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Synopsis

The dark matter is the most dominating matter candidate and a key driving force for the struc-
ture formation in the universe. Despite decade-long searches, the precise nature and particle
properties of dark matter are still unknown. The standard cold dark matter candidate, the
Weakly Interacting Massive Particle(WIMP) can successfully describe the large-scale features
of the universe. However, when it comes to the scales comparable to a galaxy or a group
of galaxies, it fails to explain the observations. The nature of the small-scale anomalies sug-
gests a lower amount of dark matter at the scales of interest and can be tackled with different
strategies. The simulation suites, used to produce the small-scale universe theoretically, can be
equipped with varieties of baryonic phenomena, leading to a better agreement with observation.
Another way is to use some new dark matter candidate altogether that reduces the small-scale
power. Many such alternative dark matter candidates have been suggested and explored in the
literature. The aim of the work presented in this thesis is to study the effects of small-scale

power reduction due to new dark matter physics on different cosmological observables.

In Chapter 2 of this thesis, we have discussed the particle physics properties of three dark
matter candidates proposed as alternatives of the WIMP. The first one is the Late Forming
Dark Matter(LFDM), where dark matter is created due to a phase transition in the massless
neutrino sector [1] long after the Big Bang Nucleosynthesis(BBN). Another candidate is the
Ultra Light Axion Dark Matter(ULADM), which is born due to spontaneous symmetry break-
ing in the early universe and is stuck to its initial condition because of the Hubble drag. When
the mass of the particle exceed the Hubble parameter, it decouples from the drag and starts
behaving like dark matter [2], with a free-streaming length that is dependent on its mass. The

last candidate we consider is the Charged Decaying Dark Matter (CHDM), which is born in

v



the radiation dominated era, after an instantaneous decay of a massive charged particle [3].
All of these dark matter candidates suppress small-scale power, though because of different
physical reasons. In the next three chapters, we have studied their effects on various cosmo-
logical observables. The methods of study, along with the data used to validate the theoretical

predictions and results are discussed below.

Chapter 3:

This chapter is based on the work performed in [4]. In this chapter, we focus on the LFDM

and study its effects on linear matter power spectra at both small and large scales.

Method of Study: The LFDM model is specified by two parameters: The effective
massless neutrino degrees of freedom(DOF) Neg and the redshift of formation zy. We have
generated a set of matter power spectra using publicly available code CAMB for different sets of
Neg and zy, and performed a x? analysis using matter power spectrum data to constrain the
model parameters. We have also considered a scenario, where a fraction fitgm of the total dark
matter is LFDM and repeated the exercise. We have computed multi-parameter contours and
posterior probabilities by marginalization over redundant parameters that allow us to estimate

the model parameters.

The Data: The two parameters—z; and Neg—affect the linear power spectrum at different
scales. The main impact of changing Ng is to alter the MRE epoch, shifting the peak of

L'in the standard model of

the matter power spectrum, which is located at & ~ 0.01 hMpc™
cosmology. We use the SDSS DR7 data [5] for our analysis. As the SDSS data on the galaxy
power spectrum gives the power at scales: k=0.02-0.1h/Mpc, this data is sensitive to the
variation of Neg. On the other hand, the main effect of formation redshift z; is to suppress
the power at scales £ > 0.1h/Mpec. In this scales, we use the linear matter power spectrum,
reconstructed from Lyman-« forest power spectrum in the range: 0.2 < k < 4.8h/Mpc from

[6,7]. We use 45 band-powers from the SDSS galaxy data and 12 points from the reconstructed
linear power spectrum from the Lyman-« data.

Results: Our results can be summarized as follows. If all the presently observed CDM
is late forming, then both the data sets lead to upper limits on the redshift of formation of

LFDM, with Lyman-a data resulting in tighter bounds: zy < 3 x 108 at 99% confidence limit.



On the other hand, if we allow only a fraction of the CDM to form at late times, then we
improve the quality of fit as compared to the standard ACDM model for the Lyman-« data.
This is suggestive that the present data allows for a fraction 30% of the CDM to form at
2 o~ 10°. Therefore, our result underlines the importance of the Lyman-a data for studying

the small-scale power spectrum in alternative dark matter regime.

Chapter 4:

This chapter is based on the work performed in [3]. Here, we have studied the effects of
small-scale power suppression on the Epoch of Reionization(EoR) and the evolution of col-
lapsed fraction of gas at high redshift. We have considered two of the alternative dark matter

candidates discussed in Chapter-2 in this chapter: the LFDM and the ULADM.

Method of Study: Our method of constructing the reionization fields consists of three
steps: (i) Generating the dark matter distribution at the desired redshift, (ii) Identifying the
location and mass of collapsed dark matter halos within the simulation box, (iii) Generating
the neutral hydrogen map using an excursion set formalism. The assumption here is that the
hydrogen exactly traces the dark matter field and the dark matter halos host the ionizing
sources. Given the uncertainty of reionization history, we do not assume a particular model
for reionization history Zyp (z), where Ty is the fraction of neutral hydrogen in the universe.
Instead, we fixed the redshift at z = 8 and the ionization fraction at Ty; = 0.5 and com-
pared these models. We have produced HI power spectra, and photon brightness temperature
fluctuation(d7,) maps to compare the alternative models with the standard ACDM model. We
discard the models where no halo is formed to host the ionizing sources, or an absurdly high

number of ionizing photon is necessary to make Zgr = 0.5 at z = 8 successfully.

The collapsed fraction, defined as the fraction of collapsed mass in haloes with masses larger
than a threshold mass M at a redshift z, is sensitive to the mass function of the haloes. As
obtaining the mass function from N-body simulation is numerically expensive, we integrate
the Sheth-Tormen mass function above the density threshold of collapse at a given redshift
for computing the collapsed fraction in case of LFDM models. For computing the collapsed
fraction for ULADM models, we integrate the halo mass functions derived by [9]. The collapsed

fractions are calculated for two threshold halo masses, 10! Mg and 5 x 1019 M, in the redshift
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range 2 < z < 5 and compared to observational data. Models that are unable to produce the

observed collapsed fractions at high redshifts are discarded.

The Data: From absorption studies of the Damped Lyman-a(DLA) clouds, the evolution
of average mass density of Hiin the universe can be inferred. Assuming that the collapsed
fraction of baryons traces dark matter, this allows us to get an approximate measure of the
minimum amount of collapsed fraction of the total matter in the redshift range 2 < z < 5. We
have used the data of density of gas trapped in DLAs (Qg7), at the mentioned redshift range
from [10, 11] and converted them to collapsed fraction of gas. The re-constructed collapsed

fractions are used to compare the theoretical predictions.

Results: Our method predicts an ‘inside-out’ reionization where the high-density regions
are ionized first. We find that the Hipower for LFDM and ULADM models is greater than
the ACDM model over a large range of scales 0.1 < k < 4Mpc~!. In the maps of §7, there
are two main differences between ACDM and alternative models. The size of the ionized re-
gions is larger in the LFDM (ULADM) models and the Hi fields have stronger density contrast.
Checking the facts that halos are actually formed to host stars and a realistic number of ion-
izing photons are produced to achieve the desired level of ionization, we put a rough limit on
zp ~ 4 X 10° and m, ~ 2.6 x 1072 eV as lower cut-offs. Comparing the estimated collapsed
fraction with data we found weaker constraints on 2y < 2 x 10° and m, < 10723 eV. All these

~

constraints are in good agreement with previous constraints.

Chapter 5:

This chapter is based on the work performed in [12]. The observable of interest here is the

spectral distortion in the Cosmic Microwave Background(CMB).

Method of Study: The distortion on the CMB spectra can occur due to heating or cooling
of the medium owing to several mechanisms at different times in the history of the universe. In
this work, we consider heating due to the dissipation of acoustic waves, well-known as the Silk
Damping. The fraction of energy injected into the photon bath is a function of the evolution
of the fluctuation in gravitational potential & and the CMB dipole ©;. We have computed
the evolution of ® and ©; for all the three dark matter candidates studied in Chapter 2, along
with the WDM, using the publicly available code CMBFAST and axionCAMB. Using them, we

vii



estimate the evolution of the heating rate and integrate it to get the distortion parameters.
The distortion parameters thus found are used to calculate the distorted CMB spectrum. The
final output is the percentage change of the distortion parameters for the alternative dark
matter models with respect to the ACDM model.

Results: The two earlier spectral distortions, namely the - and the i-distortion, are not
found to be affected due to new dark matter physics. The y-distortion is the only one that car-
ries the signatures of small-scale power suppression. We conclude that, unless the constraints
on the model parameters found in previous studies are violated, the change in the y-distortion
parameter is not more than ~ 14% compared to the standard model with identical spectral
shapes. y-distortion occurring from later phenomena, i.e., structure formation and tSZ effects
in the galaxy clusters have orders of magnitude higher distortion parameters than the Silk
Damping, again with the same spectral shape. Thus, unless these foregrounds are understood
and cleared correctly, distinguishing between dark matter candidates which reduce small-scale

power is next to impossible.

Finally, our study shows that changing matter power at small scales can have noticeable
impacts on other observables of the universe. However, to see the difference, the phenomena
themselves are to be understood properly. The constraints found on the models using different
probes are in good agreement with each other. In future, we will extend our research by
investigating whether it is possible to accommodate an O(10 eV) particle as a dominating cold
dark matter candidate, by exploring its effects on linear matter power spectrum and CMB

spectral distortion.

viii



List of Publications

1. Abir Sarkar, Subinoy Das, Shiv K. Sethi, “How Late can the Dark Matter form in our
universe?”, JCAP 03(2015)004, arXiv:1410.7129

2. Abir Sarkar, Rajesh Mondal, Subinoy Das, Shiv.K.Sethi, Somnath Bharadwaj, David J.
E. Marsh, “The effects of the small-scale DM power on the cosmological neutral hydrogen

(Hr) distribution at high redshifts 7, JCAP 04(2016)012, arXiv:1512.03325

3. Abir Sarkar, Shiv.K.Sethi, Subinoy Das “The effects of the small-scale behaviour of dark
matter power spectrum on CMB spectral distortion”, JCAP 07(2017)012, arXiv:1701.07273

X



Abbreviations

DM - Dark Matter

C(H,W)DM - Cold(Hot, Warm) Dark Matter
SUSY- Supersymmetry

WIMP - Weakly Interacting Massive Particle
LFDM - Late Forming Dark Matter
ULADM - Ultra Light Axion Dark Matter
CHDM - Charged Decaying Dark Matter
BBN - Big Bang Nucleosynthesis

MRE - Matter-Radiation Equality

CMB - Cosmic Microwave Background

EoR - Epoch of Reionization

HI - Neutral Hydrogen

DLA cloud - Damped Lyman-a cloud

SD - Silk Damping

COBE - Cosmic Background Explorer
WMAP - Wilkinson Microwave Anisotropy Probe
SDSS - Sloan Digital Sky Survey

PIXIE - Primordial Inflation Explorer

MW - Milky Way

L(S)MC - Large(Small) Magellanic Cloud
VDF - Velocity Distribution Function

dSph -Dwarf Spheroidal



Notations

me - Mass of the electron

m,, - Mass of the proton

kp - Boltzmann’s Constant

¢ - Velocity of light in vacuum

cs - The speed of sound

Mg - 1 Solar Mass = 2 x 1039 kg

z - Redshift

a—1/(1+ z) - Scale factor of the universe

Zeq - Redshift of matter-radiation equality

Geq - Scale factor at matter-radiation equality

n - Conformal time

Hj - Hubble Constant at present

h - Hy/100 kms~'Mpc~*

p;i - Background density of a component i of the universe

Q; — pi/pc - Density parameter of a component ¢ of the universe
d; — 0p;/pi - Density fluctuation of a component ¢ of the universe
0; - Velocity fluctuation of a component ¢ of the universe

i - dm, wdm, b, H1, ~, v for dark matter, warm dark matter, baryon, neutral hydrogen, photon
and massless neutrino respectively

As - Amplitude of the power spectrum

ng - Scalar spectral index of the power spectrum

og - mass dispersion at scale R = 8h~'Mpc at the present epoch

Mwdm - Mass of the WDM

X1



ki - Free-streaming scale of the WDM

myg - Mass of sterile neutrino

C; - The CMB power spectrum amplitude

Plidm - Density of the LFDM

Neg - Effective degrees of freedom of massless neutrino
2y - Formation redshift of the LEDM

fitam - Fraction of the LFDM in the universe

Kifam - Scale that enters the horizon when dark matter is formed
mg - Mass of the the ULADM

kp, - Free-streaming scale of the the ULADM

Zdecay - Redshift at which the CHDM is formed

ke - Scale that enters the horizon at a certain time
P(k) - Linear Matter Power Spectrum

A?(k) - Dimensionless 3D Matter Power Spectrum

dn
dIn M

- Halo mass function i.e, Number of haloes on a certain interval of mass
ZTyr - Fraction of neutral Hydrogen

Nion - The number of ionizing photons emitted per baryon

0T}y - The photon brightness temperature fluctuation

AZ(k) - Brightness Temperature Power Spectrum

N(Hi) - Column density of neutral hydrogen f.on - Collapsed fraction of gas in haloes
oy - Mass dispersion of haloes

n(v,t) - Photon distribution function

T, - Temperature of electron

T, - Temperature of photon

ne - Number density of electron

or - Thomson scattering cross-section

v - Frequency of the incident photon

x(x.) - Dimensionless frequency of photon(electron)

1 - Chemical potential of photon and the amplitude of the u-distortion

y - Compton y-parameter and the amplitude of the y-distortion

R - The baryon loading factor defined as R = 3py/4p,

xii



T. - Compton scattering optical depth

kg - The scale that undergoes Silk damping at any time

©1(k, n) - CMB dipole transfer function at a certain conformal time

O1p - O1(k = ky)

®(k, n) - Fluctuation of the cosmological gravitational potential at a certain conformal time
Ssp - The source function of heating due to Silk Damping

14 - The conformal time at which the scale k; undergoes Silk damping

xiii



Contents

Synopsis

List of Publications

Abbreviations

Notations

1 Introduction

1.1

1.2

1.3

1.4

1.5

The Emergence of Dark Matter in Astrophysics and Cosmology . . . . . . . ..
1.1.1  Dark Matter in Galaxy . . . . . . . .. ... ...
1.1.2  Gravitational Lensing and the Galaxy Clusters . . . . . ... ... ...
Dark matter in Cosmology . . . . . . . . . . . ...
1.2.1  Structure Formation . . . . . . .. . ... ... oo
1.2.2  CMB Anisotropy . . . . .« o v oo
Dark Matter Candidates . . . . . . . . . .. . L
1.3.1 Baryonic Candidates . . . . . . . . . .. . L oo
1.3.2 Non-baryonic Candidates . . . . . . . .. ... ... ... .. ......
Detection of Non-baryonic Dark Matter . . . . ... .. ... ... .......
1.4.1 Direct Detection . . . . . . .. ...
1.4.2  Collider Detection . . . . . . . . . . . ..
1.4.3 Indirect Detection . . . . . . . . . .. ..
The Troubles with WIMP: Looking for a new dark matter candidate . . . . . .
1.5.1 The Cuspy Halo Problem . . . . . ... ... ... ... .........
1.5.2  The Missing Satellite Problem . . . . . .. .. ... ... ... .....

Xiv

iv

ix

xi



1.5.3 The “Too-Big-to-Fail” Problem . . . . . .. .. .. ... ... ......
1.6 Possible Remedies of the Problems . . . . . . ... ... ... ... ......
1.6.1 Including Baryonic Physics . . . . . . . ... ... ... ... ...
1.6.2 Changing the nature of Dark Matter . . . . . . . .. .. ... ... ...

1.7 Organization of this Thesis . . . . . . . ... ... ... .. ... ..

Some Alternatives of the WIMP: LFDM and Friends

2.1 Late Forming Dark Matter . . . . . .. .. ... . . .. .. ... ... ...
2.1.1 Scalar LEDM . . . . . ..
2.1.2 Fermionic LFDM . . . . . . .. ... o

2.2 Ultra Light Axion Dark Matter . . . . . . . ... ... ... ... ... .....

2.3 Charged Decaying Dark Matter . . . . . . . .. .. .. . . ..

2.4 Evolution of Transfer Functions of Different Dark Matter Candidates . . . . . .

Scanning the Models: Power Spectrum Analysis of LFDM

3.1 Modification in CAMB . . . . . . . .. L
3.2 TheData . . . . . . .
3.3 Data Analysisand Results . . . . . .. ... ... oL

3.4 Conclusion . . . . . . .

Observational signatures I: EoR and the High Redshift Universe

4.1 Physics of The EoR . . . . . . . . . .

4.2 Simulating the Reionization Field . . . . . . ... ... ... ... 0.
4.2.1 Generating the dark matter density field . . . . . . .. ... ... .. ..
4.2.2  Identifying collapsed dark matter halos . . . . .. ... ... ... ...
4.2.3 Generating the neutral hydrogen maps . . . . . .. ... ... ... ...

4.3 Results. . . . . . o e

4.4  Evolution of the Cosmological Gas Density . . . . .. . ... ... ... ...,

4.5 Conclusion . . . . . . . e s

Observational signatures 1I: Spectral Distortion in the CMB
5.1 Physics of the Spectral Distortion in the CMB . . . . . ... .. .. ... ...
5.2 Spectral Distortion and Dark Matter Models . . . . . . ... .. .. ... ...

XV

46
47
47
48
50
93
95

58
o8
60
62
66

68
69
72
73
74
76
7
82
88



5.3 Results. . . . . . . e 103

5.4 Conclusion . . . . . s 107
6 Conclusions and Outlooks 109
6.1 Conclusions . . . . . . . . 109
6.2 Future Directions . . . . . . . . . . e 112
Bibliography 113

xXvi



List of Figures

1.1
1.2
1.3
1.4
1.5
1.6

1.7
1.8
1.9

1.10
1.11
1.12

2.1
2.2

3.1
3.2
3.3
3.4
3.5

4.1

Velocity profile parameters of four elliptical galaxies. . . . . . .. .. ... ... 7
Transfer functions of different components of the universe. . . . . . . . . .. .. 17
CMB anisotropy map in the eyes of the Planck satellite. . . . . .. .. .. ... 18
CMB power spectra plots with changing €2, and Qqp. . . . . . . . . . .. ... 20
Comoving number density of WIMP in the early universe. . . . . . . ... ... 23
Direct dark matter detection results for spin-independent WIMP-nucleon scat-

tering. . . . . . L e 26
Direct dark matter detection results for spin-dependent WIMP-nucleon scattering. 27
Properties of satellites of the MW /M31: Simulated and Observed. . . . .. .. 33

VDF for different satellites as a function of circular velocity of a halo, normalized

to the global circular velocity of the parent halo. . . . . ... .. ... ... .. 34
The Too big to fail problem. . . . . . . . ... ... 35
The power spectra for hot, war and cold dark matter. . . .. .. .. ... ... 39
Projected density fluctuation map for ACDM, and two WDM candidates. . . . 44
Power spectrum of different dark matter candidates including ACDM . . . . . . 52
The evolution of transfer functions of dark matter candidates. . . . . . . . . .. 57
LFDM power spectrum for different Neg and zp . . . . ... ... ... ... .. 60
Contours of zp and Negg . . . . . . . . oo L 63
Marginalized posterior probability for zp . . . . .. ... ..o 65
Contours of zy and figqm - - - - - . . . ..o 65
x? for different models including ACDM . . . . . ... .............. 67
The evolution of 21 cm brightness temperature fluctuation . . . . . . .. .. .. 71

Xvii



4.2
4.3
4.4

4.5

4.6
4.7
4.8
4.9
4.10
4.11

5.1

5.2

5.3
5.4

5.5

5.6

Dimensionless matter power spectrum A%(k) at z=8 . . ... ... ... ... 74
Halo mass function considering different dark matter models . . . . . . .. .. 75

Two dimensional sections through the simulated brightness temperature maps:

ULA .« 80
Brightness temperature power spectrum A? (k) (mK?) of the Hr field . . . . . 82
Mustration of Lyman-« forest . . . . . . .. . ... .o 84

The mass dispersion oj; and collapse fraction as a function of halo mass : LEDM 86

The mass dispersion o,; and collapse fraction as a function of halo mass : ULA 86

The redshift evolution of collapsed fraction: LFDM . . . . . .. ... ... ... 87
The redshift evolution of collapsed fraction: ULA . . . . . ... ... ... ... 87
Important epochs of the evolution of spectral distortion in the Cosmic Microwave

Background. . . . . ..o Lo 92

The evolution of the gravitational potential fluctuation ®(k,n) for LFDM and

The evolution of the CMB dipole ©(k,n) for LFDM and CHDM . . . . . . .. 101
CMB dipole transfer function of the four dark matter candidates considered in
this work along with ACDM. . . . ... ... ... ... ... ... ...... 102
The difference between ©1p for four dark matter models considered in this work
and ACDM model . . . . . .. ... . 104
Comparison of AO;p(Left) and y-parameter(Right) for four different dark mat-
ter candidates . . . . . .. L. 107

xviil



List of Tables

4.1 List of numbers of ionizing photon for different cosmological models

5.1 List of y-parameters for different dark matter models . . . . . . . ..

Xix



Chapter 1

Introduction

Since the initiation of the civilization, humans have an infinite amount of curiosity about the
world that is outside the homely planet earth. Through millennia many astronomers in dif-
ferent countries of the world have explored the night sky with telescopes and even naked eyes
that helped them to find answers to some questions about the part of the universe immediately
surrounding our planet. However, the vast universe outside our galaxy, The Milky Way(MW),
remained beyond our vision for a very long time. Only recently, we have gathered enough the-
oretical understanding and experimental tools that have enabled us to visualize the beautiful
and exciting world that is located outside the MW, leading to explore the universe as a whole
and thus giving birth to the subject, Cosmology. Earliest research works in Cosmology trace
back to early 1900. This classic subject of Physics tries to address the long wondered questions
of humankind considering the universe as a whole. The famous paper of Albert Einstein in 1917
undoubtedly announced the birth of the subject we know today as Theoretical Cosmology. The
century following has witnessed exciting progress in this field that has enriched human knowl-
edge about the universe, turning it into a mainstream subject of Physics with many activities
going on. The efforts of decades have come fruitful in various aspects, and we indeed gathered
sufficient knowledge about the behavior of the universe as a whole. The first satellite that was
dedicated to Cosmological observations was the Cosmic Background Explorer(COBE) which
operated from 1989 to 1993. After the results obtained from the COBE mission, the theoreti-
cal predictions about the Cosmic Microwave Background (CMB) anisotropy got observational
confirmation. The cosmological parameters were measured and constrained by the Wilkinson

Microwave Anisotropy Probe(WMAP) experiment and almost pinpointed by the latest Planck



mission.

Despite getting such a sound knowledge about the universe, there are even more things
those are still covered in the veil of mystery. One of the most exciting of these unknowns is
the nature of the dark matter. This mysterious component of the universe reveals its presence
through gravitational interaction only. The existence of the dark matter was first suspected by
Dutch astronomer Jacobus Kapteyn in 1922 [13] while studying the distribution of mass the
dynamics of stars in the local stellar neighborhood. The suspicion was strengthened by the
radio astronomy pioneer Jan Oort in 1932 [11] and Fritz Zwicky in 1933 [15], independently.
However, the existence of dark matter was found to be a possible reality by the observations
of galactic rotation curves almost forty years after the works of Oort and Zwicky. The galaxy
rotation curve is the distribution of orbital velocities of visible components of the galaxy. Now,
the density of visible matters decreases as one goes further away from the galactic center,
implying that the rotational velocity should fall at larger distances from the center. Several
observations of the galaxy rotation curve were carried out using different tracers during the
"70s and ’80s by many astrophysicist groups, notably by Vera Rubin and A. Bosma. These
observations revealed flat rotation curves instead of sharply falling curve at the outskirts of
many galaxies, suggesting that either there is a large chunk of non-luminous matter in the
outer parts of the galaxies or the Newtonian dynamics is modified there. Later, in the '90s
the gravitational lensing observations in larger objects, like galaxy clusters, established that
not only dark matter exists, but it can also be a key controlling factor of structure formation.
The CMB observations performed by WMAP and Planck also favored a universe where dark
matter is the dominating matter candidate. However, unfortunately enough, none of them has

been able to shed any light on its fundamental particle nature.

Several dark matter candidates have been suggested so far. They can be majorly divided
into two classes: baryonic and non-baryonic. The baryonic candidates consist of faint stars,
planets, cold gas clouds and the warm-hot intergalactic medium. However, they did not seem to
be very promising as dark matter candidates from theoretical grounds. Furthermore, some sur-
veys found they have too little abundance to account for the entire dark matter of the universe.
For non-baryonic dark matter, well-studied candidates are neutrino, axion, supersymmetric
particles, mirror matter and so on. The most popular class of non-baryonic dark matter candi-

date is the Weakly Interacting Massive Particle(WIMP), encouraged by the well-known WIMP



miracle in the supersymmetric extension of the standard model of particle physics. The WIMP
dark matter is very efficient in describing the large-scale structure of the universe. However,
when it comes to scales as small as a galaxy or a group of galaxies, it fails to explain the
observed facts. Furthermore, the detectors dedicated to estimating the mass of WIMP are also
providing conflicting results.All these issues have inspired a drive to go beyond the standard
WIMP picture of dark matter and consider alternative candidates for dark matter, which differ
from WIMP on galactic scales (while reproducing its success on cosmological scales). One of
such alternatives is the Warm Dark Matter(WDM), which also failed to solve the small-scale

issues thoroughly.

The primary focus of this thesis is to probe the nature of dark matter by studying the
effects of some alternative dark matter models on some important cosmological observable.
After the inflation had taken place, it generated small density perturbations in the seemingly
homogeneous and isotropic universe. The perturbations grew with time and formed the present-
day structures. The properties of these density fluctuations are best studied by the power
spectrum, which is the Fourier transform of the correlation function of the density fluctuations
of several components that build the universe. Depending on how it was created, the dark
matter can change the matter power spectrum at certain scales, preferably at scales comparable
to the galactic scale as well as considerably smaller than the one that entered the horizon during
matter-radiation equality(MRE). The modification of small-scale matter power spectrum has
other interesting observational consequences which are possible probes of the nature of the dark

matter.

