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Abstract

The reionization of the intergalactic medium is a paramount event in the evolution of the

universe. In this thesis, we have studied the distribution of the neutral hydrogen in the

universe at two different epochs i.e. post- reionization era and during the reionization.

We have used cosmological N-body simulations to make numerical and semi-numerical

calculations.

In introduction chapter, we introduce the concepts needed in the thesis. We describe

basic cosmology, density perturbations, power spectrum and correlation functions. We

also describe about the various methods used in cosmological N-body simulations and

about different codes like GADGET-2, Friends-of-Friends, N-GenIC that we have used.

Chapter 2 deals with the study of the distribution of the neutral hydrogen in post-

reionization era. Redshifted 21-cm signal and Lyman-α forest are two signals which

we get mainly from galactic and intergalactic neutral hydrogen respectively. Though

these signals arise from different astrophysical phenomena, they are expected to trace the

underlying dark matter distribution at large scales. We calculate cross power spectrum

using two methods i.e. Multi-frequency Angular Power Spectrum and using colour plots

in (k‖, kK) plane.

In chapter 3, we describe the study about Hii bubble distribution during the reion-

ization. We first describe the analytical models that use ‘excursion set formalism’ to

calculate it. We calculate the distribution using semi-numerical formalism and compare

it with analytical calculations. We observed the presence of a large ionized bubble for

particular parameters, which needs further investigation. We also visualized the ionized

regions to check if they match with the halos and bubbles calculated.

In chapter 4, we summarise and describe the future work to be done with these

projects.
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Chapter 1

Introduction

1.1 Motivation of the thesis

According to current accepted model of cosmology, the universe began with a hot big

bang. For nearly first 10´34 seconds universe expanded very rapidly, through a process

known as inflation. Quantum fluctuations during this time were imprinted as density

fluctuations and acted as seeds for structure formation. As the universe cooled down

to nearly 109 K because of expansion, light atomic nuclei like Deuterium, Helium were

formed though a process named as baryogenesis. The universe was ionized at this epoch

and protons, electrons, photons were continuously interacting with each other. Nearly

100,000 years after (z „ 1100), the universe cooled down to form neutral hydrogen.

Photons decoupled from protons and electrons at this time. This epoch is called as

‘epoch of recombination’. We observe these photons as cosmic microwave background

today.

As the universe evolved, dark matter clustered and first stars and galaxies started

to form at the centres of dark matter halos. High energy ultraviolet photons from these

sources started ionizing the regions around them. As more stars and galaxies formed, the

hydrogen in the universe was reionized gradually. This epoch is known as the ‘epoch of

reionization’. The observations today suggest that the reionization of the intergalactic

medium was completed by redshift z ą 6.

Reionization is an important transition in the universe. In the post-reionization

era, the neutral hydrogen is found mainly in galaxies. There is small amount of neu-

tral hydrogen present in the intergalactic medium. The neutral hydrogen in these two
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regions can be probed using different methods, but is expected to trace the underlying

dark matter distribution at large scales. We can get 21-cm signal from galactic neutral

hydrogen and we get the Lyman-α forests arising from of intergalactic neutral hydrogen.

Cross-correlation of these two signals has been suggested to be a probe of the dark matter

distribution. Guha Sarkar et al. (2011); Guha Sarkar and Datta (2015) have presented

analytical calculations of the same. We decided to calculate the cross power spectrum

using cosmological N-body simulations.

The details of how reionization occurred are not very clear yet. Various models

have been suggested for the mechanism of the reionization. Paranjape and Choudhury

(2014) proposed an analytical model based on ‘excursion set formalism’ to calculate the

size distribution of the ionized bubbles during the reionization. We have checked the

consistency of this analytical model with the semi-numerical calculations involving N-

body simulations.

In this chapter, we explain the basic theory about cosmology, density perturbations,

power spectrum, N-body simulations that we use in next chapters. This information is

widely available in textbooks.

1.2 Basic cosmology

Our universe is assumed to be homogeneous and isotropic at large scales. This is known

as the Cosmological principle. Homogeneity means that the properties at each point are

nearly same as the properties at some other point and isotropy means that the universe

looks same in each direction we look. Friedmann-Robertson-Walker (FRW) metric can

be used to describe such universe as

ds2
“ dt2 ´ aptq2p

dr2

1´ kr2
` r2dΩ2

q (1.1)

dΩ2 “ dθ2 ` sin2θdφ2, which is the metric on a unit sphere. aptq is called ‘scale factor’

and is normalised such that apt0q “ 1. (t0 denotes current epoch). k is negative, zero and

positive for hyperbolic geometry, flat geometry and spherical geometry respectively. The

magnitude of k is of the order of 1{R2
C , where RC is the radius of curvature. Redshift is

defined using the scale factor as follows

1` z “
apt0q

aptq
“
λo
λe
“
νe
νo

(1.2)
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The evolution of aptq is given by Friedmann equations. Hubble parameter Hptq is defined

as follows, where 9a is time derivative of the scale factor.

Hptq “
9a

a
(1.3)

The Hubble parameter at current epoch is generally denoted as H0 “ 100h km/s/Mpc,

where h lies between 0.5´1.0. Recent observations have calculated h to be 0.673 (Planck

Collaboration et al., 2014). If we assume that the universe is filled with an ideal fluid

following pressure-density relation p “ wρ, where w is called the equation of state, we

get an expression for ρptq.

ρ “ ρ0a
´3p1`wq (1.4)

The critical density of the universe is defined as follows:

ρ0c “
3H2

0

8πG
(1.5)

The density parameter is defined as the ratio of the density of the fluid with the critical

density.

Ωa “
ρa
ρc

(1.6)

The curvature density parameter is defined as

Ωk “ 1´ pΩr ` Ωm ` ΩΛq (1.7)

where Ωr, Ωm, ΩΛ are the density parameters for radiation, matter and cosmological

constant. ΩΛ is defined as

ΩΛ “
Λc2

3H2
0

(1.8)

The Hubble parameter varies with time as

Hptq “ H0

«

ÿ

i

Ω0ia
´3p1`wiq

ff0.5

(1.9)

Comoving distance is the distance between the objects which remains unchanged because

of Hubble flow. The measured distance at a particular epoch is called proper distance

and is related to the comoving distance by scale factor. The Hubble distance is defined

as

dHpzq “
c

Hpzq
(1.10)

The line-of-sight comoving distance is calculated as follows:

dCpzq “

ż z

0

dzdHpzq “

ż z

0

cdz

H0r
ř

i Ω0ia´3p1`wiqs0.5
(1.11)
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1.3 Density perturbations

The structure (galaxies and clusters) forms on scales much smaller than the Hubble

distance dHpzq. Hence, the relativistic effects can be ignored and Newtonian physics

can be used. Assuming the dark matter and baryons to be perfect fluids, we can write

following equations:

9ρpt, rq “ ∇rrρpt, rqV pt, rqs (1.12)

9V pt, rq ` rV pt, r ¨∇rsV pt, rq “ ´∇rΦpt, rq ´
∇rP pt, rq

ρpt, rq
(1.13)

∇2
rΦpt, rq “ 4πGρpt, rq (1.14)

The equations (1.12), (1.13) and (1.14) are called continuity equation, Euler equation

and Poission equation respectively. Here, the overdot represents partial derivative with

respect to time t and ∇r denotes spatial divergence with proper coordinates r. ρpt, rq,

P pt, rq and Φpt, rq denote the density, pressure and gravitational potential respectively.

