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English summary

The study of the cosmos has mesmerized humans since many centuries. Our present
knowledge of the Universe is based on the standard Big Bang theory. The detection
of the cosmic microwave background (CMB) is one of the strongest evidences of the
Big Bang model. The isotropy of the CMB shows that the Universe is very isotropic
on the large scales. The CMB also shows a spectrum of very small density fluctu-
ations that form the seeds for structures in the Universe. The formation of the first
objects (i.e., first stars and quasars) at the end of dark ages is an outstanding issue in
the modern cosmology. They were formed when the Universe was about 400 million
years old as shown in the figure 1. During the past decade, the study of primordial
objects has gained a lot of interest but still many questions remain unanswered about
their formation. In this thesis, we have addressed some of the key questions pertain-
ing to the formation of the first objects.

It is generally believed that structures in the early Universe are formed out of
small density perturbations as a result of a gravitational instability. These perturba-
tions are produced due to quantum fluctuations in the gravitational potential during
the early Universe. They collapse under self-gravity to form small structures. They
merge with each other to form bigger structures and this scenario is called hierarchi-
cal scenario of structure formation. The growth of structures depends upon the con-
tents of the Universe. The Universe comprises 70% dark energy which is responsible
for its expansion. It was realized in early 80s that most of the matter in the Universe
is not comprised of atoms. Rather, non-luminous source of gravity was found to be
essential to explain the rotation curves of galaxies which we call dark matter. The
Universe comprises 23% dark matter and only 4% atoms that is the model known as
Lambda cold dark matter (ΛCDM). In the very begining, density perturbations are
small. They grow linearly and equations describing their evolution can be solved
analytically. As density perturbations grow non-linear analytical solutions become
too complex. It necessitates the use of numerical simulations to study their growth.
We have performed numerical simulations to study the formation of the first objects.
We have used the FLASH code which is freely available and is well suited for our
problem. It can run on many parallel systems.

Thermodynamics of primordial gas plays a crucial role in the formation of the
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Figure 1: This 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. Other important epochs
in the history of the Universe are also shown. Image credit NASA.

first objects. The composition of primordial gas is dictated by the Big Bang nucle-
osynthesis. Its main components are hydrogen (75% in mass) and helium (25% in
mass). The formation of the first objects depends on the number of available coolants
and their cooling efficiency. All elements with atomic number greater than helium
are called metals in astronomy. For a metal-free gas, cooling by the atomic lines of
hydrogen and helium can cool the gas down to 8000 K. Cooling becomes efficient
when cooling time (Tcool) becomes shorter than a free-fall time (Tff). Gas cools, col-
lapses in the dark matter potentials and may fragment as well. The masses of the
fragments are determined by the thermal Jeans mass ( MJ ∝ T3/2/ρ1/2). For the case
of atomic line cooling, the Jeans mass is 105 M¯ (for n = 104 cm−3 and T= 8000
K) and fragmentation to lower masses is inhibited. The presence of large columns
of neutral gas makes the gas optically thick to Lyman alpha cooling. Consequently,
Lyman alpha photons are trapped inside the halo. The trapping of Lyman alpha
photons further increases the Jeans mass and consequently gas can not fragment to
form stars instead it may form a black hole in this way (Spaans & Silk 2006).

Molecular hydrogen (H2) is the only efficient coolant in primordial gas which
can cool the gas down to few hundred Kelvins. Trace amount of H2 can be formed
through gas phase reactions (Saslaw & Zipoy 1967). Consequently, the Jeans mass is
reduced and fragmentation to lower mass scales becomes possible. H2 can be photo-
dissociated by radiations produced from the first stars with energy between 11.2 eV
and 13.6 eV (called Lyman-Werner radiation photons). Apart from H2, the second
most important molecule in the primordial gas is HD which is a very efficient coolant
around 100 K.
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First stars
First stars also called Pop III stars are formed out of primordial composition of the
gas. They are more massive than the present day stars. They live only for few million
years and emit radiation which affects the formation of stars and galaxies by pho-
toionizing the gas/photodissociating the molecules. They have also enriched the in-
tergalactic medium (IGM) with metals produced inside the stars. Figure 2 shows an
artist’s impression of the first stars. The absence of metals and magnetic fields makes
them different than the present day stars. The first stars are probably first formed in-
side ∼ 106 M¯ halos (known as minihalos). The gas in the minihalos is cooled by
the molecular hydrogen cooling and collapses. Collapse stops when gas becomes
optically thick to cooling radiation. Numerical simulations performed to study the
formation of the first stars suggest that they were more massive (∼ 100 M¯) than
present day stars and may have formed in isolation (Yoshida et al. 2006; O’Shea &
Norman 2007). Recent results from the simulations suggest that a disk is formed
around a protostar which fragments to form multiple stars per halo (Clark et al.
2011b).