The purpose of writing this chapter is to motivate the need of finding an alternative of
WIMP. Therefore, we start this chapter by discussing the emergence of the concept of dark
matter in Section 1.1. In Section 1.2, we discuss why the dark matter is inevitable for structure
formation, and it must be non-relativistic(cold) in nature to successfully form the structures.
We describe some potential dark matter candidates, both baryonic and non-baryonic, in Sec-
tion 1.3. In Section 1.4, the principles of detection techniques of the dark matter are covered,
with some recent results produced by these experiments. Section 1.5 argues the astrophysical
problems with the standard WIMP dark matter, which is the first stepping stone for thinking
about an alternative. In Section 1.6, we have discussed how these problems can be overcome

using new dark matter candidates and including baryonic physics. The most studied alternative



of WIMP is the WDM, but as shown in the same section, it does not have enough potential
to solve the problems either. Thus, we argue that it is necessary to go beyond WDM a look
for some other alternative. The chapter concludes with a layout of the rest of the thesis, in

Section 1.7.

1.1 The Emergence of Dark Matter in Astrophysics and Cos-
mology

At present, it is well established that the dark matter is present in the universe covering all
scales ranging from galaxies and to vast superclusters. The presence of dark matter in different
astronomical objects was revealed by various observational techniques, and it took decades of
research to establish the fact that not only it exists, but is also the most dominating matter
candidate of the universe. In the rest of this section, we provide a brief overview of the research
works that answer the first question to motivate the thesis: “Why is the presence of dark matter

unavoidable?”

1.1.1 Dark Matter in Galaxy
Rotation Curve of Galaxies

The existence of the dark matter was suspected in the MW galaxy for the first time by Jacobus
Kapteyn in 1922 while studying the distribution of rotational velocities of stars at the outskirts
of the galaxy. Babcock in 1939 [16] measured the rotation of the nearest big galaxy to us, the
Andromeda galaxy (M31), using optical spectroscopy. It was found that the rotational velocity
at long distances from the center was enormous and the total luminous matter present at the
outskirt was not enough to give rise to such a high rotational velocity. These works together
initiated the idea of dark matter which had to wait for forty more years to get solid physical
ground. Furthermore, in 1959, Kahn and Woltjer [17] also studied the dynamics of the Local
group by calculating the relative velocity of the MW and M31. They concluded that the system
could only be dynamically stable if the system contains a considerable amount of intergalactic
matter, which is preferably dark and has a very tiny fraction of stars.

In the 1970s, the existence of dark matter was confirmed by numerous observations of ro-

tation curves of local galaxies in different wavebands by several groups. These observations



turned the mere concept of dark matter into a well-recognized field of active research. Op-
tical and 21 cm emission studies of M31 during the ’70s by various research groups [18-20]
confirmed that a significant fraction of the mass of the galaxy is located in the outer part in
the form of a dark halo. Kinematic investigations by [21,22] of two other giant spirals M81
and M101 led to similar conclusions. These observations indicated that dark matter was not
any particular content of MW but is present other galaxies too, irrespective of the fine details
of their morphology. Ostriker and Peebles [23] performed a numerical study of the effect of
dark matter on the stability of the Galactic disk. They found that models that start with disk
characteristics of the MW and without a dark halo, rapidly evolve to unstable barred modes.
On the other hand, if the galaxies are embedded in dark spherical halos with mass ~ 2.5 times
the disk mass, the evolution is stable, which further confirmed the inevitability of dark matter.

In [24] the first indication of the existence of non-luminous matter in dwarf galaxies was
shown by studying the nature of their tidal mass distribution, again derived from the rotation
curve. Later, more studies [25,20] using better data demonstrated that not only dwarf galaxies
contain dark matter, they are also dominated by dark matter. The first evidence of dark
matter in elliptical galaxies came by the work of Stewart et al. in 1984 [27]. They studied the
X-ray images and spectra of the elliptical galaxy M87, which is embedded in a large galactic
halo in the Virgo Cluster. They calculated gravitational potential distribution around the
galaxy and used it to simulate sample spectra to compare with observed spectra. It was seen
that models with halo radius with a few tens of kpc match best with the observed spectra,
suggesting an association of dark matter with the galaxy. The study was extended to many
other ellipticals [28] and confirmed the existence of dark matter as the dominating candidate
in all of them.

Hence, the two decades 1970 and 1980 formally gave the birth of dark matter which later

proved to be inevitable for the present day structures to form.

Velocity dispersion of stars in elliptical galaxies

The stars in galaxies form bound systems that follow the virial theorem. Their velocity disper-
sion o is related to the enclosed mass(M) and the distribution of mass in the halo where they
are located. Different astrophysical systems have different ¢ — M relations. For giant elliptical

galaxies, the kinematics of stellar systems are dominated by random motions [29]. The velocity



dispersion of stars and their variations with radius is thus a messenger of the mass distribution
in the ellipticals. However, there are two significant caveats. First, the outer parts of elliptical
galaxies are too faint to provide enough data about the stellar kinematics in those regions,
making it difficult to obtain information about the mass distribution. Second is the lack of
knowledge about the nature of stellar orbits in the ellipticals. A poor fit of data with a mass
model constructed with only luminous matter cannot, therefore, assure the existence of a dark
halo.

In Figure 1.1 we show the velocity dispersion data of four elliptical galaxies, NGC 2434,
2663, 3706 and 5018 taken by Carollo et al. in 1995 [30]. It is evident that for all the galaxies
apart from NGC 2663, the velocity dispersion decline slowly or remain flat in the outer regions.
If the outer parts of the galaxies would contain only luminous matter or dominated by them,
the velocity dispersion would decline more rapidly. This phenomenon can also be explained
by the domination of tangential component of velocity dispersion of stars in the outer parts of
the galaxy, as an alternative of this apparent existence of a dark halo. If velocity dispersion
is dominated by tangential component, the radial counterpart will indeed seem to be falling
slowly. In the lower panel of Figure 1.1, the radial profiles of one of the truncated Gauss-
Hermite parameters(z4) [31] are shown. If the tangential component indeed dominates the
velocity dispersion of stars at the outskirt of the galaxy, the observed nature of z4 predicts a
steeply falling 0. However, the gentle fall of o, as seen in Figure 1.1, rules out the possibility
of tangential isotropy of orbits and confirms the existence of a dark halo for three of the four
galaxies. For the galaxy, NGC 2663, the steep fall of o does not assure a believable existence

of a dark halo.

1.1.2 Gravitational Lensing and the Galaxy Clusters

The gravitational lensing is a vastly used technique to measure the mass of a distant massive
object. When light from any background source comes through a massive object(Conventionally
called the lens), for example, a galaxy cluster, its trajectory gets distorted due to the mass of
the lens. Because of this, the image of the source can be elongated producing Einstein’s rings,
get sheared, or even multiple images can form depending on the nature of the lens. If the
source is located directly behind the lens, the light from the source face the extremely complex

space-time right near the lens and traverse many trajectories before reaching the telescope.
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Figure 1.1: Velocity profile parameters of four elliptical galaxies, NGC 2434, 2663, 3706 and
5018, as a function of the effective radius projected on the Sky. Top Panel: The dispersion
of the velocity 0. and Bottom panel: the Gauss-Hermite parameter z4. The picture is taken

from [30].

This is called Strong Gravitational Lensing. If the lens is circular in nature, it gives rise to
beautiful ring-like images of the source, called the Einstein’s rings(Please refer to [32] for a nice
review of strong gravitational lensing). On the contrary, if the source is far from the center
of the cluster, the light path does not deflect very much, and the image is modified slightly
by shear, amplification, and rotation. This is called Weak Gravitational Lensing [33,31]. The
amount of distortion depends crucially on the mass of the lens, and thus the measurement of

the distortion can give a reasonable estimate of the mass of the lens.

The presence of dark matter in galaxy clusters was first suggested by Sinclair Smith in
1936 [35] who calculated the mass of the Virgo cluster from the line of sight velocity distribution
function(VDF) of the cluster. The average mass of each galaxy calculated showed a discrepancy
of ~ 200 that can be expected from Hubble’s estimate that was then available. Also, the VDF

shows no relation between the luminosity of the object and their velocity.

The next work on measuring the mass of another galaxy cluster, this time the Coma cluster,
by the pioneering paper of Fritz Zwicky in 1937 [30], rose further suspicion. The paper contains
an investigation of the luminosity data of the Coma Cluster taken by Schmidt Telescope in
Mount Palomar, directed to model the Coma cluster theoretically. Assuming that the cluster

is virialized, he found a discrepancy of a factor of 500 in the mass of individual galaxies, termed



as nebulae in the original paper. This was another indication that the luminous matter is a
tiny fraction of total mass in galaxy clusters, though the discrepancy factors were very high for
both the clusters because of low-quality data available at that time. He also noticed that the
number density of nebulae in the cluster is very high near the core and decreases gradually in
the outer parts of the cluster providing a much larger extension of the cluster than estimated

by Hubble.

In the very paper by Zwicky, the idea of estimating the mass of galaxy clusters by gravi-
tational lensing was first suggested, though the real observations started coming after almost
40 years. The first observation of gravitational lensing was made by Walsh et al. [37] in 1979.
The strong gravitational lensing was first observed in 1987 [38] whereas the weak gravitational
lensing was first observed by in 1990 [39]. The weak lensing observations in the '90s not only
confirmed the existence of dark matter in clusters but also turned out to be a promising tool
to map the dark matter distribution in galaxies using gravitational lensing. Recently, an ob-
servation made in 2006 [10] on 1E 0657-558, a unique cluster merger at z=0.296, demanded a
direct detection of dark matter in that cluster. At present both strong and weak lensing are

widely used to map the dark matter distribution in the galaxy clusters [11,12].

1.2 Dark matter in Cosmology

In the last section, we have discussed how the existence of dark matter was found in galaxies and
clusters of galaxies. However, today we know that it is the most dominant matter candidate
of the universe and the key component to the structure formation. To appreciate the fact
that, without dark matter, it would not be possible to form the structures as we see today,
it is necessary to understand the dynamics of the building blocks of the universe. Below,
is Section 1.2.1, we provide a brief description of the evolution of the components of the
universe and show that dark matter is essential for structure formation and it has to be cold
in nature. We also put emphasis on the fact that it is the cosmological evidence and not the
galactic evidence that can provide information about the nature of dark matter. We have
studied the effects of dark matter on the matter power spectrum and the CMB temperature
power spectrum. The behavior of these two quantities is crucially dependent on a handful of

cosmological parameters. The parameters are: The baryon density parameter €2, the total



matter density parameter €2,,, the curvature density Q5 , the Hubble parameter h, the slope
of the primordial power spectrum ng, the amplitude of the primordial power spectrum Ag,
and the effective neutrino degrees of freedom(DOF hereafter) Nog. We have computed these
quantities using the publicly available simulation package CAMB [43]. Throughout this thesis,
we have used the Planck TT+lowP best fit values of cosmological parameters: 2,h? = 0.02222,
Qm = 0.315, Qi = 0.0, h = 0.6731, ny = 0.9615, In(10'°A, = 3.089 and N.g = 3.046.

1.2.1 Structure Formation

The drivers of the evolution of the universe at present are the dark energy(covering up 68.3%
of the ingredients of the universe) and the dark matter (contains 26.8% of the universe). The
rest ~ 4% consist of the baryons, most of which is invisible, along with the neutrinos and the
photons. The cosmological perturbation theory studies the evolution of the constituents of the
universe. Depending on their transformation properties, there are three kinds of perturbations
present in the universe: scalar, vector, and tensor perturbations. Out of these, it is the scalar
perturbation that is relevant in the context of the structure formation in the universe. The
evolution equations of different components of the universe are written in mainly two different
gauges. The most fundamental one is the synchronous gauge, introduced by Lifschitz in 1946,
where a set of comoving observers free fall in time without changing their spatial coordinates
and termed as the fundamental observers. All the cosmological simulation codes are written in
this gauge. However, in this gauge the choice of the initial hypersurface is arbitrary, leading to
some gauge freedom which gives birth to spurious gauge modes. Another one is the conformal
Newtonian gauge, formulated by Mukhanov et al. in 1992, which is more related to the physical
quantities like the gravitational potential. It is also based on a diagonal metric tensor, making
the calculations a lot easier. The perturbation theory is formulated in this gauge. Apart from
these two, there also exists a gauge-invariant approach of perturbation theory as suggested by
Bardeen in 1980.

While studying the evolution of the constituents of the universe, we will mainly consider
their density fluctuation ¢ and the velocity fluctuation 6. We will also consider the anisotropic
stress o and other higher moments of perturbation, where ever applicable. These equations
are derived using the perturbed energy-momentum conservation equation along with perturbed

Finstein’s equation and Boltzmann’s equation, using the FRW metric as the background met-



ric. A brief description of the evolution and fluid properties of each of the components, other

than the dark energy, is provided below. We have used the method that was provided in [14].

Cold Dark Matter: The dark matter is a collisionless fluid and interacts with other
matter only gravitationally. It can thus be treated as a pressureless perfect fluid, and in the
synchronous gauge, it will have zero velocity fluctuation and no anisotropic stress in any of the
gauges. Its evolution equations are given by

Synchronous Gauge

: 1.
== 1.1
0, 2h (1.1)
Conformal Newtonian Gauge
o = —B.+3¢ (1.2)
6. = —20.+ k2
a

Here h is the metric perturbation in the synchronous gauge, and ¢ and ¢ are the same in

the conformal Newtonian gauge.

Photons: There are two distinct eras that characterize the evolution of photons: the Pre-
recombination and the post-recombination era. In the early universe, photons and baryons(electrons)
were tightly coupled by Thomson scattering and the coupled system used to behave like a single
fluid. It had to face a combined effect of gravity and photon pressure which made the system to
oscillate with a sound velocity dependent on the ratio of the densities of baryons and photons.
Despite being tightly coupled, photons did diffuse through the system with a diffusion scale
much smaller than the horizon scale. This diffusion of photons killed the density fluctuation
up to a certain extent, which is well-known as the Silk Damping(SD) [15]. Due to this, the
density fluctuation of photons and baryons falls of exponentially along with the oscillations, as
seen in Figure 1.2. Later, when the rate of Thomson scattering became equal to the Hubble
expansion rate they decoupled from each other, and the photon started traveling almost freely
in the universe.

The collision between photons and electrons depends on the polarization of the photons.
The perturbative variables of the photon are written in terms of the moments of its momentum-

averaged angular dependent phase-space distribution function. Both the summation and differ-
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ence of the two polarization states of the photon is considered. In both cases, the momentum-
averaged angular dependent phase-space distribution function is expanded in terms of the
Legendre polynomials. The evolution equations of photon are given by,

Synchronous Gauge

) 4 9.
0 = —=0,—=h
7 37 3
. 1
97 = k2 (4(57 — O',y> + aneaT(Qb — 97)
. 8 3 4. 8., 9 1
F»YQ = 20’7 = BHA/ — 175ka3 —+ TSh —+ 577 — ganeUTUV =+ ToaneUT(G'y(] + G'Y2)
. k
Fy, = TH(ZF,Y(Z,U —(I+ 1)ny(l+1)) —aneorFy,
. k 1
Gy = m(lG7(1—1) — ([ +1)Gy41)) +aneor | =Gy + E(F’\/Z + G0 + Gy2) (810 + 012/5)
Conformal Newtonian Gauge
X 4 .
(Sfy == —597 —|— 4¢)
. 1
9'y = k2 (45’7 — O-'y> + kﬂ/’ + CLTZGO'T(Q(, — 97)
. 8 3 9 1
Fpo = 20,= B% — 1—5ka3 — ganearpa7 + EaneaT(GWO + G2)
. k
Iy = 2li%_l(le(zfl) — (l+ 1D F,y41)) — aneorFy
. k 1
Gy = TH(ZG”’”_” = I+ DGyap)) +aneor | =Gy + 5(Fyz + Gao + Gaz) (010 + 012/5)

Here the subscripts v and b stand for photons and baryons respectively. Due to coupling
through Thomson scattering, baryons and photons transfer momentum to each other which is
denoted by the ancor(f, — 0, term. In this term a is the scale factor of the universe, n, is
the electron number density, and op is the Thomson scattering cross-section. The momentum-
averaged angular dependent part of the phase-space distribution functions of the sum and

difference of the two photon polarization states are denoted by F, and G, respectively.

Baryons: The baryons can be considered to be non-relativistic after the neutrino decou-
pling and all the higher moments of perturbation including the anisotropic stress ¢ can be

neglected. Nevertheless, they are tightly coupled to the photons until the recombination and
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Forl >3

(1.4)

For ! >3



the momentum transfer between them do take place. The evolution equation of the baryons

are given by

Synchronous Gauge

. 1.
. a 4p
O, = —595 + k26 — 37);:“"60T(9b —0y)
Conformal Newtonian Gauge
Sb = —Hb + 3¢
. ' 4
by = — 0+ R0, + K — L ancor (6, — 6,)
a 3pb

(1.6)

Here p, and p; are the background densities of photons and baryons respectively and 2 is

the speed of sound in the medium.

Massless Neutrino: Massless neutrinos behave as photons apart from the fact that they

do not participate in any polarization dependent collision. The momentum-averaged angular

dependent part of the phase space distribution function of the massless neutrinos, F,, can

be expanded in Legendre polynomials as the photons.

The energy-momentum relation for

massless neutrino depends only on its momentum, allowing some of the perturbation variables

to be related to the multipole moments of the phase space distribution function through simple

algebraic relations. The evolution equations can be written as follows.

Synchronous Gauge

8 3 4. 8
= 2, = 20, — S kFa4 —h+ oy
T A T T

k
- TH(ZF”(Z—U -+ 1)Fy(l+1)) For ! >3
Gauge
4 .
= 7791/ 4
g0y 40
= k2 <1115” _ ay> ey
k
- TH(ZFV(FU —(+1)F,q41)) Forl>2
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Massive Neutrino: Massive neutrinos are also collisionless particles as massless neutri-
nos. However, their energy-momentum relation depends on both their momentum and mass,
which makes it impossible to integrate out the momentum dependent part. And thus making
it impossible to connect the perturbation variables to the moments of the momentum averaged
phase space distribution function through simple algebraic relations. Nevertheless, the same
procedure for deriving the evolution equations of perturbations can be used for massive neu-
trino, using their total phase space distribution function W this time. The equations are given
by

Synchronous Gauge

o = Wi Eh Ly

Uy = %’Z(% — 20y)

v = (216{;{:1)6([\110—1) — (I +1)¥qyyy) Forl>3 (1.9)
Synchronous Gauge

i, = %(\If@ _2W,) - ;Z¢Ciilﬁlj;o

U, = %(2\1}1 — 303) — (115,'1+ ?77) Ciglﬁlfo

v = (Ql(i_kl)e(hl’(l—l) —(+1)¥qyy) Forl>2 (1.10)

Here ¢ = /(¢? + m2a?) and fy are the zeroth-order phase space distribution function,

which is a Fermi-Dirac distribution function for massive neutrino.

In the Figure 1.2 we have shown the transfer functions of the density fluctuation of different
components of the universe including the dark matter, the baryon, the photon and the massive
neutrino. These plots are generated using adiabatic initial conditions and initial power spec-

trum with scalar spectral index ns = 0.9615. As evident from all of these plots, every element
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behaves the same way in super-horizon scales, i.e., scales that have not entered the horizon yet,
apart from a difference in normalization because of their different initial conditions. When a
certain scale enters the horizon, i.e., in the sub-horizon regime, their transfer functions starts

showing a difference.

The dark matter, being a collisionless fluid, has no interesting feature in the sub-horizon
regime. They only interact in gravitational means, and thus their evolution is controlled by the
background densities of the elements of the universe. When the universe is radiation dominated
dark matter perturbation grows logarithmically and after the MRE it grows linearly. Therefore,

the only interesting feature of the dark matter transfer function is a turnover denoting the MRE.

On the other hand, the transfer functions of baryons and photons show interesting features.
The plot at the top-left panel of Figure 1.2 contains the transfer function at z = 2000 when
baryons and photons were tightly coupled to each other. As seen from this figure, the transfer
functions of baryons and photons are very similar to each other, and the photon-baryon fluid
has much less density fluctuation at smaller scales due to SD. In the top-right panel, we showed
the same plot but taken at z = 100. Decoupling of photons and baryons happened at z ~ 1100,
and after that, photons traveled almost freely inside the universe. Thus at z = 100, the density
fluctuation of the photon is severely cut down at scales below the horizon. However, the
baryonic transfer function has somewhat caught up with that of the dark matter. This feature
becomes more visible at z = 0(bottom left panel of Figure 1.2), when the baryons exactly
trace the dark matter. Hence we make the following conclusion, after the decoupling, the
baryons start falling into the potential wells previously created by the dark matter, initiating the
structure formation. If there were no dark matter, there would not be enough power in baryons
to form structures on their own, as seen from the plot at the top-left panel of Figure 1.2. Hence,
the fact that the dark matter is the key driving force to structure formation is established,
and we will show in the next two paragraphs that it must be cold in nature to execute the
structure formation successfully. The standard model of cosmology is comprised of cold dark
matter(CDM) with a cosmological constant A. In the bottom-right panel of Figure 1.2, we plot
the Sloan Digital Sky Survey(SDSS) DR11 CMASS monopole power spectrum [16] with the
theoretical prediction of power spectrum by ACDM model. These plots agree with each other

quite well at large scales.

Another component of the universe worth discussing is the massive neutrino. Massive
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neutrinos with mass O(10 eV) were considered to be the dominant dark matter candidate of
the universe in the early ages of cosmology. In the next paragraph, we provide a brief history of
massive neutrino as a dark matter candidate followed by another paragraph where we discuss

its cosmological implications.

The first paper that considered the role of neutrino and its mass in cosmology was by Ger-
shtein and Zeldovich in 1966 [17]. In this pioneering work, they considered how the electron and
muon neutrino could affect the expansion of the universe and their present number densities.
By comparing the expansion rate of the universe with the available Hubble expansion rate,
they found that each of these two neutrinos should have a mass, not more than 400 eV. They
also concluded that heavier species could slow down the expansion rate or can even reverse
the direction of it. However, this work was focused only on studying the effects of neutrinos
in the expansion of the universe, and there was no mention of the fact that the neutrinos can
account for the “missing mass” of the universe, prevalent in the galaxy clusters. Cowsik and
McClelland in 1972 [18], again to constrain the expansion of the universe improved the upper
limit on the mass of a Dirac neutrino species to 8 eV. Many other works followed to constrain
the neutrino mass, but none of them considered the possibility of neutrinos to be a potential
candidate to count for the missing mass. In 1976, Szalay and Marx [19] first examined the
issue of missing mass and showed that a neutrino(electron or muon) with mass ~ 13.5 eV could
make up the missing mass of the universe successfully. This work was followed by a Gunn et.
al in 1977 [50] which also advocated for a heavy stable lepton to be an excellent candidate for
creating the galactic halo and binding the galaxies in the clusters, and reinforced by further
works of Zeldovich and his group in 1980. Further interest on neutrino was created by the tri-
tium beta decays experiment performed at the same time that measured the mass of electron
anti-neutrino(and neutrino) to be 30 eV. This discovery though got refuted later, inspired the

community to explore the cosmological signatures of the massive neutrinos.

By the middle of 1980, numerical simulations started showing up, giving an opportunity
to study the effects of the massive neutrino in structure formation as dark matter and thus to
distinguish between hot(relativistic) and cold(non-relativistic) dark matter. The terminologies
of hot, cold and warm dark matters were first used in [51]. Standard model neutrinos are
very light and have a very high free-streaming velocity. This leads to power suppression at

scales below the free-streaming scale, as seen from Figure 1.2. A neutrino with mass O(10 eV)
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30eV

has a free streaming scale of [, ~ 41(1 + z)~! ( )_1 Mpc, which is as large as the size of a
supercluster that enters the horizon long after the neutrino has become non-relativistic. Because
of its higher free-streaming velocity, they used to be called as the hot dark matter(HDM). Hence,
in an HDM dominated universe, larger structures form before, and smaller structures form by
fragmentation of larger structures at later times. This top-down approach implies that the
structure formation has started after the collapse of supercluster earliest at z ~ 2, where many
quasars are observed at z 2 3. The first simulation of the universe taking HDM as dominating
dark matter candidate by White et al. in 1983 [52]. They indeed found that the neutrino
clustering scale is much higher than the observed galaxy clustering scale and an agreement can
only be possible if the scalar spectral index ns is > 3. Thus, it is evident that the HDM cannot
make a significant portion of dark matter and dark matter has to be cold in order to make the
observed structure formation possible. In 1993, Dodelson and Widrow suggested a production

mechanism of an additional neutrino species with mass O(1 keV) that can count for the dark

matter abundance of the universe. We will come back to this issue in Section 1.7

1.2.2 CMB Anisotropy

The CMB radiation was accidentally discovered by Arno Penzias and Robert Woodrow Wilson
in 1964 as they were doing experiments using the Holmdel Horn Antenna intended for satellite
communication. This great discovery was awarded the Nobel Prize in 1978. The basic concept
of creation of the CMB is as follows. In the early universe, the baryons and the photons were
tightly coupled to each other through Thomson scattering and used to behave like a single fluid.
After almost 400 thousands of years of the big bang, the rate of Thomson scattering became less
than the Hubble expansion rate, making the photon and baryon decouple. After the decoupling,
photons started moving almost freely in the universe and gave rise to an afterglow of the early
universe. The radiation is seen in the microwave band at present and is very uniform over the
entire sky with a temperature of 2.7260 + 0.0013 K [53]. However, the radiation does contain
anisotropy of the order of 10~ [54], which carries information about the universe when it was
just 400 thousands year old. The map of CMB anisotropy, shown below in Figure 1.3, is the
earliest possible picture of the universe.

