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Abstract

Astroparticle physics is a synthesis of particle physics, cosmology and astrophysics which

enables us to study high energy particle physics phenomena in natural laboratories like

early universe and black holes using natural probes such as cosmic microwave background

radiation (CMBR), cosmic rays (CR) and gravitational waves (GW). Till the end of the

20th century, the standard model (SM) of particle physics, the standard model of cos-

mology (ΛCDM model) and Einstein general relativity (GR) were immensely successful

at explaining the observed particle interactions, the observed evolution of the expanding

universe and gravitational observations, respectively. The advent of the precise measure-

ments at all these fronts have brought into light several shortcomings of these models and

hence a need to go beyond the so called standard picture is indispensable. The observa-

tion of neutrino oscillation confirms that neutrinos have non-zero mass, which is in direct

conflict with both SM and ΛCDM model. Moreover there is no particle candidate for

dark matter (DM) in the SM. Additionally, in the ΛCDM model, there are discrepancies

in determination of two derived parameters, namely theH0 (Hubble parameter) and the σ8

(density fluctuations at 8 Mpc length scale) between two different observations (CMBR

and large scale structure) and also there is no theoretical explanation of the so called co-

incidence problem. The recent observation of the M87* black hole shadow by the event

horizon telescope (EHT) has a possible deviation(< 10 %) from the shadow predicted by

Einstein’s general relativity which opens a window to consider other theories of gravity.

In this thesis, the focus has been on extending the standard models to address the

above mentioned issues. The ν2HDM (Neutrinophilic 2-Higgs doublet model), which

is an extension of the SM by one Higgs and three right handed neutrinos explains the

non-zero neutrino mass and provides a viable dark matter candidate in the form of the

neutral component of the second Higgs. This model also provides an explanation to the

long-standing problem of non-observation of Glashow resonance at the IceCube neutrino

detector. At the cosmological front, to address the cosmological parameter discrepancies,

the coincidence problem and the incorporation of massive neutrinos in the cosmological

model a comparative study of two dark energy models, namely Hu-Sawicki (HS) model

and dynamical dark energy (DDE) model suggests that the resolution of parameter dis-

crepancies prefers DDE model over HS model. At the gravity front, a study of Kerr-Sen
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black hole (KSBH), which emerges as a solution to 4-dimensional heterotic string the-

ory and has axionic hair, in the light of EHT observation reveals that even more precise

measurements of the shadow along with the polarimetric observation of the black hole are

required to concretely conclude M87* to be a KSBH.
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Chapter 1

Introduction

1.1 A Brief Introduction to Astroparticle Physics

The discovery of the expanding Universe suggests that the Universe originally was of a

very small size and later on expanded to the present form. At primordial times the Uni-

verse was a microsystem that can only be studied in terms of elementary particles. The

high temperature (energy) scales of the early Universe can never be reached in earth-

bound laboratories. On the other hand, the energy of ultra high energy cosmic rays (CR)

- particles coming to earth from extraterrestrial objects- are also way beyond the reach of

particle accelerators at the earth. Therefore, to probe the fundamental interactions of par-

ticles in the primordial Universe and also through cosmic ray production and propagation,

a symbiosis of particle physics, astrophysics and cosmology is called for. Astroparticle

physics is such a union of the above mentioned fields in which the fundamental particle

interactions are studied using several messengers such as cosmic microwave background

radiation (CMBR), cosmic rays (CR), gravitation waves (GW) etc.

The standard model (SM) of particle physics is widely tested and accepted paradigm

of particle interactions at the present time. The SM is based on the non-Abelian symmetry

group SU(3)C × SU(2)L×U(1)Y and describes the behavior of 12 fermions (six quarks

and six leptons, which are often arranged into the three ‘generations’ owing to the ob-

served behavioral similarities), under the electromagnetic, weak and strong forces [1–3].

Each fermion has an antimatter counterpart, which the Standard Model treats in the same

way as its matter equivalent. The Lagrangian of the standard model is given by

1
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L = q̄i /Dq + ¯̀i /D`− 1

4

(
F a
µν

)2

+ |Dµφ|2 − V (φ)

−
(
λiju ū

i
Rφ ·Q

j
L + λijd d̄

i
Rφ
∗ ·Qj

L + λij` ē
i
Rφ
∗ · LjL + h.c.

)
(1.1)

The first line of Eq. 1.1 is the pure gauge theory mentioned in the previous para-

graph and describes the couplings of all species of quarks (denoted by q, Q, u and d) and

leptons (denoted by `, e and L) to the strong, weak, and electromagnetic gauge boson.

The second line of Eq. 1.1 is associated with the Higgs field (φ), a doublet of SU(2),

whose vacuum expectation value (vev) gives mass to W and Z bosons. The third line

of Eq. 1.1 gives mass to all the matter particles, quarks and leptons through the vev of

Higgs. When φ acquires a vev, the matrices λij become the mass matrices of quarks and

leptons. Notice that there are only singlet right haded quarks and leptons in the Eq. 1.1,

this is because the left-handed and right handed fields belong to different representation

of the SU(2) × U(1). Also there are no right handed neutrinos in the SM and hence

rendering them massless. Neutrinos interact only through weak interactions and hence

their interaction cross section with other particles in very small. This small cross section,

on one hand is a bane because it demands detectors of very large size for detection of

neutrinos but on the other hand this turns out to be a boon in the neutrino astronomy.

Due to the small cross section, the astrophysical neutrinos coming from distant sources

reach to earth almost unperturbed and unattenuated, making the tracing of their sources

much easier in comparison to charged messengers. This nature of neutrinos makes them

a unique messenger to probe and locate the most violent processes in the Universe which

produce particles of energy much higher than that produces in laboratory experiments on

earth. Several astrophysical objects such as Blazar, Quasar, Active Galactic Nuclei(AGN)

are promising sources of these high UHE neutrinos. The general production mechanics

of neutrinos in such sources is through the acceleration of protons due to high tempera-

ture and magnetic field. During the acceleration and propagation, these protons interact

among themselves and also with other particles such as photons and neutrinos through

the processes shown in Fig. 1.1. The present and proposed neutrinos telescopes such as

IceCube [4], ANTARES [5], ANITA [6], ARIANNA [7] aim to look for these high energy

neutrinos through their interactions with large collection of ice and water.



1.1. A Brief Introduction to Astroparticle Physics 3

  

Cosmic ray protons

Figure 1.1: The production of Cosmic Ray neutrinos is schematically shown here. Notice

that νµ to νe ratio is 2 at the end of the neutrino production chain.

The other most important constituent of the astroparticle physics is cosmology. The

ΛCDM (cold dark matter) model is the largely accepted standard model of cosmology

based on the assumptions of large scale homogeneity and isotropy. At the heart of the

ΛCDM model lies the isotropic homogeneous Friedman-Robertson-Walker (FRW) met-

ric which when treated into Einstein’s theory of general relatively (GR), describes the

observable Universe successfully. The ΛCDM model is based on the big bang hypoth-

esis, according to which the Universe originated from a space-time singularity and then

expanded at different rates during its 13.8 billion years long evolution to the present state.

The Universe at the big bang is expected to have near infinite density and temperature

and therefore we cannot explain the exact big bang instant with the existing theories of

physics. A theory of quantum gravity is required to study the evolution of the Universe at

that epoch.

A generally expected paradigm of the Universe just after the big bang is the infla-

tionary paradigm during which the Universe expanded at an exponential rate and cooled

down as a consequence of the expansion. Inflation was first proposed in [8–15] to solve

the horizon problem (extreme homogeneity at non-causal length scales) and the flatness

problem (curvature of the Universe being∼0 today). In the inflationary model, the appar-

ent causally disconnected regions were in contact before the end of inflation and hence

are homogeneous. Whereas the flatness problem is resolved by the exponential expansion

which dilutes the curvature during inflation, a longer inflation makes Ωtot (total energy

density of the Universe) closer to 1 at its end. To solve both the flatness and the horizon
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problems, inflation should have lasted for at least 50 to 60 e-foldings, i.e., the length scales

of the Universe should increase by e50 to e60 times as a result of the inflation. Inflation is

usually parameterized by a scalar field φ, called inflaton which decays into other particles

as it evolves to settle to the lowest values of potential V (φ) at the end of the inflation.

As a result of this decay the energy of the inflaton is transferred to the decay products.

This phase is termed as reheating, since the temperature of the resulting plasma is higher

due to the increase in the overall particle density of the Universe. These decay products

of the inflaton are the fundamental particles of nature which obey the symmetries and

interaction rules of the standard model of particle physics.

As the Universe expands further its temperature continuously decreases and the kine-

matics of the constituents of the plasma keeps changing according to the temperature of

the Universe. At a certain temperature, when the production rate of a particle goes below

the expansion rate of the Universe, the production of that particle stops and the particle

disappears from the plasma by annihilating into the lighter particles. A particle that goes

out of thermal equilibrium of the plasma is said to be decoupled from the plasma. During

the course of evolution, as a result of cooling some of the symmetries of the SM that were

perfectly intact in the hot Universe start to spontaneously break: electroweak symmetry

gets broken at 160 GeV and as a result the leptons, quarks and bosons of the weak inter-

action get mass. These particles which are produced relativistic become non-relativistic

once the temperature drops below their mass. Further decrease in the temperature reduces

the kinetic energy of quarks for them to combine and produce protons and neutrons and

hence this epoch is called the hadron epoch.

Before this time, the dark matter (DM) particle can go out of equilibrium, depending

on their mass. The rate of annihilation of DM depends on the square of number density

which decreases as the Universe expands.

At a temperature of around 1 MeV, the neutrino-electron interaction ceases to exist

and therefore the neutrinos decouple from the rest of the plasma. This relic of the neu-

trinos is called Cosmic Neutrino Background (CνB). The very low energy of CνB and

extremely weak interaction strength of neutrinos makes it very hard to be detected di-

rectly. However, there are several indirect hints of CνB. Most prominently, the number of

relic relativistic species is highly compatible with the presence of three relic neutrinos, but
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an assured signature of these relic relativistic particles being SM neutrinos is still needed.

Shortly after neutrino decoupling, the photon temperature goes below the mass of the

electron and hence the production of electron-positron pairs stops and electrons start to

decouple. The photons take away the energy from the electrons through the annihilation

process e+e− → 2γ. As a result, the temperature of the photon is higher than the neutrino.

As the photon energy goes below 0.1 MeV, the nuclear bounds start forming and the

production of light nuclei starts through hadron scatterings. The protons and neutrons

combine to form the deuterium (2H) nuclei. Further inelastic scatterings produce stable

elements 3He, 4He, 7Li and some unstable elements such as 3H , 7Be, that decay into
3He and 7Li.

Photons still have enough energy to break the electron-nucleus bounds and therefore

the plasma is still charged. After the matter radiation equality, photons and relic neutri-

nos become less and less abundant as the Universe becomes matter dominated. As the

photon temperature reaches ∼ 0.1 eV, electron-nucleus dissociation is no longer possi-

ble and hence neutral atoms start coming into existence and the Universe become devoid

of charged particles. As a result, the photons start streaming through the Universe un-

interrupted. These freely moving photons constitute the cosmic microwave background

(CMB) which we currently observe as a black body radiation of 2.73 K coming from

all directions in the sky. This epoch is called the recombination and the time surface of

last scattering of photons is called last scattering surface. In addition to providing the

solutions for flatness and horizon problem through accelerated expansion, inflation also

generates quantum fluctuations called primordial perturbations. Since all the matter and

radiation is produced as a decay product of inflaton, the signature of the primordial fluc-

tuations is also transferred to them. As a result, the CMB and the neutral matter, after the

last scattering surface have imprints of these primordial fluctuations. The effect of these

fluctuations on the CMB spectrum is seen as the temperature anisotropy at the 10−5 order

over a constant 2.73 K background. From the last scattering surface to the present epoch,

the CMB photons interact rarely. Therefore the study of CMB reveals information of

the recombination epoch, and also of the earlier Universe through the CMB anisotropies

generated because of primordial perturbations. The neutral matter after the CMB decou-

pling evolves under the action of gravity leading to the formation of large scale structures
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(LSS) in the Universe. The CνB is also expected to have anisotropies generated through

the same mechanism, studies of which would complement the deductions from the CMB

anisotropies. However, the current detection technologies and precision render the study

of the CνB anisotropies extremely difficult.

CMB measurements in past 3 decades have established inflation as the most successful

explanation of the generation of CMB anisotropies. However, these measurements do not

specifically prefer any particular particle physics model out of innumerable models of

inflation. To explain the CMB observation within the ΛCDM model, a set of minimum

six independent parameters is needed, which are as follows:

1. The amplitude of primordial scalar perturbations As and,

2. The tilt ns of the power spectrum of the primordial fluctuations;

3. The baryon density fraction today Ωbh
2;

4. We can use either the CDM density fraction Ωch
2 or the total matter density fraction

Ωm = Ωb + Ωc;

5. The optical depth to reionization, τre;

6. Assuming a spatially flat Universe, we can either consider H0 or the cosmological

constant density fraction ΩΛ. Since for a fixed Ωm the evolution of Hubble param-

eter is only because of ΩΛ through the relation H2(z) = H2
0 (Ωm + ΩΛ), therefore

we can write
H0

100Kms−1Mpc−1
≡ h =

Ωm

1− ΩΛ

.

With this set of six parameters, the ΛCDM model is immensely successful in explain-

ing the current observations of CMB and LSS. As we will see in Ch. 4 that this set of six

parameters is not unique in the ΛCDM model. Also, the number of parameters can be

more than six in other cosmological models.

At the fundamental level, any cosmology theory relies on a theory of gravity parametrized

by the metric of the space-time of the Universe. General relativity is the theory of grav-

ity at the core of the ΛCDM model. The unparalleled success of GR in explaining the

plethora of observations has established it as the most competent theory of gravity. The

gravitational redshift, mercury’s perihelion shift, gravitational lensing are a few such phe-

nomena. The expanding Universe and the existence of black hole are two remarkable
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predictions of GR which have attained outstanding approval due to the observations of

finite expansion rate of the Universe and recently by the gravitational wave observations

by LIGO [16, 17]. In addition to the LIGO observation, the recent observation of black

hole shadow adds more competency to GR [18–23].

In spite of the enormous success, there are domains such as black hole and big bang

singularities [24–26], where GR loses its predictive power. Also, the ultraviolet character

of gravity remains elusive in GR. Observations in the high curvature regions, where the

energies are of the order of Planck mass, are expected to suggest features of a complete

theory of gravity and its quantum nature [27–30]. There are several candidates for the

alternate theory of gravity. The list includes f(R) theories [31–33], Lanczos-Lovelock

models [34, 35], higher dimensional theories[36–41], scalar tensor theories [42–44] and

many other string inspired models of gravity [45–49].

1.2 Organization of the Thesis

In this thesis, the focus has been on extending the standard models to address observations

that do not agree with the standard picture.

The thesis is organized in the following manner: Chapter one gives a brief introduction

of astroparticle physics and its constituting fields. Chapter two discusses observations

that motivate the studies beyond the standard models of cosmology and particle physics.

These two chapter constitute the introduction and motivation of the thesis.

In Chapter three, we discuss the ν2HDM model, which is an extension of the SM by

one Higgs and three right handed neutrinos. We explain the non-observation of Glashow

resonance at the IceCube neutrino detector and the non-zero neutrino mass generation in

this model. A further extension of this model by a singlet scalar provides a viable dark

matter candidate. In Chapter four, we provide a comparative study of three cosmological

models namely, ΛCDM model, HS model and DDE model to address the discrepancies

in the assertion of cosmological parameters from different observations. We also give

bounds on neutrino mass in these models. In Chapter five, we discuss the possibility of

M87* being a Kerr-Sen black hole in light of the black hole image observed by the Event

Horizon Telescope. We also provide a study of polarization of light coming from the black
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hole due to axion-photon interaction around the KSBH and conclude that a simultaneous

study of shadow and polarization can give a distinct signature of KSBH.

Chapter six includes the discussion over the outcomes of the thesis and conclusion of

the thesis.



Chapter 2

Signatures Beyond the Standard Picture

Despite the immense success, the so called standard models of particle physics and cos-

mology fail to accommodate some of the recently observed phenomena. The observation

of neutrino oscillation [50] confirms that neutrinos have non-zero mass, which is in direct

conflict with both SM and ΛCDM model. Moreover, there is no particle candidate for dark

matter (DM) in the SM. Additionally, in the Lambda-CDM model, there are discrepancies

in determination of cosmological parameters from early and late time Universe [51, 52]

and there is no theoretical explanation of the so called coincidence problem as well [53].

The recent observation of the M87* black hole shadow by the event horizon telescope

(EHT) has a possible deviation(. 10 %) from the shadow predicted by Einstein’s gen-

eral relativity. All these observations certainly demand to explore the theories beyond the

standard picture. In this chapter we discuss these discrepancies in detail and emphasize

the need for beyond standard theories for their explanations.

