their feedback effects. They can delay the next genera-
tion of the stars in the first galaxies up to few 100 million years (Johnson & Bromm
2007; Alvarez et al. 2009). Numerical simulations suggest that strong turbulence is
already present in the protogalactic halos (Wise et al. 2008; Greif et al. 2008; Fed-
errath et al. 2011) which efficiently amplifies the magnetic fields. The presence of
turbulence, magnetic fields, radiation fields and even the presence of metals makes
the first galaxies highly complex objects. Upcoming telescope like the JWST will be
able to observe the first galaxies with ∼ 1010 M¯ (Pawlik et al. 2011), while most
of the simulations are performed for 108 M¯ galaxies. It necessitates the demand
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of cosmological simulations including the detailed physics to make predictions for
future telescopes.

1.7 Feedback effects
The formation of the first objects has important implications for galaxies formation
and the evolution of the IGM. They may have emitted radiation, deposited energy,
and enriched the IGM through feedback effects. These feedback effects could be
positive or negative. Even though there is no specific classification of the feedback
effects, they can be generally divided into three broad classes: radiative, mechanical
and chemical feedback. The first class is associated with the radiation produced by
the first sources. The second class is concerned with mechanical energy injection in
the form of stellar-winds or supernova explosions. The third class is related to the en-
richment of the IGM with metals produced during the stellar evolution and change
in the chemical abundance of the IGM (Ciardi & Ferrara 2005). The implications of
the feedback effects are discussed in the coming subsections.

1.7.1 Radiative feedback

Radiative feedback is related to the radiation produced by the first stars or mini-
quasars. Radiation can photoionize the gas. They can also photodissociate the
molecules. They can affect the halo in which they are emitted, and may even influ-
ence the surrounding halos through a radiation background. Depending upon the
strength of a radiation field, gas can be photoionized and even photoevaporated. The
formation of Pop III stars may be effected by photoevaporation due to their shallow
potentials. It has been found that the photoevaporation time is larger than the life
time of a Pop III star. Therefore, minihalos are generally not effected by it (Alvarez
et al. 2006). Radiation can also delay or even inhibit the formation of primordial ob-
jects. Numerical simulations show that the presence of UV background delays the
formation of low mass objects (Machacek et al. 2001; Omukai et al. 2008). It also sup-
presses the cooling and star formation in minihalos (Johnson et al. 2008; Wise et al.
2008). Apart from the external radiation background, the Lyman-Werner radiation
produced inside the halos by the formation of the first star/galaxies photodissociate
the H2 molecules (Dijkstra et al. 2008). Susa & Umemura (2006) performed radia-
tion hydrodynamics simulations including the photoionizing and photodissociating
radiation from the first stars. They found that above threshold density gas keeps
collapsing due to self shielding while below the threshold density it gets evapo-
rated. The threshold value of the density depends on the distance from a source (i.e.,
ρth = 102 cm−3 for a distance of 30 pc).

Positive feedback of the H2 formation can balance the negative effect of its dis-
sociation (Johnson et al. 2007). Large amount of H2 can be formed in the relic HII
region where electrons act as a catalyst in the formation of H2 (Abel et al. 2007). This
can lead to the formation of stars in relic HII regions. Mesinger et al. (2006) stud-
ied the collapse of minihalos inside the HII regions. They found that, there exists a
critical value of UV flux, whereby the formation of the H2 remains suppressed for
values higher than this and is enhanced for lower values. The presence of X-rays
promotes the formation of H2 by increasing the fractional ionization of protogalactic
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gas (Glover & Brand 2003; Meijerink & Spaans 2005). Kuhlen & Madau (2005) stud-
ied the impact of X-rays produced by a mini-quasar on the surrounding medium.
They found that presence of X-rays reduces the gas clumpiness in the IGM and sup-
presses the infall of a gas below overdensities (δ) of 1000. Above δ > 2000, the
molecular hydrogen cooling gets boosted in the regions far away from the quasar.