The temperature field of photons in the universe can be written as T'(Z, p, n) = T'(n)[1 +

O(Z, p, n)], where © denotes the fluctuation in the photon temperature. This quantity can be
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Figure 1.3: The CMB anisotropy map as seen by the Planck satellite. The picture is taken

from http://www.esa.int/

expanded in terms of the spherical harmonics as

O, p, 1) = > am(Z, n)Yim(p) (1.11)

=1 m=

—_

It’s the variance of aj,, given by (a;maj,,,) = 610mnyC; that is measured as a function of
with proper normalization.

The power spectra of the CMB anisotropy, I(I + 1)C;/(27)(uK?), are plotted in Figure 1.4
for different abundances of the constituents of the universe. The plots feature a series of
damped peaks and deeps, preceded by a valley-like region. The precise nature of the power
spectrum depends on various cosmological parameters, and there do exist degeneracy among
these parameters. Nevertheless, measuring locations and heights of all the peaks can yield an
accurate estimation of all the parameters. As this section is written to motivate the need for
dark matter in cosmology, we will consider only the effects of dark matter and baryon on the
CMB power spectrum. As we show below, the dark matter can have noticeable impacts on the

CMB power spectrum.

1) Effects of changing Qq4,,, with a fixed ©, on CMB power spectrum:
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In the left panel of Figure 1.4, we have shown a plot of CMB power spectrum for different
values of Qg and a fixed €,. We have considered both scenarios with less(more) dark matter
density than its best fit value, including one with no dark matter at all. Changing the total
matter density implies that the MRE will be earlier(later) for models with a more(less) dark
matter abundance. The first effect that we can notice is that the first peak has shifted towards
higher(lower) [ for a smaller(larger) amount of dark matter. The second effect is the overall
enhancement(suppression) of fluctuation at the peaks for lower(higher) dark matter density.
If the universe is dominated by radiation for a longer time due to lower matter density, the
potential decays because of the inability of radiation to cluster. This provides a strong driv-
ing force for oscillation and subsequently the peak height increases if dark matter density is
decreased. It is the highest and an order of magnitude higher for the case when there is no
dark matter at all. Another way dark matter affects the CMB spectrum is by modifying the
Sachs-Wolfe(SW) plateau in the low [ region. SW effect is the loss of energy of photons while
climbing out the gravitational potentials at the Last Scattering Surface. If the matter density
is high(low), photons will have to work harder(lesser) to get out of the gravitational wells and
thus will lead to a depressed(an enhanced) SW plateau. Also, the second peak is absent when

there is no dark matter at all.

2) Effects of changing Q with a fixed Qg4 on CMB power spectrum:

In the middle panel of the Figure 1.4, we have plotted CMB power spectra for differ-
ent baryon density keeping the dark matter density fixed. The first thing to note is the en-
hancement(suppression) of fluctuation in the odd peaks due to the lower(higher) frequency
of oscillation in the presence of heavy(light) baryon. This is a unique effect of changing the
baryon abundance. The peaks are also shifted accordingly because of changed sound hori-
zon. The second effect is that the diffusion is decreased(increased) if the baryon density is
increased(decreased) so that the fluctuation is higher(lower) for [ > 1000) and the diffusion

damping moves to smaller(larger) angular scale.

Thus the location and amplitude of the first peak along with the presence of the second
peak undoubtedly confirm the existence of dark matter. In the right panel of Figure 1.4, we
plot the CMB power spectrum data provided by Planck 2015 [55] with the one predicted by
the standard ACDM model. The agreement with the data is remarkable implying that the
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dark matter is the dominating matter candidate, comprising of ~ 85% of all the matter in the
universe.

The alternative theories of dark matter, i.e., the Modified Newtonian Dynamics(MOND)
[56,57] that was used to explain the galaxy rotation curve, can’t provide any explanation for

any of these cosmological signatures of dark matter.

1.3 Dark Matter Candidates

According to their particle nature, dark matter can be broadly classified into two types: Bary-

onic and Non-baryonic.

1.3.1 Baryonic Candidates

The baryonic dark matter candidates, as suggested in the older literature, consist of faint
stars and remnants which are more popularly known as the Massive Compact Halo Ob-
jects(MACHOs)(Please refer to [78] for a review). Some other baryonic dark matter candidates
can be the cold gas clouds in galaxies [59,60], the Warm-Hot Intergalactic Medium(Hereafter
IGM) and so on. The most explored baryonic dark matter candidate is the MACHO. They
consist of faint compact objects with mass ~ 1073 M, brown dwarf stars with mass ~ 0.08M,
or remnants of the first stars. The conventional way to detect these MACHOs is through

gravitational microlensing. This is a powerful tool to detect an object in the mass range of
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103Mg > M > 10~%M,,, which is just the theoretically allowed range of the mass of MACHOs.
Quite a few of collaborations made an effort to detect them in the galactic bulge of the MW [(1]
and both of the Magellanic Clouds(MC) [62,63] using microlensing. A very brief description

of detection of a microlensing event is provided below.

If any small object comes in the way of the observer and a bright object the trajectory
of the light coming from the source gets distorted due to the presence of the gravitational
field of the compact object(the lens). This distortion can give rise to multiple images. The
angular separation between the images is dependent on the mass of the lens and the distances
to the lens and the source. For a lens with mass 1M, the separation can be of the order of
a few arcseconds. If the separation is too low to be resolved by the telescope being used, the
amplification of the luminosity occurred due to the presence of the image is measured and used
to calculate the lens mass. By monitoring the slight variation in the luminosity of the sources,
a microlensing event can be detected and utilized to calculate the mass of the lens (here the
MACHOSs). Recently, this technique is getting popular to detect planets in stellar systems that

are far from us.

The probability of observing a microlensing event in a distant galaxy is tiny. However, if mil-
lions of stars are observed for years, a significant amount of microlensing events can be recorded.
The MACHO collaboration did a microlensing survey of Large Magellanic Cloud(LMC) cover-
ing 11.7 million stars during 5.7 years and found 13 — 17 confirmed microlensing events [(1],
concluding that the MACHOs contain around 20% of the halo mass of LMC at 95% Con-
fidence level(CL). They also found that the most likely mass of MACHOs can lie between
0.15M¢, and 0.9M. However, in more recent times, the EROS-2 Survey [63] of both the MCs
found only one microlensing event after 6.7 years of observations of 33 million stars. This im-
plies that just 8% halo mass fraction occupied by MACHOs. Also, MACHOs with mass range

0.6 x 107"My < M < 15M, were ruled out as a primary occupant of the Galactic halo.

We have shown the density fluctuations of different components of the universe before and
after decoupling previously in Figure 1.2. The density fluctuations of baryons and photons are
same before decoupling as they are tightly coupled to each other. After the decoupling has
taken place at, density fluctuation of photon dies out very fast, and the baryons fall into the
potentials created by the CDM. It is clear that in the absence of non-baryonic CDM there

is not enough power to initiate the structure formation by the baryons alone. Hence, if dark
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matter were baryonic, we would not be able to observe the present-day structures. Therefore,
the dark matter, whatever it is, cannot be baryonic in nature. Moreover, the abundance of
MACHOs discussed in the last paragraph is also discouraging to consider the majority of the

dark matter to be baryonic in nature.

1.3.2 Non-baryonic Candidates

In literature, lots of non-baryonic dark matter candidates have been proposed and explored. As
argued in Section 1.2, the dark matter has to be cold in nature to form the observed structures.
The most studied class of non-baryonic CDM candidates is the Weakly Interacting Massive
Particle. No known particles in the standard model of particle physics meet the criteria to be
a WIMP candidate while the supersymmetric(SUSY) extension does accommodate a handful
of potential WIMP candidates. The emergence of this candidate is inspired by the well-known
WIMP miracle which is in fact shown to be possible in the SUSY extension of the standard
model of particle physics. Let us suppose that along with all the standard model particles,
a massive particle xy with mass m, was in thermal equilibrium when the temperature of the
universe was very high (7" > m,) and used to convert to lighter particles very fast. When the
temperature of the universe falls below m,, the particle came out of equilibrium. The rate of
the conversion to lighter particles became less than the Hubble expansion rate of the universe,
and a relic density of x was set. In Figure 1.5 the number density of x is shown as a function
of my /T.

An approximate value of this relic density, after solving the Boltzmann equation of the

evolution of this particle is given by [(4]

QXh2 ~

My (3 x 1072 cm3 s_1> (1.12)

Pe (oav)
where o4 is the annihilation cross-section of y to lighter particles and v is its velocity. The
electroweak cross-section for a particle is given by ey = a?/m2, and the value of ey is
~ 1072 GeV~2 for a ~ 0O(0.01) and mey ~ O(100 GeV). A particle with this self-annihilation
cross-section and mass and also a freeze-out velocity v, which is a significant fraction of the
speed of light, produces the correct cosmological relic density of CDM according to Equation 5.2.
As the evolution of the universe has no apparent connection to electroweak interaction theory,

this came to be a miraculous discovery and thus termed as the WIMP miracle. This discovery
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led to many experiments to detect the WIMP with mass O(100 GeV). The WIMP interacts
only gravitationally and at most, weakly. To be a dark matter candidate, it has to be charge
neutral too. Due to their very high mass, they are very slowly moving particles, thus satisfies
the “cold” criterion. Because of their weakly interacting nature, they are hard to detect, even
the flux of these particles on Earth is very high.

The SUSY extension of the standard model can also give rise to light CDM such as Weakly
Interaction Sub-eV particle(WISP) that can couple to the photon field. Some examples are the
Axion-like Particles, Pseudoscalar Axion or a hidden photon, that can couple to the ”visible
photon”. (Please refer to [05] for an excellent review of WISPs). Other non-baryonic dark
matter candidates are Neutrinos, Axions, Mirror Matter [66], Quark Nuggets [67], WIMPzillas
[68] and so on. In some models, dark energy can also behave like dark matter depending on its

equation of state, formally known as the Chaplygin gas [09)].

1.4 Detection of Non-baryonic Dark Matter

Depending on the detection technique, there are 3 different types of dark matter search: Direct,

Indirect and Collider.

1.4.1 Direct Detection

The main principle of direct dark matter search is to make the dark matter particle, coming
from the MW halo, to hit the material of the detector, which is usually set underground to
avoid cosmic rays and radioactive decays of the rocks. One of the most notable examples of
such underground detector is The Large Underground Xenon experiment (LUX). The collision
of dark matter with the detector material can deposit energy as phonons in cryogenic detectors.
It can also create scintillation or ionize the detector medium. The localized scattering volume
defined by the scattering event is shielded by the detector material which can be semiconductor
crystals [70,71] or liquid neutral gas [72,73]. The direct detection rate depends on the local
dark matter density and velocity distribution. The quantity that is measured is the collision
cross-section, either depending on the spin of the target nucleus or not.

For spin-independent cross-section, three direct detection experiments have claimed to find

out signals created by the dark matter-nucleon collision. The DAMA/LIBRA detector at
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Gran Sasso finds an annual modulation of singe-hit events in the 2-6 keV energy interval with
amplitude (0.0112 £ 0.0012) counts/kg/keV /day in the 9.30 CL. This detection cost 14 annual
cycles and a total exposure of 1.33 ton years. All of these results are in good agreement with
those expected for dark-matter particles [74]. The CoGent detector in Soudan Underground
Laboratory demands to detect a 20 dark-matter excess and annual modulation [71]. Along with
these two, the CDMS-IT at SNOLAB observes three low-energy events in their Silicon detector
data sample, whose origin was not clearly understood. After upgrading the detector, the new
CRESST-II experiment no longer finds any excess signal that was previously claimed by the
first version of the detector [75]. All other direct detection searches have set exclusion limits on
the SI dark matter-nucleus cross section which contradict the claims mentioned above. They
are shown in Figure 1.6 as full lines. The signal claims also seem to be in conflict with the first
PANDA-X results [76].

Spin-dependent cross sections are smaller than spin-independent cross sections by a factor
A?V, the atomic number of the target nucleus. Currently, the best upper limits from XENON100
[77] for protons and neutrons as targets are shown in Figure 1.7. For comparison, SD cross-

section measurements performed by other experiments are also displayed.

1.4.2 Collider Detection

As the dark matter is non-baryonic in nature and its interaction cross-section with the detector
material is minuscule, it is challenging to detect them directly, like the neutrinos. On the other
hand, if they are produced in a collider, it can create a missing energy signal. In LHC or similar
colliders, the missing energy can be observed only in the transverse direction and determined by
studying the recoiling objects such as jets, heavy quarks, photons, and leptons. Monte Carlo
simulations are performed considering both the missing energy signal and the background,
using a dark-matter particle with certain properties and its interactions with standard model
particles. The standard model backgrounds can be largely eliminated by defining a specific
kinematic cut off in the energy, and thus the model expectations with experimental data can be
confronted. An excess of the kinematic distributions may then be attributed to the dark matter
particle that is being looked for. A notable example is a search for the lightest supersymmetric
particle (LSP), in the pair production and subsequent cascade decay of squarks and gluinos to

jets and two LSPs.
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Figure 1.6: A compilation of direct dark matter detection results for spin-independent WIMP-

nucleon scattering for high mass WIMPs. The figure is taken from [78].
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Figure 1.7: Direct dark matter detection results for spin-dependent WIMP-nucleon scattering

with protons(Left) and neutrons(Right). Both of these figures are taken from [79].

1.4.3 Indirect Detection

Along with directly colliding with nucleons of the detector material, dark matter can also re-
veal its existence indirectly. Though the total number of dark matter particles does not change
significantly after freeze-out in the early universe, their spatial distribution does change sub-
stantially during the structure formation creating density peaks in certain parts of the universe.
The very self-annihilation that plays a central role in the freeze-out of dark matter can give
rise to a significant flux of y-rays, neutrinos, and even antimatter, especially in regions where
the dark matter density is high. The energy of the secondary particles can be comparable to
the mass of the dark matter itself which is typically a few hundred GeV. Since dark-matter
annihilation scales with the square of its density, indirect detection is more sensitive to cos-
mological and astrophysical processes than the direct detection, along with the distribution of
dark matter in galaxy and galaxy clusters. Some notable indirect dark matter experiments are

PAMELA [30], VERITAS [31] and SPI/INTEGRAL [32].
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1.5 The Troubles with WIMP: Looking for a new dark matter

candidate

The WIMP describes the large-scale structure of the universe reasonably well. However, when
it comes to the scales comparable to galaxies and groups of galaxies, it fails to explain some of
the observational facts, giving rise to some well-known problems in cosmology. The first one
of them is the cusp-core problem in dwarf and low surface brightness(LSB) galaxies [¢3]. This
issue is about the discrepancy between theoretically simulated [34] increasing dark matter halo
profile (cusp) towards the center of the galaxy while observationally flatter density profiles
are found. Another issue with the WIMP is the missing satellite problem [25, 86]; N-body
simulations of structure formation with CDM produce much more satellite halos of an MW
type galaxy than observed. One more small-scale problem of WIMP is the “too big to fail.”
problem [87,88], which is found out more recently. This issue underlines the fact that, based
on N-body simulations, a majority of the most massive subhalos of the MW are too dense to
host any of its bright satellites. The problems are discussed in more detail in the following

subsections.

1.5.1 The Cuspy Halo Problem

The universe, at different scales, has been using several N-body simulations in the standard
CDM cosmology. One of the most significant results is the computation of the density profile
of dark matter in galaxies. The density profile is computed in both the outer and inner regions
of the halo hosting the galaxy. The first simulation, performed in 1995 [29], has shown that the
density profiles of the dark matter halos follow a power-law profile with slope oy = —1. Due
to poor numerical resolution, the inner part of the halos could not be simulated appropriately,

and thus the nature of slope in the central part of the halo was not properly estimated.

Later, Navarro et al. in 1995 [34] performed a more detailed N-body simulation with CDM
using different sets of cosmological parameters. They found that regardless the cosmological
parameters, as well as the mass and size of the halos, the inner part of the halo, can be
described by a power-law density profile with slope o = —1. For outer regions of the halo, the

slope changes to a = —3. The obtained density profile is described by the well-known global
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NFW density profile

pnEw (r) = L 5
(r/Rs)(1+71/Rs)

(1.13)

where p; is related to the density of the universe at the time when the collapse took place.
The radius R represents the characteristic radius of the halo. The observational quantity, i.e.,

the rotation curve is given by

In(1+ cx) — cx/(1 + cx)
V(r)=V: 1.14
() 200\/ zn(1+¢) — /(1 + )] (1.14)
with © = r/Rgpp. Here Rgg is the radius where the density fluctuation becomes equal to
200 times the critical density of the universe. This is also roughly the virial radius of the

halo. ¢ = Rs/Rago is the concentration parameter and Vg is the velocity at Rogg. These two

parameters are tightly constrained by cosmology, with a small scatter, as follows [90]

log ¢ = 1.191 — 0.064 log Vago — 0.032(log Vago ) (1.15)

Later, [91] also found support for the NFW profile but with steeper inner slope with a =
—1.5 and same outer slope of « = —3. With the advancement of technology more sophisticated
simulations were performed by different groups [92, 93], to mention a few). Despite their
different analytic and numerical techniques they all tend to provide the slope o < —1 in the
inner region of the halo, i.e., at one kpc from the center of the halo. Some simulations have
been successful [94] to probe deeper into the halo, yielding shallower profile with o ~ —0.8
at 0.1 kpc from the center. This implies that up to this radius the halo profile can be safely
represented by the NFW profile.

When it comes to real observations, the data is found to be in tension with the theoretical
predictions. The initial observations of dark matter dominated dwarf galaxies were performed
by different groups [95,96]. As these galaxies are dark matter dominated they were expected
to provide ideal laboratories to test the NFW profile of halo. The authors found that the inner
density profile is considerably flatter than that was predicted by the NFW density profile and
the density profile can be represented by the Pseudo Isothermal(PI) profile given by

0

ppr(r) = 1T /R)? (1.16)
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With pg to be the central density and R, the core radius of the halo. The velocity profile is

asymptotic for this case and is given by

Vasy = V/A1GpoR2[1 — (R./R)arctan(R/R.)] (1.17)

In [95] this disagreement was attributed to the resolution and projections effects of the data,
as well as the consequences of pressure support. However, the conclusion of this work was that
those effects are not influential enough to change the result abruptly. Hiobservations of gas-rich
and dark matter dominated LSB galaxies were first performed by Zwann et al. in 1995 [97].
Though the resolution of the observation was poor, the derived density profile was similar to
that of the late-time dwarf galaxies as observed by [98]: slowly rising density followed by an
almost flat profile. Due to low resolution, these results were not compared with the theoretical
predictions, but this attempt was taken by [99] with higher resolution data. The comparison
showed that the NF'W profile provides a too steep rise of the inner density profile, provided
that the well-constrained ¢ — Vg relation be followed. The so-called “beam-smearing” effect
was suspected to be a reason for this discrepancy [98]. However, it was argued in [100] that,
though the “Beam smearing” does distort the information about the density profile up to some
extent, it is not strong enough to disguise the cuspy profile to a cored profile. Later, many other
studies [101,102] were performed with larger samples of LSB galaxies and a better modeling
of the systematics and “Beam smearing”. It was found that the Hidata of most of the LSB
galaxies are consistent with both cored and cuspy haloes. In fact, one of the galaxies in their
samples, the NGC247, found to be containing a cuspy halo.

The results of the Hiobservations were further compared with the Ha observations which
have an order of magnitude better resolution than that of Hr. The first Ha observation of long-
slit rotation curves of the LSB galaxies by Swaters et al. [103] indicated that the density profile
obtained by Ha observation is steeper than that achieved by Hiobservation. Interestingly, for
one of the galaxies in the sample, it was found that the density profile is rising very steeply
and somewhat agreeing with the NFW profile. However, when the beam smearing effect was
taken into account, the Hiand Ha observations turn out to agree with each other. A larger
sample study with a better resolution by [104,105] revealed the presence of the beam smearing
effect in most of the galaxies, but again not strong enough to alter the result substantially as
also found by [90]. These Ho rotation curves thus establish the fact that the cored profiles are

not originating from resolution effects and there exists a discrepancy between the theoretical
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predictions and observed facts.

1.5.2 The Missing Satellite Problem

The hierarchical structure formation theory states that the smaller size halos should collapse
earlier than the larger halos when the universe had a higher density. So, it is possible that some
of the satellite haloes formed before the formation of the main MW halo. Some of these satellite
haloes, containing galaxies, got accreted into the MW or the local group during the formation
of the MW galaxy. The accretion is not 100% efficient as satellites are indeed observed.

The significant discrepancy between the number of satellites of an MW type galaxy esti-
mated using simulations, and the number of satellites found observationally is called the missing
satellite problem. In 1993, Kauffmann et al. [106] performed a semi-analytic calculation to get
the abundance of satellite halos around an MW like halo, using hierarchical structure formation
theory in the presence of CDM. Using the efficiency of dynamical friction as a free parameter,
they found that the calculation produces far too many satellites than observed. They argued
for increasing the effectiveness of dynamical friction to account for the destruction of halos.
However, it was found that this can eventually destroy a significant fraction of the satellites,
making it impossible for the MC-like satellites to survive.

In 1995 Klypin et al. [25] performed an N-body simulation to calculate the number of sur-
viving satellites in an MW size halo. Using high-end cosmological simulations, they calculated
the VDF, defined as the number of satellites in a certain circular velocity(Veirc) interval, and
compared them with the then available data for the Local group.

The VDF was found to be a power law function of Vi, approximately. The number of
satellites and VDF calculated are shown in Figure 1.8, also shown are the observed values
of the same for the MW and Andromeda. The analytical expression of the VDF is valid up
to Veire > 20kms™!, but are extrapolated to as low as Viye =~ 10kms™!, in [85]. It is seen
that the observed and estimated VDFs agree with each other at Vi = 50 — 60kms~! and
above. However, at lower velocities, the simulations over-predict the number of satellites almost
five times more than the observed values. When the analytical expression is extrapolated to
Veire = 10kms™!, the disagreement rises to 15 times. Moore et. al. independently performed
another analysis in the same year [30], and they found a similar order of over production of

satellites while agreeing with VDF produced by [35]. The VDF computed by Moore et. al.
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work is shown in Figure 1.8.

Together these two works lead to the belief that either the hierarchical structure formation
theory is wrong or the halos did not attract baryons to form satellite galaxies. It is also possible
that some of the satellites are too faint to observe or got destroyed later by tidal stripping. It
is worth mentioning that many MW satellites have been discovered by the recent SDSS survey
and it is now believed that a huge number of satellites (~ 5 — 20 times the bright satellites)

are not yet discovered.

1.5.3 The “Too-Big-to-Fail” Problem

This problem addresses the marked breakdown of the galaxy luminosity- halo mass relation [107]
observed in the bright satellites of the MW [2&] and in the Local Group(LG) of galaxies [37].
The issue is elaborated below.

In the left panel of Figure 1.10, a comparison of rotation curves of nine bright dwarf
spheroidals(dSph) satellites of the MW, all at z = 0, with curves predicted by the NFW
profile are shown. The sizes of the data points are proportional to the luminosity of the indi-
vidual dwarfs. The bands show the scatter of rpax at a fixed Vinax, where Vi and rpa.x are
the maximum circular velocity and the radius where it is maximum.

It is evident from Figure 1.10 that all of the nine luminous dSphs are consistent with
Vinax < 18 — 24kms™! other than Draco, with no definite trend between the luminosity and
mass of host halo. Two of the faintest dwarfs, Draco and Ursa Minor, are hosted in very
massive haloes, whereas the three brightest dwarfs, i.e., Sculptor, Leo I and Fornax are held
inside halos which are far less massive than the hosts of the faint ones. This observation either
questions the well-established relation between the satellite luminosity - halo mass relation or
conveys that the MW is just a statistical anomaly of the stochastic structure formation process.
In the same work, the relation was checked at two other redshifts between z = 0 and z = 10 for
ten most massive subhaloes used in the simulation, and it was found that the relation is not
maintained in any of the redshifts either. This means that the formation process of MW dSphs
in the ACDM regime, at least after the onset of the Epoch of Reionization(EoR), is highly
affected by baryonic phenomena that can change the global luminosity - halo mass relation or
the nature of dark matter is different from CDM at galactic scales.

The right panel of Figure 1.10 represents the rotation curves for a collection of luminous
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Figure 1.8: Properties of satellite systems within 200h~!(Left) and 400h~! kpc from the host
halo. In each figure the upper panel shows the RMS velocity dispersion, the middle panel
indicates the number of satellite and the lower panel shows the VDF, all as functions of circular
velocity. The discrepancy between theory and observation are more at lower circular velocities.

All the figures are taken from [35].

dSphs that lie within 1.2 Mpc of the MW or M31 but farther than 330 kpc from both of
them. The phrase “massive failure” written in the plot stands for the fact that a halo with
Vimax > 30kms~! does not host a luminous galaxy. It is evident from this plot that the
breakdown is not a phenomenon related to the MW only but also seen in the local group of
galaxies too. Curiously the brightest dwarf, 1C1613 is hosted by one of the lowest massive

haloes.

1.6 Possible Remedies of the Problems

The problems mentioned above appear to question the validity of the standard ACDM model

in galactic scales. Primarily, there are two ways to solve these problems. One is to include
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Figure 1.9: VDF for different satellites as a function of circular velocity of a halo, normalized

to the global circular velocity of the parent halo. This figure is taken from [30].
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Figure 1.10: The Too big to fail problem as seen in The MW (Left) and the Local group(Right).
Each of these plots show the circular velocities of host haloes of the respective dwarfs as a
function of the radius. The sizes of each squares are proportional to the luminosity of the
dwarfs. As seen clearly,the most luminous dwarfs are not hosted by the most massive haloes.

The figures are taken from [38] and [37], respectively.

baryonic physics in the simulations. The old N-body simulations contain mostly CDM to
study the evolution of structures in the universe and do not consider the details of the baryonic
phenomena, which is not the case in reality. Many following works have considered baryonic
physics including star formation, feedback, supernova explosion, tidal disruption of satellites by
giant galaxies into their simulations. These modifications seem to solve the problems partially
on the galactic scale, but when it comes to the group of galaxies, which is too large to be affected
by the baryonic phenomena, these formalisms eventually fail to reproduce the observations
[108]. Moreover, including baryonic physics in simulations is a complicated job and often

involves a case-specific study, including environment dependence.