2.1 IceCube Observations

The IceCube Neutrino Observatory (IceCube) [54], located near the Amundsen-Scott

South Pole Station in Antarctica, is a neutrino telescope comprising of an array of Dig-

ital Optical Modules (DOMs) distributed over 86 strings with 60 DOMs over each. The

DOMs on each strings are separated by 17 m and the strings are separated by 125 m. The

whole array is immersed in ice starting 1450 m below the Antarctic surface and extends

upto 2450 m. The central array, called DeepCore [54] has DOMs distributed with higher

9
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Figure 2.1: Feynman diagrams for Charged Current (CC), Neutral Current (NC) and

Glashow Resonance are shown in (a), (b) and (c) respectively.

density.

The ultra high energy cosmic ray neutrinos can interact with the nucleons or the elec-

trons in the ice. The neutrino-nucleon interactions are mediated by neutral current (NC)

or charged current (CC), whereas the interaction with electron is always mediated by the

CC. The Feynman diagrams for these interactions are depicted in Fig. 2.1. These interac-

tions produce relativistic particles inside the detector that emit Cherenkov radiation. This

radiation and its time of detection is recorded by the photon multiplier tubes (PMTs) in

DOMs and is used to deduce the energy and direction of the neutrino. The two event

topologies that have been reported so far are shower (or cascade) and tracks.

The cross sections of neutrino-electron cross section is very small as compared to that

of neutrino-nucleon interaction and is ignored in general [55]. An exception to this is

when an anti-neutrino of energy 6.3 PeV interacts with the electron. This interaction res-

onantly produces the W boson [56]. This resonance, called Glashow Resonance, should

produce a spike of events at the energies close to 6.3 PeV in the event spectrum of the

IceCube neutrino detection, however no such events are yet recorded at IceCube.

IceCube has observed a total of 82 high energy cosmic neutrino events in six years

of its operation. A clear 6σ excess of events is observed at IceCube for energies above

60 TeV and these events cannot be explained by the atmospheric neutrinos [57]. The

initial choices to explain the ultra high energetic (UHE) neutrino events were different

astrophysical sources [58–61]. As the recent observation of the 290 TeV neutrino [62, 63]

indicates, exploring these sources and the spectrum of neutrinos observed at IceCube lead
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Figure 2.2: The limitation of using single power law is shown here. The dashed plot

shows the IceCube even spectrum for a steeper power law whereas the solid plot is for

a relatively flatter power-law flux. As can be seen that none of these fit the whole event

spectrum satisfactorily.

us towards the conclusion that the events do point back to clear identifiable single power

law astrophysical sources [64] (i.e. Active Galactic Nuclei (AGN), Gamma Ray Bursts

(GRB) etc), mainly pointing to the neutrinos from the blazars. The power law neutrino

flux is in general quantified as

dΦ

dEν
= φ0

(
Eν

100 TeV

)−γ
. (2.1)

Fig. 2.2 shows the IceCube event spectrum with two benchmark specifications of power

law cosmic ray neutrino flux. In both cases, it is difficult to have a good fit of the whole

event spectrum. Each power law flux misfits either low energy bins (60 − 600 TeV) or

the high energy bins (> 2 PeV). An attempt to fit the IceCube event spectrum with a

steeper flux generally results in an excess of events in the sub-PeV which, when fixed

by adjusting the amplitude of the flux results in deficit of events at energies 1 − 3 PeV.

Whereas, a flatter flux of neutrinos fits the events spectrum at lower energies but predicts

larger event rate in the higher energy bins.

Various explanations of the observed 1 PeV excess feature in the IceCube event spec-

trum include neutrinos resulting from PeV dark matter decay or annihilation [65–69], the
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resonant production of leptoquarks [70–74] and the interactions involving R-parity vio-

lating supersymmetry [75]. On the other hand, there are depletion models which try to

explain the non-observation of the Glashow resonance [56, 76–79]. The decay of the real

W is expected to give hadron and lepton shower or lepton track events [80]. Depletion of

high-energy neutrinos can occur via oscillation to sterile neutrinos in pseudo-Dirac neu-

trinos [81] and for visible decay [82]. Exotic scenarios have also been invoked to explain

a cutoff at the Glashow resonance energies such as Lorentz violation [83, 84] and CPT

violation [85].

2.2 Neutrino Mass

The discovery of neutrino oscillation by Takaaki Kajita and Arthur B. McDonald was

conferred with Nobel Prize in physics in 2015. B. Pontecorvo first suggested that the

neutrinos may exist in and oscillate between different flavors [86]. The observation of

neutrino oscillation, after many years of Pontecorvo’s proposal, opened several new di-

mensions in the modern particle physics. Existence of neutrino oscillations imposes the

existence of mass of at least 2 neutrinos.

The probability of neutrino oscillation from one flavor to other (να → νβ) in three

neutrino scenario is given by [87, 88]:

Pνα→νβ = δαβ − 4
∑
k 6=p

|Uαk|2
(
δαβ − |Uβk|2

)
sin2 ∆kp

+ 8
∑
j>k
j,k 6=p

|UαjUβjUαkUβk| sin ∆kp sin ∆jp cos(∆jk

(+)

− ηαβjk) , (2.2)

where α and β are flavor index and the roman subscripts are mass index, and

∆kp =
∆m2

kpL

4E
, ∆m2

jk = m2
j −m2

k , ηαβjk = arg
[
U∗αjUβjUαkU

∗
βk

]
. (2.3)

Here p is an arbitrary fixed index which can be chosen in the most convenient way de-

pending on the case under consideration. For a fixed p, there exists only one possibility

for j and k with j > k. As a consequence, in the case of three-neutrino mixing, there is

only one interference term in Eq. 2.2.

As can be seen from the above relations, a non-zero oscillation probability requires

non-zero squared mass difference between two neutrinos. The observation of neutrino
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oscillation (studies of survival probability of electron neutrinos) in neutrinos coming from

the Sun leads to the solar squared-mass difference [89]

∆m2
SOL ' 7.5× 10−5 eV2 , (2.4)

whereas, the studies of neutrino oscillation with atmospheric neutrinos reveal the atmo-

spheric squared-mass difference [50]

∆m2
ATM ' 2.4× 10−3 eV2 . (2.5)

The fact that these two mass difference are non zero guarantees that at least two of the

three neutrinos are massive. We can conveniently label the masses of the three light

neutrinos according to the convention

∆m2
SOL = ∆m2

21 � ∆m2
ATM =

1

2

∣∣∆m2
31 + ∆m2

32

∣∣ , (2.6)

although there are several other definitions present in the literature (see e.g. Ref. [90]).

The sign of ∆m2
SOL is already determined by the considerations of Mikheev-Smirnov-

Wolfenstein (MSW) effect [91–93], generally referred as matter effect, in solar neutrino

oscillations (see also Ref. [94, 95]). On the other hand, the sign and absolute value of

∆m2
ATM is still unknown. In consequence, we do not know the exact ordering of the

masses of three neutrinos. The two possible orderings or hierarchies are:

• the normal hierarchy (NH)

m1 < m2 < m3 , ∆m2
31, ∆m2

32 > 0, (2.7)

• the inverted hierarchy (IH)

m3 < m1 < m2 , ∆m2
31, ∆m2

32 < 0. (2.8)

On the other hand, cosmological observations [96] also accept the existence of massive

neutrinos. With the advent of more and more precise observations, cosmological bounds

on neutrino mass are rapidly approaching the lower bounds predicted by neutrino oscil-

lation experiments. Planck 2015 data release [96] gives upper limit of Mν < 0.23 eV

(95% CL) using a combined analyses of CMB temperature anisotropy data, type Ia su-

pernovae [97], BAO measurements [98–100] along with low-` polarization and CMB

lensing. Tighter constraints, Mν < 0.15 eV, were found in Ref. [101].
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Precise observations to a level where mass sum < 0.1 eV can be used to decide the

mass hierarchy of neutrinos. Upcoming cosmological surveys, such as the Large Synoptic

Survey Telescope (LSST) [102] , Wide-Field Infrared Survey Telescope (WFIRST) [103],

Euclid [104], Simons Observatory [105], and CMB-S4 [106] are expected to reach this

precision.

The mass of fermions in the SM is generated through the coupling of right and left

handed fermions with the Higgs. Neutrinos, unlike other fermions in the SM, do not

have right handed partners and hence are massless in SM. However, we know from the

experiments that at least two of the three neutrinos are massive. Any attempt to explain

these small masses necessarily requires particles that are not part of the SM spectrum. The

simplest models that generate the neutrino mass use the seesaw mechanism with heavy

right-handed neutrinos (type-I) [107–109], scalar triplet (type-II) [110–112], or fermion

triplet (type-III) [113]. In these scenarios, the lightness of neutrino masses is associated

with the heaviness of new particle, hence the name seesaw.

2.3 Dark Matter

Fritz Zwicky first speculated the existence of DM more than eighty years ago through his

studies of Coma cluster [114]. Zwicky’s analysis concluded that to explain the motion of

constituent galaxies of Coma cluster large amount of non-luminous matter is demanded,

which he termed as Dunkle Materie. One of the most popular evidence of DM nowadays

is galaxy rotation curve, i.e., the relation between the orbital velocity of visible stars and

their radial distance from the center of the galaxy. Several galaxy observations dating back

to late 30s [115] have concluded that the outer parts of the galactic disc move at velocities

much higher than that expected from the motion under the influence of the visible matter

only [116–118]. Similar conclusions about the existence of DM are also derived from the

weak lensing measurements [119]. All these effects are due to the gravitational nature of

the DM and do not tell anything about the total abundance and fundamental nature of the

DM.

CMBR observations play an important role in determination of the matter content of

the Universe. In ΛCDM model, the abundance of DM and baryonic matter is obtained by
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fitting power spectrum of CMB anisotropy using the six parameters described previously.

The recent observations of CMBR [96] conclude that the matter content of the Universe

is dominated by non-baryonic matter,

Ωbh
2 = 0.02207(27) (2.9)

ΩDMh
2 = 0.1198(26) (2.10)

whereas the remaining contribution is accounted for the so called dark energy, ΩΛ =

0.0685. The rotation curves of galaxies [120], the power spectrum of the CMB, and weak

lensing measurements strongly suggest the existence of cosmological dark matter. How-

ever, the fundamental particle nature of dark matter still unknown. The only candidate for

DM in the standard model of particle physics is neutrino but LSS data accompanied with

deep-field observations suggest that the DM has non-relativistic velocities canceling the

candidature of neutrinos for DM [121].

The requirements of DM to be neutral, non baryonic and non-relativistic can be ful-

filled by a moderately heavy, weakly interacting particle. The weakly interacting massive

particle (WIMP) is one popular paradigm wherein an elementary particle of mass approx-

imately 100 GeV annihilating to SM particle with cross section of weak interactions gives

the correct estimate of the relic abundance of the DM. This is known as the wimp miracle.

However, recent results from several direct detection experiments such as LUX [122] and

XENON100 [123] have imposed severe constraints on the multi-GeV mass window for

various dark matter (DM) models which suggest that DM can be of lower mass scales.

In the cosmological scenario, recent simulations of structure formation with WIMPs have

suggested that there are discrepancies at the scale of galaxies (small scale crisis), ma-

jorly (i) core vs. cusp problem [124], (ii) missing satellites problem [125], (iii) diversity

problem, and (iv) too big to fail problem [126].

2.4 Inconsistent Cosmological Observations

The cosmological parameter estimation within the ΛCDM model is done by measuring

the CMB power spectrum. The most successful experiment in doing so is the state-of-the-

art Planck satellite mission [127]. With every data release [51, 96, 128], the agreement

between observations and the ΛCDM model has impressively increased. Despite this,
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there are several hints of deviation from the standard scenario which stayed along with all

these data releases. There are tensions between Planck CMB observations and parameters

estimated from some other cosmological probes. The direct measurements of the Hubble

constant [129–131] gives a value 3σ away from the Planck measurement. There is also a

mismatch between the value ofH0 obtained from Planck measurement and other late Uni-

verse large scale structure (LSS) measurements. Furthermore, there are evidences of more

than 2σ tension in the σ8−Ωm plane between Planck and cosmic shear experiments [132–

137]. Moreover, the constraints obtained from high and low multipoles separately do not

agree with each other [128, 138, 139].

In this thesis, the focus is on the discordance between σ8 and H0 measured from

CMB and LSS surveys. In particular, the value of σ8, the r.m.s. fluctuation of density

perturbations at 8 h−1Mpc scale and H0, the value of Hubble parameter today which

are inferred from CMB and LSS observations are out of accord [52, 140–145]. Fig. 2.3

illustrates this inconsistency between CMB and LSS observations. For this illustration,

we use Planck CMB observations [96] for temperature anisotropy power spectrum over

the multipole range ` ∼ 2 − 2500 and Planck CMB polarization data for low ` only. We

refer to these data sets combined as Planck data. Whereas, in the LSS sector we use the

baryon acoustic oscillations (BAO) data from 6dF Galaxy Survey [146], BOSS DR11 [98,

147] and SDSS DR7 Main Galaxy Sample [100] along with Planck SZ survey [148],

lensing data from Canada France Hawaii Telescope Lensing Survey (CFHTLens) [149,

150] and CMB lensing data from Planck lensing survey [151] and South Pole Telescope

(SPT) [152, 153]. We also use the data for Redshift space distortions (RSD) from BOSS

DR11 RSD measurements [154]. We combine Planck SZ data, CFHTLens data, Planck

lensing data, SPT lensing data and RSD data and refer them as LSS data.

σ8-Ω0
m tension : The lensing potential (Cφφ

` ) determined from the weak lensing obser-

vation is quantified by two parameters: the matter-radiation equality scale, keq and ampli-

tude of primordial perturbations,As [155, 156]. These two parameters thus in-turn control

the matter power spectrum P (k). The amplitude of P (k) increases with As. However,

the peak of P (k) shifts with change in keq. Hence, for a fixed k several combinations of

As and keq can give same value for P (k), i.e., As and keq are degenerate for a fixed P (k).

Therefore, the deduction of cosmological parameter using the matter power spectrum also
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Figure 2.3: Depiction of (a) σ8-Ω0
m tension from LSS observations and Planck CMB

observations, and (b) the mismatch in the allowed values of Ω0
m manifested as a mismatch

in H0 − Ω0
m plane.

manifests this degeneracy in σ8 and Ωm. This is because σ8 depends on As and Ωm. Also,

keq ≡ aeqHeq ∝ Ωmh
2.

Galaxy cluster surveys use SZ effect to count the number of clusters of a given mass

within a given volume in the line of sight. This cluster count also depends on σ8 and Ωm

and hence almost all of the LSS observations release their likelihoods in the σ8-Ω0
m plane

as

σ8

(
Ω0
m

Ωm, ref

)α
= const . (2.11)

For a particular observation, the values of α and Ωm, ref are so fixed such that the above re-

lation remain independent of Ωm. Hence, the values of α and Ωm, ref deduced for different

observations are not same.

However, in the case of the CMB observations, the value of σ8 is obtained by fitting

a theoretical matter power spectrum with best fit values of Ω0
m and As obtained from

CMB power spectrum fitting. In the ΛCDM model, there is a 2-σ mismatch between this

value and the σ8-Ω0
m degeneracy direction obtained from LSS observations (see Fig. 2.3).

Although, the degeneracy is removed by a combined analysis of several LSS experiments

but the region of σ8-Ω0
m allowed from Planck CMB and LSS experiments still disagree.
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H0-Ω0
m tension : From the CMB observations the H0 is inferred indirectly from the

scale of baryon acoustic oscillations (BAO) at the recombination epoch. Similarly, in the

LSS observations H0 is measured indirectly through acoustic oscillations in matter power

spectrum. Co-moving acoustic oscillation scale is a standard ruler in the cosmology which

can be obtained from both CMB and LSS observations [157]. The co-moving distance at

a given redshift z is

χ(z) =

∫ z

0

dz′

H(z′)
, (2.12)

where,

H(z)2 = H2
0 (Ω0

m(1 + z)3 + ΩΛ) . (2.13)

Given the value of Ω0
m, BAO observations can fix value of H0. Fig. 2.3 shows that the

value of H0 derived from CMB observations is more than that from LSS observations.

There have been discussion on these discrepancies being an artifact of systematics,

however, several systematic studies over the years have failed to prove so and the tension

still remains [138, 139, 158–162]. This, in a way, is a sign that we must consider the

alternative models to bridge this gap between model dependent and model independent

deduction of cosmological parameters.

