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Abstract

The Standard Model (SM) of cosmology (Lambda Cold Dark Matter (ΛCDM)) suc-

cessfully explains the large-scale structure and the cosmic microwave background ra-

diation observations. However, it encounters some theoretical and observational chal-

lenges, which demand a modification from the standard behavior. The drawbacks of

SM include an interpretation of the cosmological constant, small-scale structures ob-

servations, and anomaly in the 21-cm signal observed by the Experiment to Detect the

Global Epoch of reionization Signature (EGDES) collaboration. The ΛCDM model

assumes that the Dark Matter (DM) is a cold, collisionless, and dissipationless fluid.

However, as the real Universe contains non-ideal species, one needs to explore beyond

the ideal behavior and study the effects of imperfections in the cosmic fluid. In this

thesis, we study the Viscous Dark Matter (VDM) and explore some of its possible

signatures in the Universe.

The Self-Interacting Dark Matter (SIDM) is a possible candidate to address the

small-scale problems faced by the ΛCDM model. We calculate the mean free path of

dark matter particles and argue that for SIDM particles, the hydrodynamic description

is valid from galactic to large scale. We propose that the self-interaction between the

DM particles may lead to viscosity in the DM fluid. We estimate the shear and bulk

viscosity of the Viscous Self Interacting Dark Matter (VSIDM) fluid using the kinetic

theory in relaxation time approximation. The astrophysical constraint on the ratio of

DM self-interaction cross-section to its mass (σ/m) indicates that the viscosity is large

at present and increases by two orders of magnitude from the galactic to cluster scale.

Therefore, one may expect interesting cosmological consequences from such a large

DM viscosity. Our calculation found that the SIDM viscosity is sufficiently large to

account for the present accelerated expansion and hence mimic the Dark Energy (DE).

Thus, the viscous SIDM model provides a unified description of the DM and DE.

Further, we explore the effects of the VSIDM dissipation at a low redshift interval,

0 ≤ z ≤ 2.5. For this, we assume the viscosities as a constant with the redshift and

parameterize the fluid velocity gradients as a power-law form. Using the χ2 minimiza-

tion techniques, we obtain the averaging length scale is ≈ 20 Mpc, which is larger

than a typical cluster scale. The best value of the model parameters indicates that the
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cosmic dissipation is large at present, z = 0, and decreases on the redshifts 0 ≤ z ≤ 2.5.

We report that the decreasing dissipation (as redshift increases) explains the late-time

observations, whereas the constant dissipation fails to do so.

Furthermore, String theory provides a lower bound, called KSS bound, on the shear

viscosity to the entropy density ratio as η/s = 1/4π. Using the cluster scale constraint

on σ/m, we find that the SIDM fluid violates the KSS bound if the SIDM mass is above

a GeV scale. Assuming that VSIDM respects the KSS bound, we constrain the DM

mass and report that the DM mass should be sub-GeV. Our result provides a new DM

mass range, which can be explored in the DM detection experiment. Further, we also

explore the evolution of the bulk and shear viscosity in the SIDM fluid, parameterizing

them as redshift dependent. We find that the SIDM viscosities are large at present and

decrease on large redshift, supported by the late-time observations.

We also study the evolution of the DM temperature in the presence of viscosity.

The DM viscosity causes energy dissipation and hence increases its temperature. For

a large DM viscosity, its temperature will be high, and so the DM may no longer be

a cold fluid. Therefore it will affect the large scale and the CMB observation. We

derive a condition on the DM viscosity parameters which is consistent with the CMB

observation.

Further, we propose a possibility of photon production from viscous dark matter

energy dissipation. The photon generation has been considered in two ways: first,

when the DM directly dissipates into the photons, and second when the DM firstly

dissipates into dark radiation and then generates the visible photons via kinetic mix-

ing between the dark radiation and photons. We find that the photons obtained from

the kinetic mixing increase the number density in the Rayleigh-Jeans limit of the cos-

mic microwave background radiation. As a consequence, it can explain the EDGES

anomaly observed in the 21-cm signal. Further, using the EDGES observation, we ex-

plore the DM model parameters such as its mass, kinetic mixing parameter, and dark

radiation mass, whose information is crucial for the DM viscosity estimation and dark

radiation searches.

After that, we investigate the DM microphysics using the interacting viscous dark

matter-gas formalism in light of the reported EDGES anomaly. The DM viscosity heats
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the DM and also the gas via its interaction with the gas. The gas heating increases as

the mass and viscosity of the DM increases. Therefore, to explain the EDGES 21-

cm signal, the DM mass should be small, but the DM-gas interaction cross-section

(σ̂) should be large in comparison with the ideal DM case. Further, using the CMB

constraint on the DM-gas interaction cross-section, we report that the EDGES 21-

cm signal allows a large viscosity compared to the bounds from structure formation.

We find that the DM coldness condition provides a stringent limit on the dark matter

viscosity.

Keywords: Dark matter, dark energy, self-interacting dark matter, dark matter

viscosity, 21-cm line, CMB, EDGES.
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Chapter 1

Introduction

The study of the origin, evolution, and fate of our Universe has been one of the most

fascinating subjects in the history of humankind. Our present understanding of the

Universe is a result of the continuous effort of observations and building the funda-

mental theory that governs it. Cosmology describes the evolution of the Universe as a

whole. The actual size of the Universe is very large, but the Universe, which is visible

to us today, is close to ∼ 14000 Mpc. On scales larger than ∼ 100 Mpc, the Universe is

homogeneous and isotropic, but on the smaller scales, the Universe is inhomogeneous

and dominated by the structures such as a galaxy, clusters, superclusters, etc.

The force of gravity is the weakest amongst all the other fundamental forces-

electromagnetic, weak, and strong find in nature. However, the gravitational force be-

comes dominant on the cosmological scales and is responsible for large-scale structure

formation. Therefore, the dynamics of the Universe crucially depend on our knowl-

edge about the gravitational interaction.

1.1 General theory of relativity (GTR)

In this Section, we briefly discuss the GTR, but a broader discussion can be found in

Refs. [12][13]. According to the general theory of relativity, gravity is not a force,

but it is the curvature of space-time. Matter curves the space-time, and the curvature

decides the trajectory. GTR relies on the assumption of Equivalence principle, which

states that there is no difference between a uniform gravitational field and a uniformly

1
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accelerated frame in the absence of gravity.

The Einstein equations are obtained by varying the Einstein-Hilbert (EH) action

with the matter field, which is defined as

S E−H =

∫ (
1

16πG
R +Lm

)
√
−g d4x (1.1)

where R andLm represent the Ricci scalar and the matter field, respectively, g represent

the determinant of the metric tensor, gµν. After varying the EH action w.r.t. metric

tensor gµν we get

Rµν −
1
2

gµνR = −8πGTµν , (1.2)

where

Rµν =
δR
δgµν

and Tµν =
1
√
−g

δ
(√
−gLm

)
δgµν

. (1.3)

The above equations are Einstein equations, which can be rewritten in shorthand nota-

tion as

Gµν = −8πGTµν, (1.4)

where, Gµν is Einstein tensor, defined as Gµν = Rµν −
1
2

gµν R. In the above equations,

the LHS describe about the geometry of the space-time and RHS tells about the energy-

momentum of the particles present in the Universe. These equations are in tensorial

forms, in which Rµν and R represents the Riemann tensor and the curvature scalar,

respectively. The Ricci tensor is related with the Riemann tensor Rµκ = Rλ
µλκ, where the

Riemann tensor is defined as

Rλ
µνκ ≡

∂Γλµν

∂xκ
−
∂Γλµκ

∂xν
+ ΓηµνΓ

λ
κη − ΓηµκΓ

λ
νη . (1.5)

Here Γλµν is the Affine connection which is related with the first order derivative of the

metric tensor as

Γλµν =
1
2

gλσ
(
∂gσν
∂xµ

+
∂gσµ
∂xν

−
∂gµν
∂xσ

)
(1.6)

The curvature scalar is obtained as R = gµλRµλ . Further, the Einstein equations given

by Eq. (1.4) are symmetrical; thus, there are ten independent equations.

In absence of any source or sink, the energy momentum tensor follows the conser-

vation equations

∆µT µν = 0 (1.7)
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In above equation, the 0-th component, i.e., ν = 0 tells about the evolution of the energy

density and i-th components i.e., ν = i tells about the evolution of velocity of the fluid.

We also see that Eq. (1.7) have 4 independent equations. Thus using equations (1.4)

and (1.7) simultanously there are only 6 independent equations.

The Einstein equations are nonlinear in nature and hence in general complicated

to solve even for the simple systems. However, if the symmetries are present in the

system, they can be solved analytically.

1.2 Background cosmology

In the standard cosmology, the evolution history of the Universe is studied using Ein-

stein’s equation. To understand the dynamics of the space-time, we need to provide the

metric and energy-momentum tensor. The space-time which respects the cosmologi-

cal principle (homogeneous and isotropic) is given by FLRW metric. Using the FLRW

metric, the distance between the two-point in space-time is written as

ds2 = gµν dxµdxν = −dt2 + a2(t)
[

dr2

1 − kr2 + r2(sin2 θ + dφ2)
]
, (1.8)

where a(t) is the scale factor. The value of the k can be −1, 0, or +1 depending upon the

negative, zero, and positive spatial curvature of the Universe. Further to simplify our

discussion, we assume cosmic fluid as perfect fluid, for which the energy-momentum

tensor is given by

T µν = ρuµuν + P (uµuν + gµν) . (1.9)

Further, 00-component of the Einstein equation provides us

H2 +
k
a2 =

8πG
3
ρ , (1.10)

where H =
ȧ
a

is the Hubble expansion rate of the Universe. The above equation (1.10)

tells about the rate of the cosmic expansion, which depends on the energy density and

curvature of the Universe. Further, using the ii-component of the Einstein equation,

we get

2
ä
a

+ H2 +
k
a2 = −8πGP . (1.11)
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Here
ä
a

= Ḣ + H2. After substracting Eq. (1.10) from Eq. (1.11), we have

ä
a

= −
4πG

3
(ρ + 3P) . (1.12)

This equation tells about the rate of the change in the expansion rate of the Universe,

which depends on the pressure and energy density of the cosmic fluid.

• For a normal matter or energy, ρ > 0, P ≥ 0, so ä ≤ 0. Therefore in the

presence of normal matter or energy, the Universe cannot be static and decelerate

throughout its evolution.

• When P < −
ρ

3
, ä > 0, in this case the Universe will accelerate. Therefore, the

accelerated expansion can only be fuelled by an exotic form of matter which has

a large negative pressure.

Evolution of the cosmic energy density

Using Eq. (1.7), the energy evolution is given by

dρ
dt

+ 3H(p + ρ) = 0 . (1.13)

To solve the above equation, let us consider P = wρ, where w is constant and depends

on the type of the species considered. After integrating the above equation, we get

ρ(t) = ρ0 a−3(1+w) , (1.14)

where ρ0 = ρ(t = t0) is the energy density at present. In the flat Universe k = 0, using

Eq.(1.10), one can find the scale factor as

a(t) ∝ (t − t0)
2

3(1+w) , (1.15)

where t0 = t(0) corresponds for the present value of time.

1. For a dust or matter, w = 0, so

ρ ∝ a−3, a(t) ∝ (t − t0)2/3 . (1.16)

2. For a relativistic particle or radiation, w = 1/3, so

ρ ∝ a−4, a(t) ∝ (t − t0)1/2 . (1.17)
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1.3 Dark side of the Universe

The structure we see in the Universe is made from visible matter, and its properties are

well described by the standard model of particle physics. However, many observations

suggest the presence of the mysterious matter and energy called dark matter (DM) and

dark energy (DE), which contribute a major fraction to the Universe’s energy budget.

They can not be described using the SM particle physics model and but their infor-

mation is important to understanding the evolutionary history of the cosmos. Here we

will briefly discuss their properties and possible candidates.

1.3.1 Dark Matter

There are many cosmological and astronomical which indicate the presence of an un-

known kind of matter. In 1923 using the measurement of radial velocity dispersion of

the galaxies in the Coma cluster, Zwicky [14] argued the presence of a large amount

of the non-luminous matter is required. This result was further confirmed by measure-

ment of the radial velocities of 30 galaxies in Virgo cluster [15], and also the galaxies

and cluster masses [16]. The observations also suggest that dark matter is persuaded

over all scales, from galactic to large cosmological scales, like cluster and supercluster

scales.

Galaxy rotation curves

The evidence of DM comes from the observation of the rotation curve of the M31

galaxy [17]. In Fig. 1.1, we have shown a typical rotation of the galaxies. On the

x-axis, we plot the distance from the galactic center, and on the y-axis, we plot the

orbital velocity of the particles. If the orbital velocity follow the Newtonian physics,

then

v(r) =

√
GM(< r)

r
, (1.18)

where r is the distance of the particles from the center of the galaxy. Here v(r) is the

velocity, M(< r) is the mass enclosed in the radius smaller than r. If we assume that
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Figure 1.1: Typical rotation curve of galaxies. Image source [1]

all the galaxy mass is distributed up to the galactic disc with radius rdisc, then

v(r) =


√

GM(< r)
r

if r < rdisc ,√
GMg

r
if r > rdisc ,

(1.19)

where Mg is the total mass of the visible galaxy. So an assumption of constant en-

ergy density v(r) ∝ r for r < rdisc and v(r) ∝ r−
1
2 for r > rdisc. Thus according to the

Newtonian dynamics prediction, velocity outside the disc radius should decrease. Nev-

ertheless, the observation indicates that the velocity does not decrease after the galactic

disc but becomes constant. To match the predicted velocity with the observational data,

a new kind of matter is required, which is present outside the disc. The mass of the

matter will be such that outside the disc, the ratio of its mass with the radius, M/r must

be constant so that the velocity becomes constant. This matter certainly will not be

visible; otherwise, it must be observed in the experiment.

Bullet cluster

The collision between the galaxy clusters (Bullet cluster) is another observation that

provides strong evidence for the presence of the DM in the Universe [18]. The galaxy

cluster is one of the largest gravitational bound objects of the Universe. When two

galaxy clusters collide, then the normal matter between the clusters will interact and lie

in the central part of the collision, see Fig. 1.2. X-ray observation suggests a signature

of the X-rays in the collision’s central part (pink color). Further, the weak gravitational
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Figure 1.2: Observation of Bullet cluster as an evidence of DM. Image source [2]

lens measurements (blue region), which provide information about the mass, indicate

the large mass concentrated outside the central part. This mass corresponds to the DM

because, during the collision, the DM does not interact with the visible particles and

hence goes away from the central regions.

Evidence from the structure formation

The structures we see today also indicate the presence of cold dark matter. The CMB

anisotropy in the temperature also suggest the density perturbation of the baryon at the

time of decoupling z ∼ 1100 to be [19]

δB =
δρB

ρB
≤ 10−4 , (1.20)

where δρB and ρB represents the perturbation and the background value of the baryon

energy density. If one assumes that Universe is only dominated by the baryons, then

since δB ∝ a in the matter-dominated era, so we expect at present, δB ∼ 10−1. However,

at present, we see the structures are in nonlinear regimes. This implies that there is a

pressureless species that should be present, which decouples in the early Universe and

grow fastly in compared with the baryons, and becomes nonlinear by the present time.

Furthermore, CMB observation also confirms the existence of the large mass in

comparison with the baryonic mass [20]. The other possible evidence of DM can be

found in a review [21].
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Properties of the dark matter

The dark matter candidates must satisfy all the constraints obtained from the astro-

physical, cosmological, and laboratory experiments. The different results indicate the

following properties of the DM particles.

• The DM contributes ∼ 26.8% energy content of the total energy budget of the

Universe.

• The DM is non-baryonic in nature. The conclusion is based on the constraint on

the Big-Bang Nucleosynthesis (BBN), which demands that the baryonic energy

density should not be larger than the ≈ 0.04 times of the critical energy density

of the Universe [22].

• The DM particle is stable on the cosmological times scale , i.e. the lifetimes (tDM)

should be smaller than the age of the Universe (tU), i.e., tDM < tU. Otherwise, the

DM should have been decayed until today.

• The DM particles are chargeless (neutral), colorless, and interact with the SM

particles only with the gravitational interaction. Present observations have not

indicated any non-gravitational interaction of the DM particles on large scales.

• Recent astrophysical observations suggest a possibility of small self-interactions

between the DM particles. It may be needed to solve some of the discrepancies

indicated by the small scale structures [23].

Dark matter candidates

There are a plethora of models for the DM discussed in the literature. The WIMP is

one of the popular candidates for dark matter. The interaction of this class of particles

is the order of the weak interaction and provides a natural explanation of the correct

relic density of the DM. This property is called the WIMP miracle. The most of the

WIMP belongs to the lightest supersymmetry particles such as neutralino, gravitino,

see a review [24]. The other possible DM candidates include the Axions [25], Sterile

neutrinos [26], Massive Astrophysical Compact Halo Objects (MACHOs), Primordial
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Black Holes (PBHs)[27], Mirror dark matter [28] etc. For the detail introduction of the

possible DM candidates, see Refs. [29][30][31][32] [33] [34] [35].

The dark matter may be categorized as cold, warm, or hot, depending on its velocity

dispersion when they decoupled with the rest of thermal plasma [36].

Cold dark matter (CDM) : They have non-relativistic velocities, so their free

streaming length (FSL) is small (less than the galaxy scale). Hence they follow the

bottom-up scheme, which states that small structures like galaxies form first and then

by their self gravitational interactions larger structure of the Universe like cluster and

supercluster form. The examples of CDM are WIMP, MACHO, etc. [29]

Warm dark matter (WDM) : They have a moderately relativistic velocity at de-

coupling, and their free streaming is smaller than the hot dark matter but larger than

the CDM (approximately equal to the galaxy scale). They behave like a CDM on large

scales. An example of WDM is the sterile neutrino. For a nice introduction of WDM,

see Refs. [37] [38].

Hot dark matter (HDM): The DM particles are relativistic at the time of decou-

pling, so their FSL is very large (greater than galaxy scale). The HDM particles can

freely stream through the overdense region (density greater than the critical density

of the Universe) and could tend to smooth the density fluctuations of matter on small

scales. As a consequence, only the fluctuations on scales larger than the product of

velocity and age of the Universe survive. The HDM follows the top-down scheme,

which states that large-scale structure forms first, and then it fragments into smaller

scales like the galaxy. The popular candidates for HDM are neutrinos. A more discus-

sion on HDM can be found in a review [39].

DM detection

The unknown nature of the DM leads to the many possible mechanisms for its detec-

tion. The detection will shed light on the DM properties and also provide an informa-

tion of the large-scale structure formation of the Universe. Here we will discuss the

detection techniques used for dark particle matter. The detection experiments are based

on the DM properties and the way they show their possible signatures in the experi-

ment. Fig. 1.3 provides a cartoonist picture of the ongoing and future DM searches.
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Figure 1.3: Different techniques for detecting dark matter. Image source [3]

Direct detection

The DM is omnipresent at all scales. It contributes largely to the central region of the

DM halo and decreases towards the outer region of the halo. Since the DM particles

pass through our earth, therefore the DM particles will collide with the detector materi-

als. Therefore, it can provides the signal due to nuclear recoils with the DM scattering

[40][41]. If the nuclear mass is mN , then nuclear recoil energy, ER is given as [42]

ER =
q2

2mN
=
µ2v2

mN
(1 − cos θ) , (1.21)

where, q, θ and v corresponds for the momentum transfer, angle in the center of mass

frame, and the DM particles’ velocity with respect to the target nuclei, respectively.

Here µ = mχmN/(mχ + mN) is the reduced mass. For example, in LUX [43], Xenon

[44] detectors, mN = 120 GeV, and for this the energy threshold is ∼ few KeV. It is

clear that the threshold value is smaller than the binding energy of the Xenon ∼ few

GeV; therefore, DM interacts with the nucleus as a whole. For more details of the

direct DM experiments, see Refs. [45, 46].

Indirect detection

If WIMP particles annihilate or decay into Standard Model particles like photons,

charged leptons, or neutrinos, then their detection will give an indirect signature for
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dark matter. The favored sources for direct signals are galactic center and halo, dwarf

galaxies, etc., because a large dark matter density increases annihilation and decay

rates of dark matter particles into SM particles. This DM annihilation product may

cause deformation in the cosmic ray spectral distribution. Indirect detection can be

made from ground and space based detectors. For a more information about the indi-

rect searches, see Refs. [47][48][45].

Collider searches

There is also a possibility that the DM particles may be created in the collider exper-

iments such as the Large Hedron Collider (LHC) [49]. However, in the case of the

WIMP, due to weak interaction with the SM particles, the detector may not be able to

detect the DM particles. In this situation, the measurement can be quantified in terms

of the missing energy that one would expect from the kinematic estimation. At LHC,

the missing energy can be determined from jets, top quarks, and leptons in detectors

[49]. A more detail discussion of collider searches, see Refs. [50][51] [52].

1.3.2 Dark Energy

The Hubble law suggests that the Universe is expanding. It is expected that if the Uni-

verse is dominated by the known matter source, then the speed of the cosmic evolution

should decrease with time, and the Universe must be in the decelerating phase. How-

ever, recent observations indicate indicate that at present, the Universe is undergoing

an accelerated expansion. For a review on the cosmic acceleration, see Refs. [53–56] .

Type Ia Supernovae (SNe) data

The first direct observations are provided by the measurements of the high redshift

Type Ia Supernovae (SNe) data [57][58]. SNe Ia is the product of the stellar evolutions

and forms when the star mass becomes larger than the Chandrashekhar limit, and a

further explosion takes place. It is believed that the SNe Ia forms in a similar manner

and their absolute luminosity is the same irrespective of the surrounding (the time when

they exist).
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Using the observations of the large redshifts SNe Ia, two different groups Purlmeter

et al. [57] (0.18 < z < 0.83) and Riess et al. [58] (0.16 ≤ z ≤ 0.62) have estimated the

corresponding luminosity distances. They reported the dimmed SNe Ia in comparison

with what they would have expected when the Universe is filled with normal matter.

Their estimation showed that the Universe consists of more energy with negative pres-

sure and is also in an accelerating phase.

Age of the Universe

The comparison between the age of the Universe, tU with the old globular cluster age

is also another evidence of the present accelerated expansion of the Universe. The age

argument is based on the fact that the age of the Universe should be larger than the

age of any species that reside in the Universe. The age of the Globular cluster of the

MW and M4 corresponds for the tG = 13.7 ± 2 Gyr [59] and tG = 12.7 ± 0.7 Gyr [60],

therefore the lowest bound on the Universe age, tU > 11 − 12 Gyr. This problem is

reflected in the pure matter-dominated era, but this discrepancy can be resolved if one

assumes the cosmological constant in theory [53].

Furthermore, several other independent observations such as Large Scale Struc-

tures (LSS) [61], Cosmic Microwave Background Radiation (CMBR) [62] etc. provide

the concrete support to the late time cosmic acceleration.

Model for the dark energy

To explain the observations, a hypothetical new form of energy, called dark energy

(DE), is required, which generates negative pressure. This contributes ∼ 68.3% of the

total energy budget of the Universe. The theoretical attempts to explain dark energy

have been majorly devoted in three different ways; (1) by modifying the gravity sector,

(2) by changing the energy-momentum content of the Einstein’s field equation, (3) by

the inclusion of gravity beyond the Einstein’s general relativity, see review [53].

Modifying matter properties

The inclusion of the extra scalar field that couples minimally with the gravity can

cause to accelerate the Universe (same as in inflationary scenario) and act as a dark
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energy candidate. The scalar fields naturally arise in the standard model and String

theory. There are many models such as Quintessence model [63–65], K-essence [66–

68], Techyonic field [69–72], Phantom field etc.[73]. However, this explanation of the

cosmic acceleration demands a new scalar field in the Universe.

Another possible candidate is a Chaplygin gas model, which have negative equa-

tion of state, P = −A/ρB, where A > 0 and 0 < B ≤ 1 [74][75]. It is inspired from

the String theory [76]. However this model is saverly constraint from the cosmological

observations [77][78], also see (Ref.[199] of Ref. [53]) .

An interesting possibility for cosmic acceleration suggests that the Universe is

dominated by the bulk viscous fluid. The viscosity provides a negative pressure and

for large viscosity in cosmic medium may causes to accelerate the Universe [79–92].

Since cosmic viscosity is a central issue of the thesis, we will present a detailed dis-

cussion of how the bulk viscosity causes a cosmic acceleration in chapter 2.

Backreaction effect

At the late time of cosmic history, the Universe is dominated by inhomogeneities due

to the small-scale structures. It has been argued that the backreaction generated from

the local inhomogeneities are large enough to modify the background expansion and

lead to the present accelerated expansion [93][94]. However, whether the backreaction

can account for the present cosmic acceleration is under debate, see Refs. [95][96].

We will discuss this issue in some more detail in chapter 3.

Modified gravity

In the above discussion, it was assumed that Einstein’s equation correctly explains the

cosmic evolution and modification in the energy-momentum tensor causes accelerated

expansion. However, it is possible that Einstein’s theory fails on large scales, and the

law of gravitation is governed through some other theory. The new theory of gravity

should be able to explain the cosmic acceleration at very large scales and must be

compatible with the general relativity on small scales. This kind of gravity theory is

called Modified gravity, which includes f (R) theory, massive gravity, etc. For a detail

discussions of the modified gravity theories and its implications in cosmology, see Ref.

[97] [98] and a a review [99].
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Figure 1.4: Present energy budget of the Universe. Image source [4]

1.4 The standard model of cosmology

The standard model of cosmology, also known as a ΛCDM model, is a mathemati-

cal formulation of the outcome of different cosmological and astrophysical observa-

tions. The fundamental equations which provide the information on how the Universe

evolves with time are Einstein’s equation and energy-momentum conservation equa-

tions. Below we will briefly discuss the ΛCDM model and the cosmic evolution, but

for more details, see Refs. [12][36] [100].

The ΛCDM Model of cosmology assumes that the major amount of the Universe

is made of the cosmological constant, DM (χ), baryonic matter (B), and radiation

component (R). Fig.1.4 presents the contribution of the different components of the

Universe based on the astronomical and cosmological observations. It indicates that

the major part of the Universe is dark, which is made of the DM ∼ 26.8% and DE

∼ 68.3%. Rest 4.9% Universe is made of visible, baryonic matter. Thus study the

evolution and fate of the Universe, we need to understand the properties of dark matter

and dark energy.

Further, using the Einstein equations, get

H2 =
8πG

3

[
ρR + ρB + ρχ + ρk + ρΛ

]
=

8πG
3

ρT , (1.22)

where, ρT = ρR + ρB + ρχ + ρk + ρΛ is the total energy density of the Universe, con-

tributed from the radiation (ρR), baryonic matter (ρB), dark matter (ρχ), curvature (ρk)
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and the cosmological constant, (ρΛ). Here ρk = −3k/8πGa2 and ρΛ = Λ/8πG. In case,

when the component of cosmic fluid do not interact, then the evolution of their energy

density is obtained from Eq. (1.13). Therefore, using Eq.(1.13), above equation can be

rewritten as

H2 = H2
0

[
ΩR0(1 + z)4 +

(
ΩB0 + Ωχ0

)
(1 + z)3 + Ωk0(1 + z)2 + ΩΛ

]
, (1.23)

where subscript, 0 corresponds for the present value of the quantites. Furthermore,

Ωi = ρi/ρc and ρc = 3H2
0/8πG . (1.24)

where i = B,R, χ, k,Λ and ρc is the present critical energy density of the Universe. The

Planck 2018 data (using TT+TE+EE+LowP+lensing+ ext) provides [20]

ΩB0 h2 = 0.02242 ± 0.00014 and Ωχ0 h2 = 0.11933 ± 0.00091 . (1.25)

The Hubble expansion rate H0 = (67.66± 0.42) km-sec−1 Mpc−1, also h = H0/100km-

sec−1 Mpc−1. Further the second Freedmann equation is written as

ä
a

= −
4πG

3

[
ρT + 3

(
PR + PB + Pχ + Pk + PΛ

)]
, (1.26)

where, PR , PB , Pχ , Pk and PΛ represent the pressure of radiation, baryonic matter,

dark matter, curvature and the cosmological constant, respectively. The pressure of

cosmological constant is negative, given by PΛ = −ρΛ = −Λ/8πG.

1.5 Large scale structure of Universe

The present Universe consists of the star, galaxies (collection of large numbers of

stars), clusters (consists of the many galaxies), superclusters (collections of the clus-

ters), filaments, and voids. The question arises, how do these structures forms, and

why the way they are?

1.5.1 Linear structure formation

To form the structure, a small inhomogeneity should be present at early times, which

was further amplified in subsequent cosmological phases. In the very early Universe,
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inflation possibly provides the initial seeds for the growth of the density inhomo-

geneities. These perturbations are assumed to be gaussian, scale-dependent and am-

plified in radiation and matter-dominated Universe [36] [100]. Here we discuss the

Newtonian description for the structure formation, which is valid for the mode exists

inside the Hubble radius. For the modes lie outside the Hubble radiusthe full general

relativistic calculation required. For a detailed discussion of the large scale structure

formation, see Refs. [101] [102]. The basic equation of the are given as [103][104]

∂ρ

∂t
+ ∇r.(ρv) = 0 (continuity equation) . (1.27)

Euler equation
∂v
∂t

+ (v.∇r)v = ∇rψ −
∇rP
ρ

. (1.28)

Poisson’s equation

∇2
rψ = 4πGρ . (1.29)

Where ρ, v, P and ψ represents the energy density, fluid velocity, pressure and the grav-

itational potential. To complete the equations we need to provide the pressure expres-

sion,

P = P(ρ, s) . (1.30)

The entropy conservation equation is given by

ṡ + ∇r.(sv) = 0 , (1.31)

where s is the entropy per unit fluid mass.

To study the evolution of the perturbation, we decompose all quantities into its

smooth background value and perturbations, i.e.,

ρ(t,~r) = ρ̄(t) + δρ(t,~r) , (1.32)

v(t,~r) = v̄(t) + δv(t,~r) , (1.33)

ψ(t,~r) = ψ̄(t) + δψ(t,~r) , (1.34)

P(t,~r) = P̄(t) + δP(t,~r) . (1.35)
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Here ~r is a physical coordinates and v̄ = H~r is the homeogenous velocity field. How-

ever here we will discuss the isoentropic process, therefore, do not consider the pertur-

bation in the entropy. We work in the comoving coordinate, ~r = a~x. then

~∇r =
1
a
~∇x and

∂

∂t

∣∣∣∣∣
r

=
∂

∂t

∣∣∣∣∣
x
− H~x · ~∇x . (1.36)

Furthermore, tranfering the perturbation mode from real space to k-space, via Fourior

transform as

δA(t,~r) =

∫
δA(t,~k) e−i~k·~x d3x , δA(t,~k) =

1
(2π)3

∫
δA(t, ~x) ei~k·~x d3k , (1.37)

where δA(t,~r) represents any type of the perturbations. Further keeping only the first

order of perturbation, equations (1.27),(1.28), and (1.29) becomes

∂δρ

∂t
+ 3Hδρ + i

ρ̄

a
~k · δv = 0 , (1.38)

∂δv
∂t

+ Hδv = −i
~k
aρ̄

c2
sδρ − i

~k
a
δψ , (1.39)

k2δψ = 4πGδρ , (1.40)

where k = |~k| and ~∇ · ~̄v = 3H. Furthermore assuming the energy density contrast as ,

δ(t, k) =
[
ρ(t, k) − ρ̄(t)

]
/ρ̄(t) and using equations (1.38), (1.39) and (1.40), we get

∂2δ

∂t2 + 2H
∂δ

∂t
+

(
c2

s
k2

a2 − 4πGρ̄
)
δ = 0 , (1.41)

where, we define δ(t, k) ≡ δ. In above equation, the second term corresponds to the

dilution term.

To understand the solution, we fistly assume tha static Universe, H = 0. In this

case the solution depends on the sign of the δ proportional term. For positive sign

case, both the density solution will be oscillating. However, if the sign is negative, the

one solution is exponentially growing and the other is exponentially decaying. In order

to study the scale over which the density growth (decay) becomes effective, one define

Jeans Scale (JS) as

kJ =

√
4πa2Gρ̄

c2
s

, λJ =
2πa
kJ

= cs

√
π

Gρ̄
, (1.42)

Therefore we see that for the length scale (L) larger than JS, i.e, L > λJ, the δ can

grow (decay) exponentially. This case is interesting for understanding how pressure

and gravity affect the growth of density perturbation.
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Actual Universe is expanding in nature. The structure formation is mainly gov-

erned by the DM (large amount in compared with the baryons in the matter dominated

era also DE contribution is also very small), which is assumed to be pressureless.

Therefore in this case, cs = 0. So the Eq. becomes

∂2δ

∂t2 + 2H
∂δ

∂t
− 4πGρ̄δ = 0 . (1.43)

In the matter dominated era, H = 2/3t, therefore the solution of the above equation is

given as

δ(t,~k) = δ+(~k)D+(t) + δ−(~k)D−(t) , (1.44)

where D+(t) = exp(kt) and D−(t) = exp(−kt), corresponds for the growing mode and

decaying mode, respectively. Their coefficients δ+ and δ− can be found by using the

intial conditions. Since we are interested in the structure formation, therefore we will

consider only the growing solution, i.e., δ(t,~k) = δ+(~k)D+(t).

Initially the structure were in linear regime (δ = δρ/ρ << 1) but as the time pro-

ceeds, the density perturbation grows and in deep matter-dominated era, the growth

becomes non-linear in nature (δ ∼ 1).

1.5.2 Non-linear structure formation

The linear theory of cosmological perturbations works very well for the large scales

and early Universe. However, when the density perturbations become an order of the

background density, then the linear perturbation theory fails. To understand the non-

linear theory, one has to rely on the higher-order perturbation theory, Press-Schechter

theory, or the numerical gravity solvers. The analytic expression in these regions is

very difficult, so the correct dynamics of the density perturbation can be described by

the numerical simulation. However, for a very simple case, one can obtain the analytic

solution and study the evolution of the density in the nonlinear region.