Another way to approach these problems is to change the dark matter candidate altogether.
Dark matter particles having low mass, and thus higher free-streaming velocity, erase structures
below their free-streaming scales. Dark matter with different formation mechanism can also

have a lower amount of small-scale power. Because of low power at small scales, the mass
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function, defined as the number of objects at a particular interval of mass, is lower at a lighter
mass range. Thus, the small-scale power suppression naturally tends to decrease the number of
satellites for an MW type galaxy or the density of dark matter in the central part of a galactic
halo. Unlike treatments involving baryons, invoking new dark matter candidate may have the

potential to solve all the problems in one stroke.

1.6.1 Including Baryonic Physics

The core-cusp problem was first addressed using baryonic physics by Navarro et. al. in 1996
[109]. In this work, the authors proposed that the central dark matter profile of the galaxy
can be cored due to huge mass outflow from the galaxy. The mass outflow can be triggered by
massive supernova bursts in the disk of the galaxy, which takes place shortly after the baryonic
materials got assembled in the disk but before they end up forming stars. These bursts throw
out gas from the disk and allow the dark matter to expand. The core thus created has a
radius depending sensitively on the mass and size of the disk. As these parameters are already
constrained by Big Bang Nucleosynthesis(BBN) and angular momentum conservation, this
analysis puts a strong upper bound on the central concentration of matter for a halo of a
given mass, and the core radius turns out to be a tiny fraction of the original halo radius.
The possibility of the presence of CDM in the haloes are not ruled out, and the expulsion of
baryonic materials can explain the observed low baryon abundance in the dwarfs. The same
work was repeated by de Blok and Bosma in 2002 [104] with larger samples which strengthened
this proposal.

More recently, a few other works [110,111] have also addressed this issue. In 2012, Pontzen
and Governato [111] proposed a scenario where energy is transferred to dark matter particle
orbits, through rapid and repeated oscillations of the central gravitational field. The oscillations
are caused by concentrated star formation bursts that heat up the surrounding gas. Their
simulations show that this process quantitatively accounts for the core formation during 2 <
z < 4. Models with lower star formation threshold do not produce core even after forming
more stars, implying that it is the star formation rate that controls the core formation. This
study prefers not to throw out a massive amount of material as suggested by [112] and allows
to form a thin stellar disk at later times. Later in 2014, Ogiya and Mori [110]] has suggested

the reason for the transition of cusp into core is the resonance between the dark matter particle
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and the density wave generated by the external oscillating potential, causing kinetic energy
transfer to the collisionless dark matter particles. The resonance, responsible for the cusp-core
transition, happens when the oscillation frequency of the baryonic potential becomes equal to
the local dynamical time: the overtone modes being the resonant states. The analytical model

was compared to N-body simulation, and reasonable agreement was found.

Some conventional solutions proposed for the missing satellite problem are to consider
suppression of gas accretion and photoevaporation by cosmic ionizing sources [ 13—115], as well
as ram pressure stripping along with tidal mass loss [116]. In 1996, Quinn et al. explored [113]
the effects of photoionizing background at z ~ 2.4 by simulating five halos with circular velocity
~ 46 kms~!. This work concluded that the effect is moderate on gas that collapses into halos
and reduces the amount of collapsed gas by 40 — 90%. However, the amount of the radiation
was found to have significant effects on the formation of smaller objects hosted by halos with
virial mass < 4 x 10°Mg and circular velocity < 37kms~!. Three years later, Barkana et
al. [111] extended this research to the EoR. During reionization, most of the cosmic gas was
incorporated into halos with virial temperature < 10K, which was pulled out of the host halos
by the cosmic UV background that started the reionization. Assuming spherical dark matter
halo and Press-Schechter(PS) mass function [117], they calculated the photoionization heating
of gas and found that 50 — 90% of the gas is heated above the virial temperature and thus
expelled out of the halos. Though this amount of gas depends crucially on the reionization
redshift and the star formation history, it is not very sensitive on the halo and gas profile. The
small amount of gas located at the core of the halos is shielded from ionization. This process
lasted for almost one Hubble time and made the halos highly dark matter dominated. The
results of this work were further reinforced by later research by Bullock et. al. in 2000 [115].
The main result of this study was that for halos with circular velocity < 30kms™!, the mass
accretion is highly suppressed by the UV background during EoR and a small fraction (30%)
of halos that retained substantial fraction of their baryonic mass are visible today. Using EoR
redshift to be at z,. = 8 and PS mass function they successfully produced the VDF that was
theoretically calculated using NFW halo profile, assuming that 30% of the subhalo mass was
already there before z.. so that they are visible today. This fraction of gas that survives inside
the halo was also reproduced by a more recent work [116] which shows that the progenitors

of the dark matter dominated satellites carried a considerable amount of baryonic matter in

37



earlier times. A combination of tidal stripping and ram pressure took away most of its baryonic
materials from it which was loosely bound to them. With improved data provided by SDSS
DRY7, more faint satellites have been found, and it is believed that many other dark matter
dominated satellites will be found with better instruments.

Tidal Stirring of satellites has been explored as a potential solution to the “Too big to
fail” issue in recent times [118]. The authors used a high-end cosmological simulation suite
that includes both dark matter and baryonic physics and has a forced resolution as good as 10
pc, to study the tidal effects of a host halo with a size comparable to that of the MW. The
stellar feedback can modify the central dark matter profile, changing it to core from cusp. The
tidal effects after the infall can snatch baryonic material from the dwarfs, along with repeated
tidal shocks that further modified the dark matter and baryonic profiles. The stellar mass-
halo mass relation was found to be modified most for halos with mass < 10?Mg, making it
difficult to use the abundance matching techniques to dwarf galaxies. A more recent work [119]
has also reached the same decision by analyzing the Hikinematics of the dwarf galaxies. It is
found that the VDF that is inferred from the Hidata are often underestimated, with respect
to the one which is extracted from the enclosed mass. The total mass of the host halo is also
underestimated if the HI kinematics is fitted with the theoretical halo profile. The reason for this
discrepancy can be the violent nature of the interstellar mediums(ISM) of the dwarfs, because
of the continuous tidal stirring due to massive supernova explosions. This violent nature of
the ISM makes it impossible to trace the underlying gravitational field by using the velocity
profile and thus an underestimation of mass is natural leading to an apparent breakdown of
the global halo mass- galaxy luminosity relation. Supernova feedback has also been suggested

as a solution for this problem [120], as proposed by the core-cusp problem too.

1.6.2 Changing the nature of Dark Matter

Cutting down power at small scales by lighter particles can be another approach to solving the
small-scale issues. The HDM cuts power at small scales due to its high free-streaming velocity.
However, it can never be the right alternative of CDM for solving the small-scale problems
because it gives rise to even more serious issues, as discussed in Subsection 1.2.1. The next
step was to introduce a dark matter candidate that has a free-streaming velocity considerably

smaller than HDM so that the problems created by HDM do not come back. However, the
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Figure 1.11: The power spectra for hot, war and cold dark matter. The HDM, with mass of
O(10 eV) and thus having the highest free-streaming velocity, cuts power at the largest scale.
The WDM, with mass O(1 keV), cuts power at smaller scale. This plot is taken from [121]

candidate must also cut power at small scales so that it can have the potential to solve the
small-scale issues. These necessities, together, bring the attention of the community to the
WDM: a cooled down version of HDM. For comparison, we have shown the power spectra of

the three types of dark matter below:

Warm Dark Matter

Warm dark matter(WDM) particles with a mass of ~ 1keV, inspired by particle physics models
of sterile neutrinos, have been advocated as a solution to the small-scale anomalies of CDM.
Sterile neutrinos in this mass range cannot be detected in standard WIMP searches, at least
with current experimental capabilities. Nevertheless, in galactic X-ray data, its imprint can be
captured if a dark matter sterile neutrino decays to a photon and a relativistic active neutrino.
This photon would have keV energy which, in principal, can be detected as a galactic X-ray
excess. Recent X-ray anomalies from XMM-Newton and Chandra data can be explained by
the decay of a 7 keV WDM [122].

WDM can be produced thermally or non-thermally in the early universe. If they are not

produced thermally, there are many formation scenarios suggested in the literature. The most
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well-studied candidate of these non-thermal WDM is the sterile neutrino. Broadly, they can
form by oscillation of active neutrino to sterile neutrino or decay of a primordial heavy particle.
For WDM produced by oscillations, the oscillations can be “non-resonant” or “resonant.” The
resonance happens at an energy where production of the sterile neutrino is sharply enhanced.
These two mechanisms can be connected through a primordial lepton number asymetry. The
lepton number asymetry in the Neutrino Sector vanishes in case of the “non-resonant” produc-
tion and does not when the production is “resonant.” We briefly provide a description of sterile
neutrino production by oscillation in the next few paragraphs.

The “non-resonant” mechanism is well-known as the Dodelson-Widrow(DW) Mechanism
[123]. In this scenario, sterile neutrino produced in the early universe at 7'~ 100MeV, plays
the role of WDM and the ratio of the number density of sterile neutrino and active neutrino
reaches its peak at Tax ~ 133MeV. It falls off as T3 and T~ at very low and very high temper-
atures respectively. At high temperature, finite temperature and damping effects suppress the
formation of sterile neutrino whereas at low temperature the fading of collision is responsible
for cutting down the sterile neutrino production. At very low temperature the sterile neutrino
distribution function becomes identical to the active neutrino with an effective suppression &
in the normalization.

Recently a more detailed study [124] has provided a better fit of the WDM mass with the

observed dark matter density using the following relation

sin2(20) —0.615 Qd 0.5 TQC’D 2.15
=3.40k —_— < D27erfe | —1.15 (| ———
Mydm = 3.40keV ( 10-8 ) <0.26 ) x | 0.527 erfc 5 (170 MeV>

(1.18)
here 4y, is the relic density of dark matter, myqm is the mass and Thop is the QCD phase
transition temperature.

In the resonant production of sterile neutrino, the Shi-Fuller(SF) Mechanism [125], the
sterile neutrino distribution function is peaked at a certain energy in the energy spectrum.
The resonant production is driven by a primordial lepton number asymmetry. To make the
oscillation adiabatic, the energy at which the resonance happens (€es) and mass of WDM obey

the following condition

L\%4 1
4 x 109 (Dwdm ) (2 ~1/4 3 gin2 1 1.1
10 (102eV> <0.1> G’ XSO\ T an ) (1.19)
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where L denotes the contribution of leptonic asymmetries in the effective potential for oscilla-
tion. The transition is only adiabatic when L is a significant fraction of its initial value which
means that only the low-energy states of the non-thermal sterile neutrino energy spectrum
are populated in this mechanism. The higher energy states are resonantly produced through
non-adiabatic process leading to no significant active-sterile conversion.

Any particle that decouples in the early universe when still relativistic can be a thermal

WDM candidate. The temperature of any such species is given by

ANY3 /10075 \ VP
=7(5) (se) (1.20)

where Tp is the temperature when the species decouples and g, is its effective DOF at T' = Tp.

From the equation, it is understood that the distribution function of a particle that decouples
when g, 2 11 will have a lower temperature and number density. Hence, the particle will have
a lower velocity dispersion and higher mass than the HDM and thus can be a thermal WDM
candidate.

The present day abundance of WDM is given by

i = 3 (57707 (121

where 8 = (Twam/T,)? for thermally decoupled WDM and 8 = ¢ for WDM produced by
oscillation. For WDM with Fermi-Dirac distribution function the mass of thermally decoupled

WDM and WDM produced by DW mechanism are related as follows

erma. ’12
mpw = 4.46 keV (mth 1) ( 0 ) (1.22)

1keV dem

In the early universe, WDM is highly relativistic, and its free-streaming scale is the horizon
at that time. As time proceeds, it cools down and passing through its semi-relativistic phase;
it finally becomes non-relativistic CDM. The free-streaming scale during its semi-relativistic

phase is given by [120]

0.3 \%° /mudm 115
~ wem Mpc~! 1.2
s (dem) ( keV ) pe (1.23)

In the matter power spectrum produced by WDM, power is cut at the WDM free-streaming
scale, and it falls smoothly because the thermal velocity of WDM decays as 1/a and is not small

enough to allow clustering at small scales for a long time (Figure 2.1 in Chapter 2). Clearly,
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lighter WDM will cut power at larger scales (e.g. [120]). This free-streaming also suppresses
the formation of low-mass halos or sub-halos and its finite phase-space density prevents the

development of density cusps [127,128].

The first simulation of structure formation in WDM cosmology was done by Bode et. al.
in 2001 [126]. The mass below which structures form by top-down hierarchy was found to be
decreased by several orders of magnitude. There are visible differences between the density
contrasts of the matter distribution in the ACDM cosmology and the WDM cosmology, as
shown in Figure 1.12 below. The small-scale structures were rarer in WDM and became even
rarer if the mass of WDM is decreased. The WDM halos exhibited lower densities and central
concentrations than the CDM halos. It was also shown in the same work that the dwarf
galaxies were formed after the MW sized galaxies, which is again not the case for ACDM.
The WDM thus appears to provide better agreement with the available observations. Further
investigations involving simulations of the Lyman-a forest power spectra, the study of the
history of the structure formation and most importantly, verification of its credibility to solve

the small-scale problems were yet to be done.

The Lyman-« forest power spectra have been simulated by many groups [127,129]. One of
the most recent simulations is performed by Baur et. al. [130] using a large sample of quasar
spectra and state-of-the-art numerical techniques. The mass of WDM is constrained as follows:
my > 4.09keV for an early decoupled thermal relic, and mg > 24.4keV for a non-resonantly
produced right-handed sterile neutrino, both at 95% CL. The small-scale problems were also
approached by various groups. The core-cusp problem was considered in [131] and they found
that to create a core of radius one kpc in a dwarf galaxy with halo mass 10'°M,, a WDM
candidate with mass 0.1 keV is required. Unfortunately, such a light WDM candidate will
not allow structure formation at that scale due to its high free-streaming velocity. To allow
structure formation a WDM candidate with mass ~ 1 — 2 keV is required, which gives rise to a
core of radius ten kpc for a dwarf with the same halo mass. Thus, the WDM cannot be a viable
solution for the core-cusp problem. Another simulation of non-linear structure formation in
WDM paradigm was performed in the same year [131] using five WDM candidates with masses
ranging from 0.25 to 1.25 keV. The authors found that on small scales WDM and CDM behave
identically. The NFW profile was again a good description of halos in WDM cosmology and no

central density core was found. The missing satellite problem was approached by Polisensky
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et al. in 2010 [132]. Assuming that the simulation produces satellites in equal or more number
than observed, they found the constraints on WDM mass to be > 2.3 keV for the thermal
relic, and > 13.3keV for non-resonantly produced WDM. Finally the too big to fail problem
was addressed by Lovell et al. in 2011 [133]. By using a resonantly produced WDM candidate
with mass 2 keV, which is equivalent to ~ 0.53 keV thermal relic, this issue can be solved.
Therefore, the allowed mass ranges of WDM, those are found to solve the small-scale issues,

are evidently in conflict with each other.

Going beyond WDM

The previous discussion shows that the small-scale issues are either not solved by WDM or
if they are solved, the constraints thus put on the mass of WDM, are in conflict with each
other. So, it is clear that some alternative of WDM must be found to solve the small-scale
problems, with constraints on dark matter properties that are consistent with each other.
Various other alternatives are suggested in the literature. One of them is the Late Forming
Dark Matter(LFDM) [1] which is formed by phase transition in the neutrino sector long after
the BBN. Another is the Ultra Light Axion Dark Matter(ULADM) [2, 134] where a very light
axion-like particle is formed in the early universe by spontaneous symmetry breaking. The
particle then produced was stuck to its initial condition by Hubble drag, and later after getting
rid of this drag, it starts behaving like dark matter. The last candidate we consider in this
thesis is the Charged Decaying Dark Matter(CHDM), where the dark matter is formed after
an instantaneous decay of a massive charged particle [3], again long after the BBN. The light
neutral particle produced after the decay behaves as dark matter. In the following chapters,
we provide descriptions of these models and also study how these new candidates can affect

the evolution of the universe.

1.7 Organization of this Thesis

The thesis is comprised of four chapters based on three publications. The thesis is organized

as follows:

e In Chapter 2 we have described three non-standard dark matter candidates: LFDM,
ULADM, and CHDM. We have discussed their origins in particle physics along with
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Figure 1.12: Projected density fluctuation map for ACDM, WDM with mass 350eV and 175eV
from left to right panel at z=3,2 and 1 as plotted from top to bottom. The small-scale structures
are rarer in WDM and become even rarer if the mass of WDM is decreased. The clustering

becomes stronger at late time, as expected. This figure is taken from [120]
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their particle properties. We have also explored how they can modify the matter power

spectrum, especially the small-scale region.

In Chapter 3, we have performed a more detailed study of one of the three new candidates,
the LFDM. We have created a set of matter power spectra changing the model parameters
and performed a x? analysis to compare the predictions with observational data. We have
used data in both large and small scales and produced contours that constrain the dark

matter properties.

In Chapter 4 we have studied effects of the non-standard dark matter candidates on the
EoR. We have also explored the evolution of collapsed fraction of gas at high redshifts in
the presence of new dark matter physics, along with the WIMP CDM. We have included
another dark matter model here, the ULADM, and constrain the properties of both of

these models using real arguments and observational data.

In Chapter 5 we have considered the spectral distortion in the CMB as our cosmological
probe of interest. We have studied how the amplitude of the y-distortion parameter and
the spectral nature of y-distortion changes with small-scale power suppression due to
new dark matter candidates. We also argue why only late time spectral distortions will
be affected by the small-scale power suppression. We have discussed the possibilities of
detecting the differences induced in the distortion parameter and the distorted spectrum

by future experiments.

In Chapter 6, we provide a comprehensive overview of the results of Chapter 3, 4 and
5. We also discuss some projects that will be considered in future to extend this study

further.
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Chapter 2

Some Alternatives of the WIMP:
LFDM and Friends

In the last chapter, we have explained that the dark matter is an essential candidate to form
structures in the universe, along with the fact that dark matter is all over in the universe
starting from sub-galactic scales to largest structures seen so far. It has also been pointed
out that the standard WIMP dark matter scenario, though quite successful in describing the
large-scale features of the universe, does suffer from some small-scale issues. It was suggested
in that context that a suppression of power at small scales may help to solve those problems.
This chapter contains more focused discussion on the small-scale power suppression. Here, we
consider three well-motivated dark matter candidates, proposed as alternatives to the WIMP
dark matter: Late Forming Dark Matter(LFDM), Ultra Light Axion Dark Matter(ULADM)
and Charged Decaying Dark Matter(CHDM). Though all the four dark matter candidates
have diverse physical origins, they exhibit unity in one sense: “All of them suppress the power
at small scales”. Depending on their origins and particle properties, the corresponding power
spectra show different behaviors at small scales. In this chapter, we describe the particle physics
origins of the models considered in this work and briefly discuss their cosmological signatures.
We also show the time evolution of their transfer functions. The LEFDM, ULADM and CHDM
models are discussed in Section 2.1, 2.2 and 2.3, respectively. Finally, the evolutions of theirs

transfer functions are presented in Section 2.4.
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2.1 Late Forming Dark Matter

In this section, we discuss how LFDM models differ with respect to their production mech-
anism and the formation epoch as compared to the other dark matter candidates. For the
case of electroweak WIMP, the dark matter is formed through freeze-out when the temper-
ature of the universe falls to mqy /T ~ 20—so the production happened at very early times
(T ~ a few GeV) much before the epoch of BBN. For the case of keV sterile neutrino WDM,
when it is produced through active-sterile oscillation, the production epoch is T ~ 150 MeV.
For the case of axion dark matter, the scalar starts its coherent oscillation when the mass of
the scalar field becomes of the order of Hubble parameter my ~ H(T'). For the accepted mass
scale of sub-eV axion m, ~ 107° eV, the production happens at the QCD scale T' ~ 100 MeV

which also precedes the epoch of BBN.

The main difference between the models discussed above and LEDM models is that the
formation of CDM can be as late as epoch corresponding to 7' ~ eV. It is instructive to
note that for WDM models, one gets suppression in matter power owing to the free streaming
effects which are governed by the dark matter mass. However, in our case, the suppression is
controlled by the redshift of LFDM formation rather than its mass scale. This is the reason
that in LEFDM models the existing cosmological data directly constrain the redshift of the dark

matter formation.

2.1.1 Scalar LFDM

In this scenario, the dark matter is formed as a consequence of phase transition of a scalar
field. The scalar field, which was initially trapped in a metastable minimum by thermal effects
or due to its interaction with other scalar fields resulting in a hybrid potential in the early
universe, makes a phase transition (which is generally between the redshift of BBN and MRE
in this model) to the true minima. After this, the scalar field starts oscillating coherently and
its equation of state changes from w = —1 to w = 0, making it clump exactly like the CDM.
The dynamics of the phase transition is very similar to the case of the hybrid inflation [135],
where the scalar field plays the role of the waterfall field and behaves like dark matter after

the phase transition. The hybrid potential for two scalar fields in the context of LFDM was

47



derived in [1,136] and is given by
V(91,62) = (AT — 1®)” + 4N*6165 + M3 (2.1)

For a high value of ¢o(T) in the early universe, the scalar field is trapped in a metastable
minimum ¢; = 0 behaving like the cosmological constant. Later, at a critical redshift z¢, ¢
becomes Tachyonic and rolls down to the true minima. After reaching the true minima, ¢
exhibits coherent oscillations and behaves exactly like the CDM. For details of this model, we
refer the reader to [1].

As discussed in [1] it is possible to achieve it by interactions beyond the standard model in
the neutrino sector; these interactions allow the scalar field to be held in a metastable mini-
mum. Once the neutrino temperature drops below a critical value, the LFDM is formed. One
of the advantages of the LFDM appearing from neutrino dark energy theories is that the epoch
of phase transition is naturally predicted to be very late and is subjected to constraints arising
from linear perturbation theory. The range for LFDM formation epoch stemming from neu-
trino dark energy is given by [1]: 1eV < T¢ < 10%eV. The length scales corresponding to the
horizon entry for this range of epochs are: 2 x 1072AMpc~! < ky < 20h Mpc~!. This bound

is purely theoretical assuming natural values of the coupling constants.

2.1.2 Fermionic LFDM

A light fermion-like eV sterile neutrino can be trapped into a fermion nuggets by a phase
transition driven by a strong scalar interaction. Initially, the idea of fermion nugget formation
was proposed in [137]. However, in their work, the dark matter like nuggets form much later
than MRE. In a recent work (section 3 of [138]), it was shown that light sterile fermion behaving
like dark radiation could be trapped in heavy dark matter nuggets. The stability of the nugget
is achieved when attractive fifth force is balanced by degenerate Fermi pressure of the light
fermions inside the nuggets. There are mainly two main equations which need to be solved to

get the nugget mass, radius, and density:

n §¢/ _ d‘;;@ _ d[ln(;z(@)]Tﬁ (2.2)
dp d[In(m(¢))]
i T(?’P =)
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We refer to [139] for detailed derivation of these equation. Briefly, the first one is the Klein
Gordon equation for ¢(r) under the potential V (¢) = A¢* where the fermions act as a source
term for ¢(r). The other equation tells us how the attractive fifth force is balanced by local
Fermi pressure.

From the above discussion, it is clear that the most important parameter of this model is
the redshift of formation zy. Once the phase transition happens, there is a fractional drop
in neutrino degrees of freedom Neg, as the radiation component starts behaving as CDM
immediately after the phase transition. This gives us one more parameter of interest: Neg.

Since the epoch of phase transition until the present, LFDM redshifts as normal CDM, one

gets

i = ol (L 2p)? (2.3)

Now assuming that a fraction of excess radiation component got converted into a fraction of
CDM density, fifam, at z = 2y, we get the decrement in the effective number of neutrino degrees

of freedom, AN.g to be:

AJ\Teffpl(jzf) = flfdmpl(fod)m(l + Zf)3 (2.4)

where p,/ is the energy density of one neutrino-like radiation species at the formation redshift.

This yields:

Pgo) o [ 10°
ANet = fitdm—rgy = 1.7 fitamQamh ( > (2.5)
e PI(/O) 14+ zf

It should be noted that AN.g is inversely proportional to the redshift of formation. As the
effective number of neutrino degrees of freedom dynamically change in this model, observational
constraints on Neg from different observations need to be interpreted properly.

For instance, for z;y < 10'°, the BBN constraints, which depend on the in situ value of
Neg during the era of BBN, apply to the value of Neg before the epoch of dark matter forma-
tion. [140,141]. On the other hand, CMB and galaxy clustering data, which are influenced by
the history of changes in Nqg, are also sensitive to the final Ngg. Throughout this thesis Neg
corresponds to the initial degrees of freedom. We also note that, for most of the range of z of
interest, ANqg is generally smaller than the current precision on Neg from different datasets;
for instance, it follows from Eq. (2.5) that even if fitgm = 1, ANeg = 0.2 for zy = 10°, assuming
the best fit Planck parameters for Q4mh?. As noted above we also consider the case when the

LFDM contributes only a fraction to the observed CDM at present and this fraction is denoted
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by fitdm-

For both of the scenarios mentioned above, LFDM gets its initial conditions for evolution
from the massless neutrino. If LFDM is formed at z = zy, power is suppressed sharply at
a scale k = kiggm that entered the horizon at that redshift. Unlike WDM, the suppression
is sharp as the dark matter is assumed to form via an almost instantaneous phase transition
(Figure 2.1). At k < kjtgm, the matter power spectrum carries damped oscillations, a typical
feature exhibited by the massless neutrino. This is in contrast to WDM where the power
falls monotonically without any oscillation. Earlier the dark matter forms, smaller is the scale
where the decrement of power occurs. The cosmology of this model is studied in [1] and it
is found that dark matter should form deep inside the radiation dominated era and before
zp ~ 0.98 x 10°. In the present work, we consider LFDM having formation redshift in the
range 5 X 104 < zp < 5 X 10°. To generate the power spectrum and transfer function in the

LFDM regime we have modified the codes as follows:

51fdm = 5y
élfdm = éy For z < 7f (26)
Slfdm = 56
élfdm = éc For z > z¢ (27)

We will discuss the modification of the codes in detail in Chapter 3.