There have been numerous attempts at resolving these discrepancies via non-standard

cosmological models [163–177, and references therein], however, in most of these at-

tempts the resolution of one tension worsens the other. Solving the Hubble tension re-

quires either the reduction of the size of sound horizon, rs by modifying early-universe

cosmology [178–180], or the increment of the DA to the CMB by introduction of new

physics after the recombination epoch. On the other hand, solution to the σ8 tension de-

mands suppression of the linear matter power spectrum by modification of late-universe

physics or a smaller value of Ωm predicted from CMB.

2.5 Black Hole Shadow Observation

One of the most fundamental predictions of Einstein’s theory of relativity is the existence

of black holes. Schwarzschild BH (uncharged, non-rotating) and Kerr BH (uncharged,

rotating) are two most common BHs predicted by the general relativity. According to Kerr
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Hypothesis: an isolated, stationary, and axisymmetric astrophysical (uncharged) BH is

always described by the Kerr metric. In other words, most commonly abundant BHs in the

Universe are the Kerr BHs. Observation of gravitational waves coming from coalescing

compact objects have more or less confirmed the existence of BHs [16, 17]. However,

these observations give the information only about the violent merger stage and hence

can be used to study metrics only via their dynamics. Whereas, to study several other BH

phenomena such as information paradox, no hair theorem, Hawking radiation and horizon

structure long time observations of particle dynamics around the BH are called for.

The Event Horizon (EHT) Telescope [18–23] is one such globally spread array of ra-

dio telescopes which enables the observation of particle dynamics in the close proximity

of the BH. The aim of the EHT is to obtain the highest resolved images of astronomical

objects such as BHs. The BH observation through the EHT should qualitatively show

two distinct regions: a central dark region and a surrounding annular bright region. The

bright region is formed by the photons reaching us from outside the horizon of the BH.

The photon geodesics from the central region can’t escape to the spatial infinity, rendering

that region dark to us. The central darker region is called the shadow of the black hole.

For a super-massive black hole (SMBH), the shadow appears in a strong gravity region

near the event horizon and hence, in principle, it can be used to determine the properties

of the BH space-time. Moreover, these EHT observations are longer duration observa-

tions of the stationary state of BH in comparison to the observation of gravitational waves

coming from violent black hole mergers and hence complimentary. This complementar-

ity between these two observations plays an important role in gravitational tests involving

BHs since a large number of gravitational theories predict similar BHs with mild differ-

ences in particle dynamics and gravitational wave signals which can be probed with high

resolution observation in the strong gravity region of the BH.

The recent extraordinary observation of M87* BH by the EHT measured the angular

diameter of the BH shadow to be 42 ± 3 µas [18–20] with an axis ratio of 4/3. The

shadow is not entirely circular and the upper bound on the deviation of circularity is 10%.

In general relativity the shadow of a rotating, uncharged black hole such as Kerr BH is

highly circular irrespective of the inclination angle [181] assuming that the black hole

can entirely be characterized by its mass and angular momentum. However, several other
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theories of gravity predict different shape, size and properties of BH shadow. Hence,

deviation from circularity observed in the shadow of the M87* BH could be a sign of it

being a non-Kerr BH and hence of a non-GR origin.



Chapter 3

Glashow Resonance, Neutrino Mass,

Dark Matter

The absence of Glashow resonance in the IceCube event spectrum and the observation

of more numbers of PeV events than expected have been the major outcomes of IceCube

neutrino detection. In this chapter we try to resolve anomalies in IceCube neutrino event

spectrum by invoking cosmic ray neutrino absorption enabled by ν2HDM (neutrinophilic

2-Higgs doublet model). We also provide neutrino mass generation through Type-I see-

saw mechanism. The absorption of CRν by CνB through production of a new particle has

been discussed earlier [182–187].

This chapter is organized as follows. In Sec. 3.1 We explore the method to compute

the event spectrum of IceCube and bring to notice the features of the spectrum such as

HESE events and Glashow resonance events, in the SM. In the next Sec. 3.2, we explain

the ν2HDM and then in subsequent sections 3.3, 3.4 and 3.5 we provide resolutions to

issues discussed in Sec. 2.1, Sec. 2.2 and Sec. 2.3 respectively within ν2HDM. Finally,

we summarize and conclude this chapter in Sec. 3.6.

3.1 IceCube Events in SM

As explained in Sec. 2.1, the high energy cosmic ray neutrinos are detected at IceCube

through deep inelastic scattering with the quarks and electrons (see Fig. 2.1) present in the

detector volume. The expressions for the differential cross section for these interactions

21
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can be found in [55] which are shown in Fig. 3.1. The cross section of ν̄ee− interaction

at energies near Eν = M2
W/2me ' 6.3 PeV is about 300 times higher than that of the

charged current (CC) neutrino-nucleon interaction. As a result of higher cross section of

Glashow resonance, a significantly higher number of events is expected in the IceCube

event spectrum. However, as shown in Fig. 3.2, in the 6 years of its data collection Ice-

Cube has observed no GR events. This is in general referred to as the ”missing Glashow

resonance” problem.

Figure 3.1: The cross section of ν-nucleon and ν̄-neucleon interaction along with the

ν̄ee
− responsible for GR are shown here. The CS of ν̄ee− is very large compared to

interaction with nucleons at energy around 6.3 PeV

The number of events at IceCube in the deposited energy interval (Ei, Ef ) is given

by[84, 188, 189]

N = T NA

∫ 1

0

dy

∫ Echν (Ef ,y)

Echν (Ei,y)

dEν Veff (Ech
dep) Ω(Eν)

dφ

dEν

dσ

dy

ch

. (3.1)

where the total exposure time for six year T = 2078 days, NA = 6.023× 1023 is the Avo-

gadro’s Number, and ch denotes the interaction channel (neutral current (NC), charged

current (CC)). Ech
dep is the deposited energy as explained in [190]. We have used Ω = 2π

and Ω = 4π for the super-PeV ultra high energetic bins and sub-PeV IceCube bins re-

spectively. The terms appearing in the above expression are explained in detail below.

• dφ

dEν
is the flux of the cosmic ray neutrinos. It is assumed that for neutrinos and
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anti-neutrinos of each flavor the flux is isotropic and is given by a power law flux

parametrized as
dΦ

dEν
= φ0

(
Eν

100 TeV

)−γ
. (3.2)

We take

φ0 = 1.1× 10−18GeV−1s−1sr−1cm−2 (3.3)

γ = 2.5. (3.4)

• Veff (Ech
dep) is the effective volume of the detector available for the interaction, given

by

Veff(x) =


1 + d xq

c xq
if x ≥ 0

0 if x < 0 ,

(3.5)

where x ≡ log10

(
Ech
dep

Eth

)
with Eth = 10 TeV.

Figure 3.2: The IceCube event spectrum with a single power law flux of the cosmic ray

neutrinos is shown here. The figure shows that with SM interactions and a single power

law flux one cannot fit the IceCube data completely. SM with single power law flux

expects events in the last three bins due to GR but there are no events seen in these bins.
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• dσ

dy

ch

is the SM differential cross section of the neutrino-nucleon interaction. De-

pending on the channel ch of the interaction, these are given as

d2σ

dx dy

(CC)

=
G2
F

π

2M4
W

(Q2 +M2
W )2

MNEν {xq(x,Q2) + xq̄(x,Q2)(1− y)2}, (3.6)

d2σ

dx dy

(NC)

=
G2
F

2π

M4
Z

(Q2 +M2
Z)2

MNEν {xq0(x,Q2) + xq̄0(x,Q2)(1− y)2} (3.7)

and for the processes contributing to the Glashow resonance

dσ(ν̄ee→ ν̄ee)

dy
=
G2
FmeEν

2π

[
R2
e

(1 + 2meEνy/M2
Z)

2 +

∣∣∣∣ Le
1 + 2meEνy/M2

Z

+
2

1− 2mEν/M2
W + iΓW/MW

∣∣∣∣2 (1− y)2

]
,(3.8)

dσ(ν̄ee→ ν̄µµ)

dy
=
G2
FmeEν

2π

4(1− y)2[1− (m2
µ −m2

e)/2meEν ]
2

(1− 2meEν/M2
W )2 + Γ2

W/M
2
W

, (3.9)

and

dσ(ν̄ee→ hadrons)
dy

=
dσ(ν̄ee→ ν̄µµ)

dy
· Γ(W → hadrons)

Γ(W → µν̄µ)
, (3.10)

where ΓW = 2.09 GeV is the decay width of the W boson, Le = 2Sin2θW − 1

and Re = 2Sin2θW are chiral couplings of Z to electron, and MW and MN are

the W boson and the nucleon masses respectively, −Q2 is the invariant momentum

transferred to hadrons, and GF is the Fermi constant. The Bjorken scaling variable

x and the inelasticity y are defined as

x =
Q2

2MNEνy
and y =

Eν − E`
Eν

, (3.11)

where Eν is the energy of the incoming neutrino and E` is the energy carried by the

outgoing lepton in the laboratory frame. q(x,Q2), q̄(x,Q2), q0(x,Q2) and q̄0(x,Q2)

are quark distribution functions in the nucleon, the expression of and further details

on which can be found in [55, 190]. Fig. 3.2 shows the IceCube event spectrum

with 6 years IceCube data. We can see that no events have been seen where the

dramatic increase of the event rate was expected due to the Glashow resonance.
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3.2 The ν2HDM: Neutrinophilic 2-Higgs Doublet Model

In this section we present a new type of 2-Higgs doblet model (2HDM) called the “neu-

trinophilic 2-Higgs doublet model (ν2HDM)” [191, 192] which results from the idea that

neutrino masses being much smaller than other fermions should originate from a Higgs

with a smaller vev. The motivation for such an idea is derived from the following argu-

ments. See-saw mechanism in minimal exentions of the SM naturallly gives the small

masses of active neutrinos through heavy particles coupled with lef-handed neutrinos.

However, the heavy particles in the picture are almost decouple from the low-energy sce-

nario rendering the model intangible at low energies. A few corrective measures to this

scenarios, such as [193–198], brought down the see-saw scale to TeV with the expec-

tations that effects of TeV scale right-handed neutrinos might be seen in collider exper-

iments. However, these models required a bit of fine tuning to generate tiny neutrino

masses. The dependence of Dirac mass on Yukawa coupling and vev of the Higgs notifies

that the smallness of neutrino masses might not be due to the small Yukawa coupling but

a small vev, hence giving rise to the idea of 2HDM with second Higgs having a very small

vev. For Example, a Type-II 2HDM with a large mixing angle (tan tan β) explains the

msss hierarchy of up-type quarks and down-type quarks through the ratio of Higgs vevs (a

tan β ∼ 40 gives a unity Yukawa coupling for both up and down-type quarks). Similarly,

the smallness of neutrino masses compared to other fermions and quarks can be due to a

coupling to a different scalar doublet.

The ν2HDM theory is based on the symmetry group SU(3)c×SU(2)L×U(1)Y ×Z2

and contains three EW singlet right-handed (RH) neutrinos, NRi , for each flavor of SM

lepton. In addition to that the model has two Higgs doublets, Φ1 and Φ2. All the charged

fermions and the Higgs doublet Φ1, are even under the discrete symmetry, Z2, while

the RH neutrinos and the Higgs doublet Φ2 are charged under Z2. Such a setup leads

to Yukawa structure in which all the charged fermions couple with Φ1 only and the left-

handed neutrinos, together with the right-handed neutrino added here, couple to the Higgs

doublet Φ2. The breaking of Z2 discrete symmetry by a vev of Φ2 results in generation of

mass for neutrinos through see-saw mechanism explained in Sec. 3.4.

The 2-Higgs potential of the CP invariant Higgs sector with Z2 symmetry is given
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as [192]

V = −µ2
1 Φ†1Φ1 − µ2

2 Φ†2Φ2 +m2
12 (Φ†1Φ2 + h.c.) + λ1(Φ†1Φ1)2 + λ2(Φ†2Φ2)2 + λ3(Φ†1Φ1)(Φ†2Φ2)+

λ4|Φ†1Φ2|2 +
1

2
λ5[(Φ†1Φ2)2 + (Φ†2Φ1)2].

(3.12)

After the EW symmetry breaking, the two doublets can be written as follows in the unitary

gauge

Φ1 =
1√
2

 √
2(v2/v)H+

h0 + i(v2/v)A+ v1

 ,

Φ2 =
1√
2

 −
√

2(v1/v)H+

H0 − i(v1/v)A+ v2

 , (3.13)

where charged fieldsH±, two neutral CP even scalar fields h andH , and a neutral CP odd

field A are the physical Higgs fields and v1 = 〈Φ1〉, v2 = 〈Φ2〉, and v2 = v2
1 + v2

2 . There

is an orthogonal mixing of the charged and CP odd interaction states with corresponding

charged and neutral Goldstone modes with a mixing angle β. As a result of the mixing

mass eigenstates H±, A and massless Goldstone bosons are produced. The mixing angle

is expressed as tan β =
v2

v1

. The masses of charged Higgs and the CP-odd Higgs in this

model are of the order 100 GeV. This model also gives rise to a very light scalar H with

mass varying from 1 eV to 1 GeV.

The mass eigenstates h,H are related to the weak eigenstates h0, H0 by

h0 = cαh+ sαH, H0 = −sαh+ cαH, (3.14)

where cα = cosα, sα = sinα, and are given by

cα = 1 +O(v2
2/v

2
1),

sα = −λ3 − λ4 − λ5

2λ1

(v2/v1) +O(v2
2/v

2
1). (3.15)

The vev of the seconds Higgs is taken to be v2 ∼ 1 keV (to fit the neutrino mass) which

along with v1 ∼ 246 GeV gives rise to very small mixing and therefore can be neglected.

This results in very small tanα which in turn makes tan β small. Hence, the neutral

scalar h effectively behaves like the SM Higgs. So we expect that the all the constraints
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on the coupling of the SM Higgs are also satisfied by h (see Sec. 3.2.1), except in the

loops. The effect of H± loop in the hγγ constraints is given in Ref. [199] and also how a

sizable Higgs invisible decay is allowed is also discussed.

3.2.1 Constraints on the Model

Peskin-Takeuchi oblique parameters S,T, U are measure of corrections to the gauge boson

two point functions (ΠV V ) [200]. The deviation of these oblique parameters from SM

measured by the LHC are:

∆SSM = 0.05± 0.11,

∆T SM = 0.09± 0.13,

∆USM = 0.01± 0.11,

(3.16)

In the model discussed here, we have very tightly constrained scalar sector, since we take

v2 � v1 the mixing between the two Higgs is negligible. λ1 is fixed by taking h to be

the 125 GeV Higgs discovered at LHC. The other CP-even Higgs is very light and for

typical quartic couplings within the perturbative limit, the masses of charged scalars and

the CP-odd scalar are below the TeV scale. As a result of the presence of a light neutral

scalar the oblique parameters S and T will play a decisive role in constraining the model.

These constraints are discussed in [201].

The charged Higgs production at LHC in ν2HDM is same as in 2HDM. Due to the

smallness of the mixing between the two Higgs the decays of charged Higgs to quarks are

highly suppressed by the mixing factor tan β. So the dominant channel of charged scalar

decay is H± −→ l±ν which is constrained by LEP as mH± 80 GeV. Charged Higgs can

also contribute to di-photon production through loop. Even with that contribution the di-

photon bound is satisfied. The status of constraints from flavor physics is given in [202].

Astrophysical consequences of ν2HDM are discussed in [203].

Due to difference in vacuum expectation value of two scalar doublets (v2 � v1), the

mixing between two doublets is tiny. As neutrinos in our model couple only to Φ2, so the

SM Higgs coupling to ν, N is negligibly small and therefore, that decay does not affect

any constraints. The other CP even scalar dominantly from Φ2 is very lightmH ∼ 10 MeV

and with right handed neutrinos with masses around 15 MeV the H → νN decay is

negligible even with order one scalar Yukawa coupling.
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3.3 Cosmic Ray ν Absorption by CνB

As discussed in Sec. 1.1, Cosmic neutrino background (CνB) is the relic of the hot plasma

from the early Universe. These neutrinos decouple from the hot plasma at ∼1 MeV and

expected as an isotropic background with a temperature of Tν = 1.95K today. To resolve

the enigma of absence of Glashow resonance at IceCube, we propose a scenario where

CRνs interact with the CνB neutrinos inelastically to produce new particles which cannot

produce any signatures at IceCube. This scenario is shown schematically in Fig. 3.3.

When the CR neutrinos of energy much greater than Tν hit the CνB neutrinos, CνB

neutrinos can be considered as stationary. Since this absorption process would take place

only if the CRν has enough energy to produce particles in the final state (particles A, B

in Fig. 3.3), therefore depending on the masses of the particles in the final state the CRν

of different energies can be absorbed. A and B are particles which go undetected through

IceCube.

Figure 3.3: Schematic diagram of CRν capture by CνB neutrino.

