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The universe is a procession
with measured and beautiful motion.
— Walt Whitman,Leaves of Grass, 1855.

Pandit, your thoughts are all untrue:
there is here no universe and no creator.
— Kabir, Bijak, 1515.
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Abstract

Research presented in this thesis follows two threads inrib&dbarea of cosmology:
(1) properties of the intergalactic medium (IGM), and (2nhation of galaxies and their
evolution.

Mainly from observations of absorption systems in highsteff quasar spectra, the
intergalactic medium has been inferred to be ionized, asagalhemically enriched, up
to redshift ofz ~ 6. It is natural to imagine an epoch of reionization in which post-
recombination IGM was ionized due to radiation from starfimg galaxies, which also
enriched the IGM. Reionization has been the focus of largeuatnof theoretical and
observational research in the last decade, much of whicimldglled it in various cos-
mological and structure formation scenarios. With this imahn this thesis deals with
the following issues: (1) the inverse problem of constragrearly star formation from
reionization-related observations; and (2) developitigcsistent models of reioniza-
tion and suggesting new observables. In particular, weystidnization and reheating
of the IGM in overdense regions to probe the role of overdmssin observations of
luminosity function of high redshift galaxies.

In addition to IGM evolution, understanding how observedbracale structure,
including galaxies, can emerge in the well-accepted CosgpnmabConstant-Cold Dark
Matter ACDM) cosmological model is an important open problem. Firstiels of how
galaxy formation occurs in an expanding universe were stugh the 1970s [White &
Rees, 1978; Binney, 1977]. Such models are dealt with in thensethread of this
thesis. We have developed a numerical code that implemesgsaanalytic model of
galaxy formation on top of a dark matter N-body simulatiohisTmodel includes merg-
ers of dark matter haloes, mergers of galaxies, cooling pfdves, formation of satel-
lite galaxies, and consistent population synthesis, dpart information about spatial
distribution. This thesis includes (1) predicting the exmn of the neutral hydrogen
content and its large scale distribution in the universe av@nge of redshifts, and (2)
a study of assembly of supermassive black holes in nuclapbf fredshift galaxies.

Following sections describe above work in more detail. alibns included in the
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thesis are listed later.

Evolution of the IGM

Several observations, primarily the absence of a Gunrréteteérough in spectra of
objects up to: ~ 6, indicate that the IGM is devoid of neutral hydrogen in tladshift
range [Fan, 2006]. Furthermore, intervening absorptiatesys with elements heavier
than Helium, most commonly Carbon, Nitrogen, Silicon anch]faut also others, have
been observed up to this high redshift [Songaila, 2001]. dtbeerved evolution of the
ionization state and chemical enrichment of the IGM at higthshift is an important
clue about the origin of ionizing radiation and metals. Iderto study this, we build
analytic models incorporating the relevant physics, amavdronstraints from available
observations.

IGM reionization and enrichment

We use a simplified approach for studying formation of stailapsed haloes and the
resulting ionization and enrichment of the IGM. We consi@set ofACDM models al-
lowed by observations of CMB temperature and polarizatioscropies for this study
and constrain parameters related to star formation witrh#éip of observations. We
constrain subsets of these parameters independently by the observed metallicity
of the IGM atz ~ 5 and the requirement that the Thomson scattering opticahdipe
to an ionized IGM as determined for the model from CMB obséovatbe reproduced.
We consider a range of initial metallicities for star formigas, and variations of the
initial mass function (IMF) of stars.

We find that a ‘normal’ initial mass function (IMF) may satigshese two constraints
with a raised efficiency of star formation as compared to$kan in the local universe.
We also find that observations require a significant fractbmetals to escape from
haloes into the IGM. We can also place constraints on the cdtescape fraction for
metals and ionizing photons and find that this ratio is of prdety for most models.
Ultra-high mass stars or AGNs may not simplify models of m&ation in that these
may produce more ionizing photons but do not contribute tmlpction of metals and
hence these help in reducing only the escape fraction fazirgnphotons. However,
suppression of very low mass stars is helpful in that it iasess the production of metals
as well as ionizing photons and hence leads to a reductiostindscape fractions. Such
a change is also warranted by observations of metal poostai®in the Galaxy [Bagla,
Kulkarni & Padmanabhan, 2009].

The most important conclusion of this work is that star faiorawithout a signifi-
cant evolution of the IMF is sufficient for satisfying the twonstraints considered here.
The escape fractions, and/or the star formation efficieacgquired to be higher than
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what we see in local galaxies. One can consider other soofdesizing radiation,
indeed at least some of these must be present. But as we hatedoout, these help
in reducing only the escape fraction for ionizing radiataanone of the other potential
sources help in transporting enriched material from thergtéllar medium (ISM) to the
IGM. This highlights the significance of the constraint sxgsfrom IGM enrichment for
epoch of reionization studies.

Probing radiative feedback at high redshift

Observations of galaxy luminosity function at high redshtpically focus on fields
of view of limited size preferentially containing brightwces. These regions possibly
are overdense and hence biased with respect to the globeligged regions. We study
the reionization and thermal history of the universe in dease regions by refining
our reionization model described above to include sevédngipal processes, following
earlier work [Choudhury & Ferrara, 2005].

We find that reionization proceeds differently in overdereggons. Overdense re-
gions are ionised earlier because of enhanced number afeand star formation. In
addition, these regions have higher temperatures becéwsdanced recombinations
and hence the effect of radiative feedback is enhanced toparticular, the shape of
the galaxy luminosity function for biased regions is verfjedent from that for average
regions. There is a significant enhancement in the numbeigbfiass galaxies be-
cause of bias, while there is a reduction in low-mass gasapasulting from enhanced
radiative feedback. Also, because of the enhanced feedhaoknosity function in
overdense regions is more sensitive to reionization histompared to average regions.
The effect of radiative feedback shows up at absolute AB rad@s M g = —17 in
these regions, while it occurs at much fainter magnituties; ~ —12 for average
regions [Kulkarni & Choudhury, 2011]. This order of magniuchange, visible for ab-
solute AB magnitudé/,g = —17 atz = 8 in the overdense-region luminosity function
should be detectable with the James Webb Space Telescopd (W ear future. This
will serve as an additional probe of radiative feedback aeick reionization at high
redshifts.

Galaxy formation and evolution

Formation of galaxies is a crucial ingredient of models edmezation. In the models
described above, galaxy formation is implemented by catmg the mass function
of dark matter haloes (number of haloes per unit volume asetifun of halo mass)
and their formation rates (number of haloes created perwahitme per unit time),
and accounting for the baryonic processes like cooling aadifack to populate haloes
with galaxies. In this thesis, we study the problem of catiogy formation rate of
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haloes for the Sheth-Tormen form of the mass function. Weutate this rate of haloes
and compare it with N-body simulations. Next, in order toca#te various quantities
beyond their global average, as is done in the above modelanplement a detailed
semi-analytic model of galaxy formation on top of a dark mai-body simulation.
Finally, we also consider the problem of assembly of supssiwa black holes in these
galaxies.

Mass function and formation rates of dark matter haloes

We consider the issue of deriving analytic estimates of &irom rates of dark mat-
ter haloes [Mitra et al., 2011]. The commonly used Sasalsgrngtion [Sasaki, 1994]
gives unphysical results when applied to the Sheth-Torraen bf mass function. We
develop a new prescription to calculate halo formation, iag¢eng excursion set formal-
ism but avoiding the assumption of scale invariance of haktrdction rate efficiency
made by Sasaki. In our prescription, we introduce a pararagtiee smallest fractional
change in mass of a halo before we consider it as destrudtitie @ld halo and forma-
tion of a new halo. We show that the halo destruction rate ismependent of mass
even for power law models and hence the basis for the Sassdizatioes not hold. Two
prominent features of the halo destruction rate are thelrigthi at large masses, and
a pronounced peak close to the scale of non-linearity. Tlaé& emore pronounced
for smaller values ot. Using the excursion set approach for the Sheth-Tormen mass
function leads to positive halo formation rates, unlike gremeralization of the Sasaki
ansatz where formation rate at some mass scales is negative.

We compare the destruction rate and the halo formation @guated using the
excursion set approach with N-Body simulations. We find thatapproach matches
well with simulations for all models, at all redshifts, anidafor different values of
e. In some cases there are deviations between the simulaiahthe theoretical esti-
mate. However, these deviations are much smaller for thersxmn set based method
as compared to the Sasaki method. We also study sourcessefshmall deviations.

Post-reionization H1 distribution

In addition to considering globally averaged analyticaldels of the kind discussed
above, we also perform semi-analytic simulations of galaxgnation that allow us to
go beyond the average and consider, for example, the effedtstering on galaxy
properties.

We have developed a semi-analytic model of galaxy formdtiahtakes many phys-
ical processes into account by using the output of dark mattbody simulations.
Merger trees of dark matter haloes are obtained from thelatrons and baryonic
physics is then implemented in each halo. This involves nsoalestar formation and
evolution, gas heating and cooling, supernova feedbaakarical friction effects on
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satellite galaxies, and major and minor mergers of galaXiss first application of this
model, we study the distribution of neutral hydrogeniJlih post-reionization universe.
Whereas almost all of the matter in pre-reionization unwessin the form of neutral
hydrogen, much of the hydrogen in the IGM is ionized durirgepoch of reionization.
As a result, after reionization, most neutral hydrogen ifioed to the ISM of galaxies
and in small-scale, partially ionized clumps in the IGM. §Bhows that a consistent
model of galaxy formation is valuable in understandingriistion post-reionization
neutral hydrogen. In turn, this will be important for futunbservations of the 21cm
power spectrum with experiments like Low Frequency Arra@ BAR) and the interfer-
ometric array at Ooty Radio Telescope (ORT) which aim to oles#iuctuations in this
distribution. (Post-reionization observations with tHe line correspond roughly to
observations at frequencies higher than 100 MHz.)

This problem has been tackled in the literature before [Bagleandai & Datta,
2010]. However, neutral hydrogen has been prescriptivatiier than self-consistently,
assigned to host dark matter haloes of galaxies. Thus maosntwork does not take
key processes of baryonic evolution into account. Some egists on distribution of
cold gas at low redshifts:(< 2) using models of galaxy formation [Kim et al., 2011].
We extend these results to higher redshifts to understarad future observations of
neutral hydrogen will imply for galaxy evolution.

Growth of SMBHSs in galactic nuclei

Supermassive black holes (SMBHSs) are known to exist in thgebabmponents of al-
most every massive galaxy in the local universe. These SMBMs imteresting correla-
tions with the properties of the bulge that they inhabit. btwrer, observations af~ 6
quasars imply that SMBHSs already existed at that high reds8till, the assembly of
these SMBHs is an ill-understood subject.

We study the dynamical aspect of SMBH assembly by examiniagdhmation of
groups of multiple SMBHSs in gas-poor galactic nuclei due t® lilgh merger rate of
galaxies at high redshifts. With simple estimates of theattaristic time scales, we
show that systems with more than two SMBHSs are generally eggdo exist in the
merger history of a Milky Way-mass galaxy fer> 1. We then calculate the relative
likelihood of binary, triple, and quadruple SMBH systemsgbwysidering the timescales
for relevant processes and combining merger trees withrateedirect summation N-
body simulations for the dynamics of stars and SMBHSs in galauiclei. We show
that halos that have mass 10'® M, at = = 0 will generally have more than two
closely interacting SMBHSs at around~ 5. We study the dynamics of these systems
and show that many of them can survive for several Myr befongshot effects and
gravitational wave recoil deplete them. Most of these higissgalaxies are left with a
single SMBH at: = 0. The existence of multiple SMBH systems leads to an enhanced
rate of tidal disruption of stars, to modified gravitationehve signals compared to
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isolated BH binaries, and to slingshot ejection of SMBHSs fratagies at high speeds.

High mass galaxiesM/ > 10'* M, at z = 0) are generically expected to have
had compact multiple SMBH systems in their nuclei duringrthesembly history. Al-
though they undergo major mergers, galaxies comparableetdtilky Way in mass
(=~ 10'2 M) rarely have more then two SMBHs in their nuclei at any momertheir
assembly history. Both categories of galaxies are rarelgewg to retain more than
two SMBHs in their nuclei at the present epoch. Within our mo8®&IBH coalescence
is common and in galaxies with smaller mass, the subseqgeeoil due to anisotropic
gravitational wave emission often results in escaping SMBStsme of these SMBHs
add to the wandering population of black holes in the galdetilo. In a few cases,
this process also results in galactic nuclei with no SMBH rikair centres. In larger
galaxies, BH-BH interaction can also lead to escaper SMBHsdatthetslingshot mech-
anism. Systems with more than two SMBHSs seldom last for mane drelaxation time.
These systems reduce to those with two, one, or zero blaelks @ slingshot escapes,
coalescences and gravitational wave recoils. We estirhatsignature of such systems
on bulge profiles, left because of bulge heating and scouring

Conclusion

Chief contribution of this thesis is (1) to state conditionsler which observed metal en-
richment of IGM at high redshift is consistent with accepteinization scenarios; (2)
to provide a new, independent observable to constrainiggtan history and feedback
at high redshift; (3) to develop a better analytical techritp calculate formation rate
of dark matter haloes; (4) in using accurate N-body simaitestito understand dynam-
ical effects associated with SMBH assembly in galactic ripeled (5) to understand
post-reionization distribution of Husing a consistent semi-analytic model of galaxy
formation.

This work can be extended further in several ways. One plassiiension is to
incorporate outflows in our semi-analytic model of galaxgniation to study IGM en-
richment. This will set earlier models of enrichment as alltesf wind-blown bubbles
[Furlanetto & Loeb, 2003; Samui, Subramanian & Srianan@82@ a simulation of
large scale structure. This is likely to result in an underding of effects of a multi-
phase interstellar medium and clustering of galaxies. Aisegossible extension is
to model luminosity functions of quasars and galaxies ah heglshifts [Shen, 2009]
simultaneously. This follows naturally from our work on g&y luminosity functions
[Kulkarni & Choudhury, 2011] but involves aspects like blaukle assembly and ac-
cretion that we have not considered yet like properties efl $#ack holes, their merger
rates, and dynamical effects like three-body interactidrise chief motivation behind
this is the discovery of luminous quasars at redshifts 6 [Fan, 2006; Mortlock et al.,
2011].
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Chapter 1

Introduction

The problem of how galaxies and the inter-galactic mediu@M) form and evolve
has been described as the “final frontier of cosmology” [Br@mm & Loeb, 2007].
Last two decades have seen significant advances in obssaitistronomy. Firstly,
the geometry, and hence the energy content, of the univensew well-constrained
with observations of the cosmic microwave background (CMBjation [de Bernardis
et al., 2000; Komatsu et al., 2011]. These constraints atbduimproved by observa-
tions of clustering of galaxies, high redshift supernowveeak gravitational lensing and
the Lymane forest [e.g. Seljak, Slosar & McDonald, 2006]. Secondlgra@asingly
accurate measurement of anisotropies in the CMB brightreespdrature and polar-
ization have confirmed the idea that the large scale streigtuthe universe formed
as a result of evolution of small-amplitude density fludiuad at early times [Bennett
et al., 1996; Larson et al., 2011]. Ever powerful surveys aird objects—galaxies
and X-ray clusters of galaxies—seem to suggest that abeedz#rsuch objects can be
explained by suitably extrapolating the CMB anisotropiesrtall scales [Lilly et al.,
1996; Adelman-McCarthy et al., 2008]. Thirdly, observaidgrave probed conditions
in the universe at increasingly higher redshift through de¢ection of galaxies and
quasars. Current highest redshift quasar observatiorzis-al [Mortlock et al., 2011]
and the spectra of several~ 6 quasars have been well studied to constrain the IGM
evolution [Fan, 2006]. The most distamtray burst (GRB) candidate is reported at
z ~ 8.2 [Tanvir et al., 2009; Salvaterra et al., 2009], while thehsigt redshift galaxy
candidate is at ~ 10 [Bouwens et al., 2011]

This third development is expected to be particularly wnstental in helping us
understand galaxy formation and evolution of the IGM. Crupi@ablems here are to
understand when and how the IGM was reionized, how did it getmecally enriched

1For comparison, until 1990, the most distant known quasare at redshifts < 4, galaxies were
atz < 2 and GRBs were essentially only at~ 0. See Zhang [2009] for a timeline of redshift record-
breakers.



and how do galaxies observed in the local universe resutt fre standard cosmolog-
ical model. Research presented in this thesis follows thesads in the broad area of
cosmology. In this chapter, we introduce this subject aagdeit in the context of the
Lambda Cold Dark Matter (LCDM) cosmological model. We alsaeenvkey observa-
tions in this field.

1.1 The Standard model

Our current understanding of the universe can be collectieda set of principles that
has come to be called the Standard Model of cosmology [Peel883; Peacock, 1999].
It has gathered empirical confirmation from a variety of ipeledent observations. In
this picture, the universe had its origin in a singularitjyre-t'Big Bang”—of infinite
density and temperature about 13.7 billion years ago. Ths immediately followed
by a period of accelerated expansion called inflation thetethfor just about0—3* s
but increased the size of the universe by about 60 e-foldigthe end of inflation, the
universe was highly homogeneous on large scales, but hddsrake inhomogeneities
that evolved out of quantum fluctuations. Its energy dengéyg dominated by the con-
tribution from relativistic matter (radiation and neuts8). Radiation was in equilibrium
with the non-relativistic matter via Compton and free-freattering. The universe was
also expanding. As a result, its temperature was falling vatishiftz as(1+ z). When
the temperature dropped to 3000 K at z ~ 1100, protons and electrons combined
to form hydrogen atoms, and radiation decoupled from mafféis gave rise to the
CMB, which is said to have emerged from a “last scattering setfaAt this time, the
energy density of the universe was dominated by non-re&étvnatter, and the CMB
carries an imprint of the inhomogeneities of the last-geat surface. In this section,
we begin by introducing elements of the Standard Model that @ith the evolution of
these inhomogeneities.