V pt, rq ” dr{dt is the proper velocity of the fluid.

Using comoving coordinates x, defined as

r “ aptqx (1.15)

and perturbed quantities as

Density contrast : δpt,xq “
ρpt,xq

ρ̄ptq
´ 1 (1.16)

Peculiar velocity field : vpt,xq ” aptq
dx

dt
“ V pt,xq ´

9a

a
r (1.17)

Perturbed gravitational field : φpt,xq “ Φpt,xq ´ Φ̄ptq (1.18)

the fluid equations (1.12), (1.13) and (1.14) reduce to the following equations.

9δ `
1

a
∇ ¨ rp1` δqvs “ 0 (1.19)

9v `
9a

a
v `

1

a
pv ¨∇qv “ ´1

a
∇φ´ ∇p

aρ̄p1` δq
(1.20)

∇2φ “ 4πGρ̄a2δ (1.21)

Here ∇ denotes the spatial gradient with comoving coordinates x. Since the dark matter

is collisionless, we assume p “ 0 for it. In the linear perturbation theory, we retain only

first order terms in x and v and ignore higher order terms. Simplifying the equations gives

7



us a second order differential equation in time for the dark matter density contrast δDM .

Since this involves just time derivatives of δDM , a solution of the form δDM “ Dptqfpxq

exist, where fpxq is a function of spatial coordinates depending on the initial configuration

and Dptq is a time dependent function. Hence we get

:D ` 2
9a

a
9D “

3

2
H2

0 Ωm
D

a3
(1.22)

This equation has two solutions. One of them decays with time and turns out to be the

Hubble parameter Hpaq. The other solution grows with time and is given by

Dpaq “ Hpaq

ż a da1

H3pa1qa13
(1.23)

This is known as growth factor. Normally it is normalised such that Dpt0q “ 1. This can

be used as a new time variable. A new velocity is defined as

w ”
dx

dD
“

v

a 9D
(1.24)

It is very difficult to solve the dark matter density perturbations using complete non-

linear theory. In the quasi-linear approximation, we assume that the dark matter fluid

flows in a force-free field. The comoving coordinates and the velocities are given as

wDM rxpq, Dq, Ds “ ´∇qψ0pqq, xDMpq, Dq “ q ´D∇qψ0pqq (1.25)

where ψ ” 2
3H2

0Ωm

a
D
φ and q is the Lagrangian coordinate. This approximation is also

called as Zel’dovich approximation. This approximation is used while generating initial

conditions for N-body simulations.

1.4 Power spectrum

The matter density contrast δpx, tq is defined in equation (1.16). Its Fourier component

is defined as

δpk, tq “

ż 8

´8

d3xδpx, tqeik¨x (1.26)

where k denotes the wave vector.

The density contrast is generated using a stochastic random process. In general,

we need to define all the moments of a stochastic process to describe it completely. We

assume that that the density contrast is a gaussian random field. This assumption makes
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calculations very easy, does not contradict current observations and is predicted from

inflationary theory. A gaussian random field is defined using two parameters viz. its

mean and variance. The mean of the density contrast is zero.

δ̄px, tq “
ρpx, tq

ρ̄
´ 1 “

ρ̄

ρ̄
´ 1 “ 1´ 1 “ 0 (1.27)

The power spectrum of the density contrast field is defined as

〈δpkqδ˚pk1q〉 “ p2πq3δDpk ´ k1qP pkq (1.28)

where 〈〉 denotes the average over the ensemble of the random field. This is conceptually

different from volume average, which is calculated for a single realization. The volume

average and ensemble average are the same if the process is ergodic. Note that the power

spectrum depends only on the magnitude k as we have assumed universe to be isotropic.

The power spectrum is the only quantity required to define the gaussian random field

δpx, tq. Higher P pkq means having more structure on the scales corresponding to that

particular k-mode. We define two point auto-correlation function of δpxq as

ξprq “ 〈δpxqδpx` rq〉x (1.29)

where 〈〉x denotes the average over x, which is same as the average over ensembles because

of ergodicity. Similar to power spectrum, the auto-correlation function depends on r and

not on r because of isotropy. The auto-correlation will be zero if δpxq and δpx ` rq are

perfectly random, because of averaging over ensemble. If δpxq and δpx ` rq have excess

similarity over randomness, then the auto-correlation function will be positive. We call

the regions separated by r to be correlated if ξprq ą 0 and anti-correlated if ξprq ă

0. Wiener-Khinchin theorem states that the power spectrum and the auto-correlation

function are Fourier transform pairs

ξprq “
1

p2πq3

ż

d3kP pkqeik¨r (1.30)

As ξprq is dimensionless and d3k has dimensions of Vol´1, P pkq has dimensions of of Vol.

d3kP pkq

p2πq3
“

4πk2dkP pkq

p2πq3
“
dk

k

k3P pkq

2π2
“ dlnk∆2

pkq (1.31)

Hence, we define the dimensionless power spectrum ∆2pkq “ k3P pkq{2π2 for 3 dimensions.

Similar to 3D power spectrum, we can calculate 2D and 1D power spectra if the real space
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input is defined in 2 or 1 dimensions. e.g. We define 1D power spectrum for Lyman-α

forests as they are sampled only along an axis. Dimensionless power spectra for 2D and

1D are defined as k2P pkq{2π and kP pkq{π respectively.

RMS density fluctuation smoothed over scale R is defined as

σ2
pRq “

ż 8

0

dk

k

k3P pkq

2π2
W 2
pkRq “

ż 8

0

dlnk∆2
pkqW 2

pkRq (1.32)

where W pkRq denotes spherical top-hat window function in Fourier space defined as

W pkRq “
3psin kR ´ kR cos kRq

pkRq3
(1.33)

RMS fluctuations at scale of 8h´1 Mpc are defined as σ8 ” σpR “ 8h´1Mpcq. Its

magnitude is of order of unity and it is used for the normalization of the power spectrum.

1.5 Cosmological N-body simulations

Cosmological N-body simulations are very useful to understand the structure formation.

We start with initial conditions with tiny perturbations and allow particles to evolve

under influence of the gravitational field. We use dark matter only numerical simulations

to understand how structure like dark matter halos, filaments form in the universe. The

equations and theory in this section is based on Bagla (1996, 2001). The dynamical

evolution of the gravitationally interacting particles is given by

:ri “ ´∇ri
Φ

∇2
rΦ “ 4πGρ

ρprq “
ÿ

i

miδ
3
Dpr ´ riq (1.34)

where ri denotes the position vector in proper coordinates of the i-th particle. Using the

comoving coordinates x “ r{a and doing some algebraic manipulations, we get

:x` 2
9a

a
9x “ ´

1

a2
∇xφ (1.35)

where φ is perturbed potential and satisfies equation (1.21). There are various methods

to study evolution of collision-less dark matter particles. The important methods are

mentioned below.
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1.5.1 Simulation methods

1.5.1.1 Direct sum method (PP)

Direct sum method is also called particle-particle method (PP). In this method we cal-

culate the forces on each particle from all other particles and add them. This method is

very straight-forward and does not use any approximation, but is computationally very

expensive. This method can be used only for small number of particles (104), as its

complexity is OpN2
p q where Np is the number of particles.