3.3.1 Modification of CRν Flux

The ν2HDM discussed in Sec. 3.2 allows us to have one such process which serves as the

capture of CRν by CνB. This t-channel process is special in the way that the mass of the

mediator does not decide CRν of which energy will be absorbed, as is the case for such

s-channel processes. Instead, the occurrence of the absorption process is managed by the

mass of the CνB neutrinos and masses of the particles in the final state. The process takes

place only if the CRν has sufficient energy,i.e., a threshold energy decided by the masses
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of the target and the product particles. Once the CRν has enough energy for the process

to happen then the strength of the interaction is decided by other parameters like coupling

and the mediator mass. The t-channel diagram is shown in Fig. 3.4 and its cross matrix

element is computed as:

Figure 3.4: t-channel absorption of UHE neutrino by CνB

M2 =
4y2

i y
2
j

(t−m2
h)

2

(
−1

2
(t−m2

R) +mνimR

)2

(3.17)

where t represents the energy transfer to the final state right handed neutrinos. Here mh

andmR are the ultralight scalar mass and the right handed neutrino mass respectively, with

y being the neutrino-scalar Yukawa coupling. Depending on the mass of the final state

right handed neutrinos NR the t-channel process kicks off at certain neutrino energies,

overcoming phase space barrier which renders the cross section to non-physical values at

lower energies. The incoming UHE neutrino energy where this absorption process starts

to kick off is called the cutoff of the neutrino spectrum.
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Figure 3.5: t-channel absorption cross section and its variation withmR taking y ∼ 1 and

target neutrino mass 0.1 eV.

The variation of t-channel process cross section with incident neutrino energy is shown

in Fig. 3.5. The cutoff neutrino energy for different mR values are also shown there. Re-

quired energy threshold to kick off the process increases withmR as production of heavier

particles needs more energy transfer after absorption to enable this process kinematically.

The absorption of CRν modifies the CRν flux according to the nature of the interac-

tion. The mean free path of this interaction is,

λi(Ei, z) =

(∑
j

∫
d3p

(2π)3
fj(p, z)σij(p, Ei, z)

)−1

≈

(
nν(z)

∑
j

σij(p, Ei, z)

)−1

(3.18)

where fi is the distribution function for the neutrinos given by,

fi(p, z)
−1 = exp

(
p

Ti(1 + z)

)
+ 1 (3.19)

and Ti = 1.95 K for all three mass states. Away from the sources, due to the mixing,

flavor ratio of neutrinos in the cosmic rays is (1 : 1 : 1). The mean free path (MFP) of

the CRν is much greater than the coherence length (O(1) Mpc) of neutrinos, therefore

the coherence is lost and hence the scattering process can be described in terms of mass

eigenstates. Also, the (1:1:1) flavor ratio directly translates to (1:1:1) ratio in the three

mass eigenstates. Away from the sources, each flavor and in-turn each mass eigenstate
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has power law flux. We express the modified flux due to the absorption as(
dΦ

dEν

)
cap

= exp

[
−
∫ zs

0

1

λi

dL

dz
dz

]
dΦ

dEν
(3.20)

where zs denotes the redshift of source and,

dL

dz
=

c

H0

√
Ωm(1 + z)3 + ΩΛ

. (3.21)
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Figure 3.6: Comparison of E2
ν× flux for the incoming cosmic neutrinos after they got

absorbed by the CνB (green) with that when there is no cosmic neutrino absorption (red)

for a. normal mass hierarchy with (m1,m2,m3) = 2 × 10−3, 8.8 × 10−3, 5 × 10−2 eV

(left) b. inverted mass hierarchy with (m1,m2,m3) = 4.9× 10−2, 5× 10−2, 2× 10−3 eV

(right). These benchmark values for neutrino masses chosen in such a way that they

satisfy Eq. 2.4 to Eq. 2.8. Any set of values satisfying these relations would give the

similar flux signatures.

Here the absorption cross section peaks at t-channel resonant condition, i.e., t = m2
h,

which in this process at the lab frame translates to mνEν = m2
h. The cross section

will peak at neutrino energies Eν , where this condition will be satisfied. The peak will

drastically increase the suppression factor for the corresponding neutrino energy, as we

see in Eq. 3.3.1. The neutrino flux after incorporating the modification due to the t-channel

absorption of CRν for all three mass eigenstates in (a) normal hierarchy and (b) inverted

hierarchy is shown in Fig. 3.6.
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3.3.2 Dips in IceCube Spectrum

These two right handed neutrinos, unlike their left handed partners, do not have charged

current and neutral current interaction with IceCube matter therefore those will not be

detected in the IceCube, which results in vanishing one astrophysical neutrino in this

process. We have fixed two benchmark points in the standard cosmological description of

single flux neutrino propagation. The effects of the presence of the t-channel absorption

are shown for those scenarios.

• Benchmark Point-I:

Φ0 = 1.1× 10−18 (GeV cm2s sr)−1, γ = 2.5

• Benchmark Point-II:

Φ0 = 1.18× 10−18 (GeV cm2s sr)−1, γ = 2.55

We fix the initial UHE neutrino energy cutoff at 4.5 PeV i.e. the t-channel resonant ab-

sorption process will start to contribute only at incident neutrino energies higher that 4.5

PeV. To set this cutoff we need to have one NR with mass at around mR ≈ 15 MeV.

In Fig. 3.6, we plot the quantity E2
νΦν to show how the incoming neutrino flux can be

modified due to this t-channel cosmic neutrino absorption. This results in multiple dips in

neutrino flux spectrum in some particular energies, for both the normal and inverted neu-

trino mass hierarchies. The first lower energy dip happens at Eν ∼ 5 PeV, corresponding

to the heaviest neutrino present in the cosmic neutrino background (CνB). For normal hi-

erarchy the neutrino masses are well separated and therefore three different neutrino mass

eigenstates produce three dips in the neutrino flux spectrum. On the other hand, for in-

verted mass hierarchy with tiny ∆m2
12, two heavier neutrino states have massesm1 ≈ m2.

This results in a deeper first dip in the flux, due to combined effect of cosmic neutrino ab-

sorption by both ν1,2. How this flux spectrum looks like compared to the measured flux

at IceCube is shown in Fig. 3.7.
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Figure 3.7: Comparison of E2
ν× flux for the incoming cosmic neutrinos after they got

absorbed by the CνB (green) with that when there is no cosmic neutrino absorption (red)

for a. normal mass hierarchy with (m1,m2,m3) = 2×10−3, 8.8×10−3, 5×10−2 eV (left)

b. inverted mass hierarchy with (m1,m2,m3) = 4.9×10−2, 5×10−2, 2×10−3 eV (right).

The data points obtained from the IceCube measurement are given in black. Yukawa

couplings here are taken to be 0.1 for the representation purpose.

Effect of the t-channel resonant absorption in this model, resulting in neutrino flux

suppression at particular energies of IceCube spectrum is shown in Fig. 3.8. For the

benchmark points mentioned, incoming cosmic neutrinos start interacting with CνB and

get absorbed only when their energy is more than 4.5 PeV. Those neutrinos therefore do

not reach the IceCube detector to deposit energy or leave a track there. Suppression of

incoming neutrino flux above Eν ≥ 4.5 PeV that can possibly interact with the electron in

the IceCube results in absence of the Glashow resonance at 6.3 PeV. Amount of neutrino

flux suppression at different energies depends on the t-channel absorption cross section

that peaks at an energy determined by the light scalar propagator mass (mh) and then

decreases with increasing energy. Setting mh ≈ 10 MeV with a cutoff at Eν ≥ 4.5 PeV,

fixing the CνB and NR masses, we get maximum suppression of neutrino flux at the 11th

energy bin (6.3− 10 PeV) of the IceCube spectrum. As the incident neutrino energy does

not entirely get deposited at the IceCube, few high energetic incident neutrino contribute

to the lower energy bins. Here, also due to absence of some UHE neutrinos, event count

in the nearest energy bins also get a bit suppressed. Once the t-channel maximal cross
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Figure 3.8: IceCube event spectrum with (violet) and without (red) neutrino capture for

Benchmark Point-I (left) and Benchmark Point-II (right). Effect on the event spectrum

due to neutrino absorption is shown for normal hierarchy (upper row) and inverted hier-

archy (lower row). The atmospheric background is given in brown. Here we have taken

mR = 15 MeV and y = 1.

section and consequently the sharpest dip occurs in the incident neutrino spectrum, this

process cross section starts decreasing with Eν and eventually matches with the original

single power law astrophysical neutrino spectrum at some higher energy. The Yukawa

coupling also changes the strength of the cross section and therefore can modify the

amount of suppression we can see in the IceCube spectrum. Due to the presence of a

cutoff in the t-channel absorption, which we can fix at Eν ∼ 4.5 PeV, this process does

not affect the IceCube spectrum at lower energy bins where the we observe no neutrino

event suppression as shown in Fig. 3.8. For the normal hierarchy, the heaviest neutrino
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mass eigenstate causes the dip at higher energy IceCube bins whereas for the inverted

hierarchy two almost degenerate heavier mass eigenstates cause a sharper dip at the same

energy bins.

The best fit single power law flux parametrization is φ0 = 2.46 ± 0.8 × 10−18 and

γ = 2.92 [204], which is different from our benchmark points. We quantify the goodness-

of-fit for our chosen benchmark points as well as the IceCube best fit parameters by the

respective χ2 values. We find that although the fitting, in the absence of absorption, wors-

ens for our benchmark points compared to the IceCube best fit, it improves significantly

once we include the t-channel resonant absorption in the analysis. The χ2 value for the

IceCube best fit is 21.9 and the same for our benchmark points is shown in Tab. 3.1.

BP1 BP2

Without Absorption 49.25 38.55

With Absorption
NH IH NH IH

7.23 7.17 6.86 6.72

Table 3.1: The goodness-of-fit for our all benchmark points is shown here. The numerical

entries are the χ2 values.

3.4 Neutrino Mass: Type-I Low Scale See-Saw

With no lepton number conservation imposed, ν2HDM allows Majorana mass generation

of neutrinos with a low scale seesaw mechanism. The added three right handed neutrinos

are gauge singlet Majorana neutrinos NR,β , all of which transform as odd under the Z2

symmetry. With all the SM fermions being Z2 invariant, the Yukawa interaction in this

model in the flavor basis takes the form,

LY = Y d
αβQ̄L,αΦ1dR,β+Y u

αβQ̄L,αΦ̃1uR,β+Y l
αβL̄L,αΦ1lR,β+Y ν

αβL̄L,αΦ̃2NR,β+h.c. (3.22)

If we restrict our model to only one right handed Majorana neutrino NR, then the relevant

Yukawa and mass terms of the right handed neutrino in the mass basis of the SM neutrinos

are written as,

L = yiL̄iΦ̃2NR +
mR

2
NRNR. (3.23)
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Here the Yukawa couplings yi are mixture of flavor basis Yukawas Yαβ for one particular

right handed Majorana neutrino. The neutrino mass matrix takes the form:

Mνi =

 0
yiv2√

2
yiv2√

2

mR

2

 . (3.24)

Diagonalizing this matrix we compute Majorana neutrino mass term as:

Lνi = mνiνiLνiL

with

mνi =
y2
i v

2
2

mR

. (3.25)

With a Yukawa coupling yi ∼ O(1), we get the Majorana neutrino mass of 0.1 eV for

v2 ≈ 1 keV with right handed neutrino mass mR ∼ 10 MeV. This type of low scale

seesaw mechanism was first proposed in the Ref. [205].

Figure 3.9: Majorana neutrino mass generation through seesaw mechanism.

3.5 Singlet Dark Matter

We extend the model of Sec. 3.2 to include a gauge singlet scalar χ which is odd under

Z2 symmetry. The scalar potential is now modified with the addition of

VDM =
1

2
m2
χχ

2 +
λχ
4!
χ4 + λΦ†2Φ2χ

2 (3.26)

3.5.1 Relic Density

Based on the structure of the model explained in Sec. 3.2, DM-DM annihilation to the

SM particles through SM Higgs H is kinematically suppressed because of the relatively
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high Higgs mass. DM can annihilate to SM fermions and neutrinos through the CP even

scalar of Φ2. The annihilation to the SM fermions (except νL) is suppressed due to the

smallness of tan β. As a result, the only process which contributes significantly to the

relic density is the annihilation of DM into neutrinos through light mediator h as given in

Fig. 3.10. The annihilation cross section for this process is given by

Figure 3.10: DM annihilation into neutrinos

σ(s) =
λ2y2

8πs

(s− 4m2
ν)

3/2√
s− 4m2

χ

1

(s−m2
h)

2
(3.27)

where s is the Mandelstam variable and λ is the effective coupling shown in Fig. 3.10.

The relic abundance of DM is calculated as

Ωh2 =
2.14× 109GeV −1

√
g∗MPl

1

J(xf )
(3.28)

where MPl = 1.22 × 1019 GeV is the Planck Mass, g∗ = 106.75 is the total number of

effective relativistic degrees of freedom and J(xf ) is given as

J(xf ) =

∫ ∞
xf

< σv > (x)

x2
dx (3.29)

and the thermal averaged cross section < σv > (x) is given as

< σv > (x) =
x

8m5
χK

2
2(x)

∫ ∞
4m2

χ

σ(s)× (s− 4m2
χ)
√
sK1(

x
√
s

mχ

)ds (3.30)

where K1, K2 are modified Bessel functions, x =
mχ

T
where T is the temperature.

The x parameter corresponding to the freeze out temperature of DM is analytically given

as

xf = ln

(
0.038gMPlmχ < σv > (xf)

(g∗xf)1/2

)
(3.31)

where g = internal degrees of freedom of DM particle. The relic density of DM is thus

calculated by using Eq. 3.27 in Eq. 3.28 and its variation with mediator mass and DM

mass is shown in Fig. 3.11.
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Figure 3.11: DM relic density with dark matter mass (left) and mediator mass (right).

The black line shows the relic density observed by Planck.

3.5.2 Self-interaction of DM

Despite being extremely successful model for the large scale structure of the Universe,

CDM model faces discrepancies at small scales such as, core-cusp problem, missing

satellites problem, too-big-to-fail problem and diversity problem. A promising alterna-

tive to the CDM scenario, first proposed in [206] to solve core-cusp problem and missing

satellites problem, is self interacting dark matter (SIDM). We refer the reader to [207]

for a detailed review of SIDM and for the solution to the above mentioned problems in

the SIDM scenario. The N-body simulations of DM self interaction [208] suggests DM

to have a more Maxwellian distribution as compared to the CDM. Also the presence of

self-interaction reduces the density of DM in the central region of halos which results

in core [209] instead of a cusp as it is in the CDM halos [210]. As a consequence of

self-interaction, SIDM halos are also negligibly elliptical as compared to the CDM ha-

los [209]. In summary, all these can be understood just by considering the self scattering

rate of DM particles,

Rscat =
σvrelρDM

mχ

(3.32)

where ρDM and vrel respectively are the DM density and characteristic relative velocity

of DM at a particular scale, with mχ and σ being DM mass and self scattering cross

section respectively. Since ρDM and vrel are different at different scales, the ratio σ/mχ
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needed to explain the observations would depend on the observation scale. SIDM N-body

simulations [211] predict σ/mχ ∼ 1cm2/g on galaxy scales and σ/mχ ∼ 0.1cm2/g on

cluster scales.

In our model we allow 2→ 2 elastic self scattering of DM particles, which allows the

deviations from the CDM predictions. The 2 → 2 DM scattering takes place through h

and there is also a 4-point scattering of DM particles. The interaction diagrams are shown

in Fig. 3.12. The ratio σ/mχ is given as

Figure 3.12: Self interaction of dark matter

σ =
1

64πm2
χ

[
λχ −

(λv2)2

(4m2
χ −m2

h)

]2

(3.33)

The σ/mχ constraint will be satisfied in this model for allowed parameter space of

λ,mh and mχ, varying the free parameter λχ.

3.6 Discussion and Conclusion

A single power law flux of cosmic ray neutrinos cannot fit the event spectrum observed

by the IceCube neutrino observatory. The cross section of the Glashow resonance process

ν̄ee
− is larger than the neutrino nucleon interaction at energy around 6.3 PeV. Therefore, a

dramatic increase in the number of events at this energy is expected, however IceCube has

not seen any events at this energy until now. In this chapter, we discussed a phenomenon

that can explain the absence of Glashow resonance at IceCube neutrino detector. We

discussed a scenario where cosmic ray neutrinos are absorbed by cosmic neutrino back-

ground, therefore causing multiple dips in the cosmic ray neutrino flux, which correspond

to three different neutrino mass eigenstates present in cosmic neutrino background.

We use ν2HDM which, in addition to SM fields, contains a second Higgs and 3 right-

handed neutrinos. This model allows us to have a t-channel process in which a cosmic ray
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neutrino interacts with the cosmic neutrino background neutrino. The vev of the second

Higgs is so chosen that the mixing between the two Higgs is very small.