1.1.1 Linear perturbations in an expanding Universe

Einstein argued theoretically that the distribution of teaand radiation in the universe
should be isotropic and homogeneous at large scales. Tkigign as the cosmolog-
ical principle [Peebles, 1993; Peacock, 1999]. Isotropyow well-established thanks
to observations of the CMB, and of optically-selected gakxiee X-ray background,
and faint radio sources [Wu, Lahav & Rees, 1999]. Althouglience for homogene-
ity is weaker, isotropic and inhomogeneous cosmologi@béservationally excluded
[Goodman, 1995; Yadav et al., 2005; Bagla, Yadav & Sesha@082Sarkar et al.,
2009].

Kinematics in the most general isotropic and homogeneoasesis described by



the line element

dR?
1—-kR?

ds® = dt* — a*(t) + R*(d6? + sin® 0d¢?) | , (1.1)
wherea(t) is called the cosmological scale factor &l 6, ¢) are spherical comoving
coordinates. The scale factor describes the expansioreafriverse and the constant
k determines its geometry. As a result, observers at restineaheest at fixed R, 6, ¢)
while their physical separation changes with time in préipartoa(t). A given observer
sees a nearby observer at physical distaDaeceding at the Hubble velocity (¢) D,
whereH (t) = a(t)/a(t) is called the Hubble parameter. Light emitted by a source at
time ¢ is observed at = 0 (“today”) with a redshiftz = 1/a(t) — 1, where we have set
a(0) = 1.

Dynamics of matter and radiation in the space-time desgriyeEquation (1.1) is
described by the Einstein field equations of general retgtiwhich for the metric in
Equation (1.1) take the form

81G k
H*(t) = —p— —. 1.2
This equation is known as the Friedmann equation [FreidmE®22; Weinberg, 1972].
It relates the expansion of the universe to its matter-gnewgtent. For each component
of the energy density, with an equation of state(p), the density varies with time to

conserve energy

d(pR*) = —pd(R®). (1.3)
Using this, we can now recast the Friedmann equation as
HE)  [Qn Q0]
S e N e Rl I 1.4
H, e + 85 + o + o2 (1.4)

Here, fori = m, A, andr, we defineQ); = p;/p., wherep. = 2H?(t)/87G is a
parameter called the critical density. The quartityis called the cosmological density
parameter of specigs We also defing?, as the value of{ (¢) att = 0 and(}, as the
value of(2,, + Q, + 2, att = 0. The quantity(), is given by

Q=1- Q. (1.5)

A cosmological model with2,, = 1 and2, = Q, = 0 is particularly simple. It is
known as the Einstein-de Sitter model. Although it is obagonally ruled out, other
models with non-zer€), approach the Einstein-de Sitter model at high redshift.

The most-favoured cosmological model according to cuwbservations haQ,,, =
0.27 £ 0.01, Q4 = 0.726 & 0.015 and Hy = 100 h km s~! Mpc~!, whereh = 0.705 &+
0.013 [Komatsu et al., 2011].



As mentioned before, observations of the CMB show that thegeuse was ex-
tremely uniform at the last scattering surface, but hadialpfictuations in the energy
density of roughly one part in0°. These fluctuations grow over time due to gravita-
tional instability. In the standard model, formation of stlucture in the universe—like
galaxies and clusters of galaxies—is attributed to theséui#tions. In order to describe
these fluctuations, we now distinguish between physical Grdoving coordinates.
In vector notation, the physical coordinateorresponds to the comoving coordinate
x = r/a. We describe the matter content of the universe as an ides$pre-less fluid
of particles each of which is at fixex, expanding with the Hubble flow = H(¢)r
wherev = dr/dt. Onto this uniform expansion, we impose small fluctuatignsen by
a relative density perturbation

six) = 28 . (1.6)

where the mean fluid density s Then the fluid is described by the continuity and
Euler equations in comoving coordinates

00 1

E + av . [(1 + 5)11] =0 2.7)
ou 1 1
o + Hu + a(u Viu = —EV(b (1.8)

The gravitational potentiab used above is given by the Poisson equation, in terms of
the density perturbation
V3¢ = 47Gpa®s. (1.9)

Note that we are now working in the Newtonian approximatihijch is valid since
the relevant scales are much smaller than the Hubble schier@tions imply that the
non-relativistic matter in the universe is composed of caldakly-interacting massive
dark matter particles in addition to the normal baryonicterail herefore, to understand
the evolution of the perturbations introduced above, weettavsolve the above three
equations for baryons and dark matter separately. The fesdrgption is then valid only
until different particle streams cross. This “shell cragsitypically occurs only after
perturbations have grown to become non-linear. Similédyyons can be described as
a pressure-less fluid only so long as their temperature iggiayg small.

For small perturbation$ < 1, the fluid equations can be linearized and combined
to yield )

% + ZH% = 4w Gpo. (1.10)

This linear equation has two independent solutions in genenly one of which grows
with time. Starting with random initial conditions, the ywing mode” comes to dom-
inate the density evolution. As a result, the density pbdtion maintains its shape in



comoving coordinates and grows in proportion to a growthoia®(¢). The decaying
solution is given simply by the Hubble parameté(t). As a result, the growing mode
can be obtained using the Wronskian [Heath, 1977]. It is ginen

D(t)

3 1/2 ra 3/2
(Qpa® + Qpa + Q) / ( a*?da (1.11)

a®/? Qna® + Qra + Q)32

where we have neglected,. [Peebles, 1980]. In the Einstein-de Sitter universe, the
growth factor is proportional to the scale factdt).

The density fluctuation§(x) can be described in Fourier space, in terms of Fourier
components

ok = /d3x5(x) exp (—ik - x), (1.12)

wherek is the comoving wavenumber. Fourier description is paldityiuseful because
we assume that perturbations in the universe are genenaiatldsion [Kolb & Turner,
1990]. Inflation generates perturbations given by a Ganssiadom field, in whiclk-
modes are statistically independent, each with a randomsepdne statistical properties
of the fluctuations are determined by the variance of thesfitk-modes, and the
variance is described in terms of the power spectf(ii) as follows

(0x05) = (2m)3P (k)6 (k — K, (1.13)

whered® is the three-dimensional Dirac delta function. In the StaddViodel, in-
flation produces a primordial power-law spectrutik) o k" with n ~ 1. Growth
of perturbations in the radiation-dominated and then th#gendominated universe re-
sults in a modified final power spectrum, characterized byreoter at a scale of order
the horizonc/ H at the matter-radiation equality, and a small-scale asytighape of
P(k) o< k»~*. On large scales the power spectrum evolves in proportitimetequare of
the growth factor and this simple evolution is termed lin@aslution. On small scales,
the power spectrum changes shape due to the additionalmear-gravitational growth
of perturbations, yielding the full, non-linear power spem. The overall amplitude of
the power spectrum is not specified by current models of inflatind it is usually set
observationally from CMB and observations of galaxy clustgr

Since density fluctuations exist on all scales, in order terene the formation
of objects of a given size or mass, it is useful to considerstla¢istical distribution
of the smoothed density field. Using a window functioll’(y) normalized so that
[ &*>y W(y) = 1, the smoothed density perturbation fieldd*yd(x + y)W (y), it-
self follows a Gaussian distribution with zero mean. For plagticular choice of a
spherical top-hat, in which¥’ = 1 in a sphere of radiug and is zero outside, the
smoothed perturbation field measures the fluctuations irmé&es in sphere of radius
R. The normalization of the present power spectrum is oftatifipd by the value of
os = o(R = 8h~'Mpc). For the top-hat, the smoothed perturbation field is denéted



or 57, where the mass/ is related to the comoving radiug by M = 4rp,, R3/3, in
terms of the current mean density of maitgr The variance of4,,)? is

o*(M) = o*(R) = /Ooo %HP(@ {3‘71]{521%)}2,

wherej;(z) = (sin(z) — xcos(z))/x*. The functiono (M) plays a crucial role in
estimates of the abundance of collapsed objects. The d¢urest-fit value ofog is
0.812 + 0.026 [Komatsu et al., 2011].

(1.14)

1.1.2 Formation and abundance of non-linear objects

The small density fluctuations seen in the CMB grow over timdessribed in the pre-
vious subsection, until the perturbati®lbbecomes of order unity, and the full non-linear
gravitational problem must be considered. The dynamichagse of a dark matter
halo can be solved analytically only in cases of particwanmsetry. If we consider a
region which is much smaller that the horizeH —*, then the formation of a halo can
be formulated as a problem in Newtonian gravity, in somesasth minor corrections
coming from General Relativity. The simplest case is thafpbiesical symmetry, with
an initial top-hat of uniform overdensity inside a sphere of radiu8. Although this
model is restricted in its direct applicability, the reswt spherical collapse have turned
out to be surprisingly useful in understanding the propsréind distribution of haloes
in models based on cold dark matter.
The collapse of a spherical top-hat is described by the Naamoequation
2

% = HZQpr — G;—ZQW, (1.15)
wherer is a physical radius and/ is the total mass enclosed within radits The
enclosed) grows initially aso;, = 9,D(t)/D(t;) in accordance with linear theory, but
eventuallyy grows faster than,. If the mass shell at radiusis bound then it reaches
a radius of maximum expansion and subsequently collapsetheAnoment when the
top-hat collapses to a point, the overdensity predictedrimal theory ish;, = 1.686
in the Einstein-de Sitter model, with only a weak dependenc,, and(2,. Thus a
top-hat collapses at redshiftf its linear overdensity extrapolated to the present day is

1686

e

(1.16)

where we seD(z = 0) = 0.

Even a slight violation of the exact symmetry of the initi@rurbation can prevent
the top-hat from collapsing to a point. Instead the halolea@ state of virial equilib-
rium by violent relaxation. Using the virial theoreth = —2K to relate the potential



energyU to kinetic energyK in the final state, the final overdensity relative to the av-
erage density of collapsed matter at the collapse redshift.i= 187% ~ 178 in the
Einstein-de Sitter model. In the LCDM universe, we get

A, = 187% + 82d — 3947, (1.17)
whered = Q2 — 1 is evaluated at the collapse redshift, so that
1 3
0 — (1 +2) (1.18)

Q1423+ Qp + (1 + 2)2
Thus, a halo collapsing at redshifhas a physical virial radius [Barkana & Loeb, 2001]

M V3o, A, 172 142\ 7"
=078 —— m e “kpe, 1.1
T = 0.78 (108h1M@) {Qm 1874 ( 10 ) hkpe (1.19)

and a corresponding circular velocity,

v (CMNY gy (M NP0 AR N
‘ S\ 1M, ) [, 1802 10 '
(1.20)

Tvir

We also define a virial temperature

2/3 1/3
pm,, V2 4 ( i M Qn A 1+2
Ty = =1 10° (=) | —=— K
T ok 98 > 10 O.6> (108h11\/[® Q= 1872 10 ’
(1.21)

wherey is the mean molecular weight and, is the proton mass. Note that the value of
1 depends on the ionization fraction of the gas: 0.59 for a fully ionized primordial
gas,u = 0.61 for a gas with ionized hydrogen but only singly ionized Heliand

pu = 1.22 for neutral primordial gas. The binding energy of the halapproximately

1 GM? M Bra. A, 1V /142
== =545 x 102 | ——— S —— h~erg.
Fei 8 <108h—11\/{@) {Qm 187?21 ( 10 ) o8
(1.22)

The binding energy of baryons is smaller by a factor equddédoaryon fractiof, /€2,,,.

Although spherical collapse captures some of the physiesrgong the formation of
halos, structure formation in cold dark matter models pedsehierarchically. At early
times, haloes continuously accrete and merge to form higtsinaloes. Numerical sim-
ulations of hierarchical halo formation indicate a rouginhyversal spherically-averaged
density profile for the resulting haloes though with consatiée scatter among differ-
ent haloes [Navarro, Frenk & White, 1995; Bullock, Kravtsov &Mberg, 2000]. The
NFW profile has a form

Ey

_sH}
Ye.

Q e

1 3
(1+2) Qz, enx(l + eyx)?’

(1.23)

p(r)



wherez = r/ry;, and the characteristic densityis related to the concentration param-

etercy by

3
A, C

50 - 3 1I1(1—|—CN) —CN/(l—l—CN)' (124)

The concentration parameter itself depends on the halo Masg a given redshift.
Note that the dense, cuspy halo profile predicted by CDM madelst apparent in the
mass distribution from measurements of rotation curvesa@irtigalaxies [e.g. Salucci
& Burkert, 2000]. We comment on this in detail later in thisgise

In addition to characterising the properties of individhaloes, a critical predic-
tion of any theory of structure formation is the abundancéalbes, i.e., the number
density of haloes as a function of mass at any redshift. Tiadiption is an important
step toward inferring the abundance of galaxies and gallsfers. While the number
density of haloes can be measured for particular cosmaagieumerical simulations,
an analytic model helps us gain physical understanding ande used to explore the
dependence of abundances on all the cosmological paraneter

A simple analytic model, which successfully matches mostteihumerical simula-
tions was developed by Press & Schechter [1974]. The mothalsed on the ideas of a
Gaussian random field of density perturbations, linearigatwnal growth, and spheri-
cal collapse. To determine the abundance of halos at a fedshie usej,,, the density
field smoothed on a mass scalé. Although the model is based on the initial condi-
tions, itis usually expressed in terms of redshift-zeroqtia@s. Thus, we use the linear
density field at high redshift extrapolated to the presemhavit including non-linear
evolution. Since),, is distributed as a Gaussian variable with zero mean andatdn
deviationo (M), which depends only on the present power spectrum, the pildpa
thatd,, is greater than someequals

h —1 — O —lerc L
/5 ddns 270 () exp{ 202(M):| =3 f (\/50). (1.25)

The fundamental ansatz is to identify this probability witle fraction of dark matter
particles which are part of collapsed haloes of mass gréader\/ at redshiftz. There
are two additional ingredients: first, the value useddfds 6.(z), which is the critical
density of collapse found for a spherical top-hat; and sectire fraction of dark matter
in haloes abové/ is multiplied by an additional factor of 2 in order to ensurattevery
particle ends up as part of some halo with> 0. Thus, the final formula for the mass
fraction in haloes abov&/ at redshiftz is

F(> M|z) = erfc (%”) . (1.26)

This ad hoc factor of 2 is necessary, since otherwise onlgipefluctuations of,,
would be included. Bond et al. [1991] found an alternate @iow of this correction
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factor, using a different ansatz. In their derivation, thetér of 2 has a more satisfactory
origin, namely, the so-called cloud-in-cloud problem: #ogiven mass\/, even iféd,,

is smaller thanj.(z), it is possible that the corresponding region lies insidegian
of some larger mass/;, > M, with §,;, > 6.(z). In this case the original region
should be counted as belonging to a halo of mags Thus, the fraction of particles
which are part of collapsed haloes of mass greater fifan larger than the expression
in Equation (1.25). Bond et al. [1991] showed that, underaserassumptions, the
additional contribution results precisely in a factor ofdrection.

Differentiating the fraction of dark matter in haloes abovass)M yields the mass
distribution. Lettingdn be the comoving number density of haloes of mass betwéen
andM + dM, we have

j—j\rj[ = %pﬂm%yexp (—12/2), (1.27)
wherer = d.(z)/o(M) is the number of standard deviations which the criticalajudle
overdensity represents on mass scdle

A better fit to the number density of haloes in simulationsraf/gational clustering
in the CDM models is given by Sheth & Tormen [1999].

dlno
dM

2 nr
Ner(M, t)dM = A {’M (av)"?

[1+ (av) ] exp (—a—;) dM,  (1.28)

where the parameters p, and A have best fit values of = 0.707, p = 0.3 and
A = 0.322 [Sheth & Tormen, 1999].

1.1.3 Key observations

Main observational evidence in support of the inflationargrsario comes from obser-
vations of the CMB, showing temperature anisotropies on larggilar scales, which
are interpreted as the results of the primordial densitytdligons at the decoupling
epoch [e.g. Jarosik et al., 2011]. The same measuremerfisnctinat the fluctuations
are adiabatic and the value of the spectral index is the cedigied by the inflationary
model, although there is an indication for a possible rugsipectral index, withh > 1
on large scales and < 1 on small scales [Komatsu et al., 2011; Larson et al., 2011].
As we mentioned before, the amplitude of the power spectsurotipredicted by the
model and has to be set observationally. Historically, lthisbeen derived by comparing
the observed CMB quadrupole anisotropies with theoreticas@r from abundance of
galaxy clusters [Wright et al., 1992; Efstathiou, Bond & Whit®92]. This method
has now been complemented by measuring the amplitude ofotergspectrum from
available large galaxy redshift surveys [Lahav et al., 200&e main problem related
to the latter method is the attempt to estimate the disiohutf matter using galaxies
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as tracers. In fact, as the galaxies form preferentiallygh kdensity regions of the mass
distribution, they are more strongly correlated than théeulying distribution and an
additional factor, the bias, should be specified. It has lbeend from the 2dF Galaxy
Redshift Survey that, at least on large scales (5+-3QMpc), optically selected galaxies
do indeed trace the underlying mass distribution [Verdd.e2@02].

