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Abstract

This thesis is devoted to the study of two long-standing problems of particle physics

and cosmology: the origin of dark matter and the baryon asymmetry of our Universe, in

the presence of a non-standard cosmological history in the first few seconds of the evo-

lution of our Universe. We focus especially on early matter-dominated eras, considering

two possible origins of them, one due to a long-lived particle (LLP), and the other from

primordial black holes (PBH). Apart from investigating the standard dark matter (DM) and

baryon asymmetry production mechanisms in the presence of these non-standard epochs,

the thesis mostly touches upon dark matter scenarios beyond the conventional WIMP

paradigm which has been searched for several years now in dark matter direct detection

experiments like XENON, LUX etc. and also in collider search experiments like the large

hadron collider (LHC), with no positive results so far. While the DM candidates we study

are unlikely to show up in these conventional DM search experiments, we propose an

alternative and novel probe to look for these DM candidates, which is through stochas-

tic gravitational waves generated in the early Universe. The shape of such gravitational

wave spectrum is determined by the non-standard cosmological background which in

turn dictates the dark matter phenomenology. The setups we consider can also generate

the baryon asymmetry of the Universe through leptogenesis (baryogenesis), which occurs

at a very high scale that is out of direct reach from any current experiments, but can be

probed indirectly through gravitational waves. The amplitudes and frequencies of these

gravitational wave spectra are within reach of near-future gravitational wave detectors

such as LISA, DECIGO, CE etc. In addition, the particle physics setups we have consid-

ered also have detection prospects on their own, which get modified in the presence of a

non-standard cosmological epoch.

In the first two chapters of the thesis, we provide an introduction to dark matter and

baryon asymmetry (chapter 1) followed by a discussion of non-standard cosmic epochs

(chapter 2) arising from LLP and PBH domination, along with their effects on stochastic

gravitational wave background from cosmic strings and PBH density fluctuations. The
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objective of the thesis along with its outline is narrated towards the end of chapter 2. The

main content of original work is presented in the next four chapters.
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Chapter 1

Introduction

The quest for the fundamental building blocks of our Universe has led us to the Standard

Model (SM) of particle physics, which describes the elementary particles of the Universe

and their fundamental interactions via the strong, weak and electromagnetic forces [1–

5]. The SM is based on the principles of quantum field theory and gauge symmetries.

Despite its great success and confirmation in different experiments with good precision,

it still fails to provide a complete picture of our Universe. Out of the many problems

that the SM fails to address, one of the most astonishing ones has been the existence of

an unknown non-luminous, non-baryonic form of matter in our Universe, commonly

known as dark matter, which dominates the energy budget of the Universe over the nor-

mal baryonic matter. None of the particles in the SM satisfies the criteria of being a DM

candidate. In addition, the origin of the known baryonic content is also a mystery since

it is found to be highly asymmetric between matter and antimatter, whereas the known

laws of physics predict equal amounts of particles and antiparticles to be created in the

early Universe after the Big Bang. The SM again fails to explain this observed matter-

antimatter asymmetry.

Since this thesis is centered around these two problems, i.e. the existence of dark

matter and the baryon asymmetry, in this introductory chapter we elaborate on these two

topics. The chapter is organized as follows. In section 1.1, we discuss DM, beginning

with its observational pieces of evidence in section 1.1.1, followed by some well-known

particle DM candidates crucial for this thesis. The next section 1.2 discusses the baryon

asymmetry of our Universe (BAU). The observational shreds of evidence in support of
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BAU are discussed in Section 1.2.1. In the succeeding sections, we describe the conditions

and a well-known mechanism for generating the baryon asymmetry, upon which this

thesis is based.

1.1 Dark Matter

1.1.1 Observational evidences

The first strong hint towards the existence of dark matter dates back to the 1930s when

the Swiss astronomer Fritz Zwicky was observing galaxies in the nearby Coma cluster [6].

By using the Doppler shifts of the galaxies to estimate their velocity dispersion, he was

able to calculate the gravitational mass in the cluster by employing the Virial Theorem.

The mass in the cluster can also be inferred by measuring the luminosity of the stars. He

found the latter to be around 400 times smaller than the gravitational mass, indicating the

presence of much more matter than we could see. He coined the term ‘dunkle materie’ (in

German) for the unseen matter, which means dark matter.

The next strong piece of evidence of DM came from the observation of rotation curves

of galaxies, in the 1970s by Vera Rubin and Kent Ford [7]. Now, following the usual

Newtonian mechanics, the velocity of objects orbiting around the center of the galaxies

varies as

vorb(r) =

√
GM(r)

r
, (1.1)

where G is the gravitational constant and M(r) corresponds to the mass enclosed within a

radius ‘r’. For masses beyond the galactic disk, it is expected that M(r) remains constant

and vorb ∝ 1/
√

r. However, surprisingly it was observed that even at large distances from

the galactic centre, the velocity remains constant, indicating the presence of some extra,

unseen mass much beyond the center, varying as M(r) ∝ r. The rotation curves of 21 Sc

galaxies, as observed by V. Rubin are shown in Fig. 1.1.
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FIGURE 1.1: Variation of mean velocities of 21 Sc galaxies, with distance from
the nucleus, as observed by V. Rubin [8].

Another evidence to support the existence of DM at even larger scales of galaxy clus-

ters comes from the phenomena of bending of light due to the gravitational field of mas-

sive objects, as predicted by general relativity. Because of this gravitational lensing effect,

light traveling from distant galaxies to reach an observer gets bent due to the presence of

a massive cluster of galaxies in between the source and the observer. This may result in

multiple images of the distant galaxy if the gravitational field is very strong (strong lens-

ing), or in distorted or sheared images if the lensing is not strong enough (weak lensing).

Thus, the lensed images carry information about the amount and distribution of matter

in the clusters and can be used to infer the presence of dark matter. A schematic diagram

of this gravitational lensing effect is shown in the upper panel of Fig. 1.2. The bottom

panel of Fig. 1.2 shows the image of galaxy cluster Cl 0024+17 captured by the Hubble

Space Telescope, with the blue shading on the right indicating the position of dark matter

needed to explain the lensing effects seen.

The most direct evidence of DM comes from the ‘Bullet Cluster’ 1E0657-558 [9, 10],

which represents the collision of two galaxy clusters. Upon such a collision, the mis-

match between the behavior of normal matter and dark matter is quite apparent. The

ordinary baryonic matter, consisting of hot gas experience a drag force because of the

electromagnetic interactions and are slowed down. This is shown by the pink clumps in

Fig. 1.3, as seen by the Chandra X-ray observatory. On the other hand, the dark matter
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FIGURE 1.2: Upper panel: Schematic diagram illustrating the phenomena of
gravitational lensing. Image credits: ESA/ NASA. Bottom panel: Hubble im-
ages of the massive galaxy cluster Cl 0024+17. The blue arcs on the left image
are distorted images of galaxies behind the cluster. The blue shading has
been added on the right image to indicate the location of dark matter. Image

credits: NASA.

halos of the clusters pass straight through each other, shown by the blue regions in Fig.

1.3, which are mapped using gravitational lensing.

The existence of DM on cosmological scales is strongly evident from observations of

the Cosmic Microwave Background (CMB) radiation, which are photons from the epoch of

recombination when the first atoms were formed, at a temperature of around 0.3 eV. After

recombination, photons decoupled from the thermal bath and have been traversing freely

through the Universe, observed today as the CMB. Data from the Wilkinson Microwave

Anisotropy Probe (WMAP) [12] and Planck 2018 [13] reveal the temperature of the CMB

to be extraordinarily uniform, with a mean value T ≃ 2.75 K. However, there exist small
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FIGURE 1.3: Image of the Bullet Cluster 1E0657-558, representing the colli-
sion of two galaxy clusters. The pink regions indicate the normal baryonic
matter as observed by the Chandra X-ray observatory, whereas the blue re-
gions indicate the dark matter inferred from gravitational lensing. The figure

has been taken from Ref. [11].

temperature fluctuations in the CMB, which can be measured from the anisotropy power

spectrum. The spectrum’s shape depends on several cosmological parameters, one of

them being the DM energy density. The current value of the DM energy density is con-

ventionally denoted in terms of the quantity ΩDMh2, which is defined as

ΩDMh2 =
ρDM,0

ρc
h2 , (1.2)

where ρDM,0 denotes the present DM energy density and ρc is the critical energy density

given by ρc = 3M2
PH2

0 , Here, H0 and MP represent the current Hubble parameter and the

reduced Planck mass respectively, whereas h = H0/100 km s−1Mpc−1. The left panel of

Fig. 1.4 shows the CMB anisotropy spectrum with data from the Planck 2018 Collabora-

tion (blue points). The different curves indicate the predictions with different values of

the DM energy density defined in Eqn. (1.2). The present value of the DM relic density is

reported as [14]

ΩDMh2 = 0.12 ± 0.001 , (1.3)
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at 68 % C.L. CMB thus predicts that DM contributes to ∼ 26 % of the total energy bud-

get of the Universe, indicated by the pie chart in the right panel of Fig. 1.4. This is also

supported by the Sloan Digital Sky Survey (SDSS) [15, 16]. Besides these, it is also estab-

lished from N-body simulations [17] that DM is necessary for the formation of large scale

structures from an initial homogeneous Universe.

FIGURE 1.4: Left panel: CMB anisotropy spectrum for different values of the
cold DM energy density (Eqn. (1.2)), indicated by Ωch2. The blue points are
the data from Planck 2018. The figure has been taken from Ref. [18]. Right

panel: A pie chart showing the cosmic energy budget, taken from ESA.

1.1.2 The DM landscape

The plethora of evidence discussed above clearly establishes the fact that our Universe

contains dark matter at different scales. However, the identity of the particle nature of

dark matter still remains an open question. Nevertheless, we can rule out many possibil-

ities by the known properties of DM. First of all, the DM particle should be electrically

neutral since it does not interact via electromagnetic interactions. It should be massive

and stable on cosmological scales to be present in the current Universe with the observed

abundance. These criteria rule out all the particles in the SM as potential candidates for

DM except neutrinos which are electrically neutral and weakly interacting. However, be-

ing relativistic they have a large free streaming length and hence would be relativistic at

the time of galaxy formation, which would hinder structure formation. In addition, the
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1.1. Dark Matter 7

neutrinos are also not abundant enough to produce the observed DM abundance. We can

thus conclude that we need some particle beyond the SM (BSM) as a DM candidate.

Mass scale of dark matter

10-22 eV keV GeV
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FIGURE 1.5: Landscape of possible DM candidates, along with their mass
range. The figure is taken from Ref. [19].

Over the past few decades, physicists have proposed several ideas for potential DM

candidates, which could be elementary particles, composite objects or Primordial Black

Holes. Fig. 1.5 shows a landscape of the mass range of some of the DM candidates,

which can be as light as 10−22 eV for ultralight bosonic DM or as heavy as a few solar

masses for black holes. In this section, we discuss a few popular DM candidates which

are motivating from a particle physics perspective and have been considered in this thesis.

1.1.2.1 Thermal DM (WIMP)

The Weakly Interacting Massive Particle (WIMP) has been one of the most popular and

leading candidates to explain dark matter. A recent review of WIMP can be found in Ref.

[20]. Here, the interaction strength of the DM particle with the SM sector is considered

such that DM can be in thermal equilibrium in the early Universe. As the Universe ex-

pands, the interaction rate of DM becomes less than the expansion rate of the Universe

at some epoch, after which the DM particles decouple from the thermal bath of SM par-

ticles. The number of DM particles then reaches an asymptotically constant value. This

phenomenon is commonly known as the ‘freeze-out’ mechanism. In order to track the
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8 Chapter 1. Introduction

number density of the DM particles and find their freeze-out abundance, one needs to

solve the Boltzmann equation for the DM number density nDM. Considering the pro-

cess DM(p) + DM(p′) ↔ SM(q) + SM(q′), where p, p′, q, q′ denote the corresponding

momenta, the Boltzmann equation is given by [18, 21]

ṅDM + 3HnDM = −
ˆ

gDMd3p
(2π)32Ep

gDMd3p′

(2π)32Ep′

gSMd3q
(2π)32Eq

gSMd3q′

(2π)32Eq′
× (2π)4δ4(p + p′ − q − q′)

× | MDM DM→SM SM |2 ( fDM fDM − f eq
DM f eq

DM),

(1.4)

where dot denotes derivative w.r.t. time. gi, Ei represents the internal degrees of freedom

and energy respectively of the species ‘i’. MDM DM→SM SM is the amplitude for the process

DM + DM → SM + SM. The phase space density fDM and the number density nDM are

related as

nDM =

ˆ
gDMd3p
(2π)3 fDM. (1.5)

The equilibrium phase space density can be assumed to follow the Boltzmann distribu-

tion, f eq
DM = e−EDM/T. Eqn. (1.4) can be simplified and written in terms of the thermally

averaged cross-section ⟨σv⟩ as

ṅDM = −3HnDM − ⟨σv⟩(n2
DM − neq

DM
2), (1.6)

where [22]

⟨σv⟩ = g2
DM

8m4
DMTK2

2(
mDM

T )

ˆ ∞

s0

σ
√

s(s − 4m2
DM)K1(

√
s

T
)ds . (1.7)

The above integration is over the square of the center of mass energy ‘s’ of the system,

with s0 = 4m2
DM being the threshold energy for the process. Ki’s represent the mod-

ified Bessel functions of order i and σ is the annihilation cross-section of the process
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1.1. Dark Matter 9

DM + DM → SM + SM. The equilibrium number density nDM is found to be

neq
DM =

gDMT3

2π2

(mDM

T

)2
K2(mDM/T). (1.8)

Now, the first term on the R.H.S. of Eqn. (1.6) implies the dilution of the DM number

density because of the expansion of the Universe, whereas the second term represents

the collision term which indicates the interaction rate of DM with the SM bath. It is

convenient to rewrite the Boltzmann equation for the DM number density in terms of

comoving coordinates such that the dilution due to the Universe expansion cancels out.

Such coordinates can be YDM = nDM/s, NDM = nDMa3 etc. Here, ‘a’ denotes the scale

factor and ‘s’ represents the entropy density which can be written as

s =
2π2

45
g∗s(T)T3. (1.9)

g∗s(T) represents the total entropy degrees of freedom at temperature T and is given by

g∗s(T) = ∑ aigi

(
Ti

T

)3

, (1.10)

where the summation is over all the species of particles in the thermal bath. gi denotes

the number of internal degrees of freedom of the species having temperature Ti, whereas

ai = 1 and 7/8 for bosons and fermions respectively. In terms of YDM, Eqn. (1.6) simplifies

into1

dYDM

dx
= − xs⟨σv⟩

H(mDM)
(Y2

DM − Yeq
DM

2), (1.11)

where x = mDM/T and

H(mDM) = 1.66
√

g⋆(T)
m2

DM
MP

. (1.12)

1Here, the variation of g∗s with temperature is assumed to be small, considering which slightly changes
Eqn. (1.11) (see Ref. [23]).
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10 Chapter 1. Introduction

g⋆(T) represents the total relativistic degrees of freedom at temperature T and is given by

g⋆(T) = ∑ aigi

(
Ti

T

)4

. (1.13)

In Fig. 1.6, the evolution of the comoving number density of DM is shown, along with

the equilibrium density, for different values of interaction cross sections ⟨σv⟩. As antici-

pated above, the DM number density initially follows the equilibrium distribution until

an epoch after T ∼ mDM, when it decouples from the equilibrium bath producing a freeze-

out abundance. Increasing ⟨σv⟩ keeps the DM in equilibrium longer, thus decreasing the

final abundance as shown.

FIGURE 1.6: Evolution of the comoving number density of DM (dashed lines)
for different values of ⟨σv⟩, along with the equilibrium number density (solid

line). The figure has been taken from Ref. [21].

In order to find an analytical estimate of the freeze-out abundance, we can recast Eqn.

(1.11) in terms of the quantity λ defined as [18, 21, 24]

λ =
2π2

45
g∗s

m3
DM⟨σv⟩

H(mDM)
. (1.14)
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1.1. Dark Matter 11

This gives

dYDM

dx
= − λ

x2 (Y
2
DM − Yeq

DM
2). (1.15)

Now, at late times YDM is much larger than Yeq
DM, the latter being Boltzmann-suppressed.

Thus, below the temperature Tf when the DM energy density starts to freeze-out, we

have

dYDM

dx
= − λ

x2 Y2
DM , for x > x f = mDM/Tf . (1.16)

Integrating from x = x f to x = ∞ gives us the DM freeze-out abundance as

YDM(x = ∞) = Y∞
DM ≃ x f

λ
, (1.17)

where we have assumed YDM(x = x f ) ≫ Y∞
DM.