Spherical top hat collapse model

The simplistic description is a spherical top hat collapse model, which assumes the iso-

lated spherical halo on the homogeneous background of the Universe. As time passes,

the perturbation grows; however, after some time, the perturbation stops growing. The
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Figure 1.5: A linear and nonlinear matter power spectrum obtained from CDM using

the CLASS code [5].

radius at which this happens is called the turnaround radius. After the turnaround, the

density again starts growing, and the radius starts decreasing. After some time, the

system becomes virialized and forms a halo. At time of the virialization, the density

becomes ≈ 178 times the background energy density and the linear density grows to,

δ ' 1.69. This suggests that if the linear density exceeds δ ' 1.69, halo formation

occurs, which is typically 178 times larger than the background density. After being

equipped with the linear structure formation input, one can estimate the number density

of the halo for a given mass by the Press-Schechter mass function [105]. This model

is very successful in explaining the CMB and large-scale structure of the Universe.

N-body simulations and Halofit model

The cosmological N-body simulation provides the correct picture of the nonlinear

gravitational evolution on a small scale. The result obtained from the N-body sim-

ulation has been further used to develop a fitting formula or the halo model to study

gravitational clustering.

The halofit model, as suggested in Ref. [106], has been used to predict the non-

linear matter power spectrum, which fits the result of N-body simulations. How-

ever, it has been further reported that on the small scales (k < 0.65h Mpc−1 (or

L > 9.6h−1Mpc)), the halofit model underestimates the matter power spectrum as sug-

gested by recent precise simulation. An accurate fitting of the simulation results for

the scale, k ≤ 30hMpc−1 (or L ≥ 0.2h−1Mpc) is given by the modified halofit model,
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which is discussed in Ref.[107].

In Fig. 1.5, we plot both the linear matter power spectrum (LMPS) and nonlin-

ear matter power spectrum (NLMPS) Pδδ(k) obtained from the modified halofit model

[107], using the CLASS code [5] as a function of the scale at present. We find that the

LMPS matches the NLMPS on a large scale, but they differ on a small scales.

1.6 Problems of the standard cosmology

The ΛCDM model explain the large scale (scale larger than ∼ O (Mpc)) observational

data (where the structures are in linear regime of the density perturbations) very well.

However, this model faces some serious challenges from both theoretical construction

and cosmological observations. Some of the problems are as follows;

1.6.1 Cosmological constant problem

The cosmological constant (Λ) is a candidate for the dark energy in this model. The

dark energy has a constant and negative equation of state, w = −1, which indicates the

constant energy density throughout the cosmic evolution. The origin of Λ is considered

as the vacuum energy density of the Universe. However, the quantum field theory

calculation suggests that the vacuum energy of the quantum fields is ∼ 10121 times

larger than the energy density associated with the present dark energy density [108].

The difference between the energy density of the above two suggests that the vacuum

energy may not be the correct explanation of the Λ.

However, to solve the cosmological constant problem, many theories have been

proposed. Since the issue is related to the zero-point energy, therefore one may expect

that incorporating the supersymmetry (SUSY) may possibly resolve the problems. The

idea is based on the supersymmetric construction that there will be a fermion superpart-

ner with the same mass for every boson. Since the ground state energy of the fermions

and bosons is negative and positive, the overall effect will be completely canceling the

ground state energy. However, the SUSY is broken, so we do not know how the SUSY

breaking scale is related to the observed Λ value [53]. The other possible methods to

solve the Λ can be found in the reviews [53][109].
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1.6.2 Problems on the small scale

On a small scale, where the Universe is dominated by the structures (in nonlinear

regimes), the linear theory fails, and the Universe is well described by N-body simula-

tions. However, it was realized that the results obtained from the N-body dark matter

only simulations show some discrepancy with the observations. The disagreement be-

tween the observations and CDM simulations on the small scales is mainly related to

the following problems;

Core-cusp problem

N-body simulations based on the collisionless CDM shows the cuspy density profile

given as ρ ∝ r−1 (where ρ is the density and r is the distance away from the center),

towards the center of the galaxy [110]. This kind of halo is described by the universal

Navarro-Frenk-White (NFW) profile [111, 112]. But the observations of the rotation

curve of the dwarf and the Least Surface Brightness (LSB) galaxies indicate the lin-

early increasing velocity towards the center of halo, which suggest that the DM density

profile is the core, i.e., ρ ∝ r0 [113–118]. The difference between the slope of density

profile predicted from CDM simulations and observations is termed as the core-cusp

problem, for an overview, see [119]. This problem is not limited on the small galactic

scale but also reflected in the cluster scale [120–122].

Missing satellite problem (MSP)

This problem is related to the number of satellite galaxies around the host galaxies.

These satellites have their own halo and orbit around the most massive nearby halo.

Numerical simulations using CDM predicts large number of subhalos around the host

halos, since the halo mass function diverges for small halo masses as
dN

dMhalo
∝ M−1.9

halo

[123]. However, it has been revealed that the number of subhalos predicted in the

simulation is much higher than the observed satellite galaxies. For the Milky way size

of halo, the simulation provides a few hundred halos [124, 125], but only a few galaxies

are reported so far, see also a review [126].
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Too-big-to-fail (TBTF) problem

This problem relates to the inconsistency between the dynamics of brightest dwarf

spheroidal (dSph) galaxies (which is DM dominated) found in the Milky Way (MW)

and the most massive subhalo obtained from ΛCDM simulations. In Refs. [127][128],

it is found that dSph galaxies in the Milky Way have a large velocity dispersion; there-

fore, these galaxies should be lie in the most massive subhalo around the MW. How-

ever, the massive subhalos found in ΛCDM simulations are too dense to host the ob-

served satellites. In other words, the massive halo in MW is too dense to allow the

baryonic structure. For more reference on this issue, see Refs.[129, 130].

Diversity problem

In the ΛCDM model, the DM density follows the universal NFW profile. For a fixed

DM halo parameter, the NFW profile is fixed, so one expects the same kind of be-

havior for a similar halo. However, the observations of the velocity rotation curve

of spiral galaxies show considerable diversity in the interior properties (e.g., velocity

dispersion) of halo [131][132][133]. This is called the diversity problem.

It is important to note that all the above-discussed problems are not independent in

nature; instead, some of them are common in origin. For example, any mechanism that

solves the core-cusp problem by reducing the density at the DM halo’s inner regions

will also address the too big to fail problem and diversity problems.

A possible solutions of the small scale issues

The resolution of the abovementioned problems can be obtained as follows: the central

density profile of the DM host halo solves the core-cusp problem. The subhalo mass

function becomes divergent for low halo mass; therefore, reduction in halo mass ame-

liorates the missing satellite problem [124][125]. Further decreasing the large subhalo

central density profile of the DM addresses the TBTF problem [127][128].

Furthermore, the possible methods to address the small scale issues are broadly

categorized into two following ways;
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Baryonic dissipation mechanism

We emphasize that the small-scale issues discussed above are based on the CDM-only

simulations results. Since the baryons contribute predominantly to the energy density

of the inner region of the DM halo, therefore, one may expect that once the CDM, along

with the baryonic matter is taken into account in the numerical simulations then some

of the problems may be ameliorated. The baryonic dissipation mechanism, such as the

supernovae feedback, star formation takes away baryons from the DM halo, modifies

the gravitational potential, and can convert cuspy into core profile in dwarf DM halo

[134–139]. In Ref. [140] it has been shown that the baryonic mechanism is also able

to solve the missing satellite problems. However, the core formation requires large star

creation efficiency, and suppressing the galaxy formation needs low star generation,

which is opposite in nature [141]. Therefore whether the baryonic mechanism will

solve the small scale issues or not is still unclear [23].

The dark matter microphysics

The nature of the DM affects the structure formation history; hence its complex physics

may be a possible root of the small scale problems. In the ΛCDM simulations, the

dark matter is assumed to be cold, collisionless, and interacting themselves via gravity.

However, instead of the DM is cold if the DM is warm (velocity dispersion is large but

less than the hot dark matter), then due to free streaming, warm dark matter (WDM)

can damp the matter power spectrum [142][143]. Hence, in contrast with the CDM

halo, WDM reduces the number of subhalos, and due to the late time formation of these

haloes (in comparison with the CDM counterpart), the DM halo is less concentrated

[37, 144]. Numerical simulations using the warm dark matter suggest that it can solve

the TBTF and missing satellite problem [145–147].

Although, unlike the CDM, WDM produces the core density profile, but the core

length is too small to ameliorate the core-cusp problem [148]. Furthermore, WDM also

shows disagreement with the Lyman-alpha observations (which provides the informa-

tion about the power spectrum on the small scales) [38, 149] and hence using this, the

constraint on the WDM mass has been derived [150]. In other work, it is shown that

the relativistic WDM corresponds to 4 KeV mass explain the Lyman-alpha and Slogan
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Digital Sky Survey (SDSS) data but fails to address major small scale issues [151]. For

a comparison with the CDM and WDM in the light of the small scale cosmology, see

also Ref. [152].

Further, it has been found that the decaying dark matter (DDM) can address TBTF,

and MSP also does not violate the Lyman-alpha limit [153, 154]. The DDM, which

decays into dark radiation and WDM, can address the effective relativistic degree of

freedom and small scale constraint faced by the ΛCDM model [155]. Another inter-

esting solution to the small scales problems is the presence of self-interaction between

the dark matter particles [156]. We will discuss this possibility in great in chapter 3.

1.6.3 Anomaly in 21-cm cosmological signal observed by EDGES

The problem is related to the measurement of the 21-cm cosmological signal. Here, we

will briefly review the basics of the 21-cm signal and its cosmological evolution. Later,

we also discuss the anomaly observed in the 21-cm global absorption signal reported

by the EDGES collaboration.

The 21-cm absorption or emission line emits from the ground level of the neutral

hydrogen atom. This signal comes from the spin-flip transition between the singlet

(F = 0) and triplet (F = 1) hyperfine states. After CMB decoupling, the proton

and electron combine and form the hydrogen atom, which dominantly contributes to

the gas. Therefore, for the cosmological context, a 21-cm signal is a useful tool to

study the properties of the gas and provides valuable information about the first-star

formation and the reionization phase [6].

In the cosmological context, the 21-cm signal has been applied to study the gas

properties on some background radiation (CMB radiation). The intensity of the ob-

served 21-cm signal is quantified in terms of the differential brightness temperature,

T21 given by [157–159]

T21 =
1

1 + z
(TS − TCMB)(1 − exp−τ) , (1.45)

where (1 + z) factor in denominator corresponds to the dilution of temperature due

to expansion of the Universe. In above equation, TCMB is the temperature of black

body radiation, which emits during the fromation of atom via recombination of proton
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and electron. Further, TS represnets the spin temperature, which defines the relative

population of the triplet (n1) and singlet (n0) states due to the hyperfine splitting in

neutral hydrogen atom. The TS is given by [160]

n1

n0
=

g1

g0
e−

E21
TS ' 3

(
1 −

E21

TS

)
, (1.46)

where E21 is the energy of the 21 cm line. Here τ is the optical depth of the cosmic

medium, which is defined as

τ ≈
3λ2

21nHA10

16TS H(z)
, (1.47)

where, λ21 is the wavelength of 21 cm-line at rest and nH is the number density of the

neutral hydrogen atom. For a optical thin case, exp−τ ≈ 1 − τ, so using Eq. (1.45) and

Eq. (1.47), one can get

T21 ≈
3λ2

21A10

16(1 + z)

(
1 −

TCMB

TS

) (
nH

H(z)

)
. (1.48)

It is clear from the above equation that whenever the spin temperature becomes differ-

ent from the CMB, the absorption or emission of the 21-cm line takes place.

In the evolutionary history of the Universe, the spin temperature is determined by

three competing mechanisms: CMB radiation, collisions, and Lyman-α radiation. In

the local equilibrium and using the argument of detailed balance, one can obtain the

spin temperature as [160]

TS =
TCMB + ycTG + ywTLyα

1 + yc + yw
, (1.49)

where, TG and TLyα represents the kinetic temperature of gas and Lymann-alpha tem-

perature. The temperature, TLyα is defined through the detailed balance equation. The

other quantities yc and yw are defined as [160]

yc =
TS

TG

(
Pc

01

A10

)
, yw =

TS

TLyα

(
Pw

01

A10

)
. (1.50)

Here Pc
01 and Pw

01 are the probabilities of the ground and excited state of the Hydrogen

through the collisions and Lyman-alpha radiation.

Standard model of 21-cm cosmology

Figure 1.6 provides the evolution of the brightness temperature as a function of the

redshift (also in frequency) during the cosmic evolution in the context of the ΛCDM
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Figure 1.6: 21-cm signal in the standard cosmological model. Image source [6]

model. In the standard cosmological description, the gas remains thermally couple

with CMB via the Compton scattering off the residual electrons, i.e., TG = TCMB and

consequently, the collisions drives, TS = TG . Below the redshift 150, due to de-

creasing electron fraction, the Thomson scattering between the CMB and free-electron

becomes ineffective, and gas gets thermally decoupled from the CMB radiation and

cools adiabatically for the rest of the cosmic evolution. Therefore the gas temperature

does no longer follows the CMB temperature. However, the collisions between the

Hydrogen-Hydrogen, Hydrogen-electron is sufficient enough so that the spin temper-

ature couples to the gas temperature, i.e., TS = TG. Since TS < TCMB, therefore the

first time the 21-cm absorption signal is produced. Nevertheless, as time proceeds, the

number density of the particles decreases; therefore, the collisions between the gas be-

come less effective, and hence TS will no longer hold the gas temperature TG. At this

time, gas absorbed or emitted the CMB radiation efficiently, and the spin temperature

becomes CMB temperature; therefore, the 21-cm signal vanishes.

Further, at z < 20, the first-star formation took place and emitted ultraviolet radi-

ation. As a consequence, the stellar Lyman α couples the spin temperature with the

gas via the Wouthuysen-Field effect [160, 161] such that TS = TG. Therefore due to

the difference between the spin and the CMB temperature, the 21-cm absorption sig-

nal occurs. However, at later, z ≤ 15, the starlight reionized the thermal plasma, and

it increases the spin temperature over the CMB; therefore, the emission of the 21-cm

signal takes place. At the end of the reionization z ≤ 6, the Universe again becomes
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neutral and TS = TCMB, therefore no absorption or the emission signal of the 21-cm be

produced.

As discussed above assuming TS = TG, the standard cosmological prediction for

the brightness temperature at z ' 17 is

T21 ≥ −220 mK , (1.51)

and for which the gas temperature is equal to 6.8 K [158].

Anomaly in 21-cm cosmological signal reported by EDGES

The EDGES [162] measured a global average of 21-cm absorption signal which is

centered around frequency ν ≈ 78 MHz (redshift z ≈ 17). The EDGES brightness

measurement at z ' 17 with 99% confidence interval is given by

T EDGES
21 ≈ −500+200

−300 mK . (1.52)

In the optimal condition, this corresponds to the gas temperature: 3.26+1.94
−1.58 K [158].

The amplitude of the absorption signal is approximately two times larger than the

standard cosmological prediction. This signal was reported in the cosmic dawn era

15 ≤ z ≤ 20, where the Universe was in its coolest phase, and the star formation started

for the first time in cosmic history. Later, as the star formation proceeds, the ultraviolet

radiation emitted from the stars heat the baryonic matter, and the spin temperature

increases and which reduces the strength of the signal.

Possible resolution of the EDGES anomaly

From Eq.(1.45), it is evident that any mechanism that reduces the brightness tempera-

ture can explain the EDGES signal.

The one possibility is the decreasing gas temperature. Since the DM temperature is

small in comparison with the gas, therefore the elastic scattering of the dark matter with

the gas can transfer the heat energy from gas to DM and reduce the gas temperature

[157, 158, 163].

The other method to address the EDGES anomaly is to increase the photon number

density in the Rayleigh-Jeans limit of the CMB radiation. It may occur due to the
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excess of early radio background [164–166], resonant scattering of a dark photon in

standard photons [11], resonant conversion of axions into photons under the magnetic

fields [167].

The other possible alternative explanations of EDGES observation include the

emission of 21-cm axion [168–170], early dark energy [171].
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1.7 Thesis overview

In this thesis, I have attempted to address some major problems of the CDM model,

such as the dark energy, EDGES anomaly in the framework of the viscous dark matter.

Further, I have also discussed the possible signals from the viscous dark matter (visible

photon production) and explored the DM properties such as its mass (sub-GeV), which

is relevant for future DM searches.

In chapter 2 we present a brief introduction of the relativistic viscous hydrodynam-

ics and relativistic kinetic theory.

In chapter 3, we propose the viscous self-interacting dark matter. We calculate

the shear and bulk viscosity of SIDM using kinetic theory and the relaxation time

approximation. It is found that at present, z = 0, due to the large velocity dispersion of

the DM particles, the SIDM viscosity (both shear and bulk) is large and significantly

contributes to cosmic dissipation. We check the effect of this on the cosmic evolution

and find that the SIDM viscosity is large enough to account for the present accelerated

expansion of the Universe, hence mimic the dark energy.

Further, in chapter 4, we study the evolution of the SIDM dissipation at the late

time of the cosmic evolution. Considering the variation of the velocity gradient of

cosmic fluid at a small redshift interval (0 ≤ z ≤ 2.5), we find that VSIDM can also

explain the low redshift observations such as supernovae data, cosmic chronometer

data very well.

In chapter 5, we study the SIDM properties such as DM mass, viscosity evolution,

in the light of the KSS bound, and the low energy observations (0 ≤ z ≤ 2.5). We

see that the VSIDM fluid violates the KSS bound. Further in the assumption that the

VSIDM obeys the KSS bound, we find that the mass of the SIDM particles should

be sub-GeV. Further, assuming a power-law form of SIDM viscosity, we investigate

its evolution in the light of late-time observations. We report that the shear and bulk

viscosity are large at present and decrease at an earlier time.

In chapter 6, we explore the effect of DM viscosity at large redshift interval (15 ≤

z ≤ 1100). The viscosity in the DM cause to produce energy dissipation and hence

heats the DM fluid. We propose that viscous energy dissipation can produce visible

photons. Our calculation indicates that these generated photons can increase the CMB
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photons in the RJ limit and are sufficient enough to explain the anomaly in the 21-cm

cosmological signal observed by the EDGES collaboration.

In chapter 7, we study the DM microphysics using the viscous DM-gas interac-

tions and recent anomaly observed in the global 21-cm signal anomaly observed by

the EDGES. For large DM viscosity, the DM transfers heat energy to the gas and in-

creases its temperature. Therefore one of the possible explanations of EDGES anomaly

demands low gas temperature constraint the DM properties such as its interaction with

the gas, viscosity.

In the last Chapter 7, we have summarized our results and discussed our future

directions.
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Introduction of viscous cosmology

2.1 Introduction

Cosmology is a description of the Universe as a whole. The Universe is made from

different species, such as the DM, DE, baryons, and relativistic particles (photons and

neutrinos). The particles interact with each other in a specific manner. The large-scale

property of the cosmos results from the individual particle dynamics that reside in the

Universe.

To study cosmic evolution using the interaction of the individual particles is a chal-

lenging task. Therefore the many-body description will be needed to understand the

dynamics of cosmic evolution. Hydrodynamics is one of the simplest description of

many-body interacting systems. We focus our study on dark matter, so for simplicity,

we use the hydrodynamic picture for the dark matter particles. We assume a system of

dark matter particles as a viscous fluid and apply the fluid equations to study its prop-

erties. In order to calculate the transport coefficient (such as bulk and shear viscosity),

we need microscopic theory such as kinetic theory or field theory. We calculate the

viscosity using the kinetic theory framework.

The organization of this chapter is as follows. In Section 2.2, we briefly discuss

about non-relativistic and relativistic hydrodynamics. In Section 2.3, we present the

relativistic kinetic equation. Having equipped with both the picture, we calculate the

transport coefficient, i.e., bulk and shear viscosity using relaxation time approximation

in Section 2.4. Further, in Section 2.5, we present a brief introduction of viscous

31
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cosmology. Finally, in Section 2.6, we discuss the validity of hydrodynamics for the

dark matter particles.

2.2 Introduction to hydrodynamics

Hydrodynamics is the simplest description to study the many-body interacting sys-

tem. Validity of hydrodynamic approximation would require the following hierarchy

of length scales

Lmfp << L f < Ls , (2.1)

where Lmfp is the mean free path, L f denote scale of the fluid element and Ls describes

the system size.

2.2.1 Non-relativistic hydrodynamics

The properties of the non-relativistic, ideal and neutral fluid is defined by its energy

density (ρ), velocity (ui), and pressure (P). The evolution of energy density, and pres-

sure are studied by using the continuity equation [172]

∂ρ

∂t
+

∂

∂xi

(
ρui) = 0 , (2.2)

and Euler equation

ρ
∂ui

∂t
+ ρ u j ∂ui

∂x j = −
∂P
∂xi . (2.3)

In the above four equations (three in velocity and one in energy density), there are

five variables (ρ, ui and P). Therefore to close the equations, one needs to provide the

equation of state, which relates the pressure to energy density, i.e., P = P(ρ).

However, when the fluid is non-ideal, then the dissipation can occure. For example,

if two layers of fluid have velocity gradient, then the viscosity, if a gradient in the

number density, then the number diffusion, and if gradient in the temperature, then the

heat diffusion phenomena. In that case, when the fluid is viscous, the Euler euation is

replaced by Navior-Stokes equation, given by

ρ
∂ui

∂t
+ ρ u j ∂ui

∂x j = −
∂P
∂xi −

∂Π ji

∂x j (2.4)

where, Π ji = −η

(
∂ui

∂x j +
∂u j

∂xi −
2
3
∂uk

∂xk δ
i j

)
− ζ

∂uk

∂xk δ
i j, (2.5)
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The non-relativistic fluid equation has been a successful theory and tested in many

applications. So any relativistic fluid equation should reduce in the above equation in

the non-relativistic limit.

2.2.2 Relativistic hydrodynamics

In relativistic hydrodynamics, the energy density and the velocity are not the relevant

quantity because the energy density does not provide information about the kinetic

energy, and the velocity vector is not a Lorentz invariant. Therefore for the relativistic

version, we consider energy as total energy (ε), and velocity is replaced by the four-

velocity. In relativistic theory, the definition of the four-velocity is unambiguous. The

velocity can be defined as either the energy frame (Landau-Lifshitz frame [172]) or the

flow of the particle frame (Ecart frame [173]). As the physics should not depend on

the specific choice of velocity defining a frame, so these two frames are related. For a

good review of the viscous hydrodynamics, see Refs. [174] [175] [176].

Relativistic ideal hydrodynamics

In relativistic hydrodynamics, the energy-momentum tensor and the charge four-vector

of the ideal fluid is written as

T µν

ideal = εuµuν + P∆µν and Nµ = nuµ . (2.6)

In the above equations, uµ represents the four velocity time like vector, which is nor-

malized as, uµuµ = −1. ∆µν = uµuν + gµν is the orthogonal projection operator to the

velocity, i.e., uµ∆µν = ∆µνuν = 0. In absence of any source or sink,

∇µT
µν

ideal = 0 and ∇µNµ = 0 . (2.7)

So the energy and velocity of the fluid evolves as

uµ∂µε + (ε + P)∇µuµ = 0 , (2.8)

and , (ε + P) uµ∇µuν + ∆µν∂µP = 0 . (2.9)

In the non-relativistic limit, P � ε and uµ∂µ ≈ ∂t + ui∂i. Therefore the energy is

replaced by the rest mass energy density, ε + P ' mn = ρ [172], where m and n
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corresponds for the mass and number density of the particles. For non-relativistic

regime, Eq. (2.8) and Eq. (2.9) reduces in its non-relativistic version of continuity and

the Euler equation, as given in Eq. (2.2) and Eq. (2.3).

Relativistic viscous hydrodynamics

In the Landau-Lifshitz frame (uµT µν = −εuν [172]), the total energy momentum tensor

for a dissipative fluid can be given by

T µν = T µν

ideal + T µν

visc (2.10)

where, the viscous terms is given by

T µν

visc = ΠB∆µν + Πµν . (2.11)

Here, ΠB, and Πµν represent the bulk stress and shear stress tensor, respectively. In the

first order of gradient expansion, these coefficients are defined as

ΠB = −ζ∇µuµ , (2.12)

and Πµν = −2ησµν = −η

[
∆µα∆νβ + ∆µβ∆να −

2
3

∆µν∆αβ

]
∇αuβ , (2.13)

where, η and ζ represents the shear and bulk viscosity. The shear stress is orthonormal

to the velocity, uµΠµν = 0, and traceless, Πµ
µ = 0. It is important point to note that

the viscous contribution in the energy-momentum tensor is a small perturbation on the

ideal part, therefore T µν

visc � T µν

ideal. In absence of the extra energy source, the covariant

form of the energy-momentum conservation equation can be written as

∇µT µν = 0 . (2.14)

So, using the above equations, one can write the evolution equation of fluid energy as

uµ∂µε + (ε + P)∇µuµ − ζ
(
∇µuµ

)2
− 2ησµνσµν = 0 , (2.15)

and the fluid velocity as

(ε + P + ΠB) uµ∇µuν + ∆µν∂µ (P + ΠB) + ∆ν
µ∇αΠ

αµ = 0 . (2.16)
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Along with this there may be conserved charges (for example, dark matter or the

baryons). In the first order gradient expansion, the four current vector, Nµ is written as

Nµ = nuµ + ν
µ
d (2.17)

where, νµd is the diffusion four vector, given by

ν
µ
d = −κ

( nT
ε + P

)2

∆µν∂ν

(
µc

T

)
. (2.18)

Here κ, µc,T represents the thermal conductivity, chemical potential and temperature,

respectively. The component of Nµ along the uµ at rest frame represents the total

charge, n = −uµNµ and perpendicular on uµ corresponds for the diffusion four-vector

ν
µ
d = −∆µαNα. The νµd is also perpendicular to uµ by construction, uµν

µ
d = 0. The

covarient form of the number density evolution equation is given by

∇µNµ = uµ∂µn + n∇µuµ + ∇µν
µ
d = 0 . (2.19)

In equilibrium condition, the velocity gradient vanishes, therefore the non-equilibrium

transport coefficient, ΠB, Πµν and νµd vanishes.

In the non-relativistic limit, the dissipative part of the relativistic energy momentum

tensor (Eq.( 2.11)) is approximated as

T i j
visc = −η

(
∂ui

∂x j +
∂u j

∂xi −
2
3
∂uk

∂xk δ
i j

)
− ζ

∂uk

∂xk δ
i j, (2.20)

We stress that in non-relativistic limit, Eq. (2.15) and Eq. (2.16) reduces in its non-

relativistic version of continuity and the Navier-Stokes equation, given in Eq. (2.2) and

Eq. (2.4). For a discussion related with the conserved charges, see Refs. [177] [174].

2.2.3 Entropy generation

The entropy is a thermodynamic property, which is related with the other thermody-

namic quantities via

ε + P = Ts − µn and dε = Tds + µdn . (2.21)

where, s is the entropy density. The equilibrium entropy four-vector is deined as

S α = suα . (2.22)
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The second law of thermodynamics demands,

∂αS α ≥ 0. (2.23)

Considering the chemical potential to be zero and applying Eq. (2.21), Eq. (2.15) and

(2.22), we get

∂αS α = uα∂αs + s ∂αuα =
1
T

[
ζ (∇αuα)2 + 2ησαβσαβ

]
≥ 0. (2.24)

Since viscous coefficients are positive, η ≥ 0, ζ ≥ 0, and RHS is the sum of two positive

square, therefore ∂αS α ≥ 0.

2.2.4 Acausal behavior of first-order hydrodynamics

It has been pointed out that the first-order gradient expansion violates the causality.

This can be understand by perturbing the energy density and fluid velocity at rest frame

as [175]

ε = ε0 + δε(t, ~x), uµ = uµ0 + δuµ(t, ~x) (2.25)

where uµ0 = (1, 0, 0, 0). Here we focus on the only spatial coordinate, y and using the

relativistic hydrodynamics equation, so we get a diffusion kind of equation as

∂

∂t
δuµ(y) −

η0

ε0 + P0

∂

∂x2 δu
µ(y) = O(δ2) (2.26)

Assume solution of the form, δuµ(y) = fω,k e−iωt+i~k·~x in Eq. (2.26), we get

ω =
η0

ε0 + P0
k2 and vT =

dω
dk

=
2η0

ε0 + P0
k . (2.27)

where vT is the diffusion speed. From above equation, it can be seen that vT ∝ k, and

therefore for a large k, the diffusion speed will be larger than the speed of light. This

violate the causality. Therefore it implies that the relativistic Navior-Stokes equation

holds for the large wavelength scale.

2.2.5 Causal hydrodynamics: Muller-Israel-Stewart (MIS) theory

A possible way to restore the causality is Maxwell-Cattanio law, given by [178] [175]

τπ
∂

∂t

(
T xy

visc

)
+ T xy

visc = η0
∂

∂x
δuµ(y) (2.28)
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where τπ is the time scale, known as the relaxation time. Although the above equation

solves the causality problems but the origin of this equation from first principal is not

very clear.

The other possibility is related to the definition of entropy. In the equilibrium, the

entropy is defined through the Eq. (2.22); however, in case of away from the equilib-

rium, entropy may not be limited to this but also contain the other term related with

the dissipative part of the energy-momentum. The non-equilibrium entropy current is

defined as [179] [174]

S µ = suµ −
β0

2T
Π2

B uµ −
β2

2T
ΠαβΠ

αβ uµ + O(Π2
B) (2.29)

where β0 and β2 indicate the deviation of the entropy current from the equilibrium.

Using the condition ∂µS µ ≥ 0, one can find the new expression for the shear and the

bulk stress [175]. For β0 = β2 = 0, these reduces in to the relativistic Navier-Stokes

equation. Furthermore, β0 = τB/ζ and β2 = τπ/ζ, the equation reduces in similar

to Maxwell-Cattanio law (Eq. 2.28). The expression of entropy given in Eq. (2.29)

respect the causality, see Ref. [175].

The entropy four-vector (Eq. (2.29)) consists of the second-order of the viscous

terms, so the MIS theory corresponds to the second-order hydrodynamics. Therefore

we see that the second-order hydrodynamics solves the causality problems.

2.3 Relativistic kinetic theory

In kinetic theory formalism, the thermodynamics quantity is defined in term of the

particle distribution function, f (xµ, pµ). In this theory, it is assumed that the system

is close to the local thermal equilibrium, so the variation of distribution function is

slow in both space and time. Therefore, one can assign the thermodynamic quantities

such as temperature and energy to the system locally. The evolution of the distribution

function is governed through the Boltzmann equation [36],

L̂[ fp] = C[ fp] , (2.30)
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where, L̂ represents the Lioville operator and C[ fp] is the collisional term. In presence

of the gravity, L̂ is given by

L̂ = pµ
∂

xµ
− Γµναpνpα

∂

pµ
(2.31)

For the flat space-time, L̂ = pµ
∂

xµ
. At the equilibrium, fp reduces to the its equilibrium

value, i.e., f (xµ, pµ) ≡ f 0
p , and collisional term vanishes, C[ fp] = 0.

The equilibrium thermodynamic quantities can be written by using the moment of

the distribution function. The 0−th moment provides the the number density as

n =

∫
d3 p

(2π)3 f 0
p . (2.32)

Also the first moment defines the four-current density of the particles as

Jµ =

∫
d3 p

(2π)3

pµ

Ep
f 0
p . (2.33)

where Jµ = (n, ~j) and vp = p/Ep is a single particle velocity. Furthermore, the second-

moment represent energy momentum tensor, given as

T µν =

∫
d3 p

(2π)3

pµpν

Ep
f 0
p . (2.34)

The average energy density can evaluate the T 00 of the above equation as

T 00 = ε =

∫
d3 p

(2π)3 Ep f 0
p . (2.35)

Also, the (T 0i) component of Eq. (2.34) represent the momentum density as

T 0i =

∫
d3 p

(2π)3 pi f 0
p . (2.36)

Futher, component of the Eq. (2.34) represents the momentum density as

T i j =

∫
d3 p

(2π)3

pi p j

Ep
f 0
p . (2.37)

For a homogenous and isotropic system, the average pressure of the system is given as

P =
1
3

T i
i =

1
T

∫
d3 p

(2π)3

[
p2

3Ep

]
f 0
p . (2.38)

In a thermodynamic equilibrium, one can also obtain the entropy density, s of the

viscous fluid medium, via the thermodynamic relation as

s =
ε + P

T
=

1
T

∫
d3 p

(2π)3

[
Ep +

p2

3Ep

]
f 0
p . (2.39)
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where, ε and P are the average energy density and average pressure.

Furthermore, when fluid departs from the local thermal equilibrium, then the dis-

tribution function changes, and hence EM tensor also changes. We assume that change

that the system is slightly away from the equilibrium (nearly in local equilibrium), into

the distribution function is of the linear order, thus

f ′p = f 0
p + δ fp + .... (2.40)

where the first term f 0
p is the equilibrium distribution function, and the second term

δ fp is the first order deviation from the equilibrium. Therefore upto first order of the

distribution function expansion, the total non-equilibrium EM tensor is given by

T µν =

∫
d3 p

(2π)3

pµpν

Ep
f ′p =

∫
d3 p

(2π)3

pµpν

Ep
( f 0

p + δ fp). (2.41)

Furthermore, it is good to rewrite the non-equilibrium EM tensor as

T µν = T µν
0 +

∫
d3 p

(2π)3

pµpν

Ep
δ fp , (2.42)

where the first and second term in RHS corresponds for the ideal (given in Eq. (2.34))

and dissipative part. Therefore i j-component of the energy-momentum tensor of the

dissipative term using the kinetic theory is given as

T i j
dissK =

∫
d3 p

(2π)3

pi p j

Ep
δ fp. (2.43)

2.4 Calculation of bulk and shear viscosity using ki-

netic theory formalism

After being equipped with hydrodynamical and relativistic formalism, we will now

calculate the shear and bulk viscosity by comparing the stress-energy tensor of the

kinetic and hydrodynamic theory. To do so, firstly, we estimate the change of distribu-

tion function using the relaxation time approximation. Here we will briefly discuss the

calculation, but for more details, see [180] [181] [182].