An alternative method to measul&k) is based on observations of the high-redshift
Ly« forest. The method is motivated by the physical picture tiastemerged from hy-
drodynamical cosmological simulations and related semaiydical models, in which
typical Ly« forest lines arise in a diffuse IGM. The thermal state of tbis-density
gas is governed by simple physical processes, which leatigbtecorrelation between
the Ly« optical depth; and the underlying matter density [Bi & Davidsen, 1997; Hui,
Gnedin & Zhang, 1997]. Thus, as the transmitted flux in a QS&xtspm iSF = ™7,
one can extract information about the underlying mass tefisld from the observed
flux distribution [Croft et al., 1998, 1999]. These works camfa basic prediction of the
inflationary CDM scenario: an approximately scale invargpectrum of primeval fluc-
tuations modulated by a transfer function that bends it tdwd—* on small scales. A
possible caveat on these applications is that radiativestea effects are not included in
current numerical simulations of the dwforest [Bolton, Meiksin & White, 2004]. Such
effects might blur the polytropic temperature-densityatien derived from the simu-
lations and usually adopted, hence introducing a non-giedgi error on the predicted
cosmological spectrum.

A wealth of information about the initial density fluctuai®is expected to come
from the 21 cm line in absorption against the CMB, frem= 200 down to the epoch
of the first structure formation. However, the main chalkefigr this kind of experi-
ment is its observability. We discuss this method in moraitleéelow. Also see the
comprehensive review by Furlanetto, Oh & Briggs [2006].

To prove or disprove the existence of a universal densitfilpréor dark matter
haloes, accurate and extensive observations are needeethadrargely applied in the
past to the study of the density profiles relies onrdtation curves, although the spatial
resolution of these observations is rarely good enough ttonsaningful constraints.
This is true both for the rotation curves of the low surfadgliiness galaxies and late-
type dwarf galaxies, which are sometimes consistent with aconstant density core
and a cusp, indicating that Hotation curves do not have enough resolution to discrim-
inate between the two models [van den Bosch et al., 2000; Bor&eSalucci, 2001;
Kleyna et al., 2003]. Only in a few cases it has been possibtietive a meaningful
value of 3 (the inner logarithmic slope) giving.55 < § < 1.26 at a99.73% confi-
dence level for a low surface brightness galaxy (LSBG), wislbhuld be consistent
with the NFW slope, and & < 0.5 for two dwarf galaxies at the same confidence level,
more consistent with a flat core [van den Bosch et al., 2080Q] rotation curves have
a higher spatial resolution and rise more steeply in theripaets that the H rotation
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curves [Swaters, Madore & Trewhella, 2000]. Also, opticahtion curves have been
used, indicating that the NFW profile provides a good fit to 66%he 400 galaxies
in the sample analyzed by Jimenez, Verde & Oh [2003], whilgo&falaxies are well
fitted by an isothermal profile with a core. Based on optical i@utio rotation curves,
it is confirmed that spiral galaxies have a universal rotatiorve, characterised by one
single free parameter, the I-band luminosity: low-lumibospiral galaxies show ris-
ing rotation curves out to the optical radius, while high Inasity ones are flat or even
decreasing [Persic, Salucci & Stel, 1996]. On the other hH®T observations have
revealed that elliptical galaxies have cusps which cosetitaward the center until the
resolution limit. Bright elliptical galaxies have a shallewspy core with).5 < 5 < 1,
while faint ones have ~ 2 [Merritt & Fridman, 1996].

Alternatively, the density profile of dark matter haloes t@ninvestigated through
gravitational lensing experiments. It has been arguedrtdially distorted, gravita-
tionally lensed images of background sources in galaxytetasthe so-called radial
arcs, require a flat core in the cluster density profile. Thigily be consistent with
the high resolution map of the = 0.39 cluster 0024+1654 in which a very smooth,
symmetric and non-singular core is observed [Tyson, Koskia%a dell’Antonio, 1998;
Oguri, Taruya & Suto, 2001]. Nevertheless, it is also clairtieat the NFW profile can
produce radial arcs despite its central singularity, acatdd by some more recent ob-
servational data [Bartelmann, 1996]. But observations afataucs are so scarce that
larger samples are needed.

Finally, as integral measures of weak gravitational lejmsig dark matter haloes,
like the aperture mass, are sensitive to the density prdfiese can be used to dis-
criminate between an isothermal and a NFW profile. In pddicuas the halo mass
range probed by the aperture mass is much wider for a NFW @rafiunts of haloes
with significant weak lensing signal are powerful discriatiors [Bartelmann, King &
Schneider, 2001].

1.2 Galaxy formation

Now that we have specified a cosmological model and can cartpatabundance of
dark matter halos, we are in a position to introduce modeggtzxy formation. We can
get a flavour of the subject by considering a simple galaxgn&diion model. Suppose
we take each dark matter halo and assign to it a luminositysttedes linearly with the
halo mass. Thus, each halo is given a fixed mass-to-light. r@iiWe do not make any
assumption about how this light is distributed among thexjak within the halo.) We
can then compare the prediction of this simple model withltineinosity function of

galaxy groups—the observed abundance of galaxy groups @sctidn of their total

luminosity, as measured in the 2dF galaxy redshift surve¥ky et al. [2004]. It is

found that this simple prediction gives a poor match to theeoled luminosity function
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of groups [e.g. see Figure 6 of Baugh, 2006]. Thus if we are tairréhe otherwise
successful LCDM model, our prescription of a constant madgght ratio is not valid.
We can reverse-engineer instead to find the mass-to-ligiot ttaat will match the
predictions with observations. It is seen that the raticowdst for haloes with mass
10'2h~1 M, and rises by a factor of 6 for haloes with lower and higher nfi¥asg,
Mo & van den Bosch, 2003; Eke et al., 2004]. Thus, this simplesateration shows
that galaxy formation is most efficient in haloes with a dertaass, namely 02,1
M. Furthermore, we learn two important properties of galaotyrfation. Firstly, the
efficiency of galaxy formation is low. Most baryons do not endas stars. Observations
suggest that galaxy formation is not particularly efficiatturning hot gas into cold gas
and stars [Balogh et al., 2001]. It has been shown that onlytal®o of baryons are in
stars, depending on the stellar initial mass function (IM§3umed [Cole et al., 2001].
An even smaller fraction is in the form of cold gas today [Zwaéal., 2003]. Secondly,
the efficiency of galaxy formation is not the same in haloeditdérent mass. Thus, the
mass of the dark matter halo seems to play an important rgjalaxy formation. Direct
observational evidence for this is strong [Eke et al., 20@#ig et al., 2005].

1.2.1 Gas infall and fragmentation

We begin by discussing the gravitational instability seenan which primordial den-
sity perturbations grow through gravitational Jeans iniitg to form the complex struc-
tures we observe today.

The Jeans length ; was originally defined in Newtonian gravity as the critical
wavelength that separates oscillatory and exponentiatiwigpg density perturbations
in an infinite, uniform and stationary distribution of gasn €caled smaller than\;,
the sound crossing timg/c, is smaller than the gravitational free-fall timg;p)~'/2,
allowing the build-up a pressure force that counteractsityraOn larger scales, the
pressure gradient force is too slow to react to a build-upheféttractive gravitational
force. The Jeans mass is defined as the mass within a sphadia$ X;/2, M; =
(47/3)p(As/2)3. In a perturbation with a mass greater theh, the self-gravity cannot
be supported by the pressure gradient, and so the gas idlengiggravitational col-
lapse. This Newtonian derivation of the Jeans instabilitijess from a conceptual in-
consistency, however, as the unperturbed gravitatiome¢fof the uniform background
must induce bulk motions [Binney & Tremaine, 2008]. This insistency has to be
remedied when the analysis is done in an expanding universe.

The perturbative derivation of the Jeans instability ciite can be carried out in
a cosmological setting by considering a sinusoidal pedtiovh superposed on a uni-
formly expanding background. Here, as in the Newtoniantlithere is a critical wave-
length \; that separates oscillatory and growing modes. Althougletipansion of the
background slows down the exponential growth of the amgditio a power-law growth,
the fundamental concept of a minimum mass that can collaEse/aiven time remains
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the same [Kolb & Turner, 1990; Peebles, 1993].

We can do this calculation by considering spherical fluatutin the gas and dark
matter densities in the form of a single spherical Fouriedenon a scale much smaller
than the horizon:

Pdm(ﬁpt) zt)ﬁdm(t) _ 5dm(t)smk(fr)’ (1.29)
pu(r,t) — pp(t) sin(kr)
ﬁb(t) 5b(t) o , (130)

whered are the overdensity amplitudes ands the comoving radial coordinate. We
adopt an ideal gas equation of state with specific heat ratie 5/3. Initially, the
overdense amplitudes are small, gas temperature is undadnwe define the region
inside the first zero ofin(kr)/kr as the collapsing object.

How does the gas temperature evolve? The temperature isuetel by the cou-
pling of its free electrons to the CMB through Compton scaitgend by the adiabatic
expansion. Thu§;, is generally between the CMB temperattex (1 + z)~* and the
adiabatically scaled temperatufg; o< (1 + z)~2. In the limit of tight coupling to the
CMB, the gas temperature remains uniform, whereas in the atiidbnit, it develops
a gradient according @, p,(ﬂ’l).

The evolution of the perturbation in dark matter is desatilvethe linear regime by

Odm + 2Hdam = ;Hz(Qb(Sb + Qam0dm), (1.31)

whereas the evolution of the baryon overdensity evolve&akh[& Turner, 1990]

2
5, + 2HG, = §H2(Qb5b + Qunan) — kgT; (E) <ﬂ>1+6 (51) " 25[511 _ 51“.]) _
2 pmy, \ a a 3

(1.32)
Here the parametégt distinguishes between the two limits of evolution of gaspgem
ature: 5 = 1 in the adiabatic limit, and = 0 in the strong coupling limit. The Jeans
wavelength) ; is obtained by setting the right hand side of Equation (1t82gro and
solving fork;. We see that this will be time dependent in general and akstopértur-
bations with increasingly smaller initial wavelengthspstascillating and start to grow.

Following recombination at ~ 103, the residual ionization of the cosmic gas keeps

its temperature locked to the CMB temperature via Comptortesoag down to the
redshift of [Peebles, 1993]

14 2 ~ 137(Q1h%/0.022)%/°. (1.33)

Thus, in the redshift range between recombination-and = 0, and we get

~1/2
by — (”“B—T(O)) oW (1.34)

3pmy,
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so that the Jeans mass obtains the value

ar (A\° Quh2\
M;=—(2L) 50)=1. 10° [ =2 M. 1.
=5 (%) o= a0 () e (1.35)

On the other hand, for < z;, the gas temperature declines adiabatically and we have
£ = 1. The Jeans mass is then

QN2 2\ T 14 2\ P2
_ 3 m
s ()7 (YT Yy g

The Jeans scale is also referred to as the filtering scale, Rowvever, that this expres-
sion for the Jeans mass is just a linear theory estimate andrdg describe the initial
phase of collapse. Indeed, itis not clear how the value od&aems mass is related to the
mass of collapsed, bound objects. Thus the Jeans condiigironly be a necessary but
not sufficient condition. We will come to this point againd®&l The concept of Jeans
filtering is explored in detail for galaxy formation in ovenase regions in this thesis. We
also note that alternate filtering models exist in the lite@ For example, Gnedin &
Hui [1998] showed that the Jeans mass is related to only thietgn of perturbations
at a given time. When the Jeans mass itself varies with tineegtlrall suppression of
growth depends on a time-averaged Jeans mass. See ChoudFReryata [2005] for
more discussion.

When perturbations grow to large amplitudes, we have to dension-linear ef-
fects. The dark matter is cold and dominates gravity and smadfected by pressure
effects. In order to estimate the minimum mass of baryonjeaib, we have to consider
the evolution of the accreted baryons. Assume that a darkemaalo with potential
well ¢(r) is formed at redshift,;,. After gas settles down in this halo, it satisfies the
hydrostatic equilibrium equation,

Vo, =—ppVo. (1.37)
At z < 100 gas temperature evolves adiabatically so we hgve pz/ 3 which gives us
3/2
Pb 2 pmyp¢
212827 1.38
. ( 5@T) | (1.38)

whereT is the background gas temperature. This mass estimatedpsodi better es-
timate than the Jeans mass since it incorporates the nearlpotential of the dark
matter halo. If we define the virial temperature correspogdo the potential well as
T = —(1/3)pm,¢/ kg then the overdensity of baryons can be written as

T. 3/2
& = <1 +§ ) —1. (1.39)

5 T
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We may now say that a collapsed baryonic object—a protogatas formed when the
value ofy, exceeds 100. This gives a minimum mass

o (b2 7 R\ T 1+ 2\
M = 5.0 x 10° { 22 M. 1.4
win = 5.0 x 10 (0.15) (0.022) ( 10 ) © (1.40)

This happens to be close to our earlier linear estimate, henetakes non-linear effects
into account. Of course, when the first stars and galaxias,fthnis value ofM,;,
changes due to various feedback effects. We will consideleffects shortly.

Apart from gravitational instability, another processttgeeatly affects the condi-
tion of the gas is cooling. As we saw above, in objects witlybaic masse$ x 10*
Mg, gravity dominates and results in the bottom-up hierardhstructure formation;
at lower masses pressure delays the collapse. The firstteljecollapse are those at
the mass scale that separates the two regimes. Such olgedimigment only through
cooling. Thus, there are two independent minimum masslhibtds for star formation:
the Jeans mass and the cooling mass. The higher of these ¢twiesléhe actual thresh-
old. We elaborate more on this issue in Chapter 3. The primafgcnle that acquires
sufficient abundance to affect the thermal state of the ga®lscular Hydrogerns.
These molecules are produced through various processles eatly universe, but the
dominant of them is the one where free electrons act as aysataCooling viaH,
forms objects with mass- 10* M, which are usually called minihaloes. Primordial
H, abundance is small, aboli~7 relative to hydrogen by number. However, at redshift
z < 110, CMB intensity becomes weak enough to alléiy formation.

NonethelessH, is fragile and can easily be dissociated by photons withgegr
of 11.26-13.6 eV, to which the IGM is transparent even beferenization. Haiman
& Loeb [1997] showed that the UV flux necessary for dissoo@ii/; throughout the
collapsed environments is two orders of magnitudes lowaan the amount required for
IGM reionization. ThusH, is completely destroyed by trace amount of first genera-
tion stars. Further star formation is only possible via atooooling, which happens at
T > 10* K. Such objects correspond to mass-ofi0® M. Note, however, that the
radiative feedback o/, need not be negative alone. Indeed, production of free elec-
trons can enhance the molecular Hydrogen production inedemgronments. Haiman
[2000] shows that this will have an important effect on thealogy of the reionization.

Apart from star formation, black hole formation is expectedhappen in the early
stages of galaxy formation. This is important, becauseamsame more effective than
stars in ionizing the intergalactic hydrogen. Thus histafryeionization may be greatly
altered if quasars form early. The problem of formation of Bsisiot a priori more
complicated that that of formation of stars. However dittlork exists on the formation
of BHs and there are many open questions. We present a reviiwe biferature on this
topic in Chapter 5.
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1.2.2 Galactic structure and evolution

After formation, several factors govern the evolution ofagées. First models of how
galaxy formation occurs with these factors were studied@1970s [White & Rees,
1978; Binney, 1977]. The first of these is feedback, whichss a¢levant to the forma-
tion of galaxies. Phenomenologically, the relevance fedfmck processes was under-
stood early on when it was found that the observed faint-andriosity function was
less steep than expectation [White & Rees, 1978]. Althougtidaek effects are thus
quite important, they are also difficult to model. They canbbeadly classified intro
three categories.

Mechanical feedback is the ejection of cold gas from a gatsxg supernova driven
wind [Dekel & Silk, 1986]. This reheated cold gas could bewsioout to the hot gas
halo, from which it may subsequently re-cools (‘retentieadback’), or may be ejected
from the halo altogether (‘ejection feedback’). The distion between these two modes
of feedback can have a significant impact on the galaxy lusityfunction [Kauffmann
et al., 1999]. Radiative feedback on the other hand, modHesate at which gas cools,
either by altering the density profile or entropy of the hat palo (following injection
of energy into the halo due to mechanical feedback) or byaieduthe fraction of
baryons that fall into dark matter haloes and changing tiéregrate (photo-ionization
suppression of star formation in low mass haloes).

Finally, chemical feedback changes the chemical compuosif the protogalaxy.
Formation of stars changes the metal content of the ISMtly;itke act of forming stars
removes cold gas and associated metals from the ISM. Alstaesevolve, they return
gas to the ISM with an enhanced metallicity. The return meidma is usually stellar
winds and supernovae. This affects further star formatewabse: (1) the rate at which
gas cools is a function of metallicity, higher metallicigsults in a shorter cooling time;
(2) metallicity of the stars has an effect on the luminositg @olours of the galaxy;
and (3) the optical depth of a galaxy scales linearly with tietallicity of its cold
gas. Type la supernovae dominate the production of iron @dsetype Il supernovae
primarily produce thev-elements and also nitrogen and sodium. Thus, abundance rat
of metals in the ISM can contain clues to galaxy formation [@#&2006].