The occurance of the dip in the flux due to CRν-CνB interaction is set by the condition

mνEν = m2
h and strength of the dip depends on the Yukawa coupling yi whereas the

position of the dip depends on the mass of the right-handed neutrinos. However, due

to different mass splittings, position and depth of the dips are different in normal and

inverted mass hierarchies. Hence, the occurrence of dips in the neutrino flux is tuned to

the energy of the expected GR events, explaining their absence at the IceCube. To obtain

a appropriate dip at the Glashow bins (5-10 PeV) in the IceCube event specturm we chose

mh ∼ 10 MeV, mR ∼ 10 MeV and yi ∼ 1. The same values for mR and yi with v2 ∼ 1

keV are used to obtain the O(0.1)eV Majorana neutrino mass through a very low scale

type I seesaw mechanism. We next extended the ν2HDM with a siglet scalar dark matter

χ which, having the same Z2 charge as Φ2, couples only to second Higgs. We find that

the same value for the mass of second Higgs (mh = 10 MeV) that generates suitable dips

at the Glashow bins also mediates the DM annihilation to νL-NR pair to give the correct

relic density and DM self interaction.

The t-channel neutrino absorption phenomenon can be altered to fit presence of few

events in the high energy bins as indicated by more recent IceCube results with nine year

data [212].



Chapter 4

Cosmological Tensions and Dark

Energy Models

The main conceptual problem with ΛCDM model is that there is no explanation of the

origin and the unusually small value of the cosmological constant (Λ). One popular class

of models which addresses this is the f(R) gravity [213] models, in which the cosmolog-

ical constant is generated dynamically from the curvature. The Hu-Sawicki f(R) gravity

model is one such model which gives explanation for coincidence problem and also satis-

fies the constraints from solar system tests [213]. One may also take a phenomenological

approach of generalizing the cosmological constant to a dynamical variable and deter-

mine from observation how it changes in time. An example of this is the DDE model

which also avoids the problem of phantom crossing. For earlier works on cosmological

parameter estimation with DDE models and f(R) gravity models see [214–216].

In this chapter we constrain the cosmological parameters in HS Model and DDE

model. We primarily focus on H0 and σ8 tension between Planck data and LSS data.

In Hu-Sawicki model, we find that the tension in σ8 between Planck-CMB and LSS ob-

servations worsens in the HS model compared to the ΛCDM model. Whereas in DDE

model the σ8 tension is eased as compared to ΛCDM model. Interestingly, in both the

models the H0 is relieved just by adding a massive neutrinos in the picture, a result earlier

obtained within the premises of ΛCDM model [52]. We also provide bounds on neutrino

masses in both these models.

In Sec. 4.1 we briefly discuss the Hu-Sawicki f(R) model and the modification in the

41
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evolution equations. In Sec. 4.2 we describe the phenomenological parametrization of

DDE model. We describe the role of massive neutrinos in cosmology and their evolution

equations in Sec. 4.3. In Sec. 4.4 matter power spectrum and it’s relation to σ8 has been

discussed briefly. We also explain the effect of HS, DDE model parameters and massive

neutrinos on the matter power spectrum in this section. The data sets used and analyses

done is summarized in Sec. 4.5. We conclude with discussion in Sec. 4.6.

4.1 f(R) Theory

Scalar-tensor theories are generalized Brans-Dicke [217] theories described by the general

action

Sst =

∫
d4x
√
−g̃
( R̃

16πG
−1

2
g̃µν∂µφ∂νφ− V (φ)

)
+ Sm(gµν , ψ),

(4.1)

where Sm(gµν , ψ) is the action for the matter fields, gµν is Jordan frame metric and g̃µν is

Einstein frame metric which are related by the conformal transformation gµν = A2(φ)g̃µν ,

and φ is the scalar field which couples to Einstein metric as well as to matter fields ψ. Due

to the presence of the scalar field the force of gravitation on a test particle in a gravitational

field gets modified to

~F = −~∇Ψ− d lnA(φ)

dφ
~∇φ , (4.2)

and therefore the dynamics is governed by an effective potential

Veff(φ) = V (φ) + (A(φ)− 1)ρ, (4.3)

where Ψ is Newtonian potential and ρ is density.

The interaction between the scalar field and the matter field would violate the Ein-

stein Equivalence Principle [218] and signatures of this coupling would appear in non-

gravitational experiments based on universality of free fall and local Lorentz symme-

try [219] in the matter sector. These experiments put severe constraints on the presence

of a scalar field which can be satisfied either by making the coupling of the scalar field

with the matter field very small or by completely hiding the interaction through some

mechanism. One such mechanism is called chameleon mechanism [220] in which V (φ)
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and A(φ) are chosen in such forms that Veff (φ) has density dependent minimum, i.e.,

Veff (φ)min = Veff (φ(ρ)). The required screening is achieved if either the coupling is very

small at the minimum of Veff (φ) or the mass of the scalar field is extremely large. If the

scalar field stays at its density dependent minimum, φ(ρ), the theory can be parametrized

into two functions, the mass function m(ρ) and the coupling β(ρ) at the minimum of the

potential [221, 222]
φ(ρ)− φc
mPl

=
1

m2
Pl

∫ ρc

ρ

dρ
β(ρ)

m2(ρ)
, (4.4)

where mPl is the Planck mass. The mass of the scalar field m(ρ) and the coupling param-

eter β(ρ) are respectively given as

m2(ρ) =
d2Veff

dφ2
|φ=φ(ρ) (4.5)

β(ρ) = mPl
d lnA

dφ
|φ=φ(ρ). (4.6)

Simplest modified gravity model is the f(R) gravity [31, 32, 223] in which the Lagrangian

density is promoted to a non linear functions of R from just R in GR. The general action

for an f(R) theory is given as

S =
1

16πG

∫
d4x
√
−g (f(R)) + Sm(gµν , ψ). (4.7)

The scalar degree of freedom in the f(R) theories has been utilized as the quintessence

field to explain DE. It has been shown [223, 224] that f(R) theory is the equivalent to a

scalar-tensor theory with an equivalence relation

fR = e−2β0φR/mPl , (4.8)

and potential corresponding to extra scalar degree of freedom

V (φR) =
m2

Pl

2

RfR − f(R)

f 2
R

, (4.9)

where fR = ∂f/∂R.

4.1.1 Hu-Sawicki Model

The model that we choose for this purpose is the popular Hu-Sawicki f(R) gravity, that

was introduced in [213] and represents one of the few known viable functional forms of
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f(R) that evade the constraints from solar system tests of gravity. Cosmological scenarios

such as non-linear structure formation via N-body simulation and astrophysical scenarios

such as of this model are studied in [225–229]. In HS model the modification in the action

is given as

f(R) = R− 2Λ− fR0

n

Rn+1
0

Rn
, (4.10)

where R ≥ R0 and R0 is the curvature at present. Here fR0 and n are the free parameters

of the HS model. Using equivalence relation Eq. 4.8 and Eq. 4.9, we find that

V (φR) = Λ +
n+ 1

n
fR0R0

(
−2β0φR
mPlfR0

)n/(n+1)

(4.11)

The coupling function β(a) is constant for all the f(R) models i.e β(a) =
1√
6

,

whereas the mass function m(a) is a model dependent quantity [221, 222, 230]. In par-

ticular for the HS model, for which form of f(R) is given by Eq. 4.10, we have mass

function

m(a) = m0

(
4ΩΛ + Ωma

−3

4ΩΛ + Ωm

)(n+2)/2

, (4.12)

with

m0 = H0

√
4ΩΛ + Ωm

(n+ 1)fR0

, (4.13)

These parameters contains all the information of the model, where ΩΛ and Ωm are the

matter density fraction for dark energy and matter today. In the next subsection, we will

derive the evolution equations in terms of these parameters.

4.1.2 Evolution Equations

In ΛCDM model based on GR the evolution of metric perturbation potentials and density

perturbations is given by the following linearized equations,

k2Φ = −4πGa2ρδ (4.14)

k2(Φ−Ψ) = 12πGa2(ρ+ P )σ, (4.15)

δ′′ +Hδ′ − 4πGa2ρδ = 0 (4.16)

Where ′ denotes the derivative with respect to the conformal time, δ is the co-moving

density contrast and Φ and Ψ are the space-time dependent perturbations parametrized
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into the FRW metric,

ds2 = −(1 + 2Φ)dt2 + a2(t)(1− 2Ψ)δijdx
idxj. (4.17)

In models other than the ΛCDM model the evolution equations be different form. This

change is parametrized in several ways in the literature [231–235]. In this chapter, we use

the parametrization introduced in [231], which changes the evolution equations to

k2Ψ = −4πGa2µ(k, a)ρδ (4.18)

Φ

Ψ
= γ(k, a), (4.19)

where µ(k, a) and γ(k, a) are two scale and time dependent functions introduced to in-

corporate any modified theory of gravity. Note the appearance of Ψ instead of Φ in the

first equation. In the quasi-static approximation µ(k, a) and γ(k, a) can be expressed as

[221]

µ(k, a) = A2(φ)(1 + ε(k, a)), (4.20)

γ(k, a) =
1− ε(k, a)

1 + ε(k, a)
, (4.21)

where

ε(k, a) =
2β2(a)

1 +m2(a)a
2

k2

. (4.22)

Modification in the evolution of Ψ and Φ in turn modifies the evolution of matter pertur-

bation as

δ′′ +Hδ′ − 3

2
ΩmH2µ(k, a)δ = 0 (4.23)

whereH = a′/a.

4.2 Dynamical Dark Energy Model

The current measurements of cosmic expansion [236–238], indicate that the present Uni-

verse is dominated by dark energy (DE). The most common dark energy candidate is

cosmological constant Λ representing a constant energy density occupying the space ho-

mogeneously. The equation of state parameter for DE in cosmological constant model

is wDE =
PDE
ρDE

= −1. However a constant Λ makes the near coincidence of ΩΛ and

Ωm in the present epoch hard to explain naturally. This gives way for other models of
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DE such as quintessence [239–241], interacting dark energy [242] and phenomenologi-

cal parametrization of DE as in DDE models. The DDE models provide generalizations

of ΛCDM cosmology to consider a time dependent equation of state parameter of the

underlying dark energy fluid, which eventually gives extra parameters to reconstruct a

cosmological history better fitting to the observed data. There are several parameteriza-

tions of the DDE approach available in the literature, see [243–254] and the references

therein. In general, the phenomenological DE equation of state parameter is taken to be a

variable, dependent on the scale factor (equivalently time or redshift),i.e.,

wDE(z) =
∑
n

wnx(z), (4.24)

where wn are parameters fixed by observations and x(z) is function of redshift. The most

commonly followed w(z) dependence are phantom fields(w(z) < −1) and non phantom

field(−1 ≤ w(z) ≤ 1). Energy density of each component of the Universe follows the

continuity equation

ρ̇i = 3H(pi + ρi) (4.25)

where pi and ρi are pressure and density of the species i, related by pi = wiρi. Now for a

DDE with wi = wDE(z), the solution of Eq. 4.25 gives

ρDE(z) = ρDE,0(1 + z)3 exp

(
−3

∫ z

0

wDE(z)dz

)
(4.26)

The above equation gives the evolution of DE in the DDE model parameterized bywDE(z).

For our comparative analyses we use the Chavallier-Polarski-Linder (CPL) [243, 244]

parametrization of DDE in this chapter. The equation of state parameter for DE in CPL

parametrization is

wDE(z) = w0 + wa
z

z + 1
, (4.27)

where w0 and wa are the CPL parameters. This parametrization describes a non phantom

field when wa + w0 ≥ −1 and w0 ≥ −1. Choosing w0 = −1 and wa = 0, Eq. 4.27 gives

back the ΛCDM model. As a result of this parametrization the evolution of DE density,

Eq. 4.26, scaled by the critical density, gives the evolution of the DE density fraction as

ΩDE(z) = ΩDE,0(1 + z)3(1+wo+wa)e−3wa
z
z+1 , (4.28)

where ΩDE,0 is the DE density at present.
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4.3 Massive Neutrino in Cosmology

Neutrinos play an important role in the evolution of the Universe. Neutrinos being mas-

sive can affect the background as well as matter perturbation which in-turn can leave its

imprint on cosmological observations. In the early Universe, neutrinos are relativistic and

interact weakly with other particles. As the temperature of the Universe decreases, the

weak interaction rate becomes less than the Hubble expansion rate of the Universe and

neutrinos decouple from rest of the plasma. Since neutrinos are relativistic, their energy

density after decoupling is given [255, 256]

ρν =

[
7

8

(
4

11

)4/3

Neff

]
ργ , (4.29)

where ργ is the photon energy density. Neff is the effective number of relativistic neutrinos

at early times which is theoretically predicted to be 3.045 [257] and estimated from CMB

observation to be 2.99±0.17 [128]. When the temperature of the Universe goes below the

mass of the neutrinos, they turn into non-relativistic particles.The energy density fraction

of neutrinos in the present Universe depends on the sum of their masses and is given as

Ων =

∑
mν

eV

1

93.1h2
, (4.30)

where
∑

mν is the sum of neutrino masses. Neutrinos in the present Universe contribute

a very small fraction of energy density however they can affect the formation of structure

at large scales.

After neutrinos decouple, they behave as collisionless fluid with individual particles

streaming freely. The free streaming length is equal to the Hubble radius for the rela-

tivistic neutrinos, whereas non-relativistic neutrinos stream freely on the scales k > kfs,

where kfs is the neutrino free-streaming scale. On the scales k > kfs, the free-streaming of

the neutrinos damp the neutrino density fluctuations and suppress the power in the matter

power spectrum. On the other hand neutrinos behave like cold dark matter perturbations

on the scales k < kfs. [255, 256]
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Figure 4.1: Matter power spectrum in HS, DDE and ΛCDM model.

4.3.1 Evolution Equations for Massive Neutrinos

Decoupled massive neutrinos obey the collision-less Boltzmann equation, therefore we

solve the Boltzmann equation for the neutrinos to get their evolution equations. The

energy momentum tensor for neutrinos is given as

Tµν =

∫
dP1dP2dP3(−g)−1/2PµPν

P 0
f(xi, Pj, τ) , (4.31)

where f(xi, Pj, τ) and Pµ are the distribution function and the four momentum of neutri-

nos respectively. We expand the distribution function around the zeroth-order distribution

function f0 as

f(xi, Pj, τ) = f0(q)[1 + χ(xi, Pj, τ)], (4.32)

where χ is the perturbation in the distribution function. Using Eq. 4.31 in Eq. 4.32 and

equating the zeroth order terms, we get the unperturbed energy density and pressure for

neutrinos

ρ̄ = 4π a−4

∫
q2dqεf0(q), P̄ =

4πa−4

3

∫
q2dq

q2

ε
f0(q). (4.33)
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Similarly, We get the perturbed quantities by equating the first order terms

δρ = 4π a−4

∫
q2dqεf0(q)χ,

δP =
4πa−4

3

∫
q2dq

q2

ε
f0(q)χ.

δT 0
i = 4π a−4

∫
q2dqqnif0(q)χ,

δΣi
j =

4πa−4

3

∫
q2dq

q2

ε
(ninj −

1

3
δij)f0(q)χ,

(4.34)

where qi = qni is the co-moving momentum and ε = ε(q, τ) =
√
q2 +m2

νa
2. It is clear

from Eq. 4.34 that we can not simply integrate out the q dependence as ε is the function of

both τ and q. Hence, we will use the Legendre series expansion of the perturbation χ to

get the perturbed evolution equations for the massive neutrino. Legendre series expansion

of the perturbation χ is given as

χ(~k, n̂, q, τ) =
∞∑
l=0

(−i)l(2l + 1)χl(~k, q, τ)Pl(k̂.n̂) , (4.35)

where Pl(k̂.n̂) are the Legendre polynomials. Using Eq. 4.35 in the Eq. 4.34, we get the

perturbed evolution equations for the massive neutrino [258]

δρh = 4πa−4

∫
q2dqεf0(q)χ0 ,

δPh =
4π

3
a−4

∫
q2dq

q2

ε
f0(q)χ0 ,

(ρ̄h + P̄h)θh = 4πka−4

∫
q2dqqf0(q)χ1 ,

(ρ̄h + P̄h)σh =
8π

3
a−4

∫
q2dq

q2

ε
f0(q)χ2 , (4.36)

where the Boltzmann equation governs the evolution of χl. In the Newtonian gauge Boltz-

mann equations for χl are given as

χ̇0 = −qk
ε
χ1 − Φ̇

d ln f0

d ln q
,

χ̇1 =
qk

3ε
(χ0 − 2χ2)− εk

3q
Ψ
d ln f0

d ln q
,

χ̇l =
qk

(2l + 1)ε
[lχl−1 − (l + 1)χl+1] , for, l ≥ 2. (4.37)
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4.4 Matter Power Spectrum and σ8

In this section we discuss the effect of massive neutrinos, HS model parameters and DDE

model parameters on the matter power spectrum and σ8. Matter power spectrum is a

scale dependent quantity defined as the two-point correlation function of matter density,

P (k) = knsT 2(k)D2(a). Where T (k) is the matter transfer function, D(a) is the lin-

ear growth factor and ns is the tilt of the primordial power spectrum. Also, the r.m.s.

fluctuation of density perturbations in a sphere of radius r is defined as

σ(r, z) =

[
1

2π2

∫ ∞
0

dkk2P (k, z)|W (kr)|2
]1/2

, (4.38)

where r is related to mass by r = (3M/4πρm(z = 0))1/3 with ρm(z = 0) being the matter

density of the Universe at present epoch. Here W (kr) = 3(sin kr − kr cos kr)/(kr)3 is

the filter function. This is a scale dependent quantity. The r.m.s. fluctuation of density

perturbations on scale 8 h−1Mpc is called σ8(z).