The evolution of the distribution function of the particles can be obtained by using

the Boltzmann equation, given by Eq. (2.30). For simplicity, here we assume that
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the particles are spinless, interacting, and there is no external force acting on them,

dp/dt = 0. Therefore the Boltzmann equation is written as

pµ
∂

xµ
fp =

∂ fp

∂t
+ vi

p
∂ fp

∂xi = C[ fp] . (2.44)

Here we are interested in 2 ↔ 2 elastic collision, so C[ fp] describe the rate of change

of fp due to collisions between the particles. It is also assumed that the collisions are

effective in bringing the system to local equilibrium

To study the evolution of fp, one needs to provide the form of C[ fp], which cru-

cially depends on the particle interaction. Here we approximate the C[ fp], using the

relaxation time approximation. The system comes in the local equilibrium exponen-

tially in characteristic time, called relaxation time (τ), which is an order of the collision

time of the particles. The value of τ provides us information about how much time is

needed for the system to obtain the equilibrium.

Under the above assumptions, the collision term can be approximated by the lin-

earized form [180]

C[ fp] ' −
( fp − f 0

p )

τ
= −

δ fp

τ
, (2.45)

where, δ fp ≡ ( fp − f 0
p ) is the deviation of distribution function from the equilibrium

distribution function, f 0
p . The negative sign indicate that the non-equilibrium distribu-

tion function is decaying to its equilibrium value. In a general consideration, τ can be

a function of energy, ie., τ ≡ τ(Ep). However for calculation puposes, we assumed τ

to be independent on energy. Thus, applying Eq. (2.45) and Eq. (2.44), we get

δ fp = −τ(Ep)
∂ f 0

p

∂t
+ vi

p

∂ f 0
p

∂xi

 . (2.46)

Thus using δ fp from Eq. (2.46), we get the T i j
dissK as

T i j
dissK = −

∫
d3 p

(2π)3 τ(Ep) vi p j

∂ f 0
p

∂t
+ vl

p

∂ f 0
p

∂xl

 . (2.47)

The above T i j
dissK corresponds to the dissipative part of the energy-momentum tensor,

which is derived from kinetic theory. Therefore this form must be consistent with the

T i j
dissH, as obtained from the hydrodynamics.

Further, in order to calculate the η and ζ, we need to compare Eq. (2.20) and Eq.

(2.47). For this, we assume the fluid motion along, say, x axis with fluid velocity ux(y),
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i.e. u = (ux(y), 0, 0). In this case, Eq. (2.20) reduces to

T xy = −η
∂uy

∂x
. (2.48)

Furthermore, to simplify the Eq. (2.47), we consider the equilibrium distribution func-

tion of the form f 0
p = exp(−pµuµ/T ). Then assuming ∂ f 0

p /∂t = 0, one can get T xy using

Eq. (2.47) as

η = −
1
T

∫
d3 p

(2π)3 τ(Ep)
(

px py

Ep

)2

f 0
p

(
∂uy

∂x

)
. (2.49)

Thus using Eq. (2.48), Eq. (2.49) and after some simplification, we get [180] [182]

η =
1

15T

∫
d3 p

(2π)3 τ(Ep)
p4

E2
p

f 0
p . (2.50)

To calculate the bulk viscosity, we need to take the trace of Eq. (2.20), which gives as

T i
i = −3ζ

∂ui

∂xi , (2.51)

and compare with trace of Eq. (2.47). Further, using the conservation of stress energy

tensor T µν
,ν = 0 and after some manipulations, one can obtain the expression for the

bulk viscosity as [180] [182]

ζ =
1
T

∫
d3 p

(2π)3 τ(Ep)
[
EpC2

n −
p2

3Ep

]2

f 0
p , (2.52)

where, Cn =
∂P
∂ε

∣∣∣∣∣
n

is the speed of sound at constant number density. Eq. (2.50) and

(2.52) are relativistic expression for the shear bulk viscosity from kinetic theory.

Therefore in order to estimate the viscosity we need to provide the energy depen-

dent relaxation time. For the scattering process a(pa) + b(pb) ↔ c(pc) + d(pd), τ(Ep)

is defined as

τ−1(Ep) =
∑
bcd

∫
d3 pb

(2π)3

d3 pc

(2π)3

d3 pd

(2π)3 W (a, b→ c, d) f 0
b , (2.53)

where, W (a, b→ c, d) is related with the transition amplitute, |M|2 by

W (a, b→ c, d) = (2π)4 δ (pa + pb − pc − pd)
(2Ea) (2Eb) (2Ec) (2Ed)

|M|
2 . (2.54)

In this work, we approximate the relaxation time to the thermal average relaxation

time, τ̃. For the scattering process a(pa) + b(pb)↔ c(pc) + d(pd), τ̃a is defined as

τ̃−1
a =

∑
b

nb〈σabvab〉, (2.55)
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where nb represents the number density of particle b, which is given by

nb =

∫ ∞

0

d3 pb

(2π)3 f 0
pb
. (2.56)

Further, 〈σabvab〉 is the average velocity weighted cross-section, defined as

〈σabvab〉 =

∫
d3 pad3 pb σ vab exp

(
−Ea

T

)
exp

(
−Eb

T

)
∫

d3 pad3 pb exp
(
−Ea

T

)
exp

(
−Eb

T

) . (2.57)

We see that the value of τ̃a depends on the particle physics motivated model. Here we

assume that the DM particles are colliding with themselves elastically and take na = n

and 〈σabvab〉 = 〈σv〉.

2.5 Motivation of viscous cosmology

The Universe is homogeneous and isotropic on a large scale, typically greater than

∼ 100 Mpc. Therefore, the shear viscosity, which accounts for the fluid’s anisotropy,

is unfavored on large scales. Further, the shear viscosity is also considered unimportant

at the early time of cosmic history, where the Universe was in linear regimes. However,

at the late time of cosmic evolution, the perturbations become non-linear, and due to

structure formation, the Universe becomes anisotropic at a small scale. Therefore at

a late time, the contribution of the shear viscosity may be important and may not be

neglected at present [92].

On the other hand, the bulk viscosity is consistent with the homogeneity and isotropy

of the large scale of the Universe, and hence its effect can be explored throughout the

cosmic evolution. In the presence of bulk viscosity, the energy-momentum tensor of

the cosmic fluid is given as

Tµν = ρuµuν + (P + ΠB)∆µν , (2.58)

where P = (γ−1)ρ (γ is constant) is the kinetic pressure and ΠB is the viscous pressure

of the cosmic fluid. The energy density evolution of the bulk viscous fluid is obtained

by using the continuity equation, ∆µT µ0 = 0 as

uµ∂µρ +

(
ε + P + ΠB

)
∇µuµ = 0 . (2.59)
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For the flat FLRW metric and cosmic rest frame, ∇µuµ = 3H. So the above equation

becomes

ρ̇ + 3H(ρ + P + ΠB) = 0 . (2.60)

Therefore, in presence of the viscosity, the Eq. (1.10) and Eq. (1.12) gets modified as

H2 =
8πG

3
ρ , (2.61)

ä
a

= −
4πG

3

[
ρ + 3 (P + ΠB)

]
. (2.62)

Eq. (2.61) and Eq. (2.62), indicate that the cosmic viscosity affects both the back-

ground expansion and also the rate of change of the cosmic expansion rate. For the flat

FLRW metric and cosmic rest frame, ΠB = −3ζH (using Eq. (2.12)). So the above

equation becomes
ä
a

= −
4πG

3

[
ρ + 3 (P − 3ζH)

]
. (2.63)

Thus, for a sufficiently large cosmic bulk viscosity, the total fluid pressure can be

negative and leads to accelerated expansion.

Therefore at the very early time of the Universe, a large bulk viscosity in the cosmic

medium can cause early cosmic acceleration (Inflation) [183–186]. Further using the

same argument as above, it have been shown that the viscous cosmic fluid can also

explain the currently observed acceleration of the Universe [79–92, 187]. Later, in

Ref. [188], the authors have argued that the viscous dark matter can reduce the tension

between the Planck and local measurements of the Hubble expansion rate.

However, it has been found that large shear and bulk viscosity can severely affect

the cosmic evolution history. The viscosity can cause to decay of gravitational poten-

tial fluctuations and hence can affect the CMB power spectrum [90]. The bulk viscosity

also reduces the growth of the density perturbation and therefore affects the structure

formation [189][190]. The presence of cosmic shear viscosity can dampen the ampli-

tude of the gravitational waves propagation [191–193]. In Refs.[194][88], the authors

report that if the Universe is filled with the bulk viscous fluid, then the viscosity can

reduce the age of the Universe. Therefore the DM viscosity is severely constrained

from the different astrophysical and cosmological observations. For more recent work

on the cosmic viscosity, see Refs. [195–199] and also a review [200].
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We emphasize that the aforementioned constraints on the cosmic viscosity is con-

sidered on the different redshift of the cosmic evolution. Therefore depending on the

strength of viscosity, the effect will be different. The modification in the background

expansion requires large viscosity, ζ̃ ∼ 10−1 [190] whereas non-linear growth of the

density perturbation needed small viscosity (existence of dwarf galaxies need ζ̃ <

10−11, whereas presence of cluster halo requires ζ̃ < 10−6), where ζ̃ =
24πGζ0

H0

(
3H2

0/8πG
)ν

[190][189]. Hence at an early time of cosmic evolution, the viscosity should be small,

and to produce the present accelerated expansion, the viscosity should be large. There-

fore on the basis of the above discussion, we state that if the cosmic viscosity varies

with the density, such as it is small at high redshift and large at low redshift, then the

viscous dark matter can in principle account for the cosmic acceleration.

2.6 Validity of hydrodynamics for the DM particles

In this section, we discuss about the fluid validity for dark matter particles. As dis-

cussed previously, the hydrodynamic description of the dark matter particles will be

held when the mean free path of the dark matter particles, λSIDM is less than the sys-

tem size under consideration, i.e., λSIDM < L. In the collisionless cold dark matter

description, the DM particles do not interact within themselves; therefore, the MFP

becomes large, and hence the fluid validity cannot establish like the interacting parti-

cles (where the scattering cause to establish the thermal equilibrium). However, the

presence of non-linearities on small scales enables us to define an effective fluid de-

scription, which in turn can be used to define an effective MFP of the CDM particles

[201]. In the effective theory of large scale structure, the fluid description of the dark

matter particles is defined on kΛ ∼ 1h Mpc−1 (or L ∼ 3Mpc), and the description on

the scale, km ∼ 0.5h Mpc−1 (or L ∼ 20Mpc) includes the viscosity arising either from

the coarse-graining scale km < k < kΛ or the fundamental viscosity arising from the

dark matter microphysics [202]. For more discussion on fluid description for cold dark

matter particles, see Refs. [202][203].

In case of collisional dark matter, collisions between the DM particles (like self-

interacting dark matter) sets a MFP scale, λmfp = 1/
√

2nσ, where n and σ represents
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the density and interaction cross-section of the DM, respectively [204]. If λmfp becomes

less than the length scale under consideration, then the hydrodynamics description will

be valid. However, if one accounts the gravitational interaction along with the DM self-

interaction, then the correct picture will be provided by the effective mean-free path.

We will discuss this thing in more detail, in subsection 3.3.1.





Chapter 3

Viscous self-interacting dark matter

and present cosmic expansion

3.1 Introduction

As discussed in chapter 1, that the ΛCDM model explains the CMB and the large

scale observations CMB but is in conflict with some small scale observations. Here

we will discuss the resolutions of these problems in the framework of self-interacting

dark matter (SIDM) [156] and constrain the SIDM properties from the cosmological

observations.

The self-interactions between the dark matter particles may lead to a modification

in the evolution of the Universe. In Ref. [205], it has been argued that tightly bound

DM and baryonic matter form the gravitating fluid and hence attribute to the ther-

modynamic properties. The collisional DM fluid’s internal motion can source to the

gravitational field and provide the extra energy (dark energy) required to flat the Uni-

verse [205]. This idea is further explored for polytropic DM model fluid and studied

the cosmic acceleration and deceleration to the accelerated transition of the Universe

[206].

In this chapter [207], we propose the viscous fluid description of the self-interacting

dark matter particles and investigate their impact on the cosmological evolution history.

We argue that a large self-interaction between the DM particles causes collisions be-

tween themselves and thermalizes the inner region of the halo; therefore, the SIDM

47
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can be described as a fluid. The self-interaction between the DM particles causes to

transfer of the energy and momentum between themselves. We propose that the scat-

tering processes between SIDM particles would lead to the viscosity in SIDM fluid.

To understand the scale at which the transport coefficients such as viscosity can be

estimated, we calculate the mean free path of the DM particles. Taking the DM self-

interaction and gravitational interaction into account, we report that the effective MFP

of SIDM is an order of virial radius of the DM halo under consideration. Therefore we

argue that for the SIDM scenario, the fluid description is valid from galaxy to a larger

scale. Then assuming the velocity distribution of SIDM particles as Maxwellian, we

estimate its shear and bulk viscosity using the kinetic theory framework. Further, the

astrophysical data from the clusters scale suggest that at the present epoch, the SIDM

viscosities are large; therefore, one may expect some cosmological consequence from

viscous dissipation.

As an application of these results, we explore the scenario discussed in Ref. [92]. It

was argued that the background quantities of cosmological fluid depend on the velocity

gradient and viscosity (both shear and bulk viscosity) of the cosmic fluid via dissipation

terms. If the backreaction from the local inhomogeneities is large, it modifies the

solution to Einstein’s equations and may explain the accelerated cosmic expansion.

However, it remains unclear which kind of particles can produce such a large viscosity.

We test this assertion using our Viscous Self-Interacting Dark Matter (VSIDM) model

and estimate the dissipation term, which depends on the DM viscosity and spatial

average of the fluid velocity gradient. The lower limit of the spatial average is the

smallest scale over which the fluid description of SIDM is valid (i.e., a few times of

MFP scales). The upper limit is taken to be a scale at which the Universe becomes

homogeneous and isotropic (i.e., ∼ 100 Mpc).

Further, we calculate the dissipation term in our VSIDM model. The estimation

of dissipation has been done using two different approaches. In the first approach,

the spatial average of fluid velocity gradient is replaced by its average value, and in

the second approach, fluid velocity gradient has been inferred from a realistic velocity

power spectrum. In the first approach, we report that the dissipative effects of the

SIDM obtained from the cluster scale DM halos are sufficiently large to account for
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the present observed cosmic acceleration. We test our theoretical understanding using

the astrophysical data and find that the data also points in the same direction.

In the second approach (using the velocity power spectrum), we find that the small

scale predominantly contributes to cosmic dissipation, whereas the large scale con-

tribution is very small. We also find that the non-linear velocity divergence power

spectrum provides slightly smaller dissipation (i.e., 4πGD/3H3 ≈ 2.2) in comparison

with the required value for present cosmic acceleration (i.e.,4πGD/3H3 ≈ 3.5), where

D is a dissipation term. However, we expect that the small value of the dissipation may

be due to not incorporating the small-scale effect, which predominantly contributes to

the dissipation. When appropriately considered, the dissipation term will increase. It

can possibly lead to the correct value of cosmic dissipation, which is responsible for

the present accelerated expansion of the Universe.

The organization of the chapter is as follows. In Section 3.2, we briefly analyze the

resolution of the small-scale problems using the SIDM scenario and study its impact

on the DM halo properties. In Section 3.3, we motivate the viscous self-interacting

dark matter and calculate its bulk and shear viscosity using the kinetic theory. Further,

in Section 3.4, we discuss the backreaction produced from the local inhomogeneities

of viscous matter and its effect on cosmic evolution. In Section 3.5, using the VSIDM

fluid model, we calculate the dissipation term and explore its contribution to the accel-

erated expansion of the Universe. Finally, in Section 3.6, we conclude our results.

3.2 Self-Interacting Dark Matter (SIDM)

The self-interacting dark matter is a lucrative solution to the small-scale issues dis-

cussed in chapter 1. The idea of SIDM was introduced to provide the solution for

missing satellites, and core-cusp problems [156]. Since the velocity dispersion in-

creases from the center to the outer region of the DM halo, therefore, a large DM

self-interaction at the small scales causes the heat transfer between the inner and outer

layers of the DM halo. This heated the central region of the halo; as a result, SIDM

causes the core profile in the DM halo [208] [209][210].

One can understand the SIDM properties by analyzing the scattering rate of SIDM
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Figure 3.1: The plot of SIDM density as a function of distance for a cluster A2537.

Fig. is taken from Ref.[7].

particles. Thes scattering rate is given by

Rscat = 〈σv〉
ρDM

m
≈ 2.5 × 10−8 Gyr−1

(
ρDM

M�kpc−3

) (
v

100kms−1

) (
σ/m

1cm2/g

)
, (3.1)

where 〈σv〉, ρDM and m, represents the velocity weighted self interacting cross-section,

density, and mass of the dark matter particles, respectively. The number of times by

which the DM particles scatter between themselves can be defined as, Nscat = Rscat×tage,

where tage is a typical age of the DM halo. From the above equation, the behavior of

the SIDM particles are interpreted as follows;

• At small scales r ≤ r1, the DM density is large, and consequently the DM parti-

cles scatter with each other Nscat ≥ 1. As an example, for typical dwarf galaxies,

ρDM ≈ 108M�kpc−3, v = 50kms−1, σ/m ≈ 1cm2/g and in time scale of dwarf

galaxies, tage ∼ 10Gyr, we get Nscat = 1 (also valid for for a typical cluster halo,

ρ ∼ 2 × 107 M�kpc−3, v ∼ 2000 km/s, σ/m ∼ 0.1 cm2/g and tage ∼ 5Gyr)

[7]. Therefore, inside the inner region of dark matter halo Nscat ≥ 1, so the DM

behaves like a collisional dark matter.

• At a large scales r > r1, the DM density falls rapidly, so the DM scattering

rate becomes very small, Nscat < 1. Therefore the dark matter approaches the

standard collision-less CDM behavior (follow the NFW density profile) on large

scales. Thus SIDM enjoys the success of the CDM on large scales.

The above properties of the SIDM halo is shown for the cluster halo in Fig. 3.1.
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Further, as we discussed before, the non-linear region is well described by the

numerical simulations. In order to study the SIDM properties two different simulations

methods have been adopted. First, when the SIDM particles MFP is larger than the

typical DM cores, λmfp > Lhalo (optically thin region) [208] [209][210][211] and second

, when the SIDM mean free path is less than the DM galaxy cores scale λMFP < Lhalo

(optically thick region) ie., fluid picture [212] [213][214].

It is found that in fluid discription leads to isothermal profile, which suggest a

increasing density towards inner rigion of the DM halo ρ ∝ r−2 [213] [215] and core

collapse [211][214]. However, in Ref. [216] it has been shown that for the present

halo, the core collapse time is larger than Hubble time; therefore, the existence of the

core profile is in agreement with the SIDM and gravothermal fluid model. Further,

in a recent work [217], authors argued that the gravothermal collapse along with the

velocity dependent cross-section can lower the subhalo density profile and explain the

TBTF problems.

3.2.1 SIDM on the galactic scale

It has been found that σ/m ≈ 0.5 − 50 cm2/g produces DM halo core of size 300 −

600 pc and may solves the core-cusp and TBTF problems without any fine-tuning

[218] (see also Ref. [219]). Further, including the baryons with SIDM for a given

value of the DM mass halo, the DM velocity dispersion varies in the galaxies’ inner

region. Therefore the SIDM also explains the diverse velocity rotation curve of the

spiral galaxies [220]. The presence of DM self-interactions may also suppress the halo

mass function, but this is not enough to explain the missing satellite problems [208]

[221].

3.2.2 SIDM with baryons and impact on the small scale cosmology

Since the real Universe also consists of the baryons. Therefore, including the baryonic

contribution in the numerical simulations can shed light on the DM properties and

may revise the SIDM constraints. The presence of baryons decreases the core radius

but increases the inner density [222]. The hydrodynamical simulation of the dwarf

galaxies (DM dominated) also indicates that the inner region of the SIDM is mildly
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affected by the baryons [223]. It is because here, star formation was smooth, not

bursty.

Recent numerical simulation using the baryons [224] shows that if the central re-

gion of the galaxy is steller dominated, then the SIDM halo is denser compared with

the CDM-only simulation. In other cases, when the interior is DM dominated, the den-

sity profile becomes less concentrated w.r.t. the CDM-only simulations [224]. For the

recent SIDM simulations, see Refs. [225][226].

To study the impact of the baryons on the DM halos, the analytical tool using the

SIDM and baryonic potentials (neglecting the contribution of the feedback process)

has also been developed [7][220][222]. In Ref. [222], the authors have studied the

equilibrium solutions of the density profile analytically and found that the inner region

follows the isothermal distribution, and the size of the DM halo is smaller compared

with the SIDM-only simulations.

3.2.3 SIDM on the cluster scale

The colliding galaxy cluster also constraint the non gravitational interaction between

the DM particles. The numerical simulations of the merging galaxy cluster 1E 0657-56

demands σ/m < 1.25 cm2/g for 68% confidence limit (for null offset in subclusters)

and σ/m < 0.7 cm2/g (subclusters of equal mass to light ratio pror to merger) [227].

For more references on bullet cluster constraints, please see Refs. [228] [229] [230].

Numerical simulations suggest that the SIDM also reduce the DM density profile

inside the cluster scale halo [212][231] [232]. Since the core size of the cluster scale (O

(10 kpc)) is larger than the galaxy scale core (O (kpc)). Therefore, one would expect

that the σ/m on the cluster scale should be small compared to the galaxy scale. The

earlier investigations indicate that a velocity independent self-interaction can possibly

ameliorate some of the galactic scales’ small scales issues. Ref. [233] argued that

for σ/m = 1 cm2/g, the SIDM particles cannot reproduce the required core inferred

from the galaxy scale (LSB and dSph) to cluster scale observations. However, for

slightly small σ/m = 0.1 cm2/g, the SIDM can produce a unified explanation of the

aforementioned data without any velocity-dependent cross section [234].

The cluster scale constraints such as radial arcs and giant arcs also demands small
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amount of the DM self-interaction, σ/m = 0.1cm2/g [235], (see also a review [236]).

In the presence of scattering between the DM particles, the shape of the halo is ex-

pected to be spherical; however, many observations indicate that majority of the clus-

ter DM halo is elliptical. Therefore, the halo’s ellipticity may be used to constrain the

SIDM properties of [237].

However, recent studies on cluster scale disfavor the velocity independent cross-

section and demands the mild velocity-dependent cross-section. Using semi numerical

method, in Ref. [7] the authors have argued that for the mild velocity-dependent self

interacting cross-section, σ(v) a variation of σ/m ≈ 2 cm2/g - 0.1 cm2/g from galactic

to cluster scale are consistent with the data.

3.2.4 Particle physics models for SIDM

The velocity dispersion of the DM particles increases from the small scale (dwarf

galaxies) to a large scale (cluster). So the DM halo can act as the collider for the

DM particles. It allows us a possibility to explore the theory of DM microphysics,

which is valid on both scales. As inspired by the Ref. [7] (i.e., σ/m ≈ 2 cm2/g on

galactic scale and σ/m ≈ 0.1 cm2/g on cluster scale), the unified explanation of galaxy

and cluster demands the dependency of the DM self-interacting cross-section on to the

relative velocity of the DM particles [7].

A simple model of the SIDM can be obtained by extending the SM sector with a

stable real scalar having quadratic potential [238][239]. Nevertheless, this model pro-

vides a constant σ over all scales, therefore disfavored from the galactic and cluster

scale data [7]. Another possibility is an exchange of the weakly coupled charged parti-

cles interacted with the DM, which can be obtained when the DM particles in charged

under U(1) gauge symmetry (charge conservation provides stability to DM) [240][241]

[242][243]. This can be described by the Yukawa potential in non-relativistic limit and

studied in perturbative [244] and non-perturbative regions [242]. The SIDM can also

be a non-abelian gauge theory of the dark sector, which allows a large interaction; see

review [245].

The SIDM can also be realized as a composite state like a dark atom that forms

from the dark electron and dark protons. The self-interaction can arise with the scat-
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tering between the dark atom and may be velocity-dependent [246]. Furthermore, the

DM self-interaction may not be the elastic process. The dark sector can carry the

ground states and the excited states. The DM self-interaction can cause to mediate the

transition between these states, and their spectrum can be possibly detected in the DM

searches [247].

3.3 Viscous Self-Interacting Dark matter

In the previous Section, we have discussed that the SIDM could ameliorate the small-

scale issues faced by the CCDM. It requires a large scattering cross-section between

the SIDM particles at small scales. The presence of DM-DM scattering thermalizes

the halo’s inner region; thus, the DM has a temperature. It is assumed that the SIDM

fluid is slightly away from the local thermal equilibrium. Then the self-interaction

between the DM particles causes to transfer of the energy and momentum between

themselves and hence tries to attain the local thermodynamic equilibrium. Therefore

one may expect that the scattering processes would lead to transport coefficients such

as the thermal conductivity or the viscosity in SIDM fluid.

Here we assume that the SIDM is a viscous fluid (i.e., DM particle transfer momen-

tum in scattering) and will not consider the thermal conductivity. Now on, we define

the SIDM fluid having a viscosity as a Viscous Self Interacting Dark Matter (VSIDM),

throughout our work.

3.3.1 Mean free path and validity of the fluid approximation

To evaluate the transport coefficients of the SIDM particles, we need to evaluate the

mean free path (MFP) and define the scale over which the fluid description for the DM

is valid. The MFP represents the average distance between the collision of particles. In

our analysis, two length scales are important, firstly the microphysical scale associated

with the scattering between the SIDM particles, λSIDM and secondly, is virial scale

related to gravity. Here we will discuss both cases individually.
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Mean free path only through SIDM microphysics

When gravity is unimportant, the hydrodynamic description for the SIDM particles

will be valid when the mean free path of the dark matter particle, λSIDM is less than the

typical length scale under consideration, i.e., λSIDM < L. In the dilute gas approxima-

tion, the mean free path of the SIDM particle is given by [204]

λSIDM =
1
√

2

(
1

nσ

)
. (3.2)

In a simplified manner, the expression for SIDM can be rewritten as

λSIDM ∼ 3 × 109
(

m/σ
gm/cm2

) (
M�kpc−3

ρ

)
kpc , (3.3)

where m/σ and ρ should be taken in units of gm/cm2 and M�kpc−3, respectively. In

Ref. [207], λS IDM is estimated by approximating the dissipation term D as, D ∼ η(~∇·~v)2

and used the η with the expression for a dilute gas viz. η = ρvλ/3 and then equating

with Eq. (3.39). In this way, we get λS IDM ∼ 5(m/ρσ). It suggest that the mean free

path obtained by approximating D is larger in compare with the kinetic theory, i.e.
1
√

2

m
ρσ

. Since, kinetic theory is more fundamental, therefore, in our calculation, we

will use the MFP expression using the kinetic theory as given in Eq. (3.2).

The DM particles resides in the halos, named dark matter halos. To get a typical

estimate of mean free path of SIDM particles at present, we use the peak central density

of DM halos. for a galactic scale, following a Ref. [7], we assume σ/m ∼ 2 cm2/g. In

case of large galaxy, e.g for a Milky way type, the DM densities are much lower and a

typical estimates of density (assuming the NFW profile) are ∼ 106−107 M�kpc−3[248],

thus λSIDM ∼ 1500 kpc −150kpc, which are much larger than typical large galaxy

scale (∼ 30 kpc). Further, for LSB galaxies, the peak density for isothermal case are

∼ 107 M�kpc−3 [117], then λSIDM ∼ 150 kpc. For dwarf galaxies, the dark matter

concentration can be a bit larger (∼ 108 M�kpc−3) [249], so λSIDM ∼ 15 kpc, but the

typical sizes are smaller than 10 kpc. However, we also point out that if explanation of

the galaxy scale observations require large, σ/m (∼ 10 − 50 cm2/g, see Refs. [218],

[219]), then the MFP will be less than the size of galaxy scale, but here we will not

consider these large σ/m values in our analysis. Furthermore, for a cluster scale halos,

σ/m = 0.1 cm2/g [7], and using peak value of isothermal profile, ρ ∼ 2×107 M�kpc−3
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[7] [250, 251], λSIDM ∼ 1 Mpc, which is typically smaller than the typical cluster scale

(∼ 3 Mpc).

The above calculation suggests that for a given value of σ/m and ρ, the hydrody-

namic description of SIDM particles do not valid on a galactic scale but on a cluster

scale. However, we emphasize that the above MFP estimation has been performed

using the peak value of the DM density and is not very correct.

Furthermore, to estimate the MFP of SIDM particles, we may apply the condition

that to solve the core-cusp problem, DM particles should collide with each other at

least once in the DM halo core time, see Ref. [7]. We also assume that one collision

thermalizes the inner region of the SIDM halo and makes the inner profile core. In this

scenario, SIDM halo (both galactic and cluster scale) may be divided into two different

regions separated by length scale, r1. The r1 is defined in such a way that for r ≤ r1,

SIDM particles interacts at least once, however for r > r1, the SIDM particle collide

less than once and behave like a collisionless dark matter, see Fig. 3.1. Since the dark

matter (DM) collides at least once at r = r1; therefore r1 can be used to define a typical

MFP scale, which is smaller than the virial radius of DM halos, i.e., r1 < λvir.

Since, in the SIDM description, the DM collides at least once in its halo formation,

therefore, using this argument, we also define a typical MFP of the SIDM particles.

The one collision in the time of halo age implies that

Rscat × tage ≈ 1, or
ρσ

m
v × tage ≈ 1. (3.4)

where Rscat = (ρσv/m) and tage represent the DM collision rate and the typical halo

time, respectively. Further, characterizing,
√

2ρσ/m = 1/λSIDM (Eq.(3.2)), the above

equation can be rewritten as

1
√

2λmfp

v × tage ≈ 1 , (3.5)

This provide us

λSIDM =
v × tage
√

2
. (3.6)

For a typical galactic scale halo, tgal = 10 Gyr, and vgal = 100 Km/sec, which gives

us λgal = 724 kpc. Further, for a typical cluster scale halo, tcl = 5 Gyr, vcl = 1000

Km/sec, us provide λcl = 3.6 Mpc.
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Mean free path with gravity and SIDM microphysics

In the presence of self-interaction between SIDM particles and the gravity, effective

MFP is calculated as [252]
1
λeff

=
1

λSIDM
+

1
λvir

. (3.7)

To calculate, λeff, we assume the virial radius of the galaxy (MW kind) and cluster are

30 kpc and 1 Mpc, respectively. Therefore, the effective MFP of SIDM on the galaxy

and cluster scale is given by 28 kpc and 0.78 Mpc. Here we find that effective mean

free path of both galaxy and cluster scale halos are smaller than their respective virial

radius, i.e., λeff < λvir. Therefore, basis on this, one can argue that the hydrodynamic

description is valid from galactic to large scale.

However, in our work, for mathematical simplicity, we assume the fluid validity

starts from the cluster to a larger scale (see Section 3.4). Hence, throughout our discus-

sion, we consider that the cluster scale is the smallest scale from which the fluid picture

of the SIDM particles can be applied unless otherwise specified explicitly. Therefore,

the length scale, where viscosity estimation has to be done, should be at least cluster

or larger scales (i.e., supercluster scale); see also Refs. [207][253].

3.3.2 Calculation of bulk and shear viscosity of SIDM

Now, we will calculate the SIDM viscosity in the kinetic theory framework using the

relaxation time approximation. In order to estimate the bulk and shear viscosity of

the SIDM, we follow the expressions (given by Eq. (2.50) and Eq. (2.52)) derived

in chapter 2. We assume that the DM is non-relativistic and follow the Maxwell-

Boltzmann distribution [254]. This implies that

Ep ∼ m +
p2

2m
and f 0

p = exp
(
pµuµ/T

)
, (3.8)

where pµ and uµ represents the four momentum and four-velocity of the SIDM particle.

Further, we also assume that the sound speed of DM fluid is constant. In the DM rest

frame (uµ = (1, 0, 0, 0)), integration of Eq.(2.52) provides us an expression for the bulk

viscosity as

ζ =
m

12〈σv〉

[
12C4

n

(m
T

)
+ 5(4 + 9C4

n)
(T
m

)
+ (−2 + 3C2

n)
{

12C2
n + 70

(T
m

)2}
+ 315

(T
m

)3]
,

(3.9)
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where, Cn =
∂P
∂ε

∣∣∣∣∣
n
. Also, using the same assumptions as discussed above, we can also

estimate the shear viscosity from Eq.(2.50) as

η =
m
〈σv〉

(T
m

) [
1 − 7

(T
m

)
+

63
4

(T
m

)2 ]
. (3.10)

Further, from Eq.(2.39) the expression for entropy density is obtained as

s =

(
m2

2π

) 3
2 (T

m

) 1
2
[
2 + 5

(T
m

)
− 15

(T
m

)2]
. (3.11)

From above equations (3.9), (3.10) and (3.11), we see that the viscous coefficients (η, ζ)

and entropy density depends on the ratio of SIDM temperature to its mass (T/m) and

its higher orders O
[
(T/m)2, ...

]
. We assume that the VSIDM behaves like cold dark

matter, hence T/m ∼ v2
vd � 1, where vvd is the DM velocity dispersion on the scale of

our interest. The VSIDM model respect the DM coldness criteria since from cluster

to supercluster scale T/m varies from 10−5 to 10−4. Thus, to a good approximation

it is sufficient to put the linear term in T/m and neglect the higher order term in the

expressions of Eq.(3.9), Eq.(3.10) and Eq.(3.11).

Therefore, in the cold dark matter approximation, the simplified form of the shear

and bulk viscosity is written as

η =
m
〈σv〉

(T
m

)
, (3.12)

ζ =
m
〈σv〉

(T
m

) [5
3

(
1 +

9
4

C4
n

)
− 2C2

n

(
1 −

3
2

C2
n

) (m
T

)
+ C4

n

(m
T

)2
]
. (3.13)

Here we find that the shear and bulk viscosities depend on the DM mass (m), tempera-

ture (T ), velocity average scattering cross-section (〈σv〉). We also point out that along

with the above, ζ also depends on sound speed, Cn. It can also be emphasized that the

above expression for shear and bulk viscosity is quite general and can be applied to

the non-relativistic fluid, which follows the Maxwellian distribution and validates the

relaxation time approximation.