1.5.1.2 Particle Mesh (PM)

Equation (1.21) which needs to be solved to calculate the perturbed potential takes the

following form in the Fourier space.

φk “
4πGρ̄ptqa2δk

k2
(1.36)

where φk is the Fourier mode of the perturbed component of the gravitational potential,

δk is the Fourier mode of the density contrast and k is the corresponding spatial frequency.

We can see that the second order differential equation in real space is a simple algebraic

equation in the Fourier space. From density contrast values in real space, we can cal-

culate their Fourier components which can be used to calculate the Fourier components

of the perturbed potential. Inverse Fourier transform of those gives us the perturbed

potential in the real space. The complexity of the process is OpNplogNpq if Fast Fourier

Transform (FFT) is used for calculating Fourier components. FFT algorithm can be

used on uniformly spaced grids. Hence, we assign particles on the uniform grid. The

main disadvantage of this method is that the force calculated because of close particles

is incorrect, as it assumes minimum particle distance to be the grid separation.

1.5.1.3 P3M Method

Particle mesh method can be used very effectively to calculate long range forces at very

small computational cost. However, it calculates short range forces incorrectly. P3M

method (particle-particle particle-mesh) is a method, where long range forces are calcu-

lated using PM method and short range corrections are made using direct summation

method. P3M method was the first method which allowed N-body simulations with large

number of particles.
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1.5.1.4 Tree method

In this method, force on a particle is calculated by arranging other particles in tree

structure. Force by sufficiently distant particle groups is calculated assuming them as a

single entity, instead of calculating separately. This method is relatively computation-

ally expensive and can give large errors for nearly uniform particle distributions (early

universe).

1.5.1.5 TreePM method

This method is very similar method to P3M method. The long range forces are calculated

in the Fourier space (PMmethod) and short range forces are calculated using tree method.

It uses best features of the tree and PM method.

1.5.2 GADGET-2

GADGET-2 is publicly available cosmological N-body simulation code written by Springel

(2005). GADGET-2 was used in this project using TreePM method and periodic bound-

ary conditions. Periodic boundary conditions ensure that the simulation box is the rep-

resentative sample of the universe and also avoids edge effects.

GADGET-2 starts with an initial condition of the particles and evolves them grav-

itationally with time. It returns shapshot files (binary file format) at specified redshifts

which contains header and position and velocity of each particle.

1.5.3 Initial conditions

We use N-GenIC code written by Volker Springel (2003) for calculating the initial condi-

tions for GADGET-2 simulations. The initial conditions are calculated using Zel’dovich

approximation (section 1.25). Zel’dovich approximation is valid in the quasi-linear regime.

We generate the initial conditions at high redshift (z „ 100). N-GenIC returns initial

particle positions and velocities in a format readable by GADGET-2.

1.5.4 Cloud-in-cell

Cloud-in-cell (CIC) is an algorithm used to assign particles on the uniform grid. Each

particle is associated with some weights to neighbouring 8 grid points. The algorithm
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used was as follows. Along each axis, calculate the distance along that axis with the

nearest two grid points. Give the weights to the grid points proportional to the distance

of the other grid point. e.g. if the distances of a particle are 0.2 and 0.8 from two grid

points in units of grid separation, then the weights given to those grid points will be

proportional to 0.8 and 0.2 respectively. The weights are later normalised such that the

sum of the weights on the 8 grid points equals the particle mass.

1.5.5 Friends of Friends algorithm

‘Friends of Friends’ (FoF) (Davis et al., 1985) is an algorithm used mainly for halo finding.

For this project, we used FoF code written by Volker Springel. A friend is defined as a

particle which is closer to the particle than a particular linking length (typically 0.2 times

the inter-particle distance). This algorithm identifies friends and friends of friends and

identifies them as a single group called a halo. We use FoF to identify dark matter halos

in the GADGET-2 simulation.
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Chapter 2

Cross-correlation of redshifted 21-cm

signal and Lyman-α forest

2.1 Motivation

Neutral hydrogen (Hi) emits line corresponding to hyperfine transition in the ground

state which corresponds to wavelength 21-cm. Hi lines have been observed from Milky

Way and nearby galaxies and are used to calculate rotation curves which gives an indirect

evidence of the dark matter. Sources of cosmological Hi emission in the post-reionization

era (z ă 6) are mainly Damped Lyman-α Absorbers (DLAs), which have very high

amount of neutral hydrogen present in them. This Hi 21-cm signal is expected to trace

underlying dark matter distribution at the large scales. However, the intensity of the 21-

cm signal is very low because of the large distance of sources. Another major hurdle for

its direct measurement is the abundant foregrounds resulting from synchrotron emission,

free-free emission and extragalactic point sources which fall in the same frequency range

and are very strong compared to the background signal.

The diffused neutral hydrogen in the highly ionized intergalactic medium produces

absorption lines in the spectra of background quasars. This can be used to calculate the

neutral hydrogen distribution along the line of sight towards the background quasar. The

quasar spectra look like forests because of multiple Lyman-α absorption lines, hence are

named as Lyaman-α forest. The Lyman-α forest flux underlies dark matter density on the

large scale according the fluctuating Gunn-Peterson approximation. Though, redshifted

21-cm signal and the Lyman-α forest arise from two completely different astrophysical
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phenomena, both are expected to trace the underlying dark matter distribution at the

large scale. Lyman-α forest spectra have relatively much less foreground contaminations.

Cross-correlation of these two signals is a novel probe which can be used to calculate the

matter power spectrum, to estimate cosmological parameters and constraints on the dark

energy, and does not have foreground contamination as severe as only Hi 21-cm signal.

Previous studies have analytically calculated the estimated cross power spectrum of

redshifted 21-cm signal and Lyman-α forest (Guha Sarkar et al., 2011; Guha Sarkar and

Datta, 2015). In this project, we calculate the cross-power spectrum using cosmological

N-body simulations.

2.2 Hi 21-cm signal

2.2.1 Introduction

The ground state of the neutral hydrogen (1S) is split between two states because of spin-

spin coupling. The lower energy state corresponds to spins of proton and electron being

anti-parallel to each other and the higher energy state corresponds to spins of proton and

electron being parallel to each other. The transition of the electron from higher energy

state to lower energy state is called hyperfine transition and corresponds to wavelength

of 21 cm. The Einstein coefficient for this transition is Aij “ 2.85 ˆ 10´15sec´1. The

transition is very weak and has lifetime of 1.1 ˆ 107 years. This signal very important

astronomy because of large quantities of neutral hydrogen present in the universe. It has

been observed from galactic as well as extragalactic sources. Hi emission from galaxies

can be used to calculate rotation curves, which provides an evidence of the dark matter

in the galaxy.

In the post-reionization era (z ă 6), the main source of Hi 21-cm signal is Damped

Lyman-α Absorbers (DLAs), which are gaseous objects having high column density of

neutral hydrogen and damp the spectra of background quasars. We use following method

to identify the regions of neutral hydrogen from the GADGET-2 simulation.
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2.2.2 Identifying 21-cm sources from simulations

We used two low resolution and a high resolution GADGET-2 simulations. The low

resolution simulations had 2563 particles with box sizes 25 h´1 Mpc and 150 h´1 Mpc.