In the standard model that we are discussing, haloes arenadsio grow through
mergers and accretion. The halo resulting from a mergerntévemooth and devoid of
any substructure. The galaxies in progenitor haloes seithig merger of their parent
haloes as a result of them being more concentrated than therddter, due to dissi-
pative cooling of gas. This picture leads naturally to a acenin which a dark halo
contains a massive central galaxy surrounded by smallelligatgalaxies. Satellite
galaxies lose their angular momentum due to dynamicaidncand then merge into
the central galaxy. In addition to providing an alternatiechanism to gas cooling
for increasing the mass and luminosity of the central galtneyaccretion of a satellite
galaxy can have more dramatic consequences. The impacbddbaygnerger is usually
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quantified by the ratio of mass of the accreted satellitexyaiathe mass of the central
galaxy [Kauffmann et al., 1999; Li et al., 2007D].

All of above elements can be combined with our knowledge elfast evolution to
create predictions of the spectral energy distributiorlSO§ of galaxies, that is the
amount of energy emitted by a galaxy as a function of wavetengenergy. This is
usually achieved by using stellar population synthesisetsyavhich provide a look-up
table of the SED of a single-age population of stars as a ilmmcif the time elapsed
since the stars were born. The stars are born with a distribaf masses set by an
assumed initial mass function (IMF) and have a given metglli As a simple stellar
population ages, hot massive stars evolve out of the maueseg most rapidly, with the
result that the flux of UV photons declines with age. Steltgrydation synthesis models
that encode this information are traditionally treatedrasted black boxes [Leitherer
et al., 1999; Bruzual & Charlot, 2003; Conroy, Gunn & White, 2009]

1.2.3 Modelling and key observations

Semi-analytic models and direct simulations of gas and daatter have been used to
study galaxy formation.

There are two principle algorithms in common use to follow thydrodynamics
of gas in an expanding universe: particle-based Lagrargghemes, which employ a
technique called smoothed particle hydrodynamics (SPH)naghan, 1992; Springel
& Hernquist, 2003a; Springel, 2010], and grid-based Eafteschemes [Cen & Ostriker,
1999; Ryu et al., 1993]. The SPH technique has traditionalhyeved greater resolution
compared to Eulerian schemes, due to its comoving natustedd, grid based codes
deal much better with shocks and discontinuities. To imeribne spatial resolution of
these codes, much work has been done on adaptive mesh raiin@iwR) [see e.g.
Nagai & Kravtsov, 2005]. While studying galaxy formation vguch simulations, first
a large representative volume of the universe is simulaigkt, a single halo is ex-
tracted from this large volume and re-simulated at a muchdrigesolution with gas. In
the re-simulation, the region surrounding the high resmtutolume is represented us-
ing higher mass particles, so that the tidal forces exeneti® high resolution structure
is properly represented.

Various tests have been conducted to compare the perfoemdna@rious gas dy-
namical codes. The best agreement between these codesundsdo the dark matter
distributions and the worst agreement for its X-ray lumityoBaugh, 2006]. Quanti-
ties such as the gas temperature and the mass fraction ofitiys tve virial radius are
found to agree within 10%.

Galaxy formation is also studied, including in this thesising semi-analytic pre-
scriptions applied to dark matter halo merger trees drawm fN-body simulations.
Virialised dark matter haloes are identified in N-body siatigins using a friend-of-
friend (FOF) algorithm. Merger trees describing the asdgrabhaloes can then be
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extracted from these simulations by relating haloes adissas progenitors and de-
scendants. (This construction is not completely stragghtird, as spurious halo frag-
mentation can sometimes occur. We discuss this further iptehd.) Adding these

merger trees to semi-analytic models provides informadioout the spatial distribution
of galaxies [e.g. Kauffmann et al., 1999)].

Semi-analytic models then populate high redshift halogk ot gas at halo virial
temperature and then calculate processes like gas costargormation and feedback
halo-by-halo. A galaxy is assigned to the most bound pariiicthe halo in which it first
forms. When two haloes merge, the evolution of their constitgalaxies is computed
using dynamical friction arguments. The calculation of loaprate of gas is carried
out under specialized conditions and depends upon a nurhlassomptions. The star
formation rate of a halo is proportional to the cold gas a@é in that halo. Kefeet al.
[2005] addressed the question of how galaxies acquire fasrin detail using SPH
simulations. They characterise their results in terms af twoling regimes: a cold
mode in which gas is funneled down the filaments of large staleture onto galaxies,
and a hot mode in which gas cools from a quasi-static halo.colgflow is found to
dominate in low mass haloed/( < 3 x 10! M) and at high redshiftz > 3). Note
that the metallicity of gas can have significant impact onggading. Due to numerical
limitations, early semi-analytic models used a fixed globatallicity with some ad hoc
time evolution. However, as we do in this thesis, a self-=tast metallicity evolution
can now be incorporated using population synthesis models.

Such models have been fairly successful in explaining easens of galaxy lumi-
nosity functions, various scaling relations like the Tufigher relation and the funda-
mental plane, the abundance ratios of elliptical galaxresgalaxy downsizing. Con-
tinued evolution of the models is driven by datasets wherdehpredictions are at odds
with observations [Baugh, 2006].

As gas cools and condenses within dark matter potentiakwiélemits copious
radiation. The energy radiated is comparable to the griamital binding energy of the
baryons. Most of this cooling radiation is emitted by gaswit< 20000 K. As a result,
roughly 50% of it emerges in the Ly-line. Moreover, this radiation is less likely to
be attenuated by dust since it will be emitted from the outgirans of the halo. This
picture has been put forward as an explanation to explaiargagons of large<£ 100
kpc) luminous { ~ 10* erg s!) “blobs” of Ly-a emission found in narrow-band
surveys ofz = 3 protoclusters [Haiman & Loeb, 1999a; Steidel et al., 2004&rdg&l
et al., 2001].

In addition to the Lya radiation, observational probes of galaxy formation idelu

2Advent of large volume, high resolution simulations suclthesMillennium [Springel et al., 2005]
have allowed exceptionally detailed study of galaxy folioratising semi-analytic models [Bower et al.,
2006; De Lucia & Blaizot, 2007]. The Millennium Simulatios & pure dark matter simulation with
a ACDM model with21603 particles in a periodic cub&0 h—'Mpc on a side. This corresponds to a
particle mass of.6 x 108 h—! M,. This simulation has about twenty million dark matter halae: = 0.
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cooling emission fromf/; molecules, metal poor stars in the Milky Way halo and grav-
itational waves from BH remnants of the first stars.

1.3 Inter-galactic medium

In the previous two sections, we saw how the hot ionized gasfitrmed as a result
of Big Bang nucleosynthesis recombined, and then cooled agdiented in dark mat-
ter haloes to form protogalaxies with stellar populaticas,inter-stellar medium, and
likely, a central massive black hole. We now turn to the barly@omponent of the
universe that is outside these galaxies, namely the irstiaetc medium.

Field [1959a] made the first attempt to detect the IGM by oliegrthe hyperfine
21 cm absorption feature from hydrogen. This attempt didsnoteed; it merely gave
an upper bound on the baryon density param@teHowever, a much improved mea-
surement on the IGM baryon density was available in the 196@s Gunn & Peterson
[1965] observed slight Lyr absorption in the spectra of recently discovered quasars.
They concluded that the neutral hydrogen density in the |G wery small compared
to the hydrogen density in stars. This meant that eithexgdlamation was very ef-
ficient and that the IGM was largely empty, or that most hyeérogn the IGM was
ionized. The latter hypothesis was strongly corroboratedvidence of a rise in Lyr
flux decrement in the spectra of> 6 quasars, and by other observations [Fan, Carilli
& Keating, 2006].

In the 1960s, individual Lyx absorption features were also identified in high res-
olution QSO spectra [Bahcall, Greenstein & Sargent, 1968jes€ features are now
collectively known as the Lyx forest. From a systematic survey of such features, Sar-
gent et al. [1980] argued that the kyforest is of extra-galactic origin and showed that
the measured widths of these features correspond to a tetapenf10* K. The neu-
tral column densities of these absorption systems range ffd? to 10*2 cm2. The
highest column-density systems are called damped &psorbers (DLAS). Many of
these hydrogen absorption systems also show absorpteEmfliom metals like carbon,
silicon, nitrogen, oxygen, magnesium, iron, and othexg [gongaila, 2001]. The origin
of these metals in absorption systems is an open problem.

1.3.1 Absorption systems

The IGM is detected through the absorption features it predun the spectrum of a
bright background source of light, like a quasar. Physicthe$e absorption features
can be described using the equation of radiative transfer.

We define the specific intensity(r, ¢, 1) as the rate at which energy crosses a unit
area per unit solid angle per unit time as carried by photéenergy/pv traveling in
the directioni. The equation of radiative transfer in an expanding un&eesn then be
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written as [Abel, Norman & Madau, 1999; Choudhury, 2009]

oI, . oI,
ey +ch-VI,— H(t)v 5

Here,«, (r,t, 1) is the attenuation coefficient of the medium gpt, ¢, ii) is the emis-
sion coefficient, which describes the local specific lumityosAs before,H (t) is the
Hubble parameter. In general, attenuation is due to ahearpf photons and their
scattering out of the beam. We can then write the attenuatefficient as

+3H(t)1, = —ca, I, + cj,. (1.41)

a,(r,t,n) = p(r,t)k,(r, t, ) + n(r,t)o,(r, t, n), (1.42)

wherek, (r, t, i) is the medium’s opacity and, (r, ¢, 1) is its scattering cross-section.
As usual,p(r,t) is the mass density andr,t) = p(r,t)/m is the number density of
scattering particles of mass.

Equation (1.41) relates the observed specific intensityhé“incoming” specific
intensity and properties of the medium. Its formal solui®given by

I = [in CL(tO) ’ Sd /
v I/()‘507t0 m exXp | — . S &V/‘Sl,t/
s . a(t”) 3 s
+/ dS,/ jyl/‘sl/7t/l[ eXp —/ dS/O[y/|S/’t/ s
S0 (l(t) s’

wherevy, = va(t)/a(ty), V' = va(t)/a(t’), andv” = va(t)/a(t").

Absorption features in QSO spectra are a result of resortattesing of photons
received from the QSO by atoms and molecules in the mediumallysthis configu-
ration does not have intermediate sources so we caj) set0. For static atoms, the
cross section of resonant scattering is given by the Lonenaiie. However, in general,
atoms are not static; they may undergo both a random therwigmand some secular
motion. The secular motion does not modify the scatteringsisection; it may simply
doppler shift the line center. On the other hand, randomanaloes modify the cross
section by convolving the Lorentz profile with a Gaussiariritigtion of frequencies
about the line center. The result is called the Voigt profilee cross section can now
be written as

(1.43)

2 1
g, = (;ec) LWO] Fudv(a,v), (1.44)

where 1
gbv(a, l/) = WH(CL,CB) (145)

is the normalised Voigt profile, that is

H(a,z) = % / h dy(_L. (1.46)

o0
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Here,a = 'y /47 Avp is the ratio of the Lorentz profile damping width to the thekma
doppler widthAvp = 1, (2kgT/m,)"?/c. Also, fi, is the oscillator strength of the
resonant transition. For the Ly+ransition, f, ~ 0.4162.

We can now quantify the attenuation in the intensity of a lgaoknd QSO using
Equation (1.43). The intensity will be attenuated by a faeté-, where, from Equation
(1.43),

T, = / ds'n(s',t")o,. (1.47)
S0

This quantity is called the optical depth..f, is the resonance line frequency, then radi-

ation emitted by the source at timgand rest frame frequeney > 1/, will be scattered

by the medium at timé given byv’ = vya(ty)/a(t’) = v,,. Thus the received spectrum

will be attenuated at all observed frequenaigs the rangey,, > v > va(ty)/a(t),

or wavelengths\,, < A < Aa(t)/a(ty), where),, is the wavelength corresponding to

v Further, we define the equivalent width of the absorpti@tuee as

W= / (1= e™)dv ~ / v, (1.48)

where the latter inequality holds for small optical deptbgtically thin medium”). For
optically thin systems in terms of the column densiyof absorbers (total number of
absorber per unit area column), the equivalent width camladsnritten as

W =N / o,dv = NoyAv, (1.49)

whereoy is the cross-section averaged over a bandwixith

Observations show that the IGM is in fact quite clumpy. Thieeemogeneities re-
sult in discrete absorption lines in QSO spectra origimaitindistinct localised regions.
The resulting collection of absorption features is knowthasLy- forest. In this case
the optical depth becomes = ) . 7, (i) wherer, (i) is the optical depth corresponding
to each region.

Absorption features comprising the ky{forest can be classified into three types
based on the physical origin on features: (1)d.yerest systems, (2) DLAs, and (3)
Lyman limit systems (LLSs). This classification is not dtsi@xclusive but Lye forest
systems typically have column densities/éf< 10'7 cm~2, while those for LLSs are
10'7 — 10 cm~2. DLAs are high column density systems with> 10%.

Furthermore, the number of absorption systems per unithiitdacreases with
increasing redshift. Part of this increase is expected lgilpcause of the expand-
ing universe. Thus ifx(z) is the proper number density of absorbers, atd) is
their proper absorption cross-section, then the numbesityeper unit proper length
isdN/dl = n(z)o(z). Since the line element is given bydl/dz = ¢/H(2)(1 + z), it
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can be shown that

~1/2
o = a1+ (14 ) L aso)

wheren, = n(1 + z)73 is the comoving number density of absorbers. Thus, if the
comoving number density and absorption cross-section@rstant, we expect an in-
crease proportional téN/dz o (1 + z)'/2. Forz < 1.5, it is seen that this correctly
describes the observed evolution of the number of absaorptistems [Weymann et al.,
1998; Penton, Shull & Stocke, 2000; Penton, Stocke & Sha42 Danforth & Shull,
2008].

However, for redshifts > 1.5, significant evolution irlN/dz is seen. For example,
Kim et al. [2002] founddN/dz = 6.1(1 + 2)*4™0-18 for Ly-« forest systems at these
redshifts. This implies a significant evolution in the numd#ensity of absorbers and/or
the absorption cross-section. There is also a dependentteeaolumn density: the
number LLSs and DLAs grow more slowly that the byforest systems [Prochaska,
Herbert-Fort & Wolfe, 2005; Janknecht et al., 2006]. Thebseovations, combined
with numerical simulations, suggest that this evolution lsa attributed to (1) structural
evolution of the IGM, (2) evolution in the ionizing UV baclkagmd, and (3) decreasing
gas density?

Apart from hydrogen absorption systems mentioned abowg#edam and helium
absorption systems are also seen. High density lasorption systems can be used to
calculate the primordial deuterium abundance D/H, whighaanstrain cosmic baryon
density paramete®,. This observation is difficult, but several measuremenis he&en
made. The current best estimate for D/Hdg,, D/H = —4.55 + 0.04 [O'Meara et al.,
2006]. This corresponds to a baryon density paranfesgt = 0.0213 4 0.0013 and a
nucleon-to-photon ratio of = 5.8 £ 0.3 & 10~ [Meiksin, 2009]. This is in agreement
with estimates based on the WMAP data combined with othesdttgKomatsu et al.,
2011]. The Helium Lye absorption has also been detected. At redshiffs5 almost
all Helium in the IGM is expected to be in the form of Heor He 111. High column
densities of Hel have been reported at> 3. For example, Heap et al. [2000] report
T > 4.8 in the spectrum of a = 3.3 quasar. On the other hand, for< 3, very low
optical depths have been reported. As an example, David#sesy & Zheng [1996]
observedr ~ 1 in the spectrum of @ = 2.7 quasar. This suggests that Hewas
ionized atz ~ 3. Itis now known that the H& Ly-« optical depth is quite patchy,
consistent with ongoing Helium reionizationat- 3.

Finally, absorption systems for elements heavier thanurelhave also been de-
tected in the IGM. Most common metals are carbon, nitrogéoos and iron, although
other metals like oxygen, magnesium, neon, and sulfur seddtected. These metal

3All observations mentioned here obtaiV/dz by fitting to systems with constant Hcolumn den-
sity. At low redshifts, gas density can reduce so that fewstesns are found in this range.
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absorption systems are useful probes of the temperatutetievoof the IGM. Also,
since they were likely produced in stars and transportedgd@M by galactic winds,
metal systems also act as a probe of the star formation istdre IGM metallicity
appears to be roughly constant tilk- 5 with the Civ density parameter of a few times
10~® [Songaila, 2001]. There is tentative evidence that the lidta goes down at
higher redshifts [Simcoe et al., 2011]. Metal absorptiostamns have also been used to
rule out the variability of the constants of nature. A vddatof less that 0~ in the fine
structure constant has been inferred [Chand et al., 200dn&d et al., 2004].

1.3.2 Epoch of Reionization

Reionization of the IGM is an important stage in cosmologstelcture formation. In
later chapters of this thesis, we will be concerned with {hacé of reionization of hy-
drogen, although two more epochs of reionization can beidered, for heliunf. The
epoch of hydrogen reionization has attracted much atteitithe last decade following
measurement of the IGM Gunn-Peterson optical depth andthEtomson scattering
of CMB radiation in the IGM.