However, we further point out that the viscosity calculation has been done in a

model-independent way, so our whole calculation does not rely on any specific par-

ticle motivated model of SIDM. The viscosity calculation can be extended for a spe-

cific model (model-dependent) of SIDM. For specific particle physics model of SIDM,

please see Section 3.2.
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Since we can assign local thermal equilibrium in dark matter halos, we can use

equipartition of energy to relate root mean square velocity with the temperature T

i.e.
1
2

m〈v2〉 =
3
2

T . Also using Maxwellian velocity distribution, the average velocity

relates to the root mean square (r.m.s) velocity as√
〈v2〉 = 1.085〈v〉 . (3.14)

Thus, using above equation, Eq. (3.12) simplifies as

η =
1.18

3

(
m
〈σv〉

)
〈v〉2 . (3.15)

Further, repeating a similar exercise for Eq. (3.13), the expression of bulk viscosity is

given by

ζ =
1.18

3
m
〈σv〉

〈v〉2
5
3

(
1 +

9
4

C4
n

)
− 5.1

(
Cn

〈v〉

)2 (
1 −

3
2

C2
n

)
+ 6.5

(
Cn

〈v〉

)4 . (3.16)

Assuming the sound speed to be zero, i.e., Cn = 0, the bulk viscosity is written as

ζ =
5.9
9

(
m
〈σv〉

)
〈v〉2 . (3.17)

From Eq. (3.15) and Eq. (3.16), it is clear that the viscous coefficient η and ζ depend

on the DM mass m, its velocity weighted average cross-section 〈σv〉, and on 〈v〉. As

the shear and bulk viscosity of the SIDM fluid is inversely proportional to 〈σv〉, so for

the non self-interacting particles σ = 0 the viscosities becomes infinitely large. In this

case, the MFP, λSIDM → ∞; hence, in the lifetime of the Universe, the thermalization

through the DM self-scattering never happens. Therefore, the fluid concept is not

valid, so the notion of viscosity is not appropriate for such a system. Therefore for the

truly non-interacting particles, the viscosities are not clearly defined. Furthermore, the

interaction between the particles causes a decrease in the MFP, and the thermalization

becomes possible on a scale larger than the MFP length. Therefore the fluid validity

and hence the fluid properties such as viscosity can be defined.

We can now estimate the values of shear and bulk viscosity for cluster size dark

matter halos. If we take 〈σv〉 /(〈v〉m) as an estimation of σ/m at a given scale, then η

and ζ (for Cn = 0) are given as

η = 3.9 × 105
(

m/σ
gm/cm2

) (
〈v〉

105m/s

) [
kg

m − s

]
, (3.18)
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Figure 3.2: The plots of shear viscosity, η and bulk viscosity, ζ as a function of average

velocity 〈v〉 at cluster scale. The ζ is estimated for vanishing sound speed limit, i.e.,

Cn = 0 .

ζ = 6.6 × 105
(

m/σ
gm/cm2

) (
〈v〉

105m/s

) [
kg

m − s

]
. (3.19)

In Fig. 3.2 we plot η and ζ as functions of average DM velocity 〈v〉 for different values

of σ/m. Here we consider σ/m ≈ 0.1 cm2/g and average velocity varies from 103

kms−1 to 2 × 103 kms−1. We note that the bulk viscosity contribution is slightly larger

than the shear contribution.

As clear from the above discussion that at a late time, the contribution of shear and

bulk viscosity is sufficiently large; therefore, it becomes important to study its impact

on the evolution of the Universe. We will explore this in Section 3.4. To proceed

further, we check whether the relaxation time approximation is valid for the SIDM

halos or not.

3.3.3 Validity of relaxation time approximation for SIDM

In the previous subsection, the expression of bulk and shear viscosity of the SIDM

fluid is obtained in the relaxation time approximation. This approximation assumes

that the system is slightly away from the local equilibrium and acquires the equilibrium

condition typically in the relaxation time. Therefore it is crucial to check the validity

of the relaxation time approximation for the SIDM halos.

For this pupose, we should compare the relaxation time (τ̃) with the age of the DM

halo , tage. The relaxation time approximation will only hold, when the DM particle
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scatters with each other at least once in the DM halo formation time thalo, i.e. thalo/τ̃ ≈

1. In case of small DM halo age, thalo/τ̃ < 1, the relaxation time approximation fails

to hold and one cannot apply it for the viscosity estimation. Furthermore, using Eq.

(3.1) and (2.55), we infer that, τ̃−1 = Rscat. Therefore, using Eq. (3.1), the condition

tage/τ̃ ≈ 1 , translates to

Rscat × tage = 2.4 × 10−8
(

ρDM

M�kpc−3

) (
v

100kms−1

) (
σ/m

1cm2/g

) (
tage

Gyr

)
≈ 1. (3.20)

We consider the age of cluster size halo to be 5 Gyr, respectively [7]. For a typical

cluster size SIDM halo, core density ρ ∼ 2 × 107 M�kpc−3 [7] (slightly large for the

NFW profile, see Refs. [255, 256]), v ∼ 2000 km/s and σ/m ∼ 0.1 cm2/g [7], thus

Rscat × tage ≈ 2. Therefore, the above calculations suggest that the relaxation time

approximation is valid at the cluster size DM halo and hence we may assume that the

DM halo are in local thermal equilibrium.

3.4 Backreaction produced from the viscous DM and

its effect on cosmic evolution

In this section, we present a mathematical description of the backreaction produced

from the local inhomogeneity of the Universe. Further, we explore the condition under

which the backreaction produced from the inhomogeneous distribution of matter will

be important and can produce the accelerated expansion of the Universe.

3.4.1 Backreaction produced from inhomogeneity of the Universe

The observations indicate that the Universe is homogeneous and isotropic on large

scales, described by the FLRW metric. This is specifically true in a statistical sense.

However, on a small scale, Universe is dominated by structures such as galaxies, clus-

ters of galaxies and is inhomogeneous in nature [257]. Therefore, the FLRW metric

will be perturbed.

In the standard cosmology, the evolution of the Universe is governed through Ein-

stein’s equation, which is non-linear. Therefore, the perturbation can non-linearly

backreact on the background expansion. The structure formation has been studied by
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considering some perturbation over the FLRW background. At the time of linear struc-

ture formation, the perturbation is small; hence do not modify the average expansion

rate of the Universe. However, when structures become non-linear, the inhomogeneity

becomes large (due to the structures), and hence perturbation may possibly affect the

local evolution of the Universe.

The impact of inhomogeneity resulted from the geometry and matter sector of Ein-

stein equations onto the background expansion, i.e., backreaction effect have been dis-

cussed in Refs. [93][258][259][260][261] [262] [263] and references therein. The

backreaction effect due to metric and their impact on the cosmic evolution has been de-

bated in the literature. In Refs. [93][94] it was reported that the local inhomogeneities

are large enough to modify the background expansion and lead to the accelerated ex-

pansion. However, the authors of Refs. [95][96] argued that within the general relativ-

ity, backreaction from the local inhomogeneities is not sufficient to change the cosmic

evolution and also can not account for the accelerated expansion of the Universe. For

the debate on the backreaction effect, see Refs. [264] [265] [266]. However, this issue

is not completely settled, and for other discussions, please see [267].

Here, our aim is to explore the backreaction generated from the matter side of

Einstein equations and investigate their effect on the cosmic evolution. In this scenario,

we focus on viscous dark matter and study their backreaction effect on the background

evolution.

For this purpose, we apply the covariant conservation of energy-momentum and

number density, given as ∇µT µν = 0 ,∇µNµ = 0. These are given by Eq. (2.15),

Eq.(2.16), and Eq. (2.19). These equations involve the fluid velocity, and covariant

derivative of the quantities; therefore, their estimation demands the specification of the

metric tensor. Here, we assume only the scalar metric perturbation, given as

ds2 = a2(τ)
[
−
(
1 + 2ψ(τ, ~x)

)
dτ2 +

(
1 − 2φ(τ, ~x)

)
d~x · d~x

]
, (3.21)

and neglect the vector and tensor perturbations. In the above equation, a(τ) is scale

factor and ψ, φ are the potentials, respectively. We also point out that since we are

interested in the bacreaction from small scales, therefore we may also use inhomoge-

neous metric in our calculation. Further, using scalar metric perturbation Eq. (3.21),
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the four velocity is obtained as

uµ =
dxµ

(−ds2)
1
2

≡ (γ, γvi) , (3.22)

where, γ ≡
1

a(τ)
[
(1 + 2ψ(τ, ~x)) − (1 − 2φ(τ, ~x))δi jviv j

]1/2 . (3.23)

Here, vi =
dxi

dτ
represents the peculiar velocity. Therefore using Eq.(3.22) and upto

linear order of potentials, we get

∇µuµ =
1
a

(
~∇ · ~v + 3

1
a

da
dτ

+ ψ~∇ · ~v − 3
1
a

da
dτ
ψ − 3

dφ
dτ
− 3~v · ~∇φ

)
. (3.24)

Now we focus on the situation at the late time of the cosmic evolution. Following a Ref.

[92], we consider that at the late time of the cosmological evolution, perturbations are

small, φ, ψ � 1 and varring slowly with the time, dφ/dτ ∼ Hφ (also dψ/dτ ∼ Hψ),

where H = da/adτ = aH. The one of the reason behind this assumption lies in the

fact that to form the cold dark matter halos one requires φ > Tχ/mχ, where Tχ and

mχ represent the temperature and mass of the DM respectively [156]. This suggest,

φ > v2
vd/3, where v2

vd = 3Tχ/mχ is the velocity dispersion of the DM particles. For the

scale of our interest (cluster to large scales), v2
vd < 10−4 [7], therefore φ > 10−4. In our

work, for simplicity, we have assumed φ ∼ 10−4 � 1.

Further, we also assume small fluid velocity ~v2
� 1, which is relevant for cos-

mological purposes. So with these assumptions, Eq. (3.24) simplifies as ∇µuµ ≈
1
a

(
~∇ · ~v + 3H

)
, which is free from the potential terms. Therefore using Eq. (3.26),

the evolution equation for energy density is given by

dε
dτ

+~v ·~∇ε+(ε+P)
[
3H+~∇·~v

]
=
ζ

a

[
3H+~∇·~v

]2

+
η

a

[
∂iv j + ∂ jvi −

2
3

(
~∇ · ~v

)2
]
. (3.25)

Furthermore, taking the spatial average of Eq. (3.25) and throwing out the surface

terms, one can get the average energy density evolution equation as [92]

1
a

d〈ε〉s
dτ

+ 3H
[
〈ε〉s + 〈P〉s − 3〈ζ〉sH

]
= D , (3.26)

where, the D term is given by

D =
1
a2

〈
η

[
∂iv j∂iv j + ∂iv j∂ jvi −

2
3
∂ivi∂ jv j

]〉
s
+

1
a2

〈
ζ[~∇ · ~v]2

〉
s
+

1
a

〈
~v · ~∇(P − 6ζH)

〉
s
.

(3.27)
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and 〈A〉s is the spatial average of quantity A. In the above equation, the D term repre-

sents the backreaction originated from the matter side, which affects the evolution of

the background quantity, average energy density (〈ε〉s). It is evident that in the RHS of

Eq. (3.27), the shear and bulk viscosity contribution are positive, so the first and sec-

ond terms in D corresponds to the gain in internal energy on the cost of fluid velocity

gradient dissipation. The third term indicates the energy generation due to the pressure

gradient.

The dissipative strength by which the 〈ε〉s modifies will depend on the viscosity,

fluid velocity gradient, and equation of state of the DM fluid. At earlier times (when

Universe was in a linear regime), the cosmic viscosity and velocity gradient were small,

so one expects the dissipation effect was small. However, at the late time of cosmic

evolution, non-linear structure formation takes place; therefore, the dissipation may

be important and possibly show a sizable effect. Here it is important to mention that

throughout the cosmic evolution, the average number density does not depend on the

dissipation term D and changes only through the Hubble dilution [92].

In addition to Eq. (3.26), we also need Einstein’s equation to get the equation for

the Hubble expansion rate. For this purpose, we use the spatial average of the trace of

Einstein equation 〈Gµ
µ〉s = −8πG〈T µ

µ 〉 and find as [92]

1
a3

d2a
dτ2 =

1
a

dH
dτ

+ 2H2 =
4πG〈ε〉s

3

(
1 − 3ŵeff

)
, (3.28)

where, ŵeff represents effective equation of state (EoS), defined as

ŵeff =
〈P〉s + 〈ΠB〉s

〈ε〉s
. (3.29)

To study the evolution equation for VSIDM fluid, we need to solve the coupled differ-

ential equations (3.26) and (3.28) along with the average velocity evolution equation

obtained using Eq. (2.16). But here, we are interested in the present epoch; therefore,

we will not worry about the velocity equation and put their value using the present

observation whenever it is required.

3.4.2 Criteria for the cosmic acceleration

Furthermore, our interest is to study the behavior of decelerated to accelerated transi-

tion in the light of cosmic dissipation arises due to the VSIDM. This requires to derive
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the equation for deceleration parameter (related with the Hubble expansion rate as,

q = −1 −
1

aH2

dH
dτ

), which can be obtained by using Eq. (3.26) and Eq. (3.28) as [92]

−
dq

d ln a
+ 2(q − 1)

[
q −

(1 + 3ŵeff)
2

]
=

4πGD
3H3

(
1 − 3ŵeff

)
. (3.30)

This indicates that the evolution of the deceleration parameter depends on the DM

dissipation and its effective EoS. For the dissipationless DM fluid, η = ζ = ∂v = 0

(i.e., D = 0) and cold dark matter fluid, ŵeff = 0. Furthermore, in the assumption of

dq/d ln a = 0, Eq. (3.30) provides q = 1/2. It suggests that that the Universe is in

the decelerating phase. Clearly, this phase corresponds to the matter-dominated phase,

and structure formation has not taken place. In this case, the cosmological evolution is

governed by the CDM.

Further, using Eq. (3.30) and in the assumption |dq/d ln a| � 1, one can obtain the

criteria for the accelerated expansion of the Universe (q < 0) as

4πGD
3H3 >

1 + 3ŵeff

1 − 3ŵeff

. (3.31)

From the above equation, it is clear that sufficiently large and positive D can lead

to the accelerated expansion, provided ŵeff , 1/3. So we may expect that this can

be only possible at the late time of the cosmic evolution because, at a late time, the

non-linear structure formation takes place. As a consequence, the viscosity and fluid

velocity gradients acquire large values, and consequently, the dissipative term becomes

important. Therefore for the cold SIDM fluid, ŵeff � 1, one can therefore writes

condition for accelerating Universe using Eq. (3.31), to be

4πGD
3H3 > 1 . (3.32)

From the present epoch observations, q ≈ −0.6 [268]. So in assumption of ŵeff = 0

and |dq/d ln a| � 1, a typical value of 4πGD/3H3 at present is 4πGD/3H3
0 ≈ 3.5 [92].

3.5 Present accelerated expansion of the Universe in

VSIDM model

Here, using the formalism developed above, we explore the effect of VSIDM on the

evolution of the Universe. For this, we will calculate the dissipation term that requires
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an estimation of spatial averaging. To do so, firstly, we need to define the scale between

which spatial average has to be calculated.

Scale of the spatial averages

Below we discuss the small and large relevant scales considered in this analysis.

• Large scales, kmin: The upper limit of the spatial average will be the largest size

of the Universe up to which casual physics works, i.e., the size of the horizon at

present. Therefore, kmin = kH = 2π/LH, where LH is the length scale correspond-

ing to the horizon scale. However in our case we consider the homogeneity scale

as a large scale, so kmin =
2π

100Mpc
. It is because our interest is to estimate the

effect of the local inhomogeneities on the background quantities such as Hubble

expansion rate and deceleration parameter, which is defined on the homogeneity

scale.

• Small scale, kmax: The lower limit of the spatial average is defined on the scale

from which the DM fluid description starts. We have seen that the fluid descrip-

tion of the DM particle is valid on the scale cluster to a larger scale; therefore,

we consider kmax = 2π/LC, where LC is the value of typical cluster length scale.

Furthermore, to see the strength of the dissipative effect of SIDM on the evolution of

the Universe, we need to provide an estimation of D. From equation (3.27), we see

that the term D crucially depends on the spatial average of the velocity gradient and

viscosities. Thus its calculation demands the explicit estimation of the spatial averages

of quantities involved. To do so, we will follow two different approaches, first using

a simplified approach where the velocity gradient is assumed to be a constant and

second, through more rigorous analysis considering a more realistic velocity profile.

3.5.1 Dissipation estimation - a simplified approach

In this approach, without going into the detailed calculation of the spatial averages, we

will approximate the dissipation term D using the following simplifying assumptions:

(1) We confine our analysis at the present epoch, thus we set H = H0 and scale

factor a ≡ a0 = 1.
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(2) We assume that η, ζ are do not vary over the spatial region, therefore we assume

i.e, 〈η〉s = η and 〈ζ〉s = ζ [92]. We point that the viscosity should depend on the density

for a realistic calculation of the term like
〈
ζ[~∇ · ~v]2

〉
s
. The, estimation of this term using

the density dependence viscosity, i.e., ζ ∝ ρα is a numerically challenging task and will

leave it for the future.

(3) The gradients and curls of velocity fields are prominent at a scale L, which

we approximate as ∂ ∼ 1/L ≡ 1/(RHα), where RH = H−1 is the Hubble size and

α = L/RH = LH is the fraction of Hubble size where the derivatives are prominent.

(4) We replace the spatial averages of the velocity gradient by its average value

between the fluid element scale to homogeneity scale, viz 3 Mpc ≤ L ≤ 100 Mpc.

Therefore we approximate 〈~∇·~v〉s ∼ 〈v〉s/L, where 〈v〉s/L represents the spatial average

velocity gradient.

Furthermore, before estimating the typical value of average velocity gradient, firstly,

we argue that the small length scale physics is contributing significantly to the viscosity

contribution and hence in the velocity gradient estimation. The scale from which the

viscosity effect becomes prominent can be inferred from the Navier-Stokes equation,

given by [172]

ρ
(
∂tui + u j · ∇ jui

)
= −

∂P
∂xi −

∂

∂x j

[
−η

(
∂ui

∂x j +
∂u j

∂xi −
2
3
∂uk

∂xk δ
i j

)
− ζ

∂uk

∂xk δ
i j

]
. (3.33)

Now since the viscous coefficient is proportional to the mean free path, η = ρvλmfp/3,

therefore if we compare the second or third term on the right-hand side with the last

term on the left-hand side, we find that as the length scale increases the viscous con-

tribution decreases and hence can be ignored. Thus we may conclude that the major

contribution from the viscous term comes from the smaller length scales. Since the

smallest length scale at which we can apply the hydrodynamic approximation is larger

than the mean free path (comparable to the cluster scales). Therefore the viscous term

dominates around the cluster scale.

Furthermore, to estimate the representative value of the average velocity gradient,

we do a rough calculation using the dimensional analysis. We divide the Universe into

two different regions, first, small scale, where the inhomogeneity is large (cluster size

scale to a few times higher than this, viz, 3 Mpc ≤ L ≤ 20 Mpc) and second, large

scale, where the Universe is less inhomogeneous or homogeneous, i.e., 20 Mpc <
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L ≤ 100 Mpc. On a small scale, due to the presence of inhomogeneity, the velocity

gradient is influenced by the local dynamics. For typical cluster scale L ∼ 3 Mpc,

fluid velocity 〈v〉s ∼ 1000 km/sec, so 〈v〉s/L ∼ 10−17 sec−1 and for large scale L ∼ 20

Mpc and 〈v〉s ∼ 6000 km/sec so 〈v〉s/L ∼ 9 × 10−18 sec−1. This suggests that the

velocity gradient decreases but in a first approximation, we treat the velocity gradient

as a constant on these scales.

However, as the scales become large and approach towards homogeneity viz 20 Mpc <

L ≤ 100 Mpc, the fluid velocity gradient decreases significantly, and they do not con-

tribute much in dissipation. Furthermore, a more accurate estimation of the dissipation

(as discussed in the next subsection 3.5.2) also validates our assumption.

(5) We assume SIDM is cold, therefore ŵeff = 〈P〉s + 〈ΠB〉s = 0. Therefore

〈P〉s = −〈ΠB〉s = ζ
[
〈∇ · ~v〉s + 3H

]
= ζ

[(
H〈v〉s
α

)
+ 3H

]
. (3.34)

Using above approximations, first and second term of Eq. 3.27 simplifies as

4η
3a2

(
〈v〉s
L

)2

and
ζ

a2

(
〈v〉s
L

)2

. (3.35)

Whereas the last term in Eq. (3.27) can be approximated as

〈~v · ~∇(P − 6ζH)〉s ∼ ζ
(

H〈v〉s
α

)2 [
1 − 3

α

〈v〉s

]
. (3.36)

Therefore in above approximations, D term given in Eq. (3.27) can be written as

D =

(
H〈v〉s
α

)2 [
4
3
η + ζ

(
2 − 3

α

〈v〉s

)]
. (3.37)

We point out for the length scale over which we are interested, i.e, galactic and cluster

scale, α/〈v〉s < 1. For example, a typical cluster size halo L = 3 Mpc, α = 7 × 10−4

and 〈v〉s = 1000 km-sec−1, so α/〈v〉s = 0.2. So one can neglect the last term of RHS in

Eq. (3.37). With these assumptions, D terms simplify as

D = (1 + z)2
(
〈v〉s
L

)2 [
4
3
η + 2ζ

]
. (3.38)

Furthermore using Eqs. (3.15), (3.16) in Eq. (3.38), we get the form of dissipation

term at present epoch as

D =
16.32

9
〈v〉2s〈v〉

2
(

m
〈σv〉

) (H
α

)2

. (3.39)
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Figure 3.3: The plot between σ/m vs q for different 〈v〉 and α cluster scale. It suggest

that the larger negative value of q is supported by smaller values of σ/m.

Hence to estimate the strength of the dissipative effect, we need to provide the 〈σv〉/m,

〈v〉, 〈v〉s and the scale of the spatial average, (α/H).

Furthermore, now our main interest is to study the DM properties and their impact

on the accelerated expansion of the Universe. This can be obtained by applying Eq.

(3.30) and Eq. (3.39) as

〈σv〉
m

=
65.28π

27H3
0m2

pl

(H
α

)2 [
〈v〉2s 〈v〉

2

(q − 1)(2q − 1) + dq/d ln a

]
. (3.40)

where m2
pl ≡ 1/G. In the assumptions, 〈σv〉 ∼ σ〈v〉 and dq/d ln a � 1 at present, the

above equation simplifies as

σ

m
= 4.8 × 10−3

(
Mpc

L

)2 [
1

(q − 1)(2q − 1)

] [
〈v〉2/3s 〈v〉1/3

100Km sec−1

]3
cm2

g
. (3.41)

where, the velocities and length scale should be written in units of the Km-sec−1 and

Mpc, respectively. This equation suggests that the σ/m depends on the fluid length

scale, corresponding velocity, and deceleration parameter.

For simplicity, we consider that both the average dark matter particle velocity and

fluid velocity is same, i.e., 〈v〉 ∼ 〈v〉s. In this approximation, we estimate the fluid

velocity gradient on the cluster to larger scales. The above approximation is based on

the fact that the viscosity contribution is dominated by only the smallest scale, which is

the cluster scale here. The theoretical behavior of σ/m as a function of 〈v〉 for galactic

and cluster size DM halos are presented in figure 3.3. For plotting, we choose 〈v〉 to be

〈v〉 ∼ 103 kms−1 for a cluster size halo as a representative number. The above figures
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Figure 3.4: Plot of 〈σv〉/m vs 〈v〉 for cluster size dark halo for q = −0.6. The cluster

data points are taken from Ref. [7].

indicate that the larger negative values of q are preferred by the smaller values of σ/m

and vice versa. It is evident that the present observed deceleration parameter (q ' −0.6)

can be obtained for a dark matter halo of roughly 5 Mpc size with σ/m ∼ 0.1 cm2/g.

Furthermore, to confirm our results, we also plot 〈σv〉/m a function of 〈v〉, at cluster

scales along with the numerical simulated astrophysical data points inferred from the

[7] in figure 3.4. Here, we have taken 6 relaxed cluster data (MS2137, A611, A963,

A2537, A2667 and A2390), which are appropriate for spherical modelling [251][250].

Here the lines corresponds for present cosmic acceleration, i.e., q = −0.6. From Fig.

3.4, it becomes clear that the scale larger than the cluster scale ∼ 6 Mpc fit the data.

This result also supports our theoretical estimate that the accelerated expansion of the

Universe can be possibly realized by SIDM viscosity with the averaging scale larger

than the cluster scale.

3.5.2 Dissipation estimation - a more realistic approach

In earlier case, the dissipation term has been calculated after replacing the , that veloc-

ity gradient is c, i.e., 〈~∇·~v〉s ∼ 〈v〉s/L. However, to estimate the D term more accurately,

one needs to consider the realistic model of velocities. Here we have considered the

velocity gradient information using the power spectrum as discussed in the literature.

To start with, firstly we simplify the dissipation term (defined in Eq. (3.27)), by

decomposing the velocity gradients in term of the divergence, θ = ~∇ · ~v, and curl of
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the velocity vector, ~w = ~∇ × ~v. Further, considering η and ζ as a constant in space, i.e,

〈η〉s = η and 〈ζ〉s = ζ, the dissipation term (given in Eq. (3.27)) simplifies in Fourier

space of θ, ~w and P (defined by θ(~x) =

∫
θ̄(~k) ei~k·~xd3k) as

D =
1
a2

(
ζ +

4
3
η

) ∫
Pθθ(~k) d3k +

η

a2

∫
(Pw)i j (~k) d3k −

1
a

∫
Pθp(~k) d3k , (3.42)

where the different power spectra are defined by

〈θ̄(~k1)θ̄(~k2)〉 = δ(3)(~k1 + ~k2)Pθθ(~k1) ,

〈w̄i(~k1)w̄ j(~k2)〉 = δ(3)(~k1 + ~k2) (Pw)i j (~k1) ,

〈θ̄(~k1)P̄(~k2)〉 = δ(3)(~k1 + ~k2)PθP(~k1) .

In the assumption of PθP(~k) = 0 and irrotational flow, i.e., ~w = 0 (and hence, (Pw)i j (~k) =

0 ), dissipation term can be approximated as

D =
1
a2

(
ζ +

4
3
η

) ∫ kmax

kmin

Pθθ(~k) d3k , (3.43)

where the integration limit, kmin and kmax corresponds for the minimum and maximum

values of the wavenumber between which the averaging should be estimated. We focus

our analysis on the dimensionless dissipation term, D̄ defined as

D̄ =
4πGD
3H3 =

4πG
3H

(
ζ +

4
3
η

) ∫ kmax

kmin

Pθθ(~k) d3k . (3.44)

From the above equation, we see that to estimate the dissipation, we have to evaluate

velocity divergence power spectrum, Pθθ(~k).

Velocity divergent power spectrum (VDPS)

From the above discussion, it is clear that the calculation of dissipation term requires

the spatial average of Pθθ(k) from cluster to a larger scale. The velocity divergence

and density perturbations equations are coupled via the Einstein equations and energy-

momentum conservation equations. Therefore Pδδ(k) and, Pθθ(k) are related with each

other.

To proceed further, firstly, we estimate the matter power spectrum for SIDM parti-

cles. Fig. 3.5 shows the linear matter power spectrum for the SIDM and CDM parti-

cles. It suggests that the linear power spectrum of the SIDM matches with the ΛCDM
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Figure 3.5: The linear matter power spectrum is plotted for the SIDM and CDM

particles (Fig. is taken from Ref.[8]). The SIDM power spectrum matches the CDM

prediction up to k < 2h Mpc−1.

model for k < 2h Mpc−1. Therefore we safely apply the LMPS of CDM for SIDM up

to the scale, k < 2 Mpc−1.

In this work, we will use the formalism of Ref. [9] to calculate Pθθ(k). In this

formalism, the dimensionless velocity divergence power spectrum, Pθ̃θ̃(k), has been

fitted with the matter density power spectrum, Pδδ(k) via [9]

Pθ̃θ̃(z, k) = g[Pδδ(z, k)] =
α0
√

Pδδ(z, k) + α1P2
δδ(z, k)

α2 + α3Pδδ(z, k)
, (3.45)

where θ̃ is the dimensionless quantity given by

θ̃ =
~∇ · ~v
aH f

=
θ

aH f
, where f =

d ln δ
d ln a

, (3.46)

where, δ(z,~k) =
(
ε(z,~k) − ε̄

)
/ε̄ represents the density perturbations, and ε̄ is the back-

ground energy density. Here, Pδδ(z, k) represent the matter power spectrum and f de-

scribes the growth of density perturbation. Further, α0 = −12480.5, α1 = 1.824, α2 =

2165.87, α3 = 1.796.

Furthermore, using Eq. (3.45) and Eq. (3.46), we get

Pθθ(z, k) = (aH f )2 Pθ̃θ̃(z, k) . (3.47)

Here f describes the growth of density perturbations and is cosmological model de-

pendent quantity. Further, we estimate Pθ̃θ̃(z, k), using the linear and non-linear matter

power spectrum, Pδδ(z, k) of CDM from the CLASS code [5].
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Figure 3.6: The plot of linear and nonlinear velocity divergence power spectrum of

CDM using the CLASS code [5] and the fitting formula developed in Ref.[9].

In Fig. 3.6, we plot the Pθ̃θ̃(z = 0, k) = Pθθ(k) as a function of the scale, k. We point

out that, for some large k, Pθθ(k) becomes negative for both linear and non-linear power

spectrum of CDM. It happens when k > 0.48h Mpc−1 for LMPS and k > 1.25h Mpc−1

for NLMPS. In the light of this, we assume that the fitting function for Pθ̃θ̃(z, k) is valid

on the scale upto which it is positive, i.e., Pθ̃θ̃(z, k) > 0. Therefore, our estimation of

the Pθθ(k) is valid only upto k = 0.48h Mpc−1 for LMPS, and k = 1.25h Mpc−1 for

NLMPS of CDM.

Estimation of the dissipation term

Here, we investigate the dependency of cosmic dissipation on the scale, k. For this

purpose, we plot the dimensionless dissipation term, D̄ as a function of k in Fig. 3.7.

We consider f = [ΩM(0)]0.6 and kmin = 10−3h Mpc−1, where, ΩM(0) is the ratio of

matter density to critical energy density at present. From Fig. 3.7, it is clear that

the highest contribution in the dissipation comes from the largest k (smallest scale),

and the small k (large scale) contribution is insignificant. This result also supports

our expectation that the velocity gradient will be large on a small scale where the

inhomogeneities are large, but on the large scales where the Universe is homogeneous

and isotropic, the velocity gradients should be small. Therefore the contribution of

small k should be very insignificant in the dissipation estimation.

As the small scale contributes predominantly in dissipation, therefore, we are in-

terested in estimating the dissipation term on the largest k (smallest scale), which is
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Figure 3.7: The plot of dimensionless dissipation term for non-linear CDM as a func-

tion of the k, where kmin = 10−3h Mpc−1 and k = kmax.

defined on the scale from where the SIDM fluid validity starts. We assume that the

fluid description is defined on the length scale larger than two times of the mean free

path of SIDM particles. This implies, L ≥ 2Lmfp, or equivalently kmax ≤ kmfp/2, where

kmfp = 2π/Lmfp = 4.5h Mpc−1. As the dominant contribution in the dissipation comes

via the smallest scales, therefore to calculate the correct value of the dissipation term,

we need to provide Pθθ(k) on k = kmax = kmfp/2.

Nevertheless, our study of Pθθ(k) is limited only for kmax = 0.48h Mpc−1 for LMPS,

and kmax = 1.25h Mpc−1 for NLMPS of CDM. This provides us, D̄ = 0.55 and

D̄ = 2.52 corresponding to velocity divergence power spectrum estimated using the

LMPS and NLMPS. Furthermore, it is important to point out that the value of the dis-

sipation term calculated here, i.e., D̄ = 2.52 is slightly smaller than the required values

corresponding to the present cosmic acceleration, i.e., D̄ = 3.5. This may possibly

happen because, in our analysis, we are limited up to k = 1.25h Mpc−1 (for NLMPS);

therefore we cannot calculate the correct value of dissipation.

However, we hope that using the correct form of Pθθ at kmax = kmfp/2, the dissi-

pation term will increase, and one may get the sufficient dissipation that causes to the

current accelerated expansion of the Universe.
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3.5.3 VSIDM coldness paradigm

As we have discussed above, the viscous dissipation required for the present cosmic

acceleration must be obtained from the cluster scale. To arrive at this conclusion, we

assume the DM as cold fluid, for which the effective equation of state. ŵeff ≈ 0. Here,

we estimate ŵeff on the cluster scale, where the dissipation is important. For a non-

relativistic Maxwell-Boltmann distribution, one can write the relationship between the

kinetic pressure and the number density as P = nT . Using equipartition arguments,

this can be rewritten as P = ε〈v〉2/3. For the cluster size DM halo, 〈v〉 ∼ 10−3, so

this provide, 〈P〉s/〈ε〉s ∼ 10−6. The second term in ŵeff is bulk pressure and given by,

〈ΠB〉s = −ζ(〈∇ ·~v〉s + 3H0). To estimate gradients we approximate ∂ ∼ 1/L where L is

the size of the DM halo. For core density, ε ∼ 5 × 10−1 M�pc−3 [250, 251] and L ∼ 1

Mpc on the cluster DM halo, we find 〈ΠB〉s/〈ε〉s ∼ −10−7. Hence we find ŵeff � 1 on

the cluster DM halo and hence the coldness paradigm is valid for the SIDM fluid.