We use CAMB [259] to generate the matter power spectrum for DDE model, whereas

we use MGCAMB [231, 232] to obtain the matter power spectrum for HS model. In order

to see the effect of modified gravity models and massive neutrinos we plot matter power

spectrum for some benchmark values of
∑

mν , HS model parameters and DDE model

parameters. The power spectra are shown in Fig. 4.1.

• As we discussed in Sec. 4.3, massive neutrinos stream freely on the scales k > kfs

and they can escape out of the high density regions on those scales. The perturba-

tions on length scales smaller than neutrino free streaming length will be washed

out and therefore power spectrum gets suppressed on these scales. Neutrino mass

cuts the power at length scales even larger than the 8 h−1Mpc which requires a

large Ωm which in turn disfavors the compatibility of σ8 − Ωm between the two

observations.

• DDE cuts the power spectrum at all length scales. Since, in the DDE model, dark

energy density increases with the redshift, therefore, in the early time when the dark

energy density is large, the power cut is more prominent at small scales.
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Figure 4.2: The 1-σ and 2-σ contours in σ8 −Ωm parameter space for ΛCDM, DDE and

HS model with
∑

mν = 0.06eV are shown here. It is shown that the σ8 discrepancy

worsens in the HS model whereas in DDE model the descrepancy is somewhat relieved.

• On the other hand, the power spectrum gets affected in an opposite manner for HS

model as the power increases slightly on small length scales.

4.5 Datasets and Analysis

As discussed in Sec. 2.4 there is a discrepancy in the values of H0 and σ8 reported by the

large scale surveys and Planck CMB observations. In this section we examine these ten-

sions through a comparative analysis of three cosmological models, namely ΛCDM, HS

and DDE model. For analyzing these models, we use Planck CMB observations [96] for

temperature anisotropy power spectrum over the multipole range ` ∼ 2−2500 and Planck

CMB polarization data for low ` only. We refer to these data sets combined as Planck data.

We also use the baryon acoustic oscillations(BAO) data from 6dF Galaxy Survey [146],

BOSS DR11 [98, 147] and SDSS DR7 Main Galaxy Sample [100]. In addition we use

the cluster count data from Planck SZ survey [148], lensing data from Canada France

Hawaii Telescope Lensing Survey (CFHTLens) [149, 150] and CMB lensing data from

Planck lensing survey [151] and South Pole Telescope (SPT) [152, 153]. We also use the

data for Redshift space distortions (RSD) from BOSS DR11 RSD measurements [154].

We combine Planck SZ data, CFHTLens data, Planck lensing data, SPT lensing data and
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RSD data and refer them as LSS data. We perform Markov Chain Monte Carlo (MCMC)

analysis for ΛCDM, HS and DDE model with both Planck+BAO and LSS data. We use

CosmoMC [260] to perform the MCMC analysis for ΛCDM and DDE model and add

MGCosmoMC patch [231, 232] to it for HS model. MGCosmoMC patch includes the

µ(k, a) and γ(k, a) parametrization discussed in Sec. 4.1.

1.5 1.2 0.9 0.6 0.3 0.0 0.3 0.6
w0

2.4

1.6

0.8

0.0

0.8

w
a

Planck+BAO_DDE
LSS_DDE

planck_BAO_DDE_w0_wa
LSS_VDE_w0_wa

Figure 4.3: Parameter space for w0 and wa allowed by Planck+BAO and LSS data. Blue

and Blue dashed lines correspond to w0 +wa = −1 and w0 = −1 respectively. The region

above these lines is the non-phantom region.

In our analysis for ΛCDM model we have total six free parameter which are standard

cosmological parameters namely, density parameters for cold dark matter (CDM) Ωc and

baryonic matter Ωb, optical depth to re-ionization τreio, angular acoustic scale ΘMC, am-

plitude As and tilt ns of the primordial power spectrum. We fix
∑

mν = 0.06eV to

satisfy the neutrino oscillation experiments results. We also have two derived parameters

H0 and σ8. First we perform MCMC analysis with Planck+BAO data with these param-

eters and get constraints for each parameter. Next, we run the MCMC analysis with LSS

data for ΛCDM model. Since τreio does not affects the LSS observation therefore we also

use the best fit value of τreio = 0.08, obtained from analyses with Planck+BAO data, as

fixed prior. We have listed all the parameters with flat in Tab. 4.1. These analyses give

σ8 = 0.829±0.015 for the Planck+BAO data and σ8 = 0.7917±0.0074 and for LSS data.
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Figure 4.4: The 1-σ and 2-σ contours in σ8 − Ωm parameter space for ΛCDM, DDE

and HS model with varying
∑

mν are shown here. It is shown that the σ8 discrepancy

worsens in the HS model whereas in DDE model the descrepancy is somewhat relieved.

Parameters Planck+BAO LSS

Ωch
2 [0.001, 0.99] [0.001, 0.99]

Ωbh
2 [0.005, 0.1] [0.005, 0.1]

τreio [0.01, 0.8]

100ΘMC [0.5, 10] [0.5, 10]

ln(1010As) [2, 4] [2, 4]

ns [0.8, 1.2] [0.8, 1.2]∑
Mν [0, 5.0] [0, 5.0]

log10 fR0 [-9.0,10] [-9.0,10]

Table 4.1: Parameters with flat prios are listed in this table.

We plot the parameter space σ8 − Ωm, obtained from two different analysis (Fig. 4.2). It

is clear from the Fig. 4.2 that there is a mismatch between the values of σ8 inferred from

Planck+BAO data and that from LSS data.

In our analysis for HS model we have eight free parameter of which six are standard

cosmological parameters, two are HS model parameters namely, fR0 and n as defined in

Sec. 4.1. Here we fix n = 1 and allowed fR0 to vary in the range [10−9,10]. We repeat
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Figure 4.5: The triangle plot showing 1-σ and 2-σ contours of all the parameters for

ΛCDM model with
∑

mν = 0.06eV is shown here.
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Figure 4.6: The triangle plot showing 1-σ and 2-σ contours of all the parameters for DDE

model with
∑

mν = 0.06eV is shown here.
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Figure 4.7: The triangle plot showing 1-σ and 2-σ contours of all the parameters for HS

model with
∑

mν = 0.06eV is shown here.
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Figure 4.8: The triangle plot showing 1-σ and 2-σ contours of all the parameters for

ΛCDM model with
∑

mν as free parameter is shown here.
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Figure 4.9: The triangle plot showing 1-σ and 2-σ contours of all the parameters for DDE

model with
∑

mν as free parameter is shown here.
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Figure 4.10: The triangle plot showing 1-σ and 2-σ contours of all the parameters for HS

model with
∑

mν as free parameter is shown here.
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Figure 4.11: Bounds on the Neutrino mass in DDE, HS and ΛCDM models with Planck

and LSS data.

Parameter ΛCDM DDE HS

Planck+BAO LSS Planck+BAO LSS Planck+BAO LSS

Ωbh
2 0.02227± 0.00020 0.02274± 0.00081 0.02236± 0.00020 0.02292± 0.00080 0.02243± 0.00022 0.02225± 0.00070

Ωch
2 0.1190± 0.0013 0.1159± 0.0016 0.1178± 0.0013 0.1146± 0.0016 0.1185± 0.0013 0.1153± 0.0015

100θMC 1.04098± 0.00042 1.0425± 0.0011 1.04116± 0.00042 1.0427± 0.0011 1.04108± 0.00043 1.0419± 0.0010

τreio 0.081± 0.018 0.08 0.086± 0.018 0.086 0.063± 0.020 0.65

ln(1010As) 3.094± 0.035 3.080± 0.012 3.101± 0.036 3.095± 0.011 3.058± 0.041 3.053± 0.011

ns 0.9673± 0.0044 0.905± 0.019 0.9701± 0.0045 0.910± 0.019 0.9691± 0.0047 0.941± 0.011

H0 67.65± 0.57 69.81+0.73
−0.82 66.02± 0.52 67.98± 0.72 68.00± 0.61 69.26± 0.72

Ωm 0.3102± 0.0077 0.2862± 0.0071 0.3230± 0.0077 0.2991± 0.0073 0.3062± 0.0079 0.2882± 0.0071

σ8 0.829± 0.015 0.7917± 0.0074 0.808± 0.015 0.7745± 0.0074 1.10+0.12
−0.030 0.7948± 0.0068

S8 0.840± 0.018 0.7732+0.0139
−0.0119 0.834± 0.018 0.7732+0.0141

−0.0122 1.105+0.110
−0.020 0.7790+0.0137

−0.0119

Table 4.2: The best fit values with 1-σ error for all the parameters with fixed
∑

mν ,

obtained from the MCMC analyses for all the models considered are listed here.

the whole procedure to do the analysis with Planck+BAO and LSS data for HS model and

obtain constraints for each parameter. Similar to the analysis for ΛCDM model, in the

analysis of this model with LSS data, we fixed the τreio = 0.065. The best fit values for σ8

in this analysis are 1.10+0.12
−0.030 with Planck+BAO data and 0.7948± 0.0068 with LSS data.

We plot the parameter space σ8−Ωm, obtained from analysis with two different data sets,

see Fig. 4.2. We found that tension between the values of σ8 inferred from Planck+BAO

data and that from LSS data is increases.
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Parameter ΛCDM DDE HS

Planck+BAO LSS Planck+BAO LSS Planck+BAO LSS

Ωbh
2 0.02228± 0.00020 0.02277± 0.00080 0.02236± 0.00020 0.02283± 0.00081 0.02254± 0.00025 0.02216+0.00064

−0.00073

Ωch
2 0.1188+0.0015

−0.0014 0.1141± 0.0018 0.1177± 0.0014 0.1134± 0.0017 0.1172+0.0020
−0.0017 0.1139± 0.0017

100θMC 1.04097± 0.00042 1.0430± 0.0011 1.04114± 0.00042 1.0431± 0.0011 1.04120± 0.00045 1.0434± 0.0010

τreio 0.082+0.018
−0.020 0.082 0.086± 0.018 0.086 0.065± 0.021 0.065

ln(1010As) 3.096± 0.037 3.114± 0.015 3.101± 0.036 3.117± 0.015 3.058± 0.042 3.085± 0.014

ns 0.9676+0.0045
−0.0050 0.911± 0.019 0.9702± 0.0047 0.913± 0.019 0.9723+0.0053

−0.0060 0.943± 0.011

H0 67.56± 0.65 67.80± 0.99 66.05± 0.57 66.65± 0.97 67.64± 0.74 67.45± 0.96

Ωm 0.3112± 0.0082 0.306± 0.010 0.3227± 0.0079 0.314± 0.011 0.3096± 0.0089 0.307± 0.010

σ8 0.826+0.022
−0.017 0.735± 0.028 0.809+0.019

−0.016 0.735± 0.020 1.115+0.091
−0.034 0.743± 0.020

Σmν < 0.157 0.364± 0.095 < 0.116 0.275± 0.095 < 0.318 0.333± 0.093

S8 0.838± 0.022 0.7431+0.0201
−0.0181 0.835± 0.020 0.7522+0.0201

−0.0172 1.127+0.089
−0.031 0.7522+0.0201

−0.0175

Table 4.3: The best fit values with 1-σ error for all the parameters with varying
∑

mν ,

obtained from the MCMC analyses for all the models considered are listed here.

Next we do the analysis for DDE model. In our analysis for DDE model, in addition

to the six standard parameters, we have two model parameters w0 and wa as defined in

Sec. 4.2 making a total of eight parameters. First we do the MCMC analysis for both the

data sets keeping wa and w0 as free parameters and get the 2-σ allowed ranges which are

shown in Fig. 4.3. Next we put the non-phantom constraints represented by blue lines

in Fig. 4.3. We see that the region allowed by both data sets satisfying the non phantom

conditions wa + w0 ≥ −1 and w0 ≥ −1 is very small and close to w0 = −0.9 and

wa = −0.1. Therefore we choose these values for our further analysis, and do MCMC

analysis scan over the remaining six parameters. We repeat the same procedure as we did

for ΛCDM and HS model. First we do analysis with Planck+BAO data and get constraints

on all the free parameters. In the analysis with LSS data, we fix τreio = 0.086 (This value

is obtained in the analysis with Planck+BAO data). We plot the parameter space σ8−Ωm,

obtained from analysis with two different data sets, see Fig. 4.2. We find that tension

between the values of σ8 values inferred from Planck+BAO data and that from LSS data

is somewhat alleviated in the DDE model. Constraints on σ8, H0, and other parameters

for each model are listed in Tab. 4.2.

Next, we use sum of massive neutrino
∑

mν as a free parameter and allow it to vary

in the range [0,5]eV in our analysis for all three models. We repeat the whole procedure

and obtain constraints for each parameter. We plot the parameter space σ8 −Ωm for each
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model, see Fig. 4.4. Constraints on
∑

Mν , σ8, H0 and other parameters for each model

are listed in Tab. 4.3. The triangle plots for all the three models with
∑

mν = 0.06eV are

shown in Figs. 4.5, 4.6 and 4.7. The triangle plots for all the three models with
∑

mν

as free parameter are shown in Figs. 4.8, 4.9 and 4.10. The corresponding 1σ and 2σ

contours for
∑

Mν are shown in Fig. 4.11.

4.6 Discussion and Conclusion

Galaxy surveys and CMB lensing measure the parameter σ8Ωα
m, where Ωα

m represents

a model dependent growth function. In ΛCDM α = 0.5 but it could be different for

other DM-DE models. In CMB measurement of temperature anisotropy spectrum Cl

and BAO determine Ωm. The discrepancy between the CMB and LSS measurement is

determined by the model dependent growth function Ωα
m. The growth function can thus

be used for testing theories of gravity and dynamical DE. In the present chapter we tested

HS and DDE models in the context of σ8 − Ωm observations. We find that in the HS

model the σ8 − Ωm tension worsens compared to the ΛCDM model. On the other hand

in the DDE model there is slight improvement in the concordance between the two data

sets. The discrepancy levels between values inferred from Planck+BAO and LSS data for

ΛCDM, DDE and HS model are listed in Tab. 4.4. We also find that adding active massive

neutrinos allows us to have larger value of Ωm. H(z) in H(z) = H0

√
Ωm(1 + z)3 + ΩΛ

is determined by the observation, therefore a larger value of Ωm brings down the H0

value to satisfy the observation. Thus, we find that the H0 tension between CMB and

LSS observations is resolved by using active massive neutrinos. However, this increases

the mismatch between H0 values obtained from LSS and SN-Ia observations. In all three

models, the ns values obtained in the analysis with LSS data is smaller as compared to

ns value obtained from Planck+BAO which gives rise to another tension between the two

data sets. The tilt of the primordial spectrum is calculated at a particular pivot scale(k∗).

In our analysis the pivot scale is 0.05 Mpc−1. The ns discrepancy may be due to the

fact that Planck data and LSS data have different pivot scale which can be a signature of

running tilt of the primordial spectrum. This can be checked in future works. The bounds

on neutrino mass become more stringent in the DDE model. In the HS model there is a
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loosening in the analysis with Planck data and not much effect in the analysis with the

LSS data. In conclusion we see that σ8 measurement from CMB and LSS experiments

ΛCDM DDE HS

With fixed
∑

Mν 1.722σ 1.522σ 1.793σ

With varying
∑

Mν 1.960σ 1.796σ 2.273σ

Table 4.4: The descrepancy level between the σ8 values inferred from Planck+BAO and

LSS data for ΛCDM, DDE and HS model are listed here.

can be used as a probe of modified gravity or quintessence models. Future observations

of CMB and LSS may shrink the parameter space for σ8 − Ωm and then help in selecting

the correct f(R) and DDE theory.