This freeze-out abundance can be related to the dark matter relic density today. We

have

ΩDM =
ρDM,0

ρc,0
=

mDMYDM,0s0

3M2
PH2

0
=

mDMY∞
DMs0

3M2
PH2

0
, (1.18)

where ‘0’ indicates the present values of the quantities. Using Eqn. (1.17), (1.14) and

substituting the measured values of T0 and H0 finally gives us

ΩDMh2 ∼ 0.1

(
x f√

g⋆(mDM)

)
10−8 GeV−2

⟨σv⟩ . (1.19)

‘x f ’ usually lies around 10 to 30. Thus, we see that the observed DM relic density can

be produced with cross-sections around 10−8 GeV−2, which are characteristics of weak

interactions. This is known popularly as the WIMP miracle, which is a very positive aspect

from a particle physics viewpoint since there are several theories/models that consist of

particles with cross-sections in such a ballpark.

Relativistic freeze-out: Depending on the mass and interaction strength of the DM
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12 Chapter 1. Introduction

particle, it might also decouple while it is still relativistic, i.e. x ≪ 1. Such thermal DM

candidates are known as warm dark matter. In such a scenario, the freeze-out abundance

is simple to calculate and is given by just the equilibrium abundance at the time of de-

coupling.

Y∞
DM = Yeq

DM = 0.278
gDM

g∗s(x f )
. (1.20)

The DM relic density then comes out to be [21]

ΩDMh2 = 7.83 × 10−2 gDM

g∗s(x f )

(mDM

eV

)
. (1.21)

Now, thermal DM masses below O(keV) lead to damping of the matter power spectrum

at small scales and are constrained from the Lyman-α forest [25–27]. Hence, we can see

from Eqn. (1.21) that even with very high decoupling temperature, or with large extra

relativistic degrees of freedom beyond SM, one would have an overabundance of DM

relic density.

1.1.2.2 Non-thermal DM (FIMP)

If the interaction strength of DM with the SM sector is very weak, then DM cannot be

in thermal equilibrium in the early Universe. This happens if the couplings between

DM and SM, parametrized in terms of a dimensionless parameter, are typically less than

around 10−7 [28]. In such a scenario, DM cannot be produced by the freeze-out mecha-

nism discussed above, and hence should have been formed through some non-thermal

route. One such possibility is the production from particles in the thermal bath through

decays or scatterings. This happens until the number density of the SM particles becomes

Boltzmann-supressed, thus ending the yield. The comoving number density then reaches

a constant value and the dark matter abundance is said to freeze in [28, 29]. Such types of

DM are known as Feebly Interacting Massive Particle (FIMP). In order to track the evo-

lution of the DM number density, we need to solve its Boltzmann equation, which can be

TH-3172_186121031



1.2. Baryon Asymmetry 13

written, in terms of the comoving coordinate as [29]

dYDM

dx
= 2

ΓSM→DM DM

Hx
K1(x)
K2(x)

Yeq
SM , (1.22)

where we have considered DM to be produced from the decay of SM particle in the bath

with decay rate denoted by ΓSM→DM DM. The evolution of the comoving DM number

density is shown in Fig. 1.7, for different values of the decay rate. Here, in contrast to

the freeze-out scenario, increasing the interaction strength, which is determined by Γ,

increases the DM freeze-in abundance.

Γ
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g 1
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FIGURE 1.7: Evolution of the comoving number density of DM for different
values of the interaction rate Γ. The figure has been taken from Ref. [29].

1.2 Baryon Asymmetry

1.2.1 Observational evidences

If we look around us, it’s clear that we are surrounded by matter and anti-matter is very

rare. We see anti-matter mostly in cosmic rays in the form of anti-protons with an abun-

dance of O(10−4) times less than that of protons [30]. It can also be produced on earth
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at various laboratories such as CERN and Fermilab. Even on larger scales, there are in-

dications of matter-antimatter asymmetry. This is from the fact that in nearby clusters,

galaxies containing matter would annihilate with ones containing anti-matter produc-

ing γ-rays. The absence of such γ-ray flux suggests that the cluster consists entirely of

baryons. A review regarding the absence of large amounts of antimatter in our Universe

can be found in Ref. [31]. In a baryon symmetric Universe, annihilations of nucleons

and anti-nucleons would remain in thermal equilibrium upto a temperature of around

22 MeV, when nB/s = nB̄/s ≃ 7 × 10−20 [21], where nB (nB̄) denotes the baryon (anti-

baryon) number density and s is the entropy density. In order to produce the correct ob-

served abundance of baryons, some contrived mechanisms must have existed at higher

temperatures (T ≳ 38 MeV [21]), separating nucleons and anti-nucleons far apart. Thus,

the most natural conclusion is that the early Universe started with an asymmetry between

baryons and anti-baryons, with the excess baryons surviving the ‘annihilation catastro-

phe’. The baryon asymmetry is conventionally denoted in terms of the baryon-to-photon

ratio ηB defined as

ηB =
nB − nB̄

nγ
, (1.23)

where nγ is the number density of photons given by nγ = 2ζ(3)
π2 T3. It is related to the

baryonic yield

YB =
nB − nB̄

s
(1.24)

as ηB = 7.05 YB, in the present Universe.

Now, the measurement of the quantity ηB is based on two independent indirect probes

of the early Universe. One of them is related to the epoch of Big Bang Nucleosynthe-

sis (BBN) when protons and neutrons first combined to form the light elements like

D, 3H, 3He, 4He, 7Li, a few minutes after the Big Bang singularity. This happens through

a chain of nuclear reactions, starting with n + p ↔ Dγ. The main reactions are shown in

the left panel of Fig. 1.8. The primordial abundances of these light elements calculated
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3He 4He

 D   T  p

  n

3He n → 4He γ

p n → D γ D n → T γ

D D → T n

3He D → 4He p

FIGURE 1.8: Left panel: A schematic diagram from Ref. [32], showing the ma-
jor nuclear reactions taking place during BBN. Right panel: Contours show-
ing the BBN predictions for abundances of light elements as a function of ηB.
The yellow boxes indicate the astrophysical observations. The vertical nar-
row band represents the predicted value from CMB at 95 % CL, while the
wider band denotes the BBN concordance range at 95 % CL. The figure has

been taken from Ref. [33].

from the BBN theory depend crucially on the parameter ηB. For example, the presence of

excess photons over baryons keeps the reaction n + p ↔ Dγ in thermal equilibrium up

to a much later temperature of T ≈ B/|ln(ηB)| than the Deuterium binding energy B ∼ 2

MeV [32]. In the right panel of Fig. 1.8, the predictions of BBN calculations for the pri-

mordial abundances of the light elements are shown as a function of ηB. Observationally,

the abundances of these light elements are from astrophysical sites with lower contents

of other heavier “metal" elements such as C, N, O, Fe. These observed abundances are

indicated by the yellow boxes.

The other measurement of the quantity ηB is from the anisotropy power spectrum

of the CMB [14], discussed in Section 1.1.1. The shape of the spectrum depends on the

amount of baryonic content of the Universe. The blue-shaded vertical band in the right
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panel of Fig. 1.8 denotes the value of ηB measured from CMB, which is in excellent agree-

ment with the prediction of BBN. The current best-fit value of ηB is reported as [14]

ηB = 6.1 × 10−10 . (1.25)

1.2.2 Sakharov’s conditions

An initial baryon asymmetry would get diluted because of cosmic inflation, when the

Universe underwent a rapid accelerated expansion [34–36]. Considering an initial baryon

symmetric Universe after inflation, the observed asymmetry needs to be generated dy-

namically through some mechanism. In 1967, A. Sakharov realized that three conditions

need to be satisfied in order to dynamically generate the asymmetry [37]. These are dis-

cussed below:

(1) Baryon Number violation: Baryon Number (B) violation is obvious for the gener-

ation of an asymmetry since if all interactions conserve B, no net asymmetry in the

number of baryons could have been generated.

(2) C and CP violation: Let us consider a baryon number violating process X →
A + B, where B carries some baryon number, whereas X and A do not. If charge-

conjugation (C) is a symmetry, then the rate of this process is the same as its C-

conjugate process X̄ → Ā + B̄. Thus, there is no net baryon number production,

unless there exists C violation.

In addition to C, charge conjugation-parity (CP) must also be violated. To un-

derstand this, let us consider a B-violating process like X → qL + qL and X →
qR + qR, where qL, qR are the left-handed and right-handed quarks respectively and

X does not carry baryon number. Now, even if C violation would imply the rate

Γ(X → qL,R + qL,R) ̸= Γ(X̄ → q̄L,R + q̄L,R), if CP is conserved, we would have

Γ(X → qL,R + qL,R) = Γ(X̄ → q̄R,L + q̄R,L). Thus,

Γ(X → qL + qL) + Γ(X → qR + qR) = Γ(X̄ → q̄R + q̄R) + Γ(X̄ → q̄L + q̄L) , (1.26)
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giving rise to no net baryon asymmetry.

(3) Departure from thermal equilibrium: Considering again the process X → A + B,

if it is in thermal equilibrium, then the rate of the inverse process A + B → X would

also be the same. Thus, B created would be destroyed at the same rate, leading to

no net baryon asymmetry.

In SM, baryon and lepton number (L) are violated by non-perturbative processes known

as sphalerons [38, 39], which however conserve the linear combination B − L. The out-of-

equilibrium condition can be satisfied in the SM if the electroweak phase transition is of

first order which requires the Higgs mass MH ≲ 50 GeV [40–42], which is experimentally

ruled out. CP violation is provided in the SM by the CKM phase of the quark sector.

However, being suppressed by the small quark masses, it is too small to generate the

observed baryon asymmetry [43, 44]. In essence, SM fails to produce the observed baryon

asymmetry.

There have been many extensions of the SM, trying to explain the observed baryon

asymmetry, some of the popular ones being GUT baryogenesis, electroweak baryogene-

sis, Affleck-dine mechanism and leptogenesis. GUT theories are an attempt to unify the

strong, electromagnetic and weak interactions under a single gauge group such as SU(5)

[45], SO(10) [46]. Such theories naturally lead to heavy particles which can decay in

the early Universe satisfying Sakharov’s conditions, and producing the observed baryon

asymmetry. However, GUT theories of baryogenesis suffer from many drawbacks, which

have ruled out most of them. First of all, they typically predict the masses of the decaying

scalar or gauge bosons to be very heavy (≳ 1015 GeV) in order to avoid proton decay.

Measurements from CMB put an upper bound on the inflationary scale [47], which in

turn predicts a lower reheating temperature ≲ 1013 GeV, below the GUT scale. Hence,

the thermal production of baryon number is suppressed. Another significant challenge

is the role of the sphaleron processes which tend to wash out the net B + L number [48],

so unless there exists some B − L violating interactions, absent in many GUT models, the

asymmetry almost vanishes. On the other hand, typical models of electroweak baryoge-

nesis require light particles, which have tight constraints from colliders [49–51]. In view
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of these drawbacks, generating the baryon asymmetry through the Affleck-dine mech-

anism or through leptogenesis has gained more popularity over the last few years. In

the Affleck-dine mechanism [52], the coherent motion of a scalar field typically plays the

role in generating the baryon asymmetry. In this thesis, we mostly focus on baryogenesis

through leptogenesis, which we elaborate upon below.

1.2.3 Leptogenesis

Leptogenesis [53] has been one of the most popular mechanisms to generate the baryon

asymmetry of the Universe. Here, as the name suggests, the asymmetry is first created

in the lepton sector, which later gets converted into baryon asymmetry through non-

perturbative sphaleron processes at the electroweak scale. The added advantage of the

leptogenesis setup is that it can be closely connected to the origin of tiny neutrino mass,

which the SM of particle physics fails to explain. The mechanism can be embedded in

the Type-I seesaw framework [54–58], where the SM is extended by three right-handed

neutrinos (RHN) NR, with the following gauge-invariant Lagrangian:

−Lν = YνlLH̃NR +
1
2

MRNc
RNR + h.c. , (1.27)

where lL, H denotes the SM lepton doublet and Higgs field respectively, and H̃ = iσ2H∗,

σ2 being the Pauli matrix. The second term in the above Lagrangian is the Majorana mass

term, which is the source of lepton-number violation. After the electroweak symmetry

breaking, the Dirac mass matrix can be written as mD = Yνv/
√

2, where v ≈ 246 GeV.

Assuming mD ≪ MR, the Majorana mass matrix for the three light SM neutrinos is given

by mν ≃ −mT
D M−1

R mD. To obtain sub-eV SM neutrino mass, one requires MR ∼ O(1014)

GeV, with Yν ∼ O(1).

The RHNs can be in thermal equilibrium at a higher temperature. Now, because of

the Majorana condition Ni = Nc
i , the lepton number violating out-of-equilibrium decays

Ni → lα + H and Ni → lα + H would take place when T ≲ Mi, where Ni represents the

mass eigenstates with mass Mi (i=1,2,3) and α = e, µ, τ. The CP-asymmetry parameter is
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FIGURE 1.9: Feynman diagrams for RHN (N1) decay to Higgs (H) and lep-
tons (l), which contribute to the CP asymmetry given by Eqn. (1.29), which
has contribution from the interference of the tree-level diagram with the ver-
tex diagram (middle) and the self-energy diagram (right) at one-loop level.

defined as

ϵiα =
Γ(Ni → lα + H)− Γ(Ni → lα + H)

Γ(Ni → lα + H) + Γ(Ni → lα + H)
, (1.28)

where Γ represents the decay rate. Considering only the tree-level decay rate, ϵiα = 0.

However, taking the interference of the tree-level and the loop-level decay rate leads to

non-zero values of CP asymmetry, in the presence of complex Yukawa couplings Yν. The

relevant diagrams contributing to the CP-violating decay rate are shown in Fig. 1.9, which

produces the CP asymmetry value to be [53, 59–64]

ϵiα =
1

8π(Y†
ν Yν)ii

∑
j ̸=i

[
F
(

M2
j

M2
i

)
Im[(Y∗

ν )αi (Yν)αj (Y
†
ν Yν)ij] + G

(
M2

j

M2
i

)
Im[(Y∗

ν )αi (Yν)αj (Y
†
ν Yν)

∗
ij]] ,

(1.29)

where F (x) and G(x) are the loop functions defined as

F (x) =
√

x
[

1 +
1

1 − x
+ (1 + x)ln

(
x

1 + x

)]
, (1.30)

G(x) =
1

1 − x
. (1.31)
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Ignoring the effect of lepton flavors [65–68], Eqn. (1.29) simplifies into

ϵi = ∑
α

ϵiα =
1

8π(Y†
ν Yν)ii

∑
j ̸=i

F
(

M2
j

M2
i

)
Im[(Y†

ν Yν)
2
ij]. (1.32)

These CP-violating out-of-equilibrium decays of the RHNs generate a net lepton asym-

metry, with number density nL = nl − nl, which is proportional to the CP-asymmetry

parameter ϵiα. The number density of leptons can also get modified due to other washout

processes which tend to decrease the asymmetry. These include [64, 69, 70] (a) inverse

decays; (b) ∆L = 1 scatterings: Ni + lα(lα) ↔ q(q) + u(u), Ni + u(u) ↔ lα(lα) + q(q),

Ni + lα ↔ H + Vµ, Ni + Vµ ↔ lα + H, Ni + H ↔ lα + Vµ, where q, u, Vµ denotes quarks,

up-type quarks and vector bosons respectively; (c) ∆L = 2 scatterings: lα + H ↔ lβ +

H, lα(lα) + lβ(lβ) ↔ H + H.