Limitations of our analysis

Our estimation of dissipation is based on the assumption that the SIDM power spec-

trum matches the ΛCDM prediction for k ≤ 2h Mpc−1. However, on a small scale,

i.e., k > 2h Mpc−1 SIDM power spectrum starts deviating from the ΛCDM model pre-

diction. It has also been found that the effect of SIDM viscosity becomes important

on the small scales, which effectively slows down the growth of density perturbations

and hence dampens the structure formation. Therefore SIDM viscosity will modify

both growth factor, f and the velocity divergence power spectrum, Pθθ. Furthermore,

we have also ignored the contribution of (Pw)i j (~k) and PθP(~k) in the dissipation esti-

mation. However it is found in Ref. [269], that on the small scale, the contribution

of (Pw)i j (~k) may not be negligible. Therefore, to obtain the actual value of the cosmic

dissipation, one needs to incorporate the SIDM physics on small scales. Inclusion of

the SIDM properties in the non-linear power spectrum (both the density and velocity)

is a numerically challenging task. I would like to pursue this in the future.
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3.6 Conclusions

This chapter discussed the viscous self-interacting dark matter and explored its effect

on the late time of cosmic evolution. To investigate the scale over which the transport

coefficient, such as bulk and shear viscosity of SIDM, should be estimated, we calcu-

late the MFP of SIDM particles. We report that for SIDM, the fluid description is valid

from scale larger to galactic size DM halo. However, for mathematical simplicity, we

assume fluid validity on a scale larger than cluster size. We have calculated the shear

and bulk viscosity due to dark matter self-interactions using the kinetic theory formal-

ism. The estimation of viscosity is performed at the late time of cosmic evolution when

structures such as galaxies and clusters of galaxies have been formed.

The estimates suggest that bulk viscosity, ζ is larger than the shear viscosity η.

Since the astronomical observations suggest a large SIDM viscosity, therefore one

may expect some of the consequences arising due to the viscous energy dissipation at

the present time. Furthermore, we explore the impact of these viscous effects on the

cosmic evolution of the Universe.

To investigate the effect of SIDM viscosity on cosmological evolution, we esti-

mate the dissipation term that depends on the DM viscosity and spatial average of the

fluid velocity gradient. The lower and upper limit of the spatial average is defined on

the DM fluid scale and homogeneity scale of the present Universe, respectively. The

dissipation term has been estimated using two different approaches. In the first ap-

proach, the spatial average of fluid velocity gradient is replaced by its average value,

and in the second approach, a realistic velocity power spectrum has been considered.

In the first approach (approximating the fluid velocity gradient to its average velocity

gradient value), we find that the dissipation term is large enough to account for the

present observed cosmic acceleration. We test our theoretical understanding using the

astrophysical data and find that the data also points in the same direction.

In the second approach, using the more realistic velocity power spectrum, we find

that the small scale dominantly contributes to cosmic dissipation, whereas the large

scale does not. Further, we report that our analysis for Pθθ(k) is only valid for kmax =

0.48h Mpc−1 for linear matter power spectrum, and kmax = 1.25h Mpc−1 for non-

linear matter power spectrum of CDM. This provides us, D̄ = 0.55 and D̄ = 2.52
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corresponding to velocity divergence power spectrum estimated using the LMPS and

NLMPS. We also report that the velocity power spectrum estimated from the non-

linear matter power spectrum provides slightly smaller dissipation (i.e., 4πGD/3H3 ≈

2.2) in comparison with the required value needed for present cosmic acceleration

(i.e.,4πGD/3H3 ≈ 3.5). However, we expect that the small value of the dissipation may

be the result of our limitation of not considering the small-scale contribution. When

the small-scale contributions are appropriately considered into analysis, the dissipation

term will increase and may lead to the correct value of cosmic dissipation.

We point out that in VSIDM fluid model, the cause of present accelerated expansion

arising from its shear and bulk viscosity manifests at the late time of cosmic evolution.

Therefore the cosmological constant is not needed here to explain the cosmic acceler-

ation. The dissipative effect is prominent only at low redshift; hence this model does

not face the coincidence problem. Thus, we conclude that the VSIDM can unify the

dark sector of the Universe, i.e., dark matter and dark energy.





Chapter 4

VSIDM cosmology at the late time

4.1 Introduction

In the previous chapter, we discussed the possibility of present cosmic acceleration in

the viscous SIDM framework. There we had assumed that the VSIDM mainly domi-

nates the Universe without any extra dark energy component. In this chapter, we ex-

tend our previous study and investigate the late time of cosmic evolution, specifically

0 ≤ z ≤ 2.5 within the framework of VSIDM cosmology [253]. For this purpose, we

calculate the form of the dissipation term as a function of redshift. In order to calculate

the dissipation term, we consider a power-law parameterization of average velocity

gradient on the redshift and strict our estimates the viscosity of SIDM for vanishing

sound speed, Cn = 0 [207]. Then we set up the first-order differential equations for the

Hubble expansion rate H(z) and deceleration parameter q(z).

To extract the best fit values of the model parameters, power-law exponent, and

length scale, we apply the χ2 analysis method using the cosmic chronometer data and

find that the best fit values explain the supernova data correctly. The best fit values also

dictate that the SIDM dissipation term was smaller at earlier times, consistent with the

expectation that the gradients become prominent only at late times. Further, in the

VSIDM model, we also study the epoch of the deceleration-acceleration transition of

the Universe. We find that for the best-fit values of model parameters, the value of

deceleration parameter approaches q ∼ 0.5, in the matter-dominated era, which agrees

with the ΛCDM model prediction.

79
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This chapter’s arrangement is as follows: In Section 4.2, we approximate the form

of dissipation term D following some simplifying assumptions. Then using D, we

derive the coupled differential equation for the Hubble expansion rate and deceleration

parameter. In Section 4.3, we estimate the best fit model parameter of the viscous

SIDM model from χ2 analysis with the cosmic chronometer data. In Section 4.4, we

present our results. Using the best fit values, we fit the supernova data and also discuss

the evolution of the deceleration parameter and dissipation due to viscous effects. In

the last Section 4.5, we summarize the results and conclude our work.

4.2 VSIDM cosmology at low redshift

In this Section, we expand the ideas discussed in chapter 1 and estimate the dissipation

of D. Later, we set up the coupled equations in H(z) and q(z) and then solve to get the

evolution of the Universe.

4.2.1 Estimation of the dissipation tem, D

As we have seen in Section 3.4, that the dissipation term involves the spatial averages

of the fluid velocity gradients and viscosities. Therefore to study the cosmic evolution

on large redshift, the evolution of these quantities with redshift should be adequately

taken into account. To do that, one needs to solve the viscosity and velocity evolution

equation. However, in first approximation to get rid of the above difficulty, we use the

following simplifying assumptions:

(i) Here, we focus our analysis in the redshift range, 0 ≤ z ≤ 2.5. It is because, for

z > 2.5, the relaxation time approximation will not be valid.

(ii) The viscous coefficients η and ζ are constant in space, i.e, 〈η〉s = η and 〈ζ〉s = ζ.

Further we also assume these to be constant in redshift range, 0 ≤ z ≤ 2.5.

(iii) We assume that velocity derivatives evolve with redshift at a length scale of L,

which is larger than the scale on which the hydrodynamic description is valid. Since

we assume λeff ∼ cluster scale, thus in principle, L, can be any scale between the cluster

to the homogeneity scale (∼ 100 Mpc) where cosmic expansion becomes prominent.

(iv) For simplicity, we replace the peculiar velocity gradient ∂v by its average spa-
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tial value, i.e. ∂v ∼ 〈∂v〉s. As earlier discussed, the velocity gradients evolve during the

cosmic evolution, so instead of solving the space average velocity evolution equation

(given in Eq. (2.16), we make an ansatz for it. We assume that over the low redshift

(0 ≤ z ≤ 2.5), the 〈∂v〉s follow a power-law form as

〈∂v〉s ∼
v0

L
(1 + z)−n , (4.1)

where n ≥ 0 is the free parameter. At present 〈∂v〉s(z = 0) ∼ v0/L. Here, v0 is the fluid

velocity, which is defined on the scales larger than the cluster scale.

Thus in the light of above assumptions, we may approximate D, using Eq. (3.27),

as

D =

(v0

L

)2
(
4
3
η + 2ζ

) (
1 + z

)2−n
. (4.2)

Here, we see that D depends on the length scale (L) and also its velocity dispersion

at the same scale L (v0), viscous coefficients (η, ζ) and redshift (z). It is clear from

Eq.(4.2) that in the dissipation term D, the contribution from the smaller scale (where

the Universe is inhomogeneous) is large, whereas the contribution from the larger scale

(where Universe is more or less homogeneous) is small. For very large averaging

length scale (L → ∞) or vanishing bulk and shear viscosity (η = 0, ζ = 0), D term

vanishes and the VSIDM fluid behaves like a dissipationless fluid.

4.2.2 Estimation of Hubble rate and deceleration parameter

We now derive the evolution equations of Hubble expansion rate and deceleration pa-

rameter in VSIDM cosmology. The deceleration parameter q is given by

q(z) = −1 + (1 + z)
H′

H
. (4.3)

Using above Eq. (4.3), the differential equation for Hubble rate is written as

dH̄
dz

=
(q + 1)H̄
(1 + z)

, (4.4)

where, H̄ = H/H0 is the dimensionless parameter, and H0 is the present value of

Hubble parameter, i.e., H0 = H(z = 0). In order to solve the Eq. (4.4), we need to

provide the expression for the deceleration parameter, which has been given in Eq.

(3.30). To simplify the the equation, we assume VSIDM as a cold fluid, this provides
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us ŵeff ∼ 0. So, the evolution equation for q(z), can be written in term of the redshift

as
dq
dz

+
(q − 1) (2q − 1)

(1 + z)
=

4πGD
3(1 + z)H3 , (4.5)

where, D is given by Eq. (4.2). Further, using the dimensionless parameter H̄, the

above equation can be rewritten as

dq
dz

+
(q − 1) (2q − 1)

(1 + z)
= β

(
1 + z
H̄3

)
. (4.6)

where,

β =
4πG
3H3

0

(
4
3
η + 2ζ

) (
v0

L(1 + z)n

).
(4.7)

Using the Eqns. (3.15) and (3.16), the dissipation parameter, β can be re-written in

standard astrophysical units as

β = 3.88×1013
[
100h km/(sec Mpc)

H0

]3 [
(cm2/gm) km/sec

〈σv〉/m

] (
〈v〉
c

)2 (
Mpc

L

)2 (
v0

(1 + z)n

)2

(4.8)

From Eq. (4.6) it is clear that the evolution of q depends on the new dissipation param-

eter, β. Here H0 = 100h km/(sec-Mpc), c is speed of light, and h = 0.715. To estimate

β, we consider
〈v〉
c

=
10−2

3
(for cluster scale), v0 = 2 × 10−2 and refer 〈σv〉/m ∼ 100

cm2/gm km/sec from the Ref. [7].

As we can see that Eqs. (4.4) and (4.6) are coupled differential equation in q(z) and

H̄(z), and their solutions depend on two free parameters n and L. Since the analytical

solution of the above equations are difficult to ontain, therefore to study the behaviour

of solution, we need to solve them numerically. The initial condition for the equation

is considered at present, given by H̄(z = 0) = 1 and q0 = −0.60 [268].

4.3 Estimation of model parameters using cosmic chronome-

ter data

As we have seen in Section 4.2.2, the solution for H̄(z) and q(z), depends on two free

model parameters n and L. In this section, we will estimate the best fit value of model

parameters n and L using the method of χ2 minimization.
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Table 4.1: The best fit model parameter

Data set 1-σ χ2
min χ2

d.o.f Best fit parameters

Chronometer 0.5083 ≤ 0.5770 ≤ 0.6513 22.0207 0.6116 n = 0.5770

19.8002 ≤ 20.1265 ≤ 20.4416 L = 20.1265 Mpc
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Figure 4.1: The joint confidence region of model parameters n and L have been plot-

ted. The region correspond to 68.3%, 95.4% and 99.73% confidence limits. The best

fit value is shown as a point.

The χ2 is defined as

χ2(z, n, L) =

N∑
i=1

[Hobs(zi) − Hth(zi, n, L)
σi

]2

, (4.9)

where Hobs(zi) and Hth(zi, n, L) ≡ H0H̄th(zi, n, L) represents ith observational Hubble

parameter data and the theoretically predicted value for Hubble parameter, respec-

tively. Here N is the total number of cosmic chronometer data points and σ2
i is the

variance associated with the ith data points. The theoretical model of the Hubble rate

for VSIDM cosmology is given by the coupled differential Eqs. (4.4) and (4.5). The

observational data points for the Hubble expansion rate have been taken from the cos-

mic chronometer data set given in Ref. [270] and reference therein.

The χ2 per degree of freedom, χ2
d.o.f , is given by

χ2
min

N − M
, where M is the number

of parameters in the model. In our case N = 38 and M = 2. To understand the allowed

parameters range, we have plotted the contour plot of joint confidence region of model

parameters n and L corresponding to 68.3%, 95.4% and 99.73% in the Fig. 4.1. The
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best fit values of the model parameters are represented as a point. Furthermore, in the

table 4.1, we provide the best fit value of model parameters, χ2
d.o.f and 1-σ confidence

region values.

The χ2 minimization method provides us the best fit values are n = 0.5770 and

L = 20.1265 Mpc for the power-law exponent and the gradient length scale. The

significant digits of the best fit model have no physical meaning, but its approximate

value L ∼ 20 Mpc corresponds to the fluid length scale. The value suggests that the

spatial averaging should be done on approximately one order of magnitude larger than

the cluster size scale (∼ 1 Mpc). Further, the positive value of the n implies that the

velocity gradient should increase.

4.4 Results

In this Section, using the best fit model parameters, we show our results. Further,

we will also compare our results with the ΛCDM model and also with the constant

dissipation, n = 0 case.

4.4.1 Evolution of the dissipation parameter (β)

Here we will study the evolution of the dissipation parameter β, which provides us the

information on how the dissipative effect of viscous SIDM due to dark matter self-

interactions changes with time. To see the variation of dissipative effects, in Fig. 4.2

we plot the dissipation parameter as a function of redshift.

We see that for the n = 0 case, the velocity gradient and also the viscous coefficients

(η, ζ) are constant, and hence β does not vary with the redshift. As a consequence, the

dissipation parameter remains prominent even at the large redshift. For the case of the

best fit value of model parameters, the velocity gradient and hence β decreases sharply

on large redshifts. This behavior is expected because in the past, when structures were

being formed, the average peculiar velocity gradients were small, and consequently,

the dissipation term was ineffective. However, as the structure formation proceeds,

the density perturbations start growing which increases the average peculiar velocity

gradient and makes the dissipation term important at small redshifts. Hence the best fit
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Figure 4.2: The plot of the dissipation parameter, β obtained from best fit model

parameters (n = 0.5770) and also for constant dissipation model (n = 0).

model parameters suggest that the contribution of viscous effects becomes important

only at a late time, not in the early time of a cosmic evolution history.

Furthermore, it is very important to estimate the magnitude of the dissipation pa-

rameter at the present time, i.e., z = 0. From eq. (4.6) and (4.8), and using the con-

straints on the SIDM properties, we find that at present epoch, β = 4πGD/3H3
0 ∼ 4.1.

However, we see that our present estimated value differs from the value 4πGD/3H3
0 ∼

3.5 reported in earlier work [92]. It is important to mention that in work [92], the au-

thors have assumed that at the present epoch, the variation of deceleration parameter

with respect to the redshift is very small, i.e., dq/dz � 1, and hence neglected in their

estimation. But in this work, by using the simplified assumptions as discussed in sec-

tion 4.2.1, we infer dq/dz = 0.61. Hence by incorporating this contribution, we can

address the discrepancy between the β values as mentioned above.

4.4.2 Hubble expansion rate

To see the cosmic evolution in the VSIDM model, we plot the Hubble expansion rate

using the best-fit values of model parameters (solid red line) in 4.3. We also compare

it with the case of constant dissipation, α = 0 (blue dashed line), and standard ΛCDM

model (black dotted line).

We see that the constant dissipation case explains the small redshift data, i.e.,

z ≤ 0.7, but on the large redshift, due to constant viscous dissipation contribution,
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Figure 4.3: Plot of the Hubble expansion rate for the best fit value along with the case

of constant dissipation is plotted. We also compare it with the ΛCDM model.

the Hubble rate starts increasing drastically. As a result, this model fails to fit the

chronometer data on a large redshift. However, in the case of the best fit VSIDM,

where the dissipation decreases with the redshift, and ΛCDM model explains the Hub-

ble data very well in the entire redshift range. We point out that the best fit value has

been obtained from the same cosmic chronometer data. Thus, we find that the constant

dissipation case doesn’t explain the right expansion rate of the Universe.

4.4.3 Fitting of Supernovae Ia data

The quantity measured in supernova observations is distance modulus µ, which is de-

fined as the difference between the apparent and absolute magnitude of type Ia super-

novae, i.e., µ(z) ≡ m−M. The distance modulus is related with the luminosity distance,

in the following manner,

µ(z) ≡ m − M = 5 log10

[
d̄L(z)
Mpc

]
+ 25, (4.10)

where d̄L(z) is dimensionless distance modulus quantity, which is related with the dis-

tance modulus via d̄L(z) ≡ H0dL(z) . The luminosity distance is calculated using the

Hubble expansion rate as

dL(z) =
(1 + z)

H0

∫
dz

H̄(z)
. (4.11)

Further, using Eq. (4.10), we plot the distance modulus as a function of redshift

for the best fit value of model parameters (solid red line) along with the SNe Ia data in
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Figure 4.4: The distance modulus (m − M) obtained from best fit model parameters

and also for constant dissipation have been plotted along with the supernovae Ia data.

Fig. 5.3. We take Union 2.1 compilation SNe Ia data from the Refs.[271, 272], which

consists of 580 SNe data. For comparison, we also, plot the distance modulus obtained

for the case of constant dissipation (blue dashed line), where the velocity gradient is

constant with the redshift.

From Fig. 5.3 we see that on the small redshift (z < 1), the best fit and the constant

dissipation model matches with each other quite well, but at large redshift (z ≥ 1), the

difference between the above two become prominent. This is expected because, on the

large redshifts, the contribution of cosmic dissipation is different in both cases. We

thus conclude that the decreasing dissipation term with the redshift can explain both

the cosmic chronometer and the supernova data while the constant dissipations fail to

do so.

4.4.4 Deceleration parameter (q)

In this subsection, we study the epoch of decelerated to accelerated phase transition

(i.e., the epoch of transition from q > 0 to q < 0) of the Universe in the VSIDM model.

In Fig. 5.4, we plot q(z) obtained from the best fit value of the model parameters (solid

red line) and compare with the standard ΛCDM model (black dotted line) and constant

dissipation model (blue dashed line).

We see that the transition point for best fit model parameters and ΛCDM model,

corresponds for z =, and ztr ∼ 0.7, respectively. In constant dissipation case the transi-
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Figure 4.5: The plot of deceleration parameter, q obtained from the best fit model

parameters along with the ΛCDM and constant dissipation case.

tion point is ztr ∼ 0.3−0.4 which is later in comparison with the above two models. We

see that for a constant dissipation model, the deceleration parameter firstly increases

drastically and later settles around q ∼ 1.2 for higher redshift. This is quite in con-

trast with our expectation that q should approach 0.5 in the matter-dominated era. On

the other hand, the value of the deceleration parameter for best fit model parameters

saturates at q ∼ 0.4, which is approximately the same as the predicted value from the

ΛCDM model.

Thus in the light of the above discussions, we may conclude that the constant ve-

locity gradient model in which the dissipation term remains fixed is surely not the

case to appropriately describe the cosmic evolution. The best fit model predicts the

decreasing velocity gradient, and consequently, the cosmic dissipation can explain the

low redshift observations and also matches with the ΛCDM prediction.

4.5 Summary and Conclusion

In this chapter, we have explored the evolution of the VSIDM dissipation in light of

the low redshift observations. To study this, we assume the viscous coefficients are

constant over the redshift of our interest (0 ≤ z ≤ 2.5). Then considering the spatial-

averages of velocity gradients a power-law dependence on redshift, we set up the equa-

tions governing the Hubble expansion rate and deceleration parameter. We see that the

solution depends on two free model parameters, n and L. The values of the parameters
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provide us the information about the evolution of the velocity gradients and the scale

of the averaging. To estimate the best fit model parameters, (n, L) we use the χ2 mini-

mization method and obtain n = 0.5770 and L = 20.1265 Mpc. This implies that the

velocity gradient should decrease with redshift, and the average length scale should be

approximately an order of magnitude larger than the typical cluster size DM halo.

The best fit model predicts that the velocity gradient hence the cosmic dissipation

is large at present and decreases on earlier times (on large redshifts). This supports our

expectation that the cosmic dissipation should decrease at higher redshift and becomes

important at late times in order to explain the present observed cosmic acceleration. In

this model, the epoch of decelerated to accelerated transition ztr ∼ 0.8, which is earlier

than the ΛCDM model. Furthermore, we find the best-fit parameters explain the low

redshift observations such as cosmic chronometer, supernovae data and also attain the

appropriate value of deceleration parameter in a matter-dominated era. However, in

contrast with the best fit model, the constant velocity gradient, does not explain the

low redshift data and also does not obtain the correct q value.





Chapter 5

Study of SIDM properties from KSS

bound and low redshift observations

5.1 Introduction

In the previous chapter 3, we estimate the shear viscosity and entropy density of the

SIDM fluid medium. It is expected that for a classical ideal fluid, both the shear and

bulk viscosities should be zero, i.e., η = ζ = 0. It has been found that it is true for

the bulk viscosity case, which vanishes in the extreme relativistic and non-relativistic

case for a gas [273]. However, this may not be correct when quantum effects become

important. In the famous paper, [10], Kovtun, Son, and Starinets have conjectured a

universal lower bound on the ratio of shear viscosity to entropy density. η/s = 1/4π

using the techniques of quantum field theories.

In this chapter, we study the SIDM properties such as its mass, evolution of its

viscosity in the light of KSS, and late-time cosmological observations [274]. To inves-

tigate how perfect is the SIDM fluid, we check the KSS bound in this model. Using

the constraints on σ/m inferred from the cluster scale observations, we see that the

SIDM mass larger than the sub-GeV scale violates the lower limit of the η/s. In light

of this, we discuss two possibilities; first, the VSDIM fluid violates the KSS lower

bound, which can be confirmed when the dark matter searches will report the larger

DM mass as inferred from the η/s bound. Second, the VSIDM model respects the KSS

bound, so using this one can explore the DM properties. Here using the η/s bound we

91
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derive an upper limit on the DM self-interaction cross-section to its mass ratio. Since

the issues on a small scale demand a limit on the σ/m, therefore, using the σ/m bound

on the cluster scale and η/s upper limit, we constrain the SIDM mass. We argue that

the allowed SIDM particle mass is sub-GeV.

In previous chapter 2, we have studied the cosmic evolution assuming that, on low

redshift 0 ≤ z ≤ 2.5, the SIDM viscosities are constant and velocity gradients larger

to cluster scales varies with the redshift. However, here we explore the possibility

that the viscous coefficients of SIDM fluid may vary with the redshift and constrain

their evolution using the late-time observations. In order to study the evolution of cos-

mic dissipation, we consider the power-law form for bulk viscosity ζ(a) = ζ0 (a/a0)α

and shear viscosity η(a) = ζ0 (a/a0)α. After that, we calculate the Hubble expansion

rate, H(z) and deceleration parameter, q(z) applying the Einstein field equations, and

energy-momentum conservation equations.

Considering the length scale of spatial averages larger than the typical cluster scale,

we estimate the best fit value of the model parameter, α using the cosmic chronometer

data, and the correct value of deceleration parameter in the matter-dominated era. The

best fit parameter indicates decreasing DM viscosity on the larger redshift and explains

the low redshift cosmological observations. In this model, the age of the Universe is

smaller than the age obtained from the CMB anisotropy [61] but larger than the age of

globular cluster [275].

The arrangement of our work is as follows: In Section 5.2, we discuss the η/s

bound violation in VSIDM fluid model. Later respecting the η/s bound, we derive

an upper limit on σ/m and also constraint on SIDM mass. In Section 5.3, using the

Einstein equations and energy-momentum conservation equations, we set up the cou-

pled differential equations for the Hubble expansion rate and deceleration parameter.

In Section 5.4, we estimate the best-fit values of the model parameter and discuss the

results. In the last Section 5.5, we conclude our work.
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5.2 Fundamental properties of SIDM from η/s bound

In this Section, we study the η/s bound [10] for the VSIDM fluid model. Then applying

the σ/m constraint obtained from the cluster scales, the upper limit on SIDM mass is

estimated. To start with, we assume that the Universe is mainly dominated by the

VSIDM fluid with no extra dark energy component. The important quantity which

provides the information about the viscous medium is the ratio of shear viscosity to

entropy density, η/s. In VSIDM model, this can be given by using Eq. (3.10) and Eq.

(3.11) as
η

s
=

1
2

(
2π
m2

) 3
2
(

m
〈σv〉

) (T
m

) 1
2

. (5.1)

Here we see that η/s depends on the velocity average self-interacting cross section

〈σv〉, temperature, T and the mass of SIDM particle. After approximating, 〈σv〉 ∼ σ〈v〉

and 〈v〉 ∼ (3T/m)
1
2 , in Eq. (5.1), we get that η/s depends on the mass and σ/m value

of SIDM particles.

It is important to ask a question how much perfect a SIDM fluid can be? In a

seminal work [10], Kovtun-Son-Starinets (KSS) have conjectured a universal bound

on shear viscosity to entropy density ratio η/s, as

η

s
≥

1
4π

. (5.2)

This bound is also famously known as KSS bound. The lower bound on η/s, i.e.
η

s
=

1
4π

, may be applied various classes of quantum field theories. The success of

the viscosity bound lies in the fact that no experiment has yet confirmed its violation.

However, there are some theoretical studies where the violation from the KSS bound

has been reported, see Refs. [276–279] and also status report [280].

Further, we check the applicability of this bound in our VSIDM model. As dis-

cussed above the η/s , depends onσ/m, and mass of the DM. The value ofσ/m is given

from the constraint obtained from the small-scale observations, which requires the DM

self-interactions. The merging cluster IE 0657-56, provides the strong upper limit on

the σ/m on cluster scale DM halo, which require σ/m < 1.25 cm2/gm [227]. How-

ever the consistent explanation of the small scale observations varies from the galactic

to cluster scale prefer the mild velocity dependent scattering cross-section. This re-

quires slightly smaller value of σ/m on cluster scale given by σ/m ≈ 0.1 cm2/gm [7].
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Figure 5.1: The ratio of shear viscosity to entropy density, η/s is plotted as a function

of DM mass. The red line represents the KSS lower bound, i.e.,
η

s
=

1
4π

[10].

Therefore the η/s, only depends on DM mass.

In Fig.5.1, using Eq. (5.1), η/s has been plotted as a function of DM mass for

the different values of σ/m for cluster scale halo at present z = 0. Here solid black

and solid blue lines corresponds for σ/m = 1.25cm2/gm and σ/m = 0.1cm2/gm,

respectively. The red solid line corresponds for η/s = 1/4π. Since η/s ∝ m−3 (see Eq.

(5.1)), so this decreases with the DM mass, therefore we may ecpect that for large DM

mass, η/s will be smaller than KSS lower bound (solid red line). From Fig. 5.1, it is

evident that larger is the σ/m, smaller is the DM mass over which the η/s for VSIDM

model becomes smaller than the KSS lower bound. For example, for σ/m = 1.25

cm2/gm , m = 0.21 GeV and for σ/m = 0.1cm2/gm, m = 0.5 GeV.

Based on the above discussion, it becomes clear that the VSIDM model either

violates or respects the KSS lower bound. In case the VSIDM obeys the η/s = 1/4π

bound, it can constraint the SIDM properties. We will discuss both the possibilities in

upcoming subsections.

5.2.1 KSS lower bound violation in VSIDM fluid

Since in Fig.5.1, the η/s comes below the KSS lower bound, thus in this case, one

may assume that the VSIDM fluid violate the η/s = 1/4π bound. This happens at a

particular DM mass, which depends on the σ/m value. The η/s bound violation can

be confirmed when the DM detection experiments will detect the larger mass of DM
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particle inferred from the KSS lower bound. It is worthwhile to mention that in the

above, the violation of KSS bound and any characteristic inferred is at a phenomeno-

logical level only. The violation of KSS bound in a consistent field theory description

of VSIDM would need to be studied carefully, and such a study may bring very dif-

ferent surprises while inferring the same characteristics in comparison to what can be

simply concluded.

5.2.2 Constraining the SIDM properties from KSS bound

In this case, we assume that the KSS lower bound is universal; therefore, it allows us

to explore the SIDM microphysics, such as its self scattering cross-section and mass.

This assumption is based on the fact that no experiment has reported the violation

of KSS bound in any fluid, viz superfluid Fermi gas [281], Quark-Gluon liquid [282];

therefore, this bound is well established by the experiment up to their current precision.

It has been found that the KSS bound has been respected for the strongly interacting

system [10][282]. The microphysics description of the SIDM particles is not clearly

known, but only the constraint on σ/m ∼ 1cm2/g is reported from the astrophysical

observations, which is an order of the typical neutron-proton scattering cross-section.

In case the SIDM microphysics is described by the strongly interacting particles (like a

Quantum Chromodynamics (QCD) nature but in the dark sector), then due to the nature

of strong interaction, the DM fluid may respect the KSS lower bound. In literature,

considering the KSS bound, the properties of dark sectors, viz dark matter [283] and

dark energy [279] has also been investigated. Since the nature of DM particles is not

clear, therefore, we have used KSS bound to explore the DM properties.

Using Eq. (5.1) and Eq. (5.2), we obtain the constraint on 〈σv〉/m, given by

〈σv〉
m
≤ (2π)

5
2

(
1
m

)3 (T
m

) 1
2

. (5.3)

We see that the constraint on 〈σv〉/m only depends on the SIDM mass and the tem-

perature of the SIDM fluid. We emphasize that limit derived from the thermalized and

non-relatistic VSIDM fluid, hence is quite general, and can be used to contrain the

model parameters of various particle physics motivated model of SIDM.
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The limit given in Eq. (5.3) can be manifest in term of σ/m using the approxima-

tions 〈σv〉 ∼ σ〈v〉 and 〈v〉 ∼ (3T/m)
1
2 as

σ

m
≤ 1.2 × 10−2

(
GeV

m

)3 [
cm2

gm

]
. (5.4)

The above equation implies that the σ/m constraint only depends on the SIDM mass

and is independent of the DM temperature.

Furthermore, we also point out that the small scale observations provides a con-

straint on σ/m value. Therefore, this allows us to explore the available parameter

space for the DM mass. This can be obtained via applying Eq. (5.4) as

m ≤ 0.23
(

m/σ
gm/cm2

) 1
3

GeV. (5.5)

It is also clear that for small σ/m value, large DM mass range is allowed. For σ/m =

1.25cm2/gm (upper limit obtain from the cluster merger), m ≤ 0.21 GeV and for

σ/m = 0.1cm2/gm (required to explain the cluster scale issues for mild velocity de-

pendent σ), we get slightly larger DM mass, m ≤ 0.5 GeV.

It is important to mention that in the rest of our analysis, we will mainly focus

on the second aforementioned possibility where we consider that the VSIDM model

respects the KSS bound. Therefore, in light of the above discussion, we may conclude

that the KSS lower bound severely constrains the DM mass range and permit the sub-

GeV SIDM mass particles. The bound on the DM mass only depends on the σ/m

value, so it will be improved for more precise astrophysical observations on σ/m in

the future.

The recent direct detection DM searches have almost failed to detect the famous

particle DM candidate, known as the Weakly-interacting massive particles (WIMP), for

which the mass range varies from ∼ GeV to TeV scale. Therefore, our result suggests

a new DM mass window that is crucial for future dark matter search experiments. We

refer Ref. [284] for details of the experiment, which will probe the sub-GeV DM mass

range.
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5.3 Background cosmology in VSIDM model

In chapter 2, we have studied the cosmic evolution, in the assumptions that the SIDM

viscosity as a constant and velocity gradients varies with redshift for 0 ≤ z ≤ 2.5. But

here, we consider the variation of viscosity with the redshift and discuss the evolution

of the Universe. As we have seen from chapter 3 that to study the cosmic evolution,

we need to simplify the expression of D given in Eq. (3.27), which basically needs

to evaluate the spatial averages involved for the viscosity and velocity gradients. In-

stead of calculating the spatial averages, we consider the following approximations to

estimate D :

(i) We assume that the length scale equal to or larger than the cluster scale, the

spatial average peculiar velocity gradient 〈∂v〉s is constant on the redshift of our interest

0 ≤ z ≤ 2.5, i.e., 〈∂v〉s ∼ constant. Therefore, we can approximate

〈∂v〉s ∼ v0/L , (5.6)

where v0 and L represents the peculiar velocity and comoving length scale. Our as-

sumption indicate that, for length scale cluster to larger, the peculiar velocity and co-

moving length scale varies in such a way so that the ratio of these two becomes constant

for the low redshift.

(ii) The viscosity coefficients ζ, η depend on the thermal distribution of the dark

matter [253], thus are independent with space. In order to study the evolution of the

viscous coefficient ζ and η, we use the expression, given from equations (3.15) and

(3.16) (in the case, where the sound speed vanishes, ie., Cn = 0). To see the redshift

dependency of viscosities, we need to understand the evolution of the m/〈σv〉 and 〈v〉

with redshift individually, which is crucially dependent on the particle physics model

of the SIDM. To keep discussion model independent, also for simplicity, we attribute

all the redshift dependency as a power of form in scale factor. Thus in this assumption,

the bulk and shear viscosities of the SIDM fluid can be given as

ζ(z) = ζ0

(
a
a0

)α
= ζ0

(
1

1 + z

)α
, (5.7)

η(z) = η0

(
a
a0

)α
= η0

(
1

1 + z

)α
. (5.8)
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Here, α is the viscosity parameter and
a
a0

=
1

1 + z
, where a0 = 1 is the present value of

the scale factor. Further, ζ0 = ζ(z = 0) and η0 = η(z = 0) represents the present values

of bulk and shear viscosity, respectively. Their values are estimated from the equations

(3.15) and (3.16) at the cluster scale, and we take cluster scale velocity, 〈v〉 ∼ 1000

km/sec and cluster scale
〈σv〉

m
∼ 100 (cm2/gm)(km/sec) from Ref. [7].