2.2 Ultra Light Axion Dark Matter

Another very well studied dark matter is the dark matter from ultra light axion (ULA) fields
in the context of string axiverse [112]. Before going into the details of the ULA model, we will
briefly discuss the potential of axions as a CDM candidate.

The concept of Axion was first brought into the picture as a solution to the strong CP

problem of the Quantum Chromodynamics(QCD). The QCD Lagrangian contains a term
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@3gi2 G éaw,, where G°*" is the gluon field strength tensor and © is related to the phase

of the QCD vacuum. If the quantity © is of the order of unity, it can give rise to a strong CP
violating effect and make the electric dipole moment of the neutron to be 10'° times higher
than the observed value. Thus, to agree with the observation the value of © should be 10719
times smaller. This disagreement is described as the strong CP problem. This issue was first
approached by Peccei and Quinn in 1977. They have shown in their classic works that the
value of © can be pushed down close to zero due to a spontaneous breaking of a global U(1)
symmetry. Later in 1977, Weinberg and Wilczek found independently that this spontaneous
breaking of symmetry can give rise to a massive Nambu-Goldstone boson which is termed as
the axion. The mass of this boson is given by m, ~ /\éoD / fa, where f, is the scale where
symmetry is broken and Agcp is a parameter denoting the strength of the QCD potential.
Initially, f, was considered to be at the weak scale, leading to the mass of Axion to be 10MeV.
However, it was eventually found that Axion with a mass greater than 1 eV could result in a
very rapid cooling of the red giant stars than observed. Further observation of the Supernova
1987A put a stronger constraint on m, < 1073 eV. Thermal production of such light particles
can produce a deficient quantity of axions, which can make up only a tiny fraction of the total
dark matter abundance. However, axions with lower mass can be produced non-thermally by
misalignment of the Peccei-Quinn field. These axions are one of the very well-studied dark mat-
ter candidates, and misalignment mechanisms can produce axions with a density comparable
to the present density of dark matter, for mass mg ~ 107° eV.

In this work, we consider axion-like particles with tiny mass, m, ~ 10722 eV. These particles
are well-known as the Fuzzy Cold Dark Matter [143]. The Compton wavelengths of such
particles are inversely proportional to their mass and are comparable to the size of galaxies or
cluster of galaxies. This hinders clustering of dark matter at smaller scales and offers a natural
solution to the small-scale problems. An axion-like particle as a dark matter candidate can be

described by [2, , , 111] a two-parameter model, whose action is given by:

1= [deyg [;Fzg“”amaam R — (2.8)
where ¢, is a dimensionless and periodic scalar field, represented as ¢, — ¢, + 27. F and
p are the two parameters of the model. For sufficient small value of p (which is the case for
dark matter), it can be shown that mass of the scalar is given by m, = %2 For a cosmologi-

cally and astrophysically acceptable dark matter candidate, a reasonable value for the mass is
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Figure 2.1: Normalized matter power spectra of the four dark matter candidates considered in
this work along with ACDM are shown. For each of the non-standard dark matter candidate,
the parameters are chosen such that the power is cut at nearly the same scale k ~ 0.3hMpc~!.

The specifications of the models are mentioned in the legend.

mg ~ 10722 eV. All models of particle physics derived from string theory have several periodic
scalar fields such as ¢, and it has been argued that such a low mass is quite reasonable from

particle physics perspective.

ULA obtains its initial conditions after spontaneous symmetry breaking in the early universe
and behaves like a coherent scalar field. Early when H is high, the friction term dominates,
and the field is stuck at some random initial value and behaves like the cosmological constant.
Later, when m, ~ H(z) at a certain redshift, the field rolls off and start oscillating coherently
around the nearest minima of the periodic potential and starts behaving like CDM. The adia-
batic perturbations in the scalar field have a momentum-dependent and thus mass-dependent
effective sound speed. At scales below the effective sound horizon, perturbations are washed
out due to free-streaming, and the matter power spectrum features very similar to LFDM (Fig-

ure 2.1) are found in the matter power spectrum. The free-streaming scale is given by [134]

1/ 100 kms—!

m, ms
fp o [ D SOXS ) Mpe L. 2.
(103361/) ( c ) pe (2.9)

This means that lighter axions will push the scale of suppression to a higher value. The
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cosmologically relevant mass of ULA ranges from 107'® and can be as tiny as 1
recent works have put a lower limit on the mass of ULA: m, < 2.6 x 10723 [3,145]. In this work,
we consider the mass range: 1072 eV > m, > 1072® eV. The matter power spectrum and other
cosmological outputs for ULADM candidates are computed with the publicly available code
AxionCAMB.

In a recent work [1416] it was shown that self-gravitating bosonic fields like ULA could give
rise to stable solitonic field configurations in the galactic halo. The thermodynamics of these
solitons in the halo can lead to an NFW like profile of dark matter density in the outer parts
of the halo while following a core profile near the center. Hence, this dark matter candidate
can also be able to solve the core-cusp issue. The mass of ULA that can address the problem

should be < 10722eV at 95% CL, as shown by the analysis done by the authors in the same

work.

2.3 Charged Decaying Dark Matter

This model, its variants, and their cosmological implications have been investigated in de-
tail [3, 147—-149]. We consider a model in which a heavy negatively charged particle of mass
M, decays into a heavy neutral particle of mass Mpe, and a relativistic electron (supersym-
metric models in which a selectron decays into an electron and a gravitino might achieve
this scenario [3]). These two masses and the decay time 7 parameterize the model. The de-
cay time and the mass difference between the two heavy particles AM = My, — Mye, are
tightly constrained because the relativistic electron thermalizes with electron-photon coupled
system, thereby causing spectral distortion of CMB if the decay time corresponds to redshifts
Zdecay < 108. The three-momentum of the relativistic electron p = AM and in the limit all this

relativistic energy is transferred to the photon gas, we get the fractional energy increase:

Qamh? 10° AM
~ -2 dm
oo = a2 0 () (10 (801 210

Using the current bounds on u and y-parameters, we get AM < 1072-1072 for decay times in

the redshift range 10% > Zdecay > 10°.
This constrains the energy density of the relativistic electrons to be dynamically unimpor-
tant and allows us to assume that the masses of the two heavy particles are the same. This

means that the main difference between models such as the LFDM model and the decay charged
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particle model is that whereas the initial conditions (density and velocity perturbations) in the
former case arise from massless neutrino, they are inherited from the baryon-photon fluid in
the latter case. This results in a qualitative difference between the two cases as seen in Fig-
ure 2.1. While density and velocity perturbations of massless neutrinos decay after horizon
entry, these perturbations oscillate with nearly constant amplitude for the photon-baryon fluid
after horizon entry for 1 < ngecay-

It is seen in Figure 2.1 that the matter power spectrum, in this case, oscillates for scales
that are sub-horizon during the pre-decay phase but its value can exceed the matter power
spectrum for the ACDM model for the same cosmological parameters.

This can be understood as follows. In the ACDM model, the density perturbations of the
CDM component, in Synchronous gauge, dcqm = —h/2 or they are completely determined by
metric perturbations and are independent of velocity perturbations which are zero at all times,
Ocam = 0. In this case, the CDM density perturbations at sub-horizon scales grow logarith-
mically during the radiation-dominated era. However, in the decaying charged particle model,
the initial velocity perturbations of the CDM component (the post-decay neutral particle) are
derived from the photon-baryon fluid and constitute an additional source of density perturba-
tions. For wavenumbers at which the velocity perturbations of the initial conditions combine
in phase with density perturbations of the CDM component, the density perturbations can
overshoot perturbations in the ACDM model. On the other hand, this effect also serves to
increase the decrement as compared to the ACDM model for wavenumbers at which velocity
perturbations act to suppress the growth of density perturbations.

To generate the power spectrum and transfer function in the CHDM regime we have mod-

ified the codes as follows:

dchdm = Op
Oham = Op For z < Zgecay (2.11)
Schdm - (S.c
Ochdm = 0c TFOr 2 > 2gecay (2.12)
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2.4 Evolution of Transfer Functions of Different Dark Matter
Candidates

In this section, we briefly describe how the dark matter transfer function evolves for different
dark matter candidates considered in this work. The transfer functions are given in Figure 2.2

at z = 10%, 10°, 2x10% and 107. The model specifications are identical to that used in Figure 2.1.

WDM: In this work, we have considered keV-mass thermally produced WDM candidates,
which become non-relativistic at z ~ 105-107. So in the very early universe, when they are
still relativistic, the transfer function at sub-horizon scales will be similar to that of a rela-
tivistic particle like the massless neutrino. As time progresses they become non-relativistic
but still cause suppression as compared to the ACDM model at small scales owing to their
free-streaming velocity that decays at a slower pace, as 1/a. We have shown the evolution of
transfer functions for WDM with of mass 0.33 keV in Figure 2.2, which is relativistic until
z ~ 1.4 x 10°, so the sub-horizon features at z = 10" and z = 2 x 10° are essentially the same.
WDM with higher masses become non-relativistic earlier, before the onset of the p-distortion

era (discussed in the next section).

ULADM: The ULADM forms due to spontaneous symmetry breaking in the early uni-
verse and behaves like a coherent scalar field. Once the mass of the field drops below the
Hubble constant, the field starts oscillating coherently around the true minima of the poten-
tial and behaves like cold dark matter. We have plotted the evolution of transfer function for
mg = 10724 eV. ULADM with this mass decouples from the Hubble drag at z ~ 2 x 10* and

the suppression occurs at scales smaller than k& ~ 0.3hMpc~!.

LFDM: As mentioned in Section 2.1, LFDM is formed due to phase transition in the neu-
trino sector and gets its initial conditions from the massless neutrino. In Figure 2.2, we show
the evolution of the transfer function for zy = 10°. We notice that the transfer functions of
LFDM and the WDM with mass 0.33 keV are identical at z = 10° and 10" because at high
redshifts both behave like massless neutrinos. At z = 10°, the WDM has already become

non-relativistic but LEDM continues to be relativistic which explains greater suppression in
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the LFDM power spectrum. After z = 2y, the LFDM behaves as CDM, but WDM continues
to cause suppression of power at small scales owing to its slowly decaying but still significant
free-streaming velocities. At more recent time, i.e., z = 10%, the LFDM transfer function is
identical to that of CDM at scales k > 0.3hMpc~!, the scale that enters the horizon at the

formation redshift, but smaller scales still carry the massless neutrino-like features.

CHDM: This model is qualitatively different from the other models as the dark matter
candidate, in this case, is charged and coupled to the photon-baryon plasma at early times.
The time evolution of CHDM transfer function is identical to that of baryons at high redshifts
with R = 3(py + pam)/(4py) as explained in subsection 2.3. At lower redshifts and at scales
larger than the scale that entered the horizon at zqecay = 10°, its transfer function is identical to

CDM. At smaller scales, the transfer function can exceed the matter power of the ACDM model.

The small-scale power suppression can have its distinct imprints on various universal ob-
servables. The rest of the thesis is devoted to exploring some of those effects. In the next
chapter, we study the effects of LFDM on linear matter power spectrum in more detail. We
also perform a y? analysis with observational data to constrain the model parameters. In the
later two chapters, we extend our study to the EoR and the spectral distortion in the CMB,

both being sensitive to the nature of power spectrum.
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Figure 2.2: The evolution of transfer functions of four dark matter candidates considered

in this work along with ACDM. Clockwise from top-left, transfer functions are plotted at

z = 10%, 10°, 2 x 10%and 107. For each of the non-standard dark matter candidate, the pa-

rameters are chosen such that the power is cut at nearly the same scale k ~ 0.3hMpc~—'. The

specifications of the models are mentioned in the legends.
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Chapter 3

Scanning the Models: Power

Spectrum Analysis of LFDM

In this chapter we provide a detailed power spectrum analysis of one of the alternative dark
matter candidate discussed in the previous chapter, namely the LEFDM. There are two model
parameters of interest: the effective massless neutrino degrees of freedom N.g and the redshift
of formation zy. We consider two different scenarios; entire dark matter of the universe consists
of LFDM and and a fraction fitqm, of total dark matter is LEFDM. We have computed a series
of power spectra varying these parameters with publicly available code CAMB and compared
them with data by performing a x? analysis. An interesting result found is that a small (30%)
fraction of LFDM agrees better with data at small scales, than the standard ACDM model.
This chapter is based on the work presented in [1]. The Chapter layout is as follows. In
Section 3.1 we describe how the CAMB code was modified to get the desired power spectra. In
Section 3.2, we have described the datasets we used at different scales of the power spectrum.
We discuss the data analysis procedure and showed the results in Section 3.3. We also briedfly
describe how the code can be modified for WDM and CHDM models at the end of this section.

Finally, we conclude in Section 3.4.

3.1 Modification in CAMB

We have discussed two different LEDM candidates in the last chapter; the scalar LFDM and the

Fermionic LFDM. It is interesting to note that even though the physics of scalar and fermionic

o8



LFDM production can be quite different, the initial condition of the LEFDM at the formation
epoch can be taken from the a neutrino-like component at the epoch corresponding to z = z;.
This is because in both the cases, the density perturbation of a neutrino or a dark radiation
component provides the initial density fluctuation of LFDM at the production epoch z¢. The

evolution of neutrino density perturbation is obtained by solving a series of coupled differential

equations [14] involving Legendre Polynomials
4 2
0 = —§9 — gh
6 = K> <i - U)
25 = %9— %kFng%mgﬁ
o= s (F (o DE) (3.1)
The solution for ¢, is an exponentially damped oscillation at sub-horizon scales [14]. Physically,

it represents the free-streaming effects of highly relativistic neutrinos. In Figure 3.1, we plot
linear matter power spectra for standard model neutrino density fluctuation by solving the
above equations using the publicly available code CAMB [13] for two different values of zy. Our
main modification in CAMB is to evolve it up to a redshift z; without CDM and extract the
transfer function for neutrino perturbation at z = zy, 0,(2y), and use that for the LEDM
initial condition for density fluctuation at the epoch of its formation. We then evolve LFDM
perturbation just like CDM to get the power spectra at the present epoch. So the oscillations at
small scales in the final power spectra at z = 0 is a signature of the fact that LFDM obtained its
initial density fluctuation from neutrino perturbation at zy which was damped and oscillatory
at scales smaller than the horizon size of the Universe at z = z;.

The main goal of our work is to find out how late the dark matter can form, i.e, to find
out the minimum value of the formation redshift z;. As discussed in the previous section,
the formation of dark matter happens via the transition of the scalar field. We are therefore
able to formulate the cosmological impact of LEFDM in terms of three parameters: the initial
relativistic neutrino degrees of freedom: Neg, the epoch of the formation of CDM: 2, and the
fraction of CDM that forms at z = zf: fitdm.

As Figure 3.1 shows, the new features introduced by LEDM are largely determined by the

variation of zy. The scale imprinted on the matter power spectrum is determined by the scale
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Figure 3.1: The LFDM power spectra (unnormalized) are shown for a range of formation
redshift z;y and relativistic neutrino degrees of freedom. The left panel shows the impact of
changing Neg for a fixed z; = 52000. In the right panel, LFDM power spectra are shown for
different zy for Neg = 3.04.

of horizon entry at z = zy, k.. For the horizon entry in the radiation dominated era:
Hy
ke = 7(1 + 2)Q25(1 4 0.227Negr) (3.2)

Here (), is the radiation contribution from photons. The matter power spectrum is suppressed
at scales below the corresponding scale for k.. This suppression can be understood as follows:
the LEDM obtains its initial conditions from massless neutrinos. On the super horizon scales,
the massless neutrinos behave like other forms of matter such as the CDM (for details see
e.g. [44,150]). However, unlike CDM, the perturbations in this component are washed out
owing to free-streaming on scales smaller than horizon size. As zy is increased the feature
shifts to larger k., or smaller scales. As zy tends to infinity, the LFDM matter spectrum
approaches the ACDM results. This also motivates our choice of the cosmological data for

constraining the LEFDM model.

3.2 The Data

As discussed above, we can theoretically analyze the impact of the LFDM in terms of three

parameters: 27, firam and Neg. For a given zy and fitfam, ANeg can be expressed in terms of
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these parameters for a given Qqmh? (Eq. (2.5)), which we assume to be fixed and given by the

best-fit Planck estimate for the six-parameter spatially-flat ACDM model [55].

The two parameters—z; and Neg—affect the linear power spectrum at different scales.
The main impact of changing N.g is to alter the MRE epoch. This shifts the peak of the
matter power spectrum. As the SDSS data on the galaxy power spectrum gives the power at
such scales: k=0.02-0.1h/Mpc, this data is sensitive to the variation of of Neg. We use the
SDSS DRYT release data [5]. For k > 0.1, the SDSS data cannot be directly compared to the
predictions of linear theory as non-linearities set in for such scales. We use the HALOFIT
model embedded in CAMB to obtain the non-linear power spectrum for comparison with the
SDSS galaxy power spectrum; this procedure allows us to use the data for k£ < 0.2. It is
instructive to note that though the HALOFIT works mainly for ACDM and might not work
for other dark energy models of constant equation of state differing from w = —1 [I51], in
LFDM cosmology, the background evolution is exactly same as the ACDM model after the
phase transition has occurred deep in radiation dominated era. So we expect HALOFIT to be
a good approximation for mildly non-linear power spectra for comparison with SDSS galaxy

power spectrum.

As seen in Figure 3.1 above, the main effect of late formation redshifts z; is to suppress
the power at scales k > 0.1h/Mpc. Such scales are not directly accessible from the data
on galaxy power spectrum at low redshifts. It is known that Lyman-« clouds observable at
intermediate redshifts (2 < z < 5) probe mild over densities (6 =~ 10) of the density field.
The data from Lyman-a clouds can be used to reconstruct the linear matter power spectrum
for scales comparable to the Jeans’ scale of the intergalactic medium in the relevant redshift
range [0, 152]. Here we use the data in the range: 0.2 < k < 4.8h/Mpc from [6,7]. From
Figure 3.1, it is clear that the scales probed by the Lyman-« data are far more sensitive to the
variation in zy. As zy is increased the oscillations seen in the power spectra move to larger
values of k£ (or smaller scales) with the power spectrum approaching the ACDM model as zf

tends to very large values.

Other data sets at scales overlapping with SDSS data are available, e.g. WiggleZ survey [153]
with scale coverage 0.01 < k < 0.5h Mpc~!. We could obtain supplementary information from
WiggleZ data but it doesn’t expand the range of scale we already consider. Or the two data

sets we use allow us to obtain the tightest possible constraints on LEDM models within the
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framework of linear (and mildly non-linear) theory. Cosmological weak lensing provides a
powerful probe of the matter power spectrum (e.g. [154]). We do not use it here because the
scales probed by the cosmological lensing are larger than the those probed by the Lyman-« data
(e.g. [7]) so we cannot use it to get better constraints on the formation redshift z;. Also in this
chapter we only consider the available data on measured or reconstructed power spectra. The
reconstructed power spectrum is not readily available in the literature (e.g. [154]). This means
we have to compute the observables presented in the literature from LFDM power spectra. We

shall undertake this task in future works.

Our choice of Lyman-a data is also governed by the availability of reconstructed linear
power spectra. In all the available data on the linear matter power spectrum, the data we use
provides a probe of the smallest scales. It is based on the high spectral resolution QSO spectra
(total of 53 QSOs including 30 observed at high spectral resolution [(]). This one-dimensional
data allows reconstruction of the linear 3-dimensional matter spectrum. However the low-
resolution SDSS data, which is available for a much larger number of QSOs, doesn’t allow this
reconstruction (for details and discussion see e.g. [6,155]). This means that a comparison with
the ongoing survey SDSS-III/BOSS, which will finally obtain spectra of 160000 QSOs in the
redshift range 2 < z < 7.5 [150], will require us to simulate the Lyman-« spectra for our class of
models. We consider it beyond the scope of this work and plan to undertake this study in the
near future. We also note that even the low spectral resolution Lyman-«a could be a powerful
probe of the matter power spectrum at small scales because of two reasons: (a) the measured
1-dimensional flux power spectrum by the Lyman-a data receives contribution from a wide
range of scales of the 3-dimensional power spectrum, (b) the relation between the density field

and the observable is non-linear (e.g. [157]).

3.3 Data Analysis and Results

The two data sets—SDSS galaxy power spectrum and the linear power spectrum reconstructed
from the Lyman-a data—allow us to investigate the range of scale: k = 0.02-5h/M pc. However,
these two data sets do not have the same bias with respect to the underlying density field, and
therefore the overall normalization constant is different for the two cases. In other words, we

can probe the shape of the power spectrum in the aforementioned range of scales and not its
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Figure 3.2: The allowed regions in the zy—~Ncg plane are shown from the power spectra of SDSS
(Left Panel) and Lyman-a (Right Panel) data. In each Panel, the blue, green and the brown
regions indicate the 68%, 95.4% and 99.73% confidence levels, respectively.

overall normalization. We consider four parameters for each data set: Neg, zf, fifdm, and C,
where C' corresponds to an overall normalization which is marginalized. For our analysis we
search the best-fit in the range: N.g = 3—4, which encompasses the current range of constraints

on Neg [140,141].

As noted above we compute a suite of models for different zy and Neg by modifying CAMB.
We extract unnormalized power spectra and the normalization is fixed by comparison with
data. Model predictions for a range of fisq, are obtained by assigning different weights to the
initial conditions; for instance, for figgm = 1, the initial condition for the CDM component is
drawn from massless neutrinos at z = zy. For a smaller value of fitqm, the initial conditions
are a mix of the CDM component in the pre-transition phase and the massless neutrino. This
also means that we need to vary only two parameters (zy and Neg) in CAMB for obtaining
the power spectra for all the four parameters. For likelihood analysis we have used the range
of z; to be 24000-180000 with an interval of Az; = 4000 while analyzing the SDSS data and
zy = 62000-4000000 with an interval of Azy = 2000 for the Lyman-o data. The range of the
zy is different for the two data-sets because the Lyman-a data covers much smaller scales as
compared to the SDSS data. The smallest scale probed by the Lyman-a data, k ~ 4 Mpc™*

enters the horizon at z ~ 4000000 which is the highest 2y we have considered. Similarly, Neg
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is also finely sampled to ensure convergence of the likelihood procedure.

We use 45 band-powers from the SDSS galaxy data and 12 points from the reconstructed
linear power spectrum from the Lyman-a data. The best-fit x? for the two case is 65 and
10.5, respectively. The multi-parameter contours and posterior probabilities are computed
by marginalization, i.e. the integration of the likelihood function exp(—x?/2) over redundant

parameters.

We first consider the case fiqqm = 1, or all the observed CDM at the present is formed at
zf. In Figure 3.2, we show the confidence limits for zy and Neg for the two data sets. Both
the data sets result in a lower limit on the value of z;. The Lyman-a data results in stronger
constraints on zy. This result follows from Eq. (2.5) and Figure 3.1 which show that an increase
in zy results in the feature in the power spectrum shifting to smaller scales. As Lyman-a data
probe smaller scales, we expect a tighter constraint on z; from these observations. We note
that for both the data sets the floor on the value of x? is set by the ACDM model. Or we
do not find any evidence of an improvement over the ACDM model within the framework of a

two-parameter LEDM model.

The marginalized posterior probabilities for zy are shown in Figure 3.3. We note that the
temperature of the universe corresponding to z = 2y from the two data sets is in the range
30-500€eV. These lower limits on the transition temperature are far below the constraints on
production redshifts in the WDM models; in such models a dark matter particle with mass
m > 1keV is invoked [129] and the production redshift lies before the epoch of BBN at a

temperature T' >~ MeV.

We next consider the case firgm < 1. Or only a fraction of the CDM observed at the present
originated at z = zy. This expands the parameter space under consideration and yields more
interesting results. In Figure 3.4, we show z¢— fifgm contour plots after marginalizing over Neg
and the overall normalization C'. The SDSS data gives results similar to the previous case with
slightly looser bound on zy. The Lyman-a data, on the other hand, results in very different
outcome, as compared to the earlier case. The zy—fifqm plain splits into two separate regions
in this case. The region corresponding to z; < 10° is ruled out by the SDSS data but is
unconstrained by the Lyman-a data. This underlines the importance of using two data sets at
different scales for our analysis. Larger values of z; is allowed by both the data sets. Further,

the Lyman-« data results in a better fit as compared to the ACDM case, as seen in Figure 3.5,
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lines indicate the 68%, 95.4% and 99.73% regions, respectively.
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Figure 3.4: Contours of z;y and fiqqm obtained using SDSS data (Left Panel) and the Lyman-a
data (Right Panel).
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for a large range of values of fitqy (this inference is nearly independent of Neg). In particular,
fitam = 0.1 results in a better fit for the entire range of zy. While x? ~ 11 for the ACDM
models, it reduces to 3.5 for many models for figq,, = 0.1. This improvement is largely owing
to the two data points for the largest k. This shows the importance of using the small scale

data for unraveling the nature of LFDM models.

Our analysis clearly shows that LFDM models with a non-zero figm provide a better fit
to the data. However, while significant, our results need further explanation. In our analysis
we assume many cosmological parameters to be fixed to their Planck best-fit values. Within
the framework of spatially-flat ACDM model, the relevant cosmological parameters—Qgmh?,
Qph?, h, ngs—have been estimated at unprecedented precision [55]. For a given angular scale
£, the CMBR anisotropies receive dominant contribution from three-dimensional scales k such
that ¢ ~ kng; no = 13670 Mpc for the best-fit Planck parameters. As Planck measures CMBR
anisotropies for £ < 2000, the smallest scale to make significant contribution to these observa-
tions is & ~ 0.15 Mpc~!, which lie in the range of scales probed by SDSS; Planck results are
compatible with the SDSS DR7 data we use in this chapter (Figure 20 of [55]). However, these
scales are larger than the scales involved in Lyman-« measurements and therefore the Lyman-a
data gives us independent information of the matter power spectrum on scales not probed by
Planck. This also means that we are justified in assuming priors on cosmological parameters
from Planck, even though we still need to explore the whole range of parameters allowed by

Planck to put our result on a firmer footing,.