The high resolution simulation had 10243 particles with box size of 75 h´1 Mpc. We used

WMAP-5 parameters for these simulations. (Ωm “ 0.26, ΩΛ “ 0.74, σ8 “ 0.79, h “ 0.72)

(Komatsu et al., 2009). We use snapshot at redshift z “ 3 for these calculations, as quasar

population peaks near redshift 2-3. We generate halo catalogues using friends-of-friends

(FoF) with linking length b “ 0.2.

We used the method given in Bagla et al. (2010) to fill the dark matter halos with

the neutral hydrogen (Hi). Most of the bulk neutral hydrogen is present in the dark

matter halos, which remains unionized because of self-shielding. Halos with very small

mass will have very less neutral hydrogen as self-shielding will not be sufficient to prevent

the ionization. It is observed that very high mass galaxy clusters have very less amount

of neutral hydrogen present in them. To fill halos with neutral hydrogen, we use the first

model described in Bagla et al. (2010). Here we put strict upper and lower bounds on

the masses of halos that can have neutral hydrogen.

fpMq “

$

’

&

’

%

f1, Mmin ăM ăMmax

0, For all other masses
(2.1)

Where fpMq is the ratio of Hi mass in halo and the halo mass, whereM denotes the mass

of the halo. f1 is a constant which is calculated using the normalization ΩHi “ 0.001.

We use minimum mass and maximum mass limit for the halo to be 1.25 ˆ 109Md and

3.7 ˆ 1011Md at redshift 3. These masses correspond to rotational velocities of 30 m/s

and 200 m/s respectively. We then identify the dark matter particles lying in the halos

of the specified mass range. We calculate the density at each grid point using only these

dark matter particles using cloud-in-cell. We calculate density contrast for this and call

it neutral hydrogen density contrast. We calculate the brightness temperature of the Hi

gas using the following formula from Bagla et al. 2010.

δTbpzq “ 4.6 mK ˆ xHI p1` δq

ˆ

1´
Tcmb
Ts

˙

p1` zq2
H0

Hpzq

„

Hpzq

p1` zqpdv‖{dr‖q



(2.2)

where, xHI is the neutral hydrogen fraction of baryons, δ is the Hi density contrast, Tcmb is

the cosmic microwave background temperature and Ts is the spin temperature calculated
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Figure 2.1: This figure shows a schematic representation of the quasar spectrum and Lyman-

α absorption lines by the intervening neutral hydrogen. The absorption line is seen at higher

wavelength for neutral hydrogen at higher redshift. Image source: Wright’s webpage.

from relative abundances of Hi in the ground state and the excited state. Typically,

Ts " Tcmb at the epoch of our interest, hence we ignore the term p1 ´ Tcmb{Tsq. The

last term Hpzq{rp1 ` zqpdv‖{dr‖qs accounts for the redshift-space distortions occurring

because of peculiar velocities along the line of sight. However, we have not included these

distortions in our current work and we ignore that term.

2.3 Lyman-α forest

2.3.1 Introduction

Lyman-α forests arise because of absorption lines by the intervening neutral hydrogen

in the spectra of background quasars. Quasars are extremely luminous objects at high

redshifts, which are compact objects unlike galaxies. Quasars are subclass of objects

called as the active galactic nuclei (AGN) that are powered by accretion of matter around

supermassive blackhole at the centres of distant galaxies. Quasars contain strong emission

lines like Lyman-α emission line.

If some neutral hydrogen is present along the line of sight of the quasar, it will absorb

its photons at λ12 “ 1215Å in its rest frame undergoing Lyman-α transition. However,

because of cosmological redshift, we will observe the absorption line at λ “ λ12p1 ` zq.

Hence, we will get absorption lines by neutral hydrogen at different redshifts to be at

different wavelengths/frequencies, even though the transition is same i.e. Lyman-α (n “ 1

to n “ 2). Figure 2.1 shows a schematic diagram of Lyman-α absorption lines in the
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Figure 2.2: This figure shows observed Lyman-α forests for two quasars at redshifts 0.158 and

3.62 respectively. Image source: Wright’s webpage.

quasar spectrum. Figure 2.2 shows two actual Lyman-α forests from quasars at two

different redshifts.

It was predicted by Gunn and Peterson in 1965 that the neutral hydrogen in the

intergalactic medium will mostly absorb the photons from quasars causing a trough in

the quasar spectra, today called as Gunn-Peterson trough. This was first observed in

quasar spectra at z ą 6 in Sloan Digital Sky Survey (SDSS) nearly 3 decades after its

inception. We know that neutral hydrogen fraction as small as 10´4 is sufficient to absorb

the photons completely. The presence of Gunn-Peterson trough in quasar spectra at z ą 6

tells us that the reionization was complete before redshift 6.

2.3.2 Generation of Lyman-α forests

The theory and equations in this subsection are mainly based on Choudhury et al. (2001);

Choudhury (2003). We have used these equations for the generation of Lyman-α forests

and hence have included here for completeness.

The quasar flux after an absorption is given as

F “ F0e
´τ (2.3)

where, F0 is the flux of continuum and τ is the optical depth. The optical depth of

Lyman-α absorption by neutral hydrogen at redshift z at observed frequency ν0 is given
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by

τpν0q “ c

ż

dtσαrν0p1` zqsnHipzq “

ż zmax

zmin

dz
dHpzq

1` z
σαrν0p1` zqsnHipzq (2.4)

where dHpzq is the Hubble distance at redshift z, σαpνq is the Lyman-α absorption cross-

section and nHipzq is the neutral hydrogen number density at redshift z. Here the effect

of scattering is neglected as it is small compared to the absorption in the intergalactic

medium. The absorption cross-section is given by

σpνq “
Iαc

b
?
π
V

ˆ

α,
cpν ´ ναq

bνα

˙

(2.5)

Here, Iα “ 4.45ˆ 10´18 cm2 is a constant, b is the velocity dispersion of the intergalactic

medium and V pα,∆v{bq is called Voigt profile. The shape of the line is determined

by Voigt profile, which is convolution of Lorentzian profile and Gaussian profile. The

Lorentzian profile arises because of natural broadening of line and is given as

Γ{4π2

pν ´ ναq2 ` pΓ{4πq2
(2.6)

where Γ is the natural line-width. The Gaussian profile arises because of thermal broad-

ening and is given by
e´v

2{b2

b
?
π

(2.7)

The convolved Voigt profile is given as

V pα,
∆v

b
q “

αb

π

ż 8

´8

du
e´v

2{b2

p∆v ´ uq2 ` pαbq2
;α :“

Γc

4πναb
(2.8)

Here we have used pν ´ ναq{να “ ∆v{c.