In general, the viscosity of a fluid depends on its energy density. Therefore inspired

by this fact, we assume that the DM viscosity depends on its energy density as a power-

law form, i.e., η, ζ ∝ ρk, in a very simplified scenario. This kind of form of viscosity

is widely used in cosmological studies (Ref.). Since ρ ∝ (1 + z)−3, therefore, viscous

coefficients, η, ζ ∝ (1 + z)−3k ≡ (1 + z)−α, where α = 3k.

Thus, using the approximations as discussed above, one can estimate D using Eq.

(3.27), given by

D =

(v0

L

)2
(
4
3
η + 2ζ

) (
1 + z

)2−α
. (5.9)

As we have assumed, v0/L is constant, so η0 and ζ0 is fixed at present; therefore, the

evolution of D will depend only on α parameter.

Thus, equipped with the simplified expression of D, now, we will set up the differ-

ential equations for the Hubble expansion rate and deceleration parameter. To obtain

the equation for q, we consider VSIDM fluid to be cold, i.e. ŵeff ≈ 0 and using Eq.

(5.9) in Eq. (4.3), and obtain

dq
dz

+
(q − 1) (2q − 1)

(1 + z)
= β

(
1 + z
H̄3

)
, (5.10)

where, β is dissipation parameter, which is defined as

β =
4πG
3H3

0

(
4
3
η0 + 2ζ0

) (v0

L

)2 (
1 + z

)−α
. (5.11)

The dissipation term, β, depends on exponent power, α and averaging length scale, L.

The evolution equation for the Hubble expansion rate is given by Eq. (4.4) as

dH̄
dz

=

(
q + 1
1 + z

)
H̄ . (5.12)

These coupled differential equations (5.10) and (5.12) can be solved numerically by

using the initial conditions at present, given as H̄(z = 0) = 1 and q(z = 0) = −0.60

[268]. Here we see that the solution of q(z) and H̄(z) depends on two free parameters
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Figure 5.2: The Hubble expansion rate, H(z) obtained from VSIDM model and

ΛCDM model have been plotted as a function of redshift along with the cosmic

chronometer data.

α and L, i.e. q(z, α, L) and H̄(z, α, L). In this work, we take L ∼ 20 Mpc, which is

estimated in Ref. [253]. So finally, the solutions for q and H̄ depend only on one free

parameter, α.

5.4 Analysis and Results

In this Section, we will first estimate the value of the free parameter, α, using the low

redshift. Then, using the best fit value of α, we will explore the evolution of viscosity

and bulk viscous EoS of the VSIDM fluid.

5.4.1 Hubble expansion rate

In Fig. 5.2, the Hubble expansion rate, H(z) we has plotted as a function of redshift for

different values of model parameters α with the cosmic chronometer data taken from

the Ref. [270]. Here the black, red and blue solid lines corresponds for α = 1.11, α =

1.22 and α = 1.33, respectively. To compare the VSIDM model with the standard

cosmology, we have also plotted the Hubble expansion rate derived from the ΛCDM

model as a purple dashed line. From Fig. 5.2, we see that the expansion of the Universe

depends on the dissipative strength of the dark matter; large is dissipation, larger will

be the Hubble rate. However, on small redshift, all three viscous models contribute
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Figure 5.3: The distance modulus, µ(z) estimated from VSIDM model have been

plotted with the Union 2.1 SNe Ia data for three different values of viscosity parameter,

α.

equally to the Hubble expansion rate, but on the large redshift, due to differences in the

dissipation term, all models contribute unequally in the H(z). So as a consequence, all

VSIDM models start deviating from each other on large redshift.

We see that for the α = 1.11 case, the H(z) increases quickly and becomes very

large at large redshift and does not fit the Hubble data. In comparison with the α =

1.11 case, for α = 1.33 case, H(z) increases slowly and does not fit the large redshift

Hubble data. But for α = 1.22 case, H(z) increases moderately and explains the cosmic

chronometer data, and also matches with the standard cosmology.

5.4.2 Fitting of Supernovae data

In Fig. 5.3, using Eq. (4.10), we plot the distance modulus as a function of redshift for

different values of α along with the SNe Ia data. Here, we take Union 2.1 SNe Ia data

compiled in Refs.[271, 272], which consists of 580 SNe data. The plot indicates that

all values of the α considered here, i.e., α = 1.11, 1.22, and α = 1.33, fit the SNe Ia

data well. Thus we conclude that the fitting of SNe Ia data cannot suggest the correct

evolution of the SIDM viscosity, i.e., α value.
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Figure 5.4: Deceleration parameter, q(z) obtained from the VSIDM model parameters

have been plotted with the ΛCDM model prediction.

5.4.3 Deceleration parameter q

The deceleration parameter (q) defined in the Eq. (4.5) provides the information,

whether the Universe is in the accelerating (for q > 0) or in the decelerating phase

(for q < 0). In order to see the epoch of decelerated to accelerated phase transition

ztr (i.e. epoch of q > 0 to q < 0) in our VSIDM model, we plot the q(z) for different

values of α, as a function of redshift in Fig. 5.4. The black, red and purple solid lines

corresponds for α = 1.11, α = 1.22 and α = 1.33, respectively. The green dashed line

corresponds for ΛCDM prediction. We can see that for large α, the transition point is

earlier (on large redshift). For α = 1.11, 1.22 and α = 1.33, the transition points are

ztr = 0.58, ztr = 0.66 and ztr = 0.81, respectively. The transition point corresponding

to α = 1.22 matches with the ΛCDM model prediction.

We point out from Fig. 5.4 that for α = 1.11 case, the deceleration parameter

increases and settles around q ∼ 0.7 for large redshift. This is quite in contrast with

our expectation that q should approach 0.5 in the matter-dominated era. Also, it does

not explain the large redshift Hubble data correctly; see 5.4.1. For α = 1.33 case, at

higher redshift, q is decreasing and approaching towards q ∼ 0.16, which is below the

expected value of q = 0.5 in matter-dominated era. We may thus safely conclude that

the case for α = 1.11 or α = 1.33 is surely not the case to describe the cosmic evolution

appropriately.

Furthermore, from Fig. 5.4 we can see that for α = 1.22 case, the deceleration
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Figure 5.5: The Statefinder pair (r, s) evolution for the best fit model parameter α =

1.22 in the VSIDM model of the Universe.

parameter saturates around q ∼ 0.49, which is very close to our expectation and slightly

different from the ΛCDM model q prediction. The important feature of this model is

that the H(z) obtained from it overlaps with the ΛCDM expectation of the Hubble

parameter and explains the cosmic chronometer data correctly. Hence assuming Cn =

0, α = 1.22 is the most intriguing possibility to explain the Hubble data and q value

and matches with some of the ΛCDM prediction.

5.4.4 Statefinder technique

As we have seen in the previous subsection that the best fit value of the model param-

eter for VSIDM matches with the ΛCDM model prediction. To see the deviation of

the VSIDM model with the Λ CDM model, we adopt a geometric diagnostic approach

discussed in Ref. [285], which was introduced to differentiate between the different

dark energy models. In this approach, one calculates a Statefinder parameter pair {r, s},

which is related to the higher-order derivative of the Hubble expansion rate. In terms

of the redshift, the Statefinder parameters are defined as

r(z) = 1 − 2(1 + z)
(

H′

H

)
+ (1 + z)2

(H′

H

)2

+
H′′

H

 , (5.13)

and s(z) =
1
3

 r(z) − 1
q(z) − 1

2

 . (5.14)

The idea lies in the fact that {r, s} pair is a fixed point given by {1, 0} for ΛCDM model,

and may varies for the other models. In Figure 5.5, we plot the evolution of r − s plane
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Figure 5.6: The bulk viscosity (ζ) and shear viscosity (η) of VSIDM have been plotted

as a function of redshift for the best fit model parameter, α = 1.22. Blue line corre-

sponds for shear viscosity and the rest of the lines corresponds for bulk viscosity at the

different sound speeds.

for the best fit value of the parameter α. We find that for our VSIDM model the pair lies

on the second quadrant of r − s plane in the past and evolve towards the first quadrant.

The present value of pair in VSIDM model {r, s} is {0.87, 0.03} which clearly implies

that the VSIDM model is different from the ΛCDM model.

5.4.5 Evolution of VSIDM viscosity on small redshift

In Fig. 5.6, using given equations (3.15) and (3.16), we plot η and ζ as a function

of redshift for the best fit values of the viscosity parameter, i.e. α = 1.22. The blue

line refers to the shear viscosity, and the rest of the other lines correspond to the bulk

viscosity for different sound speed values. We see that the ζ and η are large at present,

z = 0 and decreases on the larger redshift z > 0. This implies that at the earlier times

when the halo starts forming, the SIDM viscosities were small, but at later times of

cosmic evolution, when the DM halo becomes more or less virialized, the viscosities

contribute more. We also find that for low sound speed, Cn < 0.027, negative term in

Eq. (3.13) becomes large and decreases ζ in comparison with the Cn = 0 counterpart.

But for large sound speed, Cn > 0.027, the positive term in Eq. (3.13) becomes large

and increases ζ.

Further, we emphasize that the value of the VSIDM viscosity obtained here can



104Chapter 5. Study of SIDM properties from KSS bound and low redshift observations

0.0 0.5 1.0 1.5 2.0 2.5

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

Redshift (z)

w
B

(a)

60 65 70 75 80

12

13

14

15

H0 (Km sec
-1

Mpc
-1)

A
g
e
o
f
U
n
iv
e
rs
e
(G

y
r)

(b)

Figure 5.7: In Fig. 5.7(a) equation of state, ŵB of VSIDM model is plotted as a

function of redshift for best fit model parameter. In Fig. 5.7(b), the age of the Universe

is plotted as a function of the Hubble expansion rate. The red point corresponds for

tU = 13 Gyr and H0 = 71.5 Km sec−1Mpc−1 obtained from the best fit model parameter.

only be possible at the late times when the non-linear structure formation occurs and

collapse objects are formed. Because a large DM viscosity at earlier times may wash

out the density perturbation, and non-linear structure formation will not be possible

[189, 190].

As we have discussed above, at present (z = 0), the viscous contribution from the

bulk as well as shear DM viscosity increases on low redshift; thus, we may expect

some consequences. In the Ref. [207], we have shown that at present, z = 0, the

viscous effects of VSIDM are large and can explain the present observed acceleration.

Further, these results also provide the physical basis of the cosmic acceleration and

also why it starts at a late time (low redshift), not at a very early time (large redshift).

5.4.6 Bulk viscosity EoS

In this subsection, we show the evolution of EoS of VSIDM fluid on small redshift. In

Fig. 5.7(a), we plot the equation of state corresponding the SIDM bulk viscosity, ŵB as

a function of the redshift for the best fit value of viscosity parameter, i.e. α = 1.22. We

see that on the small redshift ŵB subsequently becomes more negative and at present,

ŵB(z = 0) = −1.2. On the large redshift, ŵB increases (becomes less negative) and
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approaches towards ŵB ∼ 0.

5.4.7 Age of Universe

The age of Universe at any redshift, tU(z) is obtained from the Hubble expansion rate

as

tU(z) =

∫ ∞

z

dz
(1 + z)H(z)

. (5.15)

In this work, we have assumed that the SIDM viscosity becomes effective only at late

time z ≤ 2.5 and consequently, the viscous effect modifies the evolution of the Universe

only at a late time. At early time z > 2.5, the evolution of the Universe is governed via

standard cosmology. Thus we consider

H(z) =


Hvisc if z ≤ 2.5 ,

HΛCDM if z > 2.5 ,
(5.16)

where Hvisc is obtained from the Eqs. (5.10) and (5.12). Also, the Hubble expansion

rate in matter dominated era is given by

HΛCDM ≈ H0
[
ΩB(z) + Ωχ(z)

]1/2
. (5.17)

Thus, using the best fit value of α, we get the age of the Universe

tU ∼
0.974

H0
. (5.18)

In Fig. 5.7(b), we plot the age of the Univere, tU in the VSIDM model as a function

of the Hubble expansion rate. We see that as the H0 increases, tU decreases. In VSIDM

model, using the best fit value of model parameter, α = 1.22, tU = 13 Gyr. Our

estimation of tU is slightly small in comparison with the age of the Univere (13.76

Gyr) obtained in the CMB anisotropy data [61] and larger than the age of globular

cluster (12.9 Gyr) [275].

5.5 Conclusion

In this chapter, we study the SIDM properties using the KSS bound, η/s ≥ 1/4π, and

explore the evolution of the SIDM viscosity using the low redshift observations. We
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calculate the η/s in the framework of the VSIDM model, and then using the constraint

on σ/m inferred from the astrophysical observations, we show that the SIDM fluid

violates the KSS lower bound. It will be confirmed when the future DM detection

experiment detects a larger DM mass as provided by KSS bound. Further, in the as-

sumption that the SIDM fluid respects the η/s = 1/4π bound, we report that the KSS

bound allowed a sub-GeV (O(0.1) GeV) mass of the SIDM particles. This limit on the

DM mass is conservative, which will further be improved for a more precise estimation

of σ/m in the future.

To understand the evolution of SIDM viscosity at the redshift of our interest, we

assume the power law form of bulk ζ(z) = ζ0 (a/a0)α and shear viscosity η(z) =

η0 (a/a0)α. Then inspired from the observational evidence that velocity gradient is

constant on typical cluster and supercluster scale at the present time, we assume it to

be constant on the low redshift interval 0 ≤ z ≤ 2.5.

Further, we calculate the Hubble expansion rate and deceleration parameter and

find that these depend on the viscosity parameter, α, and the length scale, L. We

assume L = 20 Mpc, which is larger than the typical cluster size DM halo. Further,

using the cosmic chronometer data points and the correct value of the deceleration

parameter at the matter-dominated era, we obtain α = 1.22. The best fit values of

model parameter shows that the viscous coefficients, η and ζ are large at present, z = 0

and decrease at earlier time z > 0. The deceleration to an acceleration transition point

in this model is ztr = 0.66, which matches with the ΛCDM model. We find that the

VSIDM model fits with the supernovae data very well. Although our VSIDM model

matches the ΛCDM prediction at a late time, but using the Statefinder technique, we

report that the VSIDM model is different from the ΛCDM model. Also, in our model,

the age of the Universe is 13 Gyr, which is smaller than the age inferred from the CMB

anisotropy data (13.8 Gyr) but larger than the globular cluster age.

Thus in light of the small redshift observations, we conclude the VSIDM model

may be a possible alternative theory of the standard model of cosmology. Our result

also provides a new DM mass range, which will be crucial for future particle dark

matter searches.



Chapter 6

Lightning the DM from its viscosity

and imlication for 21-cm signal

In our previous chapters, we have studied the effect of DM viscosity, specifically in

the SIDM framework, on the small redshift, 0 ≤ z ≤ 2.5. We considered that the

DM is interacting with themselves elastically and interacts with the standard model

particles via gravity. In this chapter, we will not assume any specific cause of DM

viscosity like previously it was DM self-interaction. Further, we investigate the effect

of DM viscosity on comparably large redshift, 10 ≤ z ≤ 1300, and also assume non-

gravitational interaction between the DM and the SM particles. In this work [286],

we propose the possibility of the observational signal generated from the viscous DM

energy dissipation. In particular, we study the visible photons (standard model photon)

production from the viscous DM dissipation.

It has been found that the viscosity contributes to the entropy production and energy

dissipation in the cosmic medium [12]. The produced energy depends on the viscosity

parameters and can increase the fluid temperature. We apply this idea in the viscous

dark matter framework and calculate the analytic expression for the viscous DM fluid

temperature and check its dependency on its mass and viscosity parameters. We find

that for large DM mass and viscosity, its temperature becomes large and can conflict

with the DM coldness criteria, as discussed in Ref. [287]. Further, to keep the cold dark

matter paradigm successful, we derive the condition on the DM viscosity parameters,

which respects the DM coldness criteria.

107
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We explore a possible effect of viscous energy dissipation and its impact on the

evolution history of the Universe. We propose that viscous energy dissipation pro-

duces visible particles, particularly the photons (different from the CMB photons).

Photon production is considered in two different ways. Firstly, when the DM dissi-

pates directly into the photons, and secondly, when the dark matter dissipates into the

dark radiation (DR), which can generate the visible photons via a kinetic mixing. We

find that in both cases, the generated photons crucially depend on the DM temperature

(which depends on the DM mass and its viscosity parameters) and increase as the tem-

perature increases. Due to the presence of the DM viscosity, the DM temperature, and

consequently, photon generation increases at low redshift. Thus it is crucial to explore

the effect of these produced photons on the small redshift.

Recently, the EDGES collaboration [162] has announced to detect the global signal

of the 21-cm line at z ∼ 17 and reported an anomaly in it. A possible explanation of

this anomaly requires a large number of photons in the Rayleigh-Jeans limit of the

CMB spectrum [11, 164–167]. Using the viscous DM framework, we try to check

the possibility of whether the photons generated via the viscous energy dissipation can

address the EDGES anomaly in the 21 cm signal or not.

For this purpose, we calculate the number density of RJ photons produced from the

viscous energy dissipation. We find that when the DM directly dissipates into the pho-

tons, it does not produce sufficient RJ photons and hence fails to explain the EDGES

anomaly. However, in the case when the photons production takes place through the ki-

netic mixing, it can significantly increase the number density of photons in the RJ limit

and hence address the EDGES anomaly. Further, we constrain the parameter space for

the mixing parameter, DM mass, dark radiation mass, and DM viscosity parameters,

which can explain the reported EDGES anomaly.

The arrangement of this chapter is as follows: In Section 6.1, assuming a power-law

from its bulk viscosity, we calculate the expression of the DM temperature as a function

of the redshift. Further, we derive the condition on the DM viscosity that respects the

DM coldness criteria. In Section 6.2, we discuss the two different mechanisms for the

photon generation from the viscous DM energy dissipation. Then in Section 6.3, the

21-cm anomaly reported by the EDGES experiment is explained using these excess RJ
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photons. Later, we also explored the parameter space for DM mass, mixing parameter,

viscosity parameter in the light of the EDGES explanation. Lastly in Section 6.4, we

discuss and conclude our results.

Note that, throughout our discussion, we use the terms visible photon and photon

interchangeably unless specified explicitly.

6.1 Viscous dark matter cosmology

As discussed earlier, in the standard model of cosmology (ΛCDM model), DM is

considered to be cold and an ideal fluid (with no viscosity). In this chapter, we assume

that dark matter is a bulk viscous fluid, consistent with the homogeneity and isotropy

of the Universe. The possibility that DM fluid has shear viscosity can be ruled out

from the large scale’s homogeneity and isotropy.

In this Section, we will investigate the energy dissipation from the viscous DM and

also explore the DM temperature evolution. Further, using the coldness criteria of the

DM fluid, we will constrain the DM viscosity.

6.1.1 Viscous dark matter and energy dissipation

The origin of the bulk viscosity is a relaxation phenomenon and is related to its micro-

scopic properties. Thus the expression of viscosity is dependent on the model of DM

under consideration. Here for simplicity, we assume that the bulk viscosity depends

only on the energy density of the DM. We consider bulk viscosity as a power-law in its

energy density as [288]

ζχ(z) = ζ0

(
ρχ(z)
ρχ0

)α
, (6.1)

where, ρχ(z) and ρχ0 represent the DM energy density at any redshift, z and at present,

z = 0, respectively. Here ζ0 and α are the viscosity parameters, and their values can be

decided using the observations. For α = 0, the DM viscosity becomes independent of

its energy density and remains constant throughout the cosmic evolution.

In literature, the power law form of bulk viscosity has been widely used to study

of the cosmic evolution. Murphy, in Ref. [289], assuming the bulk viscosity of form

ζ = κρ (α = 1), has find that viscous model can avoid the singularity of the spacetime.
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Furthermore, the above form of viscosity, has also been used to explore the cosmic

evolution (using α ≥ 1 and also α < 1), the large scale structure formation [189] [190]

(α = 0, 1/4), 21-cm cosmological signal [274] (α = 0 and −1/2). However, α values

considered in the above studies were phenomenological. In chapter 3, considering the

evolution of the bulk viscosity as, ζ = ζ0(1 + z)α (α = −1.22), we find that VSIDM

cosmology can explain the low redshift observations. In Refs.[80][290], considering

the DM decay in light relativistic particles, the bulk viscosity of cosmic fluid has been

estimated, and reported that the viscosity is linearly proprtional in its energy density,

i.e ζ ∝ ρ (α = 1). Thus inspired by both the cosmological and DM microphysics

arguments as discussed above, we assume α = 1 as a representative value for viscosity

evolution.

Further, the presence of the dark matter viscosity causes energy injection in the

cosmic medium and hence modifies the temperature evolution. In order to study the

viscous dark matter temperature evolution, we need to estimate the energy generation

due to the DM viscosity. For this purpose, firstly, we calculate the entropy production

due to the DM viscosity. S. Weinberg, in Ref. [12], estimated the entropy generation

due to the viscous fluid in the expanding Universe using the thermodynamics and Ein-

stein equations. We apply this formalism to the viscous DM and obtain the entropy

generation per unit volume due to the dark matter bulk viscosity as [273] [12]

∇µS µ =
ζχ

Tχ

(
∇µuµ

)2

, (6.2)

where, Tχ is DM temperature, and S µ is the entropy four-vector, which is defined by

S µ = nχsχuµ . (6.3)

Here, sχ , nχ and uµ represents the entropy per unit particle, number density and the

four-velocity of the dark matter, respectively. Furthermore, applying the Second Law

of Thermodynamics, one can estimate the heat energy per unit time per unit volume

generated by the dark matter viscosity is given by

dQv

dVdt
= Tχ∇µS µ . (6.4)

In order to estimate the heat energy production, we consider the homogeneous and

isotropic expansion of the Universe, given by the flat FLRW metric as

ds2 = −dt2 + a2(t)δi jdxidx j , (6.5)
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where a(t) is the scale factor of the Universe. In the comoving frame, where the spatial

component of the four-vector vanishes, uµ = (1, 0, 0, 0), the above Eq. (6.4) simplifies

as
dQv

dVdt
= 9ζχH2 . (6.6)

In terms of redshift, the dissipated energy density by viscous DM from Eq. (6.6) is

given by

qvis
(
zs → ze

)
=

∫ ze

zs

(
dQv

dVdz

)
dz = −9

∫ ze

zs

ζχ(z)
H(z)

(1 + z)
dz . (6.7)

Here zs and ze represent the starting and ending redshift between which the DM dissi-

pates its energy. After integrating Eq. (6.7), we get

qvis
(
zs → ze

)
= 5.36 × 10−43

(
H0 m2

Pl

24π

) (
ζ̄

2α + 1

) [(
zs + 1

)3(α+ 1
2 )
−

(
ze + 1

)3(α+ 1
2 )
]
. (6.8)

Thus the dissipated energy density depends on the dark matter viscosity parameters,

ζ̄ and α. Also, the viscous DM dissipation becomes prominent when the viscosity is

large. From Eq. (6.8), it is clear that α , −0.5, otherwise the expression on RHS will

blow. We point out that the viscous energy dissipation becomes large at a late time and

increases with the DM viscosity.

6.1.2 DM temperature evolution due to its viscosity

As the presence of the DM viscosity causes the energy dissipation in the cosmic

medium and hence viscosity can modify the DM temperature evolution equation. The

temperature of the viscous dark matter evolves as [274]

dTχ

dz
= 2

Tχ

1 + z
−

2
3(1 + z)H

(
mχ

ρχ

) (
dQv

dVdt

)
, (6.9)

where mχ, ρχ represents the mass and energy density of the DM, respectively. The first

term in Eq. (6.9) corresponds to the Hubble dilution factor, which basically decreases

the DM temperature as the universe expands. Further, the second term in Eq. (6.9) is

due to the DM viscous energy dissipation, and its negative sign indicates that due to

the viscosity, the dark matter temperature increases.

To calculate the DM temperature, we should provide the expression for the Hubble

rate. In our work, we are interested in the matter-dominated era in which the Hubble
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expansion rate is given by

H(z) ≈ H0 (ΩM0)1/2 (1 + z)3/2 , (6.10)

where, ΩM0 and H0 (H0 = 100h km-s−1MPc−1) correspond to the present value of

total matter content (DM and baryon) and the Hubble expansion rate, respectively.

Here, we consider the values of the cosmological parameters, h = 0.674, ΩB0h2 =

0.0224, ΩM0h2 = 0.142 from the recent Planck 2018 data [20].

Furthermore, using Eq. (6.9), one can obtain the analytic solution for the DM

temperature as

Tχ(z) = A(1 + z)2 −
4.2
24π

(
H2

0 m2
Pl

ρc

) (
mχ ζ̄

α − 1.16

) [
1 + z

]3(α− 1
2 )
, (6.11)

where A and ρc = 3H2
0/8πG represent the constant of integration and the present criti-

cal energy density of the Universe, respectively. Further, ζ̄ is a dimensionless viscosity

parameter and mPl is the Planck mass, defined by

ζ̄ =
24πGζ0

H0
and mPl =

1
√

G
. (6.12)

From the equation (6.11), it is clear that the DM temperature depends on its mass and

the viscosity parameters, ζ̄ and α. We also point out that DM temperature is non-

singular at α = 1.16. To calculate A, we need to provide the initial condition to the

DM temperature. Since in our analysis, we assume the cold DM, we take the initial

condition at the redshift, zi � zdec, where we assume Tχ(zi) = 0. Here zdec is the

redshift where the DM kinetically decouples from the rest of the thermal. Therefore,

using the above initial condition in Eq. (6.11), we obtain

A =
4.2
24π

(
H2

0 m2
Pl

ρc

) (
mχ ζ̄

α − 1.16

) [
1 + zi

]3α− 7
2 . (6.13)

In particular, here, we assume the initial condition for DM temperature at zi = 1300.

However, this initial condition does not carry a specific meaning. We also checked that

while modifying the initial condition for DM temperature from 1300 to 1700 does not

show any significant change in our results.

To see the effect of the DM viscosity parameters on its temperature evolution, in

figure 6.1, we plot the DM temperature as a function of the redshift, for different values

of the viscosity parameters. We fix ζ̄ = 10−15,mχ = 0.1 GeV and plot Tχ(z) for
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Figure 6.1: DM temperature evolution for different values of the DM viscosity for

α = 1 and mχ = 0.1 GeV.

α = 1 (red line), α = 0 (black line), α = −1 (blue line). We see that for α = −1,

DM temperature also increases. This happens because the DM viscosity in inversly

proprtional to the DM energy density, which decreases at late times (small redshift).

Further, for α = 0, the DM temperature increases at a small redshift but slightly lower

rate in comparison with the α = −1 case. But for α = 1, the DM temperature firstly

increases on large redshift and decreases below redshift ∼ 500. Thus we conclude that

for a fix value of ζ̄ and increasing the viscosity parameter α, causes to increases the

DM temperature.

6.1.3 DM coldness criteria and constraints on its viscosity

Furthermore, as we have seen previously, as the DM viscosity increases, the DM starts

heating up. In the case of sufficiently large DM viscosity, the DM temperature becomes

high and may conflict with the DM coldness paradigm. In Ref. [287], using the CMB

and LSS data, the authors have obtained an upper limit on the ratio of DM temperature

to its mass at present.

The condition that DM will be cold in the redshift interval zdec ≥ z � 1, is given

by [287]
Tχ

mχ

≤ 1.07 × 10−14 (1 + z)2 . (6.14)

The above condition is explicitly applied for the linear regime, z � 1, where the

structures are not in collapsed form. Therefore the above condition can be apply to
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find a constraint on the DM viscosity parameters for which the DM behaves as cold.

For this purpose, we use Eq. (6.11), to obtain the ratio of the viscous DM temperature

to its mass, given as

Tχ

mχ

=
A

mχ

(1 + z)2 −
4.2
24π

(
H2

0 m2
Pl

ρc

) (
ζ̄

α − 1.16

) [
1 + z

]3(α− 1
2 )
, (6.15)

where, A is given by Eq. (6.13). From above equation, we point out that, Tχ/mχ is

independent of the DM mass and only depends on the viscosity parameters, ζ̄ and α.

Furthermore, using Eq. (6.11) and Eq. (6.15), we derive the condition on the DM

viscosity parameters. Thus the viscous DM behaves as a cold fluid at the redshift, zf, if

ζ̄ ≤ 1.92 × 10−13
(

ρc

H2
0 m2

Pl

) (
α − 1.16

) [(
1 + zi

)3α− 7
2 −

(
1 + zf

)3α− 7
2

]−1
, (6.16)

where, zdec � zi > zf � 1. In case, the above inequality does not hold, then the viscous

DM will no longer behaves as cold fluid. For example, for α = 1, the maximum

allowed bulk viscosity, which respect the DM coldness criteria at zf = 17, is given by

ζ̄ ∼ 10−14 . We stress that the DM coldness criteria discussed above hold only for the

linear regime of the structure formation and do not valid for the late time where the

structures are formed and found in the form of the collapsed object (such as galaxies

and clusters).

6.2 Production of visible photons from the viscous DM

In this Section, we discuss the production of visible photons from the dissipation of

viscous DM fluid. In the previous Section, we have seen that the DM viscosity leads

to energy dissipation in the cosmic medium. We make out an essential assumption that

due to viscous energy dissipation, visible photons production may occur. Here, we

point out that the word visible photons (or photons) indicates to the produced standard

model photons from the DM energy dissipation, and are different from the CMB pho-

tons. Further, the photon generation can take place in two ways: (1) when the viscous

DM directly dissipates into the visible photons and (2) when the DM firstly dissipates

into the dark radiation (DR), which can further convert into the photons via a kinetic

mixing between the DR and photons. We will discuss both the photon production

mechanisms in subsequent subsections.
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Furthermore, our analysis does not discuss the explicit particle physics motivated

mechanism from which the viscous dissipation occurs and leaves it as a future exer-

cise. However, for completeness, some of the possible models for the visible particle

production via the DM energy dissipation can be found in the Refs. [11, 291–293].

6.2.1 When DM directly dissipates into photons

In this case, we assume that the viscous DM directly dissipates into visible photons.

These photons are in thermal equilibrium with the DM and hence follow the Bose-

Einstein distribution. So in terms of the distribution functions, the number density of

generated photons from DM viscous dissipation is given as

nχ→A = gA

∫ ∞

0

d3 pA

(2π)3 fA(pA) , (6.17)

where, pA and gA′ represents the momentum and relativistic degree of freedom of the

photons, respectively. The photon distribution function is given as fA(pA) =
[
exp

(
ωA

TA

)
−

1
]−1, where ωA = pA is the energy associated with a photon. So, the number density of

photons generated up to a small frequency limit, ωmax is given as

nχ→A =
1
π2

∫ ωmax

0

ω2
A

exp
(
ωA
TA

)
− 1

dωA . (6.18)

In the low energy limit of the photon distribution, ωA/Tχ < 1, so we can approximate,

e
ωA
Tχ − 1 ≈

ωA

Tχ

. Furthermore, since photons are in thermal equilibrium with the DM,

therefore they follow the dark matter temperature, ie., TA = Tχ . Thus in low energy

limit, integration of Eq. (6.18), provide us

nχ→A ≈
ω2

max

2π2 Tχ. (6.19)

The above equation shows that the number density of the produced low-energy photons

is proportional to the DM temperature. The greater is the DM temperature, the larger

is the low-energy photon production.

However, photon generation may change the cosmological evolution history. Since

the photon production crucially depends on the DM temperature, so at large redshift

(i.e., at the time of CMB release), due to small DM viscosity, the DM temperature was

small, and hence the photons production was less. But at low redshift, due to increment
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in the DM viscosity, the DM temperature becomes large and contributes more to the

photons production rate. Therefore, at the time of photon decoupling, for sufficiently

large DM viscosity, the photons generation will be large, which increases the radiation

component and the Hubble expansion rate of the Universe. The increment in H(z)

modifies the baryon to photon ratio and also decreases the length of the sound horizon

rs, because rs ∝ 1/H (see, Refs. [294] [295] and also references therein), which is well

constraint from the CMB measurement [20].

Next, we estimate the above-discussed quantities and see whether the relativistic

particles’ production can create a problem for the cosmological observation or not?

For this perpose, we calculate the effective degree of freedom ∆Neff, which quantifies

the energy contribution of extra radiation component in comparison with the CMB.

The quantity, ∆Neff is defined as

∆Neff =
ρREL

ρCMB
. (6.20)

Where, ρREL is the energy density of the extra radiation component (excluding the

CMB and standard model neutrino) present in the Universe. The value of the ∆Neff

decides whether the extra energy can be within the limit or modifies the cosmological

observations. Here we use the Planck 2018 data to constraint the maximum energy

contained in extra DR, which demands ∆Neff ≤ 0.33 [20]. Since, we consider that the

viscous energy dissipation directly leads to the radiation component photon generation,

hence one may assume

ρREL = qvis . (6.21)

For the viscosity parameters interested throughout in this work, given as α = 1 and

ζ̄ = 3 × 10−15, the value of effective degree of freedom, ∆Neff = 10−15. This implies

that the viscous energy dissipation is small in comaparision with the CMB radiation

energy density. Therefore, the energy generated from the DM viscous dissipation into

the photons is within the limits allowed from the Planck 2018 data (i.e. ∆Neff ≤ 0.33

[20]). Thus such a small energy density produced via the viscous dissipation will not

affect H and also rs.
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6.2.2 When DM dissipates into DR which convert into photon via

kinetic mixing

In this case, we assume that the DM dissipates into the dark radiation, A′. The produced

DR is in thermal equilibrium with the DM and follows the Bose-Einstein distribution.