For a hierarchical RHN mass spectrum M3 ≫ M2 ≫ M1, the asymmetry generated

by the heavier RHNs M2,3 are usually washed out. Hence, we consider only the lightest

RHN N1 for our analysis. Now, in order to calculate the net lepton asymmetry, one needs

to solve the Boltzmann equations for the number density of RHNs and the lepton/ B − L

asymmetry. In terms of the comoving coordinates Ni = ni/nγ, where nγ denotes the

number density of photons, the relevant equations are given by [70]

dNN1

dz
= −(D + S) (NN1 − Neq

N1
) , (1.33)

dNB−L

dz
= − ϵ1D (NN1 − Neq

N1
)− W NB−L , (1.34)

where z = M1/T. Here, (D, S, W) = (ΓD, ΓS, ΓW)/Hz. ΓD corresponds to the decay rate

given by

ΓD(z) =
1

8π

(
Y†

ν Yν

)
11

M1
K1(z)
K2(z)

, (1.35)

where the ratio of the Bessel functions accounts for the thermally-averaged dilation fac-

tor. The scattering rate of N1 denoted by ΓS is mediated by Higgs field H in s and t
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FIGURE 1.10: Upper panel: Evolution of the comoving number density of N1,
for weak washout with K = 0.01 (left) and strong washout with K = 100
(right). Lower panel: Evolution of the B − L asymmetry for different values of

decay parameters K, considering Nin
N1

= 0 (left) and Nin
N1

= Neq
N1

(right).

channels. The washout rate ΓW has contributions from the inverse decays and scatter-

ings discussed above. The inverse decay rate can be written in terms of the decay rate as

ΓID = ΓD(z)
Neq

N1
(z)

Neq
l (z)

, which gives the washout term due to inverse decay WID as

WID(z) =
1
4

Kz3K1(z). (1.36)
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K denotes the decay parameter defined as

K =
ΓD(z = ∞)

H(z = 1)
. (1.37)

The washout term due to inverse decay can be approximately written as [70]

WID(z) ≃
1
4

Kz2
√

1 +
π

2
ze−z (1.38)

which is in equilibrium when WID(z) ≥ 1. It can be easily seen from Eqn. (1.38) that

WID(z) reaches a maximum value ≃ 0.3 K. Therefore, for K > 3, there exists an interval

where the inverse decays can be in equilibrium. On the other hand, for K < 3, the in-

verse decays are always out of equilibrium. K is thus a measure of the strength of the

washout. K ≪ 1 corresponds to the weak washout regime whereas K ≫ 1 denotes strong

washout. Considering only the decays and inverse decays for simplicity, the Boltzmann

equations (1.33), (1.34) are solved numerically, and the evolution of N1 and NB−L is shown

in Fig. 1.10. The upper panel shows the evolution of N1 considering weak washout with

K = 0.01 (left) and strong washout with K = 100 (right). For weak washout, the de-

cay of the RHNs occurs at a lower temperature, with smaller washout effects. The two

solid curves correspond to two different initial conditions for N1, one with an equilib-

rium initial abundance (Nin
N1

= Neq
N1

), and the other with a vanishing initial abundance

(Nin
N1

= 0). For the latter case, the RHNs are produced from the inverse decays. For the

case of K ≪ 1, N1 reaches the equilibrium abundance much later than the case of a strong

washout where the N1 abundance rises rapidly to reach equilibrium. The lower panel

shows the evolution of the asymmetry NB−L for different values of the decay parameter

K, considering vanishing initial abundance (left panel) and equilibrium initial abundance

(right panel). The final asymmetry decreases in the case of strong washouts, as expected.

The kink in the left panel corresponds to the epoch when N1 reaches equilibrium and the

value of NB−L changes sign. It is important to note here that the inverse decays serve a

dual purpose. Apart from leading to washout of the asymmetry, they are also important
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to produce N1 from a vanishing abundance. This explains the decrease in the final asym-

metry in the bottom left panel of Fig. 1.10, for K = 0.1. Here, although we are in the

weak washout regime, the initial production of N1 itself is small, leading to lower value

of the final B − L asymmetry. This behavior is absent in the bottom right panel where N1

is assumed to be in equilibrium from the start.

The B − L conserving sphaleron processes convert the B − L asymmetry into baryon

asymmetry with a conversion factor which is given by [48] (see Appendix A)

NB =
8N f + 4NH

22N f + 13NH
NB−L = CsphNB−L , (1.39)

which for the SM with N f = 3 and NH = 1, gives Csph = 28
79 . The final baryon asymmetry

ηB can be analytically estimated to be [70]

ηB =
Csph

f
ϵ1κ , (1.40)

where the factor f accounts for the change in the relativistic degrees of freedom from the

scale of leptogenesis until recombination and comes out to be f = 106.75
3.91 ≃ 27.3. κ is

known as the efficiency factor which incorporates the effects of washout processes.

Davidson-Ibarra bound: The Dirac Yukawa matrix Yν can be parametrized using the

Casas-Ibarra (CI) parametrisation [71] as,

Yν =

√
2

v

√
MR R

√
md

ν U † , (1.41)

where U represents the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) leptonic mixing ma-

trix [72], which in the diagonal charged lepton basis, can diagonalize the light neutrino

mass matrix as

mν = U ∗md
νU † . (1.42)
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FIGURE 1.11: The CP asymmetry parameter ϵ1 (Eqn. (1.46)) as a function of
the mass difference δ = |M1 − M2|, for RHN mass M1 = 5 TeV.

md
ν = diag(m1, m2, m3) consists of the mass eigenvalues, where the mi are the light neu-

trino masses. R is a complex orthogonal matrix satisfying RTR = I. Using this parame-

terization, the CP-asymmetry parameter ϵ1 (Eqn. (1.32)) can be written as [73]

|ϵ1| ≃
3

8π

M1

v2
∑i m2

i Im(R2
1i)

∑i mi|R1i|2
(1.43)

which using the orthogonality condition of R gives us

|ϵ1| ≲
3

8π

M1

v2 (m3 − m1). (1.44)

For hierarchical RHN mass spectra, we have

|ϵ1| ≲
3

8π

M1

v2 m3. (1.45)

Using Eqn. (1.25) for the observed value of baryon asymmetry, and the upper bound on

m3 ∼ 0.05 eV [33], the above upper bound on the CP asymmetry gives us a lower bound

on the RHN mass scale as M1 ≳ 109 GeV [73]. This bound can be relaxed by around 1− 2

orders if we include the effect of different lepton flavors [65–68]. In addition, if the RHNs
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have degenerate mass, i.e. M1 ∼ M2, the leptogenesis scale can be lowered upto the TeV

scale, which we discuss below.

Resonant leptogenesis: In the case of degenerate RHN masses, the CP asymmetry

parameter is calculated to be [62]

ϵi =
Im[(Y†

ν Yν)2
ij]

(Y†
ν Yν)ii(Y†

ν Yν)jj

∆M2
ijMiΓj(

∆M2
ij

)2
+ M2

i Γ2
j

, (1.46)

where ∆M2
ij = M2

i − M2
j and Γj is the decay width given by

Γj =
1

8π

(
Y†

ν Yν

)
jj

Mj . (1.47)

The CP asymmetry parameter is significantly enhanced for |Mi − Mj| = Γj/2 and can

reach upto O(1). In Fig. 1.11, we show ϵ1 as a function of δ = |M1 − M2|, for RHN mass

M1 = 5 TeV. Considering O(1) Yukawa couplings, the decay rate Γ2 ≃ 10−9 GeV−1. It is

clear from the plot that ϵ1 maximizes at δ ≃ Γ2/2.

To summarize, in this chapter we have discussed some well-known mechanisms for

producing dark matter and the baryon asymmetry of our Universe, focusing particularly

on the ones relevant to this thesis. All these analyses are carried out assuming a standard

cosmology, where the Universe begins with radiation domination after inflation. Since

this thesis considers these mechanisms in the presence of a non-standard cosmological

background, in the following chapter we provide an introduction to the non-standard

cosmologies which have been considered for this thesis.
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Chapter 2

Non-standard cosmologies

The Standard Cosmological Model of our Universe, based on the principles of general rel-

ativity, predicts a cosmic history, as shown in Fig. 2.1. It is evident from observations of

redshift of distant galaxies that the Universe has been expanding starting from an initial

hot, dense state. The energy components of the Universe (matter, radiation etc.) decide

its expansion dynamics, as given by the Einstein’s equation of general relativity. The Uni-

verse should be radiation-dominated at the epoch of BBN, in order to produce the light

elements in the required amounts, at a temperature of O(MeV). As the Universe keeps

on expanding, the radiation energy density dilutes faster than that of matter, as a result

of which matter starts to dominate the energy density of the Universe, at a temperature

∼ 0.75 eV. Matter keeps on dominating leading to the formation of stars and galaxies, un-

til the very recent dark energy domination. Although this standard cosmological picture

has been quite transparent, the cosmic history before BBN is unknown and the Universe

at such an early stage may be dominated by some other components with any equation of

state. It is usually assumed that after reheating [74, 75], the Universe is always radiation-

dominated up to the era of BBN. However, there are no experimental evidences to verify

this. In fact, the reheating period itself could be prolonged leading to some non-standard

cosmic eras before BBN [76–78].

There are various possible cosmic eras that could exist before BBN, which have been

explored in the literature. These include early matter domination (w = 0), kination dom-

ination (w = 1), early dark energy domination (w = −1). ‘w’ is the equation of state pa-

rameter which is defined as the ratio of pressure to the energy density of the background
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FIGURE 2.1: A schematic diagram showing the important phases in the evo-
lution of our Universe.

component of the Universe. These possibilities can be motivated by different aspects and

theories. A recent review of such non-standard cosmic epochs can be found in Ref. [79].

In this thesis, we focus on early matter domination (EMD) before BBN, since it can have

close connections with well-motivated particle physics scenarios and is easier to realize

in the early Universe. Now, such EMD eras can arise from different sources. We focus on

two possible sources: (a) a long-lived non-relativistic particle, (b) Primordial Black Holes

produced in the early Universe.

This chapter is organized as follows. In section 2.1, we discuss EMD arising from a

long-lived particle. Section 2.2 discusses EMD due to PBH. After briefly describing some

of the key concepts of PBH, we elaborate briefly on the phenomena of Hawking radiation

in section 2.2.1. Next, in section 2.3 we dicuss about the impacts of EMD on gravitational

waves generated in the early Universe, with some details of GW produced from cosmic

strings in section 2.3.1 and PBH density fluctuations in section 2.3.2. Finally, in section

2.4, we describe the objective of this thesis.

TH-3172_186121031



2.1. Early matter-domination due to a long-lived particle 29

2.1 Early matter-domination due to a long-lived particle

A non-relativistic particle (say ϕ) in the early Universe behaves as matter with its energy

density scaling as ρϕ ∝ a−3. In order for ϕ to dominate the energy density of the Universe

over radiation, its initial energy density should be large enough. Also, it should have a

lifetime large enough such that it does not decay before it could start dominating. This

can be realized through tiny couplings of ϕ with SM particles. However, one should

also ensure that the lifetime of ϕ is not very large, as it needs to decay before BBN to

produce a radiation-dominated Universe. There could be many origins of the field ϕ. It

might be due to the oscillating inflaton field during reheating, or some decay products of

the inflaton. It could be some scalar moduli field based on typical string theory models

[80]. Another possibility is that ϕ freezes out from the thermal bath with some initial

abundance set by its interactions with the thermal bath. It can then become long-lived

and behave as non-relativistic matter, before it decays prior to BBN. We consider this last

scenario for our purpose.
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FIGURE 2.2: Left panel: Evolution of the comoving number density of ϕ along
with the equilibrium number density. Right panel: Evolution of the energy
density of SM radiation along with that of the long-lived ϕ field. The figure

has been taken from Ref. [81].

Let us assume that ϕ has some interactions with the SM radiation bath characterized

by the thermally averaged cross-section ⟨σv⟩, which ensures that it is thermalised in the
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early Universe. It then freezes out, after it becomes non-relativistic. ϕ decays later with

a decay width given by Γϕ. The whole scenario can be tracked by solving the coupled

Boltzmann equations for nϕ and entropy density s (or equivalently the thermal bath tem-

perature T). It is convenient to define the comoving coordinate Eϕ = nϕa3, in terms of

which the Boltzmann equation for the comoving number density of ϕ and the tempera-

ture evolution equation can be written as [82]

dEϕ

da
=

⟨σv⟩
Ha4

(
(Eeq

ϕ )2 − E2
ϕ

)
− Γϕ

Ha
Eϕ , (2.1)

dT
da

=

(
1 +

T
3g∗s

dg∗s

dT

)−1 [
−T

a
+

ΓϕMϕ

3H s a4 Eϕ

]
. (2.2)

Here, H denotes the Hubble parameter which at late times when ϕ acts as matter is given

by H =

√√√√ MϕEϕ

a3 + ρR

3M2
P

.

In Fig. 2.2 , we show the evolution of comoving energy density of ϕ with the scale

factor. As seen, ϕ was initially a part of the thermal bath and in thermal equilibrium. It

then freezes out after becoming non-relativistic, behaving as matter until it finally decays.

The right panel shows the evolution of the energy density of ϕ, along with SM radiation.

Initially, the Universe is radiation-dominated until ϕ starts to dominate from a ∼ 1. We

recover the radiation-dominated Universe when ϕ finally decays.

2.2 Early matter-domination due to Primordial Black Holes

Primordial Black Holes are black holes that could have formed in the early Universe

through some non-stellar routes. Initially proposed by Hawking [83], they differ in many

ways from the usual astrophysical black holes, which are formed through the gravita-

tional collapse of a star with mass larger than the Chandrasekhar limit ≈ 1.4 M⊙(solar

mass). The masses of PBH can span a wide range from being as light as a few grams to as

heavy as some orders of solar mass.

PBH can be formed through several mechanisms in the early Universe. The high en-

ergy density of the early Universe is well-suited for the formation of PBH, which can have
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a wide range of masses. Within the framework of such mechanisms, PBH are typically

formed through the gravitational collapse of highly overdense region of inhomogeneities

in the early Universe [84]. The source of these inhomogeneities could be from quantum

fluctuations during inflation, which collapse upon re-entering the horizon. Since CMB

observations of the power spectrum [13] related to the perturbations generated from infla-

tion tightly constrain the large scales, an enhancement to the power spectrum is required

at the smaller scales. Several ideas have been proposed to realize this, which include in-

flation models with running spectral index [85], and inflection point inflation models [86]

leading to an ultra slow-roll phase. On the other hand, non-inflationary routes of form-

ing PBH include collapse of loops formed by cosmic strings [87] and collisions of bubbles

formed after a symmetry breaking [88]. A review of PBH formation mechanisms can be

found in Ref. [89, 90]. For the purpose of this thesis, we remain agnostic about the forma-

tion mechanism of PBH and rather focus on its phenomenological consequences. We also

consider PBH with a monochromatic mass function, i.e. all black holes are assumed to be

of the same mass.

Considering PBH to be formed during the early radiation dominated Universe, when

the thermal plasma has a temperature, say Tin, the initial mass of PBH can be related to

the mass enclosed in the particle horizon MH as

MBH(Tin) = γMH = γ
4π

3
ρR(Tin)

H3(Tin)
. (2.3)

Here, γ ≈ 0.2 [90] is a dimensionless parameter connected to the gravitational collapse,

whereas ρR denotes the radiation energy density at the temperature Tin. Thus, PBH

formed around the Planck scale, would have mass as low as around 10−5 g, whereas

those formed around MeV scale, would be as massive as around 105 M⊙. A lower bound

on the PBH mass can be inferred from the upper bound on the inflationary scale [47]

HI ≤ 2.5 × 10−5MPl =⇒ MBH(Tin) ≳ 0.1 g. (2.4)
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From Eqn. (2.3), we get the PBH formation temperature as

Tin =

(
45 γ2

16 π3 g⋆ (Tin)

)1/4√
Mpl

MBH(Tin)
Mpl . (2.5)

Here, Mpl is the Planck mass. PBH evaporate away through Hawking radiation, which is

discussed in the next subsection. If they are heavier than ∼ 1015 g, they are stable now and

can be potential candidates for dark matter. PBH in the asteroid mass range of 1017 − 1023

g, can contribute to 100% of the DM relic density. The fraction of DM as PBH is usually

defined in terms of the parameter fPBH = ΩPBH/ΩDM, where Ω’s denote the relative en-

ergy densities defined similarly to that in Eqn. (1.18). PBH with mass less than ∼ 1015 g

would have evaporated away by today and the evaporation products have considerable

effects on BBN, CMB, galactic and extragalactic γ-rays, and e± observed by Voyager-1.

These constrain the PBH mass vs fPBH plane, which is shown in the left panel of Fig. 2.3.