1.7.2 Chemical feedback

It is possible that the first stars have ended their lives through supernova explosions
and consequently, dispersed metals in the IGM (Schneider et al. 2003; Yoshida et al.
2004; Greif et al. 2007). Fragmentation becomes inevitable in the presence of metals
(Omukai et al. 2008) and can lead to the formation of low mass stars. The formation
of stars in the presence of dust and metals have been studied. Schneider & Omukai
(2010) found that at redshift greater than 10, heating by the CMB photons inhibits
the fragmentation to lower masses irrespective of the metallicity. They also found
that in the presence of small amounts of dust sub solar fragments are formed for
Z/Z¯ ≥ 10−6. Transition from Pop III to Pop II star may have occurred around
metallicity of Z/Z¯ ∼ 10−4. It depends on the number of Pop III stars, metal ejec-
tion and transportation efficiency as well as mixing of metals in the IGM (Ciardi &
Ferrara 2005). Numerical simulations suggest that metal enrichment is patchy, and
inhomogeneous metal distribution may lead to the existence of Pop III stars at z < 6
(Johnson 2010).

1.7.3 Mechanical feedback

Mechanical feedback is related to the mass and energy deposition from Pop III stars.
It can severely effect the subsequent star formation. Supernova explosions (SNes)
may remove the gas partly or completely from the halo depending upon its mass
(Bromm et al. 2003; Greif et al. 2007; Whalen et al. 2008; Joggerst et al. 2010). It
is found that low mass objects (i.e., 5 × 106 M¯) are completely disrupted while
higher mass objects have a lesser effect. Therefore, star formation is not completely
quenched in them. Numerical simulations performed to study the impact of a SNe
with energies of 1051 − 1053 erg/s show that lower energy SNe leaves the part of the
halo intact while higher energy SNe completely disrupts it (Bromm et al. 2003; Greif
et al. 2007). Destruction of a halo is not only determined by the explosion energy but
it also depends on the density radial profile (Kitayama & Yoshida 2005). For some
cases, SNes may also enhance the star formation. Gas accumulated in a dense shell
formed behind the propagating shock may lead to the star formation (Salvaterra
et al. 2004). Shock waves produced by a SNe can heat, evaporate, and strip of the
gas. Numerical simulations performed to study this effect show that if galaxy is
virialized then impinging shock will have a little effect (Sigward et al. 2005). On
other hand, it may lose 70% of its gas at turn-over stage .

1.8 Cosmic Dark Ages
Cosmic dark ages refer to the epoch that started from the last scattering surface of
the CMB photons to the formation of the first luminous sources. As there were no
sources of light present, that is why this epoch is known as dark ages. Once sources
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of light formed, they transformed the Universe from a neutral to ionized state. This
is another important epoch in the history of the Universe which we recall as epoch
of reionization (EoR). Sources of the first light could be Pop III stars, quasars, first
galaxies or combination of them. Gas remained neutral after the epoch of recombi-
nation until the formation of the first sources. It has been realized since long time
that neutral hydrogen can be detected against the CMB in 21 cm line (Field 1959a;
Sunyaev & Zeldovich 1975; Hogan & Rees 1979). The frequency of the hyperfine
transition of neutral hydrogen was first computed by Dutch physicist H. C. van de
Hulst in 1945. Ewen & Purcell (1951) were first to detect the 21 cm signal. 21 cm
tomography is an important probe to the cosmic dark ages of the early Universe. It
can provide insight to the thermal history of the early Universe. 21 cm signal can be
detected with radio telescopes like LOFAR and SKA.

Figure 1.11: Figure shows the hyperfine splitting of the ground state of a hydrogen atom. It
can be seen from the figure that transition from the parallel to anti-parallel spins state results
in the emission of the 21 cm signal.