The Ly« optical depth of the IGM measured in the spectra of several 5.8
QSOs from the Sloan Digital Sky Survey (SDSS) show that thd I&s reionized at
z ~ 5.7 [Fan et al., 2001]. The Lyr optical depth rises rapidly at higher redshifts. By
z ~ 6, optical depth measurement becomes difficult due to higbraben and only
lower limits can be obtained. Although, this rapid rise cades the epoch of hydrogen
reionization, this interpretation is not straightforwaidhe reason behind this is that for
flat universe the Ly~ optical depth is given by

QH |<Z)h
Q2 (14 2)3/2
where() | is the neutral hydrogen density parameter. As a result, ardynall neu-
tral hydrogen fraction (order afo—*) is required to obtain a large Ly-optical depth.
Another reason to doubt the above interpretation is becsmisez > 6 QSOs show
transmitted flux at ~ 6 [White et al., 2003, 2005].

Another indication of an epoch of hydrogen reionizationeatshiftsz > 6 is pro-
vided by the WMAP measurements of the IGM Thomson scattenigal depth

Fu dt
T, = dzn.cor
2]

dz
whereor is the Thomson cross section andis the comoving electron density. The
five-year WMAP polarization data yield an optical depthrof= 0.087 £+ 0.017 up to

7(2) ~ 4.6 x 10° (1.51)

: (1.52)

4The epoch of ionization of Heto He Il is expected to coincide with that of hydrogen reionization
since both ionization processes require similar energdsswe saw before, Ha to Hel reionization
epoch is expected to be distinct, at around 3.
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the epoch of reionization, which yields~ 11.0 4 1.4 for the redshift of reionization
assuming that it was an instantaneous event throughoutnikerse [Dunkley et al.,
2009]. The & and 3 lower limits arez > 8.2 andz > 6.7 respectively.

A third probe of the epoch of reionization comes from surveygalaxies with
strong Ly« emission lines. These photometrically selected galaxeslgo known as
Ly-« emitters (LAEs). More than 100 LAEs have been observed-at6.5 and many
have now been spectroscopically confirmed. These galareesxpected to represent a
significant fraction of star forming galaxies at high redisi®roperties of LAEs directly
probe the IGM neutral fraction: in a largely neutral IGM thg & emission is consider-
ably attenuated. Thus, we expect that thenLgalaxy luminosity function will decrease
sharply in an increasingly neutral IGM.

Malhotra & Rhoads [2004] and Stern et al. [2005] determinedltiminosity func-
tion of these galaxies at= 6.5 andz = 5.7. They found no evolution between these
two redshifts, consistent with the interpretation that itB& was largely reionized by
z ~ 6.5. Interpreting high redshift luminosity functions is notasghtforward and de-
tailed modelling is required. For instance, localiHegions around these galaxies can
affect luminosity function evolution [Cen, Haiman & Mesimg2005] and clustering of
galaxies can enhance this effect [Cen, 2005].

An alternative method of observing the epoch of reionizai® through the de-
tection of the 21 cm signature from the neutral hydrogen enlBM before and dur-
ing the reionization process. We will consider the use of thethod for studying the
post-reionization IGM later in this thesis. We are integésin the two hyperfine lev-
els of the ground energy state ofiH We denote the lower hyperfine level byand
higher hyperfine level by. Levell is a triplet and level is a singlet. Energy differ-
ence between two levels 8, = 5.9 x 1075 eV, which corresponds to temperature
T, = Eip/kp = 0.068 K. A transition between these states corresponds to rasefra
frequency ofv,, = 1420.4057 MHz (or rest wavelength ok, = 21.10611 cm) and
is potentially observable in emission or absorption. Théssion and absorption of 21
cm radiation from a neutral IGM is governed by the spin terapeeTs of hydrogen,
defined by

™ _ 3exp (—2) , (1.53)
o Ts

whereng andn; are the singlet and triplet = 1 hyperfine levels. In the presence of
the CMB alone, the spin temperature quickly comes into dayitiim with the CMB
temperature, in about0® yr. Thus there will be no detectable absorption or emission
relative to the CMB. This is precisely what is expected to hapggeedshiftsi0 < z <
1100. There are however, two mechanisms that can break the oguplth the CMB,
namely (1) collisions between hydrogen atoms, and (2) thetkViysen-Field effect.
Collisional coupling between the spin and kinetic tempeesus dominated by spin
exchange between colliding hydrogen atoms. Electrondgeain and proton-hydrogen
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collisions may also contribute. The Wouthuysen-Fieldctffeixes the hyperfine levels
of neutral hydrogen in its ground state via an intermediatedition to thep state due
to scattering by Lya photons. An atom initially in the = 1 singlet state may absorb a
Ly-« photon that puts it in an = 2 state, allowing it to return to the triplet= 1 state
by spontaneous decay. Due to these two effects, a patchvi@k om absorption or
emission against the CMB will result. While the collisionalpting is significant only
at high densities and temperatures, the Wouthuysen-Faeldling can be a dominant
mechanism at detectable redshifts. Several large radiedepes are trying to measure
this signature, thereby revealing the transition from am¢UGM to an ionized one.
Equilibrium implies that the spin temperature of neutradifogen is

_ TCMB + yaTa + ycTK

T , 1.54

° I+ Yo + ye (1.54)
where T oo
10 £ 10 L%

y = — — and = ——, 1.55

Y A T, Y A Tk ( )

are called the Lyx and collisional pumping efficiencies respectively. Thergita 7

is the kinetic temperature of the hydrogen, while is the colour temperature. Also,
Cho Is the collisional de-excitation raté’;, is the rate of indirect de-excitation via the
Wouthuysen-Field effect and, is the EinsteinA coefficient.

The basic idea behind 21 cm observations can be understoozhiydering a patch
of neutral hydrogen with spin temperatufe # Tcwvg, having angular size in the sky
that is large compared with the beam-width, and radial v8l@xtent that is larger than
the bandwidth due to Hubble expansion. Then this cloud vpilear in emission or
absorption against the CMB. We can calculate the inter-galagtical depth as fol-
lows. For a two-level system, it is possible to define Eimstaiefficients of stimulated
and spontaneous emissioR;( and A;y) and stimulated absorptiorB;). When the
system is in thermodynamic equilibrium, there is a definlationship between these
coefficients, known as Einstein relations. Once the Eingteefficients for a system are
known we can write down the emission and absorption coeffisithat appear in the
radiative transfer equation. In our case when theckbud is in thermal equilibrium, its
absorption coefficient is given by

h E
, = 4—;%301 {1 — exp ( k;;)] ¢(v), (1.56)

where¢(v) is the line profile and:, is the number density of atom in the O level. The
optical depth is then given by

T, = /dSZ—;noBm {1 — exp <k]:;8>] o(v). (2.57)
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Figure 1.1: Evolution of the 21 cm spin temperature. Solie is CMB temperature,
dot-dashed line is matter temperature, and dashed lineltbenZpin temperature. See
text for details.
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Figure 1.2: Spectrum of the 21 cm brightness temperaturgaginn a observationally
constrained reionization model. Effect of kypumping is clearly seen. Left hand side
panel also shows the effect of X-rays on the spectrum. S¢éatedetails.

Using the Einstein relationB,; = 3B, and By, = ¢ Ay, /2hv?, we can then write the
optical depth as

hv
T, = /d5001 [1 — exp (kBTs):| o(v), (1.58)
where
302A10
0p1 = 87TV2 . (159)

The integral simplifies i/ is sufficiently large, so that

T, ~ ooy (kZ—”T> (%) o(v), (1.60)

whereNy, is the neutral hydrogen column density, and the fattdrgives the fraction
of atoms in the level. In our case the line profile will include effect of nedly thermal
and pressure broadening. This optical depth is typicallgimass than unity.

A different observational strategy is to cross-correlagasurements of patches sep-
arated in angle or frequency. This allows one to detect iddad large Hii regions or
a globally statistically averaged signal (“the 21cm powegnal”). The biggest problem
in this approach is foreground subtraction. Discussioneakibility of this technique
is available in the literature [See e.g. Oh & Mack, 2003; MesaBowman & Hewitt,
2006].
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Figure 1.3: Comparison of model predictions from Choudhury &ré&ra [2006] to
observations. Relevant panels indicate (a) the volume gedréd| fraction with the
observational lower limit from QSO absorption lineszat= 6. The ionized fraction
is shown with a dashed line. (b) the star formation rate drisr different stellar
populations, (d) the Thomson scattering optical depthl.ye) effective optical depth,
(h) photoionization rate estimates and (i) temperatur@®itean density IGM.
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1.3.3 Modelling the IGM

After surveying our current knowledge of the IGM and the olggons that have re-
vealed it, we now discuss a basic theoretical frameworkireddor modelling reion-
ization of the IGM. We also discuss results from simulatiohthe IGM.

Photons with energies exceeding the ionization potenfial lbound electron in a
hydrogen atom will ionize the neutral hydrogen atoms in tBbkllat the rate per neutral
atom

Ip, = 47T/ dv—"0y (v), (1.61)

whereoy () is the photoelectric cross-sectiany, is the threshold frequency required
to ionize hydrogen (the Lyman limit), and, is the mean specific intensity of the am-
bient radiation field. The mean specific intensity is obtdibg averaging the specific

intensity/,, over a large volume and over all directions

Fr [ dO )
7,(8) E/VV/EL,(M, ). (1.62)

Free electrons are radiatively captured by protons at apetg@rotonn,.ay (7)),
whereay (7)) is the total rate coefficient for radiative capture, whicls@ne as the
case A radiative recombination coefficient(7"), the total rate coefficient for radiative
coefficient summed over recombinations to all energy lev&ssa result, in presence of
ionizing radiation, the evolution of the mean neutral hysno densityuy , is given by

hH | = _SH(t)nH | FH |nH | _|‘ COZH " (T)TLH " (T)?’Le (163)

Note that we have multiplied the recombination term by thardity C. This quantity is
known as the clumping factor and is defined as

(nm une) _ <”12L1>
(nu)(ne)  (nm)?

where the angle brackets denote space average and thelabtydoplds when the IGM
has hydrogen alone. In the presence of Helium, similar éapsmtiescribe evolution of
He1 and Hell number density. This ionization equation is usually supyeted by the
evolution of the IGM temperaturg, which is given by

C= (1.64)

Ekin - _2H(t)Ek1n + A7 (165)

whereFE,;, = 3kgTny is the gas kinetic energy ardis the net heating rate which takes
into account all heating and cooling sources, like photation heating, Compton
cooling and recombination cooling. The first term on the trighnd side takes into
account the adiabatic cooling of the gas because of cosrmpansion.
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In order to model reionization, we have to solve Equatio63),.which requires us
to calculate the mean specific intensity of ionizing radiati, (¢). This can be done by
solving the cosmological radiative transport equatiornyd&pn (1.41), where the source
term is obtained by modelling the sources of reionizatibwe average Equation (1.41)
over a large volume and over all angles, we get

J, = —3H(t)J, — ck,J, + 4iey, (1.66)
T
where the coefficients, ande, are averaged over large volume.
We can define the volume filling factor of ionized regions, ite fraction of total
IGM volume occupied by ionized hydrogen, to bgy,. Reionization is said to be
complete wher)y, = 1. Further, we can write the number density of ionizing pheton

as 4 o J
ny(t) :—W/ dy—~- (1.67)

¢ Juy o hpv

Since there is no ionizing flux within the neutral regions ghotoionization rate per
hydrogen atom within the ionized regions is

1 * J
i = —47T/ dv—oy ,(v), 1.68
Hi QH” - hPI/ H |( ) ( )

where the facto);;} accounts for the fact that the radiation is limited to thatfion of
the total volume. The emission rate of ionizing photon petwwlume from sources of
emissivitye, is

o0 EV
Nph = / dyv—. (1.69)
’ VH) hPV
The averaged radiative transport equation of Equatior6{l&n now be written as
) dr Jopy . d
ny=—3H(t)n; — H(t)? hH + fpn — it Qi T, — nig, 2;{” : (1.70)
P

wheren!! denotes the number density of speciés the H1i regions. We now have
to solve Equations (1.63) and (1.70) in order to get the eamiwf the IGM ionization
state. However, we can now reduce these two coupled ditiateaquations into a
single first-order equation by assuming (1) that the iogjpphotons’ mean free path is
much smaller compared to the Hubble length, and (2) thaiG&ik in photoionization
equilibrium.

It can be shown that with the first assumption, the specifenisity./, can be related
to the emissivity through a simple form

J(t) = ———=, (1.71)
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where), = ! is the photon mean free path. We can also ignore the termainorg
J andn; in Equation (1.70). This equation then becomes simply

dQmi  Npn 1
i = nT;I” —dQm Iy, (1.72)

Now, our second assumption implies, from Equation (1.6&f t

nm 'y, = Ca(T)n!. (1.73)

e

This lets us combine Equations (1.63) and (1.70) into a siegLiation

dQHII hph II
= — — T ) 1.74
dt n[H[” Oé( )ne ( )

Figure 1.3 shows the result of solving this equation. We mopassing that the photo-
heating rate can be calculated as

| 47r/ dthV hy(v — vm)om (V). (1.75)
VHI PV
The number of ionising photons,, depends on the assumptions made regarding
the sources. If we assume that hydrogen reionization isgsiiyndriven by stellar
sources, them,,(z) is essentially determined by the star formation rate (SFR} de
sity p.(z). The first step in this calculation is to evaluate the comgviomber density
N(M, z, z.)dM dz,. at redshiftz of collapsed halos having mass in the rargeand
M + dM and redshift of collapse in the rangeandz,. + dz. [Sasaki, 1994]:
2 D(z.)
N(M,z, z.)dMdz. = N(M, z.)v*(M, ZC)D(zC)
dt
dz.

(1.76)
X Psurv (Z, zc) chdM7

whereN (M, z.)dM is the comoving number density of collapsed halos with mass b
tweenM and M + dM, also known as the Press-Schechter (PS) mass functiors[Pres
& Schechter, 1974], ang,.,(z, z.) is the probability of a halo collapsed at redshift
surviving without merger till redshift. This survival probability is simply given by

D(ZC)
D(z)"

psurv<z7 Zc) = (177)

whereD(z) is growth function of matter perturbations. Furthermer@\/, z.) is given
by 6./[D(z.)o(M)], wheres (M) is the rms value of density fluctuations at the comov-
ing scale corresponding to ma&s andJ. is the critical overdensity for collapse of the
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halo. Next, we assume that the SFR of a halo of niddbat has collapsed at an earlier
redshiftz,. peaks around a dynamical time-scale of the halo and hastime fo

MM, 2, 2) = f. (&M) #z) — #(z)

Qm t?iyn(zc)
o)1)

tdyn (Zc)

(1.78)
X exp {—

where f, denotes the fraction of the total baryonic mass of the habdkts converted
into stars. The global SFR density at redshifs then

P« (2) :/ dzc/ dAMM, (M, z, z2)N (M, z, z.), (1.79)
z Mmmin (2c)

where the lower limit of the mass integral/,,i,(2.), incorporates the fact that low-
mass halos do not form stars; its value is decided by diftdemaback processes. Here,
we exclusively consider radiative feedback. For neutrglams, we assume that this
guantity is determined by atomic cooling of gas within hal¢&e neglect cooling via
molecular hydrogen). Within ionised regions, photo-hegatf the gas can result in a
further suppression of star formation in low-mass haloes.cdmpute such (radiative)
feedback self-consistently from the evolution of the tharproperties of the IGM, as
discussed in Section 3.1.3.

We can then write the rate of emission of ionising photonsypet time per unit
volume per unit frequency range,(z), as

TLV(Z) = N"/(V)fescp*(z)v (180)

whereN,,(v) is the total number of ionising photons emitted per unit fiency range
per unit stellar mass anfl. is the escape fraction of photons from the halo. The quan-
tity V,(v) can be calculated using population synthesis, given thialimmass function
and spectra of stars of different masses [Samui, Srianandb&a®anian, 2007].



Chapter 2

Metal enrichment and reionization
constraints on early star formation

The period of transition of the IGM from a completely neut@bh completely ionized
state is known as the epoch of reionization [EOR; Loeb & Bark@081]. The study
of EOR has been an active area of research in recent yearsrelical ideas about
the reionization history have been constrained by a vaaeopbservations [Choudhury
& Ferrara, 2006; Fan, Carilli & Keating, 2006]. For exampléservations of Gunn-
Peterson troughs in AGN spectrazat- 6 [Becker et al., 2001; Fan et al., 2006] indicate
that the process of reionization was nearly complete by ridghift. Bounds on lu-
minosity function of Lyy galaxies at high redshifts [Malhotra & Rhoads, 2004; Stern
et al., 2005; Bouwens et al., 2008, 2010a] also constrain t#e. Ehese bounds are
consistent with the conclusion that the IGM was completehyized byz ~ 6. Fur-
thermore, Thomson scattering by free electrons in the IGNhefanisotropic photon
distribution that constitutes the CMB leaves a signaturésiteimperature and polariza-
tion anisotropy. The optical depth due to this scatteringef8el et al., 2003; Dunk-
ley et al., 2009] is another probe of EoR. WMAP five-year dataciug a value of

7 ~ 0.084 4+ 0.016 that corresponds te ~ 10 as the redshift for instantaneous reion-
ization. Realistic scenarios, however, predict a protch&eR where the process of
ionization starts around ~ 20 and ends by ~ 6.