We assume the baryonic density field to follow the dark matter density. Once we

know the baryonic density, we can calculate the neutral hydrogen fraction xHi using the

ionization equilibrium in the intergalactic medium. We assume that the rate of formation

of neutral hydrogen because of recombination of protons and electrons is same as rate of

ionization of neutral hydrogen because of collisions and photo-ionization. The equilibrium

equation for hydrogen is given as

αpT qnpne “ ΓcipT qnenHi ` JnHi (2.9)

where αpT q is the recombination rate of proton and electron, ΓcipT q is the collision rate

of the electron and the neutral hydrogen and J is the photoionization rate of the neutral
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hydrogen. The neutral hydrogen fraction is given by

xHi “
nHi

nB
“

nHi

nHi ` np
(2.10)

Using equations (2.9) and (2.10) and ignoring the helium number density contribution,

we get

xHipx, zq “
αpT px, zqq

αpT px, zqq ` ΓcipT px, zqq ` Jpzq{nepx, zq
. (2.11)

Expressing ne in terms of nB as ne{nb ” µe, we get,

nHipx, zq “
αpT px, zqqnBpx, zq

αpT px, zqq ` ΓcipT px, zqq ` Jpzq{pµenBpx, zqq
(2.12)

The temperature of the intergalactic medium is calculated as

T px, zq “ T0pzq

„

nBpx, zq

n0pzq

γ´1

(2.13)

where T0pzq is the mean IGM temperature at redshift z, γ is polytropic index and n0pzq

is the mean baryonic density at redshift z given as

n0pzq “
ΩBρc
µBmp

p1` zq3 (2.14)

where ΩB is baryon density parameter, ρc is the critical density of the universe and

µBmp is the mass per baryonic particle. The velocity dispersion used in equation (2.8) is

calculated as

brx, zpxqs “

d

2kBT px, zpxqq

mp

(2.15)

Using equations (2.12) and (2.15), we can calculate nHipx, zq and brx, zpxqs, which can be

used to calculate the optical depth in equation (2.4). For generating Lyman-α forests,

we used γ = 1.01, T0 “ 2.66 ˆ 104 K. Figure 2.3 shows a Lyman-α forest generated by

shooting a line of sight in a random direction.

2.4 Cross-correlation

Similar to power spectrum, we define the cross power spectrum as the Fourier transform

of the cross-correlation function. Here we calculate the cross power spectrum of 21-cm

brightness temperature and Lyman-α flux contrast. We define the Lyman-α flux contrast

as

δ̃F “
F
F̄
´ 1 (2.16)
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Figure 2.3: The figure shows a Lyman-α forest generated by shooting a random line of sight in

the GASGET-2 simulation of 10243 particles with box size 75 h´1 Mpc.

where F is the Lyman-α flux and F̄ is the mean flux. We can observe Lyman-α forests

only along few lines of sight where quasars are present. We define the quasar sampling

function as ρp~θq “ N´1
ř

n δ
2
Dp
~θ ´ ~θnq. We define sampled Lyman-α flux contrast as

δF0p
~θq “ ρp~θqδFp~θq (2.17)

We calculate the cross power spectrum in two methods. In one method we calculate the

Multi-frequency Angular Power Spectrum (MAPS) and in the other one, we calculate 3D

power spectrum and plot it against k‖ and kK.

2.4.1 Multi-frequency Angular Power Spectrum

We calculated the Multi-frequency Angular Power Spectrum (MAPS) following Datta

et al. (2007); Guha Sarkar et al. (2011) We consider a sufficiently small field of view such

that it can be assumed flat. The unit vector along a line of sight in the field of view can be

written as n̂ “ m̂`~θ where m̂ is the unit vector along the line of sight towards the centre

of the field of view and ~θ is a 2D vector in the plane perpendicular to m̂. We decompose

δp~θ, zq into Fourier modes where U is conjugate variable of ~θ. MAPS estimator for the

cross correlation of Hi brightness temperature and Lyman-α flux contrast is defined as

follows (Guha Sarkar et al., 2011)

ÊpU ,∆zq “
1

2

”

δ̃FopU , zqδ̃
˚
T pU , z `∆zq

ı

`
1

2

”

δ̃˚FopU , zqδ̃T pU , z `∆zq
ı

(2.18)
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Figure 2.4: This figure from Guha Sarkar et al. (2011) shows Pcpl,∆zq{Pcpl, 0q with ∆z for

cross-correlation of 21-cm signal and Lyman-α forest. We can see that the normalized power

spectrum falls of rapidly for higher l values.

Here δ̃FopU , zq denotes the 2D Fourier transform of the the flux contrast of Lyman-α

at redshift z and δ̃˚T pU , z `∆zq denotes the complex conjugate of 2D Fourier transform

of 21-cm brightness temperature at redshift z ` ∆z. We calculate this estimator by

averaging over all possible z. MAPS can also be defined using kK which is related to U

as kK “ 2πU{rpzq where rpzq denotes the line of sight comoving distance at redshift z.

Assuming isotropy in the plane, we bin kK in k by averaging over the circles in kK-plane

(k means kK for this subsection). This reduces our Poission error as the number points

in each bin increase.

P pk,∆zq has the information of 3D box stored in it. Fixing ∆z gives us the infor-

mation about the power in Fourier modes in the plane perpendicular to the line of sight.

Fixing k gives us information about the axis along the line of sight.

As ∆z increases, the two slices at redshift z and z ` ∆z start to be uncorrelated. It

means P pk,∆zq decreases as ∆z increases. It will be nearly 0 for ∆z ą zcorrelation where

zcorrelation is the typical redshift range over which the signal remains correlated. We also

expect P pk,∆zq to fall rapidly with ∆z for higher values of k or l “ 2πU . Lower value

of k denotes the structure on large scale in the perpendicular plane. So structure over

large scale will have higher zcorrelation. Figure 2.4 shows a plot from Guha Sarkar et al.

(2011) of cross-correlation using analytical calculations. We plot normalized power spec-

trum P pk,∆zq{P pk, 0q. It’s value should be unity for ∆z “ 0 and fall down to 0 as ∆z

increases.

Similar behaviour is expected for MAPS of the dark matter density contrast. How-

ever, we find that the power spectrum is nearly flat as a function of ∆z. Figure 2.5 shows
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Figure 2.5: This figure shows the normalized Multi-frequency angular power spectrum (MAPS)

for dark matter density contrast. We see that that the power spectrum is nearly flat as a function

of redshift and the shape is similar for different k values.

Figure 2.6: This figure shows the normalized MAPS for cross-correlation of Hi density and

Lyman-α flux contrast for 200 lines of sight.

one such plot. We don’t see variation in the plots for different k values. This is probably

because of the poor resolution of the box. We similarly calculate the cross-power spec-
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trum of Hi density and Lyman-α forest with 2000 lines of sight shot randomly along a

particular axis. Figure 2.6 shows a plot of power spectrum. We see that the normalized

multi-frequency angular power spectrum is nearly unity for all ∆z values and does not

fall at all.

To check the effect of number of lines of sight, we calculated the cross power spec-

trum of dark matter density contrast and dark matter density contrast sampled only

along few lines of sight. We generated different sets of lines of sight randomly using

different seeds. We found that the intensity of MAPS is much lower than the case where

we sample the density contrast along all lines of sight. We can see that the shape is also

different i.e. we don’t see the peak that is present while sampling all lines of sight. We

also see that there is a lot of variation in the power spectrum for different realizations of

the lines of sight. See figure 2.7.

Figure 2.7: This figure shows the 2D cross power spectrum of the two dark matter density

contrast samples, one of which is sampled at all places and other one is sampled only along 1500

lines of sight. We have also plotted the power spectrum when dark matter density contrast is

sampled over all points for comparison. Grid size is 2563. The plot corresponds to ∆z “ 0.