Chapter 5

Black Hole Observations and

Phenomenology

As mentioned in the Sec. 2.5, the EHT has measured the angular diameter of the BH

shadow to be 42± 3 µas [18–20] with an axis ratio of 4/3. The observation puts an upper

bound of 10% on the deviation from the circularity of the shadow of the M87* BH. A

deviation from circularity could be a sign of it being a non-Kerr BH. Several studies using

various non-Kerr black holes with origin either in general relativity or in string theory

have tried to explain the observed deviation [261–264].

In this chapter, we explore the possibility of the M87* being a Kerr-Sen black hole

(KSBH) [265] by assisting the EHT observation with the polarization measurements [266–

270] of the same. In the absence of any polarimetry data from the EHT we use polarimetry

studies given in ref. [266]. The analysis in [266] concludes that due to the large uncer-

tainties in the measurements it is difficult to distinguish between the Faraday rotation and

the internal rotation of the polarization angle. In case M87* is a KSBH, this rotation can

be due to axion-photon interaction in the vicinity of the BH [271].

There have been several studies on the features of a KSBH including lensing [272–

274], particle orbits [275], particle collision around KSBH [276], merger estimates [277]

null geodesics and photon capture to produce a shadow [278–284], cosmic censorship [285,

286] and comparison with other rotating charged black holes [278, 287–289].

This chapter is organized in the following manner. In Sec. 5.1, a brief introduction to

the KSBH is given. We calculate the trajectories of the null geodesics ending in unstable

65
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circular orbits to get the shadow of the KSBH in Sec. 5.2. In Sec. 5.3, we calculate the

rotation of the polarization of circularly polarized photons around the KSBH due to its

axion hair. Finally we conclude in Sec. 5.4 with discussions on the possible consequences

of the results.

5.1 Kerr-Sen Black Hole

The no-hair theorem states that all black hole solutions of the Einstein-Maxwell theory

can be completely characterized by only three parameters: mass, electric charge, and

angular momentum. As we know, the Kerr-Newman metric is a solution for a rotating

and charged black hole in the Einstein-Maxwell field equation. However, rotating and

charged black hole solutions can also be found in other theories, such as string theory.

Black holes in string theory can be coupled with other fields, such as the dilaton field,

Yang-Mills field, and antisymmetric tensor gauge field. The Kerr-Sen black hole is a

solution of the low-energy effective field theory [265] for heterotic string theory and is

also characterized by mass, electric charges, and angular momentum, which are similar

to those of the Kerr-Newman black hole. However, the geometry of the Kerr-Sen black

hole is different from that of the Kerr-Newman black hole. Apart from checking the

distinguishability of KSBH from KNBH, this particular chapter is motivated from the

fact that KSBH arises from string theory and hence testing KS metric is an indirect test of

string theory.

The KSBH is a rotating charged black hole which emerges as a solution to the low

energy 4-dimensional effective action of the heterotic string theory involving the dilaton,

a U(1) gauge field and an axion appearing through the Kalb-Ramond 3-form tensor. The

Kalb-Ramond field is made up of an axion field and the Chern-Simons term for the gauge

field assuming weak gravity in the region far away from the space-time singularity of

the KSBH. Due to this, axions become a natural hair of the black hole instead of being

a part of the cloud in the accretion disk. In [265], Sen constructed a rotating charged

black hole solution by applying certain transformations [290–305] on the Kerr black hole

solution [306]. The form of the heterotic string action used in [265] and written in the
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string frame is

S =

∫
d4x
√
Ge−φ̃

(
R̃′ − 1

12
H̃ ′2 − ∂′µφ̃∂µ′φ̃−

F̃ ′2

8

)
, (5.1)

where Gµν is the string frame metric and the prime on various quantities denotes the

string frame equivalents of the Ricci scalar R̃, the Kalb-Ramond 3-form H̃µνλ, the gauge

field F̃µν and φ is the dilatonic field used to make the conformal transformation from the

Einstein frame to the string frame. This is a low energy effective string action written

upto O(α′) where α′ is the inverse string tension. The low energy effective heterotic

string action in four dimensions upto O(α′) as given in [287] is

S =

∫
d4x
√
g

(
R

2κ2
− 6 e−2

√
2κφHµνλHµνλ −

1

2
∂µφ∂

µφ− α′

16κ2
e−
√

2κφFµνF
µν

)
,(5.2)

where Hµνλ is the Kalb-Ramond 3-form, R is the Ricci scalar and Fµν = ∂µAν − ∂νAµ is

the gauge field all in the Einstein frame while φ is the dilatonic field and κ2 = M−2
Pl . We

scale the action in Eq. 5.2 by 2κ2 and absorb the constants κ and α′ in the fields by the

following redefinitions

H̃µνλ = 12κHµνλ,

φ̃ =
√

2κφ, (5.3)

F̃µν =
√
α′Fµν ,

In terms of the new fields H̃µνλ, F̃µν and φ̃, the action in Eq. 5.2 becomes

S =

∫
d4x
√
g

(
R− 1

12
e−2φ̃H̃2 − ∂µφ̃ ∂µφ̃−

1

8
e−φ̃F̃ 2

)
. (5.4)

The action in Eq. 5.4 is also the exact Einstein frame equivalent of the Sen action given

in Eq. 5.1 obtained by transforming the string frame metric, Gµν , to the Einstein frame

metric, gµν by

Gµν = eφ̃gµν . (5.5)

We ignore terms with more than two derivatives in metric since we are interested in re-

gions far from a space-time singularity. This allows us to write the Kalb-Ramond 3-form

as just a fully antisymmetrized derivative of an axion field and the gauge field Chern-

Simons terms in the following manner

Hµνλ =
e
√

2κφ

6
√

2
εαµνλ∂

αχ− α′

32κ
√
g
A[µFνλ], (5.6)
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where χ is the axion field and the square brackets around the indices denote a cyclic sum

over the indices.

In the present case, we limit to the U(1) gauge field. Substituting Hµνλ in Eq. 5.2 in

favor of the axion and the gauge fields we get

S =

∫
d4x
√
g[
R

2κ2
− 1

2
∂µφ∂

µφ− 1

2
∂µχ∂

µχ− α′

16κ2
e−
√

2κφFµνF
µν

− α
′

8κ

6
√

2

4!
e−
√

2κφ ε
µνλσ

√
g
χFµνFλσ] (5.7)

such that the equations of motion are as given below:

�χ =
α′

8κ

6
√

2

4!
Fµν(

?F )µνe−
√

2κφ, (5.8)

�φ = −e−
√

2κφ

[√
2α′

16κ
FµνF

µν +

√
2α′

48
χFµν(

?F )µν

]
, (5.9)

∇µF
µν = − κ√

2
(∂αχ) (?F )αν (5.10)

The solution for φ and χ is proportional to α′. Therefore upto the leading order in

α′, we can switch e−
√

2κφα′ → α′ and neglect the second term inside the bracket in the

dilaton equation. The reduced equations of motion are:

�χ =
α′

8κ

6
√

2

4!
Fµν(

?F )µν , (5.11)

�φ = −
√

2α′

16κ
FµνF

µν , (5.12)

∇µF
µν = − κ√

2
(∂αχ) (?F )αν , (5.13)

where (?F )µν =
εµνλσ
√
g
Fλσ is the dual of Fµν , � is the d’Alembertian operator: � =

∇µ∇µ and∇µ is the covariant derivative operator. The action given in Eq. 5.4 admits the

following metric (named the Sen metric) as one of the inequivalent solutions obtained by

the twisting procedures shown in [290–305]:

ds2 = −(r2 + a2 cos2 θ − 2µr)(r2 + a2 cos2 θ)

(r2 + a2 cos2 θ + 2µr sinh2 α
2
)2

dt2

+
r2 + a2 cos2 θ

r2 + a2 − 2µr
dr2 + (r2 + a2 cos2 θ)dθ2

+{(r2 + a2)(r2 + a2 cos2 θ) + 2µra2 sin2 θ + 4µr(r2 + a2) sinh2 α

2
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+4µ2r2 sinh4 α

2
} × (r2 + a2 cos2 θ) sin2 θ

(r2 + a2 cos2 θ + 2µr sinh2 α
2
)2
dφ2

−
4µra cosh2 α

2
(r2 + a2 cos2 θ) sin2 θ

(r2 + a2 cos2 θ + 2µr sinh2 α
2
)2

dtdφ, (5.14)

and the field solutions are

χ = −Q2α
′

κ

a

GM

cos θ

r2 + a2 cos θ
, (5.15)

At = − 1√
α′

(
2µra sinhα sin2 θ

r2 + a2 cos2 θ + 2µr sinh2 α
2

)
, (5.16)

Aφ =
1√
α′

(
2µr sinhα

r2 + a2 cos2 θ + 2µr sinh2 α
2

)
, (5.17)

where the constants µ, α and a give the physical mass M , charge Q and angular momen-

tum J through multipole expansions of gtt, At and gtφ respectively in powers of 1/r,

GM =
µ

2
(1 + coshα) ,

√
α′Q =

µ√
2

sinhα, J =
aµ

2
(1 + coshα) . (5.18)

The metric in Eq. 5.14 has a space-time singularity at r = 0 bound by two horizons at r−

and r+ which encapsulate a rotating charged black hole, called the Kerr-Sen (KS) black

hole. In terms of M , Q and J , r± are

r± = GM − Q2

2M
±

√(
GM − Q2

2M

)2

− J2

M2
. (5.19)

The existence condition of the horizons (r± must be real and non-negative) gives a bound

for the mass, charge and rotation of the black hole inside the horizon(
GM − Q2

2M

)2

≥ J2

M2
, (5.20)

called horizon regularity condition which is shown in the Fig. 5.1 along with a comparison

of the horizon regularity for the charged rotating Kerr-Newman black hole (KNBH) aris-

ing from general relativity. A feature that distinguishes the KS black hole from the KNBH

is its increased intrinsic charge carrying capacity without falling into a naked singularity.

5.2 Black Hole Image and Deviation from Circularity

Photons coming from a light source behind the black hole are either scattered away or fall

into the black hole depending on their impact parameter from the black hole. The null
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Figure 5.1: The dashed line shows the region where r− = r+. This is the extremal value

where horizons can exist. The shaded region is where the black hole is bound by horizons

while the unshaded region depicts a naked singularity marked by an absence of horizons.

It’s also seen that the KSBH can carry more charge than the KNBH.

geodesics which describe the circular photon orbits around the black hole are specially

interesting because of their observational importance. These geodesics describe a capture

region which can be understood as the shadow of the black hole cast at an observer at

infinity in the impact parameter space [307–309]. This shadow can give information about

the space-time behavior in a region of strong gravity near a black hole. Calculations in

this section are done in geometric units with G = c = 1. For convenience, we use the

Boyer-Lindquist coordinates [310] as follows

∆ ≡ r(r + r0)− 2Mr + a2 , ρ2 ≡ r(r + r0) + a2 cos2 θ . (5.21)

In terms of these new coordinates, the KS metric in Eq. 5.14 can be written as

ds2 = −
(

1− 2Mr

ρ2

)
dt2 − 4Mra sin2 θ

ρ2
dtdϕ+

ρ2

∆
dr2 + ρ2dθ2

+

(
r(r + r0) + a2 +

2Mra2 sin2 θ

ρ2

)
sin2 θdϕ2, (5.22)

with r0 = Q2/M .
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5.2.1 Hamilton-Jacobi Equation

We use the formalism given in [311] to find the separate equations of motion. The

Hamilton-Jacobi equation is given by

2
∂S

∂λ
= gµν

∂S

∂xµ
∂S

∂xν
, (5.23)

where S(λ, xµ) is the Jacobian action and λ is the affine parameter. Motion of a test

particle in an axisymmetric space-time, such as Kerr-Sen space-time, has two conserved

quantities, angular momentum Lz with respect to the rotation axis of the black hole and

energy E, associated with two Killing vectors ∂φ and ∂t respectively. Since the Hamilto-

nian is also independent of the affine parameter λ, the solution for S can be separated in

terms of these to get

S =
1

2
m2λ− Et+ Lzφ+ Srθ(r, θ). (5.24)

Srθ can be further separated into Sr(r) and Sθ(θ) as the metric in Eq. 5.22 doesn’t have

any grθ term, to finally give [312]

S(λ, xµ) =
1

2
m2λ− Et+ Lzφ+ Sr(r) + Sθ(θ), (5.25)

where m is mass of the test particle.

Using Eq. 5.25 in Eq. 5.23 we get the separated radial and azimuthal parts of Hamilton-

Jacobi equation [307, 312]

∆2

(
dSr
dr

)2

= R(r)⇒ Sr(r) =

∫ r

dr′
√
R(r′)

∆
, (5.26)(

dSθ
dθ

)2

= Θ(θ)⇒ Sθ(θ) =

∫ θ

dθ′
√

Θ(θ′), (5.27)

with

R(r) =
[
−
{
r(r + r0) + a2

}
E + aLz

]2
−∆

[
Q+ (Lz − aE)2 +m2r(r + r0)

]
, (5.28)

Θ(θ) = Q−
(
L2
z csc2 θ − a2E2

)
cos2 θ −m2a2 cos2 θ, (5.29)

where Q is the constant of separation, also called the Carter constant [311].

Using the definitions pµ ≡ ∂S/∂xµ and ∂xµ/∂λ ≡ gµνpν we find the following

equations of motion for the radial and azimuthal motion of the particle

ρ4

(
dr

dλ

)2

= R(r), (5.30)
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ρ4

(
dθ

dλ

)2

= Θ(θ), (5.31)

ρ4

(
dφ

dλ

)2

=
1

∆2

[
2MarE + Lz csc2 θ (Σ− 2Mr) ,

]2
, (5.32)

where

Σ ≡
[
r(r + r0) + a2

]2 − a2∆ sin2 θ. (5.33)

For a massless particle such as a photon coursing along null geodesics, m = 0, and

the potentials R(r) and Θ(θ) are parametrized only by E, Lz and the Carter’s constant

Q. Scaling these potentials by E2 such that R(r) = R(r)E2 and Θ(θ) = Θ(θ)E2 and

defining

ξ ≡ Lz
E
, η ≡ Q

E2
, (5.34)

we get the following form for the E2 scaled potentialsR and Θ

R(r) =
[
−
{
r(r + r0) + a2

}
+ aξ

]2 −∆
[
η + (a− ξ)2

]
, (5.35)

Θ(θ) = η −
(
ξ2 csc2 θ − a2

)
cos2 θ, (5.36)

From Eqs. 5.35 and 5.36 it’s clear that the motion of a photon on a null geodesic is

parametrized only by two parameters ξ and η [272].

5.2.2 Photon Orbits

Circular photon orbits are characterized by the vanishing of the radial potential and its

derivative at rcpo,

R(rcpo) = 0,

∂rR(rcpo) = 0, (5.37)

where rcpo is the radius of the photon orbit. The conditions in Eq. 5.37 can be used to

solve for ξ and η in Eq. 5.35. There are two pairs of solutions

ξ =
r(r + r0) + a2

a
, η = −r

2(r + r0)2

a2
, (5.38)

and,

ξ =
a2 (−2rcpo − 2M − r0) + 6Mr2

cpo + 2Mr0rcpo − 2r3
cpo − 3r0r

2
cpo − r2

0rcpo

a
(
rcpo −M + r0

2

) ,



5.2. Black Hole Image and Deviation from Circularity 73

η =
a2r2

cpo (16Mrcpo + 8Mr0)− r2
cpo ((rcpo + r0) (2rcpo + r0)− 2M (3rcpo + r0)) 2

a2 (2rcpo − 2M + r0)2 ,(5.39)

for the solution pair in Eq. 5.38 the azimuthal potential Θ becomes negative which isn’t

allowed (see Eq. 5.27). On the other hand, the solution pair in Eq. 5.39 does give a

consistent solution for the circular photon orbits.

Black hole image observations rely on photons that can reach the observer. Therefore,

we need to look at unstable circular orbits of photons orbiting outside the exterior horizon

of the KSBH, rcpo > r+. These photons reach the observer after a finite number of

rotations around the black hole. If the distance between the black hole and the observer is

l0 and the angle of inclination (also called the viewing angle) of the black hole shadow is

θ, then the photon has impact parameters (also known as the celestial coordinates) given

by [313, 314] defined by

α = lim
l0→∞

(
−l20 sin θ

dφ

dr

)
, β = lim

l0→∞

(
l20
dθ

dr

)
. (5.40)

Using Eq. 5.30-Eq. 5.32 in Eq. 5.40 we get

α = −ξ csc θ, β = ±
√
η + a2 cos2 θ − ξ2 cot2 θ. (5.41)

A representative image/shadow for the KSBH for the mass normalized celestial coor-

dinates α/M and β/M is shown the Fig. 5.2.