In this chapter, we consider the question of the sourcesiohimtion. In the
currently-favouredA\CDM cosmological model, large scale structures in the usever
like galaxies and clusters of galaxies are believed to hawvedd by gravitational ampli-
fication of small perturbations [Peebles, 1980; Padmama®#@02; Bernardeau et al.,
2002]. Much of the matter in galaxies and clusters of gakigethe so called dark
matter that is believed to be weakly interacting and noatrastic [Trimble, 1987; Ko-
matsu et al., 2009]. Dark matter responds mainly to graweitat forces, and by virtue
of larger density than baryonic matter, assembly of matttr haloes and large scale



35

structure is driven by gravitational instability of initiperturbations. Galaxies are be-
lieved to form when gas in highly over-dense haloes coolscatidpses to form stars
in significant numbers [Hoyle, 1953; Rees & Ostriker, 197%,3i1977; Binney, 1977].
The formation of first stars [McKee & Ostriker, 2007; Zinneck& Yorke, 2007; Bromm

& Larson, 2004] in turn leads to emission of UV radiation ithie IGM. Due to this UV
radiation, early star-forming galaxies are the most-fagdicandidates as the sources of
IGM reionization.

Although stellar sources are believed to be the most pleusidndidates, many
other sources of ionizing radiation have also been corsider the literature [Yan
& Windhorst, 2004; Schneider et al., 2006; Choudhury & Fery@007]. With their
hard spectra, active galactic nuclei (AGNSs) of high redgalaxies can be very effec-
tive in ionizing large regions of the IGM. However, the AGNnd&y goes down more
rapidly for z > 3 than the density of star-forming galaxies [Miralda-Escéd@striker,
1990; Madau, Haardt & Rees, 1999; Haehnelt et al., 2001] aavefibre AGNSs are not
expected to contribute significantly to the ionizing raidiat X-rays from low mass
guasars, X-ray binaries and supernova remnants are coestiay the soft X-ray back-
ground observed today [Dijkstra, Haiman & Loeb, 2004]. iertdecays can also play
only a minor role in reionization [Bharadwaj & Sethi, 1998; pdli & Ferrara, 2005].
In this chapter, we assume that it was radiation from eadysdhat ionized the IGM
and ignore other possibilities.

The total photon emissivity of early stars is poorly knownudses of reionization
typically use observations with semi-analytic models dditirey and ionization of the
IGM where efficiency of star formation, evolution of starrfmation rates, the number
of ionizing photons emitted per baryon in stars, etc. arampaterized in some manner
[Chiu & Ostriker, 2000; Choudhury & Ferrara, 2005]. Given tlwnplexity of most
of these approaches, and the number of parameters, it i iofifgactical to scan the
parameter space. The main lesson we learn from these sisithes we may not require
extraordinary physical processes in order to satisfy aliel observational constraints
of reionization. In the approach that we take here, we makstampt to simplify mod-
eling of star formation and other astrophysical aspects@ptoblem. This allows us to
reduce the number of free parameters in this sector whigéniey many significant as-
trophysical relationships. Statements can then be mad# ghantities like the escape
fraction of UV photons ... , and their correlations with the cosmological parameters.

Large uncertainties exist in parameters related to eaahfstmation, e.g. the escape
fraction of UV photons f... -, the stellar initial mass function (IMF) and the efficiency
of star formation,f, [Bunker et al., 2004]. It has been suggested in the literahat
a top-heavy IMF with very massive stars is not necessanlgried to satisfy the reion-
ization and metal enrichment constraints [Daigne et al062Wenkatesan & Truran,
2003].

In this work we assume that early star formation happensopnéthntly during
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IMF Mlow/MQ Mhigh/M® Zinput N’y p Nvfesc,vf*
1. Kroupa 0.1 100 0.0004 6804 0.0123 50.0
2. Kroupa 0.5 100 0.0004 9280 0.0167 50.0
3. Kroupa 0.1 100 0.001 6297 0.0159 50.0
4. Salpeter 1 100 0.001 11237 0.0283 50.0
5. Kroupa 0.1 100 0.02 3996 0.0261 50.2

Table 2.1: Various IMFs used in this study are summarized.hdy,,, andM,,;., are the
lower and upper mass cut-offs for the IMFs respectivély,,,, denotes the metallicity
of the gas from which stars are formedl, is the number of ionizing photons produced
per baryon in stars andis the metal yield per baryon in thenX,, andp are obtained
using population synthesis models. The last column liss/gue ofV, fes. - f. for the
WMAPS best-fit model with the corresponding IMF. This quanitproportional to the
number of photons escaping into the IGM for every baryordesi collapse halo.

formation and major mergers of haloes, and occurs as a $egtburst. Photon emis-
sivities and metal yields can then be calculated using @iom synthesis models for
different IMFs [Leitherer et al., 1999; Bruzual & Charlot, Z)0 We then test if these
scenarios generate enough photons to ionize the universe-bg by comparing with
the observed Thomson scattering optical depth. We alsareethe models to satisfy
constraints arising from the observations of the metal enof the IGM. This con-
strains the amount of processed elements that escape feol@Nhto the IGM. We can
use models for outflows as a guide and put constraints on ticeeaty of star forma-
tion, or use “reasonable” values of the efficiency of stamfation to constrain the metal
escape fraction. We can also combine the two constraintsale sut efficiency of star
formation. As aresult, we are able to constrain both theugii of the universal stellar
IMF during the EoR and its slope at the high mass end.

In summary, in this chapter we combine constraints of emmmht of the inter-
galactic medium with observations of reionization, andoghe@hether the extra infor-
mation can provide constraints on the initial mass functioring early star formation.
We also ask if the combined constraints be used to make usteteiments with regard
to other potential sources of ionization. Finally, we staahy correlations between the
parameters that describe star formation and cosmologacahpeters.

2.1 Observations

The IGM occupies most of the space and a substantial amoumtbér in the Universe.
Indeed, itis believed that at least half of the baryons inuthigerse are in the IGM. Thus
it is not surprising that the observations of IGM dominateswhve discuss constraints
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on models of reionization. We introduce observations thatused for constraining
models in this chapter.

Observational constraints that we use are essentiallyvesallicity of the IGM as
seen in quasar absorption systems, and the Thomson sugitb@tical depth from the
cosmic microwave background. A third observation that catemtially be used is that
of the cosmic stellar matter density, which we model in a neamxplained below. We
do not discuss constraints arising from this type of obserma as the observational
bounds on models are not very strong at present. It is notlpess use other observa-
tional constraints in the global averaged model discussee [Choudhury & Ferrara,
2007] .

2.1.1 Metallicity of the IGM

Observations of absorption systems in quasar spectra le@reused to put constraints
on the average metallicity of the IGM [Cowie et al., 1995; Saitay 1997; Ellison et al.,
2000; Simcoe, Sargent & Rauch, 2004; Becker, Rauch & Sarged®, Byan-Weber
et al., 2009]. These observations indicate that the amdudtig in the IGM does not
evolve significantly betwee < > < 5.5 [Songaila, 2001; Becker, Rauch & Sargent,
2009; Ryan-Weber et al., 2009]. It is not yet clear whethed@d has been contam-
inated by metals throughout, or if the enriched regions efl@®M are restricted to the
neighborhood of galaxies and filaments. There are alsosssleted with understand-
ing the ionization state of metals to map the absorption byraaqular species to average
metallicity [Schaye et al., 2003]. Observations also supaaorrelation between den-
sity and metallicity of the IGM, indicating that regions imogimity of galaxies are
enriched to higher level than regions of IGM far away fromag#&s [Schaye et al.,
2003; Pieri, Schaye & Aguirre, 2006; Scannapieco et al.6R0BVe assume that the
IGM is uniformly enriched at the level indicated by Songg#@01] atz ~ 5.5.

Winds and outflows are expected to be the dominant procdssdead to ejection of
metals from the inter-stellar medium (ISM) of galaxies. fihis considerable evidence
in favor of this mechanism as observations have detectetbaataround almost all
galaxies at high redshifts [Pettini et al., 2001; Frye, Blaadt & Beritez, 2002]. The
fraction of processed metals that can be deposited fronStkletd the IGM without dis-
turbing the IGM in an observable manner is not known. Seweugiors often assume
that around 1% of metals produced in galaxies can be ejenttdeposited in the IGM.
This may also be computed from first principles in detailedlais [Daigne et al., 2004,
2006; Samui, Subramanian & Srianand, 2008]. In these madglsrnova-driven out-
flows are responsible for the IGM enrichment. The efficienyese outflows depends
on the star formation efficiency, the IMF and the efficiencymarfids [Madau, Ferrara
& Rees, 2001; Scannapieco, Ferrara & Madau, 2002; Scanmg@@05; Furlanetto &
Loeb, 2003]. For a star formation efficiency of 10% the volufifiang factor of the
ejecta can be 20-30% and:zat- 3 the IGM metallicity could be around [-3] as detected
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by Songaila [2001].

2.1.2 CMB constraints on IGM reionization

Finally, observations of the temperature and polarizatioisotropies in the CMB pro-
vide a constraint on the EoR. Free electrons produced dueilogization scatter the
CMB photons and suppress temperature anisotropies on scader than the Hubble
radius at that time. The suppression is of the fdifn= ¢=>"C{ where

T = /ne(t) opcdt (2.1)

is the Thomson scattering optical depth. Heré) is the number density of free elec-
trons andr is the Thomson scattering cross-section. This dampinggsrtkrate with
the amplitude of the primordial power spectrum. The degmreis broken by detection
of a polarization anisotropy for scales greater than thelitutadius at the reionization
redshift, an effect that dominates at scale of the Hubblrisaat EOR and has an ampli-
tude proportional ta. Any model of reionization must reproduce the observedesafu
optical depth.

2.2 Analytical Model

The reionization history depends on the star formatiorohysbtf the universe, which
in the simplified models is closely related to the halo foiorahistory. The IMF of
stars and the escape fraction for ionizing photons thenggvéhe number of ionizing
photons that are available as a function of time. These eamtik used to compute the
evolution of the neutral or ionized fraction of gas in theuemse. Here, we assume that
star formation is triggered during formation of haloes. Asstrtime scales of interest
are longer than the dynamical time scale over which the bliltar formation takes
place, we assume star formation to be instantaneous in ogelmo

Observations of galaxies at high redshifts can be useddotiné density of matter in
stars,p., at those redshifts. One way of estimating this quantity isde the luminosity
function of galaxies in various wavelength passbands amibaowe these with population
synthesis models and an assumed IMF [Madau et al., 199§;dtikl., 1996; Bouwens
et al., 2007]. We do not use these observations here as tuiearvations do not
provide sufficiently strong constraints. This is expectediange in coming years with
better observations.

For a forecast on anticipated improvements of observatistanation ofr, please see Colombo &
Pierpaoli [2009].
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Instead, we assume that stars form only in virialised hal@éstake the minimum
mass of star-forming haloes to b&* M., this is a proxy for haloes with a virial temper-
ature of10* K. We do not take into account star formation in haloes of acol)® M,
that is aided by molecular cooling [Tegmark et al., 1997]. Mé® ignore the effects of
feedback that raise the Jeans mass to arddhdv 2. We can then obtain metal and
photon yields by using population synthesis models: we hssStTARBURSTI9 code
[Leitherer et al., 1999; §zquez & Leitherer, 2005]. This assumption allows us to con-
nect the rate of change of stellar mass to the rate of chartpe tdtal mass contained in
massive haloes. We obtain this rate from the Press-Schidohealism for a Gaussian

PDF as , )
F(m,z) = —\/gw exp ( % ) 9 log d+, (2.2)
m o(m)dy(z) 20%(m) ) Ologa

where an overdot denotes derivative with respect to the icosme, a prime denotes
derivative with respect to the redshift, ahAds the fraction of haloes with mass greater
thanm [Press & Schechter, 1974]. The critical density for spleraollapse is sym-
bolized byd., anda?(m) is the variance in the initial density fluctuation field when
smoothed with a top-hat filter of a scale corresponding tasmasThe rate of growth
for perturbations in the linear theory is denoteddy z).

The total amount of baryons added to haloes of mass greatet @i M, is taken
to be the amount of gas available for star formation. Gasdirg@resent in haloes is
not considered for star formation. We do not consider therdmrtion of minihaloes as
these do not contribute significantly to the total star faroradue to radiative feedback
[Trenti & Stiavelli, 2009]. We define the efficiency of stareation, f, as the fraction
of this gas that is converted into stars. The rate of chang#etiir mass can now be
written as

pu(2) = fQupcF(10° Mg, 2), (2.3)

wherep, is the critical density an€l, is the density parameter for baryons. Here we
have ignored mass lost by stars through winds, outflows, apdreovae. This can be
taken into account using, for example, population synthesideld. Equation (2.3)
illustrates the small number of parameters and approximatihat go into estimating
P« In our formulation.

2.2.1 Reionization

We consider a globally averaged evolution of ionized fatinstead of following evo-
lution of HII regions around haloes, the approach used instasgies [Chiu & Ostriker,

2We have checked that including the effects of radiativeieel increases the required star formation
efficiency by aroun@0%.

3A starburst with a Kroupa IMF and an initial metallicity of0® loses about 10% of its mass to the
ISM through these effects under normal assumptions.
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Figure 2.1: The products. fesc,z and f. fesc , @gainst cosmological parametersandr
for our fiducial model — model 1 of Table (2.1). The star symib@hotes the WMAP5
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Figure 2.3: The produdf. f.. , against cosmological parametersandog for model 1
of Table (2.1). The star symbol denotes the WMAPS5 best fit model

2000; Sethi, 2005]. Further, we assume that during reitinizaa region is either neu-
tral or completely ionized. With these assumptions, théugiam of the ionized fraction
evolves as:

i = —apCnuz + opynuc(l — ), (2.4)
Yy = —opynu C(l - «T) + mpf*fesc,yFNw (2.5)

wherez is the fractional volume that is ionized, apds the number of ionizing photons
per baryon.s, denotes the effective cross-section of photoionizationis the recom-
bination coefficient for all levels except the ground stat@eutral hydrogen, aneh,
denotes the mass of a proton.

The first term on the right hand side of equation (2.4) dessrilecombinationC
is the clumping factor defined & = (n%)/(ny)>. This term usually involves square
of the ionized fraction but in our model we assume that thézemhfraction is either
unity or zero. This, when used in volume averaging over theause with an additional
assumption that the clumping is the same in ionized and algetions, leads to a linear
dependence. In the process of averaging, the meaningchinges from the ionized
fraction to the volume filling fraction of the ionized regmnWe can express this in
terms of equations:

%/nszdV = @/:ﬁdv = <n—5{>/de = (n})z. (2.6)

We have assumed that the clumping factor is the same in all pathe universe, this
allows us to takén? ) outside the integral. The third equality in equation (2d)ofvs
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from the definition ofz as a filling fraction. We also expe€tto change with redshift
due to the evolution of clustering. We take this dependente tof the form

C? ~ 26.2917 exp [—0.1822z + 0.00350527] , (2.7)

as obtained from high-resolution simulations by lliev ef2007].

Sources of ionizing radiation are represented in the last t&f equation (2.5)F
being related to the formation rate of collapsed haloess Bwbtained from the Press-
Schechter formalism as described abode.denotes the number of photons produced
per unit mass of star formation. lonization of neutral hygino is described in the last
term on the right hand side of equation (2.4). This term c&@uiboth equations. We
neglect the contribution of collisional ionization.

2.2.2 Metal Enrichment

The amount of metals produced per baryon in stars can alsorbputed once we fix
the initial mass function (IMF) of stars and metallicity betstar-forming gas [Leitherer
et al., 1999; \Azquez & Leitherer, 2005]. We can write

Nz = f*fesc,Z Qbﬁﬁj(lo8 M@,Z)]? (28)
mp

for the number density of metals that reaches the IGM. Hegg, is the fraction of
total metals produced that is deposited in the IGM anslthe metal yield of the stars
per baryon. Note that we assume the same escape fractioretatsnfrom galaxies of
different masses, whereas it is far more likely that low ngedaxies lose nearly all the
metals from the ISM and more massive galaxies lose verg [iiekel & Silk, 1986].

Having modeled the ionization and metal enrichment of thikl|@e solve these
equations numerically for different cosmological modé&lse system of equations (2.4)
and (2.5) is “stiff,” since{x = 0,y = 0) is a stable point and time scales for evolution
of x andy are very different. Further; is bounded from above (by unity) whilgis
not. Thus the usual forward differencing methods do not go@urate solutions easily.
We bypass this problem by noting that during the processiohiztion almost every
ionizing photon will be immediately absorbed by the mediufthis means that the two
terms in the right hand side of the second equation are ofaime ®rder tille becomes
nearly equal tal, whereas the left hand side is much smaller and may be assiamed
be zero. This reduces the system of equations to a singldiequahich can now be
solved using forward differencing methods. Note that thpraximation is not valid

4There are two approximations being discussed here: on@sipmation is that all UV photons are
available for ionizing atoms. This is not really true as &ad regions can be expected to host an ion-
izing background. The other approximation is in solving dygiations that we arrive at with the first
approximation.
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Figure 2.4: The productf, fes..z andf. fes., for model 2 of Table (2.1). Corresponding
plots from Figure 2.1) are superimposed in grey. Filledsstenote values for the
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Figure 2.6: The productf, fes.z andf. fe.~ for model 4 of Table (2.1). Corresponding
plots from Figure (2.1) are superimposed in grey. Filledsstienote values for the
WMAPS5 best-fit models.

whenz approaches 1, although in practice the approximate saolugidairly accurate
up tox ~ 0.9. Indeed, if we use the approximation upite= 1.0 then we make an error
in estimation ofr of less tharb%.