On the other hand, heavier PBH with MBH(Tin) ≳ 1015 g have constraints from gravita-

tional lensing, gravitational waves, accretion and dynamical effects, which are shown in

the right panel of Fig. 2.3. A nice comprehensive summary of these constraints can be

found in Ref. [90].
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FIGURE 2.3: Contraints in the PBH mass vs PBH fraction plane from several
experiments (see text) for PBH mass range which have evaporated by today
(left panel) and which are stable now (right panel). The figures have been

taken from Ref. [90, 91].
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In this thesis, we do not consider PBH as DM, rather we focus on the effect of PBH

evaporation on the phenomenology of DM and baryon asymmetry1. For this, we take

into account PBH with initial mass MBH(Tin) ≲ 108 g, which evaporate before the epoch

of BBN as we will see, and hence can evade all the constraints mentioned above. PBH can

lead to a matter domination in the early Universe if their initial energy density is large

enough. This initial energy density is generally compared with that of radiation at the

time of PBH formation by defining the parameter β as

β =
ρBH(Tin)

ρR(Tin)
. (2.6)

Thus, if the lifetime of PBH is large enough such that they do not evaporate earlier, they

FIGURE 2.4: Evolution of the energy densities of PBH and radiation with the
scale factor, for β = 10−6 (left panel) and β = 10−9 (right panel), considering

min = 105 g.

can dominate the energy density, behaving as a matter component. This, as we will see,

will put a lower bound on β depending on the initial PBH mass. In Fig. 2.4, considering

min = 105 g, we show the evolution of the ratio of the PBH and radiation energy densities

to the total energy density of the Universe, for β = 10−6 (left panel) and β = 10−9 (right

panel), from which one can clearly see that lowering the initial energy density of PBH

1The role of evaporating PBH in generating the baryon asymmetry and dark matter relic abundance has
been studied in different contexts in Ref. [92–105].
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namely, β shortens the epoch of PBH domination before they evaporate away. Below we

discuss the evaporation of PBH in some detail.

2.2.1 PBH evaporation through Hawking radiation

In his famous paper entitled “Black hole explosions?" [92], considering the effect of quan-

tum mechanics Hawking demonstrated that a black hole emits a thermal spectrum of

particles, as if it were a black body with a temperature

TBH =
1

8πGMBH
≈ 1.06

(
1013 g
MBH

)
GeV. (2.7)

This Hawking temperature is related to the black hole’s surface gravity [106]. The instan-

taneous rate of emission of a particle species i, with momentum between p and p + dp,

and within a time interval dt is given by [100, 104]

d2Ni

dp dt
=

gi

2π2
σsi(MBH, mi, p)

exp [Ei(p)/TBH]− (−1)2si

p3

Ei(p)
. (2.8)

Here, gi, si represent the internal degrees of freedom and spin respectively of the emitted

particle, and Ei(p) =
√

m2
i + p2, mi being the particle’s rest mass. The quantity σsi is

known as the absorption cross-section (with the associated greybody factor Γsi = σsi p
2/π)

which accounts for the back-scattering of the emitted particles because of gravitational

potentials [92, 106–108]. In the limit GMBHp ≫ 1, the cross-section can be given by

the geometrical optics limit, σsi = 27πG2M2
BH [107–110]. Now, because of the emission

of particles, black holes would start evaporating away losing their mass. This would

increase the Hawking temperature (cf. Eqn. (2.7)). The emission of a particle with rest

mass mi is suppressed for mi < TBH. However, as TBH keeps on increasing, the emission

of other massive particles would also occur. The rate of mass loss can be obtained as

dMBH

dt
= −∑

i

ˆ ∞

0
Ei

d2Ni

dpdt
dp ,

= −κε(MBH)

(
1 g

MBH

)2

, (2.9)
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where the sum is over all particle species and κ = 5.34 × 1025 gs−1 [109, 110]. Since the

emission depends only on gravitational interactions, all particles independent of their

SM or other BSM interactions are emitted. ε(MBH), known as the evaporation function,

carries information about the spectra of the emitted particles [109, 111]. Integrating Eqn.

(2.9), we can find the lifetime of PBH as [101, 112]

τ =
10240 π m3

in

G g⋆,H(TBH) M4
pl

, (2.10)

where min = MBH(Tin) is the initial PBH mass and G ∼ 3.8 is the greybody factor [110,

112]. g⋆,H(TBH) accounts for all the particles with mass below TBH and can be written as

[110, 112]

g⋆,H(TBH) ≡ ∑
i

ωi gi,H ; gi,H =



1.82 for s = 0 ,

1.0 for s = 1/2 ,

0.41 for s = 1 ,

0.05 for s = 2 ,

(2.11)

with ωi = 2 si + 1 for massive particles of spin si, ωi = 2 for massless species with si > 0

and ωi = 1 for si = 0.

The associated temperature of the Universe at the time of evaporation, i.e. the evapo-

ration temperature comes out to be

Tevap ≡
( 45 M2

pl

16 π3 g⋆
(
Tevap

)
τ2

)1/4
. (2.12)

In the left panel of Fig. 2.5, we show the three important temperatures associated with

PBH: the initial Hawking temperature Tin
BH (Eqn. (2.7) with MBH = min), the PBH forma-

tion temperature Tin (Eqn. (2.5)) and the evaporation temperature Tevap (Eqn. (2.12)) as a

function of the initial PBH mass min. As we can see, PBH with a smaller initial mass are

formed at a higher temperature with a higher Hawking temperature and also evaporates

earlier. We consider PBH to evaporate before BBN, such that the radiation produced from

PBH does not disrupt the successful BBN predictions and evades the constraints shown
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in Fig. 2.3. This puts an upper bound on the initial PBH mass as

min ≲ 3.4 × 108 g. (2.13)

This upper bound from BBN on the initial PBH mass, along with the lower bound from

CMB (Eqn. (2.4)) are shown by the dashed vertical lines in Fig. 2.5.

FIGURE 2.5: Left panel: Variation of the PBH formation (red), evaporation
(black) and the Hawking temperature (blue) with the initial PBH mass. The
purple and black dashed vertical lines correspond to the lower and upper
bounds from CMB and BBN (see text). Right panel: βc as a function of the
initial PBH mass shown by the black thick diagonal line which segregates ra-
diation domination and PBH domination. The figures have been taken from

Ref. [113].

In order for PBH to dominate the energy density of the Universe before they evapo-

rate, one should have ρBH(t) > ρR(t) atleast at t = tevap. We have [112]

ρBH(tevap)

βρR(tevap)
=

ρBH(tevap)

ρBH(tin)

ρR(tin)

ρR(tevap)
=

a(tevap)

a(tin)
=

(
g⋆(Tin)

g⋆(Tevap)

)1/4 Tin

Tevap
, (2.14)

which gives the following condition on β for PBH-domination

β > βc = γ−1/2

√
G g⋆,H(TBH)

10240 π

Mpl

min
, (2.15)

The right panel of Fig. 2.5 shows the region of PBH-domination (shaded in grey) in the

min − β plane.
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Now, the number of particles N emitted from PBH can be estimated by considering

the differential mass decrease as [94]

dMBH = −M2
P

dTBH

T2
BH

= −dE , (2.16)

where dE is the corresponding energy emitted by PBH. Considering the mean energy of

the emitted particles as 3TBH, the differential number of emitted particles can be written

as

dN =
dE

3TBH
= M2

P
dTBH

3T3
BH

(2.17)

which after integration leads to

N =
gX,H

g⋆,H


4 π
3

(
min
Mpl

)2
for MX < Tin

BH ,

1
48 π

(
Mpl
MX

)2
for MX > Tin

BH ,

(2.18)

where X indicates the emitted particle with degrees of freedom gX,H (cf. Eqn. (2.11))

and mass MX. Note that for MX < Tin
BH, the emission of particles take place from the

beginning of PBH formation, hence the lower limit of integration on TBH is Tin
BH. In this

case, N depends only on min. On the other hand, for heavy particles such that MX > Tin
BH,

the emission occurs only when TBH reaches MX, hence changing the integration lower

limit to MX. Here, N depends only on MX.

2.3 Effect of early matter domination on gravitational wave

spectra

Testing the cosmological history before BBN has been a challenging task in our pursuit of

understanding the early Universe. In this regard, gravitational waves (GW) from primor-

dial sources related to physics before BBN may provide a new window to look into the

very early Universe. Observation of GW by the LIGO/VIRGO collaboration has been a
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revolutionary discovery [114] and although the source of this GW was from the relatively

late Universe, this discovery has motivated us to look for other GW signals from the

early Universe. Such primordial sources of GW are typically stochastic in nature and can

have several origins including inflation, reheating/preheating, phase transitions, topo-

logical defects etc. A review of these mechanisms generating a stochastic GW signal can

be found in [115]. In this thesis, we focus on two such sources of gravitational waves:

(a) cosmic strings [116], (b) PBH density fluctuations [117–119]. Such GW have unique

spectral shapes, which depend on the background cosmic history. Hence, probing these

GW signals may provide a hint towards the pre-BBN cosmic history.

2.3.1 Cosmic Strings

Cosmic Strings [120, 121] are one-dimensional topological defects, which can be formed

after the spontaneous symmetry breaking of a continuous symmetry, if the vacuum man-

ifold is not simply connected. The simplest realization can be through a U(1) symmetry

group, with a complex scalar field ϕ. The field develops a ‘Mexican-hat’ potential in the

early Universe, with a degenerate circle of minima, as shown in Fig. 2.6. The field value

at the minima can be written as ϕ = Φeiθ. In regions of space where the phase angle θ

could not vary continuously, the field is forced to take the original high energy value at

ϕ = 0, forming a vortex [122] as shown in Fig. 2.6. In three dimensions, these defects

manifest as a linear structure and are known as Cosmic Strings. The strings are character-

ized by their energy per unit length, known as the string tension µ, which is proportional

to the square of the symmetry-breaking scale ΛCS. The tension is generally denoted by

the dimensionless quantity Gµ, where G is the gravitational constant. Thus, we have

Gµ ∼ GΛ2
CS.

The strings form a network after they are formed and are stretched by the expansion

of the Universe. Long strings may intercommute with themselves or with other strings,

forming loops and chopping themselves. The loops oscillate and can lose their energy in

the form of particle emission or through gravitational wave radiation. Numerical sim-

ulations [123, 124] based on Nambu-Goto action have found that for gauged symmetry,
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FIGURE 2.6: Diagram illustrating the formation of cosmic strings after a
spontaneous symmetry breaking leading to a ‘Mexican-hat’ potential (left).
Regions of space where cosmic string is formed at the core of a vortex (right).

The figure has been taken from www.ctc.cam.ac.uk.

the dominant channel of energy loss from cosmic strings is through GW radiation from

oscillating loops. The rate of energy loss or the power of GW emission is given by the

quadrupole formula [125]

PGW =
G
5
(Q′′′)2 , (2.19)

where Q is the quadrupole moment of the oscillating loop and the triple time derivative

comes out to be Q′′′ ∝ µ. Thus, the rate of energy loss can be written as

dE
dt

= −ΓGµ2 , (2.20)

where Γ ≈ 50 [126]. Because of the GW emission, the loop starts to shrink from its initial

length li = αti at the time of formation ti, as

l(t) = αti − ΓGµ(t − ti). (2.21)

α is known as the loop size parameter and simulations suggest α = 0.1 [127, 128]. The total

energy loss from a loop constitutes a set of normal mode oscillations with frequencies fk =

2k/l, where k represents the mode numbers k = 1, 2, 3....∞. The GW density parameter is

defined as

ΩGW(t0, f ) =
f

ρc

dρGW(t0, f )
d f

= ∑
k

Ω(k)
GW(t0, f ) , (2.22)
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where f represents the current frequency and t0 is the present time. Since the GW energy

density redshifts as a−4, we have [101, 127]

dρ
(k)
GW

d f
=

ˆ t0

tF

[
a(tE)

a(t0)

]4

PGW(tE, fk)
dF
d f

dtE , (2.23)

where fk = fE denotes the emitted frequency at the time tE, whereas tF is the loop for-

mation time. dF
d f = f

[
a(t0)
a(tE)

]
accounts for the redshift of the frequency. PGW(tE, fk) is the

power emitted by the loops, which is given by the following integration over the length

of the loops

PGW(tE, fk) = Gµ2Γk

ˆ
n(l, tE)δ

(
fk −

2k
l

)
dl

=
2kGµ2Γk

f 2
k

n(tE, fk) =
2kGµ2Γk

f 2
[

a(t0)
a(tE)

]2 n
(

tE,
2k
f

[
a(tE)

a(t0)

])
. (2.24)

The GW spectrum depends on the nature of small-scale structure in the loops which can

be in the form of cusps or kinks [129, 130]. For our study, we consider cusp-like structures

to dominate the GW spectra. In this case, we have Γk = Γk−4/3

∑∞
m=1 m−4/3 , with ∑k Γk = Γ. n

denotes the number density of loops, which in a cosmological background with a ∝ tβ

is found from the Velocity dependent One Scale (VOS) model [131–133] and numerical

simulations to be [127]

n(tE, lk(tE)) =
Aβ

α

(α + ΓGµ)3(1−β)

[lk(tE) + ΓGµtE]
4−3β t3β

E

. (2.25)

where Aβ is a constant depending on the cosmological background. Using Eqns. (2.22)-

(2.25), we finally have the current GW energy density for the mode k as

Ω(k)
GW(t0, f ) =

2kGµ2Γk
f ρc

ˆ t0

tosc

dt
[

a(t)
a(t0)

]5

n (t, lk) , (2.26)

where the integration over time is from the moment tosc when the loops start oscillating

after the damping because of thermal friction [134] becomes sub-dominant. For the case

of loops formed and radiated during radiation domination, the GW spectrum have a
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typical flat plateau, with the amplitude given by [101]

Ω(k=1),plateau
GW ( f ) =

128πGµ

9ζ(4/3)
Ar

ϵr
Ωr

[
(1 + ϵr)

3/2 − 1
]

, (2.27)

where ϵr = α/ΓGµ, and Ar = 5.4 [133] for radiation domination. CMB measurements

require Gµ ≲ 10−7 [135] and hence we have α ≫ ΓGµ. This gives Ω(k=1)
GW ( f ) ∝ ΛCS, and

hence a higher symmetry breaking scale is more likely to be probed in the GW detectors.

In the left panel of Fig. 2.7, the GW spectrum is shown for different values of Gµ, along

with the sensitivities of current and planned near-future GW detectors which include

EPTA [136], SKA [137], A.LIGO/VIRGO [138–140], LISA [141], DECIGO [142], BBO [143],

ET [144], CE [139].

FIGURE 2.7: Left panel: GW spectrum for different values of Gµ along with
the sensitivities of different GW detectors (see text). Right panel: GW spec-
trum considering an early matter and kination dominated era, ending at two

different temperatures. The figures have been taken from Ref. [145].

Frequency-temperature relation: The observed frequency today of the GW spectrum

is related to the temperature at which the loops responsible for that particular frequency
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have been formed. For loops created at a time ti, the major contribution to the GW emis-

sion is much later, at a time when the loop reaches its half-life, given by2 [130]

tE = tH ≃ αti

2ΓGµ
. (2.28)

The frequency emitted at the time tE is related to the length of the loop as ( f (tE) = 2k/l(tE)).

Considering k = 1, this gives us

αti ≃
4
f

a(tE)

a(t0)

≃ 4
f

(
tE

teq

)1/2( teq

t0

)2/3

, (2.29)

where teq, t0 correspond to the standard matter-radiation equality time and the present

time respectively. From Eqn. (2.28) and (2.29), the required relation between the fre-

quency observed today and the time (or temperature T) is obtained to be [130, 145]

f =

√
8

αΓGµ

(
teq

ti

)1/2

t−1
0 =

√
8

zeqαΓGµ

(
g⋆(T)
g⋆(T0)

)1/4 T
T0

t−1
0 , (2.30)

where zeq ≃ 3400 is the redshift at matter-radiation equality.

Testing non-standard cosmological backgrounds: The dependence of the GW ampli-

tude on the frequency can be qualitatively understood as follows. Basically, the frequency

dependence receives contribution from two factors. One is the dilution of the GW energy

density as a−4 because of the Universe’s expansion. Hence, the GW amplitude corre-

sponding to higher frequencies which are emitted by loops formed at a higher tempera-

ture as explained above, encounters more suppression until the present time. However,

at earlier times the loop production rate, which varies as ∝ t−4
i [127, 146] also increases.

An increase in the number of loops leads to enhanced GW amplitude. Thus, the total de-

pendence on frequency is the effect of these two factors. For radiation domination, these

two factors exactly cancel each other, leading to a flat spectrum. As seen in Fig. 2.7 (left

2This has the added advantage that the GW frequencies are exempted from the redshift factor
a(tE)/a(ti), which most other GW sources at the same energy scale undergo.
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panel), the typical GW spectrum from cosmic strings is a flat plateau that falls down at

lower frequencies because of contribution from loops from the recent matter domination.