Therefore in terms of distribution function, the number density of the produced dark

radiation can be written as

nA′ = gA′

∫ ∞

0

d3 pA′

(2π)3 fA′(pA′) . (6.22)

where, pA′ and gA′ represents the momentum and relativistic degree of freedom of the

dark radiation, respectively. The distribution function of the dark radiation is fA′(pA′) =[
exp

(
ωA′ − µA′

T ′A

)
− 1

]−1, where µA′ represent the chemical potential of the dark radia-

tion.. Further ωA′ is the energy associated with DR, given by ωA′ = (m2
A′ + p2

A′)
1
2 , where

mA′ is the mass of the dark radiation. So, after simplification, the above equation mod-

ifies as

nA′ =
gA′

2π2

∫ ∞

mA′

ωA′

exp
(
ωA′−µA′

TA′

)
− 1

(
ω2

A′ − m2
A′
) 1

2 dωA′ , (6.23)

Since the produced dark radiation is in thermal equilibrium with the DM, therefore

TA′ = Tχ . Thus considering µA′ = 0, the differential number density of the DR is given

as
dnA′

dωA′
=

gA′

2π2

ωA′

exp
(
ωA′

Tχ

)
− 1

(
ω2

A′ − m2
A′
) 1

2
. (6.24)

Furthermore, as discussed in subsection 6.2.1, here we also point out that the pro-

duction of extra relativistic particles may increase the Hubble expansion rate and can

create problems at decoupling. Here, we consider that the viscous energy dissipation

to the dark radiation generation, hence one can assume ρREL = qvis . Thus for α = 1

and ζ̄ = 3 × 10−15, and using Eq., we get (6.20) ∆Neff = 10−15. Therefore, we find that

dark radiation production does not affect the CMB observations for the redshift range

of our interest.

We further make an important assumption that the dark radiation can generate the

visible photons through a kinetic mixing, in a similar way as the standard model neu-

trinos change their flavors [296]. Therefore, the Lagrangian density of the DR-photon
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system can be written as

LA′A = −
1
4

FµνFµν −
1
4

F′µνF
′µν −

ε

2
FµνF′µν +

1
2

m2
A′A

′
µA′µ . (6.25)

Here, the first and second term corresponds to the kinetic term for photon and DR. The

third term represents the interaction between the DR and visible photon, and ε is the

kinetic mixing parameter. Further, the last term corresponds to the dark radiation mass.

The probability of conversion of DR to photons becomes maximum at the time of

resonance, for which the DR mass is equal to the photon plasma mass, i.e.,

mA′ = mA(z) . (6.26)

Here, mA(z) is the plasma mass of the photon at redshift z, which is defined as [297,

298]

mA(z) ' 1.7 × 10−21 (1 + z)3/2 x1/2
e (z) GeV , (6.27)

where xe(z) is the electron fraction which is calculated from the RECFAST code [299]

using CAMB [300]. The resonance condition can happen for a range of DR mass be-

tween, 10−23 − 10−18 GeV. The conversion probability of DR (A′) into the SM photon

(A) at the resonance is given by [297]

PA−→A′ = PA′−→A =
πε2m2

A′

ωA′

∣∣∣∣∣∣d log m2
A

dt

∣∣∣∣∣∣
−1

t=tres

, (6.28)

where tres is the time at which the resonance can takes place. In terms of the redshift,

the conversion probability can be rewritten as

PA′−→A =
πε2m2

A′

ωA′

∣∣∣∣∣∣(1 + z) H(z)
dm2

A

dz

∣∣∣∣∣∣
−1

z=zres

. (6.29)

where, zres is the redshift corresponds for resonance time, tres . As for the low energy

photons, the free-free (bremsstrahlung) absorption effect should be taken into con-

sideration. Then the above probability should be multiplied by the photon survival

probability, PS (x, z) ≈ e−τ(x,z), where τ(x, z) is the optical depth of the plasm medium,

which depends on the position and the redshift. Hence for low energy photon case,

the conversion probability modifies and given as, PA→A′ −→ PA→A′ PS (x, z). However,

it has been found that the absorption of the low energy photons in the cosmic plasma

becomes effective for z > zabs = 1700 [301]. Since here we are interested in relatively
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low redshift z < zabs, so the photon absorption factor will not be necessary. Therefore

we can neglect the photon survival factor in our analysis.

Therefore, the differential number density of the visible photon produced from the

viscous dissipation of DM into DR and further to photons is given by

dnA′→A

dωA′
=

(
dnA′

dωA′

)
PA′→A . (6.30)

Thus using the Eq. (6.24) and Eq. (6.29) in Eq. (6.30), we obtain

nA′→A =
πε2gA′m2

A′Tχ

2π2

∣∣∣∣∣∣(1 + z) H
dm2

A

dz

∣∣∣∣∣∣
−1

z=zres

∫ ∞

mA′

√
ω2

A′ − m2
A′

ωA′
dωA′ . (6.31)

The number density of the photons lies in the low energy limit ωA′/Tχ < 1, is estimated

by integrating Eq. (6.31) up to a small frequency limit, ωmax. This gives us

nA′→A =
πε2gA′m2

A′Tχ

2π2


√
ω2

max − m2
A′ + mA′ tan−1

 mA′√
ω2

max − m2
A′

 − πmA′

2


×

∣∣∣∣∣∣(1 + z) H(z)
dm2

A

dz

∣∣∣∣∣∣
−1

z=zres

, (6.32)

where, gA′ = 2. The above equation shows that the number density of the produced

photons depend on the DM temperature, DR mass, and the mixing parameter.

Thus, from the above discussion, we conclude that in both cases (i.e., indirect

conversion or via kinetic mixing), the photons’ production via viscous dissipation does

not modify the CMB and LSS observations. Therefore, we explore the effect of these

photons in the light of the recent cosmological signal of 21-cm observed by the EDGES

collaboration. The next Section is devoted to the basics of the 21-cm cosmological

signal and associated anomaly reported by EDGES.

Comment on thermal dark radiation and photons from viscous dark matter

In our work, we assume that the system of DM-DR (or photons) is thermalized. The

DM couples with the photons (direct coupling of the DM with photons is not neces-

sary) and continuously dissipates its energy into the photons throughout the cosmic

evolution. Further, we also consider that the DM-photons system is in quasi thermal

equilibrium and do not very far from the local thermal equilibrium. Therefore in this
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crude approximation, the system is in equilibrium, therefore, follows the same tem-

perature. Due to common temperature, the system of DM-photons follows the same

temperature evolution until the equilibration is maintained. Further, on the same basis,

for the case of DM dissipation into the dark radiation, we consider the DM-DR sys-

tem is in quasi-equilibrium and shares the same temperature. In this system, photon

production takes place from the kinetic mixing between the DR and photons.

In the expanding Universe, the thermalization of viscous dark matter with the DR

(or photons) is possible when the DM scattering rate with the DR (or photons) is larger

than the Hubble expansion rate, ΓχA′,χA > H, where ΓχA′ and ΓχA represent the DM

scattering rate with the DR and photons, respectively. However, if ΓχA′,χA < H, then

the production takes place at out of equilibrium and hence DM and DR (or photons)

do not share the common temperature. Therefore the process by which the system is

thermalized depends on the particle model of the DM dissipation.

We emphasize that in our work, the word photons represent the produced photons

(from the DM energy dissipation), which are different from the CMB photons. Our

analysis relies on the assumption that the system of DM-DR (or photons) is thermal-

ized and constraints are valid when the above condition is met. In this case, due to

a common temperature (thermalization), a system of DM-DR (or photons) does not

redshift differently. To explore the particle physics model of the DM dissipation and

non-thermal production of the photons and DR from DM is my future goal.

6.3 VDM explanation of EDGES anomaly

In Section1, we have seen that the standard model of cosmology can not explain the

anomaly observed in the 21-cm signal reported by the EDGES collaboration. There-

fore it explanation may require a new physics. In this direction, many efforts have

been made and found that the EDGES anomaly can be addressed via the DM-baryon

interaction [157] or by increasing the photons in the low-frequency limit of the CMB,

tail [11, 164–167], etc. For other possible EDGES explanations, see Refs. [168–171].

In this work, we focus on the explanation of the EDGES anomaly that requires an

increase in the photons in the Rayleigh-Jeans limit of the CMB radiation. The photons
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Figure 6.2: The spectrum of the photons produced by the viscous dissipation and the

CMB radiation at the redshift, z = 17. We fix α = 1, ζ̄ = 1.5 × 10−14, mχ = 0.1 GeV

and ε = 2.1 × 10−7 [11].

in the low energy limit of the RJ tail of the CMB radiation, i.e., ω/TCMB < 1, is given

by

nRJ =
gCMB

2π2

∫ ωmax

0

1

exp
(

ω
TCMB

)
− 1

ω2 dω ≈
ω2

max

2π2 TCMB , (6.33)

where, gCMB = 2. Here, we propose a new mechanism to explain the EDGES anomaly

by the viscous DM dissipation into the photons. As we have seen in the previous

Section that the viscous dissipation leads to photon production and can increase the

photon number density in the RJ frequency limit of the CMB radiation. Here we

inquire whether the produced photons are sufficient enough to address the anomaly or

not.

6.3.1 Production of visible photons from the viscous dissipation

In this subsection, we study the photon production via the DM energy dissipation and

compare it with the CMB photons using formalism, as discussed in Section 6.2. In

Figure 6.2, we plot the differential number density of the photons obtained from the

direct dissipation of the dark matter (black region), through kinetic mixing with the

DR (red region), and from the CMB (blue region). To generate the plot, we fix the DM

viscosity parameters, α = 1, ζ̄ = 10−15, DM mass, mχ = 0.1 GeV and kinetic mixing

parameter, ε = 2.1 × 10−7 [11].
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Figure 6.3: Plot of the ratio of photons number density obtained from viscous dis-

sipation to the CMB photon in the RJ limits. We consider, ε = 2.1 × 10−7 [11] and

α = 1.

From Fig. 6.2, we see that the photons obtained from the kinetic mixing (red

region) can significantly increase the number density of photons in the RJ region of

CMB radiation. However, this does not alter the number density of high-frequency

photons by an appreciable amount. For the case of directly produced photons (black

region), there is an increase in the CMB photons only at higher frequency regions.

Since the explanation of EDGES anomaly demands a large number of photons at RJ of

CMB radiation. Therefore, one can find that photons generated via kinetic mixing may

explain, but directly produced photons can not address the EDGES anomaly. Here,

our focus is to explain the EDGES anomaly, so the case where the photons generate

through kinetic mixing is interesting. Thus the rest of our analysis, we will discuss this

case only.

Further, we also check the dependency of the photon production through the kinetic

mixing on the DM viscosity. In Fig. 6.3(a), we plot the n′A′→A/nRJ and (6.33)) as a

function of the redshift for different values of the DM viscosity. In this plot the red

line, black line and blue line correspond to ζ̄ = 10−14, ζ̄ = 10−15 and ζ̄ = 10−16,

respectively. We take ε = 2.1 × 10−7 [11], α = 1 and mA′ = 6.12 × 10−19 GeV (for this

DR mass the resonant condition happens at zres = 1268). From Fig. 6.3(a), we see that

increasing the DM viscosity increases the photon production rate.

Then we also explore the dependency of DR production on its mass. For this
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Figure 6.4: Contraining the parameters that explain the EDGES observed 21 cm sig-

nal, i.e. n′χ→A/nRJ = 1 [11]. We assume α = 1 and ζ̄ = 3 × 10−15.

purpose, we plot n′A′→A/nRJ as a function of redshift for different values of the DR

mass in Fig. 6.3(b). Here, blue, black and red line represents the DR masses 10−20

GeV , 10−19 GeV and 6.12 × 10−19 GeV, which correspond to the resonance redshift

zres = 637, 973, 1268, respectively.

From Fig. 6.3(b) we point out that the photon number density increases as the

DR mass, mA′ increases. It is because for a large mA′ , the resonance condition is met

earlier (i.e., at large redshift), and hence the probability of conversion of DR to photon

becomes large. Therefore we conclude that photon production increases as the DM

viscosity and DR mass increase.
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6.3.2 Constraining the parameter space for ε, mA′ and mχ

In this subsection, we will constrain the range of parameter space for ε, mA′ and

mχ, which is consistent with the explanation of the global 21-cm signal reported by

EDGES. In order to address the EDGES anomaly the number density of produced

photon requires, n′χ→A/nRJ = 1 [11]. In Fig. 6.4, to study the constraint on the parame-

ters involved, we take α = 1 and ζ̄ = 10−7.

In Fig. 6.4(a), we fix mA′ = 6.12 × 10−19 GeV and plot kinetic mixing parameter,

ε as a function of DM mass, mχ that satisfy the condition n′χ→A/nRJ = 1. We see

that as mχ increases, ε decreases. In Fig. 6.4(b), on fixing mχ = 0.1GeV, we plot ε

as a function of dark radiation mass, mA′ . Here also, we find that ε decreases as mA′

increases. Therefore, we find that to address the EDGES anomaly from the small DM

or DR mass, the mixing parameter should be sufficiently large and vice-versa.

Further, in Fig. 6.4(c) on fixing ε = 2.1× 107, we plot DM mass, mχ as function of

dark radiation mass, mA′ , that explain the explain the EDGES anomaly. We see that in

order to produce the sufficient photons that satisfy the condition n′χ→A/nRJ = 1, a large

mχ prefer small mA′ and vice-versa.

6.3.3 Constraint on the DM viscosity parameters

Here, we explore the parameter space for the DM viscosity that may address the

EDGES anomaly and also respect the DM coldness condition. In Fig. 6.5, keeping

mχ = 1 GeV, ε = 2.1 × 10−7 and mA′ = 6.12 × 10−19 GeV fixed, we plot the ζ̄ − α

plane. The the blue region explains the EDGES anomaly and the red region represents

the region which is ruled out from the DM coldness paradigm. From Fig. 6.5, we infer

that the small value of α (more negative α value) needs large ζ̄ and large value of α

(for less negative α value) requires small ζ̄. Futhernore, the parameter space towards

the large α values is prohibited due to the cold dark matter criteria, but corresponding

to a small α values, a large parameter space is still allowed.

Here, it is important to highlight that the DM viscosity parameters (ζ̄, α) discussed

during our analysis, (3 × 10−15, 1) at z = 17, is less than the maximum limit allowed

from the DM coldness condition (given in Eq. (6.16), i.e. (5× 10−15, 1). Therefore, we

conclude that the viscous effect of the DM considered here is not large, and hence the
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Figure 6.5: The DM viscosity parameter space that explain the EDGES 21 cm

anomaly and consistent with the DM coldness. We fix mχ = 1 GeV, ε = 2.1× 10−7 and

mA′ = 6.12 × 10−19 GeV.

DM is cold.

We also calculate the energy dissipation from the viscous DM fluid that is needed

to explain the EDGES anomaly. We estimate the ratio of DM dissipational energy

which produces the required number density of the photons, qvis from Eq. (6.8) to the

present DM energy density, ρχ0. In our analysis, we have considered zs = 1300 and

ze = 15. For the viscosity parameters, α = 1 and ζ̄ = 3×10−15, we get qvis/ρχ0 ∼ 10−17,

which implies that only a small part of the total DM dissipates into the visible photons.

6.4 Conclusion

In this work, we study the DM temperature evolution in the presence of viscosity and

explore its implication on cosmic evolution. We show that the presence of the viscosity

in DM fluid leads to energy dissipation and raises its temperature. This effect becomes

important at the late time of cosmic evolution. The DM temperature depends on its

mass and viscosity. In case the DM viscosity is large, its temperature becomes high,

so the DM fluid may no longer behave like a cold fluid. We have derived the condition

on the DM viscosity parameters for which the DM behaves like a cold fluid.

The viscous effect of DM can be realized when DM produces an observable signal.

In this study, we have proposed one of the possible scenarios where the DM viscosity
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leads to the generation of visible photons. We consider visible photon production in

two ways. First, when the dark matter dissipates directly to the visible photons, and

second when the dark matter dissipates into the dark radiation, which can further lead

to the visible photons through the kinetic mixing.

Further, the production of extra relativistic particles such as the photons or dark

radiation from the DM viscous dissipation may affect the cosmological observations.

In the case of small DM viscosity, the relativistic particles do not affect the cosmic

evolution, but for sufficiently large DM viscosity, it can increase the Hubble expansion

rate and create problems at decoupling. We show that for the DM viscosity parameters

considered in this work, the production of the relativistic particles is not large enough

(lie within the limit allowed from the Planck 2018 observations) to increase the Hubble

expansion rate. Hence it will not modify the CMB observations.

We find that the photons produced via the DM viscous dissipation populate the

low-frequency range of the CMB radiation and explain the 21 cm anomalous signal

reported by the EDGES collaboration. In particular, we point out that the resonantly

produced photons increase the number density of the RJ tail of the CMB radiation

and are sufficient to explain the reported EDGES anomaly, but the directly produced

photons fail to do so. We also explore the range of the mixing parameter values, ε, the

DM mass, mχ, the DR mass, mA′ , and DM viscosity parameters in the light of EDGES

21 cm anomaly. These parameter spaces can further provide a useful probe for DR and

DM viscosity from the upcoming precise 21 cm cosmological observations. However,

in this analysis, it is important to point out that we have not discussed the explicit

particle physics motivated mechanism from which the viscous dissipation and photon

production occurs and leaves it as a future exercise.



Chapter 7

Viscous DM-baryon interaction and

EDGES anomaly

7.1 Introduction

In the previous chapter, we study the EDGES anomaly’s explanation by photon produc-

tion via the DM viscosity. However, one of the other explanations demands a smaller

baryonic temperature in comparison with the value quoted using the standard cosmo-

logical calculation. Since at the time of cosmic dawn, the DM was much colder than

the baryons, so a promising way to reduce the baryon temperature could be an inter-

action between the baryons, and the dark matter [157, 158]. For a sufficient baryonic

cooling, the preferable form of DM-baryon scattering is assumed as σ = σ̂v−4
rel , where

vrel represents the relative velocity between DM and baryons [302–304].

Furthermore, it has been found that in order to explain the EDGES observation

due to DM-baryon interaction, the DM mass should be sub GeV scale, mχ ≤ 1 GeV

[157, 158]. The widely favored DM candidate, known as weakly interacting massive

particles (WIMPs), which fits the Planck observational data well, has a mass range of ∼

few GeV to TeV. However, the non-observation of WIMP in the direct detection exper-

iments like XENON100 [305], LUX [306] and LHC, have excluded large parameter

space of the DM mass. The direct detection experiments are highly sensitive around

DM masses of 30 GeV and less sensitive for DM mass below 10 GeV due to the small

nuclear recoil energy. Therefore, the low mass DM particles (i.e., mχ ≤ 1 GeV), which

127
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is required to explain the EDGES observation, can evade the direct detection DM mass

constraints.

The observation 21-cm signal reported by the EDGES collaboration provides an

opportunity to understand the dark matter’s microscopic properties and the thermal

plasma at the cosmic dawn era. Any kind of energy dissipation leads to the energy

injection into the cosmic medium and, hence, modifies the temperature evolution of

the DM, CMB, and baryon. This led to a change in the Brightness temperature and the

strength of the 21-cm signal. In Refs. [307, 308], the EDGES observation has been

used to estimate the constraints on dark matter annihilation and decay rates. Later,

in Ref. [309], authors argued that the interaction between the DM and lighter degree

of freedom could delay the 21-cm absorption signal due to collisional damping, and

hence the EDGES absorption signal put a strong bound on DM-interaction with the

light Standard model particles. Further, in Ref.[310] using the EDGES observation,

the authors have been constraint the kinematic mixing strength between the photon

and hidden photon in the ultra-light hidden photon DM model. In Ref. [311, 312], the

authors have constrained the strength of the magnetic field using the EDGES signal

and further explained the EDGES anomaly due to the Alpha-effect properties of the

magnetic fields [313].

In this chapter [314], we study the DM properties within the viscous DM-gas inter-

action framework in the light of the reported 21 cm absorption signal. Inspired by the

large-scale homogeneity and isotropy of the Universe, we assume the bulk viscosity in

the DM fluid. To explore the impact of the DM viscosity onto the cosmic evolution,

we consider a its form power law as ζχ = ζ0

(
ρχ(z)
ρχ(0)

)γ
. We mention that to be consis-

tent with our paper notation, we assume the exponential power parameter is γ. Then

using the energy-momentum conservation equation, we derive the DM and gas energy

density evolution in the presence of the viscous DM-gas interaction and the relative

velocity between them. It is pointed out that for the values of bulk viscosity consid-

ered here, the Hubble expansion rate does not show any significant change compared

to the ΛCDM model. Therefore, the viscous DM model does not change the cosmic

evolution.

Furthermore, we set up the temperature evolution equations for the viscous dark
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matter and gas in the presence of DM-gas interaction. Then, we check the dependency

of DM and gas temperature on the DM viscosity and its mass and the DM-gas in-

teraction cross-section. We find that in the case of the low DM viscosity, the energy

dissipation is small, and hence the DM temperature does not increase appreciably. But,

if the DM viscosity is sufficiently large, it increases the DM temperature and the gas

temperature through the DM-baryon scattering at the low redshift. We also find that

the DM and gas heating depends on the DM mass and increases for higher DM masses.

However, the gas can be cooled by either increasing the DM-gas interaction or

decreasing the DM mass. It allows us to put new limits on the DM mass, bulk viscos-

ity, and the DM-gas interaction cross-section. We argue that explaining the EDGES

absorption signal in the light of the viscous DM scenario requires a larger DM-gas

cross-section and a smaller DM mass in comparison with the ideal DM fluid.

We find that the EDGES global 21-cm observation allows a large DM viscosity,

which is approximately 104 (for a constant viscosity) to 107 (for a variable viscosity)

times larger in comparison with the limit obtained from the structure formation. Fur-

thermore, the cold dark matter paradigm (that explains the CMB observations) enables

us to put another constraint on the DM viscosity, which is an order of magnitude (for

constant viscosity case) smaller than the limit obtained on the DM viscosity from the

structure formation. To the best of our knowledge, this is the stringent bound on the

DM viscosity.

The organization of this chapter is as follows: In Section 7.2, Assuming the viscous

DM-gas interaction, we derive the background cosmology and then set up the temper-

ature evolution equations of the dark matter and baryons. Further, in Section 7.3, we

show our results and put constraints on the DM mass and DM-baryon scattering using

the EDGES observational signal. We also put two independent constraints on DM vis-

cosity; one is coming from the EDGES observation, and another is coming from the

coldness of the dark matter. Finally, we discuss and conclude our work in Section 7.4.
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7.2 Viscous DM-gas interaction cosmology

In our viscous DM model, we consider that the Universe consists of radiation (R),

baryon (B), viscous cold dark matter (χ), and cosmological constant (Λ). Unlikely

previous chapters, here we focus on a comparably larger redshift range, 15 ≤ z ≤ 1100,

where the larger non-linear structures have not been formed (structure like the first stars

are forming, and below the above redshift, a reionization occurs).

In this work, we make an important assumption that DM is bulk viscous fluid and

interacting with the gas elastically. Since, at the time of our interest, the gas is hot-

ter in comparison with the DM, therefore, due to elastic scattering, the gas cools by

transferring the heat energy to the DM. In order to have a sufficient cooling of the gas

at the cosmic dawn era, the interaction between the DM and gas must be sufficiently

large. This can be done by considering the DM-gas interaction of the Rutherford type

σ = σ̂v−4
rel [302, 303], where vrel is the relative velocity between DM and gas.

7.2.1 Energy evolution of viscous DM-gas interaction

In the presence of the viscous DM-gas interaction, the energy density of the viscous

dark matter and gas can be obtained by applying the energy conservation equation.

Here, we approximated the total energy associated with the DM and gas as the sum of

their rest mass energy, thermal energy, and fluid kinetic energy, respectively. Thus the

equation for the energy density of viscous DM (εχ) and gas (εG) is given by

dεχ
dt

+ 3H(εχ + Pχ − 3ζχH) = nχ

(
dQχ

dt

)
+
ρχρG

ρM
vχ D(vrel) , (7.1)

dεG

dt
+ 3H (εG + PG) = nG

(
dQG

dt

)
−
ρχρG

ρM
vG D(vrel) , (7.2)

where, εχ and εG represents the total energy of the DM and gas, respectively. nG,

corresponds to the number density of the gas. In our notation, the ρχ, ρG, and ρM

≈ ρχ + ρG represents the rest mass-energy density of the DM, gas and total matter

content (that is the sum of the DM and gas, rest mass energy density), respectively.

Further, the term
dQG

dt
in Eq. (7.2) represents the heat transfer rate by gas to DM

due to DM-baryon interaction. For Rutherford type of DM-gas scattering cross section,
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the heat transfer rate by baryons to DM is given by Refs. [302–304] as

dQG

dt
=

∑
I

√
2
π

(
µI

mI + mχ

) xI
e−r2

I /2

u3
th

 [Tχ − TG

]
nχσ̂I +

ρχµI

ρM
vrel D(vrel) , (7.3)

where σ̂I is the DM-gas scattering cross-section and ρM is the total matter density.

Here I = (e, p,H,He) are the species with which the DM can interact. The different

quantities in Eq. (7.3) are defind by

µI =
mχmI

mχ + mI
, xI =

nI

nH
, rI =

vrel

uI
th

and uI
th =

(
TG

mI
+

Tχ

mχ

) 1
2

. (7.4)

If the DM is interacting with the Hydrogen only then mI = mH and xI = 1. The

second term,
dQχ

dt
in Eq. (7.1) represents the heat absorption rate by the dark matter

particles, which can be obtained by replacing the gas by DM, i.e. G ↔ χ into the Eq.

(7.3). Also, the D(vrel) is related with the DM-gas interaction, given by

D(vrel) ≡ −
dvrel

dt
=

∑
I

ρI

ρB

(
ρmσ̂I

mI + mχ

) (
1

v2
rel

)
F(rI) , (7.5)

and the function F(rI) is given by

F(rI) ≡ Erf
(

rI
√

2

)
−

√
2
π

rI e−r2
I /2 (7.6)

From the heat transfer rate (for both the baryon and DM) Eq. (7.3), we can explain the

two term as follows:

• The first term is the heat transfer term due to the temperature difference between

the DM and gas. This term causes cooling when TG > Tχ and heating when

TG < Tχ and vanishes when both DM and gas temperature becomes same, i.e,

TG = Tχ .

• The second term corresponds to the drag term, which arises due to the fluid

velocity difference between the gas and the DM. In comparison with the temper-

ature difference term, this term is small for the sub-GeV DM mass (mχ < 1GeV).

For relatively larger DM mass (mχ > 1GeV), the contribution of the drag term

becomes prominent and will heat both the DM and gas irrespective of their tem-

peratures [303].
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Here we emphasize that, we are interested in DM mass range less than GeV, i.e. mχ ≤ 1

GeV, hence the friction term in heat transfer rate Eq. (7.3) (second term) contribution

becomes small in comparison with the temperature difference proportional term (first

term) [303]. In the same way, the second term in the r.h.s of energy equations for

DM (Eq. (7.1)) and gas (Eq. (7.2)) becomes subdominent in contrast with the term

proportional to the temperature difference. Thus we see that in the energy evolution

equation for the DM and gas, we are only left with temperature difference proportional

term in RHS.

In order to solve the energy equation, we need to provide the evolution equations

for the DM and gas velocity. Considering the homogeneity and isotropy of the Uni-

verse, the DM and gas velocity equation can be written as

∂vχ
∂t

+ vχ

(
∂vχ
∂r

)
+ Hvχ =

ρG

ρM
D(vrel) +

ζχ

ρχ

(
∂2vχ
∂r2

)
, (7.7)

∂vG

∂t
+ vG

(
∂vG

∂r

)
+ HvG = −

ρχ

ρM
D(vrel) . (7.8)

Here the first term in the r.h.s. of both the DM and gas velocity corresponds for the

Hubble dilution and the second term corresponds for the DM-gas interaction. The

positive and negative sign before the second term in the Eq. (7.7) and Eq. (7.8) implies

that due to DM-gas interaction, the velocity of DM increases and the gas velocity

decreases. Further, we are interested in the linear regime of the structure formation,

where the fluid velocity is small. Therefore keeping a linear order in velocity and

neglect the higher order in the velocity, we get

∂vχ
∂t

+ Hvχ =
ρG

ρM
D(vrel) , (7.9)

∂vG

∂t
+ HvG = −

ρχ

ρM
D(vrel) . (7.10)

We also point that all the differential equations discussed above depends on the relative

velocity of DM and gas. Therefore, for all calculation purposes, instead of the consid-

ering the individual velocity evolution of DM and gas, we only need the knowledge

of relative velocity evolution with redshift. This can be obtained using Eq. (7.10) and

Eq. (7.9). Thus in the presence of DM-gas interaction, the DM-gas relative velocity

evolves as [303, 304]
dvrel

dz
=

vrel

(1 + z)
+

D(vrel)
(1 + z)H

, (7.11)
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where, D(vrel) is given in Eq. (7.5). The first term of Eq. (7.11) represents the dilution

due to expansion of the Universe, whereas the second term is a result of DM and gas

interaction. Since D(vrel) > 0, therefore it is clear from the Eq. (7.11) that in presence

of DM-gas interaction the relative velocity decreases on low redshift.

Furthermore, after addition of Eq. (7.1) and Eq. (7.2), we get

d
dt

(
εχ + εG

)
+ 3H

(
εχ + Pχ − 3ζχH + εG + PG

)
= nχ

dQχ

dt
+ nG

dQG

dt
−
ρχρG

ρM
vrel D(vrel) .

(7.12)

Further, using Eq. (7.3), Eq. (7.9) and Eq. (7.10), we get

nχ
dQχ

dt
+ nG

dQG

dt
−
ρχρG

ρM
vrel D(vrel) = 0 . (7.13)

Since the r.h.s of the above equation (7.14) vanishes, (also, see Ref.[303]), therefore

this equation simplifies as

d
dt

(
εχ + εG

)
+ 3H

(
εχ + Pχ − 3ζχH + εG + PG

)
= 0 . (7.14)

The above equation indicates that the DM-gas are coupled tightly to each other and

combinedly follow a single fluid description.

7.2.2 Temperature evolution of viscous DM-gas interaction

In this subsection, we will set up the basic differential equations to study the baryon

and DM temperature evolution in the presence of the DM viscosity and DM-gas inter-

action. Considering the viscous effect of dark matter and DM-baryon interaction, the

temperature of gas and dark matter evolve as

dTG

dz
= 2

TG

(1 + z)
+

ΓC

(1 + z)H
(TG − TCMB) −

2
3(1 + z)H

(
dQG

dt

)
, (7.15)

dTχ

dz
= 2

Tχ

(1 + z)
−

2
3(1 + z)H

(
dQχ

dt

)
−

6
(1 + z)H

[
mχζχH2

ρχ

]
. (7.16)

Here ΓC is the Compton scattering rate, which is given by

ΓC =
8σT ar

3me

(
xe

1 + xHe + xe

)
T 4

CMB(z) , (7.17)

where σT = 6.65 × 10−25cm2 is the Compton scattering cross section, and ar =

7.5657 × 10−16Joule m−3 K−4 is the radiation constant. Here the electron fraction,



134 Chapter 7. Viscous DM-baryon interaction and EDGES anomaly

xe = ne/nH and the helium fraction, xHe = nHe/nH =, where ne, nHe and nH represents

the electron, helium and hydrogen number density respectively. The CMB temperature

at any redshift is given by TCMB(z) = T0(1 + z), where T0 ∼ 2.72 K. From the DM and

gas evolution equations, we point out the following results;

• In gas temperature evolution (7.15), we see that there are two energy dissipa-

tion mechanisms;first compton scattering which arises due to CMB and electron

scattering and tries to equiliberate

• In DM temperature evolution (7.16), we have seen that there is two heating

mechanism for the DM: first coming from the baryonic heating (second term)

and second coming from the viscous heating (third term) in the Eq.(7.16). The

magnitude of the viscosity parameter at which the viscous dissipation becomes

important in the dark sector can be obtained by comparing the viscous heating

and baryonic heating. To quantify the relative strength of the two competing

heating mechanism of dark sector, we define a quantity, Υ which is the magni-

tude of ratio of baryonic heating to DM viscous heating as

Υ =
1
ζ̄

σ̂Im5
χ

H0m2
Pl

µI

mI + mχ

 nInχ
m5
χH2

(
ρχ0

ρχ

)+γ

√

2
π

xIe−r2
I /2

u3
th

∣∣∣TG − Tχ

∣∣∣ +
mIF(rI)

vrel


 .

(7.18)

The term inside the square bracket decreases with the cosmic evolution, and the

term before the square bracket is independent of the redshift, and its value will

decide the strength of Υ. The condition that the viscous heating of DM will be

prominent over the baryonic heating is Υ � 1 and the baryonic heating dominant

over the viscous DM heating when Υ � 1.

To solve the DM and gas temperature evolution, we need to provide an equation

for the electron fraction, xe(z), which tells us about how the neutral hydrogen atoms

are formed during the cosmic evolution. This can be written as [315]

dxe

dz
=

1
H(1 + z)

3
4RLyα + 1

4Λ2s,1s

βB + 3
4RLyα + 1

4Λ2s,1s

[
nH x2

eαB(TB) − 4(1 − xe)βBe−E21/TCMB

]
. (7.19)

In this equation, we summarise the different envolved terms as follows;
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• Here αB is the case-B recombination coefficient and can be given by the numer-

ically fitting function as

αB = 10−19
(

atb

1 + ctd

)
m3 sec−1, (7.20)

with a=4.309, b=-0.6166, c=0.6703, d=0.5300 and t =
TB

104K
[299, 316].

• The βB corresponding to photoionization rate, which is given by

βB =
2πµeTCMB

4h3 αB(TB = TCMB) eE2/TCMB , (7.21)

where, E2 = 3.4eV is the energy of the hydrogen in quantum number n = 2.

• The RLyα is the photon escape life and defined by

RLyα =
8πH

3nH(1 − xe)λ3
Lyα

. (7.22)

where, λLyα = 121.5682 nm is the rest wavelength of Lymann-alpha line. The

H two photon decay rate is Λ2s,1s = 8.22 sec−1 and E21 is the rest energy corre-

sponding to Lyα wavelength [299, 316].