We takeap = 1.0 x 10712 cm3 sec™, ignoring its dependence on temperature. This
dependence is fairly weak at temperatures of interest. \Weus- 6.30 x 107® ¢cm?.
We thus assume that most of the ionizing radiation is arotedLyman limit. The
number of ionizing photons released per baryon of starsddirdenoted byV., de-
pends on the initial mass function (IMF) of the stars. We wbthis number from the
STARBURSTI9 stellar population synthesis codl¢leitherer et al., 1999; ¥zquez &
Leitherer, 2005].

2.3 Results

Figure 2.7 shows evolution of ionization fraction in our nabfibr two values of f., fes.)
when a constant clumping factor is used. Left panel showsgltrésr (f., fesc) =
(0.1,0.1) and (f, fesc) = (0.3,0.5). Higher values of these parameters increase the
emissivity of ionizing radiation, thereby causing earlyorgzation. Three curves in
each panel correspond to three different values of the dhugrfactor, given byC = 1

SWe consider instantaneous starbursts with a fixed totarsteass ofl0° M. We use the Geneva
evolutionary tracks for models with metallicity001 and the Padova tracks with AGB stars for models
with metallicity 0.0004.
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Figure 2.7: Result of our model for two values @f., f..) When a constant clump-
ing factor is used. Left panel shows result {gt, fos.) = (0.1,0.1) and (f,, fesc) =
(0.3,0.5). Higher values of these parameters increase the emiseivibnizing radia-
tion, thereby causing early reionization. Three curvesachgpanel correspond to three
different values of the clumping factor, given 8y= 1 (red), 5 (green), 10 (blue).

(red), 5 (green), 10 (blue). Clearly, larger values of thenging factor result in high
rate of recombination, thereby slowing down reionization.

Our aim now is to study a variety of models with varying cosogatal parameters as
well as parameters related to star formation and enrichnvéatonsider a random sub-
set of flatACDM models allowed by WMAP 5-year data [Komatsu et al., 2009 kbey
et al., 2009]. We do not consider models with massive neagrar a non-vanishing ten-
sor component, or models where the primordial power specteviates from a pure
power law. We use only WMAP constraints for limiting cosmatad parameters. We
used the MCMC chains made available by the WMAP team. We comsiderandom
subset of all models allowed with a confidence level of 68%mftbe MCMC chains.
We studied a handful of models for parameters related td@taration; details of these
are given in Table (2.1). The table lists the IMFs used in dudy¥. We have also
listed the amount of ionizing photons produced per baryastans, and the total metal
yield per baryon for these IMFs. These numbers also depenideometallicity of gas
from which stars form and this is listed in the table as wellislinteresting to note
that for a given IMF, as the metallicity increases, the padidun of ionizing photons per

6We should note that there is considerable uncertainty irstiage of the IMF in the local neighbor-
hood [Kroupa, 2002; Conroy, Gunn & White, 2009]. This can lgdsave a significant impact on our
conclusions. The uncertainties introduced by other astongand approximations should be seen with
the uncertainty in the IMF as the reference.
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baryon comes down but the amount of enriched material retltmthe ISM increases.
Gas that forms the first stars is likely to have primordialratance [Olive, Steigman &
Walker, 2000]. In our analysis of all the models, we keep el fixed and hence it

is appropriate to use low values of input metallicity.

Metallicity of the IGM constrains the produgt f... z for a given model. Similarly
we constrain the produd. f... , with the optical depth due to reionization for the CMB.
Figures 2.1, 2.2 and 2.3 shows these products for all cogmalomodels studied here,
when the star formation parameters for model 1 in Table @@&)used. Given that the
efficiency of star formation can at best @)%, i.e., . < 1, the points in these figures
also represent lower bounds ¢g. 7 and f.. . These are shown as a function of the
slope of the primordial power spectrum,}, optical depth due to reionization,s),
and, amplitude of clustering at the scale’df-'Mpc (os). The best fit WMAP5 model
is marked in each panel as a star. We find that there is somelatoon between the
lower bound onf, fes., andoyus, and also betweelfi, f... z andn as highlighted in
Figure 2.1. There are weak correlations with other cosmoédgarameters, as seen in
Figures 2.2 and 2.3 but nothing as remarkable as the two ameatiabove.

2.3.1 Constraints on IMF evolution

The efficiency of star formation is likely to be much less thigity in any realistic sce-
nario. Indeed, if we try to keep the different efficiencied ascape fractions at the same
order then we require these to be around 0.1-0.15, or 10-Y®8&te the escape frac-
tion for ionizing photons and star formation efficiency weéabtained are comparable
to those found in other studies, these are higher than theesaeen in local galaxies.
In particular, it is not clear if it is possible to expel 10%tbé metals from the ISM to
distant parts of the IGM using known physical mechanismso&geéommenting on the
numbers, let us consider the sensitivity of the result toassumptions by constraining
the evolution of the IMF.

If the IMF has a low mass cutoff that is higher than thé M. used for model 1
from Table 2.1, then a larger fraction of mass goes into higissrstars that produce
the ionizing photon flux and the enriched material. This aawelr the requiredfes. z
by a significant amount. The produgtf...z for model 2 from Table 2.1 is shown
in Figure 2.4. There is some evidence that there are moramethate mass stars in
the population of metal poor stars in the halo of the Galaxgamspared to metal rich
stars, if we normalize the two distributions at low stellaasses [Tumlinson, 2007;
Komiya et al., 2007]. Thus a higher cutoff far,,, may be required for explaining
other observations. Also, our analysis assumes that thellioiey of gas that forms
stars is fixed. If we do a self-consistent analysis whereishaiowed to evolve, the gas
metallicity gradually increases. It is then clear from EaBIl1 that later generations of
stars will enrich the ISM faster. As an illustration, we cae she results of analysis with
higher fixed input metallicity for models 2—4 in Figures 2ril&.6. Our estimates show
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that f.. z required to satisfy observations can come down by a few tepsroents due
to this. There is a corresponding increasgfdn , due to stars with higher metallicity
producing fewer ionizing photons.

Apart from the IMF, we have assumed that haloes with masseab®@VvM, can
form stars. The standard approach is to assume that radfatrdback during the EoR
increase this by about an order of magnitude in regions tha¢ bheen photo-ionized
[Efstathiou, 1992]. We do not take this into account as it basn pointed out that
the actual effect may only be to reduce the efficiency of stemétion in lower mass
haloes [Mesinger & Dijkstra, 2008]. If we do consider theeeffof radiative feedback
as disabling star formation then it leads to a reduction taltgas available for star
formation, and hence requires slightly higher efficienaied escape fractions. We find
that this effect requires an increase in the two productsbdmua20%. Furthermore,
we have assumed that the universe is enriched uniformlyayt very well happen that
the enrichment process is effective only in the vicinity afaxies. In such a case only
overdense regions are enriched. The escape fraction ofsmetpired can be lowered
by as much as a factor of two if this is the case.

Thus we may require only around 5% of the ISM to be ejected ¢d®@M on an
average in models witli, ~ 0.2 This is comparable with semi-analyab initio models
of early star formation, outflows and IGM enrichment thatéd&een studied in the
literature. We have also assumed the same loss fractiorsfdrfor galaxies over the
entire range of masses. This, of course, is not true. We éeXpegdhe low mass galaxies
can potentially disperse a large fraction of the ISM in snpea explosions but larger
galaxies can retain most of their ISM [Larson, 1974; Dekel i&,31986]. If most of
the IGM enrichment is done by metals that form in dwarf gadaxhen the constraint is
not very stringent. In most models, the fraction of mass iaxjas with a halo mass of
less thanl0'° M, is larger thanl0% even atz ~ 6. If these galaxies lose a significant
fraction of the ISM on an average and heavier galaxies logelite mass then we can
comfortably satisfy the constraints from enrichment of B#&1.

2.3.2 Constraints on high mass star formation

We now turn our attention to the ratio of escape fractionpfmtons and metals in order
to draw constraints on high mass star formation. Figure [208vs the ratiofes. 7/ fesc,
for the first IMF listed in Table 2.1. It is interesting to ndteat the ratiofesc 7/ fesc,

is of order unity, differing from unity by at most a factor offew. Thus the fraction
of ionizing photons that escape galaxies is broadly of tineesarder as the fraction of
metals that must leak into the IGM in order to explain the obsg enrichment of the
IGM. We have not plotted this ratio for other IMFs in Table 2dthe expected change
can be seen from other figures. Indeed, the change in theisdéiss than a factor two
as we consider IMFs listed in rows 2—4 of the Table 2.1. Therlas in Table 2.1 is
more appropriate for late time star formation and we needliscuss that here.



48

0.94 0.96 0.98 1

Figure 2.8: Ratifes. 7/ fesc,, fOr our fiducial model. See text for details.

Most studies of reionization have tended to focus on thepesohionizing photons.
In order to satisfy observations ofor the luminosity function of high redshift galaxies,
these often invoke a top heavy IMF for the first generatiortafss[Cen, 2003; Haiman
& Holder, 2003; Wyithe & Loeb, 2003c; Bromm, 2004]. Other sms of ionizing
radiation like AGNs, magnetic fields and decaying dark matseticles have also been
studied [Pierpaoli, 2004; Schleicher, Banerjee & Kless@082. It is interesting to note
that all such modifications lead to an enhanced productiooniZzing photons without
affecting the production of metals in a significant mannehisTis because the very
massive stars are expected to implode and do not enrich Mevigh the products of
nuclear fusion that takes place in the core. The r#tio;/ fes., Changes on addition
of extra sources of ionizing radiation. In view of the argumsepresented above, all
modifications that have been discussed so far lead to a snfalle. In other words, the
ratio plotted in Figure 2.8 should be thought of as a lowemigbu

An important implication of this is that the constraintsrfr@nrichment of the IGM
require certain amount of star formation, and this requaeihmeeds to be satisfied even
when we invoke other sources of ionizing radiation during époch of reionization.
That is, adding new potential sources of ionizing radiattan be helpful only in low-
ering the escape fraction of ionizing photons and not in kavgethe amount of star
formation’. We may even end up with a scenario where a much larger fraofipro-
cessed elements need to be transferred from the ISM to thedSkbmpared to the
fraction of UV photons escaping from galaxies.

"An exception is the scenario where the universe is not eaditiroughout. In such a case evén 7
can be reduced by a significant amount.
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2.4 Conclusions

In this chapter, we have compared simple models for stardtom in the early universe
with two observational constraints. The simplicity of thedel allows us to consider
variation in cosmological parameters as well. We preseuatrarsary of our results here:

The product of star formation efficiency and escape fraaiannizing photons,
f«fesc~» 1S COrrelated with the optical depth due to reionization.

The product of star formation efficiency and escape fraalSM, f. fesc. 2, IS
anti-correlated with the index of the primordial power dpaia.

These are weak correlations, in the sense that the valuésefdwo products do
not change strongly for small changes in the cosmologiacamater in question.

We do not find any other correlation amongst parameters off@taation and
cosmological parameters.

We are able to satisfy observational constraints with taedsrd initial mass func-
tion for stars observed in the local universe [Kroupa, 20@8H with reasonable
values for star formation efficiency and escape fractiomgpfwtons and ISM.
Given that the local IMF itself is somewhat ill constrainélis implies that we
do not require a significant evolution of the IMF in order tgkin observations
considered here.

Small variations in the IMF, indicated by observations oft@ah@oor stars in the
Galaxy, reduce the efficiency of star formation and the esdgztions required
for the standard IMF.

Approximations used by us in the model do not change the tbvermbers by
more than 10-20%. Indeed, different approximations chang&oers in different
directions so we can consider the overall results to beyfeatbust.

Our model allows us to estimate the ratio of the two escamtidres. We find that
the two escape fractions are of the same order.

If we consider other potential sources of ionizing photdwetthe required escape
fraction for photons can come down, however the escapadrafir processed
elements does not change. Indirectly, the required amdustiao formation is
required to remain the same unless there is some very efficienhanism for
transporting processed elements into the IGM while keethiegescape fraction
of ionizing photons low.
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The most important conclusion of this chapter is that stemé&dion without a sig-
nificant evolution of the IMF is sufficient for satisfying theo constraints considered
here. The escape fractions, and/or the star formationeiftyiis required to be higher
than we see in local galaxies. One can consider other soofdesizing radiation,
indeed at least some of these must be present. But as we haedpout, these help
in reducing only the escape fraction for ionizing radiatasnone of the other poten-
tial sources help in transporting enriched material fromititer-stellar medium to the
inter-galactic medium. This highlights the significancetlod constraint arising from
enrichment of the IGM for epoch of reionization studies.

Finally, we have neglected the presence of other sourcesarfization, e.g., metal-
free stars, minihaloes, and so on. It is expected that tresees would be too faint to
affect the luminosity function in the ranges we are consimerRecently, such structures
have also been shown to supersonic coherent flows of bargtatve to the underlying
potential wells created by the dark matter [Tseliakhovicld&ata, 2010]. However,
these sources may affect the thermal history of the mediugy,tlee metal-free stars
would produce higher temperatures because of harder apdéetsuch cases, it is most
likely that feedback would occur at magnitude brighter théxat we have indicated and
hence would possibly be easier to detect.






Chapter 3

Reionization and feedback in overdense
regions at high redshift

Deep surveys have now discovered galaxies at redshifte thake end of reionization
[Bouwens & lllingworth, 2006; lye et al., 2006; Bouwens et &007; Henry et al.,
2007; Stark et al., 2007; Bouwens et al., 2008; Bradley et @82Henry et al., 2008;
Ota et al., 2008; Richard et al., 2008; Bunker et al., 2010; Bowsvet al., 2009; Henry
et al., 2009; McLure et al., 2009; Oesch et al., 2009; Ouclalet2009b; Bouwens
et al., 2011; Ouchi et al., 2009a; Sobral et al., 2009; Zhdraj.£2009; Oesch et al.,
2010; Castellano et al., 2010; Bouwens et al., 2010a; Hickay,e2010; McLure et al.,
2010]. Luminosity function of these galaxies, and its etioly can answer important
questions about reionization. Indeed, much work has bear da constructing self-
consistent models of structure formation and the evolutibionization and thermal
state of the IGM that explain these observations [ChoudhuRe&ara, 2005; Haiman
& Cen, 2005; Wyithe & Loeb, 2005; Choudhury & Ferrara, 2006 kBlifa, Wyithe &
Haiman, 2007; Samui, Srianand & Subramanian, 2007; lliesd.e2008; Samui, Sri-
anand & Subramanian, 2009]. Studies of the Gunn-Petersaghr[Gunn & Peterson,
1965] atz > 6 have established that the mean neutral hydrogen fractibiglieer than
10~ (e. g. Fan et al. 2006) and it is most likely that the IGM isl $tighly ionized at
these redshifts [Gallerani et al., 2008a,b]. Furtherm@GMB observations indicate the
electron scattering optical depth to the last scatterimtasa to ber, = 0.088 + 0.015
based on the WMAP seven year data. A combination of high r&édshminosity func-
tion data with the data from these absorption systems and CiddBreations favour an
extended epoch of reionization that beging at 20 and ends at ~ 6 [Choudhury &
Ferrara, 2006]. In this chapter, we study the luminosityction in order to find what
we can learn from its observation. We will see that the firas=nof field of view of any
luminosity function observation can be an independentg@uaitthe reionization history
of the IGM.
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Interpreting high redshift luminosity functions is notatghtforward and detailed
modeling is required. For instance, local HIl regions abtimese galaxies can affect
luminosity function evolution [Cen, Haiman & Mesinger, 20@5&d clustering of galax-
ies can enhance this effect [Cen, 2005]. Another complinasdecause of the fact that
these surveys can detect only the brightest galaxies a thgk redshifts{ = 6). Such
galaxies can form first in highly overdense regions and tbezehe surveyed volume
is far from average. An important question in that case istindrereionization proceeds
differently in such regions [Wyithe & Loeb, 2007].

Galaxy formation is enhanced in overdense regions becduaegositive bias in
abundance of dark matter haloes. The enhancement in theamwingpalaxies is propor-
tional to the mass overdensity in the region, with the contistbproportionality (‘bias’)
related to halo masses and collapse redshifts [Cooray & SP@B2]. This increases the
number density of sources of ionising radiation and aidsnigation of the intergalactic
medium (IGM) in overdense regions. However, an increas@éenlGM density also
adds to radiative recombination. Furthermore, reionmzais accompanied by radiative
feedback [Thoul & Weinberg, 1996]. Radiative feedback h#edGM and suppresses
formation of low mass galaxies. This increase in radiat&eombinations and feed-
back works against the process of reionization and the tfectsfneed not cancel out.
Relative significance of these negative and positive cantiohs will determine how
differently reionization evolves in overdense regions.