3.4 Conclusion

In this work we have investigated the epoch of dark matter formation in the universe for a class
of non-WIMP dark matter scenarios. Especially we have studied how late the dark matter can
form. Unlike the case of electroweak WIMP where dark matter formation happens through
thermal freeze-out at a temp 17" ~ GeV, in our models the dark matter formation happens
considerably after BBN but before the decoupling. Our study is mainly inspired by a few
viable models of "LFDM” [1,3]. In such models the matter power is suppressed at small scales
which can be probed by cosmological observables at low redshifts using the available data on

the linear power spectrum.
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Figure 3.5: x? is plotted as a function of zy for many different values of fifgm for the Lyman-a

data. The dotted horizontal line is the x? for the ACDM model.

In the present study we confront models of LEFDM with the existing SDSS data on galaxy
power spectrum and the linear power spectrum extracted from Lyman-« data for z > 2. Our
results can be summarized as follows: (a) if all the presently observed CDM is late forming then
both the data sets result in upper limits on the redshift of formation of LFDM, with Lyman-«
data resulting in tighter bounds: zy < 3 x 10% (99% confidence limit) (Figure 3.2), (b) if we
allow only a fraction of the CDM to form at late times, then we improve the quality of fit as
compared to the ACDM model for the Lyman-« data. This is suggestive that the present data
allows for a fraction of the CDM to form at zy ~ 10° (Figure 3.4). In particular our result
underlines the importance of the Lyman-a data for our study.

In the recent past, the quantity of Lyman-a data available has sharply increased with the
ongoing survey SDSS-III/ [156]; and the results from this survey are expected to throw further
light on the models of LEFDM. We hope to return to this issue with as the new data becomes
available. Another interesting study could be the effect of LEDM on the epoch of the formation

of the first stars, which we will explore in the next chapter.
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Chapter 4

Observational signatures I: EoR and

the High Redshift Universe

In the previous chapter, the effects of one alternative dark matter candidate on the small-scale
matter power spectrum have been discussed. It was found that along with decreasing power
at small scales; it also induces damped oscillations at scales smaller than that. The next two
chapters of this thesis are devoted to describing the consequences of modification of small-
scale power on different milestones of the universe. In this part of the thesis, we consider the
effects of alternative dark matter candidates on the Epoch of Reionization(EoR). This epoch is
considered a milestone in the history of the universe as it marks the time when the universe goes
back to its original ionized state, preceded by a temporary neutral state. The ionization process,
described in detail in the following section takes place by the high energy photons coming out
of the first stars and galaxies. Despite being such an important epoch, it is one of the least
understood universal phenomena. Recently a lot of theoretical and experimental efforts are put
to model and detect the EoR. The modification of small-scale power will change the population
of dark matter halos that will host the sources of reionization, resulting in a different source
distribution, which in turn can alter the topology of reionization and even the duration of it. At
present, there are many models of reionization with different star formation efficiency, photon
escape fraction, clumpiness of the IGM, etc. In our study, to avoid degeneracies of reionization
parameters we consider one particular scenario where the fraction of neutral hydrogen, Zyy, is

equal to 0.5 at z = 8.
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Along with this, we also cover how the evolution of collapsed fraction of neutral hydrogen in
the high-redshift universe is affected due to small-scale power modification. A significant por-
tion of collapsed neutral hydrogen is located in clouds with high column density. These systems
cause a large absorption dip in the spectrum of quasar that is located behind the cloud, thus
making them easier to detect. These high column density clouds having Ng; > 2 x 102010720
are called Damped Lyman-a(DLA) systems. Due to the modification of small-scale power, the
mass functions of host haloes will be changed at low mass, which can potentially change the
neutral hydrogen gas density at all redshifts. With a lot of new quasars discovered recently
with brand new Lyman-« spectra at high redshifts, the collapsed fraction of neutral hydrogen
in DLAs has been measured with great accuracy. This provides an excellent opportunity to
constrain the modification of small-scale power due to alternative dark matter candidates, and

thus the properties of dark matter.

The chapter is organized as follows. In Section 4.1, a physical description of the EoR is
provided. In Section 4.2, the simulation technique of the radiation field is discussed. The results
are provided in Section 4.3. In Section 4.4 the effects of alternative dark matter candidates
on the evolution of cosmological gas density are considered and Section 4.5 is reserved for

discussion. This chapter is based on the work presented in [8].

4.1 Physics of The EoR

The EoR is fueled by the old low-metallicity population-III stars and black holes hosted by
the first galaxies. These sources, with their high-energy photons, ionized the neutral medium
surrounding as well as the IGM and that highly ionized state is maintained till today. Till the
reionization started, the dark component played the dominating role in structure formation
and evolution while during and after the re-ionization, baryonic matters also started being
countable.

After the universe was almost 400 thousands years old, it was cold enough so that the
electrons and protons can finally combine to form neutral hydrogen. This prolonged process is
known as the recombination. After recombination, the baryons and photons decoupled from
each other and the photons started free streaming. The following age till the beginning of

reionization is known as the dark age. During this age, the universe was essentially neutral,
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and it lasted for a long span of 400 million years.

After the first structures had formed, they started emitting radiation that initially ionized
the medium immediately surrounding them. The ionized regions started expanding with time
as the radiation started penetrating further into the IGM and got patched with each other to
fill up the entire universe [158-161]. The binding energy of atomic hydrogen is 13.6 eV which
means the ionising photons should lie in the ultraviolet regime or have higher energy. Hence,
to make the ionization of the neutral IGM successful the sources should provide a sufficient
number of high energy photons. The most obvious sources are the Population III stars. The
Population III stars are much more massive than present day stars, therefore can be reservoirs
of UV photons. The UV photons efficiently ionize the regions that encircle the stars. However,
the lifespan of these old stars is also not very high either. Besides, their properties and number
densities in the pre-reionization era are very poorly understood. In spite of these uncertainties,
most of the studies of EoR revolves around the first stars (Please refer to [162] for a review). The
mini-quasars hosted by black holes with mass 1037 M and AGNs also provide considerable
amounts of UV photons. The contributions of mini-quasars [163-165] and AGNs [166-168] are
well studied in literature , and it is found that the AGNs have little influence in ionising the
universe [168], but it is still a matter of debate. On the other hand, the photon flux from the
mini-quasars contain a lot of hard X-ray photons, as their spectral energy distribution follow a
power law. These hard X-ray photons can also heat the IGM far beyond their ionization front.
As the hard X-ray photons are not present in large abundance for the first stars, the can’t heat

the IGM to as broad extent as the mini-quasars [165].

In Figure 4.1, the time evolution of the fluctuation of the 21 cm brightness temperature,
0Ty, is shown. In Section 4.2, we explain in detail that the distribution of 67} is sensitive to
the underlying neutral hydrogen density distribution. As seen clearly from Figure 4.1, as time
proceeds §7T; becomes negligible in most of the regions implying that the universe is containing

more ionized hydrogen.

The process of reionization is not instantaneous and estimated to lie between z ~ 6 — 12.
Different observational probes covering a broad range of length scales and epochs have confirmed
the occurrence of EoR. The long list contains observations of the Lyman-a forest spectra of
quasars up to z ~ 7 [170-172], the optical depth of the Thomson scattering of the CMB

photons [173-175] the temperature evolution of the IGM at z < 6 [176-178] etc. In recent
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Redshift

Figure 4.1: The evolution of 21 cm brightness temperature fluctuation. The picture is taken

from [169].

time, the 21 cm line of atomic hydrogen has got more attention from the community as a
probe of the IGM before and during reionization. This is a hyperfine transition line that
arises due to the interaction of electron and photon spins. The 21 cm line corresponds to a
forbidden transition between the triplet state of the hyperfine interaction to the singlet state
with a very low transition rate. Despite having such a small transition rate, it is an essential
astrophysical probe because of the huge amount of hydrogen [179, 180] in the universe and
efficiency of collisions in establishing the population of the triplet state [181,182]. Some major
experiments among that will study the 21-cm line are The Low-Frequency Array (LOFAR),
the Murchison Widefield Array (MWA), the Giant Meterwave Radio Telescope (GMRT) and
the Square Kilometer Array (SKA).

Getting the complete picture of the reionization process is still a long way to go. There are
quite a few obstacles in the way of understanding the physics of reionization, broadly divided
into two classes: theoretical and observational. The efficiency of reionization depends crucially
on the number density of the high energy photons coming from the first stars and the mini-
quasars/AGNs. This brings the first two of the theoretical challenges; the first one is to correctly
understand how the first stars form: what are the factors that controlled the formation of the
first stars. As all the gas trapped into dark matter halo do not end up into star formation, it
is difficult to correlate the population density of stars with the underlying dark matter density

fluctuation map, even after assuming that the baryons mix up with dark matter homogeneously.
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Therefore, it is also important to estimate how much of the gas trapped contributed in star
formation, namely the star formation efficiency, correctly. Another essential unknown is the
escape fraction of ionising photons, i.e., the fraction of high energy photons that can successfully
escape the first galaxies to the IGM to ionize the medium. It is tough to constrain this
quantity due to lack of observational data at such high redshift. Theoretical estimation of this
parameter is also difficult though efforts have been made. Earlier studies used smooth galaxies,
with isothermal and radially exponential disks at high redshift [183, 184] and later with more
realistic disks [185] to calculate the escape fraction of the Lyman continuum photons. Despite
using different analytical formalisms, all of these works yielded that a ~ 10 — 30% of Lyman
continuum photons can escape the galaxies to ionize the medium [165]. Along with these two
uncertainties the propagation of ionization front in the IGM and thus whether the high-density
regions got ionized before the low-density regions, is also not clearly understood. All these
challenges make this epoch a frontier in current research in cosmology.

The observational challenge is to model and clear the foregrounds that mask the true
reionization signals and thus to extract and interpret the actual signal. The galactic and
extragalactic foregrounds at different wavebands can be on the order of 10°K while, as seen
from Figure 4.1, the amplitude of reionization signal can be as small as mK. Along with the
astrophysical foregrounds, the atmospheric and instrumental noises are also present in the

observed spectrum, making it more difficult to measure this very faint but wealthy signal.

4.2 Simulating the Reionization Field

The redshift evolution of the mass averaged neutral fraction Zy; during EoR is largely unknown.
It is only constrained from the CMB anisotropy and polarization measurements [186] which
allow us to infer the optical depth integrated through the reionization surface. Therefore, the
CMB constraints can be satisfied for a wide range of ionization histories [187].

Our aim here is to study the Hisignal from the reionization era for a class of LFDM and
ULADM models and, if possible, discern generic features of such models from the HIpower
spectra. As mentioned earlier, given the uncertainty of reionization history, we do not assume
a particular model for reionization history Zyp (2). Instead we fix the redshift and the ionization

fraction at which these models are compared. We take z = 8 and Ty = 0.5 at this redshift for
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our simulations.

Our method of constructing reionization fields consists of three steps: (i) generating the dark
matter distribution at the desired redshift, (ii) identifying the location and mass of collapsed
dark matter halos within the simulation box, (iii) generating the neutral hydrogen map using
an excursion set formalism [188]. The assumption here is that the hydrogen exactly traces the
dark matter field and the dark matter halos host the ionizing sources. The assumption that
the dark matter follows the baryons is justified for simulating the Hisignal from EoR for the
following reasons. The issue of simulating and studying this signal is essentially a two-scale
problem: the scale at which the structures collapse and the scale at which the Hisignal is
observable. These scales are generally separated by orders of magnitude. For instance, the
objects that collapse around z ~ 10 lie in the mass range M ~ 10°-10'° M, which correspond
to length scales L ~ 0.2-0.4Mpc or equivalently k ~ 27/L ~ 30-15Mpc~!. However, we
study the Hisignal in the range 0.1 < k < 4Mpc~'. So even though the density field is highly
non-linear at the scale of the collapse and therefore the assumption that baryons follow dark
matter is not a good one, it generally is an excellent assumption at the scales at which the
Hiis probed, which lie in the range from mildly non-linear to highly linear at the redshifts of

interest. We discuss our method in the following sections.

4.2.1 Generating the dark matter density field

We have used a particle-mesh N-body code [139] to simulate the z = 8 dark matter distribution.
We use the linear power spectrum (Figure 2.1 in Chapter 3) to generate the initial Gaussian ran-
dom density field at z = 124. For LFDM, the linear power spectra are generated using a mod-
ified version of CAMB [!] and axionCAMB is used for the ULA dark matter [115]. We have done
simulations for the following models: ACDM, LEDM models with zy = {2,1,0.7,0.4} x 106,
and ULA models with m, = {3.7,2.5,1.2,0.26} x 10~22eV. Figures 4.2 shows the dimensionless
matter power spectrum AZ%(k) = k*P(k)/27% output from the N-body simulation at z = 8.
Note the suppression of power on scales k > 1 Mpc ™! for both the LFDM (left panel) and ULA
(right panel) models compared to the ACDM model. This suppression deepens as we decrease
the value of zy and m, in the LFDM and ULA models respectively.

Our simulation volume is a [150 Mpc]® comoving box. We have run our simulation with a

21443 grid using 10722 dark matter particle. The spatial resolution is 0.07 Mpc which corre-
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Figure 4.2: This shows the dimensionless matter power spectrum A2Z(k) at z = 8 calcu-

lated from the N-body outputs using four different LEDM models (left panel) with z; =
{2,1,0.7,0.4} x 10° and four different axion dark matter models (right panel) with axion masses

mg = {3.7,2.5,1.2,0.26} x 10722eV. The black solid curves are the ACDM power spectrum.

sponds to a mass resolution of 1.09 x 10® M.

4.2.2 Identifying collapsed dark matter halos

We have used a friends-of-friends (FoF') halo finder code [190] to identify the location and mass
of the collapsed dark matter halos from the outputs of the N-body simulation. We have used
a fixed linking length 0.2 times the mean inter-particle separation and require a halo to have
at least 10 dark matter particles which corresponds to a minimum halo mass of 1.09 x 10° M.
Our choice of minimum halo mass is also fair because a halo mass of few times 10 Mg [191]
(at z = 8) also corresponds to the virial temperature (~ 10*K) of hydrogen cooling threshold.

Figures 4.3 shows the simulated comoving number density of halos per unit logarithmic halo
mass dn/d(InM) as a function of the halo mass M at z = 8 for the range of LEDM (left panel)
and ULA (right panel) models that we consider here. The solid curve is the theoretical ACDM
mass function [192]. The simulated ACDM mass function, shown in black points, is in very
good agreement with the theoretical mass function. Note that the low mass halo abundance
is substantially reduced for both the LFDM and the ULA models as compared to the ACDM,

and the suppression gets steeper with decreasing value of z;y and m, in the LFDM and ULA
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Figure 4.3: This shows the halo mass function from our simulations considering four different
LFDM modells (left panel) with zy = {2,1,0.7,0.4} x 10° and four different axion dark matter
models (right panel) with axion masses m, = {3.7,2.5,1.2,0.26} x 10722 eV. The black solid
curve is the theoretical ACDM mass function of Ref. [192]. In the right hand panel, the points
represent the results of the simulation, while the solid curves are the theoretical prediction

from [9].

models respectively.

In the right panel of Figure 4.3 , we also show the theoretical halo mass function for ULAs
of Ref. [9]. The theoretical mass function displays a sharp cut-off at low halo masses caused by
scale dependent growth and an increased barrier for collapse: consequences of the ULA Jeans
scale. This cut-off is not present in the mass function found from our N-body simulations,
but we should not expect it to be. N-body simulations treat ULAs as particles. However,
this treatment is incomplete on small scales, where the coherent scalar field dynamics become
important. The full scalar field dynamics have been computed by Ref. [193], and the validity of
an N-body treatment on large scales was discussed in Ref. [194].The cut-off in the theoretical
mass function for ULAs becomes relevant precisely where scale dependent growth and scalar
field dynamics become important in linear theory. This suggests that the ULA mass functions
we have derived should not be considered correct on these scales.

Both the LFDM and ULA mass functions produce low mass halos below the cut-off in the

linear theory power spectrum. The same effect is observed in related simulations of WDM.
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In the case of WDM, these low mass halos are believed, for a variety of reasons, to be “spu-
rious” [195,196]. We note that for ULAs the mass function slope from simulations increases
below the cut-off in the theoretical mass function. An increase in the slope of the mass function
is one method of identifying spurious halos, and it is interesting that these scales coincide. A
complete simulation of ULAs (either as a scalar field [193], or an effective fluid [146]) should
include a dynamical mechanism whereby the spurious halos never form, thanks to the so-called
“quantum pressure” of the gradient energy. This further suggests, on theoretical grounds, that
the low mass halos are spurious.

Spurious structure can be removed from simulated mass functions: for WDM in e.g.
Ref. [197], for LFDM in Ref. [198], and for ULAs in Ref. [194]. In our results we do not
remove the spurious structure. The constraints thus derived will be weaker than the true con-
straints, allowing for lighter ULAs and later formation of dark matter. Our constraints are

therefore, in some sense, conservative.

4.2.3 Generating the neutral hydrogen maps

In the final step we generate the ionization map and the Hidistribution using the homogeneous
recombination scheme of Ref [199]. The basic assumption here is that the hydrogen exactly
traces the matter density field and the halos host the sources of ionizing photons. It is also
assumed that the number of ionizing photons emitted by a source IV, is proportional to the
mass of the host halo i.e. N, = NjonM/m, where m,, is the proton mass. The constant of
proportionality Njo, here is the number of ionizing photons emitted per baryon in the collapsed
halo times the ratio of the baryon density to the total matter density. The ionization map
is generated by comparing the smoothed photon number density to the smoothed hydrogen
number density at each grid point in the simulation volume. Any grid point where the photon
number density exceeds the hydrogen number density is declared to be ionized. This comparison
is carried out varying the smoothing radius from the cell size to a maximum smoothing length-
scale which is half the box size. The ionized map and the Hidistribution were generated using a
grid spacing that is 8 times coarser than the N-body simulations. The simulated Hidistribution
was finally mapped to redshift space using the scheme outlined in Ref. [200]. We use the

resulting Hrdistribution to calculate the brightness temperature fluctuation using [201]

PHI o (Qh?\ 0.7\ Hy
— 4mK (1 el ) 4.1
OTy = 4mK = ~(1+2) <0.02><h H(z)’ (41)
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where % is the ratio of the neutral hydrogen to the mean hydrogen density. Throughout this

chapter, we assume the spin temperature Ts > Tcovp or the Hiis only observed in emission.

4.3 Results

Our method predicts an ‘inside-out’ ionization where the high density regions are ionized first
and the low density region later. As the value of zy in LFDM model decreases, the number
of halos decreases. This means that the number of ionizing sources in the LFDM and ULA
models is smaller as compared to ACDM model. To achieve the same ionization level at the
same redshift (Zpr = 0.5), Njon is higher in the LFDM models as compared to the ACDM
model. We find that for zy < 0.4 x 10% the desired level of reionization doesn’t occur as we
couldn’t form dark matter halos in our box. This allows us to put a rough limit of zf ~ 0.4 x 10°
as a lower cut off. Similar considerations allows us to put a lower limit on the mass of ULA of
mg > 2.6 x 10723 eV. Tt is instructive to note that this result is consistent with [145,194] in
connection to linear as well as non-linear observables of ULA dark matter. Table 4.1 lists lists
the set of models we study in this chapter.

However, we could also get independent limit on zy and m, from constraints on plausible
range of Nion. In our simulation Njo, = 24 for the ACDM model. For the range of LFDM
models we have studied (for decreasing zy as shown in Figure 4.4): N, = {47,102,212,1230}.
For ULA models, for decreasing m, as shown in Figure 4.5, Njon, = {61,75,134,965}. Table 4.1
lists the values of Njo, for the models we consider.

How acceptable are these values if star-forming galaxies were responsible for the reionization
process? For a metallicity Z = 0.01 and Scalo stellar mass function, the number of hydrogen
ionizing photons is nearly 4000 per baryon which corresponds to Njo, =~ 800. Factoring in 10%
star formation efficiency in a halo for star forming galaxies and 10% escape fraction from these
haloes, this number drops by a factor of 100. !

It should be noted that all these factors— metallicity, initial mass function, star formation

efficiency, and escape fraction—are highly uncertain. For zero metallicity (population III) stars

We note that the effective number of hydrogen ionizing photons in the case of early QSOs where these
photons are produced owing to the conversion of gravitational energy into energy are comparable to the case of

early star-forming galaxies [158].
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Figure 4.4: Two dimensional sections through the simulated brightness temperature maps of
four LFDM models along the ACDM model for gy = 0.5. The ACDM (left) map has been
shown twice. The direction of redshift space distortion is with respect to a distant observer

located along the vertical axis.

the number of photons could be significantly higher and lie in the range 10*-10° 2, but these
stars last only a few million years which is considerably smaller than the age of the universe,
~ 5 x 108 yrs at z ~ 8. These first metal-free, massive stars would have ended their life in
supernova explosions thereby contaminating the interstellar medium with metals. This means
the metal-free stars could only have dominated the reionization process for short periods. Also
for initial stellar mass functions which have a larger fraction of massive O and B stars as
compared to the Scalo mass function, the number of ionizing photons could be larger (for

details of the physics of ionizing sources during the EoR see [158]).

2From current observations it is difficult to constrain the fraction of PoplII stars during the EoR but plausible
bounds based on the observed Infra-red background and its fluctuations suggest PoplIl stars might not have

dominated the reionization process [202]
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In light of these facts we could ask how plausible is Njo, corresponding to zy ~ 0.4 x 10 or
me =~ 2.6 x 10723 eV. In these cases, the required number of photons per baryon is larger than
5000. This is not possible to achieve for moderate metallicities and Scalo mass function even if
the efficiency of star formation and the escape fraction are 100%. Therefore, we consider such

models unrealistic.

Upcoming near-infrared telescope JWST will allow us to directly detect ionizing sources
from the EoR (e.g. Figure 19 of [158]). For LFDM and ULA models, these sources are fewer
in number and more luminous, which might allow a direct probe of the decrement of matter

power spectra at small scales.

Figures 4.4 and 4.5 show two-dimensional sections through the simulated brightness tem-
perature cubes for LFDM and ULA models for zpy = 0.5. By visual comparison we see two
main differences between ACDM and LEDM (ULA) models. The first difference is that the size
of the ionized regions is larger in the LFDM (ULA) models. It is owing to two factors: first, as
discussed above, it is a consequence of the fact that the sources require higher star formation
efficiency to achieve the desired level of ionization. Second, the suppression of matter power at

small scales results in a decrement of mass dispersion at these scales.

Therefore, the haloes that form are a higher ¢ fluctuations of the density field as compared
to the ACDM model. It is known that higher o fluctuations are more strongly clustered for a
Gaussian field (see e.g. [203,204]), or the ionizing sources are formed more preferentially in a
cluster. Both these factors contribute to enlarging the size of the ionizing bubble and explain
why the ionized bubble sizes get larger with decreasing value of z (m,) in the LFDM (ULA)
models. The second difference, also linked to the factors discussed above, is that the H1 fields
has stronger contrast in the LFDM models. Both these differences manifest themselves in the

power spectra of the Hifield which we discuss next.

Figures 4.6 shows the mean squared brightness temperature fluctuation A2 (k) = k3B, (k)/2n?
of the Hifield for LFDM (left panel) and ULA (right panel) models we consider here along with
the ACDM model, for a fixed ionization fraction zg; = 0.5. We find that the power for LFDM
(ULA) models is greater than the ACDM model over a large range of scales 0.1 < k < 4 Mpc™1.
This is owing to the factors discussed in the foregoing. The scale of the Hi power spectra from
ionization inhomogeneities, is governed by the size of ionized bubbles. These inhomogeneities

normally dominate the contribution of density perturbations for scales considered here. There-
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Figure 4.5: Two dimensional sections through the simulated brightness temperature maps of
the four different axion dark matter models with axion masses mq, = 3.7 x 10722eV, 2.5 x
10722eV, 1.2 x 10722eV and 2.6 x 10723eV for gy = 0.5. The ACDM (left) map has been
shown twice. The direction of redshift space distortion is with respect to a distant observer

located along the vertical axis.
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Model Parameter Nion Reionization

CDM [55] 24 v
zp = 2.0M 47 Vv
zp = 1.0M 102 Vv
LFDM zp = 0.7M 212 v
zp = 0.4M 1230 X
zp = 0.2M No Haloes X

mg = 3.7 x 10722eV 61

me = 2.5 x 10722eV 75

< <

ULADM | m, = 1.2 x 10722V 134

Mg = 2.6 x 10723eV 965 X

mg = 2.0 x 10723eV | No Haloes X

Table 4.1: The Table lists the values of N,y for the LFDM and ULA models we consider. In
the last column the tick mark illustrates whether the models is able to achieve reionization

based on an acceptable value of Ny, and the formation of haloes in the N-body simulation.

fore we expect, for the same ionized fraction, the power to increase if the ionized bubbles are
larger. It has been shown analytically [188] and is consistent with the results of numerical
simulations [205]. Conversely, when there is enhancement of matter power at small scales, e.g.
owing to the presence of primordial magnetic fields, the Hisignal in the range of scale discussed
here, diminishes [200].

We only consider a fixed ionization fraction Zy; = 0.5 at z = 8 for our study. However, the
discussion in the foregoing shows that the enhancement of the Hisignal is generic and should
be independent of the ionization fraction. It can be shown that the Hisignal is dominated by
ionization inhomogeneities and it peaks at close to Zpr = 0.5 [188], which also partly motivates

our choice.
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Figure 4.6: This shows the brightness temperature power spectrum A? (k) (mK?) of the H1 field
for the four different LFDM models (left panel) with z; = {2,1,0.7,0.4} x 10° and four different
axion dark matter models (right panel) with axion masses m, = {3.7,2.5,1.2,0.26} x 10722

eV. The black solid curves are for the ACDM model.