Here we are essentially missing kK modes, as we sample Lyman-α forests only along

few lines of sights. This was supported by the fact that 1D power spectrum calculated

along the line of sight converged. Hence, we decided to use another method to calculate

the power spectrum which is mentioned in the next section.
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2.4.2 3D power spectrum contour plots

Here we plot power spectrum as a function of k‖ and kK, as these two are not on equal

footing. We calculate 3D power spectrum, unlike MAPS where we had calculated the

Fourier modes only along the plane perpendicular to the line of sight. Guha Sarkar

and Datta (2015) present the similar calculations using analytical methods. We use the

cross-power spectrum estimator defined in Guha Sarkar and Datta (2015) as

Ê “ 1

2

“

∆F0pkq∆
˚
T0
pkq `∆˚

F0
pkq∆T0kq

‰

(2.19)

We divide k modes into k‖ and kK. We calculate k‖ by binning component of k parallel to

the line of sight. We calculate kK by binning k modes in the plane perpendicular to the

line of sight into circular bins, assuming 2D isotropy. We calculate the power spectrum

P pkq for each (k‖, kK) pair. We also calculate the 3D dimensionless power spectrum

k3P pkq{2π2 where k “
b

k2
‖ ` k

2
K.

We use the high resolution GADGET-2 simulation with 10243 particles for this

part. We first calculate the 21-cm brightness temperature δTb using Eq. (2.2) on each

grid point and then calculate its value for each (k‖, kK) pair after binning.

Figure 2.8 shows the k‖, kK colour plot of k3P pkq{2π2 for 21-cm brightness tempera-

ture in units of mK2, where axes are logscaled. Figure 2.9 shows similar plot using linear

scale for axes. We see circular arcs having nearly same k3P pkq{2π2 values. This matches

well with the isotropy, as we expect P pkq to be a function of k where k “
b

k2
‖ ` k

2
K.

Figure 2.10 shows similar plot of k3P pkq{2π2 in units of mK, where P pkq is cross

power spectrum of 21-cm brightness temperature and Lyman-α forest sampled along all

lines of sight. Here we don’t have 3D isotropy as there is a preferred direction parallel to

the line of sight.

We plan to continue this work further. The next step would be to calculate the

cross power spectrum plots for less number of randomly shot lines of sight for Lyman-α

forest. We also plan to calculate the noise and the Signal-to-Noise (SNR) ratio contours

assuming observations from SKA-1.
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Figure 2.8: This figure shows colour plot of k3P pkq{2π2 of Hi brightness temperature in units

of mK2. The x and y axes denote k‖ and kK respectively.

Figure 2.9: This figure shows colour plot of k3P pkq{2π2 of Hi brightness temperature in units

of mK2. The x and y axes denote k‖ and kK respectively on linear scale. We can see circular

arcs having same value, as expected by isotropy.
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Figure 2.10: This figure shows colour plot of k3P pkq{2π2 of Hi brightness temperature and

Lyman-α forests sampled over all lines of sight in units of mK. The x and y axes denote k‖ and

kK respectively.
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Chapter 3

Hii bubble distribution during the

reionization

3.1 History

Observations suggest that the intergalactic medium is highly ionized as of today. The

reionization of the neutral hydrogen occurred during 20 ď z ď 6. As the density pertur-

bations in the early universe evolved, dark matter collapsed into halos. Baryons fall in

the gravitational potential wells of the dark matter, forming galaxies at the centres of the

dark matter halos. These first stars and galaxies started emitting high energy ultraviolet

photons and ionizing the regions around them. These ionized regions grow with time and

overlap with each other and eventually occupy the whole universe.

The study of reionization is imperative, as it is the important transition in the

cosmic evolution that can be probed directly using observations. One important probe

for observing the neutral hydrogen is Lyman-α forest (see section 2.3). However, quasar

population peaks between redshift z “ 2 and z “ 3, and number of quasars observed at

z ą 6 is very less. Also, transmitted flux of the becomes zero if neutral hydrogen fraction

is greater than 10´4. We get nearly zero flux from quasars at z ą 6 and hence, studying

neutral hydrogen distribution gets highly model dependent at this epoch.

Observing the emission line of 21-cm from neutral hydrogen is another probe for

its study. The redshifted 21-cm line will give us the neutral hydrogen distribution and

ionized Hii bubble distribution as well. The upcoming projects like the upgraded Giant

Metrewave Radio Telescope (GMRT), Square Kilometre Array (SKA) are expected to
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detect the redshifted 21-cm signal. Analytical calculations play an important role here

and can be used to predict to what kind of signal can be expected from the observations.

Semi-numerical calculations using the simulations can also serve the same purpose. These

models can predict the size distribution of the ionized regions (ionized bubbles)

One important set of such models use ‘excursion set formalism’. Initially this for-

malism was used to calculate halo mass function. (Press and Schechter, 1974; Bond et al.,

1991) In this formalism, the probability of forming halo of a particular mass is related

with the crossing of the barrier density of the random walks in the smoothing scale.

Furlanetto et al. (2004) showed that the excursion set formalism can be used for

calculating the ionized bubble distribution as well. Based on their treatment, Paranjape

and Choudhury (2014) developed an improved analytical model to calculate the bubble

distribution, using the recent advances in the field. In this project, we calculated the size

distribution of ionized bubbles using semi-numerical approach and checked its consistency

with the analytical model by Paranjape and Choudhury (2014).

3.2 Analytical model

We summarise the basics of analytical models which use excursion set formalism from

Furlanetto et al. (2004); Paranjape and Choudhury (2014). The following ansatz has

been used to define ionized mass.

mion “ ζmgal (3.1)

where mgal denotes the mass of galaxy that is the source of ionizing photons and mion

is the mass of ionized region around it. The parameter ζ ą 1 can depend on various

physical parameters. One such dependence could be

ζ “
fescf˚Nγ{b

1` nrec
(3.2)

where fesc is the escape fraction of the ionizing photons, f˚ is the star formation efficiency,

Nγ{b is the number of ionizing photons produced per baryon and nrec is the typical number

over which hydrogen atom is recombined. Here we use ζ as a single parameter and do not

focus on its dependences on other parameters. For an isolated region to be completely

ionized, following condition should be satisfied

fcoll ě fx ” ζ´1 (3.3)
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where fcoll denotes the collapsed mass fraction i.e. ratio of collapsed dark matter halo

mass and the total mass in particular region. In the extended Press-Schechter model

(Bond et al., 1991) sharp-k filter is used for smoothing, which makes calculations simple.

In this model, the collapsed fraction of a region of mean overdensity δm is given by

fcoll “ erfc

«

δcpzq ´ δm
a

2rσ2
min ´ σ

2pmqs

ff

(3.4)

where δcpzq is the critical density for collapse and mmin is the minimum mass of an

ionizing source. σ2pmq is the variance of the density fluctuations on the scale of mass m

and is given as.

σ2
pmq ”

〈
δ2
RL

〉
“

ż

dlnk∆2
pkqW 2

pkRLq (3.5)

where ∆2pkq ” k3P pkq{2π2 is the dimensionless matter power spectrum and W pkRLq is

the sharp-k smoothing filter in Fourier space. The Lagrangian radius is related with mass

through

m “ p4π{3qρ̄R3
L (3.6)

σ2pmq increases as scale we go on smaller scales. Using equation (3.4), we can rewrite

condition 3.3 as a constrain on the density

δm ě δxpm, zq ” δcpzq ´
?

2Kpζqrσ2
min ´ σ

2
pmqs1{2 (3.7)

where Kpζq “ erf´1
p1 ´ ζ´1q. To use this formula, we need to fix a smoothing scale

corresponding to m.