Furthermore, to close the above differential equations, we also need to estimate

the expansion rate of the Universe. For this purpose, we calculate the energy density

associated with the DM and gas. For simplicity, here we consider the dominant term

(rest mass energy term) in the total energy of the DM and gas, hence εχ ' ρχ and

εG ' ρG. Thus in this approximation, the Hubble expansion rate in the viscous DM

model is given by

H = H0

[
ΩR0(1 + z)4 + ΩB(z) + Ωχ(z) + ΩΛ

]1/2

. (7.23)

Here Ωi(z) =
4πGρi(z)

3H2
0

, where i = R, B, χ,Λ and Ωχ(0) = Ωχ0 . In the Eq. (7.23), the

subscript, 0 represents the present values of the respective quantities, which have been

taken from the Planck 2015 results [317]. From the above equation, we point out that

the DM viscosity does not only affect the DM temperature, but in the case of a large

viscosity, it can also affect the background expansion of the Universe.

To check whether the DM viscosity parameters used in this work can change the

Hubble rate with respect to standard cosmological prediction or not, we plot the H(z)
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Figure 7.1: The Hubble expansion rate for the viscous DM is plotted as a function of

redshift along with the ΛCDM model prediction.

obtained from the viscous DM and ΛCDM model, in Fig. 7.1. Here we see that,

throughout the redshift interval of our interest (15 ≤ z ≤ 1100), the value of DM

viscosity parameter used in our analysis, the Hubble expansion rate does not change

in comparison with the ΛCDM model. Thus we conclude that the viscous DM model

does not modify the background cosmology.

After being equipped with the necessary equations, we further explore the evo-

lution of the gas and dark matter fluid temperature. This can be obtained by solv-

ing the coupled differential equations. Eq.(7.16), Eq.(7.15), Eq.(7.11) and Eq.(7.19).

We consider the initial conditions at the redshift z = 1010. Here we assume that

the DM temperature is zero, Tχ(1010) = 0, the gas follow the CMB temperature,

TG(1010) = 2.35 × 10−10 GeV, the electron fraction, xe(1010) = 0.057 [316], the rel-

ative velocity, vrel(1010) ∼ 29 Km/sec ∼ 10−4 [318], Ωχ(1010) = 10−38 [317] and

ΩG(1010) = 1.873 × 10−39 [317].

7.3 Results and discussions

In this section, we discuss the DM and viscous DM temperature evolutions. Then we

constraint the DM properties such as its mass, interaction cross-section with the gas,

and viscosity in the light of the anomaly observed in the 21-cm signal by EDGES
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collaboration. Here in our analysis, we will consider that the DM is interacting with

the hydrogen only, and at last, we will generalize our analysis for the other components

of the gas like Helium, electron, and proton in subsection 7.3.3.

7.3.1 Evolution of DM and baryon temperature

In this subsection, we will study the effects of the viscosity parameters (γ, ζ̄), DM mass

(mχ) and the DM-gas interaction cross-section (σ̂) onto the temperature evolution of

DM and gas.

Temperature dependency on DM viscosity, ζ̄ and DM mass, mχ

Fig.(7.2) shows the temperature evolution of dark matter and baryons as a function

of redshift for different viscosity parameters. The upper Figures 7.2(a) and 7.2(b) are

the plots for which the viscosity is constant with the redshift, i.e. γ = 0 and the

lower Figures 7.2(c) and 7.2(d) are the plots for which the viscosity varies with the

redshift, i.e. γ = −0.5. In all the figures, the solid blue line represents the evolution

of baryon temperature where the dark matter-baryon interaction and the DM viscosity

vanishes. In Fig. 7.2(a), we see that for the viscosity parameter, ζ̄ = 10−12, both the

dark matter and baryon temperature evolution follow the same behavior as the DM

has no viscosity (see, also Fig.1 of Ref.[303]). This suggests that this amount of the

DM viscosity is too small to change the DM and baryon temperature. In this case,

throughout the cosmic evolution, Υ � 1, and hence the heating corresponding to DM-

baryon interaction dominant over the viscous energy dissipation. But for higher DM

viscosity ζ̄ = 10−8, see Fig. 7.2(b), the dissipation becomes prominent and hence

increases both the DM and gas temperature. In this case, Υ � 1, hence the heating due

to the large viscosity of dark matter, dominates over the heating due to the DM-baryon

interaction. Consequently, the DM temperature increases sharply and becomes greater

than the baryon at low redshift.

A similar argument can be given for the varying viscosity case, as plotted in the

Figures 7.2(c) and 7.2(d). However, here, the value of viscosity parameter up to which

the DM and gas follow the same temperature evolution behavior such that the DM

viscosity is ζ̄ ∼ 10−11. This value is an order of magnitude larger than the value
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Figure 7.2: The temperature evolution of baryon and DM with redshift for different

viscosity parameter, DM mass, and DM baryon cross-section. The solid blue line

represents σ̂ = 0 and ζ̄ = 0 in all figures. The red and black solid curves correspond

to gas temperature whereas the red-dashed and black-dashed curves corresponds for

VDM temperature.
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Figure 7.3: The temperature evolution of the gas (solid lines) and DM (dashed lines) is

plotted as a function of redshift for different values of DM-gas scattering cross-section,

σ̂. At low redshift, plot indicate that as σ̂ increases, the DM temperature increases but

the gas temperature decreases.

obtained from the constant viscosity case. From Fig. 7.2(c) and Fig. 7.2(d), we point

out that at small redshift, for a fix value of DM viscosity parameter ζ̄ = 10−8, the DM

temperature corresponding to a constant viscosity (γ = 0) is larger than the varying

viscosity (γ = −1/2) during the evolution of the Universe. This happens because, in

the cosmic evolution history, dissipation corresponding to a constant viscosity case is

larger than the varying viscosity case.

Furthermore, in Fig. 7.2, we may also investigate the effect of DM mass on the

temperature evolution of the DM and gas. Analyzing the upper Figures 7.2(a) and

7.2(b), we see that while increasing the DM mass, from 0.1 GeV to 1 GeV, the viscous

energy dissipation increases, and therefore the DM and gas temperature becomes high

onto large DM mass. In light of the above discussion, we conclude that increasing the

DM viscosity and its mass causes more heating in both the DM and baryon. Therefore

to cool the gas efficiently, the DM mass and its viscosity should not be large.

Temperature dependency on DM-baryon scattering cross-section, σ̂

In Fig. 7.3, we plot the temperature of gas as a function of redshift for different values

of the DM-baryon interaction cross-section, σ̂. To obtain this, we fix the DM viscosity
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Figure 7.4: The heat transfer rate from gas to DM has been plotted as a function of

the redshift for different DM-gas scattering cross-section values, σ̂.

parameters, γ = 0, ζ̄ = 10−8 and its mass, mχ = 0.05 GeV. The blue line represents the

gas temperature for σ̂ = 0 and ζ̄ = 0. For TG > Tχ, the interaction between the DM

and gas causes to transfers energy from the gas to DM, and therefore cools the gas. We

see that for σ̂ = 10−41 cm2 (red thick line), the baryon temperature at z = 17 is ∼ 5.4

K, which is smaller in comparison with the standard cosmological prediction. But as

the σ̂ increase from σ̂ = 10−41 cm2 to σ̂ = 1.5 × 10−41 cm2, due to the increament, the

cooling of the gas and also the heating of the DM starts comparatively at earlier times.

Therefore it reduces the gas temperature at low redshifts.

Furthermore, in order to understand the cooling of gas on the larger DM-gas scat-

tering cross-section values, we plot the heat transfer rate by the gas to DM, dQG/dt

given in Eq. (7.3), as a function of redshift for the different values of the σ̂ in Fig.

7.4. Here we have considered the same values of parameters, which we have taken

to plot Fig. 7.3. The blue line corresponds to the heat tranfer rate when there is no

DM-gas scattering, i.e. σ̂ = 0, so dQG/dt = 0. Hence in this case, there is no heat

tranfer takes place between the DM and gas. For σ̂ = 10−41 cm2 (red line), then the

heat transfer rate, dQG/dt is small, but as σ̂ increases to σ̂ = 1.5× 10−41 cm2(red line),

then dQG/dt start growing more fastly in comparison with the σ̂ = 10−41 cm2 case at

the large redshift. Also, it is clear from Fig. 7.4 that the cooling of the gas for larger σ̂

is comparatively more and as a result TG decreases at a low redshift.

However, on the small redshifts, when Tχ > TG makes the heat transfer rate posi-
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Figure 7.5: The plot of brightness temperature, T21 as a function of redshift for the

different values of viscosity. The blue line represents the standard scenario with no

DM-Hydrogen interaction (σ̂ = 0) and also no viscosity. For the other curves σ̂ =

1.6 × 10−42 cm2 and viscosity is constant, γ = 0. As the DM viscosity increases, the

strength of the absorption signal decreases, i.e brightness temperature, T21 increases.

tive, i.e.
dQG

dt
> 0. This indicates that instead of the gas being cooled, the DM starts

heating the gas by transferring its energy. It is important to mention that although the

temperature of gas starts increasing at low redshifts, but the overall effect of increasing

σ̂ is cooling of the gas. This conclusion is only valid for small DM viscosity and low

DM mass, mχ < 0.3 GeV. We have checked that for a fixed DM viscosity and large

DM mass, i.e., mχ > 0.3 GeV, increasing the σ̂ causes more energy transfer from the

gas to DM at the high redshifts, but the resultant effect at small redshift will be heating

to the gas. Thus, from the above discussions, it becomes clear that for the sufficiently

large DM bulk viscosity and DM mass, the gas cannot be cool using a large DM-gas

scattering cross-section.

7.3.2 Brightness Temperature

After investigating the term that affects the DM and gas temperature, here we study the

effect of DM viscosity onto the brightness temperature, given in Eq.(7.3). For this, we

plot T21 as a function of redshift for the different values of viscosities in Fig. 7.5. To

do so, we assume that between the redshift of our interest, i.e., 15 ≤ z ≤ 20, the spin

temperature tightly couples with the gas temperature, therefore TS = TG. We also fix
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σ̂ = 1.6 × 10−41 cm2 and DM mass mχ = 0.05 GeV. In Fig. 7.5, the thick blue line

corresponds to the brightness temperature, when DM-gas interaction and DM viscosity

are zero, and the rest of the lines show the behavior of T21 in the presence of DM-gas

interaction and DM viscosity.

It is evident from Fig. 7.5 that when the viscosity is small, ζ̄ = 10−11 (red line), the

gas can cool efficiently through the DM interaction and alter the brightness temperature

T21 towards the more negative value, and as a consequence explain the EDGES obser-

vation. However, as the DM viscosity increases from the ζ̄ = 10−10 to ζ̄ = 10−9 (black

dashed and purple dot-dashed lines, respectively), due to DM-gas interaction, the gas

temperature starts growing. This, in turn, starts diminishing the absorption signal. For

a sufficient large DM viscosity ζ̄ = 10−8 (orange dashed line), the signal strength be-

comes very small and will be unable to address the EDGES anomaly. Therefore, we

see that in order to explain the EDGES signal, the DM viscosity should not be large.

7.3.3 Constraints on DM-baryon interaction and DM mass

In the previous subsection 7.3.1, we have analyzed the effect of the model parameters

such as the ζ̄,mχ and DM and gas temperature. We now constrain these parameters

using the requirement of the observed 21-cm signal reported by the EDGES collabora-

tion. In order to get the constraint, we focus on the upper limit of the reported EDGES

absorption signal at z = 17 during our analysis. This requires the gas temperature,

TG = 5.20 K. Furthermore, in subsection 7.3.3, we discuss the qualitative constraints

on the model parameters using the lower limit observed by EDGES.

In Fig.(7.6), we plot the DM-baryon scattering cross-section as a function of DM

mass for the different viscosity parameters. Here all the lines correspond to TG = 5.20

K at z = 17, which explains the upper limit of the EDGES absorption signal. The solid

lines correspond to Tχ < TG, and the dot-dashed lines correspond to Tχ > TG. We find

that to explain the EDGES observation, the upper limit on the DM mass corresponding

to DM viscosity parameter, ζ̄ = 10−11 is the same as for the ideal DM case, but at

this time, the scattering cross-section has been increased comparatively (See Fig.1

of Ref. [158]). Furthermore, as we increase the DM viscosity from ζ̄ = 10−11 to

ζ̄ = 10−7, the DM temperature grows, and therefore it opposes the heat transfer rate
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Figure 7.6: The DM-Hydrogen scattering cross section vs DM mass needed to fit the

EDGES absorption signal are plotted for three constant viscosity ζ̄=10−11 (blue line),

10−8 (red line) and 10−7(black line). The solid lines corresponds to Tχ < TG and dot

dashed lines corresponds to Tχ > TG. The cross-section corresponds to the brightness

temperature T21 = −300 mK (Tχ = 5.20 K at z = 17).

from the baryons to DM. So this implies that the baryon temperature necessary for

addressing the EDGES observation cannot be achieved with the above-given mass and

cross-section.

However, to obtain TG = 5.20 K (upper limit of EDGES absorption signal) for

the viscosity parameter, γ = 0, ζ̄ = 10−8, either we need to decrease the DM mass

or increase the DM-baryon interaction or maybe the combination of both. From Fig.

(7.6), it can be recognized that while increasing the viscosity, ζ̄ from 10−11 to 10−7, the

DM-baryon scattering cross-section has increased from 8.5 × 10−43 cm2 to 1.5 × 10−41

cm2 and also the DM mass range have been decreased.

In Fig.(7.6), we also point out that for a large DM viscosity (ζ̄ > 10−11) and after

a certain DM mass, the DM temperature becomes higher than the baryon temperature

(here TG = 5.20 K). The red dot-dashed and blue dot-dashed line in Fig.(7.6) corre-

sponds to Tχ > TG for the ζ̄ = 10−8 and 10−7, respectively. But as soon as the DM

temperature increases above the baryon temperature, it heats the baryons due to its

coupling and may erase the excess dip in the 21-cm absorption signal. Hence in order

to cool the gas further, the energy transfer between the DM and gas must be increased.
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Figure 7.7: The DM-Hydrogen scattering cross section vs DM mass needed to fit the

EDGES absorption signal are plotted for three varying viscosity parameters ζ̄=10−11

(blue line), 5× 10−7 (red line) and 5× 10−6 (black line). The solid lines corresponds to

Tχ < TG and dot dashed lines corresponds to Tχ > TG. The cross-section corresponds

to the brightness temperature T21 = −300 mK (Tχ = 5.20 K at z = 17).

This can be obtained via an enhancement in the DM-gas interaction cross-section. The

DM mass scale over which the σ̂ increases sharply can put an upper bound on the DM

mass. We find that corresponding to DM viscosities ζ̃ = 10−8 and 10−7, the upper limit

on the DM masses are 0.1 GeV and 0.02 GeV, respectively.

Similarly, in Fig.(7.7), we plot the DM-baryon scattering cross-section as a func-

tion of the DM mass for varying viscosity with the redshift (γ = −1/2). Here also

all the lines corresponds to the gas temperature TG = 5.20 K at z = 17, in which

the solid line represents to Tχ < TG and dot-dashed line corresponds to Tχ > TG. In

this case, also we find that to explain the EDGES observation, the maximum limit for

the DM mass corresponds to DM viscosity, ζ̄ = 10−11 is the same as the ideal DM

case, but the cross-section has been increased comparatively (See Fig.1 of Ref. [158]).

Also while increasing the viscosity parameter, ζ̄ from 10−11 to 5 × 10−6 and in order

to keep the baryon temperature at 5.20K, the DM-baryon scattering cross section, σ̂

increases from 8.5 × 10−43 cm2 to 4.42 × 10−42 cm2. In this case the upper limits on

DM masses are 0.2 GeV and 0.1 GeV corresponding to DM viscosity 5 × 10−11 and
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5 × 10−6 respectively.

7.3.4 Constraint on dark matter viscosity

In the above subsection 7.3.3, we have derived the upper limit on DM mass for a given

DM viscosity using the EDGES observation. Here, we derive the constraint on the DM

viscosity from two different ways: first, from the EDGES absorption signal and using

the upper limit obtained on σ̂ from the Planck observation, see Ref. [319] and second,

from the requirement of the DM coldness criteria. Further, we also compare the above

limits with the viscosity constraints obtained from the structure formation.

In Ref. [319] using the the Planck temperature, polarization and lensing measure-

ments, it has been found a constraint on the DM-baryon interaction, σ̂, which varies

with the DM masses. For the DM of masses mχ ≤ 0.1 GeV, the maximum upper limit

on σ̂ is 1.7 × 10−42 cm2. Here, we point out that for a constant viscosity of 10−8 and

10−7, the value of DM-baryon interaction cross-section, σ̂ for the allowed DM mass

range are 4 × 10−42 cm2 and 1.5 × 10−41 cm2 (see, Figure,7.6) which are the within

the 95% confidence limit of allowed σ̂ obtained from the Ref. [319]. If we increase

the viscosity from 10−7 to larger, then it further reduces the allowed DM mass range

and increases σ̂ in order to explain the 21 cm observation. Consequently, after suf-

ficiently large value of DM viscosity, the σ̂ will be greater than the maximum limit

i.e. 1.7 × 10−42cm2 for mχ ≤ 0.1 GeV as obtained in Ref. [319]. Thus the upper

limit on σ̂ can use to constrain the DM viscosity. Here we find that for constant vis-

cosity (γ = 0), the maximum limit on the viscosity is ζ̄ ∼ 10−7, which is one order of

magnitude higher than the limit obtained from the structure formation. For the variable

viscosity case (γ = −1/2), the maximum limit on viscosity is ζ̄ ∼ 4×10−4, which is ap-

proximately ∼ 3 orders of magnitude larger in comparison with the constant viscosity

limit.

Although the EDGES observation can allow a large viscosity in the dark matter but

the presence of such a large viscosity heats the DM and increases its temperature, see

Fig. 7.2(b) and Fig. 7.2(d). If the dark matter temperature is sufficiently high, then it

will no longer behave like a cold dark matter, and hence the coldness criteria can be

used to constraint the DM viscosity. As discussed in chapter 6, the DM to be cold the
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at any redshift, zdec ≥ z � 1 the ratio of DM temperature to DM mass should obey

Tχ/mχ ≤ 1.07×10−14(1+ z)2 [287]. At the redshift of reported 21-cm signal at EDGES

z = 17, the limit becomes, Tχ/mχ ≤ 3.46 × 10−12. Therefore, considering the upper

limit obtained on σ̂ from Ref. [319] and using the constraint on Tχ/mχ from Eq. (6.14),

we can estimate the upper limit on the viscosity at the redshift of EDGES observation.

For a constant DM viscosity case the limit is ζ̄ = 6 × 10−10 and for a variable DM

viscosity case the limit is ζ̄ = 7.5× 10−8. We also find that while varying the DM mass

and DM-baryon interaction will not create a significant change in the limit on the DM

viscosity.

We also point out that the DM viscosity parameters have also been constraint from

the structure formation. The presence of viscosity dilutes the density perturbations’

growth rate and, hence, delays the structure formation. In Ref. [190], the authors have

argued that in order to match with predictions from the standard cosmology but sightly

suppressed growth of smallest structures like galaxies, the DM viscosity, ζ̄ should not

be larger than 10−8. Otherwise, the larger viscosity will sharply decrease the growth of

structures, which is ruled out from the current observations [190].

Thus from the above discussion, we find that the recent EDGES observation allows

a large DM viscosity, which is many orders of magnitude larger than the viscosity

inferred from the structure formation (ζ̄ ∼ 10−8). However, the viscosity obtained from

the DM coldness criteria is smaller than the allowed from the EDGES explanation.

Therefore, we conclude that the DM coldness paradigm’s requirement put a stringent

constraint on the DM viscosity.

7.3.5 Generalisation to Helium, proton and electron parameters

Throughout our analysis, we consider the interaction of the DM with the hydrogen in

order to derive the constraints on the DM viscosity, (ζ̄) DM mass (mχ) and DM-gas

interaction cross-section, σ̂. But instead of hydrogen if DM interacts with the other

species in the gas like helium, electron or proton, then the constraints on the above

parameters will change. For the DM with no viscosity and in the approximation mχ �

1 GeV and cooling energy rate
dQI

dt
to be fixed, the DM-gas interaction cross-section

σ̂I (I = He, e, p) will increase in compared with cross-section with the hydrogen σ̂H
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by [158]
σ̂I

σ̂H =
1
xI

(
mI + mχ

mp + mχ

)2 (
mp

mI

) 5
2

. (7.24)

Within the redshift of our interest 15 ≤ z ≤ 200, we can consider xHe ∼
1

13
and

xe ∼ 10−4. Considering the DM mass of order of sub GeV, for example mχ = 0.05

GeV, we get σ̂He ∼ 6σ̂H. For other species of the gas like electron and proton, the

scattering cross-section with the DM is larger in comparison with the σ̂H. The higher

value of the cross-section suggests that to explain the EDGES absorption signal in the

presence of DM viscosity, the upper limit on the DM viscosity would be achieved for

comparatively lower values of ζ̄ than the value obtained in the case of DM-Hydrogen

interaction.

We point out that in our previous analysis, we have taken the upper bound of the

reported EDGES absorption signal, TG = 5.20 K, to get the parameter space for σ̂

and DM mass. Further, if we consider the lower bound of the reported EDGES signal,

TG = 1.68K, then we need to increase the DM-gas scattering cross-section for a given

viscosity parameter. Thus in Fig. (7.6) and (7.7), all the curvey will shift upward

in the σ̂-axis. In this case (when TG = 1.68K), the constraint on the DM viscosity

will decrease compared to the constraint on the DM viscosity obtained from the upper

bound of EDGES absorption signal (when TG = 5.20K).

7.4 Conclusion

The EDGES detection of 21 cm absorption signal in the cosmic dawn era opens a new

and unique window to study and test the DM properties. In the standard cosmology,

the DM is assumed to be ideal, but if it is a viscous fluid and interacting with the gas, it

can modify the gas temperature and hence may affect the EDGES observation. In this

work, we have studied the properties of DM in the framework of VDM-gas interaction

using the observation of EGDES anomaly.

To study the effect of the DM bulk viscosity, we consider its form as power law,

ζχ = ζ0

(
ρχ(z)
ρχ0

)γ
. Further, assuming the viscous DM-gas interaction and friction be-

tween the DM and gas fluid, we derive the equation for the energy density and temper-

ature of the DM and gas. We then check the dependency of the gas temperature on the
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viscosity parameters (γ, ζ̄), DM mass (mχ) and DM-gas interaction cross section (σ̂).

We point out that for the DM bulk viscosity ζ̄ < 10−12 (for the constant viscosity,

γ = 0) and ζ̄ < 10−11 (for a varying viscosity, γ = −1/2), the DM viscous dissipation

does not play a significant role in temperature evolution and DM behaves like an ideal

fluid. For such small viscosities, the dark matter heating due to DM-gas interaction

is dominant over the DM viscous heating. Nevertheless, for larger DM viscosity, the

DM dissipation becomes prominent, and the viscous heating starts dominating over

the gas heating into the DM fluid. This leads to an increase in the temperature of the

DM, also the gas via the DM-gas interaction. The heating of the cosmic fluid (both

DM and gas) also depends on the DM mass and increases the DM and gas temperature

efficiently for the higher DM masses (mχ ∼ 0.1 − 1 GeV). Also, for a sufficiently large

DM viscosity and DM mass, the DM temperature rises sharply and becomes larger

than the baryon temperature on a small redshift. We find that for a given viscosity, the

gas temperature can be reduced by either decreasing the DM mass (mχ) or increasing

the DM-gas interaction cross-section (σ̂).

In order to explain the upper limit of EDGES absorption signal (which implies

the temperature of gas is 5.20K at z = 17), we obtained the constraints on the DM

viscosity (ζ̄), DM mass (mχ) and DM-baryon scattering cross-section (σ̂). We find that

a low value of viscosity, ζ̄ = 10−12 is not sufficient enough to heat the DM and baryons

hence constraints obtained on DM mass are the same as the case when the DM has

no viscosity. Further, increasing the DM viscosity causes more heating in the dark

sector and, consequently, in the baryonic sector through the DM-baryon interaction.

This implies that in order to maintain the gas temperature of 5.20K at z = 17, the DM-

baryon scattering cross-section should increase, and the upper limit on the DM mass

should decrease. In the case of constant DM viscosities, ζ̄ = 10−8 and ζ̄ = 10−7, the

upper limit on DM masses are 0.1 GeV and 0.02 GeV respectively. For varying DM

viscosity corresponds to ζ̄ = 10−8 and ζ̄ = 10−7, the upper limits on DM masses are

obtained as 0.2 GeV and 0.1 GeV respectively.

In our work, we have obtained two independent constraints on the DM viscosity.

The first constraint on the DM viscosity has obtained using the EDGES 21 cm absorp-

tion line, which is ζ̄ ∼ 10−7 for a constant viscosity case and ζ̄ ∼ 4 × 10−4 for varying
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viscosity case. This implies that the EDGES observation can allow a large viscosity in

the dark matter, which is many orders of magnitude larger than the maximum allowed

DM viscosity (ζ̄ ∼ 10−8) reported from the structure formation.

Further, we have obtained the second constraint on the DM viscosity in order to

preserve the coldness of the dark matter paradigm. We see that the presence of the

DM viscosity increases the DM temperature, and if the viscosity is sufficiently large

enough, it may increase the DM temperature so high that the DM will no longer follow

the cold dark matter paradigm. Thus under the assumption of the coldness of the DM,

the constraint on dark matter viscosity is ζ̄ = 6 × 10−10 for constant DM viscosity case

and ζ̄ = 7.5 × 10−8 for a variable DM viscosity case. In this case, the allowed limit on

the DM viscosity is smaller compared with the DM viscosity limit obtained from the

structure formation and EDGES observation. Thus we find that the DM to be cold puts

a stringent bound on the dark matter viscosity, which is, to the best of our knowledge

is the tightest bound on the DM viscosity.

We point out that the constraint on DM viscosity from the EDGES signal is based

on the assumption that the EDGES has discovered an anomaly in the 21-cm signal.

However, if the EDGES anomaly is an artifact of incorrect estimation of the foreground

radio emission from our galaxy, then the constraint on DM viscosity will no longer

be valid. Therefore the constraint on DM viscosity is not fully established until the

EDGES anomaly is confirmed by the other experiments.





Chapter 8

Summary and conclusions

In the ΛCDM model of cosmology, the dark matter is assumed to be cold, collisionless,

and dissipationless fluid. This model successfully explains the CMB and large-scale

structure observation. However, it faces difficulty to explain the physical origin of the

Λ, the small scale structure observations and the signal of the 21-cm line reported by

the EDGES collaboration, etc. These problems suggest us to extend the cosmologi-

cal model beyond the ΛCDM and explore a new model that keeps the success of the

ΛCDM model and addresses the above drawbacks.

In this thesis, we relax the dissipationless assumption and consider that the DM is

a viscous fluid. The viscosity is a relaxation phenomenon, which can operate when

the system gets slightly away from the equilibrium. The presence of viscosity tries to

equilibrate the system at the cost of energy dissipation due to velocity gradients. Here,

using the viscous dark matter framework, we have attempted to explain some of the

major problems of the ΛCDM model, such as the dark energy, EDGES anomaly in

the 21-cm signal. Further, we have also discussed the possible signals from the DM

(visible photon production) and explored the DM properties, such as its mass (sub-

GeV), which is relevant for particle DM searches.

In chapter 3, we have calculated the bulk and shear viscosity of the VSIDM fluid

and studied their impact on the background expansion of the Universe. The constraint

on the ratio of SIDM scattering cross-section to its mass (σ/m) inferred from the as-

trophysical observations indicates that the SIDM viscosity is large enough to explain

the present cosmic acceleration. Further, the mean free path estimation suggests that

151
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the contribution of the viscous dissipation relevant to cosmic acceleration should be

manifested on a galactic to a larger scale. Therefore, the viscous SIDM fluid can unify

the DM and the DE.

In chapter 4, we have explored the effect of VSIDM dissipation in the light of low

redshift observations, 0 ≤ z ≤ 2.5. It is assumed that the bulk and shear viscosity

of SIDM is constant, but the velocity gradient varies with the redshift as a power-law

form. The χ2 minimization method suggests an averaging length scale ≈ 20 Mpc

(larger than the typical cluster scale) and decreasing fluid velocity gradients. The best

fit value of the model parameters suggests that the DM dissipation is significant at

present, z = 0 but decreases on the low redshift interval. This explains the supernovae

data and also the correct value of the deceleration parameter in the matter-dominated

era. Therefore the VSIDM fluid model explains the late-time observations and can be

a lucrative alternative to the ΛCDM model.

In chapter 5, we have constrained the SIDM microphysics and studied its viscosity

evolution. It has been found that the η/s decreases as the DM mass increases, therefore

for a large DM mass (∼ GeV scale), the SIDM fluid violates the KSS bound η/s =

1/4π. This can be tested if the DM searches detect SIDM with a mass above the value

inferred from this bound. In the assumption that the SIDM fluid respects the KSS

bound, we report that the mass of the SIDM particles should be sub-GeV. However,

the limit on the DM mass is conservative and improves further with a more precise

value of σ/m from observations. Furthermore, considering the power-law form of

SIDM viscosity, we explore its evolution in the light of late-time observations. We

find that the shear and bulk viscosity are large at present and decrease at an earlier

time. In this model, the age of the Universe, tU is slightly small in comparison with the

age obtained in the CMB anisotropy data (13.76 Gyr) [61] and larger than the age of

globular cluster (12.9 Gyr) [275].

In chapter 6, we have investigated the effect of viscosity on the DM temperature

evolution and explored its possible signatures in the Universe. We focus our analysis

between the redshifts, 15 ≤ z ≤ 1300, where the matter decouples from the photons,

and possibly the first star forms. Inspired by cosmological studies, we assume the

bulk viscosity as a power-law form and derive the analytical expression of the DM
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temperature. We find that the DM viscosity increases its temperature and is sensitive

to its mass and viscosity parameters. For a large DM viscosity case, DM may no

longer be treated as cold dark matter and challenged by the CMB and the large-scale

observations. This led us to derive the condition on the viscosity parameters, which

respect the DM coldness condition. Due to the presence of viscosity, DM dissipates the

heat energy into the cosmic medium. We assume that the viscous energy dissipation

may lead to visible photon generation. This mechanism has been hypothesized in two

ways: first, when the photon is directly produced from the viscous energy dissipation,

the second considers that the energy dissipation leads to dark radiation, which further

converts into the visible photons via the kinetic mixing. We find that the photons

obtained from the kinetic mixing are large enough to populate the Rayleigh-Jeans limit

of the CMB radiation; hence can explain the EDGES anomaly. However, the directly

converted photons fail to do so. Further, we have explored the parameter space for the

DM mass, DM mixing strength with the photons, and dark radiation mass, which can

be explored in future observations.

In chapter 7, we have studied the DM properties using the VDM-gas interaction

and anomalous 21-cm absorption signal reported by the EGDES collaboration. The

presence of the DM viscosity increases the DM and also the baryonic temperature

via DM-baryon interaction. Consequently, DM viscosity decreases the energy transfer

from the baryon to DM compared with what one would expect in an ideal DM case.

For a large viscosity case, the DM temperature becomes large compared to the baryon

and therefore heats the baryons. This scenario has been explored using the EDGES

anomaly, which explanation demands a low baryonic temperature compared with the

standard cosmological prediction. Therefore, the EDGES anomaly can constraint the

mass, interaction cross-section with the baryons, and viscosity of the DM particles.

We find that in the viscous DM scenario, the explanation of the EDGES absorption

signal requires a larger DM-gas cross-section and a smaller DM mass compared to the

ideal DM fluid. It has been found that the EDGES 21-cm observation allows a large

DM viscosity, which is many orders of magnitude larger than the viscosity inferred

from the structure formation. We also constrain the DM viscosity from the dark matter

coldness paradigm (which is required to explain the CMB observation). The viscosity
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obtained here is an order of magnitude smaller than the DM viscosity obtained from

the structure formation. Thus we find that the condition for DM to be cold gives a

stringent bound on the dark matter viscosity, which is, to the best of our knowledge,

the tightest bound on the DM viscosity.

Future direction

In the thesis, we have investigated some possible signatures of the viscous dark matter

such as cosmic acceleration, gas heating, and photon production (explain the EDGES

anomaly). However, establishing this will require much further work, which is worth

pursuing. Below, I discuss some of the possible directions which I would like to ex-

plore in the future.

We found that the viscosity of self-interacting dark matter fluid can be sufficient

enough to explain the present cosmic acceleration. The effect of viscous SIDM physics

governs through the dissipation term, estimated using some of the assumptions. In our

calculation, for simplicity, we have assumed that fluid description for SIDM will be

valid on a scale larger than cluster scale, but as we argued for the realistic scenario, one

needs to include the fluid description from the galactic scale. Further, our estimation

was done for a constant viscosity case, but one has to consider the density dependence

case for realistic calculation.

Further, our estimation of dissipation has been based on the assumption that the

SIDM power spectrum matches the ΛCDM prediction for k ≤ 2h Mpc−1 and has left

the viscosity contribution in power spectrum calculation. Since the presence of viscos-

ity damps the growth of density perturbations, therefore SIDM viscosity will modify

both growth factor, f and the velocity divergence power spectrum, Pθθ. Furthermore,

in our analysis, we have also ignored the contribution of other terms like (Pw)i j (~k) and

PθP(~k), but their effect will be non-negligible on a small scale. Furthermore, to study

the evolution of the velocity gradient term, we assumed it form as a power law, but its

actual evolution should be governed through the power spectrum obtained from Ein-

stein’s equation. Therefore, to obtain the actual value of the cosmic dissipation, one

needs to incorporate the SIDM physics on small scales. Inclusion of the SIDM proper-
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ties in the non-linear power spectrum (both the density and velocity) is a numerically

challenging task. I would like to pursue these in the future.

Nevertheless, we have explored the dark radiation (visible photon) production in

the viscous dark matter framework. There, we have investigated the thermal photon

production from viscous energy dissipation; however, we have not discussed the parti-

cle physics model for dark matter thermalization with dark radiation (visible photons).

My future goal is to explore the particle physics model of the DM dissipation and

non-thermal production of photons and dark radiation from dark matter.
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