Figure 2: Artist’s impression of the first stars. Image credit: NASA.

Mini-quasars
The name quasar comes from “quasi-stellar radio sources” as they were initially
thought to be point sources like stars. They have luminosities of ∼ 1012 L¯ and
masses of ∼ 109 M¯. They are among the most energetic and the distant objects
known in the Universe and believed to reside in the centers of galaxies. Quasars
have been detected by the Sloan Digital Sky Survey (SDSS) at redshift around 6 (Fan
et al. 2006) when the Universe was less than a billion years old. The feedback by
quasars plays a vital role in the formation of galaxies and evolution of the inter-
galactic medium. We do not know how they gained the masses of ∼ 109 M¯. It is
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believed that accretion on supermassive black holes powers the quasars. Accreting
black holes with masses of ∼ 106 M¯ are known as mini-quasars. The formation of
such supermassive black holes is still an enigma. Different mechanisms have been
suggested for the formation of black holes. One possibility is that black holes could
have formed through accretion and merging of remnants of Pop III stars. The 2nd
possibility is that dense star cluster is formed in the center of a halo in the pres-
ence of trace amounts of metals. The run away collisions in the stellar cluster may
form a massive black hole. The third possibility is that gas may collapse directly in
a ≥ 108 M¯ halo to form a massive black hole. In the presence of metals fragmen-
tation becomes inevitable so halo should be metal free. The only condition for the
direct collapse method is to avoid fragmentation in the halo otherwise it may form
stars. Studies by numerical simulations show that a 104 − 106 M¯ black hole can be
formed in the absence of molecular hydrogen cooling.

First galaxies
First galaxies are the ones formed in the early Universe. It is widely believed that the
first galaxies are formed in ≥ 108 M¯ halos at redshift around 10 when the Universe
was about 400 million years old. They host the very first generation of stars. The
feedback by the first stars has played an important role in the formation of the first
galaxies. Therefore, our understanding of the first galaxies is linked with the forma-
tion of the first stars. The feedback by the first stars could be radiative, chemical or
mechanical.

The present large ground based telescopes and the Hubble space telescope (HST)
have enabled us to detect the galaxies at high redshift. Recently, galaxies have been
observed at redshift > 7 (Bouwens et al. 2011; Bunker et al. 2010). Gas collapses in
the dark matter potentials and releases its binding energy which results in the emis-
sion of copious amounts of radiation. About 50% of them are emerged in Lyman
alpha line. Gas can also be photonionized by radiation sources and subsequent re-
combination results in the emission of Lyman alpha photons. The first galaxies are
known to be strong Lyman alpha emitters as they are young and star forming galax-
ies. The detection of Lyman alpha line is an important probe of the first galaxies.
Many Lyman alpha emitters have been detected so far and some at z > 7 (Lehnert
et al. 2010; Ouchi et al. 2009). They have typical luminosities of ∼ 1042 erg/s and
sizes of few kilo parsec (about ten thousand light years). It is still not completely
clear what is the origin and source of Lyman alpha emitters.

Cosmic dark ages
Cosmic dark ages refer to the epoch which started from the last scattering surface of
the CMB photons to the formation of the first objects. As there were no sources of
light present that is why this epoch is known as dark ages. Electrons and protons
have half integral spins. The interaction between the electron spin and the nuclear
spin splits the ground state of atomic hydrogen which is known as hyperfine split-
ting. There are two possibilities either they are parallel or antiparallel. The state with
parallel spins (called triplet state) has higher energy while the state with antiparallel
spins (called singlet state) has lower energy. The transition from the triplet to the
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singlet state emits 21 cm signal with a frequency of 1420 MHz. The detection of the
21 cm signal is an important probe to the cosmic dark ages. The absorption and
emission of the 21 cm signal is associated with the spin temperature. The spin tem-
perature is a way to measure the temperature of a neutral hydrogen atom in terms
of relative population of the spin states. It is the temperature at which the observed
ratio of parallel to antiparallel spins would occur if gas was in thermal equilibrium.
The 21 cm signal will be in absorption if the spin temperature is less than the CMB
temperature and in the emission if the spin temperature is greater than the CMB
temperature.

This thesis

The main 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 black
holes in the early Universe. We have performed numerical simulations to fulfill this
goal. The work presented in this thesis is an endeavor to find the answers of some
open questions about the formation of primordial objects. What are the conditions
which can lead to the formation of the first objects? What are the possible drivers of
the Lyman alpha emitters observed at high redshift? What is the role of background
UV flux in the emission of Lyman alpha radiations from the galaxy forming halos?
How does the presence of background UV flux influence the formation of molecules?
What are the potential drivers of 21 cm signal emanating from the cosmic dark ages?
Here, we briefly summarize the work done this thesis.