Recently, Kim et al. [2009] studied a sample;gf-dropout candidates identified in
five Hubble Advanced Camera for Surveys (ACS) fields centredloanDigital Sky
Survey (SDSS) QSOs at redshifts: 6. They compared results with those from equally
deep Great Observatory Origins Deep Survey (GOODS) obsangaof the same fields
in order to find an enhancement or suppression in source £aMACS fields. An
enhancement would imply that bias wins over negative feeldlba these overdense
regions. They found the ACS populations to be overdense infigids, underdense
in two field, and equally dense as the GOODS populations infiehe Somewhat
surprisingly, they did not find a clear correlation betweensity ofi;;; dropouts and
the region’s overdensity.

We pursue this line of inquiry further in this chapter by ussemi-analytic models
to study reionization within overdense regions. The mam igito quantify the effects
of enhancement in the number of sources and radiative fekdhl#hin such regions
and explore the possibility of whether the galaxy luminp&iinction in overdense re-
gions can be used as a probe of feedback and reionizatiamnhidt is known that if
ionization feedback is the main contributor to the suppoessf star formation in low
mass haloes then one can distinguish between early ancelatézation histories by
constraining the epoch at which feedback-related low-hasity flattening occurs in
the galactic luminosity function. The effect of reionizatifeedback on the high red-
shift galaxy luminosity function was first demonstratedhgssemi-analytic models by
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Figure 3.1: Behaviour of various quantities in our fiducialdeb in the average and
overdense regions are shown by dashed and solid lines teghecThe top left panel
shows the photoionisation rate, with data points taken fi®afton & Haehnelt, 2007].
The top right panel shows the mass-averaged temperatumfeed regions, which es-
sentially determine the radiative feedback. The bottotplafel is for the volume filling
factor of ionised regions. The bottom right panel shows tieac star formation rate.
Note that the overdense region that we consider here ceagis = 6.8. The vertical
dotted line in the top left panel highlights this. We cannailee our reionization model

for smaller redshifts.
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Samui, Srianand & Subramanian [2007]. We apply their metb@tudy the luminosity
function in overdense regions.

3.1 Description of the Analytical model

In this section, we first summarise the basic features of ¢ha&-analytic model used
for studying the globally averaged reionization historye Wen describe in detail the
modifications made to this model in order to study reion@atn biased regions.

3.1.1 Globally averaged reionization

Our model for reionization and thermal history of the aver#@M is essentially that
developed in Choudhury & Ferrara 2005 (CF05). The main featof¢his model are
as follows.

The model accounts for IGM inhomogeneities by adopting adogal distribution
with the evolution of volume filling factor of ionized hydreg (H 11) regionsQu(2)
being calculated according to the method outlined in Macitscué@, Haehnelt & Rees
[2000]; reionization is said to be complete once all the swnsity regions (say, with
overdensitiesA < Ay ~ 60) are ionised. We follow the ionization and thermal
histories of neutral and H regions simultaneously and self-consistently, treatireg t
IGM as a multi-phase medium. Here, we do not consider thenization of singly
ionised helium as it occurs much later+ 3) than redshifts of our interest.

The number of ionising photons depends on the assumptiods megarding the
sources. In this chapter, similar to the previous one, we la@gumed that reionization
of hydrogen is driven by stellar sources. The rate of iogighotons injected into the
IGM per unit time per unit volume at redshiftis denoted by, (z) and is essentially
determined by the star formation rate (SFR) dengityt). The first step in this calcu-
lation is to evaluate the comoving number densityM, z, z.)dMdz,. at redshiftz of
collapsed halos having mass in the raddeand M + dM and redshift of collapse in
the range:, andz. + dz. [Sasaki, 1994]:

N(M,z z)dMdz = N(M, z)v*(M, z»ggfi (3.)

dt
X Psurv (Za Zc) Edzcha

whereN (M, z.)dM is the comoving number density of collapsed halos with mass b
tweenM and M + dM, also known as the Press-Schechter (PS) mass functiors[Pres
& Schechter, 1974], ang,.,(z, z.) is the probability of a halo collapsed at redshift
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surviving without merger till redshift. This survival probability is simply given by

D(ZC)
D(z)’

(3.2)

psurv(za Zc) =

whereD(z) is growth function of matter perturbations. Furthermorgl/, z.) is given

by 6./[D(z.)o(M)], wheres (M) is the rms value of density fluctuations at the comov-
ing scale corresponding to ma&s andd.. is the critical overdensity for collapse of the

halo. Next, we assume that the SFR of a halo of middbat has collapsed at an earlier

redshiftz. peaks around a dynamical time-scale of the halo and hastime fo

M.(M, z, z) = f, <&M>M

Qm t?iyn(zc)
0= ta],

tdyn (Zc)

(3.3)
X exp {—

where f, denotes the fraction of the total baryonic mass of the habdbts converted
into stars. The global SFR density at redshifs then

P« (2) :/ dzc/ AMM, (M, z, 2 )N (M, z, z.), (3.4)
z Mmmin (2c)

where the lower limit of the mass integral/,,;,(z.), prohibits low-mass halos from
forming stars; its value is decided by different feedbaacpsses. Here, we exclu-
sively consider radiative feedback. For neutral regiorsaasume that this quantity is
determined by atomic cooling of gas within haloes (we ndgteoling via molecular
hydrogen). Within ionised regions, photo-heating of the gan result in a further sup-
pression of star formation in low-mass haloes. We computl ¢wadiative) feedback
self-consistently from the evolution of the thermal prdjger of the IGM, as discussed
in Section 3.1.3.

We can then write the rate of emission of ionising photonsypet time per unit
volume per unit frequency rangg,(z), as

ﬁ,,(Z) = N’Y(V)fescp*(z)v (35)

where N, (v) is the total number of ionising photons emitted per unit iy range
per unit stellar mass anfi. is the escape fraction of photons from the halo. The quan-
tity NV, (v) can be calculated using population synthesis, given thlimhass func-
tion and spectra of stars of different masses [Samui, Sth8aSubramanian, 2007].
Here, we have use the population synthesis @drBURSTI9 [Leitherer et al., 1999;
Vazquez & Leitherer, 2005] to calculaté, () by evolving a stellar population of total
mass10® M., with a0.1 — 100.0 M., Salpeter IMF and metallicity.001 (0.05 times
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the solar metallicity,Z, = 0.02). The total rate of emission of ionising photons per
unit time per unit volume is obtained simply integrating lyu&tion (3.5) over suitable
frequency range.

Given the above model, we obtain best-fit parameters by congpwith the red-
shift evolution of photoionisation rate obtained from thedlforest [Bolton & Haehnelt,
2007] and the electron scattering optical depth [Larsor.eR@11]. We should men-
tion here that any model containing only a single populatbatomic-cooled stellar
sources with non-evolving, f... cannot match both the byforest and WMAP con-
straints [Choudhury, Ferrara & Gallerani, 2008; Bolton & Haelth 2007]. Therefore,
we choose the model which satisfies thevlgonstraints but under-predicts In order
to match both the constraints, one has to invoke either mt@ecooling in minihaloes
and/or metal-free stars and/or other unknown sources ohimition. This model is
described by the parameter valugs= 0.2 and f... = 0.135, and givesr, of 0.072.
Figure 3.1 shows evolution of the filling factor of ionisedji@ns, global star formation
rate density, mass-weighted average temperature in tbneggons and average hydro-
gen photoionisation rate in this model (dashed curves ipaalkls). The filling factor of
ionized regions is seen to rise monotonically fremy 15 and takes values close to unity
at redshifts: ~ 6. Temperature of ionized regions also rises rapidly dureignization
and flattens out to a few time$)* K at redshiftz < 4 (not shown here). Lastly, the
photoionisation rate also increases during reionizat®tha star formation rate builds
up. However, the photoionisation rate increases rapidtia wisudden jump at ~ 6
when the ionized regions overlap (filling factor becomeselm unity). This is because
a given region in space starts receiving ionizing photoosfmultiple sources and as a
result, the ionizing flux suddenly increases. This is ourdidumodel, which satisfies
observational constraints from kyforest, observations of star formation rate history,
number density of Lyman-limit systems at high redshift ahthe IGM temperature. In
this model, reionization starts at~ 15 and is 90% complete by ~ 7. Evolution of
xyr IS consistent with constraints from &yemitters and the GP optical depths.

Having set up the reionization model, we then calculate tieglipted luminosity
function of galaxies in this model. Luminosity functionsaifjects are usually preferred
for comparing theory with observations because of its tiy@bservable nature. In this
chapter, we closely follow the approach presented by Saanisinand & Subramanian
[2007] to calculate the luminosity function. We obtain lurosity per unit mass;soo(¢),
at 15004 as a function of time from population synthesis for an insa@eous burst. In
our model, star formation does not happen in a burst, but@arwous process spread
out over a dynamical time-scale. Therefore, in order tordates the luminosity of a
halo, L1500(t) with this kind of star formation, we convolNgso(¢) with the halo’s star
formation rate using

0
L1500(M> T) = / dTM*(M7 T—r, 20)11500(7—)7 (3-6)

T
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Figure 3.2: Luminosity function from our fiducial modelat= 6 and7 compared with
observations. This is the average case. Data points areBammvens & lllingworth
[2006] (z = 6) and Bouwens et al. [2010b} & 7).
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whereT is the age of the halo, which has maglsand which collapsed at redshit.
This luminosity can be converted to absolute AB magnitudiegus

Mup = —2.510g,0(Lyo) + 51.60, (3.7)

where the luminosity is in units of erg §Hz~! [Oke & Gunn, 1983]. One can compute
the luminosity evolution for any halo that collapses at hifls,. and undergoes star for-
mation according to Equation (3.3). The luminosity funotat redshiftz, ®(M,z, 2),

iS now given by

(I)(MAB, Z)dMAB

o dM dL 3.8
z/ dzeN(M, z, z.) 1500 (3-8)

dmM
dLys00 dMap AB:

whereN (M, z, z.) is the number density at redshiftof halos of masg\/ collapsed at
redshiftz.. We will use Equation (3.8) to study effect of overdensitytbe luminosity

function and to compare the luminosity function in our modéh observations in the
next section.

Figures 3.2 and 3.3 show the globally averaged luminositgtion calculated using
our model for different redshifts in comparison with obsgions presented by Bouwens
& Illingworth [2006]. We find that our model reproduces thesebved luminosity func-
tions at high redshifts reasonably well. In particular, th@ch at: = 6 is remarkably
good while the model predicts less number of galaxies thaat vehobserved at = 7
and 8. This could indicate that the star-forming efficierfcyncreases with:, and/or
the time-scale of star formation is lower thap, at higher redshifts. The match of
the model with the data can be improved by tuning these pdeassuitably, however
we prefer not to introduce additional freedom in constragrthe parameters; rather our
focus is to estimate the effect of reionization and feedlmacthe luminosity function.

In our calculation of luminosities, we do not make any caiicecfor dust. This is
partly because of indications from observed very blue Unticmum slopes [Bouwens
et al., 2010d; Oesch et al., 2010; Finkelstein et al., 201@kBuet al., 2010] that dust
extinction inz > 7 is smalt. As discussed in the next section, we exclusively work
with luminosity functions at these redshifts. Also, theseffof dust is degenerate with
f. to some extent. Therefore, the exclusion of dust extinames not affect the general
results of our calculation.

3.1.2 Biased regions

We have mentioned that galaxy luminosity functions prowidkiable information re-
garding reionization. However, observations are carrigcoger relatively small fields

LAlthough, work by Forero-Romero et al. [2010] that suggéisés a clumpy dust attenuation model
can reproduce the observed slopes.
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Figure 3.4: Evolution of the minimum masd,,;,(z) of haloes that can host galaxies
in ionized regions in the average case (dashed line) andvérdense case (solid line).
The dot-dashed line shows the minimum mass in neutral regwhich is same for the
average and overdense cases.

of view. The bright sources in these fields are typically 8ddty high mass haloes.
Hence, it is likely that these fields are biased tracers ofrosity function and reion-
ization. In this section, we extend our model to study redation within such biased
regions and quantify the departure of various quantitiemftheir globally averaged
trends. Reionization in biased regions has been discusdbe iiterature. Wyithe &
Loeb [2007] studied the correlation between high redstafagy distribution and the
neutral Hydrogen 21 cm emission by considering reionizaiiothe vicinity of these
galaxies. Wyithe, Bolton & Haehnelt [2008] considered th@Zation background near
high redshift quasars. Geil & Wyithe [2009] studied effettaionization around high
redshift quasars on the power spectrum of 21 cm emissiora(se®ritchard & Furlan-
etto 2007). The general conclusion of these studies is tletlense regions are ionised

earlier. In this chapter, we will consider the behaviourwhinosity functions in such
regions.

Overdense regions are characterised by their comovingabagan sizeR, and their
linearly extrapolated overdensity At a given redshift, we can take a scdtecorre-
sponding to an observed field of view (e.g., WFC3/IR field in H&Jl then determine
0 by identifying the presence of a massive object, for examplguasar or a bright
galaxy. We follow a prescription discussed by iz & Loeb [2008].

Note that if a galaxy with luminosity.;5q, is observed at redshift, then we can
assign a certain mass to the dark matter halo containingétaeyg say)M/. The halo
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massM has to be obtained from galaxy luminositysy,, by using some prescription
or by fitting the galaxy’s spectral energy distribution (SBRle & Ostriker 2004). In
this chapter, however, since uncertainty in the value ofdemesitys is expected to be
larger than any uncertainty in the mass of the galaxy’s halst, ve choose to calculate
this mass in an alternate, simpler manner. Note that we eamtiequations (3.6) and
(3.3) to obtain}/ given an observed value éf 5, if we have an estimate of the redshift
at which the galaxy formed. In fact, we obtain the halo massuch that the halo
luminosity after a dynamical time from halo formation tinealculated according to
our model, is equal td. 599. In other words, we break the degeneracy between halo
mass and formation redshift by assuming that the galaxyssgqual to the dynamical
time of the halo.

From this analysis, we conclude that a collapsed object m#ls)/ exists at red-
shift z,. Now suppose our field of observation corresponds to soreariscaler, at
this redshift. Then the linearly extrapolated overdenaityhis scale can be obtained
using the excursion set prescription [z & Loeb, 2008]. Recall that the probability
distribution of the extrapolated Gaussian density field sitned over scald? is also
Gaussian

2
Q(dR,UQ(R))d(sR = 5R :| déR (39)

1
2102%(R) P { 20°(R)
The conditional probability distribution of overdensidly on a scale specified by the
varianceo?, given a value of overdensity on a larger scale specified by the variance
o3 < o} is given by

Q((Sl,U%’(SQ,O'g) :Q(dl—ég,(f%—gg). (310)

Conversely, when the value of overdensityon a smaller scale specified by variance
o? is given, the conditional probability distribution 6§ can be obtained using Bayes
theorem as

Q(52, O'%’(Sl, O'%) XX Q(él, O'%‘(SQ, 0%)@(52, U%)dég (311)

If we now set the smaller scale to be that of the observedpsdid halo, and the over-
density at that scale to be the critical overdensity for sipghécollapse, Equation (3.11)
will give the resulting overdensity at any larger scale duthe presence of this massive
galaxy. In other words, we sét = ¢.(z,) ando} = o?(M) in Equation (3.11).

The larger scale corresponds to the field of observationtderdo calculate that, we
first note that the excursion set principle functions ehtine Lagrangian coordinates.
As aregion evolves towards eventual collapse its Lagrargjee stays unchanged while
its Eulerian size changes. For a spherical region the Emavolution will follow the
solution of the spherical collapse model. However, sineeBEhlerian and Lagrangian
sizes of the region coincide at the initial instant, the sgiaécollapse solution is also a
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relationship between these two sizes. Thus we have

3 1—cost D(z=0)
Rp = 0 5, D0 Ry, (3.12)

wheref is a parameter given by

1 3x6%%(0—sing)*3
142 N 20 6L ’

In our case, the Eulerian size of the region of interest i$ flus comoving distance
corresponding to the angular field of view, which is just they@aar diameter dis-
tance at the relevant redshift multiplied by the anguladfiel view. The WFC3/IR
field is 136" x 123". For the best fitACDM cosmology the diagonal size of this
field corresponds to a comoving Eulerian distat;e = 1.365 Mpc atz = 8. In a
WFC3/IR field centred on the object UDFy-42886345 at redstifand apparent mag-
nitude Hig0 45 = 28.0 we obtain a halo mas&/ = 2.52 x 10'! M, and luminosity
Lisoo = 2.21 x 10 ergs! Hz L.

Notice, however, that singg, is unknown, Equation (3.12) implies that the relation
between the Eulerian sizer and Lagrangian siz&;, is not one-to-one. Thus, for the
probability distribution of linearly extrapolated overgsity § given the halo mass/,
we can only write

(3.13)

dP(6| M)
dé
where the constant of proportionality is calculated by gsire normalization condition
J1dP(6|M)/dd)ds = 1.

In our calculations, we work with the value 6ffor which dP(6|M)/dd is maxi-
mum. For the WFC3/IR field at = 8§, this turns out to bé = 8.86 (linearly extrap-
olated toz = 0), which results in a Lagrangian siz&, = 1.482 Mpc for the region
of interest. Notice that sincé > ¢. the region must have collapsed at some redshift
z <