The ground state (1s) of the hydrogen atom is splitted by interaction between
the electron spin and the nuclear spin which is known as hyperfine splitting. 21
cm signal is produced from the hyperfine splitting of the ground state of neutral
hydrogen. Electrons and protons have half integral spins, there are two possibilities
that either they are parallel or anti-parallel. The state with parallel spins (triplet
state) is loosely bound with higher energy while the state with anti-parallel spins
(singlet state) has a slightly lower energy. A signal with a frequency of 1420 MHz (21
cm signal) is generated due to transition from the triplet state to the singlet state as
illustrated in figure 1.11. The absorption or emission of the 21 cm signal is associated
with the spin temperature which can be defined through the relative population of
spin states as
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n1

n0
=

g1

g0
exp(−T∗/Ts), (1.25)

where n1 is the number density of the triplet state and n0 is the number density of the
singlet state. g1 and g0 are the statistical weights of these states. T∗ is the temperature
which corresponds to the energy difference between two states (i.e., 0.068 K).

Figure 1.12: Figure shows the kinetic, the spin and the CMB temperature evolution against
the redshift. The blue line represents the CMB temperature, the green line stands for the gas
temperature and the red line shows the spin temperature.

A small residual fraction of free electrons coupled the gas temperature to the
CMB down to z=200. The gas temperature dropped (Tgas ∝ (1 + z)2) below the CMB
(TCMB ∝ (1 + z)) because of an adiabatic cooling. The spin temperature followed the
gas temperature down to redshift 70 due to the collisional coupling. At redshift
lower than 70, the Hubble expansion reduced the collision rate compared to the ra-
diative rate and the spin temperature started to follow the CMB temperature. 21
cm signal becomes invisible below z < 20 unless it is decoupled from the CMB. The
temperature evolution of the Universe against the redshift is shown in figure 1.12. 21
cm signal will be seen in absorption if Ts < TCMB and in emission if Ts > TCMB. The
spin temperature can be decoupled from the CMB temperature through two main
mechanisms. They are called the collisional coupling and the Lyman alpha pump-
ing. In the collisional coupling method, ground state of the hydrogen atom is excited
through collisions between atoms, electrons and protons. Lyman alpha pumping is
also called the Wouthuysen-Field mechanism. It is based on the Lyman alpha transi-
tion followed by decay to one of the hyperfine states of the atomic hydrogen. These
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coupling mechanisms collectively define the spin temperature as

Ts =
TCMB + (yc + yα)Tk

1 + yc + yα
, (1.26)

where yc is the collisional coupling coefficient, yα is the Lyman alpha coupling co-
efficient and Tk is the kinetic temperature of the gas. Efficiency of the collisional
coupling depends on the density and the temperature of the gas while Lyman alpha
coupling efficiency depends on the intensity of background UV radiation. 21 cm
signal is measured through the brightness temperature which is computed as

δTb = 27XHI(1.0 + δ)
(

Ωbh2

0.023

) (
0.15

Ωmh2
1 + z

10

)1/2 (
Ts − TCMB

Ts

)
, (1.27)

XHI is the neutral gas fraction, δ is the fractional overdensity of the Universe. This
formula is valid for optically thin cases.

1.9 Motivation and outline of this thesis
The formation of the first stars and galaxies at the end of the cosmic dark ages is
one of the fundamental issues in the modern cosmology. They are the key drivers of
cosmic evolution. The formation of the first objects transformed the Universe from
a homogeneous, simple initial state to highly complex form at the end of dark ages.
They emitted radiation and injected energy which can subsequently influence the
galaxy formation process as well as the evolution of the IGM through the so-called
“feedback effects”. Current numerical simulations performed to study the formation
of the first objects using super-computers have enhanced our understanding dramat-
ically. In the coming decade, we will be able to scrutinize the current understanding
of structure formation by making use of the future empirical probes. So, it is timely
to study the formation of primordial objects in detail.