There might also be a deviation from flatness at higher frequencies if cosmological epochs

other than radiation exist at higher temperatures before BBN. This deviation from flatness

would first start to appear because of the contribution of those loops which have been

formed at a time say t∆ (with corresponding temperature T∆), when the standard radia-

tion era began or the non-standard era ended. Thus, the frequency at which the spectral

break occurs or the turning point frequency f∆ is given by Eqn. (2.30), with ti = t∆ and

T = T∆. The frequency dependency of the GW amplitude can be analytically estimated

to be [130]

ΩGW ∝ f 4(1− 3
n− 1

m). (2.31)

Here, a(ti) ∝ t2/n
i and a(tE) ∝ t2/m

E represents the evolution of the cosmological back-

ground during loop formation time and GW emission time respectively. For instance, for

loops formed during an early matter (kination) domination, and GW emission during ra-

diation domination, we have n = 3(6) and m = 4, which gives ΩGW ∝ f−1( f 1) 3. In the

right panel of Fig. 2.7, the GW spectrum is shown in the presence of two non-standard

cosmic epochs: matter and kination, ending at a temperature T∆ = 5 GeV (blue dashed

contour) and T∆ = 200 GeV (red dashed contour). Clearly, for higher temperatures, the

spectral break occurs at a higher frequency, as discussed above (cf. Eqn. (2.30)).

3From Eqn. (2.26) one can see that the spectra for the kth mode is related to the fundamental k = 1 mode
through [130]

Ω(k)
GW( f ) = k−4/3Ω(1)

GW( f /k). (2.32)

For the part of GW spectra varying as Ω(1)
GW ∝ f−1, summing over all modes changes this slope to f−1/3

[130] for EMD.
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2.3.2 PBH density fluctuations

Primordial black holes can play a role in generating GW in several ways: (a) PBH can

emit gravitons through Hawking radiation (cf. section 2.2.1), which can lead to ultra-

high frequency GW [147]; (b) PBH can lead to the formation of mergers, which can also

emit GW [148, 149]; (c) the primordial scalar fluctuations generated from inflation which

led to the formation of PBH, can induce GW at second order in perturbation theory [150];

(d) the distribution of PBH after they are formed is inhomogeneous leading to scalar

density fluctuations, which can also induce GW at the second order [117–119]. We focus

on this last possibility. This is because the GW frequency spectrum formed through such

a mechanism is within the reach of near-future GW detectors, as we will see. In addition,

they are independent of the formation mechanism of PBH. Moreover, such GW can be

produced only when PBH dominate the energy density of the Universe and hence it is a

distinct feature of early matter domination because of PBH. We briefly discuss here the

basic idea behind such GW, closely following Ref. [117, 118].

Once PBH are formed, they are randomly distributed in space, with the distribution

following Poissonian statistics. This approximation is restricted only to length scales

which are larger than the Schwarzschild radius of the black hole. In addition, at dis-

tances smaller than the mean separation between PBH, the granularity of PBH becomes

important and we can no longer treat them as a continuous fluid. The mean separation at

the time of formation can be written as

din ≡
(

3MBH(Tin)

4πρBH(Tin)

)1/3

= γ1/3β−1/3H(Tin)
−1 . (2.33)

Following the Poissonian statistics, the two-point correlation function of the density con-

trast comes out to be

〈
δρBH(r)

ρtot

δρBH(r′)
ρtot

〉
=

4
3

π

(
d
a

)3

Ω2
BHδ(r − r′) , (2.34)
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where ρtot denotes the total energy density and ‘r’ is the comoving distance coordinate.

Taking the Fourier transform gives the PBH density perturbation spectrum as

⟨δρBH(k)δρBH(k′)⟩ =
4π

3

(
d
a

)3

ρ2
BH δ(k − k′) , (2.35)

with k representing the comoving wavenumber. ‘d’ is the redshifted mean separation dis-

tance between PBH given by d = din(ain/a). The condition of distance scales being larger

than the mean separation as discussed above puts an ultraviolet cutoff on the comoving

wavenumber as

kUV = ainHinβ1/3γ−1/3 . (2.36)

Now, since the initial energy density of PBH is negligible compared to that of radiation,

the PBH density fluctuations are isocurvature in nature, with the dimensionless initial

isocurvature power spectrum given by

PS(k) =
2

3π

(
k

kUV

)3

, (2.37)

where S in the ‘subscript’ represents the PBH isocurvature perturbation given by

S =
δρBH

ρBH
− 3

4
δρR

ρR
. (2.38)

Once PBH dominates the energy density of the Universe, these isocurvature perturba-

tions can source a curvature perturbation Φ, which follows the following equation at first

order in perturbation theory4

Φ′′ + 3H(1 + c2
s )Φ

′ + (H2(1 + 3c2
s ) + 2H′)Φ − c2

s ∆Φ =
a2ρPBH

2M2
pl

c2
s S , (2.39)

4The perturbed metric is considered in the Newton gauge and is given by

ds2 = a2(τ)
[
−(1 + 2Ψ)dτ2 + (δij + 2Φδij + hij)dxidxj

]
,

where τ denotes the conformal time, and Ψ, Φ, hij are the lapse, curvature and tensor perturbations respec-
tively.
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where ‘prime’ denotes derivative w.r.t. conformal time, H = a′/a and c2
s ≡ 4

9
ρR

ρBH+ 4
3 ρR

.

The tensor perturbations, on the other hand, obey the following equation of motion

hs ′′
k + 2Hhs ′

k + k2hs
k = 4Ss

k , (2.40)

where ‘s’ denotes the polarisation (+), (×). The source function Ss
k appearing on the

R.H.S. is proportional to the factor (H−1Φ′
q + Φq)(H−1Φ′

k−q + Φk−q). Now, the ampli-

tude of Φ is constant during PBH domination and is enhanced by a factor of O(kτevap)

during transition to radiation domination after PBH evaporation. This changes the time

derivative H−1Φ′ from zero to a large value ∼ (kτevap)ΦPBH, where ΦPBH denotes the Φ

value during PBH domination. Thus, an immense amount of GW is induced as the source

term in Eqn. (2.40) is proportional to H−2Φ′2. The two-point correlation function for the

tensor perturbation is given by

⟨hr
k1
(η)(hs

k2
)∗(η)⟩ ≡ δ(3)(k1 − k2)δ

rs 2π2

k3
1
Ph(η, k1), (2.41)

where ‘r’, ‘s’ denotes the polarisation. The amplitude of the GW energy density observed

today can be expressed as

ΩGW,0(k)h2 = 0.39
(

g∗(Tc)

106.75

)−1/3

Ωr,0h2ΩGW,c(k) . (2.42)

Here, ΩGW,c(k) represents the energy density of GW in the radiation-dominated era after

evaporation, when it becomes constant at a temperature Tc. It then dilutes away similar

to radiation. Ωr,0h2 ∼ 4.18 × 10−5 is the present energy density of radiation [151].

It can be shown that the dominant contribution to the GW amplitude ΩGW,c(k) is from

modes k satisfying k ≫ keq, where keq corresponds to the modes entering the horizon

when the PBH energy density becomes equal to that of radiation, i.e. when the PBH start

dominating the total energy density. This is mainly because the GW amplitude is directly

proportional to the factor kτevap ≃ k/kevap. Hence, the small scales are largely enhanced.

TH-3172_186121031



2.3. Effect of early matter domination on gravitational wave spectra 47

For the cut-off scale kUV, this factor is found to be

kUV

kevap
≈ 2.3 × 106

(
g⋆,H(TBH)

108

)−1/3( min

104g

)2/3

. (2.43)

Even, for PBH mass as low as 1 g, this factor comes to be ∼ 5000. The amplitude near this

resonance is calculated to be

ΩGW,c,res(k ∼ kUV) ≈
1

24576π 21/3
√

3

(
kUV

kevap

)17/3( keq

kUV

)8

,

which can be written in terms of the PBH parameters β and min as

ΩGW,c,res(k ∼ kUV) ≈ 1030β16/3
( γ

0.2

)8/3
(

g⋆,H(TBH)

108

)−17/9 ( min

104g

)34/9

. (2.44)

Thus, the amplitude is quite large unless β is very small. The dominant contribution to

the total GW energy density can be written in terms of observed frequency as [152]

ΩGW(t0, f ) ≃ Ωpeak
GW

(
f

f peak

)11/3

Θ
(

f peak − f
)

, (2.45)

where Ωpeak
GW is found from Eqn. (2.42) and (2.44) to be

Ωpeak
GW ≃ 2 × 10−6

(
β

10−8

)16/3( min

107g

)34/9

. (2.46)

fpeak is the frequency corresponding to the UV cutoff scale kUV, and is given by

f peak ≃ 1.7 × 103Hz
(

g⋆,H(TBH)

108

)1/6(g⋆(Tevap)

106.75

)1/4 (g∗s(Tevap)

106.75

)−1/3 ( min

104g

)−5/6

.

(2.47)

For PBH mass min ≳ 104 g, the frequency can be within reach of near future GW detectors

such as ET [144], A.LIGO [138], DECIGO [142] and LISA [141]. In Fig. 2.8, the total GW

spectrum arising from PBH density fluctuations is shown for two benchmark values of

initial PBH mass and β, along with the sensitivity curves of different GW detectors. As
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expected, the peak frequency shifts to the left for higher values of PBH mass (cf. Eqn.

(2.47)).
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M = 106g , β = 2× 10−9

M = 5× 108g , β = 2× 10−11

BBN

FIGURE 2.8: GW spectrum from PBH density fluctuations for two benchmark
values of initial PBH mass (denoted by M here) and β, along with the sensi-
tivities of several GW detectors. The black dashed horizontal line represents
the bound from BBN (cf. Eqn. (2.50)). The figure has been taken from Ref.

[118].

Upper bound on the PBH fraction β: Since GW behave as radiation, they can con-

tribute to the relativistic energy degrees of freedom during BBN. Now, the radiation en-

ergy density during BBN can be written in terms of the well-known parameter Neff, which

represents the effective number of neutrino species in the Universe as

ρR =
π2

30

(
2 +

7
8
× 2Neff

(
4

11

)4/3
)

T4. (2.48)

The extra relativistic energy can be written in terms of the parameter ∆Neff as

ρR − ρSM
R = ∆ρR =

π2

30

(
7
8
× ∆Neff

(
4

11

)4/3
)

2T4. (2.49)
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Thus, if GW exist during BBN, then we should have

ρGW ≤ ∆ρR

=⇒ ΩGW,BBN ≤ 7
8
× ∆Neff

(
4

11

)4/3

. (2.50)

Using ∆Neff ≲ 0.28 from the latest Planck 2018 results [14], we get ΩGW,BBN ≈ 0.39 ΩGW,c,res <

0.05. Using Eqn. (2.44) for the GW energy density, we get an upper bound on β as

β < 1.1 × 10−6
( γ

0.2

)−1/2
(

g⋆,H(TBH)

108

)17/48 (g⋆(Tevap)

106.75

)1/16( min

104g

)−17/24

, (2.51)

depending on the PBH mass min.

2.4 Objective of the thesis

The purpose of this thesis is to investigate dark matter phenomenology and the genera-

tion of baryon asymmetry in the presence of non-standard cosmologies. This is motivated

from several aspects. First of all, the search for the very popular WIMP dark matter in

several DM direct detection [153, 154] and colliders experiments, considering the stan-

dard cosmology has not led us to any positive results so far. The bounds from these

experiments on the DM mass and its interaction cross-section have already ruled out sev-

eral DM models and pushed many others into a very tight corner. A deviation from the

standard cosmology where the Universe is assumed to be radiation dominated during

the time of DM production in the early Universe can alter the DM dynamics. Moreover,

the cosmological history before BBN is also experimentally unknown. Hence, it is mo-

tivating to consider the possibility of non-standard epochs before BBN, which not only

changes the DM phenomenology but also provides insights into interesting early Uni-

verse phases such as PBH or LLP domination. On the other hand, the phenomenology

of usual baryogenesis mechanisms is also affected in the presence of such non-standard

cosmic epochs. In addition to the detection challenges of DM, baryogenesis or leptogen-

esis typically being a high scale phenomena is out of reach of any terrestrial experiments.
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Hence, it is important to consider an alternate search strategy of DM and baryogenesis.

This can be realized through stochastic gravitational waves generated in the early Uni-

verse. The shape of these GW spectra depends on the details of the non-standard cosmic

epochs, and can have interesting connections with DM and baryo(lepto)genesis. We look

into such possible connections, which could help in probing DM and baryogenesis with

the help of GW signals within the sensitivities of near-future GW detectors.

Keeping these motives in mind, we first consider DM and leptogenesis scenarios with

an early matter domination due to a long-lived particle in Chapter 3. We consider two

kinds of DM candidates: thermal keV warm DM and Miracle-less WIMP DM. The lat-

ter can be probed through GW produced from cosmic strings which are possible to be

formed in the setup we consider. Baryon asymmetry can be generated in both cases

through leptogenesis, requiring a resonant enhancement. In chapter 4, we explore DM

and leptogenesis scenarios with an early matter domination arising because of primor-

dial black holes. Here, we first consider a low-scale leptogenesis setup along with DM

and study how the presence of PBH can alter the phenomenology. Next, we consider

the production of non-thermal asymmetric dark matter along with baryon asymmetry

through leptogenesis, both sourced by PBH. Moving on, in chapter 5, we consider a DM

and leptogenesis scenario, in the presence of multiple early matter dominated eras, one

caused by PBH and another appearing because of a long-lived particle. Here, we take

into account the case of purely gravitational DM which can be produced directly from

PBH evaporation. Leptogenesis can also be realized in such a setup through resonance.

In chapter 6, we consider a scenario of direct baryogenesis without the leptogenesis route

and superheavy DM with only gravitational interactions, both sourced by PBH. The sce-

nario can be probed through GW produced from PBH density fluctuations. Finally, we

conclude in chapter 7, along with some of the future directions I wish to work upon.
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Chapter 3

DM and Leptogenesis with LLP

domination

3.1 Introduction

In this chapter, we explore the phenomenology of dark matter and leptogenesis in the

presence of early matter domination arising from a long-lived particle. We investigate

particle physics setups motivated from solving the dark matter and baryon asymmetry

puzzles, where the need for an extra matter-dominated era before BBN naturally arises. In

particular, we consider the phenomenologically motivating gauged B − L model, which

contains three right-handed neutrinos required to cancel the gauge anomalies. The model

also contains a complex singlet scalar to spontaneously break the B − L gauge symmetry

while simultaneously generating RHN masses. The presence of RHN naturally assists

in accommodating active neutrino masses (which SM by itself can not explain) via type-

I seesaw. In addition, we consider a vector like fermion, which can be a candidate for

dark matter. The decays of RHNs can assist in generating the baryon asymmetry through

leptogenesis.

We consider two possibilities regarding the nature of dark matter. In the first scenario,

we consider the vector like fermion as a warm dark matter (WDM) candidate. As dis-

cussed in chapter 1 in the context of SM neutrinos, the hot dark matter (HDM) paradigm

is disfavoured due to its relativistic nature giving rise to a large free streaming length

(FSL) [155, 156] which can erase small-scale structures. In the case of WDM, the dark
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matter can remain semi-relativistic during the epoch of matter radiation equality. The FSL

of WDM falls in the intermediate regime between those of cold dark matter (CDM) and

HDM. Typically, WDM candidates have masses in the keV regime which once again stays

intermediate between sub-eV scale masses of typical HDM and GeV-TeV scale masses of

typical CDM. A popular choice of WDM candidate is a right-handed sterile neutrino,

singlet under the SM gauge symmetry. A comprehensive review of keV sterile neutrino

DM can be found in [157]. To assure the stability of DM, the sterile neutrino should have

tiny or zero mixing with the SM neutrinos leading to a lifetime larger than the age of

the Universe. The lower bound on WDM mass arises from observations of the Dwarf

spheroidal galaxies and Lyman-α forest which is around 2 keV 1 [155, 159–161]. Although

WDM may not be traced at typical direct search experiments or the LHC, it can have in-

teresting signatures at indirect search experiments. For example, a sterile neutrino WDM

candidate having mass 7.1 keV can decay on cosmological scales to a photon and a SM

neutrino, indicating an origin to the unidentified 3.55 keV X-ray line reported by analyses

of Ref. [162] and [163] using the data collected by the XMM-Newton X-ray telescope. On

the other hand, WDM can have interesting astrophysical signatures as it has the poten-

tial to solve some of the small-scale structure problems of the CDM paradigm [164]. For

example, due to small FSL, the CDM paradigm gives rise to formation of structures at

a scale as low as that of the solar system, giving rise to tensions with astrophysical ob-

servations. The WDM paradigm, due to its intermediate FSL can bring the predictions

closer to observations. Now, the thermally produced keV scale warm dark matter in a

gauged U(1)B−L model turns overabundant (cf. Eqn. (1.21)). As a remedy, the relic can

be brought down to the observed limit by late time entropy production due to decay of a

long lived RHN, which leads to an early matter-dominated era as discussed in chapter 2.