5.2.3 Deviation of the BH Shadow from Circularity

As can be seen in Fig. 5.2, the image of the black hole is not an exact circle for non-zero

values of the black hole charge, angular momentum and its inclination angle with respect

to the observer. The amount of deviation from circularity is a measurable quantity and

can give insight into the values of certain black hole hairs e.g. its charge and angular

momentum. The image of the black hole is symmetric under reflection around β = 0

which is the α-axis. This tells us that the geometric center of this diameter is at β = 0.

However, the geometric center under reflections around the β axis is shifted from α = 0

and it’s not symmetric as well. The geometric center of the image on the α axis is obtained

by taking its mean αC =

∫
αdA/

∫
dA where dA is the area element of the image and

fixing β = 0 = βC .
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Figure 5.2: For fixed inclination angle θ and spin a the photon capture region gets smaller

and deviates from circularity as the charge increases. Here we show the photon capture

region for θ = 60o and a = 0.6M for Q = 0 (red, dashed) and Q = 0.85M (black, solid).

One can now define the angle γ that a point (α, β) on the boundary of the image

subtends on the α axis at the geometric center, (αC , 0). If `(γ) is the distance between the

point (α, β) and (αC , 0), the average radius R̄ of the image is given by [315]

R2
avg ≡

1

2π

∫ 2π

0

dγ `2(γ) (5.42)

where, `(γ) ≡
√

(α(γ)− αC)2 + β(γ)2 .

Finally, the deviation from circularity, ∆C, is defined as the RMS difference of the dis-

tance between any point on the boundary and the center from the average radius of the

shadow Ravg [315],

∆C ≡ 1

Ravg

√
1

2π

∫ 2π

0

dγ (`(γ)−Ravg)
2 . (5.43)

Another parameter that can be defined to quantify non-circularity of the photon shadow

is the ratio of the diameters along the two axes [316]

D =
∆β

∆α
. (5.44)

For an inclination angle of 17o, The EHT collaboration observed the angular diameter

of the shadow of M87* BH to be (42 ± 3)µas [18–20] with the axis ratio 4/3 which
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translates to an upper bound of 10 percent on ∆C. Since ∆C is a function of a and Q/M ,

this bound can be used to put constraints on the spin and charge of the black hole.

The variation of ∆C and D with charge for θ = 17o and a = 0.9M is shown in

Fig. 5.3. As can be seen that ∆C and D do not reach the upper bound reported by

the EHT collaboration which implies that with the accuracy of the EHT observation we

cannot put any constraints on spin or charge of the KSBH.
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Figure 5.3: The deviation from circularity, ∆C, and the axis-ratio, D, as a function of Q

for a = 0.9M and θ = 170.

5.3 Polarisation of Light by Axions

Circularly polarized photons coming from behind the black hole or those in the circular

orbits around the black hole outside the horizon can interact with axions leading to axion-

photon oscillation and birefringence such that their polarization angle gets rotated [317–

320]. This rotation of the polarization (frequency independent “Faraday rotation”) is an

intrinsic feature of the black hole, distinguishing it from the usual Faraday rotation which

is dependent on the wavelength of the photon.

The Lagrangian to study the polarization of light signal due to the axion cloud of the
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KSBH is (see Eq. 5.10)

L ⊃ α′

16κ2
FµνF

µν +
α′

8κ

6
√

2

4!
χFµνF̃

µν . (5.45)

And, the equation of motion of Fµν is:

∂µF
µν = − κ√

2
(∂αχ) F̃αν . (5.46)

Using the Lorentz gauge, Eq. 5.46 reduces to the following equation for the gauge

field Aµ,

�Aν =
κ√
2

(∂αχ) F̃αν . (5.47)

We fix the axes of propagation such that the plane wave solution for Aµ propagates

along the z-direction i.e.

Aµ = Aµ0e
iωt−ikz, (5.48)

where the frequency, ω, and the wave-number, k, obey the dispersion relation

ω = k ± iκ

2
√

2
(∂zχ) . (5.49)

Fixing A0 = A3 = 0 for circularly polarized light and defining A± = A1± iA2 finally

gives

A±(t, z) = A± (t′, z′) exp [−iωγ (t− t′) + iωγ (z − z′)

±i κ

2
√

2
(∂zχ)

]
,

(5.50)

where ± denotes the left and right circularly polarized light respectively. It’s evident that

the axion-photon interaction term produces a rotation of the electromagnetic wave by the

angle ∆Θ given by

∆Θ =

∫
dz

κ

2
√

2
(∂zχ)

=
κ

2
√

2
(χ(zobs)− χ(zemit))

= − κ

2
√

2
χ(zemit). (5.51)

Substituting the axion solution from Eq. 5.17 in Eq. 5.51, the angle of rotation turns out

to be

∆Θ =
α′

32

Q2a

GM

cos θ

r2 + a2 cos2 θ
. (5.52)
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The EHT results from the observation of M87* black hole do not include the polari-

metric data at present. In [266], M87* BH is observed in four frequency bands and it is

assumed in the analysis that the position polarization angle follows the λ2 law (Faraday

rotation). However, the large uncertainties in the data (see Tab. 5.1, data from [266])

indicate that the polarization is not necessarily due to the Faraday rotation. This can be

the polarization arising from the photon-axion interaction since it is independent of the

wavelength of the photon.

Frequency (ν GHz) Polarization Angle (∆Θ)

230.3 30.7± 2.2

232.3 31.6± 2.0

220.4 31.4± 1.9

218.4 27.3± 2.0

Table 5.1: The observed polarization angle for different frequencies taken from [266].

The observations suggest that the polarization angle is independent of the frequency and

can be due to some intrinsic feature of the black hole.

Eq. 5.52 shows that the polarization of light by the axion hair of the KSBH is depen-

dent on the inverse string tension α′. Assuming that the axion hair is the only source of

polarization, we show the behavior of α′ with the charge of the KSBH in Fig. 5.4. We use

the average, 30.25± 2.02, of the four polarization angles in Tab. 5.1 in our estimation of

α′. The U(1) gauge kinetic term in Eq. 5.45 comes with a pre-factor of α′/(16κ2) (having

taken e−φ ' 1) that can be identified with 1/(4g2) where g is the gauge coupling strength

[47, 49, 321]. For the photon, this is just the electric charge e. Using this, we have:

α′

16κ2
=

1

4e2
(5.53)

This corresponds to the horizontal line in Fig. 5.4 from where we can extract the value of

electric charge present in the black hole.
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Figure 5.4: The variation of α′/κ2 with the charge in the KSBH. The horizontal line

marks the value of α′ corresponding to the electromagnetic coupling e and the values of

Q/M in the shaded region on the right are excluded for spin a = 0.9M from the horizon

regularity condition.

5.4 Discussion and Conclusion

In this chapter, we studied the features of the KSBH in light of the recent M87* black hole

observations from EHT and studies of polarization of light coming from near the black

hole. The KSBH is a rotating charged black hole solution arising from string theory. As

reported by the EHT, the black hole shadow at an inclination angle of 170 is not completely

circular with an experimental upper bound of 10% on the deviation from circularity, ∆C.

Kerr black holes arising from general relativity cast highly circular shadows irrespective

of the inclination angle leaving room for the M87* to be a non-Kerr black hole. We

calculated the ∆C of the KSBH shadow using the observed M87* parameters from EHT

in Sec. 5.2. We also found the rotation angle of the polarization of the circularly polarized

light, ∆Θ, due to the axion hair of the KSBH in Sec. 5.3. Identifying the inverse string

tension α′ in terms of the electromagnetic coupling strength e in the relation for ∆Θ
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Q

M
Inclination (θ in degrees) Polarization Angle (∆Θ in degrees) Deviation (∆C)

10 1.54 0.00021

30 1.34 0.00124

0.1 50 0.99 0.00282

70 0.53 0.00414

90 0 0.00463

10 14.79 0.00018

30 12.95 0.00136

0.3 50 9.54 0.00310

70 5.06 0.00453

90 0 0.00507

10 47.56 0.00031

30 41.60 0.00168

0.5 50 30.64 0.00380

70 16.25 0.00554

90 0 0.00618

10 119.55 0.00030

30 104.56 0.00242

0.7 50 77.06 0.00545

70 49.81 0.00786

90 0 0.00874

10 301.29 0.00063

30 265.01 0.00479

0.9 50 195.64 0.01059

70 103.59 0.01492

90 0 0.01646

Table 5.2: The rotation angle of the polarization of circularly polarized light and the

deviation from circularity of the BH shadows for various benchmark values of charge and

inclination angle. The spin of the BH is fixed at a = 0.5 and α′/(16κ2) = 1/(4e2).
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gives us the charge of the KSBH which can then be used to predict the ∆C of the KSBH

shadow in a future precision experiment. Simultaneous observation of a constant ∆Θ

(independent of the frequency of light) and ∆C for a particular value of the spin of the

black hole, its inclination angle, its mass and charge could be a signature of the KSBH

and thus indirectly of the string theory. We give the expected values of ∆Θ and ∆C for

some benchmark values of the KSBH charge and its inclination angle in Tab. 5.2 for a

BH spin of a/M = 0.5. As can be seen from the table, for values of the inclination angle

other than 900, (θ 6= 900), it’s possible to make simultaneous observations of ∆Θ and ∆C

allowing the BH to be identified as a Kerr-Sen black hole.

There are three distinct features which can distinguish KSBH from a generic Kerr-

Newman BH with axion hair:

• Although the charge of the KSBH is electric in nature it is sourced by the axion-

photon coupling instead of the in-falling charged particles, such as electrons or

positions as in the case of charged astrophysical BH like the KNBH.

• Owing to a different origin of charge, the KSBH can hold more of it than a KNBH.

Q/M for KSBH can be upto 1.4 whereas for KNBH, it cannot exceed 1.

• In the KSBH, ∆Θ and ∆C are correlated and the measurement of one yields the

value of the other whereas in the KNBH these are independent observables.

Future, more precise, observations may be able to verify if a string solution exists in

nature in the form of a Kerr-Sen black hole.



Chapter 6

Summary and Conclusions

Recent years have seen unprecedented advancement of observational as well as computa-

tional techniques and physical quantities are now calculated or inferred with unmatched

accuracy. This development has happened at all fronts of the physical science. The works

discussed in this thesis build upon establishing a connection between the precise obser-

vations and theoretical models in the context of astroparticle physics. We focus on three

major constituents of the astroparticle physics: theories of elementary particles and their

interactions, cosmological models and underlying theories of gravity. The widely ac-

cepted paradigms in these three sectors are Standard model of particle physics, ΛCDM

(cold dark matter) model of cosmology and Einstein’s theory of General relativity, re-

spectively. Time and again these models and theories have proven their competency by

explaining experimental observations and passing tests. However recent technological

developments in measurements and computations have brought many shortcomings of

these so-called standard theories into light. This thesis stands on the idea of searching

for improvements over the standard theories in the light of the shortcomings discovered

through recent precision measurements and observations. Ch. 1 discussed these standard

theories in brief and in Ch. 2, we provided a collection of observations that hint towards

the existence of physics beyond the standard picture.

In Ch. 3 we dealt with three issues which are there in the standard model of particle

physics: (1) Observation of more than expected number of neutrino event in 1-3 PeV

energy bins and non observation of Glashow resonance in 6-years IceCube data, (2) Gen-

eration of neutrino mass and (3) Particle nature of dark matter. We invoke a variant of

81
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2HDM where we add right handed neutrinos to it and also impose Z2 symmetry over sec-

ond Higgs and the right handed neutrinos, hence the model is called ν2HDM. Power law

flux of cosmic ray neutrinos (parametrized as φ0E
−γ
ν ) undergoing standard model interac-

tions at the IceCube fails in explaining the observed features of IceCube event spectrum.

To resolve this anomaly, we proposed a phenomenon in which cosmic ray neutrinos in-

teract with the cosmic neutrino background and as a result of this interactions the power

law flux gets modified. The interaction structure of the ν2HDM allows one such process

through t-channel via second neutral Higgs. In this t-channel process cosmic ray neutrinos

interacting with cosmic neutrino background produce right handed neutrinos which can-

not be detected at IceCube, hence suppressing the flux reaching at the IceCube detector.

Tuning the parameters involved in the t-channel process within the range allowed by the

vacuum stability of the ν2HDM we attain the suppression at the Glashow bins resulting in

lesser events. The presence of this suppression makes it easier to fit the rest of the bins by

adjusting φ0 and γ of the flux and hence the whole event spectrum fits better than a simple

power law flux. The full analysis with all the three neutrinos reveals that this t-channel

process for each neutrino flavor produces one dip in the flux of the neutrino, hence in total

there are three dips with positions (in energy) depending on the mass of the left handed

neutrinos. This dependence gives rise to different suppression signatures for the normal

mass hierarchy and inverted mass hierarchy. The neutrino mass in ν2HDM is generated

by a low scale Type-I see-saw model enabled by the second neutral Higgs. In addition we

extend ν2HDM by a singlet scalar as a candidate for dark matter. The same second neutral

Higgs which helps in suppressing the neutrino flux and generating the neutrino mass also

enables the dark matter annihilation to produce the correct relic density and also assists in

generating self interaction of the DM of the strength allowed by the N-body simulations

of the structure formation. In future more and precise data (above 6 PeV energy) from the

IceCube or similar experiments can confirm the flux suppression hypothesis by observing

the unique signature of neutrino mass hierarchy. This can also confirm the correct neu-

trino mass hierarchy. Additionally, this model can also be tested in the context of secret

neutrino interaction using the present and future cosmological data, lepton flavor violat-

ing processes, leptogenesis and non-standard neutrino interactions. The effects of heavy

right handed neutrinos can also be observed at the proposed Future Circular Collider.
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In Ch. 4 we study two dark energy models (1) Hu-Sawicki f(R) gravity model and

(2) Dynamical dark energy model in the light of σ8-Ωm and H0-Ωm tension between the

early and the late Universe observations. We also explored the effect of massive neutrinos

on the structure formation in these two models along with the standard ΛCDM model. We

did a comparative analyses of ΛCDM model, Hu-Sawicki model and the dynamical dark

energy model with constant as well as free
∑

mν . We found that in all three models

the H0-Ωm tension is resolved just by including the massive neutrinos. But in ΛCDM

model the σ8-Ωm tension got worse by the inclusion of massive neutrinos. Hence to solve

both the discrepancies together we turn towards other dark energy models. We found that

simultaneous resolution of both the discrepancies prefers dynamical dark energy model

over other two models. We would like to mention that even thought the mismatch is not

fully resolved in DDE model, the agreement between the CMB and LSS observations

is better in this model comparatively. This comparative result holds for both fixed and

free
∑

mν . In future more precise observations from the upcoming cosmological can

help deciding between these dark energy models. The current experiment like Dark En-

ergy Survey (DES). EUCLID [104] and the future experiments like WFIRST [103] will

measure the distance ladder more precisely and hence the expansion rate of the Universe,

leading to better tests of the dark energy models.

In Ch. 5 we test the Kerr-Sen metric against the black hole shadow observations by

the Event Horizon telescope. The Kerr-Sen black hole, predicted by the 4-D effective

heterotic string theory, is a rotating charged black hole with 4 bosonic fields: a U(1)

gauge boson, a Kalb-Ramond 3-form which is equivalent to a pseudo scalar axion in 4-

dimensions, the dilaton and the graviton. We use the shadow observation by EHT and

an earlier polarimetric measurement of the M87* to constrain the parameters of Kerr-Sen

metric and in-turn provide a unique signature of the Kerr-Sen black hole which distin-

guishes it from other rotating charged black holes. The identification of the U(1) charge

of the black hole in terms of the photon coupling leads to a correlated prediction for a fre-

quency independent Faraday rotation and the deviation from circularity of the black hole

shadow. Similar measurements of the Kerr-Newman black hole with axion hair have no

correlation with the shape of the image and the amount of polarization angle rotation. In

the EHT observation of M87* shadow, the deviation from circularity has an upper bound
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of 10%. In our analysis we conclude that if this observation is refined to 1% accuracy then

a definitive prediction of the charge of the Kerr-Sen black hole and the Faraday rotation

can be made. Also, using the formalism described in this thesis, the Kerr-Sen metric can

be put to test every time a new black image observation along with polarimetric observa-

tion takes place. The correlation among image and polarimetric observation is distinctive

test of the Kerr-Sen metric and an indirect affirmation for string theory. Additionally,

the string tension parameter α′ can also constrained through other string phenomenolog-

ical studies, for example, in the context of cosmological parameter estimation in string

cosmology models.

In conclusion of the work done in this thesis, we find that recent observations and

measurements may lead us towards new theories in physics. The novel precision mea-

surement experiments such as IceCube, Planck, EHT play a crucial role in checking these

new theories beyond the standard picture. However, the analyses done in this thesis sug-

gest that more and better data is needed to select the one true theory.
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