We get a naturally preferred smoothing scale in this problem. Consider an over-

dense region of space having ζfcoll ą 1. It means that this region will have extra photons

remaining after ionizing the whole region and these photons will leak outside the region

and ionize neighbouring regions, that don’t have enough fcoll to ionize themselves com-

pletely on their own. This region will ionize itself as well as its neighbouring underdense

region. This problem can be solved if we use larger smoothing scale and consider the

neighbouring overdense and underdense regions to be a single region, such that it is just

able to ionize itself i.e. ζfcoll “ 1. Hence, the smoothing scale should be the largest scale

over which the region is able to ionize itself.

In case of halo mass function, the barrier to be crossed is a fixed number for a

particular redshift. Here, as we have seen in equation (3.7), the barrier depends on the
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smoothing scale as well. Furlanetto et al. (2004) used the linear best fit to the barrier to

calculate the bubble distribution.

Ionized fraction is defined as

Q “

ż 8

V,min

dlnV

ˆ

V
dn

dlnV

˙

(3.8)

Furlanetto et al. (2004) used sharp-k filter for smoothing, which essentially cor-

responds to uncorrelated random steps. It also assumes no special location for halo

formation, whereas we know that halos form preferably near peaks in the density field.

Though sharp-k filters make calculations easy, filters like top-hat filter are more physical.

Use of top-hat filter makes steps of random walk strongly correlated and first-crossing

of random walks of the barrier can be replaced by a simpler up-crossing condition. This

allows peak constraint to be included in a straightforward way. Paranjape and Choud-

hury (2014) calculated the Hii bubble distribution using the correlated steps and peak

constraint. The density barrier similar to equation (3.7) needs to be solved numerically,

since there is no closed form conditional mass fraction expression available here.

3.3 Methodology

We use GADGET-2 simulations run by Dr. Aseem Paranjape. We used 5 different

realizations of 10243 particles in the box of comoving size 50 h´1 Mpc. We used Planck-

13 parameters (Ωm “ 0.315, ΩΛ “ 0.685, h “ 0.673, σ8 “ 0.829). (Planck Collaboration

et al., 2014) The snapshots were saved at redshifts z “ 18, 15, 12, 9, 6.

We used Rockstar halo-finder to identify halos in the simulation. (Behroozi et al.,

2013) Rockstar (Robust Overdensity Calculation using K-Space Topologically Adaptive

Refinement) is a halo finder which uses adaptive hierarchical refinement of FoF groups in

6 dimensional phase-space. Rockstar returns the halo catalogue with various parameters

like number of dark matter particles, position, velocity, virial mass, m200b, m200c, m500c

etc. of the halo. m200b is the mass of the halo such that the density of the region enclosing

this mass is 200 times the mean background density. Similarly, m200c, m500c denotes the

masses such that the corresponding density is 200 and 500 times the critical density

respectively. We assume that the halos having more than 100 dark matter particles are

the sources of ionizing photons. We also ignore sub-halos for this calculations.
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We calculated the density contrast (δ) at all grid points using grids of sizes 2503,

5123 and 7503 using cloud-in-cell (see 1.5.4). Then we calculated the density at each grid

point using ρpi, j, kq “ ρmp1` δpi, j, kqq.

We similarly calculated the photo-ionization field at each grid point. As mentioned

in equation (3.1), we assume that each dark matter halo of mass mhalo ionizes ζ ¨mhalo.

Using cloud-in-cell on ionized mass and dividing it by the volume of the grid cell, we get

the photo-ionization field.

We smooth the density and the photo-ionization field at various scales using spher-

ical top-hat filter (1.33). We use the largest scale for smoothing to be the box length or

the radius of sphere having volume corresponding to the sum of photo-ionization field,

choosing the smaller one of the two. We use the smallest scale to be the grid separation.

If the photo-ionization field is greater than the dark matter density at any scale for a grid

point, we identify that grid point as ionized. We also consider partially ionized grid points

without smoothing as ionized. This ensures that the grid points neighbouring halos are

always ionized.

We then assign a specific mass to each grid point using the dark matter density

and the volume of the grid cell. We then use Friends-of-Friends (see Sec. 1.5.5) to assign

ionized grid points into ionized bubbles. The typical linking length parameter is b “ 0.2

for FoF, which means that the linking length is 0.2 times the inter-particle distance. Here,

we want linking length to be slightly higher than the grid separation. So, for each before

each FoF run, we calculate the inter-particle distance for ionized points and calculate the

required linking length parameter b and modify and recompile FoF accordingly. Volume

of each bubble is calculated using the number of ionized particles in the bubble. We

calculate the ionized fraction (Q) as the ratio of the ionized volume and the total volume

of the box.

We bin the bubble volumes in the logarithmic bins. We then plot V dn{dlnV vs. V ,

where n is the comoving number density of the bubbles in that particular volume bin. V

is the volume of the bin and dlnV is the logarithmic volume bin interval. We plot the

value averaged over 5 realizations with errors. We repeat the same exercise for different

grid sizes, different ζ paramater values. We also plot values calculate from the analytical

solution and compare both.
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3.4 Results

We first calculated the density field and ionization field on the grids of 2503. We calculated

the V dn{dlnV for 5 different realizations. Each value shown in the plots denotes the

averaged value over realizations. The errorbars denote standard error on mean calculated

as

σ “

«

řN
i“1pxi ´ x̄q

2

NpN ´ 1q

ff1{2

(3.9)

where xi denotes the value for each realization, x̄ is the mean value over realizations and

N is the number of realizations, which is 5 in our case.

We have plotted two lines for analytical solutions. One of those lines is labelled as

‘unscaled’ which uses the halo mass function from purely analytical calculations. The

other line is labelled as ‘scaled’ which uses scaled halo mass function which is linearly

scaled so as to match halo mass function from N-body simulations with least square

fitting.

Figure 3.1 shows the Hii bubble volume distribution for z “ 9 and ζ “ 30. We

can see that the simulated values match very well with the rescaled analytical model.

The ionized fractions are 0.061 and 0.052 respectively which match well. Figure 3.2

shows a similar plot for z “ 12 and ζ “ 30. We can see that the values calculated

from simulations are higher in each volume bin. The ionized fraction from simulations

(7.5ˆ 10´3) is nearly 3.5 times the value from rescaled analytical value (2.1ˆ 10´3). We

observe that the predicted ionized fraction from analytical calculation is lesser than the

calculated value from simulations at high redshifts.

We plotted V dn{dlnV for ζ “ 60 and z “ 9 as well. Here we found that though

the ionized fraction is similar for simulations and the rescaled analytical calculation, the

distribution of the bubbles is not. We observed a very large bubble present in the same

volume bin for all 5 realizations and no bubble present contiguous volume bins. Figure

3.3 shows the bubble distribution for ζ “ 30, 40, 50 and 60. The y-errorbar on the value

in the largest volume bin is 0 for ζ “ 60, because there is exactly one bubble present

in that volume bin for all 5 realizations. We see that for ζ “ 50 and 40, the bubble in

the largest volume bin is present only in some of the realizations. A plausible reason for

this could be that the ionized regions which are physically different are connected to each

other because FoF linking length is equal to grid separation. We calculated the density,
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Figure 3.1: Figure shows the volume distribution of Hii bubbles at redshift z “ 9 and ζ “ 30

for simulations and analytical calculations.