We assume N3 (the heaviest RHN) to be in thermal equilibrium in the early Universe and

its late decay depletes the thermally overproduced keV scale DM by entropy dilution.

In the second scenario, we consider a case where DM-SM interaction rates fall short of
1Similar order of bounds on fermionic dark matter can be obtained in order to obey the Pauli exclusion

principle in dense systems containing dark matter such as dwarf galaxies, which is commonly known as
the Tremaine-Gunn bound [158].
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the required WIMP DM criteria, but large enough to produce it in thermal equilibrium.

While typical WIMP DM mass is restricted to be within a few GeV [165] to few hun-

dred TeV [166], the class of DM we study here, dubbed as Miracle-less WIMP, can have a

much wider range of masses. The DM stability and interactions are taken care of by an

Abelian gauge symmetry, which for our study we take to be the gauged B − L. A high

scale symmetry breaking, leading to a superheavy Z′ gauge boson ensures that DM-SM

interactions remain in the Miracle-less WIMP ballpark. Alternative search strategies need

to be adopted for such DM which may not show up in conventional DM searches looking

for WIMP DM. We propose a novel way of testing this special class of DM at future grav-

itational wave experiments. The spontaneous breaking of the gauge symmetry can lead

to the formation of cosmic strings (CS), as discussed in chapter 2. These CS can generate

stochastic GW with a characteristic spectrum that can be within the reach of near-future

GW detectors if the scale of symmetry breaking is sufficiently high. In our setup, due to

intermediate annihilation rates, such DM in Miracle-less WIMP ballpark gets thermally

overproduced and additional mechanism should be in place to bring it within observed

limits. In particular, entropy production from a heavy long-lived particle (which can

again be provided by one of the RHNs) leading to an early matter-dominated era can

bring down the relic of thermally overproduced DM within observed limits. Interest-

ingly, such late entropy dilution also leads to unique spectral breaks in the GW spectrum

generated by CS network, which can be connected to the DM phenomenology.

This chapter is organized as follows. We start with a description of the gauged B − L

model in section 3.2. In section 3.3, we discuss the first scenario of thermal keV DM

and leptogenesis. The second scenario of Miracle-less WIMP DM and leptogenesis is

discussed in section 3.4. We conclude in section 3.5.

3.2 Gauged B-L model

A gauged B − L extension of the SM [167–172] is one of the most popular BSM frame-

works. Realizing a stable DM candidate in the model requires non-minimal field content
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or additional discrete symmetries. Also, a gauged B − L model with just SM fermion con-

tent, is not anomaly free due to the non-vanishing triangle anomalies for both U(1)3
B−L

and mixed U(1)B−L − (gravity)2 anomalies. These triangle anomalies for the SM fermion

content are given as

A1

[
U(1)3

B−L

]
= ASM

1

[
U(1)3

B−L

]
= −3 ,

A2

[
(gravity)2 × U(1)B−L

]
= ASM

2

[
(gravity)2 × U(1)B−L

]
= −3 . (3.1)

Remarkably, if three right handed neutrinos with B − L charge -1 each are added to the

model, they contribute ANew
1

[
U(1)3

B−L
]
= 3,ANew

2
[
(gravity)2 × U(1)B−L

]
= 3 leading

to vanishing amount of triangle anomalies. This is one of the most economical setup for

anomaly cancellation and hence we adopt it for our purpose.

The complex singlet scalar having B− L charge 2 not only leads to spontaneous break-

ing of gauge symmetry but also generates RHN masses dynamically. In this work, we

simply add one vector like fermion χ to the minimal gauged B − L model having B − L

charge qχ ̸= 0, which acts as a DM candidate2. In order to ensure its stability we choose

qχ ̸= 1 and fix it at an order one value of 4/3 for numerical calculations in our analysis.

The gauge invariant Lagrangian of the model can be written as

L = LSM − 1
4

B′
αβ B′αβ

+ Lscalar + Lfermion , (3.2)

where LSM represents the SM Lagrangian involving quarks, gluons, charged leptons, left

handed neutrinos and electroweak gauge bosons. The second term in the L indicates

the kinetic term of B − L gauge boson (ZBL), expressed in terms of field strength tensor

B′αβ = ∂αZβ
BL − ∂βZα

BL. The gauge invariant scalar Lagrangian of the model (involving

2It is important to note that the lightest RHN N1 can also act as a DM candidate by imposing a Z2
symmetry under which it is Z2 odd, whereas the SM particles are Z2 even. However, if we also want to
incorporate cosmic inflation, it is not possible to realise thermal WIMP DM in such a setup, mainly because
of constraints from inflation on the B − L gauge coupling, as shown in details in Ref. [173]. While N1 could
still be a warm DM candidate, if we demand one of the other RHNs to act as a LLP, then we cannot explain
neutrino mass in this minimal setup.
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SM Higgs HS and singlet scalar Φ) is given by,

Lscalar = (DµHS)
†(DµHS) + (DµΦ)†(DµΦ)− V(HS, Φ) , (3.3)

where,

V(HS, Φ) = −µ2
1|HS|2 − µ2

2|Φ|2 + λ1|HS|4

+λ2|Φ|4 + λ3|HS|2|Φ|2. (3.4)

The covariant derivatives of scalar fields are written as,

DµHS =
(

∂µ + i
g1

2
σaWa

µ + i
g2

2
Bµ

)
HS, (3.5)

DµΦ =
(
∂µ + i2gBLZBLµ

)
Φ, (3.6)

with g1 and g2 being the gauge couplings of SU(2)L and U(1)Y respectively and Wa
µ (a =

1, 2, 3), Bµ are the corresponding gauge fields. On the other hand ZBL, gBL are the gauge

boson and gauge coupling respectively for U(1)B−L gauge group. The gauge invariant

Lagrangian involving RHNs and DM χ can be written as

Lfermion = i
3

∑
κ=1

NRκ D(QR
κ )NRκ −

3

∑
j=1

α=e,µ,τ

Yαj
D lα

LH̃SN j
R

−
3

∑
i,j=1

YNij Φ NC
Ri

NRj + χγµ(∂µ + igBLqχZBLµ)χ

− mχχχ. + h.c. (3.7)

The covariant derivative for NRκ is defined as

D(QR
κ ) NRκ = γµ

(
∂µ + igBL Q(R)

κ ZBLµ

)
NRκ , (3.8)

with QR
κ = −1 is the B − L charge of right handed neutrino NRκ . Hereafter, we denote the

RHNs by Ni, i = 1, 2, 3 only without explicitly specifying their chirality.
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After spontaneous breaking of both B − L symmetry and electroweak symmetry, the

SM Higgs doublet and singlet scalar fields are expressed as,

HS =

 H+
S

h + v + iA√
2

 , Φ =
ϕ + vBL + iA′

√
2

(3.9)

where v and vBL are vacuum expectation values (VEVs) of HS and Φ respectively. The

right handed neutrinos and ZBL acquire masses after the U(1)B−L breaking as,

MZBL = 2gBLvBL, (3.10)

MNi =
√

2YNi vBL. (3.11)

We have considered diagonal Yukawa matrix YN in the (N1, N2, N3) basis. Using Eqn.(3.10)

and Eqn.(3.11), it is possible to relate MZBL and MNi by,

MNi =
1√

2gBL
YNi MZBL . (3.12)

After the spontaneous breaking of SU(2)L ×U(1)Y ×U(1)B−L gauge symmetry, the mix-

ing between scalar fields h and ϕ appears and can be related to the physical mass eigen-

states H1 and H2 by a rotation matrix as,

H1

H2

 =

cos θ − sin θ

sin θ cos θ


h

ϕ

 , (3.13)

where the scalar mixing angle θ is found to be

tan 2θ = − λ3vvBL

(λ1v2 − λ2v2
BL)

. (3.14)

TH-3172_186121031



3.2. Gauged B-L model 57

The mass eigenvalues of the physical scalars are given by,

M2
H1

= 2λ1v2 cos2 θ + 2λ2v2
BL sin2 θ − 2λ3vvBL sin θ cos θ, (3.15)

M2
H2

= 2λ1v2 sin2 θ + 2λ2v2
BL cos2 θ + 2λ3vvBL sin θ cos θ. (3.16)

Here MH1 is identified as the SM Higgs mass whereas MH2 is the singlet scalar mass.

One of the strong motivations of the minimal U(1)B−L model is the presence of heavy

RHNs which can yield correct light neutrino mass via type I seesaw mechanism. The

analytical expression for the light neutrino mass matrix is

mν = mD M−1
N mT

D, (3.17)

where mD = YDv/
√

2. We consider the right handed neutrino mass matrix MN to be

diagonal. Since in our case one of the RHNs (say N3) is long lived, it interacts with SM

leptons very feebly, the lightest active neutrino would be very tiny.

There are several theoretical and experimental constraints that restrict the model pa-

rameters of the minimal U(1)B−L model. To begin with, the criteria to ensure the scalar

potential bounded from below yields following conditions involving the quartic cou-

plings,

λ1,2,3 ≥ 0, λ3 +
√

λ1λ2 ≥ 0 (3.18)

On the other hand, to avoid perturbative breakdown of the model, all dimensionless

couplings must obey the following limits at any energy scale,

|λ1,2,3| < 4π, |YD, YN| <
√

4π, |g1, g2, gBL| <
√

4π. (3.19)
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The non-observation of the extra neutral gauge boson in the LEP experiment [174, 175]

imposes the following constraint on the ratio of MZBL and gBL :

MZBL

gBL
≥ 7 TeV. (3.20)

The recent bounds from the ATLAS experiment [176, 177] and the CMS experiment [178]

at the LHC rule out additional gauge boson masses below 4-5 TeV from analysis of 13

TeV centre of mass energy data. However, such limits are derived by considering the

corresponding gauge coupling gBL to be similar to the ones in electroweak theory and

hence the bounds become less stringent for smaller gauge couplings.

Additionally, the parameters associated with the singlet scalar of the model are also

constrained [179, 180] due to the non-zero scalar-SM Higgs mixing. The bounds on scalar

singlet-SM Higgs mixing angle arise from several factors namely W boson mass correc-

tion [181] at NLO, requirement of perturbativity and unitarity of the theory, the LHC and

LEP direct search [182, 183] and Higgs signal strength measurement [183]. If the singlet

scalar turns lighter than SM Higgs mass, SM Higgs can decay into a pair of singlet scalars.

Latest measurements by the ATLAS collaboration restrict such SM Higgs decay branching

ratio into invisible particles to be below 13% [184] at 95% CL.

In our case, we work with very small singlet scalar-SM Higgs mixing and considered

all the scalar quartic couplings to be positive. These help in evading the bounds on scalar

singlet mixing angle and the boundedness of the scalar potential from below. We choose

the magnitude of the relevant couplings below their respective pertubativity limits.

3.3 Thermal keV DM and leptogenesis

As mentioned before, keV scale dark matter χ gets thermally overproduced requiring

late entropy injection from heavier RHNs (we consider late decay of N3). In order to fully

track the evolution of the system we solve the Boltzmann equations for N3 and the SM

temperature, given by Eqns. (2.1), (2.2) (with ϕ → N3) along with the Boltzmann equation
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for DM given by

dEχ

da
=

⟨σv⟩χ

Ha4

(
(Eeq

χ )2 − E2
χ

)
. (3.21)

N3 is considered to freeze out while being non-relativistic in a way similar to WIMP type

DM belonging to CDM category. This can be ensured if N3 is heavy enough MN3 ∼
O(MZBL). The interaction cross-sections for the light dark matter χ (denoted by ⟨σv⟩χ) is

dominated by the ZBL mediated annihilations into SM fermions [185]. On the other hand,

the heaviest RHN N3 can annihilate to SM particles as well as {ZBLZBL, ZBLH2, ZBLH2,

H2H2, N1,2N1,2, χχ} final states. We incorporate all the relevant processes in thermally

averaged annihilation cross sections for both χ and N3. Here we do not include other

RHNs N1,2 considering them to decay promptly into SM leptons having negligible impact

on DM phenomenology. In the left panel of Fig. 3.1, we show the evolution of the DM

interaction rate (Γ) and the expansion rate of a radiation dominated Universe (Hubble

parameter) for different gBL values keeping MZBL fixed at 10 TeV. The right panel shows

the same for varying MZBL values, with gBL being fixed at 0.05. It is clear from these plots

that for lower gBL and higher MZBL values, χ decoupling occurs earlier with dark matter

being relativistic, due to smaller interaction rate. Note that, lowering gBL also makes DM

enter into equilibrium at late epochs and decreasing it beyond a particular value may not

lead to its thermalisation at all.

We solve the system of Boltzmann equations (Eqns. (2.1), (2.2), (3.21)) in the post-

reheating era, assuming the initial value of the scale factor and temperature satisfying

Tiai = 1. The relevant independent parameters which are crucial for DM phenomenology

are given by,

{
gBL, MZBL , MN3 , ΓN3

}
. (3.22)

The mass scale MN3 and MZBL are connected through the stability condition ∆ ∼ 0 at

inflationary energy scale (see Appendix B). The scalar sector couplings are considered to

be small and have little impact on the DM phenomenology except the λ2 which fixes MH2 .
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FIGURE 3.1: DM interaction rate and Hubble parameter in a radiation domi-
nated Universe as function of temperature for different gBL values (left panel)

and different MZBL values (right panel).

The decay of N3 can occur dominantly at tree level to SM Higgs and leptons in the final

states. The decay width of the N3 is proportional to |Yα3
D |2MN3 where we have always

considered MN3 > MH1 ≃ 125 GeV.
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FIGURE 3.2: Left panel: Enhancement of radiation energy density is shown
due to N3 decay at late time. Right panel: The evolution of comoving DM
density (dashed line) as function of scale factor where the effect of late time
entropy dilution can be clearly observed. The blue solid line corresponds to
the required comoving DM number density at present epoch from observa-

tions.

We first stick to a benchmark scenario (as given in Table 3.1) to explain the dynam-

ics of the DM phenomenology. The solution of the coupled Boltzmann equations for the

benchmark point in Table 3.1 are shown in Figs. 3.2, 3.3. The left panel of Fig. 3.2 shows
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FIGURE 3.3: Left panel: The interaction rate of DM χ in comparison to Hubble
expansion rate of the Universe with an intermediate N3 dominated phase. It
is seen that the DM decouples before N3 dominates (see Fig. 3.2) the energy
density of the Universe for the benchmark point as listed in Table 3.1. Right
panel: The temperature evolution of the Universe with an intermediate N3

dominated phase.

Parameters Values
gBL 0.01

MZBL 100 TeV
MDM 5 keV
ΓN3 10−22 GeV

TABLE 3.1: Benchmark point used for Figs. 3.2, 3.3

the enhancement of radiation energy density (ER = ρRa4) from out-of-equilibrium decay

of N3 at late epoch. In the right panel of Fig. 3.2, the evolution of comoving DM density

(dashed line) is shown as a function of the scale factor which goes through late time dilu-

tion due to sizeable entropy production from N3 decay. For the chosen benchmark point,

the final relic abundance exactly matches the measured one by Planck 2018, shown by the

solid blue line. In the left panel of Fig. 3.3, we draw a comparison between the interaction

rate of χ and the Hubble parameter by considering an intermediate N3 dominated era.

We find that DM reaches thermal equilibrium at early epochs, prior to N3 domination,

and decouples before the N3 domination in the Hubble parameter sets in. The right panel

of Fig. 3.3 shows the temperature evolution with the scale factor. The temperature varies

as ∼ 1
a before the start of N3 domination as well as after the completion of N3 decay with a

small kink when N3 decays indicating the entropy injection. In between for a brief period,
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different pattern of the temperature evolution is observed which is due to N3 domination

and the entropy injection into the radiation bath.
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FIGURE 3.4: Parameter space in gBL − MZBL plane after imposing all relevant
constraints. Only the white region is allowed leading to observed DM relic
Ωχh2 ≲ 0.12. Decay width of N3 is fixed at ΓN3 = 10−17 GeV (left panel),

ΓN3 = 10−22 GeV (right panel).