Current observational constraints from radio interferometer PAPER, put an upper limit
on the Hibright temperature power spectrum: AZ(k) < (22.4mK)? over the range of scales
0.15 < k < 0.5kMpc~! at z = 8.4 [207]. These constraints are too weak, by roughly a factor of
10, to probe the enhancement of the Hisignal seen in Figure 4.6 for LFDM and ULA models
at the present. Ongoing radio interferometers focused on detecting the Hisignal from EoR—

LOFAR, MWA,| and PAPER—might throw more light on this issue in the near future.

4.4 Evolution of the Cosmological Gas Density

The Damped Lyman-a systems

Before going into the discussion of our work, we provide a description of the DLA systems to
establish its cosmological importance.

The neutral and molecular phases of the interstellar medium of galaxies, though make up
a tiny fraction of the cosmological baryon density, contains the fuel for star formation at all
redshift. Thus, to understand the formation of the evolution of galaxies, it is important to

measure the cosmological gas density of neutral hydrogen at different redshifts. At present, the
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universe is highly ionized with a tiny fraction of neutral hydrogen present in galaxies and the
IGM. In the local universe, the neutral hydrogen is best traced by measurements of the 21-cm
emission lines, which can put tight constraints on the density and frequency distribution of
Hi column density. However, as the sensitivities of current radio telescopes are limited, direct
detection of Hithrough measurements of emission lines are limited to z ~ 0.2 [208].

At high redshifts, neutral hydrogen is traced by a series of absorption deeps in spectra
of distant quasars, commonly known as the Lyman-« forest, as shown in the left panel of
Figure 4.7. The line of sight connecting the quasar and the observer contains a collection of
neutral hydrogen clouds. The photons from the quasar excite the electron of the hydrogen
atoms present in the intervening medium. If the excitation happens from the ground state
(n=1) to the first excited state (n=2), it leads to the Lyman-« absorption deep in the spectrum,
with a rest frame wavelength of 1216 A. As the line of sight contains a lot of such clouds, a
series of absorption lines are seen, making it look like a forest. The Lyman-« forest is a useful
tool to probe the IGM by determining the column densities and temperatures of the clouds.
Depending on the column density, these clouds have different nomenclature. The DLA clouds
are those which have neutral hydrogen column density N(Hr) > 2 x 10*°cm =2 [209]. Because
of this high column density, it induces a broad and deep absorption feature in the quasar
spectrum which makes it easy to detect even if the spectrum has low resolution (Please refer
to the right panel of Figure 4.7). The column density given above is also a critical surface
density limit for star formation in galaxies. Because the DLAs can be detected easily and
the neutral hydrogen column density can be estimated fairly accurately, they can be used to
measure the evolution of cosmological Hidensity at high redshifts with a sufficient number of
quasar absorption spectrum. Although, the bias in selecting the quasars and determination of
redshift path length can affect the measurement of the column density.

In this work, the physical quantity of interest is the density of gas that is trapped inside the
DLAs(QP%4), which, in terms of the frequency distribution of the HI column density (f(N, X))

is given by [210]

H Nmax

QDPLA _ 10 HmolMH dN N f(N, X) (4.2)

g9
¢ pC Nmin

Here X is the absorption length of the line of sight defined as X (z) = [ (1+2')* Ho/H(%') dZ/,

Imol is the mean molecular weight of gas including Helium and my is the mass of Hydrogen
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Figure 4.7: Left Panel: Formation of Lyman-a forest in a background quasar spectrum due
to presence of neutral hydrogen gas clouds. Photo credit: European Southern Observatory.
Right Panel: Spectral feature of a DLA cloud in the Lyman-« forest spectrum, with broader

absorption deep that is distinct from other absorption lines. This spectrum is taken from [10].

atom. In this work, this gas density, taken from several survey release data sets, is converted
to the collapsed fraction of gas at desired redshifts and compared to theoretical predictions.
The results thus found for different dark matter models, including the formalism, are provided

below.

Estimation of evolution of cosmological gas density

As discussed in the previous section, the main impact of LFDM and ULA models is to reduce
the matter power at small scales. This results in smaller number of haloes at masses relevant for
studying the reionization process. This also means the collapsed fraction of matter decreases
for models with lower power. We study the implication of the evolution of the collapsed fraction
for LEDM and Axion models in this section.

From absorption studies of DLA clouds, the evolution of average mass density of Hiin the
universe can be inferred [211,212]. Assuming that the Hifollows baryons and the collapsed
fraction of baryons traces dark matter, this allows us to get an approximate measure of the
minimum amount of collapsed fraction of the total matter in the redshift range 2 < z < 5 for
which the data are available [10,11,211]. From the Hidata one obtains, Qui(2) = p$3(2)/pe(2)
which gives the fraction of the collapsed neutral hydrogen in terms of critical density of the
universe p.. The (minimum) collapsed fraction is given by: feon(2) = pe(2)/pp(2)Qm1(z), where
pp is the background energy density of Baryons.

As obtaining the mass function from N-body simulation is numerically expensive, for com-
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puting the collapsed fraction, for LFDM models, we integrate the Sheth-Tormen mass func-
tion [192,213] above the density threshold of collapse at a given redshift. The collapsed fraction
(the fraction of collapsed mass in haloes with masses larger than M) at a redshift z is given
by:

i

Foon(M, 2) = / vi(v)

Vmin

(4.3)

v
Here viin = (1.69/0(M, 2))? and f(v) is given by the Sheth-Tormen mass function [192,213].
For computing the collapsed fraction for ULA models, we integrate the halo mass functions
derived by [9].

In Figures 4.8 and 4.9 we show the mass dispersion o(M) for a range of LFDM and ULA
models and collapsed fraction as a function of mass for a fixed redshift. It is seen that as the
formation redshift z; (m,) decreases, o(M) decreases for masses which correspond to scales
at which there is decrement in power. This also means that collapse fraction falls as z; (mq)
decreases.

It is not straightforward to compare the theoretical collapsed fraction (Eq. (4.3) with the
DLA data because there is a large uncertainty in the masses of these clouds. Simulations
suggest that the mass of damped-a clouds could lie in the range 10°-10'° My, [214]. However,
recent observations suggest that the mass could be as high as 1012 Mg, at z ~ 2.5. [215]. For
the present work, we assume two halo masses 10'° and 5 x 10'° M, as the threshold masses
for the formation of DLA clouds. We compute the collapsed fraction for comparison with the
data by integrating the mass function with threshold mass as lower limits.

In Figures 4.10 and 4.11 we compare the prediction of LFEDM and ULA models with the DLA
data. As noted above, the DLA data provide a lower limit to the collapsed fraction. Therefore,
all models that predict collapsed fraction smaller than the data can be ruled out. As expected,
the constraints are tighter for the higher threshold halo mass. Figures 4.10 and 4.11 show that
zp < 2% 10° and m, < 10723 eV can be ruled out from the present data. It should be noted
that the data at higher redshifts provide tighter bounds.

In the foregoing we discussed the impact modified dark matter models on the collapsed
fraction of Hiat high redshifts. It is possible to observe the collapsed fraction of matter at high
redshifts in other wave-bands in the form of luminosity function of galaxies. Such observations
have been considered to constrain the ULA models [216]. Here we briefly discuss the possible

constraints on dark matter models from the currently existing observations of the luminosity
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Figure 4.11: The same as Figure 4.10 for ULA models

function of high redshift galaxies.

Many groups have recently determined the luminosity function of bright galaxies, using
colour-based Lyman-break selection criterion to determine the redshift, in the redshift range z
=T7-8[217,218]. We focus on the paper of Bouwens et al. (2015) [21&]for our discussion.

Their determination of luminosity functions of galaxies is based on 481 sources at z ~ 7
and 217 sources at z >~ 8. For z ~ 7 they cover the absolute magnitude range M p = —22.16
— —16.91 and the range for z ~ 8 is M p = —21.87 — —17.62. To constrain dark function
of haloes predicted by these models. It should be underlined that the mass of haloes is not

measured directly in such observations and therefore such a relation is based on empirical
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fitting based on mass-luminosity relations at lower redshifts. In appendix I of Bouwens et
al. (2015) paper, they propose a redshift-dependent kernel to relate the measured luminosity
functions with mass functions. They propose a relation between mass and luminosity based on
a log-normal kernel and claim an acceptable fit in the redshift range z = 4-8 and reasonable
agreement with earlier results. Their eq. 12 gives a redshift-dependent relation that can be
used to approximately determine mass given the luminosity (this relation is not unique but the
fluctuation in this relation is small, eq. I1 of Bouwens et al. (2015)). For the range of absolute
magnitudes for which the luminosity functions have been determined this gives the mass range:
M ~2x 100 —10"2Mg at 2~ 7 and M =3 x 1010 — 10'2M at z ~ 8 .

We can compare this mass range with our results in figures 7 and 8. These figures show
that for most of the models (both LFDM and ULA) we consider, the predictions for the mass
range of interest are in reasonable agreement with the ACDM model, even though they differ
significantly for smaller masses. For the mass range suggested by measured luminosity functions
for z ~ 7 — 8, there is substantial difference between the LCDM model and the modified dark
matter for my, ~ 2.6 x 10723 eV and 2 F<2x 10°. This is suggestive that these models are ruled
out by high-redshift luminosity function measurements. These constraints are in reasonable

agreement with those obtained from other observables we consider in this chapter.

4.5 Conclusion

In this chapter, we consider the implications, and possible constraints on, of a class of LFDM
and axion-inspired models by running a series of N-body and reionization field numerical sim-
ulations with the appropriate power spectra as initial conditions. Specifically, we study the
reionization epoch and the evolution of the collapsed fraction of matter at high redshifts. Such
models generically give a decrement in matter power at small scales. In particular, we study
the Hisignal from the EoR. We also consider the evolution of the collapsed fraction of the
matter in the redshift range 2 < z < 5, using the data of DLA on Qp(2).

We show that the power spectrum of the Hifield could be higher for such models for a fixed
ionization fraction as compared to the ACDM model. The enhancement is by factors of 2-10

for range of scales 0.1 < k < 4 Mpc~!. (Figure 4.6).

For studying the EoR with alternative dark matter models, we demand that these models
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be able to provide a reionization fraction x = 0.5 at z = 8. For very low z; and m,, no halos
are formed at z = 8 in the N-body box, which rules out of these models. In models with larger
2 and m,, the desired amount of reionization is achieved by increasing the number of ionizing
photons, Njon as compared to the ACDM model. The models that require unrealistically large
value of the number of ionizing photons are also excluded. These considerations are listed in
Table 4.1 and lead to generic bounds on the epoch of the formation of dark matter zy > 4 x 10°
and the axion mass m, > 2.6 x 10723eV. We also obtain weaker constraints from the DLA
data on the evolution of collapsed gas fraction: z; > 2 x 10° and m, > 10"2eV.

The models we consider in this chapter have been studied in the context of other cosmolog-
ical observables. The LFDM models have been compared against the SDSS galaxy clustering
and the Lyman-a data (Chapter 3); the SDSS data gives zy > 10° while the Lyman-a data
results in stronger bounds z; > 9 x 10° (all 3¢). While the Lyman-a data give more stringent
constraints than we obtain here, the models consistent with this data still result in an enhance-
ment of up to a factor of 4 in the Hipower spectra (Figure 4.6). The ULA models considered
here have been confronted with Lyman-«a and galaxy luminosity data; the resulting bounds are
mg > 10722 eV which are comparable to the constraints we obtain this chapter [144,194]. Tt is
interesting to note that the current constraints on ULAs, including our own, are consistent with
the mass necessary for a successful solution of the cusp-core problem in dSph [116,193,220].

Building a physical model of the nature of dark matter consistent with all the astrophysical
and cosmological observables has not been achieved yet. Cosmological observables affected by
small scale matter power remain crucial elements in this quest. In this chapter we studied the
impact of two such observables for two classes of non-WIMP dark matter models and were
able to constrain their underlying parameters. In the next chapter we will explore the effects
of small-scale power suppression on the spectral distortion in the CMB, a probe which allows

us to reach scales as small as k ~ 10* hMpc™!.
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Chapter 5

Observational signatures II: Spectral

Distortion in the CMB

In the last chapter, we discussed the effects of small-scale power suppression on two distinct and
appealing epochs of the universe. Here, we consider one unique probe of the thermal history of
the early universe: “The Spectral Distortion in the CMB”. The spectrum of the CMB is the
best blackbody spectrum that has ever been measured till date, with a temperature of 2.725K
at present. But, as discovered by the COBE-FIRAS experiment [53], it contains fluctuation
from the blackbody nature with amplitude as tiny as 1 in 10° or smaller. The magnitudes
and spectral forms of these distortions are goldmines of that information of the early universe,
which are difficult to extract otherwise. Any energy injection or extraction process, continuous
or instantaneous, that occur after a particular time(z < 2 x 10°) can potentially distort the
CMB spectrum from its blackbody nature. Depending on the time and duration of the energy
release process, the distortion can different shapes with different distortion amplitudes. As
the distortions are minuscule, they can be directly added weighted by their corresponding

amplitudes to give the final spectrum.

The damping of acoustic waves in the early universe due to the diffusion of photons, well
known as the Silk Damping(SD), is the energy injection process of interest in this work. The
energy released due to this process keeps distorting the CMB spectrum since the universe was a
few years old till decoupling and gives rise to three different kinds of distortion. Scales ranging

from k ~ 0.3—10* hMpc~' can be probed using this observable, where the nature of the power
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spectrum is not known with good precision or not even known at all using structure formation
surveys. The suppression of power due to alternative dark matter candidates occur at scales
in this range. The heating due to SD depends on the time evolution of fluctuation of the
gravitational potential and the CMB dipole transfer function, both of which depends on the
transfer function of the dark matter. Thus, it’s expected that the amount of distortion will
be altered due to the presence of new dark matter candidates. Thus, the spectral distortion
can be considered as a promising observable that can be used to probe the nature of power
spectrum at small scales.

This chapter is planned as follows. In Section 5.1 a physical description of the formation
and evolution of the spectral distortion in the CMB is provided. The next section describes how
the spectral distortion is related to the nature of dark matter through gravitational potential
and the CMB dipole. The results of this work are presented in Section 5.3and Section 5.4 is
reserved for the conclusion and observational challenges. This chapter is based on the work

presented in [12].

5.1 Physics of the Spectral Distortion in the CMB

In this section, the physics of spectral distortion in the CMB will be discussed in more detail.
In Figure 5.1 different epochs related to the evolution of CMB distortion are shown. There are
four phases in this regard, and we provide a brief physical picture of each of these.

In the early universe, there are two classes of physical processes that can cause energy
exchange between electrons and photons and therefore act to equilibrate photon distribution
function to a black body. One is photon conserving process, dominated by inverse Compton
scattering and photon producing processes which are mediated by double Compton scattering
and free-free emission with double Compton scattering dominating the rate of production of
photons in the early universe. If both these processes act on time scales shorter than the
expansion time scale of the universe, any injection of energy in the universe is rapidly shared
between the photons and charged particles, and the CMB spectrum relaxes to a black body (
see e.g. [221-224]).

This condition is obtained in the first era z > 2 x 105. Any injection of energy during this

era, e.g. et /e~ annihilation and BBN, leaves no trace on the CMB spectrum.
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For z < 2 x 10°% the rate of photon production is not large enough to equilibriate the
photon distribution function to a black body except at low photon frequencies. This redshift
thus approximately marks the time after which the signature of energy injection can no longer
be erased. As Compton scattering remains an efficient process for energy exchange between
photons and electrons, the resultant distribution function relaxes to a Bose-Einstein distribution
with T, = T, but with a non-zero chemical potential, . This arises because Compton scattering
is a photon conserving process that cannot cause a transition between two Black bodies at two
different temperatures. During this phase, the evolution of the photon distribution function,

n(v,t) with Compton scattering being the only energy-exchange process, is given by the well-

known Kompaneets equation:

on _ neorkpT, 1 0 4 [871

Dz, + (n+ nQ)] (5.1)

— = — x
ot mec a2 0x. ©
Here T, is the electron temperature, n. is the number density of electrons, m, is the mass

of the electron and z, = hv/kpT., v being the frequency of the photon, is the dimensionless

frequency. The general equilibrium solution of this equation is given by [225,220]

1

n(v) = P (5.2)

The chemical potential u can be related to the fractional energy absorbed by the photon gas:
p=1.40p/py (e.g. [221,220]).

For z < 2 x 10°, the Comptonization process is not efficient enough to bring the photon
distribution function into equilibrium, and the equilibrium solution of Kompaneets equation
(Eq. 5.2) is not valid anymore. This redshift marks the end of u-distortion era. This era is
followed by “i-distortion” and “y-distortion” eras. We first discuss the physics of y-distortion.

The distribution function in Eq. 5.2 satisfies the following identity : % = —(n+n?) where

x = hv/kT. Assuming small departure from equilibrium, Eq. 5.1 can be written as follows:

@ . neUTkB(Te - T) ig 4 @ (5 3)
ot MeC x2 0x Ox '
The time variable of Eq. 5.3 can be modified as a new parameter which denotes the temperature

difference between electrons and photons:

corkp(T, — T
dy = "eorkBl gt (5.4)

MmeC
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Eq. 5.3 can be solved to give [225,227]:

zye® T
n(z,y) = n(x,0) + @ 1) [tanh(m/2) — 4] (5.5)

In this case the fractional change in photon energy can be related to the y-parameter as:
y=1/42p, /p, [227].

Between p- and y-distortion era there exists another era called the “intermediate (i-type)
distortion era”. In this time, the Comptonization time scale is not short enough to relax the
spectrum to equilibrium. Instead, the system settles into a state where the distortion is given
by the sum of p-,y- and some residual distortion [228,229]. The thermalization in this era
is approximated as a weighted combination of pure p- and y-distortion [229]. The residual
distortion (r-type) is between 10-30% of the total distortion. This r-type distortion depends
sensitively on the time of energy injection, which is not the case for pure u- or y-distortion. A
different approach was taken in [230] to quantitatively describe the i-distortion. The i-distortion

can be characterised by a modified y-parameter defined as:

Zing neaTk’BT
Zimis % = — ——dz 5.6
Yy (Zing Zmaz) /me mecH (1 + 2) (5.6)

The Kompaneets equation is written in terms of this new time parameter and then expanded
about y,. The solution shows that the distorted spectrum and thus the distortion is dependent
on y,. According to Eq. 5.6, y, is sensitive to the time when the energy was injected into
the system through z;,;. This makes the i-distortion able to estimate not only the amount of
energy injected but also the time of injection, something that can’t be estimated by observing
the p or y-type distortion.

After z ~ 1.5 x 104, Y~ becomes very small and y-distortion epoch commences and lasts up

to present time. Late time phenomena of the universe like reionization [230,231], heating of
photons by warm-hot intergalactic medium [232,233] and SZ effects from groups and clusters
of galaxies ( [234,235] and references therein) also contribute to the y-distortion. As long as

the amount of distortion is small, the three different distortions (u+y+r) can be linearly added

to give the final spectrum.

Various processes like decay of massive particles [228, , 237], annihilation of particles
[238,239], dissipation of acoustic wave [238,240-243], adiabatic cooling of electrons [238] and
cosmological recombination radiation [241-2416] can contribute energy into or extract energy

from the photon-baryon plasma leading to spectral distortion in the early universe. In this
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work, we study the spectral distortion caused by dissipation of acoustic wave for different dark

matter models. A detailed description of that process is given in next section.

Energy released due to Silk Damping

At z 2 1100, the photon and baryons are tightly coupled to each other via Compton scattering
and behave like a single fluid. Adiabatic perturbations in this fluid behave like standing waves
inside the sound horizon rs = ¢y, where ¢; = ¢/ \/m is the speed of sound in the
plasma and R = 3py/4p,. At scales much smaller than the sound horizon, photon diffusion
causes damping of density perturbation and bulk motion of this fluid [45]. This process can be
modelled by expanding the evolution of perturbations in the coupled photon-baryon fluid to
second order in the mean free path of photons [173,2417] or as the dissipation of energy of sounds
waves owing to radiative viscosity and thermal conduction [248]. SD causes the injection of

entropy into the thermal plasma.

As this is a continuous energy injection process, it can lead to u-type, i-type or y-type
distortion depending on the era when the energy was injected. In the redshift range, 10® >

I are completely wiped out

z > 103, the structures corresponding to scales k ~ 0.3-10* Mpc™
due to this damping and, conversely, one possible way to study and constrain the initial power
spectrum at these scales is by observing the spectral distortion that is imprinted in the CMB
spectrum due to this process. It should be noted that this is the only known probe of linear
structures for such a wide range of small scales. In comparison, the observed CMB temperature

anisotropies from Planck probe scales k < 0.1 Mpc~! [55] and the smallest scales probed by

galaxy clustering data correspond to nearly linear scales at the present: & < 0.1 Mpc~1.

The damping of adiabatic perturbations at small scales has been well studied in the litera-
ture. Recently a precise calculation of u- and y-type distortion due to SD has been performed
using the second order perturbation theory [212]. It has been shown that tight-coupling ap-

proximation provides a good approximation for modeling the SD in the pre-recombination era.
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In this approximation, the source function for heating due to SD is given by [242]!:

Ssp(k,n) ~

K2 [ RZ? +§
1+R 15

5 R (5.7
Where ©1(k,n) is the CMB dipole anisotropy, 7. = cneora is the derivative of Compton
scattering optical depth with respect to the conformal time and Yg is the frequency dependent
function representing the y-distortion defined in Eq. 5.5. The first term in the square bracket
comes from heat conduction and the second one is due to radiative viscosity. At high redshift,

the radiative viscosity dominates as R — 0. As any time, the average source function can be

obtained by integrating over all wavenumbers:

3
(Sso)n) = [ (;f)gssp(km) (5.8)

To obtain effective heating rate (Ssp) needs to be multiplied by 7. and integrated over all
frequencies. The integration over frequencies, [ 23Yszdx, yields 4p.. This result provides the
heating rate as a function of conformal time which is converted to a function of redshift by

dividing it by H(1 + z). Thus, the final expression of heating rate is given by

1 da’Q _ 47.(Ssp)

a‘p, dz T H(1+2z) (5.9)
The p and y-parameters are related to heating rates as follows [242,250)]
0o
p=14 / u exp(—[z/zu]5/2)a1i;y d‘gf (5.10)
and
zi 4

Zdee =~ 1100 and z; ~ 1.5 x 10* are the redshift of decoupling and the redshift denoting the end

of i-distortion era, respectively.

'the source function given in Eq. (5.7) can be understood as arising from radiative viscosity. In this case the
energy pumped into the thermal plasma is proportion to the square of the product of the photon mean free path
with the velocity shear field (e.g. [249]) which is proportional to k0% /72. Alternatively, the dissipation of the
energy can be modelled in terms of photon monopole [241]. Both these approaches give results within a factor
of 3/4 of each other [242]. While numerically computing CMB spectral distortion, we use both the methods and

find reasonable agreement
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5.2 Spectral Distortion and Dark Matter Models

In this section, we discuss how altering the dark matter model impacts the generation of entropy
owing to SD in the pre-recombination era. As noted in the previous section, the dynamics of
this energy pumping can be captured by the time evolution of the photon dipole, ©1(k,n).
We discuss here how the photon dipole is altered when the dark matter model is changed.
We use Newtonian conformal gauge for motivating our discussion as the underlying physics is

more transparent in this gauge. In the tight-coupling approximation, the photon dipole can be

expressed as (e.g. [201]):
O1(k 1) = | - (O (k. 0) + B(k, 0)) sin(ke )—k/nd (@ k) — Uk, ) cos(kesn — kea)| exp(—k?/k2)
1R, 1 \/g (AU ’ sT] 3 0 n i i sT] sT] p d

(5.12)
Here ©¢(k,n) is the photon monopole and ®(k,n) and ¥(k,n) are the two gravitational poten-
tials in the Newtonian gauge. If the small contribution from neutrinos is neglected, ¥ = —&®. ?
Qo (k,0) = 0.5®(k,0) and ¢; = 1/1/3(1 + R). In Eq (5.12) we have neglected R = 3pp/4p, and

its evolution in the pre-factors of the equation. 3 kg(n) corresponds to the scale that undergoes

SD at any time:

_ | R? 4
K () = /0 i (6(1 TRE (1 R)) (5.13)

Here 7 = n.ora. Under these approximations, the evolution of ©;(k,n) can be completely
determined by the Newtonian potential ®(k,7n) and the SD scale k4(n). As discussed in the

next section, the dissipation of energy at a given scale k occurs predominantly at a time 74 such

2P = —(1+2/5R,)® with R, = p,./(pv + p~); Ry = 0.41 for three massless neutrino degrees of freedom. Two
of the models we consider here can alter R,. This means that the first term in Eq. (5.12), which corresponds to
initial conditions, can also be used to distinguish between different dark matter models [242]. In WDM models,
the dark matter particle is initially relativistic and therefore would increase R,. However, even during this
phase the contribution of this particle to neutrino relativistic degrees of freedom is negligible as compared to
the standard model neutrino; for myam = 1keV, the particle contributes less than 1% of the energy density of
a standard model neutrino. In LFDM models, a tiny fraction of neutrino energy density is used to create the
dark matter particle during a phase transition (e.g. [1]). For both these models, the effect of initial conditions is
generally negligible. We take into account these effects in our detailed modelling using CMBFAST but drop it in

this sub-section to uncover the main determinants of the impact of dark matter models on the photon dipole.
3For the charged decay model, R = 3(pp + pam)/(4p,) at early times as the dark matter particle is charged

and tightly coupled to the baryon-photon fluid. For this model, this is an additional effect that determines the

evolution of ©1(k,n). In the results presented in this section, we take into account this effect using CMBFAST.
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Figure 5.2: The evolution of ®(k,n), for k = 0.4,0.8,6.4Mpc~!, for CHDM (Left panel) and
LFDM(Right panel) models are compared to the ACDM model. In each subfigure the solid
lines stand for the non-standard model and the dotted lines for ACDM model.

that k = kq(ng). As we argue below, the main effect we seek depends on the time evolution
of ®(k,n) in the time range, 1/k < n < 1/kq(ng), i.e. from the horizon entry of a scale to the
time at which the mechanical energy at this scale dissipates.