Figure 3.2: Figure shows the volume distribution of Hii bubbles at redshift z “ 12 and ζ “ 30

for simulations and analytical calculations.
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Figure 3.3: This plot shows the volume distribution of Hii bubbles at redshift z “9 and at ζ “

30, 40, 50 and 60. We can see that there are some bubbles present in the largest volume bin for

some realizations for ζ “ 40 and 50.

ionization field and ionized grid points at better resolution i.e. grid size of 5123 and 7503.

Figure 3.4 shows the bubble distribution calculated for 3 different grid sizes (2503, 5123

Figure 3.4: This plot shows the volume distribution of Hii bubbles at redshift z “ 9, ζ “ 60

using simulations with different grid sizes and analytical calculations. We can see that the largest

bubble is present in the same volume bin for all 3 grid sizes (250, 512, 750)

and 7503) for ζ “60 and z “9. There exist a very large bubble present in each realization

and for each grid size in the same volume bin. This makes sure that the largest bubble is

not present only because of artefacts arising because of poor grid separation at 250 grid.
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The calculations from simulations don’t match with the analytical calculations for higher

ζ and higher z. The excellent agreement for ζ “30 and z “9 seems to be a coincidence.

The issue of largest bubble present needs further investigation.

3.5 Visualization

We visualized the ionized regions to check if they are actually surrounding the halos, if

the voids are ionized etc. We took a slice through the box having width 1{10 the box

size (5 h´1 Mpc in this case) and plotted all the ionized grid points in that slice in 2D

plane. Since we use translucent gray to show ionized grid point, a point in the image

appears darker if there are more ionized grid point in the slice at that location in 2D

plane. FoF returns the centre of volume for each bubble, which is actually calculated as

the centre of mass of the ionized grid points which are joined by FoF to identify them as

one bubble. The volume of each bubble is calculated as the number of ionized grid points

times the volume of each grid cell. We calculate the radius for each bubble assuming

V “ 4πR3{3. We calculate the projected radius of the ionized bubble on the slice that

we are considering. The plot on the left shows ionized grid points and circles centred at

the centres of volume of the bubbles having radii as the projected radii on the slice. We

do not expect each ionized region to lie inside the circles plotted because of the following

reasons: The shape of bubbles is not necessarily spherical. There can be ionized region

where the sphere around the centre of volume does not intersect with the slice and hence

the centre of volume is not shown in the plot. It is possible to have two regions that look

disconnected in 2D slice, but are part of the same bubble as they could be connected

through a region which does not lie in the slice. We plot circles having projected radii

larger than a cut-off value.

In the other subplot, we plot the centre of mass of the halos in that slice over the

ionized grid points. We have used 3 different colours to denote 3 mass ranges. Halos

having mass less than 30th percentile are shown in red. Those having mass between 30th

and 60th percentile are shown in green and the remaining halos are shown in blue. This

plot can be used to check that ionized regions are near dark matter halos.

Figure 3.5 shows such a plot of yz -plane centred at x “ 2.55 h´1 Mpc. We can see

that most of the ionized regions have corresponding bubble circle on the left plot. In the
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Figure 3.5: This figure shows a slice centred at x “ 2.55h´1 Mpc. The left subplot has circles

denoting the centres and calculated projected radii of the ionized bubbles. The right subplot

shows the dark matter halos over the ionized grid points. We can see that the ionized regions are

surrounding the dark matter halos.

right subplot, we see that the large ionized regions are accompanied by many dark matter

halos which is as expected. Figure 3.6 shows the similar plot with same slice for ζ “ 120.

The central location of slice x “ 2.55 h´1 Mpc is the x-coordinate of the centre of volume

of the largest bubble for ζ “ 120. Note that FoF considers periodic boundary conditions

while identifying the bubbles and calculating the centres of volume. Here we see a large

connected ionized region and a large bubble circle having its centre in a corner of the

image. This is because of the non-circularity of the largest bubble formed. The plot on

the right shows ionized grid points even when no halos are present in that region. Voids

are as well getting ionized here. We see that the small bubbles in figure 3.5 have joined to

form a large bubble in figure 3.6. The vertical and horizontal lines on the ionized region

are because of image aliasing.

FoF indexfile returns indices of particle belonging to different bubbles. Using this

we plot only ionized grid points which are part of the largest bubble for ζ “ 120 and

z “ 9 in the slice same as figures 3.5 and 3.6 in figure 3.7. We can see that some of the

ionized regions from figure 3.6 have disappeared.

We also made a 3D visualization video of the largest bubble present for ζ “

60 and z “ 9. The video can be accessed at https://drive.google.com/file/d/

0B11aWOD-uhwAR3hKalhXN0R2OFU/view?usp=sharing
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Figure 3.6: This figure shows similar plot as Figure 3.5 at same slice. Here ζ is 120 instead

of 30. Here we see a large bubble present. We can see that the regions not having dark matter

halos are also ionized here.

Figure 3.7: This figure shows only the largest ionized bubble and ionized grid points correspond-

ing to it from figure 3.6. The halo positions on the right plot, however are corresponding to all

halos in that slice as we cannot associate halos only with a single bubble.
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Chapter 4

Summary and future work

Reionization of the neutral hydrogen is a vital event in the evolution of the universe. There

are various probes to measure the dark matter power spectrum in the post-reionization

era like redshifted 21-cm signal, Lyman-α forests etc. The cross-correlation of these two

signal has been previously proposed to be a probe of the dark matter distribution on the

large scale. The cross-correlation does not have problems of foreground contaminations

as severe as just 21-cm signal.

We used Multi-frequency Angular Power Spectrum (MAPS) defined by Datta et al.

(2007); Guha Sarkar et al. (2011) to calculate the cross power spectrum. We observed that

MAPS did not show the expected behaviour for the variation of ∆z. We also observed

that the amplitude of MAPS depends greatly on the number of lines of sight shot and is

very small comparing data sampled over all lines of sight. This is because of missing kK

modes as we have Lyman-α forests only along few lines of sight. Hence, we stopped using

MAPS and calculated 3D power spectrum for each (k‖, kK) pair. We first calculated it

for 21-cm brightness temperature. We observed circles having equal values in k‖ - kK

plane, as expected because of isotropy. We then calculated the cross power spectrum for

21-cm brightness temperature and Lyman-α forest flux contrast sampled along all lines

of sight.

We plan to continue this work further by calculating the cross power spectrum

where Lyman-α forests are sampled only along randomly shot lines of sight. The next

step would be calculation of noise following Guha Sarkar and Datta (2015) using SKA-1

as the observing telescope and plot contours of signal to noise ratio (SNR) so as to find

k ranges over which detection can be possible in coming years.
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The other project of this thesis was to calculate the distribution of Hii bubbles

formed during the reionization and compare it with the analytical model developed by

Paranjape and Choudhury (2014) that uses ‘excursion set formalism’. We used semi-

numurical calculations for this purpose. We found that the values from simulations

matched well with the analytical model for ζ “ 30 and z “ 9. However, for higher

redshifts the expected ionized fraction by analytical model was significantly lesser than

the values calculated from simulations. Presence of a very large bubble was observed

for ζ = 60 and 120 for z = 9 for all realizations. The calculations at higher resolution

of the grids confirmed that this was not just an effect of poor grid resolution causing

FoF to join the physically distinct ionized regions. The presence of bubble needs further

investigation.

We visualized the ionized regions formed in 2D slices. It was confirmed that the

ionized regions are formed surrounding the halos. We also created a 3D visualization

video of the largest bubble formed.
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