We then perform a numerical scan by fixing ΓN3 at two different benchmark values

to constrain the gBL − MZBL plane from the condition of satisfying the five requirements

namely, (i) N3 thermalisation at early epochs, (ii) χ thermalisation at early epochs, (iii)

bound on gBL from inflationary dynamics (see Appendix B), (iv) LHC bounds and (v)

correct final relic of DM. The resulting parameter space after applying all relevant bounds

is shown in Fig. 3.4. The left panel is for ΓN3 = 10−17 GeV while in the right panel we have

ΓN3 = 10−22 GeV. The mass of N3 is varied in the range of 103 − 106 GeV as shown in the

figure. The light blue and light green regions in the upper left corners are ruled out due

to non-thermalisation of χ and N3 respectively. The region corresponding to larger values

of gBL are disfavoured by inflationary criteria mentioned earlier. The pink shaded region

corresponds to DM overabundance or equivalently, insufficient entropy dilution from N3

decay. The disfavored region from the LHC in the same plane is also highlighted by the

brown shaded region. The relatively weaker bound from the LHC results from the search

for high mass dilepton resonances. Note that the expression for ΓN3 contains MN3 which

varies for each point (satisfying the condition ∆ = 0) in the gBL − MZBL plane, however
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a constant ΓN3 can always be obtained by tuning the neutrino Yukawa coupling Yα3
D . We

identify the allowed region (white) where the first four constraints mentioned above are

satisfied and also DM relic corresponds Ωh2 ≲ 0.12. Along the boundary line between

pink and white coloured regions corresponding to correct DM relic Ωχh2 ∼ 0.12, larger

gBL requires heavier ZBL. This attributes to the fact that, for a fixed MZBL a larger value

of gBL makes the N3 to decouple later from the radiation bath. This leads to suppressed

freeze-out abundance of N3 and eventually reduced amount of entropy production from

its decay. To obviate that, one needs to raise MZBL accordingly in order to decrease the

interaction cross section for N3 and successively obtaining the correct relic abundance.

In the same context, a larger ΓN3 (early decay of N3) for constant gBL and MZBL means

lower impact on dilution of DM abundance. Hence we see less amount of allowed region

(white) in the left panel of Fig. 3.4 compared to the right panel with lower ΓN3 .

To show the dependence on N3 decay width further, in Fig. 3.5, we obtain the relic sat-

isfied region (Ωh2 ≲ 0.12) in MDM −ΓN3 plane considering two different sets of (gBL, MZBL).

The allowed space shrinks significantly for larger gBL since the freeze-out of N3 is delayed

compared to the scenario with smaller gBL value leading to less entropy dilution. Also, for

larger DM mass, the required order of ΓN3 is smaller to bring the DM abundance within

the desired limit. This is due to the fact that larger DM mass yields enhanced relic and

hence needs larger amount of entropy injection to the SM bath at late epochs for sufficient

dilution of overproduced thermal DM relic. It is pertinent to comment here that the de-

cay width of N3 cannot be arbitrary small. Decay of N3 around or after the epoch of big

bang nucleosynthesis (BBN) may raise the neutrino temperature [186] which is strictly

restricted by the number of relativistic degrees of freedom during BBN as measured by

Planck [14]. In view of this, it is safe to keep lifetime (τN3) of N3 typically below few

seconds. We have highlighted the corresponding bound on ΓN3 (red) in Fig. 3.5.

Neutrino mass and leptogenesis: It is clear from the above discussion that one re-

quires very small decay width of the N3 for adequate entropy production which dilutes
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FIGURE 3.5: Parameter space in MDM − ΓN3 plane for two sets of (gBL, MZBL)
values. A lower bound on ΓN3 is also shown such that N3 decays completely

before the BBN.

the thermally overproduced DM relic. This, in turn, will require tiny Dirac Yukawa cou-

pling of N3 (Yα3
D ) with SM leptons. We anticipate that such smallness of Yα3

D can be asso-

ciated with unique prediction of lightest active neutrino mass. The other entries of Dirac

Yukawa matrix can satisfy the neutrino oscillation data since dynamics or interaction pat-

tern of N1 and N2 are not relevant for DM phenomenology within our setup.

We can write the Dirac Yukawa couplings in terms of neutrino parameters using the

Casas Ibarra parameterization (cf. Eqn. (1.41)). We make the following choice of R [187]

R =


0 cos γ sin γ

0 − sin γ cos γ

1 0 0

 , (3.23)

in order to be consistent with feebly coupled N3. In the DM phenomenology, we have

worked in the limit: Yα1
D , Yα2

D ≪ Yα3
D . Note that ΓN3 ≃ 1

16π ∑α

∣∣Yα3
D

∣∣2 3. We express the

diagonal SM neutrino mass matrix md
ν as {mνl ,

√
m2

νl
+ ∆m2

21,
√

m2
νl
+ ∆m2

31} considering

normal hierarchy and the lightest active neutrino mass mνl as a free parameter. We have

also used the best fit values for ∆m2
21 and ∆m2

21 and neutrino mixing angles [33] with

3N3 has two decay modes at tree level: (i) N3 → hνα with ΓN3→hνα
∝ |Yα3

D |2MN3 and (ii) N3 → ZBLνα

with ΓN3→ZBLνα ∝ |Yα3
D |2v2

MN3
g2

BL. When MN3 > v = 246 GeV and gBL ≪ 1 the later decay process of N3 is

always subdominant.
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mDM gBL MZBL (GeV) MN3 (GeV) ΓN3 (GeV) mνl (eV)
BP I 5 keV 0.0025 7.7 × 104 1.7 × 105 4 × 10−19 O(10−14)
BP II 0.005 8.2 × 104 1.8 × 105 4.7 × 10−21 O(10−16)

TABLE 3.2: Two representative benchmark points of our proposed set up that
simultaneously provide correct DM relic and also uniquely predict the order

of lightest active neutrino mass.

Dirac CP violating parameter δCP = 5π
2 . Note that the eigenvalues of the neutrino mass

matrix is independent of elements of R matrix.

In Fig. 3.6, we show different contours (dashed) for mνl = {10−14, 10−15, 10−16, 10−17}
eV in the ΓN3 − MZBL(MN3) plane. We also show the relic density satisfied lines (solid) in

the same plane for three different values of gBL considering MDM = 5 keV. The require-

ment of DM thermalisation in the early Universe which rules out grey shaded region in

Fig. 3.6, restricts the lightest neutrino mass to be mνl ≲ O(10−14) eV. We infer from this

figure that the B − L gauge coupling is correlated with the lightest active neutrino mass

for a fixed set of ΓN3 and MDM. Any intersecting point between constant gBL and con-

stant mνl contours in Fig. 3.6 provides us suitable choices of the model parameters that

simultaneously can yield correct DM relic with required entropy dilution and satisfy the

neutrino oscillation data with definite prediction of lightest active neutrino mass. As an

example, in Table 3.2 we tabulate two benchmark points that illustrate such interesting

correlations.

Next, we check whether the proposed framework can accommodate successful baryo-

genesis via leptogenesis [53] in the presence of same amount of late time entropy produc-

tion that dilutes the thermally overproduced DM relic. For this purpose we utilise the first

benchmark point, tabulated in Table 3.2. The free parameters that remain unconstrained

from the dynamics of inflation, phenomenology of dark matter and prediction of lightest

neutrino mass are the mass scales MN1 , MN2 and the rotation angle γ. The dependence of

neutrino parameters data on MN1 , MN2 can be absorbed in the respective Dirac Yukawa

couplings. Note that, N3 being feebly coupled to SM leptons, contributes negligibly to the

production of lepton asymmetry, as compared to N1 and N2. The Boltzmann equations

that govern the dynamics for N1, N2 decay and the yield of B − L asymmetry are given
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by [188],

aH
dn1

da
+ 3Hn1 = −γD1

(
n1

neq
1

− 1

)
−


(

n1

neq
1

)2

− 1

 γZ1
BL

, (3.24)

aH
dn2

da
+ 3Hn2 = −γD2

(
n2

neq
2

− 1

)
−


(

n2

neq
2

)2

− 1

 γZ2
BL

, (3.25)

aH
dnB−L

da
+ 3HnB−L = −

2

∑
j=1

{
1
2

nB−L

neq
L

+ ε j

(
nNj

neq
Nj

− 1

)}
γDj , (3.26)

where ni(nB−L) are the number densities for Ni (B − L asymmetry) and εi represents

the lepton asymmetry parameter. The standard convention to express the comoving

abundance of B − L asymmetry is given by nB−L
s , with the entropy density defined as

s = 2π2

45 g∗sT(a)3. The γDi includes the effects of decays and inverse decays while γZi
BL

takes into account the contribution from the ZBL mediated scatterings f f ↔ NiNi (see

[188] for the analytical expressions). We do not include the other 2 → 2 processes since

their effects turn out to be sub-dominant in the present analysis [188, 189]. The temper-

ature and the entropy density of the Universe as function of scale factor are evaluated

using Eqn. (2.2). Recall that earlier we have considered YN1,2 ≪ YN3 . The value of MN3

is O(105) GeV in the first benchmark of Table 3.2. For illustrative purpose, we consider a

low scale leptogenesis and fix MN1 at 2 TeV and write MN2 = MN1 + ∆. In that case the

amount of lepton asymmetry essentially depends on ∆ and γ only, once the other param-

eters are fixed according to BP I in Table 3.2 with MN1 = 2 TeV. As discussed in chapter 2,

production of sufficient lepton asymmetry from such TeV scale RH neutrinos (violating

the Davidson Ibara bound [73]) is possible only in the resonant scenario.

Next, we look for a particular set of {∆, γ} such that we obtain required order of

baryon asymmetry (consistent with the observation), surviving the combined effect of

washouts and late time entropy dilution. We have made the choice ∆ = 9 × 10−14 GeV

and γ = 0.7 + 0.5i for the BP I in Table 3.2. Below we note down the numerical estimate
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FIGURE 3.6: Contours of lightest neutrino mass in ΓN3 − MZBL(MN3) plane.
The DM relic satisfied contours are also shown for different gBL values con-

sidering MDM = 5 keV.

the neutrino Yuwkawa matrix as obtained by implementing the Casas Ibarra parametri-

sation following Eqn. (1.41). The Yukawa structure for N1 and N2 turns out to be (consid-

ering the mass of the lightest active neutrino vanishing),

Y3×2
D =


1.67 × 10−7 + 5.52 × 10−7 i 9 × 10−7 + 1.48 × 10−9 i

−3.42 × 10−7 − 4.32 × 10−7 i −1.13 × 10−6 + 2.12 × 10−7 i

1.42 × 10−6 + 3.78 × 10−7 i 8.19 × 10−7 − 6.54 × 10−7 i

 . (3.27)

This particular Yukawa structure yields following outputs

ΓN1 = 2.2 × 10−10, ΓN2 = 2.6 × 10−10 (3.28)

ε1 = 0.00048, ε2 = 0.00056. (3.29)

We also find ∆ = 0.0004 × ΓN1 = 0.00034 × ΓN2 . It is pertinent to affirm that the neutrino

oscillation data is automatically satisfied since we have used the best fit values for ∆m2
21,

∆m2
31 and neutrino mixing angles in the Casas Ibara parametrisation as earlier mentioned

considering vanishing lightest active neutrino mass. We have solved Eqns. (3.24)-(3.26)

assuming N1 and N2 to follow the equilibrium distribution initially with the temperature

same as the one of SM thermal bath. The generated lepton asymmetry gets converted
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to baryon asymmetry of the Universe via standard sphaleron process till T ∼ 100 GeV

which is quantified by Eqn. (1.39). In left of Fig. 3.8, we show the evolution of |nB−L|
s

as function of scale factor considering the set {∆ = 9 × 10−14 GeV, γ = 0.7 + 0.5i} till

a ∼ 0.01 which approximately implies T ∼ 100 GeV. At this temperature, the conversion

of lepton asymmetry to baryon asymmetry ends since the SU(2)L sphaleron processes get

switched off. In right of left of Fig. 3.8, we have shown the evolution pattern for baryon

asymmetry from T ∼ 100 GeV till the present epoch.

MN1	=	2	TeV,		Δ	=	9	×	10-14	GeV,	γ	=	0.7	+	0.5	i	

s	a
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)

1

10

100

104

105

a
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FIGURE 3.7: Evolution of entropy density as function of scale factor is shown
for the BP I as tabulated in Table 3.2.

We see that initially |nB−L|
s gets produced from the out of equilibrium decay of N1 and

N2. Once the production ends, |nB−L|
s decreases to some extent due to the wash-out effects

like inverse decay and then freezes to a particular amount, resulting in the plateau region

till a ∼ 0.01. At this point with T ∼ 100 GeV, we use Eqn.(1.39) to obtain the nB
s and then

find out its evolution as function of scale factor till present epoch. From Fig. 3.7, we see a

late time enhancement of the entropy density (s) due to long lived N3 decay. This results

into dilution of the nB
s from its value at a ∼ 0.01 and we finally obtain the remnant amount

of nB
s ∼ (9 × 10−11) which overlaps with the observed baryon asymmetry of the Universe

[14]. Thus the present framework indeed offers the possibility to realise successful baryo-

genesis via leptogenesis satisfying inflationary bounds on model parameters and WDM

relic abundance with significant late time entropy dilution.
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FIGURE 3.8: [Left] Evolution of B − L asymmetry as function of scale factor
for the benchmark point I as tabulated in Table 3.2 till T ∼ 100 GeV. [Right]
The evolution of baryon asymmetry from T ∼ 100 GeV till the present epoch
is shown. The choice of ∆ and γ have been made such that we attain observed
value of baryon asymmetry ∼ 9 × 10−11[14] (as indicated by the horizontal

red line) of the Universe considering a TeV scale N1.

As mentioned earlier, keV scale warm dark matter can alleviate some of the small scale

structure issues of cold dark matter paradigm. Due to larger free-streaming length, such

WDM scenarios can give rise to different structure formation rates which can be probed

by several galaxy survey experiments. For example, the authors of [190] constrained

thermal WDM mass around keV scale by comparing the predictions of DM sub-structures

in Milky Way with the estimates of total satellite galaxy population. Similar bounds on

thermal WDM mass were also derived in [191] by using constraints from stellar streams.

It should be noted that the free streaming length of WDM can get slightly modified due

to the late time entropy dilution in our setup but expected to keep the lower bound on

WDM mass in the order of O(1) keV.

3.4 Miracle-less WIMP DM and leptogenesis

For B − L gauge symmetry breaking around the TeV corner and gBL ∼ O(1), DM can

freeze-out non-relativistically, falling into the standard WIMP paradigm, as long as DM

mass remains below a few hundred TeV [166]. We consider high scale symmetry breaking

namely, large vBL(MZBL) to ensure that DM freezes out at an early epoch while it is still
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relativistic. Now, a large MZBL implies weaker annihilation rate of the DM to visible sector

particles and hence generally leads to overabundance provided the DM is thermalised in

early Universe. This overabundance can be brought down by the late decay of one of the

RHNs (which we take to be N1 here) after the DM freeze-out, which injects entropy into

the thermal bath [192]. In order to realize this possibility of sizeable entropy production,

it is necessary for the long-lived N1 to dominate the energy density of the Universe at

late epochs. The key phases in the Universe relevant for our discussion are summarised

in Fig. 3.9 showing the intermediate matter domination phase MD1 due to long-lived N1

[193]. A precise description of such non-standard Universe is possible by considering a

system of coupled Boltzmann equations which govern the evolutions for the temperature

of the Universe (T) and comoving number densities of both DM and the diluter N1, simi-

lar to Eqns. (2.1), (2.2), (3.21). Fig. 3.10 shows the evolution of radiation and N1 densities

for benchmark parameters where we observe an intermediate phase of N1 domination.

The standard radiation-dominated phase RD2 with the Hubble parameter H ∝ T2

MP
is

recovered after N1 decays.

FIGURE 3.9: Schematic of the important phases in the evolution of the Uni-
verse from TR1 to T0.

The DM relic density, for relativistic freeze-out, is given by Eqn. (1.21). If χ leads to

overabundance, the required entropy dilution factor S = Ωχh2/0.12 can be approximated

as [192],

S ≃
2.95 ×

(
2π2g⋆(TN1)

45

)1/3
(rMN1)

4/3

(ΓN1 MP)2/3

3/4

, (3.30)
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FIGURE 3.10: The evolution of radiation (red) and N1 (black) densities for
MDM = 1 GeV, MN1 = 7 × 1010 GeV, vBL = 2.5 × 1012 GeV, gBL = 0.2, ΓN1 =
6.03× 10−16 GeV such that ΩDMh2 ∼ 0.12. Here, the scale factor is normalised
such that ainitial =

(
1 GeV
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)
with Tinitial(≃ vBL) is considered to be the initial

temperature of the initial radiation dominated Universe.

where g⋆(TN1) is the number of relativistic dof during N1 decay at T = TN1 . The param-

eter r is the freeze-out number density of N1. Assuming instantaneous decay of N1 and

considering relativistic freeze-out for N1 we find,

TN1 ≃ 3.104 × 10−10
(

MN1

mχ

)
GeV. (3.31)

The temperature TN1 is inversely proportional to DM mass and approximately marks the

end of early matter domination in the assumption of instantaneous N1 decay. In principle,

TN1 should be nearly equal to TR2 . The obtained TN1 can be easily translated to ΓN1 using

H(TN1) = ΓN1 which is the required decay width to bring down the relic within observed

limit. For the benchmark point in Fig. 3.10, we found TN1 = 21.72 GeV from Eqn. (3.31).