All the models we consider in this paper are based on altering the nature of CDM with an
aim to suppress power at small scales. While these models impact the radiation content of the
universe in the early universe (e.g. WDM model is based on a particle of mass myqm =~ 1kev
which is relativistic in the early universe) they all leave unchanged the MRE epoch. This
implies that their impact is proportional to the ratio of dark matter to the radiation energy
density, pam/pr, which is much smaller than unity at early times. This means that the impact
of changing the dark matter change is essentially captured by the second term of Eq. (5.12),
which depends on the evolution of the Newtonian potential ®(k,n).

In Figure 5.2 we show the evolution of ®(k,n) for two of the models we consider here for
a range of wavenumbers k. The Newtonian potential ®(k,7) is computed from CMBFAST code,

which is written in Synchronous gauge, using the following transformation:

Dk, n) = Blhn) — oy ((h,m) + 63(k,m) (5.14)

Here h and § are the potentials in Synchronous Gauge (Eq. 18 of [11]). Some notable features of

the comparison between the models we consider and the ACDM models are: (a) the difference
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between the potentials is negligible of for large scales (small k). This is expected as the
models we consider agree with the ACDM model on large scales, (b) As the scale gets smaller,
the difference between alternative dark matter models and the ACDM model becomes more

significant at larger n. We discuss the nature of this deviation below.

LFDM model: In this model, the CDM forms at a redshift z = z; from a tiny fraction of
relativistic neutrinos due to a phase transition. It inherits the density and velocity perturbations
of the neutrino component, resulting in a sharp reduction in matter power for scales k > kijtqm,

where kitqm is the scale that enters the horizon at z = zy.

To understand Figure 5.2 we consider scales smaller and larger than kiqm: (a) k < Kiggm:
these scales are outside the horizon when the dark matter forms. These scales evolve outside
the horizon in a purely radiation dominated universe. The perturbations at these scales are not
affected by LEFDM physics except in determining the initial conditions which are not necessary
for the following reasons: the photon perturbations outside the horizon are constant and are
set by the potential. For scales outside the horizon, the potential changes by a factor 9/10
in making a transition from radiation to the matter-dominated era (e.g. [251] and references
therein). If the era of LFDM lies deep inside RD era, the change is negligible. This explains

the large scale behaviour of potential in Figure 5.2.

(b) k > Kifam: these scales enter the horizon before the formation of the cold dark matter.
As 2ifam > Zeq these scales evolve sub-horizon in the radiation dominated era. In radiation
dominated era, the potential ®(k,n) decays as (kn)~2 for kn > 1 if perturbations in radiation
determine the evolution of the potential (e.g. [251]). At sub-horizon scales, neutrino perturba-
tion decay exponentially while photon density perturbations equal baryon perturbations which
oscillate with nearly constant amplitude for n < 743. The CDM perturbations, on the other
hand, grow logarithmically during this phase. This means matter perturbations can determine
the evolution of the potential ®(k,7n) even in deep radiation dominated era. This behaviour
is seen the evolution of the potential for £k = 0.8 in Figure 5.2 as flattening of the potential
for larger . For LFDM models, the potential decay is sharper because of the CDM forms
late. This behaviour along with other features for kn > 1 seen in Figure 5.2 explains how
the evolution of ® in LFDM models differs from the ACDM model. It is important to note
that this difference is most pronounced for scales that enter the horizon at z ~ z;. For even

smaller scales, the effect of matter perturbations is less important as these scales enter the

99



horizon when pgm/pr is lower and therefore matter perturbations have a smaller impact on
their evolution. Equivalently, it is seen from Eq. (5.12) that the photon dipole depends on the
integral of the potential and as the potential decays inside the horizon, most of the contribution
comes from epochs close to the horizon entry. It is also seen in the evolution of the potential
for k = 6.4Mpc~!. The potential deviates insignificantly from the ACDM model for kn > 1
but shows sharp deviation at later times. The evolution of perturbations at these scales (from
1 < 1 to n = ng) correspond roughly to the case of no dark matter at all time. The potential for
this case falls exponentially for large n which occurs because the only source of potential in the
LFDM model is photon and neutrino perturbations which both decay exponentially for n > 7;,.
It is of interest to note that the potential at k = k4 is dominated by matter perturbations for
z <100,

For the LFDM model shown in Figure 5.2, the scales of interest for measuring the deviation
from the ACDM model lie in the range 0.6-4 Mpc~!. These scales enter the horizon before,
but not significantly before, the era of matter formation and the perturbations at these scales

suffer SD after z ~ 10%.

For models such as WDM and ULA, the preceding discussion is directly applicable. We

briefly discuss the charged decaying particle case below.

Charged Decaying particle: For charged decay model, the variation in the dynamics
of ®(k,n) closely follows the previous discussion for LFDM model: ®(k,n) nearly follows the
potential for ACDM model at large scales. At very small scales the effect is suppressed because
the matter density is small when they enter the horizon (Figure 5.2). The main impact is

captured by intermediate scales that enter the horizon around but before the time of decay.

Some of the salient differences between the two cases can be seen in Figure 5.2. For the
Charged decaying particle model, the potential can exceed the ACDM values for a range of

1

wavenumbers, e.g. k = 6.4 Mpc™" in the figure.

It follows from our discussion that the impact of alternative dark matter models on ®(k, )
declines if the transition (decay) redshift moves deeper into the radiation dominated era. We
note that the tight-coupling approximation while capturing the essential physics, tends to
break down close to the recombination era; this is relevant for the computation of y-distortion
[242, |. However, this approximation allows us to compare our results in two different

gauges and identify the main determinants of altering CMB distortion for alternative dark
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Figure 5.3: The evolution of ©1(k,n) for k = 0.4,0.8,6.4Mpc~! for CHDM (lower panel) and
LFDM (upper panel) for zf = Zdqecay = 10°. In each plot we also show the evolution of the
corresponding scale for ACDM model. In each plot the vertical dotted line marks the time

when k = kg (Eq. (5.13)) or that particular scale enters the SD regime.

matter models.

In Figure 5.3 we show the dynamics of ©1(k,n) for a range of alternative dark matter
models. We compute O;(k,n) directly from CMBFAST code but also verify that Eq. (5.12),
which shows that ©1(k,n) depends on the history of the variation of ®(k,n), explains the main
difference expectedfor alternative dark matter models. We establish it by running a smaller
set of equations for density and velocity perturbations in photon-baryon fluid and dark matter

along with the evolution of ®(k,7) in conformal Newtonian gauge [14].

In Figure 5.4, we show the values of ©1(k,n) at z = 1000 of different models at the same
redshift. All the models shown correspond roughly to cases where the decrement in the power

spectrum occurs at k ~ 0.3h Mpc—!.

The preceding discussion allows us to establish that the main impact of alternative dark
matter models is to alter y-distortion and not u- or i-distortion. The p-distortion era occurs
in the redshift range 2 x 10° < z < 2 x 108, In this era the scales that dissipate their energy
and therefore cause the CMB distortion lie in the range 500 Mpc~! < k < 14000 Mpc~!. In
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Figure 5.4: CMB dipole transfer function of the four dark matter candidates considered in this

work along with ACDM. The specifications of the models are same as that of Figure-5.1.

the range of redshifts of interest, the matter power for alternative models at these scales is
highly suppressed as compared to the ACDM model, as seen in Figure 5.1. However, as argued
above, this does not have a significant impact on ©1 because it depends on the history of the
evolution of the potential ®(k,n) (Eq. (5.12)). As the potential decays after horizon entry
(Figure 5.2), the photon dipole is governed by the initial condition of the potential and its
evolution closer to the time of horizon entry of the scale (n = 7.) rather than its value at
n = ng. The scale k ~ 500 Mpc~! (which decays at the end of the u-distortion era) enters
the horizon at z ~ 2 x 10%. As the ratio of radiation to matter energy density at this redshift
pdm/pr =~ 107° the potential is insensitive to even a substantial change in the matter power
at this scale at early times. The initial conditions for different models are not the same as
the ACDM model. However, as discussed above, requiring these models to agree with large
scale observations forces the impact of the change in initial conditions on the potential to be
negligible.

This also implies that the dynamics of scales that determine pu-distortion of CMB are
minimally affected by a change in the dark matter model. As we showed above, the main effect
in the photon dipole is caused by scales in the range 0.6-4 Mpc™!, this also means the impact
of alternative dark matter on the i-distortion era is also negligible. We test this in our study
by computing the photon dipole for scales in the range k < 500 Mpc~! for alternative models

numerically and using an analytic approximation for even smaller scales to discern the impact
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of initial conditions (the first term of Eq. (5.12)). For all the models we consider, the u- and

i-distortion is less than 0.1%.

5.3 Results

Using Egs. (5.12) and (5.7) one can analytically show that the dissipation at any given time is

dominated by scales such that k& ~ k;. Such an estimate is based on approximating ©1(k,n)

by the first term of Eq. (5.12) (e.g. [242]). This gives:
k? .2 2 /1.2
Ssp(k,n) o T,—2P¢(k,0) sin(kcsn) exp(—k*/k3)Ysz (5.15)
Here Pg(k,0) is the power spectrum of the potential at the initial time. Using P (k,0) oc k=417
(e.g. [242,251]) where ng ~ 1 is the scalar spectral index and integrating over k gives:
(Ssp) o / dik™ sin2(cohn) exp(—k2/K2) (5.16)

This k integral in the equation is dominated by k ~ k; which means the energy dissipation at
any given time is governed by this condition. This result holds even when both the terms in
Eq. (5.12) are retained.?

This means that the dissipation is dominated by photon dipole at k ~ k; at any time 7,
©1p = O1(kg,n). In Figure 5.5 we show the redshift evolution of AG1p, the difference between
©1p for different dark matter models and that of ACDM. The set of model parameters we have
chosen is provided in Table 5.1. The difference decreases as the redshift of formation z; for
LFDM, and the decay redshift zgecay for CHDM and masses of WDM and Axion are increased.
One further point to note is that the difference A©;p for alternative models increases as the
redshift decreases. These results are in agreement with our discussion in the previous section
which suggested that the alternative dark matter models yield substantial difference only during
the y-distortion era.

Using Egs. (5.7), (5.8) and (5.11), we calculate y-parameter for different models; ©1(k,n) is

normalized using the condition on mass dispersion at scale R = 8 h~!Mpc at the present epoch:

“While the first term of Eq. (5.12) gives a reasonable analytic estimate, the second term generally dominates
the first term even for the ACDM model. The factor proportional to sin(cskn) in the second term dominates
over the first term and cancels it but the remainder has the form of the first term and has a similar order
of magnitude. The factor proportional to cos(cskn) in the second term is generally sub-dominant. These two

factors contain information of the evolution of potential which is germane to our work.
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Figure 5.5: The difference between ©1p for four different dark matter models considered in
this work and ACDM model: AB1p. Clockwise from top-left A®p for LEFDM, WDM, charged
particle decay dark matter and ULADM are plotted, respectively.

og(no) = 0.8225 [55]. The list of y-parameters for different models is provided in Table 5.1. We
note that the y-parameter can vary by up to 10% for a range of models. This behaviour is in
line with the variation of A©p. The y-parameter approaches its value for ACDM model as z¢
for LEFDM and zgecay for CHDM models are increased, and also when the mass of WDM and
axion is increased as expected from our discussion above. Furthermore, we can use Eq. (5.5)

to determine the shape of distorted CMB spectrum.

Can the y-distortion be used to distinguish between different dark matter models? We
address this question by comparing models where the power is cut at nearly the same scale. In

Figure 5.6, we show the evolution of AG©1p and the spectral shape of the distorted spectrum for
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models for which the power has been cut at k ~ 0.3h Mpc~'. Figure 5.6 also shows the distorted
spectrum from y-distortion for these cases; the spectra have the same shape (Eq. (5.5)) but
differ owing to slightly different values of the y-parameter. A more detailed analysis based on
understanding degeneracies between parameters of different models would be needed to quantify
the results shown in Figure 5.6. We also note that this effect can be masked by several late-
time phenomena like the EoR, thermal Sunyaev-Zel’dovich(tSZ) effects in the galaxy groups
and clusters that give rise to the spectral shape that arises from y-type distortion with orders

of magnitude higher y-parameters.

Many of the models we consider are already tightly constrained by cosmological observa-
tions. From galaxy clustering and CMB anisotropy data and observed neutral hydrogen (HI)
abundance at high redshifts, the LFDM models require z < 10° [4,8]. Lyman-a data puts
even stronger constraints on such models [1]. Recent studies of ULA models suggest that
mg = 10722 eV is consistent with current observational data [253]. Other studies based on
the abundance of HI at high redshift constrain the axion mass m, > 1072eV [5]. These con-
straints suggest that some of the models shown in Table 5.1 are ruled out and in particular
the ones that show largest deviations from the ACDM model. However, there is significant
variation in the predictions of different models, and we might expect to see up to 5% deviation

(e.g. zy ~ 10°) within the framework of constraints that arise from galaxy clustering [254] and

CMB anisotropies [255].

The charged decaying particle model offers a more complicated scenario of spectral distor-
tion of the CMB. As noted in section 2.3 in Chapter 2, the relativistic electron released as
the decay product rapidly thermalizes its energy with the thermal plasma. Eq. 2.10 gives the
fractional increase in the photon energy density due to this process. This constrains the mass
difference between the two heavy particles AM to be tiny. This scenario therefore presents
two different ways of distinguishing this model from the ACDM model. For instance, for
Zdecay = 10°, the decay will cause i-type spectral distortion in the CMB (whose amplitude will
depend on AM) while Silk damping causes a difference in y-distortion. In principle, given
their distinct spectral signatures, these two phases of distortions are distinguishable from each

other [236,237].

The upcoming experiment Primordial Inflation Explorer (PIXIE) [256] is likely to improve

the FIRAS bounds on CMB spectral distortion by many orders of magnitude. Its projected
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Model Parameter y x 107 | % difference of y from ACDM
ACDM [55] 4.4180 0.0
zp =5 x 10 3.8561 14.57
zp=1x10° 4.1001 7.75
LFDM zp=2x10° 4.3037 2.65
zp =5 x10° 4.3959 0.50
Mydm = 0.33 keV | 4.2178 4.74
Myam = 0.70 keV | 4.3105 2.49
WDM Mydm = 1.00 keV | 4.3398 1.80
Mydm = 2.00 keV | 4.3680 1.14
Mydm = 5.00 keV | 4.3798 0.87
Zdecay = D X 107 3.8913 13.53
CHDM Zdecay = 1 x 10° 4.1884 5.48
Zdecay = 2 X 10° 4.2945 2.87
Zdecay = D X 10° 4.4002 0.4
me = 2.8 x 10725 eV | 3.8840 13.74
mg = 1.0 x 10724 eV | 4.2812 3.19
ULADM | m, = 2.8 x 1072 eV | 4.3990 0.43
mg = 1.0 x 10721 eV | 4.4177 6.8 x 1073

Table 5.1: This table lists the values of y-parameter for alternative dark matter models and

compared with ACDM model.
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Figure 5.6: Comparison of A©1p(Left) and y-parameter(Right) for four different dark matter

candidates having small scale power suppressed at same value of k ~ 0.3hMpc~!.

sensitivity corresponds to: y ~ 2 x 10™? and u ~ 10~8. However, unlike the u- and i-distortion,
the y-distortion created during the pre-recombination era can be masked by CMB distortion in
the post-recombination era. For instance, the EoR is likely to produce global CMB distortion
corresponding to y ~ a few x 1077 | though the most dominating source of post-recombination

y-distortion is the tSZ effect in galaxy groups and clusters corresponding to y ~ 2 x 1076

[2341]. These sources would constitute a strong foreground to the pre-recombination y-distortion
[256]. In principle, it might be possible to distinguish the pre-recombination y-distortion from
reionization signal using spatial information (e.g. [212,243]) but it would be a challenge.

5.4 Conclusion

The large-scale behaviour of dark matter has been well established by a range of cosmological
observables such as CMB anisotropies and clustering of galaxies. However, there remain issues
with this model at small scales, and the nature of the dominant fraction of dark matter in the
universe remains a mystery.

The evolution of spectral distortion in the pre-recombination era allows us to study scales in
the range 10* Mpc™! < k < 0.3Mpc~! as density perturbations at these scale decay and leave
observable signatures on CMB spectrum. These perturbations are in the linear regime of their
growth in the pre-recombination and therefore can be theoretically modelled very accurately.

We consider four alternative dark matter models which give significant deviations of small-

scale power as compared to the ACDM model and study the spectral distortion of CMB owing
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to SD for these models. These models are motivated by different aspects of physics in the early
universe: phase transition (LFDM), free-streaming of massive particles (WDM), the decay of
massive charged particles(CHDM), and dynamics of a scalar field with nonzero effective mass
(ULA).

We show that main impact of the models we consider is to alter the late time spectral
distortion history by lowering the y-parameter by a few percent for an acceptable range of
parameters for these models (Table 5.1).

In this work, we only consider models that leave invariant the MRE. This excludes models

such as decaying dark matter particles that create relativistic decay products thereby delaying

the MRE epoch (e.g. [257,258]). We also excluded models that are based on extra relativistic
degrees of freedom (for details see [55] and references therein) or are based on a change in
initial conditions (e.g. [259,260]).

Our analysis suggests that all class of models that give suppression of power as compared to
the ACDM model should result in late time spectral distortion. In section 5.2 we present general
arguments which show that the change in spectral distortion is dominated by the evolution of
potential after the scale enters the horizon. This effect scales as the ratio of energy densities
of dark matter and radiation pgm/pr and is negligible at early times. This might also allow
one to distinguish the impact of modifying the initial matter power spectrum on CMB spectral
distortion from a change in the dark matter model that affects the matter power at small scales,
as the former would cause all the three forms of CMB distortions while the latter would not.

Future experiments such as PIXIE and CMB-S4 have the potential to establish the nature
of dark matter (e.g. [255]) by unprecedented improvement in mapping the CMB spectral and
spatial structures. Our work is one step in that direction and points out the challenges involved

in such an endeavour.
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Chapter 6

Conclusions and Outlooks

In this thesis, by motivating the need for finding out an alternative candidate for WIMP that
can reduce the small-scale power, we have presented how the small-scale power suppression
can affect some of the important observables of the universe. In this chapter, we provide a
comprehensive overview of the results that were presented in the last three chapters. We also
briefly discuss the detectability of these effects by future experiments. We end this chapter by
providing some future directions of research that can be followed to have a better understanding

of the fundamental nature of dark matter and the way it affects the observable universe.

6.1 Conclusions

The precise particle nature of dark matter is still buried in mystery even after decades of
research and experiments. However, at present it is well established that not only it does exist,
it is the most dominating matter candidate and the key controlling factor in the structure
formation of the universe. The standard WIMP CDM can explain the large-scale behaviors of
the structures of the universe accurately, though it fails to explain the observed phenomena
at small scale, i.e., scales corresponding galaxies and groups of galaxies. Suppressing the
power at small scale is one of the many ways to address the small-scale issues, as explained in
Chapter 1. The lighter version of CDM, the WDM is considered by many pioneering works as
two potential remedies of the small-scale problems, producing conflicting results. Thus, a whole
new candidate should come into play, which simultaneously solves the small-scale problems and

reproduces the large-scale feature of structures in the CDM paradigm.
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In Chapter 3, we have considered the LFDM model and studied its effects on matter power
spectrum at both large scales i.e., k ~ 0.01 — 0.2hMpc~! and small scales i.e., k ~ 0.2 —
4.8hMpc~!. The two major model parameters of LFDM are the effective neutrino DOF Ng
and the redshift of formation of dark matter zy with z; having a more profound effect on the
matter power spectrum. We have found that dark matter should form at z; 2 1.38 x 10° from
the SDSS data, while the Lyman-a data provide tighter constraint on z¢ to be 2 1.25x 108, both
at 95% CL and after marginalizing over the normalization and Neg. We have also considered
a scenario where a part of the total dark matter density is LEFDM instead of the entire dark
matter. Interestingly, from the Lyman-a data we have found that a scenario where LFDM
contains ~ 30% of the total dark matter provides a better fit to data than ACDM and the

formation can be allowed to happen as late as zy ~ 10°.

In Chapter 4, we have explored the influence of small-scale power suppression on the EoR.
Along with LEFDM, we have included ULADM in this work. For both of the candidates, the
Hipower spectrum is enhanced by a factor of 2 — 10 due to small-scale power suppression, for a
fixed ionization fraction. The main effects of small-scale power suppression for any of the dark
matter candidate are to increase the sizes of the ionized regions but simultaneously making
them fewer in number, compared to ACDM. The density contrast of the neutral regions is also
higher than the ACDM model. To constrain the dark matter parameters, we have discarded
those models where either no halo is formed in the simulation box to host ionizing sources, or
an absurdly high number of ionizing photons is necessary to make xyr = 0.5at z = 8. We have
found that to meet the above criteria, the generic bounds on the dark matter parameters are:

zp > 4X 10° and mg > 2.6 x 10723 eV. These constraints are in agreement with previous works.

We have also explored how the new dark matter candidates influence the evolution of col-
lapsed fraction of baryon in the DLAs, in the redshift range of 2 < z < 5. From observational
data of the collapsed gas density {}, at several redshifts, we have derived the corresponding
collapsed fraction of gas and used them to compare our theoretical predictions. We have dis-
carded the models which cannot produce the reconstructed collapsed fraction at high redshift
(z > 3.5), concluding that the formation redshift of LFDM and the mass of ULADM must
follow the constraints(albeit weaker than the previous one): zy > 2 x 10° and m, > 10723
eV. It should be noted that the observed luminosity functions of high redshift galaxies in the

redshift range z ~ 7 — 8 are also expected to yield similar constraints.
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In Chapter 5, we have investigated whether the small-scale power suppression can influence
the spectral distortion in the CMB. In this chapter, we have included all the alternative dark
matter candidates described in the Chapter 2, along with thermally produced WDM. We have
worked out the amount of heating due to Silk Damping, the distortion parameter and the
distorted CMB spectrum for all dark matter candidates including CDM and found that the
y-parameter is on the order of 107?. Our study revealed that unless the structure formation
constraints on the dark matter found earlier in this work are broken, the change in the y-
distortion parameter is as small as 14 %, with same spectral nature that is produced by the
standard ACDM model. Moreover, due to radiation domination in the early universe, the u-
and the i-distortions which have different spectral nature than the y-distortion, are not affected
by the change in dark matter physics. To make things even worse, the small-scale parameters
of the power spectrum, i.e., the amplitude and the spectral index, are themselves are not well
constrained. Hence, the change in y-parameter due to the properties of dark matter can easily
be degenerate with the inflationary properties of the power spectrum itself. The late-time
radiative phenomena can also give rise to y-distortion with same spectral nature but with
orders of magnitude higher y-parameter(For example, for tSZ effect in clusters y ~ 2 x 107°)
than SD. Thus, the changes due to small-scale power suppression will be completely masked

by the late-time phenomena, making them hard to identify and determine.

Finally, we conclude that the small-scale suppression of dark matter, being promising to
solve the small-scale issues of ACDM, can have visible signatures on other universal phenomena.
However, it is also worth conveying that most of the phenomena themselves are not very well
understood and current knowledge about them is highly model dependent. Thus the changes
brought by dark matter properties can have a high amount of degeneracy with other parameters
and in some case(Spectral Distortion) the effects will be so small that they will be masked by
other astrophysical and cosmological foregrounds. Hence, better theoretical understanding
of the evolution of the universe and more sophisticated instruments are mandatory to say

something definitive about the nature of dark matter.
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6.2 Future Directions

In the previous section, we have described some possible astrophysical probes of the nature of
dark matter. Further studies can be performed the enrich the knowledge about dark matter
and put better constraints on its properties.

As described in Chapter 1 the strong and weak gravitational lensing are useful probes of
dark matter distribution in galaxy clusters. Recently, direct gravitational imaging of mass sub-
structures [261,262] has opened a new avenue to study the small-scale distribution of the dark
matter. The abundance and distribution of dark matter in galaxy clusters are crucially depen-
dent on the underlying mass function and hence the power spectrum. Therefore, modification
of power spectrum will be reflected in the map of dark matter extracted using lensing. Sim-
ulating the dark matter distribution in galaxy clusters with different dark matter candidates
and comparing them with observational data will be another messenger about the nature of
dark matter. Furthermore, with high-resolution simulation, it will also be possible to break the
degeneracy between the inflationary parameters and dark matter parameters up to a certain
scale.

In a recent work [263], it is shown that using a detector that includes a semiconductor
material, a dark matter candidate with a mass above order of the bandgap energy of the
semiconductor can be detected. The average bandgap energy of a semiconductor can be O(1
eV). Dark matter particles with mass O(10 eV) interact with the semiconductor material via
inelastic scattering and also produces athermal photon emission. It will thus be interesting
to verify whether a dark matter with mass O(10 eV) can be cosmologically accommodated or
not. A different non-thermal production is a must to produce such a light mass dark matter
which can meet structure formation and CMB constraints. An MCMC analysis with this new
dark matter candidate with other cosmological parameters will be necessary to establish it as
a likely candidate and also to put constraints on its properties.

Another interesting probe of this light dark matter candidate is the CMB spectral distortion.
In Section 2.1 of Chapter 2, we have discussed the Fermionic LFDM candidate, where massless
neutrinos get trapped into nuggets to form dark matter. The formation of nuggets happen
by a fifth force, and it is assumed to happen instantaneously. This instantaneous formation
can produce some entropy and depending on the epoch of dark matter formation; it can lead

to different type of spectral distortion. A study of the distortion parameter and the distorted
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spectrum can put an independent constraint on the mass and redshift of formation of the light

dark matter candidate.
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