In the second chapter of this thesis, we have studied the impact of thermody-
namics on the formation of primordial objects. We performed high resolution cos-
mological simulations by including in an approximate manner the radiative transfer
effects of Lyman alpha photons. We compared our results with atomic and molec-
ular hydrogen cooling cases. The main objective of this research was to follow the
collapse of a metal-free halo and explore it fate under different thermodynamical
conditions. We found that by trapping Lyman alpha photons the temperature of the
halo is increased above 104 K and the Jeans mass gets boosted. Fragmentation to
stellar mass scales remains inhibited. For the atomic cooling case, gas collapses into
two massive clumps in contrast to Lyman alpha trapping case. The temperature of
the gas remains 8000 K and isothermal collapse prevents the gas from fragmenting to
lower masses. The difference in the halo structure for the atomic cooling case and Ly-
man alpha trapping case is depicted in figure 3. For the case of molecular hydrogen
cooling, gas cools, collapses, and fragments. Our results show that thermodynam-
ics strongly influences the formation of primordial objects. The salient feature of
our study is that in the case of Lyman alpha trapping, the formation of H2 remains
inhibited as it is collisionally dissociated above 5000 K and no feedback effects are
required to suppress H2 cooling. It makes the Lyman alpha trapped halos plausible
candidates for the formation of massive black holes.

In the third chapter of this thesis, we estimated the emission of Lyman alpha pho-
tons from a protogalactic halo. To accomplish this goal, we performed high resolu-
tion simulations. We treated hydrogen atom as a multi-level atom, also included the
line trapping effects of Lyman alpha photons and coupled them with FLASH code.
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Figure 3: The left panel shows the density slice for the atomic cooling case. The right panel
shows the density slice for the Lyman alpha trapping case. Contours are overplotted to show
the density structure. The figure depicts that trapping of Lyman alpha photons inhibits frag-
mentation.

We noted that gas is heated by shock waves to≥ 104 K and is subsequently cooled by
atomic line cooling. The gas collapses into the center of a halo through cold streams
and results in the emission of Lyman alpha photons as shown in figure 4. These cold
streams have temperatures of∼ 104 K and densities of 10−2− 1 cm−3. We found that
luminosity of Lyman alpha photons is ∼ 1044 erg/s at redshift 4.7 comparable to the
observed values. We also noted that a Lyman alpha flux of 5× 10−17 erg/cm2/s is
emerged from the halo. It can be observed with the upcoming James Webb Space
Telescope (JWST).

In the 4th chapter of this thesis, we have investigated the role of a background UV
flux in the emission of Lyman alpha photons and its implications for the formation
of molecules. For this purpose, we have used state-of-the-art high resolution cosmo-
logical simulations by including the detailed chemistry comprising the formation of
molecules, multi-level treatment of a hydrogen atom as well as photoionization and
photodissociation processes in a UV background. We found that the presence of a
background UV flux excites the emission of Lyman alpha photons and enhances the
luminosity of a halo up to two orders of a magnitude. We also found that luminosity
increases up to certain value of a background flux and then starts to decrease due to
a small fraction of the neutral hydrogen. For a 1010 M¯ halo, flux of 10−15erg/cm2/s
is emerged from the halo which can be detected with the upcoming JWST. The for-
mation of H2 remains inhibited for a background flux of ≥ 10−18 erg/cm2/s/Hz.
For a weaker radiation fields, cooling due to H2 and HD becomes important which
cools the halo down to a 100 Kelvin. Our results suggest that background UV flux
plays important role in the emission of Lyman alpha photons from a protogalactic
halo.

In the 5th chapter of this thesis, we studied the 21 cm signal emanating from
the cosmic dark ages. We performed high resolution cosmological simulations to in-
vestigate the role of minihalos in deriving the 21 cm signal. We also examined the
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Figure 4: The figure shows that gas is accumulated in the center of a galaxy forming halo
through filaments. The velocity vectors overplotted on the density slice show the direction of
gas flow into the halo.

impact of X-ray heating and Lyman alpha resonance scattering on the 21 cm signal.
We found that in the absence of radiation feedback collisions between atoms become
important above certain density and decouple the gas temperature from the CMB.
Consequently, the 21 cm signal is seen in absorption for 10 ≤ δ ≤ 100 and in emission
for δ ≥ 100, where δ is the density in terms of the mean denisty of the Universe. We
noted that X-ray heating rate of 10−29 erg/cm3/s is sufficient to decouple the spin
temperature from the CMB. We also found that Lyman alpha resonance scattering ef-
ficiently decouples the spin temperature from the CMB. The absorption or emission
of the 21 cm signal depends upon the number of photons which pass through the
Lyman alpha resonance. Our results show that in the absence of external radiation
sources it will be very difficult to observe the 21 cm signal that emanates from the
cosmic dark ages of the early universe. The feedback mechanisms play a crucial role
in deriving the 21 cm signal from the cosmic dark ages.
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