The work presented in this thesis is an endeavor to find the answers of some
open questions about primordial objects. Particularly, we are interested in under-
lying physics in the formation of the first galaxies. What are the conditions that
can lead to the formation of the first objects? The detection of Lyman alpha line is
a key feature in the observation of the first galaxies. Many Lyman alpha emitters
have been detected so far. The source and origin of the Lyman alpha emitters is
not completely known. We would like to study, what are the possible drivers of the
Lyman alpha emitters observed at high redshift? It is likely that radiation from the
first objects have produced background UV flux which can photo-ionize the gas as
well as photo-dissociate the molecules. We are interested to know, what is the role
of ionizing background radiation in the emission of Lyman alpha radiation from the
protogalactic halos? What are the implications of background UV flux in the forma-
tion of molecules in the early Universe? 21 cm tomography is an important probe
to the cosmic dark ages of the early Universe. We would like to know, what are the
potential drivers of 21 cm signal emanating from the cosmic dark ages?

The prime objective of this thesis is to study the formation of the first objects in a
self-consistent manner. Particularly, the formation of the first galaxies and massive
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black holes in the early Universe. To accomplish this task, we have performed nu-
merous state-of-the-art high resolution three dimensional cosmological simulations
using the AMR code FLASH. We start our simulations with cosmological initial con-
ditions at high redshift and follow the collapse from cosmological scales down to few
parsec. The problem demands high dynamic range which is achieved by exploit-
ing the AMR technique. We use the COSMICS package developed by Bertschinger
(1995) to import cosmological initial conditions. Here, we briefly introduce the work
done in the coming chapters of this thesis.

In the 2nd chapter, we have studied the impact of thermodynamics on the forma-
tion of the first objects. We have performed cosmological simulations by including
in an approximate manner the radiative transfer effects of the Lyman alpha photons.
We followed the collapse of a metal free halo and explored its fate under differ-
ent conditions. We have compared our results with the atomic line cooling and the
molecular hydrogen cooling cases. Thermodynamical properties of primordial gas
tell us which conditions lead to the formation of the first stars/mini-quasars. How
does the presence of Lyman alpha trapping influence the formation of the first ob-
jects?

In the 3rd chapter, we have explored the origin of Lyman alpha emission from the
first galaxies. We have performed high resolution cosmological simulations by treat-
ing hydrogen as a multi-level atom, and including the line trapping effects of Lyman
alpha photons. It guides us, what are the potential drivers of Lyman alpha emitters?
What is the spatial distribution of Lyman alpha emission? How do accretion shocks
and infalling gas influence the Lyman alpha emission during the assembling of the
first galaxies?

In the 4th chapter, we have investigated the emission of Lyman alpha photons
from the first galaxies in the presence of background UV flux with various intensi-
ties. We have carried out cosmological hydrodynamics simulations to perform this
study. We also examined the implications of background UV flux in the formation
of molecules which are the important coolants below few thousand kelvin in a zero
metal gas. We developed a chemical network which solves the rate equations of
12 chemical species, and coupled this network with the FLASH code. Our chemi-
cal network comprises photoionization and photodissociation processes as well as
a multi-level model of the hydrogen atom and the formation of molecules. We also
explored the relative importance of photoionizing and photodissociating radiation
in the emission of Lyman alpha radiation.

In the 5th chapter, we have studied the 21 cm signal emanating from the cosmic
dark ages using high resolution cosmological simulations. We have investigated
the role of minihalos in decoupling the spin temperature from the CMB. We have
introduced the X-ray heating by the mini-quasars into our simulation to see how
it effects the 21 cm signal. We also examined the impact of resonance scattering of
Lyman alpha photons on the 21 cm signal. We are interested to learn how different
conditions lead to the emission and absorption of the 21 cm signal from the cosmic
dark ages. Can minihalos alone decouple the spin temperature from the CMB? What
is the role of feedback effects in decoupling the spin temperature from the CMB?