In the numerical analysis for the same benchmark point we earlier obtained TR2 = 14

GeV. The small discrepancy between numerical and analytical estimate emerges due to

the approximation of instantaneous decay of N1 in the analytical computation.

Gravitational Wave Spectral Shape with Miracle-less WIMP: As discussed in chap-

ter 2, cosmic strings are one of the potential sources of primordial GW, which have gained
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a great deal of attention after the recent finding of a stochastic common spectrum pro-

cess across many pulsars[194–198]. The resulting GW background is detectable when

the symmetry breaking scale ΛCS ≳ 109 GeV, a fact that makes CS an outstanding probe

of super-high scale physics[199–206]. This includes the present scenario of Miracle-less

WIMP featuring a high-scale (ΛCS ≡ vBL) breaking of a gauged U(1)B−L. Present day

GW energy density corresponding to the mode k is computed with the integral given by

Eqn. (2.26), with the flat plateau because of standard radiation domination given by Eqn.

(2.27). Interestingly, if there is a matter domination which in our case is provided by the
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FIGURE 3.11: Fundamental mode (k = 1) GW spectra for the benchmark
point in Fig. 3.10 with different combinations of MDM, ΓN1 to satisfy correct
relic. The dotted lines indicate the spectral behaviour beyond the turning

point frequency when all the modes are summed.

long-lived N1, the plateau breaks[130, 145, 146] at a turning point frequency given by Eqn.

(2.30), with the temperature T given by T∆ ≡ TN1 ≃ TR2 and at standard matter radiation

equality at a temperature TM2 respectively. Beyond f∆, the spectrum goes as ΩGW ∼ f−1

for k = 1 mode (when infinite modes are summed, ΩGW ∼ f−1/3[101, 130, 207, 208]).

This spectral behavior therefore, serves as a probe of early matter domination which in

our case is a natural requirement to obtain correct relic density of Miracle-less WIMPs.

Similar turning points ( fc) can be obtained from the lower bound on ti > tc that cor-

responds to αti > lc [130], where lc is a critical length below which particle production

becomes dominant. Therefore, to claim the spectral break to be a consequence of the end

of a matter era, we should have f∆ < fc. For cusps like structures, lc =
µ−1/2

(ΓGµ)2 [209] which
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FIGURE 3.12: Left: Contour representing DM relic Ωχh2 = 0.12 in the
f∆ − MDM plane for fixed vBL, gBL and MN1 values (as in Fig. 3.10) along with
the future sensitivities of different GW detectors. Right: Contours in the
TN1 − Gµ plane for three different DM masses satisfying correct relic, along
with future GW detector sensitivities for a chosen benchmark point gBL = 0.2
and YN1 = 0.03gBL. The symbol ‘⋆’ indicates a benchmark point satisfying
leptogenesis requirements. In the pink region of both the figures, the particle

production dominates over the GW emission and hence discarded.

translates to a lower bound on Gµ as

Gµ ≳ 2.4 × 10−16T4/5
∆ . (3.32)

Let us also mention that the temperature Tc corresponding to lc ≡ αtc always lies between

TM1 and TR2 . This means the loops which effectively contribute to the GWs, are formed

in the N1 dominated epoch, making the very first radiation domination (RD1) irrelevant

to the computation.

We compute the ΩGW for the three DM masses, differing by order of magnitudes,

as shown in Fig. 3.11. We tune ΓN1 appropriately for each of the DM masses such that

Ωχh2 = 0.12. The relevant model parameters other than MDM and ΓN1 are considered

to be the same as in Fig. 3.10 which precisely determine the Gµ=1.32 × 10−13. Since MN1

and gBL are fixed, the MD1 phase starts at the same temperature for all the three DM

masses in Fig. 3.11. Within such non-standard framework, the GW spectra is expected to

show spectral break ( f∆) at higher frequency depending on the value of TN1 . In general,
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a lower TN1 implies a longer period of MD1 phase and further leads to a smaller spec-

tral break frequency f∆. Previously in Eqn. (3.31) we have derived an unique relationship

between TN1 and DM mass where TN1 ∝ 1
MDM

. This leads to a one-to-one correlation be-

tween f∆ and DM mass MDM with a larger DM mass resulting in smaller f∆ as observed

in Fig. 3.11. This feature is also prominent in left panel of Fig. 3.12, where we have de-

termined the f∆ for different order of DM mass ranging from 1 MeV to 1 PeV. We also

mark different parts of the MDM − f∆ line following various planned experimental sensi-

tivities. The region which escapes the detection sensitivities is highlighted in light grey,

corresponding to lighter DM. The success of the big bang nucleosynthesis (BBN) restricts

the DM mass to remain below 8 TeV while for MDM ≲ 10 MeV, particle production from

cusps dominates and hence disfavored. We find that a substantial range of the DM mass

(100 MeV-8 TeV), allowed by relevant constraints, is within the reach of GW detectors

like LISA [141], BBO [143], ET [144], CE [139] keeping the Miracle-less WIMP verifiable or

falsifiable in near future.

In the right panel of Fig. 3.12, we obtain the predictions for three different DM masses

in the TN1-Gµ plane such that the relic bound is satisfied. We have used Eqn. (3.31) with

the assumption TR2 ≃ TN1 and expressed MN1 as function of Gµ by fixing gBL = 0.2

and YN1 = 0.03gBL. The future sensitivities of different experiments namely LISA [141],

BBO [143], ET [144] and CE [139] are also assembled in the same plane. For any particular

point with specific (TN1 , Gµ) coordinates along a fixed mDM line, one can compute the

turning frequency f∆. This figure illustrates whether any of the above-mentioned future

GW experiments has the ability to probe that particular f∆. For DM mass of 300 GeV, the

corresponding f∆ falls within the LISA sensitivity [141]. On the other hand, the proposed

sensitivity of CE [139] experiment can probe DM mass as light as 6 MeV in the present

framework. We also point out the region in TN1 − Gµ plane where thermalisation of N1

can not be achieved in early Universe (yellow shaded region on top). The yellow shaded

bottom region favors non-relativistic freeze-out for N1 and hence our analytical derivation

of TN1 in Eqn. (3.31) does not remain valid.

Leptogenesis with Miracle-less WIMP: Here again, the presence of the RHNs N2, N3

TH-3172_186121031



3.4. Miracle-less WIMP DM and leptogenesis 75

can help in generating the baryon asymmetry of the Universe via leptogenesis. Due to

significant entropy dilution at late epoch, the resonant leptogenesis mechanism appears

to be the suitable one to achieve the observed ηB. The present day baryon to photon ratio

can be conventionally parameterized as a function of lepton asymmetry parameter (ε) and

efficiency factor (κ f ) through the analytical expression given by Eqn. (1.40). Following the

Casas-Ibarra (CI) parametrization (cf. Eqn. (1.41)), we consider the rotation matrix R as

R =


cos δ′ 0 sin δ′

− sin δ sin δ′ cos δ sin δ cos δ′

− cos δ sin δ′ − sin δ cos δ cos δ′

 (3.33)

Since N1 is long-lived with very small decay width in our set-up making it effectively

decoupled from seesaw mechanism, we can approximately set δ′ ∼ 0. In this limit, effec-

tively the Dirac Yukawa coupling YD represents a 2 × 3 matrix in flavour basis. The lepton

asymmetry can be generated from the decays N2 and N3. In order to obtain resonant en-

hancement to the lepton asymmetry parameter, N2 and N3 need to be nearly degenerate

with their mass splitting expressed as
MN3−MN2

MN2
= ∆. As a benchmark point, we make the

following choices of the relevant parameters,

MN2 = 1011 GeV, ∆ = 2.6 × 10−6, δ = 0.71 + 0.42i.

The mass scale of N2 is chosen to be high such that it decays completely during the very

first radiation dominated epoch. Considering the lightest neutrino mass to be vanishing,

we have used the best fit values of experimentally observed neutrino oscillation parame-

ters. Correspondingly we obtain ε2,3 = 0.33 and κ2
f ∼ 7.8 × 10−3, κ3

f ∼ 6.7 × 10−3 using

the standard expressions as noted in Ref. [62]. These choices lead to ηB ≃ 4.58 × 10−5 in

the standard scenario which is clearly overproduced. Therefore, to match with the present

day observed value for ηB, the required amount of entropy dilution factor is 7.5 × 104

which corresponds to the DM mass ∼ 8.5 MeV. For TN1 ∼ 1 TeV, the 8.5 MeV DM mass

implies Gµ ≃ 2 × 10−13 with YN1 = 0.03gBL and gBL = 0.2 (from Eqn.(3.31)) as marked
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by red colored ‘⋆′ symbol in right panel plot of Fig. 3.12. This particular point in the

TN1 − Gµ plane which represents the simultaneous satisfaction of DM relic abundance

and baryon asymmetry of the Universe is verifiable by CE experiment. A more rigorous

analysis including lepton flavour effects [65–68] is left for future studies.

3.5 Conclusion

To conclude, in the first scenario we have proposed a simple extension of the minimal

gauged B − L model in order to realise the possibility of realising cosmic inflation, keV

scale warm dark matter and light neutrino mass and mixing simultaneously. A thermal

DM candidate of keV scale (an SM gauge singlet vector-like fermion) leads to overpro-

duction as it freezes out while being relativistic like active neutrinos. We invoke the late

entropy dilution mechanism from a long-lived heavier RHN (N3, to be specific) in order to

bring the overproduced keV scale DM abundance within Planck 2018 limits. The require-

ment of sufficient entropy dilution demands N3 to freeze-out in the early Universe leading

to an intermediate matter-dominated epoch. The thermalisation temperature of DM and

the decaying particle in the early Universe as well as the efficiency of the entropy dilution

purely depend on their interactions regulated by the B − L model parameters. Due to the

minimal nature of the model and the involvement of cosmic inflation, we indeed find a

small parameter space in agreement with all these requirements. In particular, we have

observed that to achieve correct relic abundance of dark matter, it is preferable to have

heavier ZBL (≳ O(1) TeV ) with a larger lifetime of N3. Additionally, we also predict the

lightest active neutrino mass to be mνl ≲ 10−14 eV considering a keV order WDM mass

while satisfying the neutrino oscillation data. This prediction is also dependent on the

B − L model parameters with higher gBL leading to lowering of mνl further for a constant

lifetime of N3. Such tiny values of the lightest active neutrino mass, as predicted by the

model, will keep the effective neutrino mass much out of reach from ongoing tritium beta

decay experiments like KATRIN [210]. Additionally, near future observation of neutrino-

less double beta decay (NDBD) [211] can also falsify our scenario, particularly for normal
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ordering of light neutrinos. This is due to the fact that future NDBD experiments can

probe normal ordering only for lightest active neutrino mass, mlightest > 10−2 eV which

lies much above the tiny value predicted in our scenario. Thermal leptogenesis is possible

from the out-of-equilibrium decay of other two RHNs namely, N1 and N2 in the presence

of long lived N3. We have found that a sufficient amount of lepton asymmetry can be ob-

tained in the resonant regime which can survive the late-time injection of large entropy,

and can get converted into the observed baryon asymmetry via electroweak sphalerons.

In addition to the predictive nature as far as model parameters are concerned, warm dark

matter of keV scale also has interesting astrophysical implications in terms of small scale

structure formation. By allowing a tiny mixing of such WDM with active neutrinos will

also give rise to the the possibility of monochromatic photon from its radiative decay

leading to tantalizing indirect detection prospects.

In the second scenario, we have proposed a novel way of probing DM having a wide

range of masses by observations of spectral breaks in GW spectrum generated by cos-

mic strings, with complementary predictions which distinguish it from a general non-

standard cosmological scenario with similar impacts on GW spectrum. Presence of a

high scale Abelian gauge symmetry breaking results in generation of cosmic strings with

observable GW spectrum while also causing insufficient DM annihilations mediated by

superheavy gauge boson. Thermally generated DM with such insufficient annihilation

rates, dubbed as Miracle-less WIMP, leads to overproduced relic abundance, requiring

late entropy dilution. Adopting the minimal gauged B-L framework with several other

motivations, we ensure such entropy dilution due to late decay of one of the RHNs. De-

pending upon DM mass, one requires different decay time of such diluter, leading to

unique turning frequencies in the usually flat GW spectrum generated by cosmic strings.

For a wide range of DM mass, such turning frequencies remain within reach of next gen-

eration GW experiments like LISA, BBO, CE, ET. The heavier two RHNs generate light

neutrino masses as well as the baryon asymmetry of the Universe via leptogenesis. We

have observed that simultaneous realisation of successful leptogenesis and DM relic is

possible in the present framework with the turning frequency falling within reach of the
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above GW experiments. Because of the presence of the long-lived diluter, this scenario

also predicts vanishingly small lightest active neutrino mass mlightest ≤ 10−20 eV, which

provides a complementary probe in neutrino experiments like KATRIN [210] and neutri-

noless double beta decay (NDBD) [211] as discussed above.
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Chapter 4

DM and Leptogenesis with PBH

domination

4.1 Introduction

This chapter explores the phenomenology of dark matter and leptogenesis in the pres-

ence of early matter domination arising because of primordial black holes. As mentioned

in chapter 2, we consider ultralight PBH which evaporate through Hawking radiation

before the epoch of BBN. PBH differ from other forms of early matter domination, since

they do not rely on other new interactions either for their formation or their evanescence

after the emission of particles. PBH can produce heavy particles which can then decay

in a CP-violating way to give rise to lepto/baryogenesis [94, 96]. The final baryon asym-

metry produced is thus dependent on the PBH parameters, especially the initial mass of

PBH. Apart from this pure non-thermal contribution, if the mother particle leading to the

CP-violating decay is produced thermally and hence contributing to thermal leptogene-

sis through out-of-equilibrium decays (see section 1.2.3), PBH can also play a significant

role in diluting the thermally generated asymmetry. This depends on the evaporation

temperature of PBH relative to the scale of leptogenesis. On the other hand, PBH can

also affect the production of DM in several ways [102, 103]. They can directly produce

DM through Hawking evaporation. In addition, they can also have an impact on thermal

freeze-out DM production and non-thermal freeze-in production of DM, depending on

when the PBH evaporate relative to the freeze-out/ freeze-in temperature. We consider
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two scenarios to investigate the effect of PBH on the production of the baryon asymmetry

and dark mattter.

In the first scenario, we consider a low scale leptogenesis scenario along with WIMP

and FIMP type DM in the presence of PBH. Unlike in earlier works where high scale

thermal or non-thermal leptogenesis were studied in the presence of PBH [96, 98–100],

here we adopt a radiative seesaw scenario where scale of leptogenesis can be as low as a

few TeV even with hierarchical right handed neutrinos. We consider the scenario where

PBH evaporate before the electroweak phase transition while focusing on three specific

cases where evaporation occurs before, during or after the scale of leptogenesis. We find

the PBH parameter space which can give rise to the observed asymmetry in the model,

assuming PBH domination in the early Universe. Although the dependency of the gener-

ated asymmetry on the relevant parameters of the particle physics model is already well

studied, we demonstrate the asymmetry in the PBH parameter space, and find some in-

teresting deviation from the usual thermal leptogenesis scenario, in the presence of PBH.

We also investigate the possible scenarios of DM genesis in the same setup and reach at

some interesting conclusions.

In the second scenario, we explore the case of Asymmetric Dark Matter, motivated from

the ‘Cosmic Coincidence problem’, which is the intriguing observation of the similarity

in the abundances of dark matter and baryonic matter, ΩDM ≈ 5 ΩBaryon, within the

same order of magnitude. Although several popular BSM frameworks can certainly ex-

plain the origin of DM and BAU independently, the above coincidence is hard to ignore

and one has to provide a dynamical origin behind such a serendipity. There have been

several works in pursuit of finding a common origin for DM and baryon asymmetry, a

brief review of which can be found in [212]. This broadly falls into two categories. In

the first one, the usual mechanism for baryogenesis is extended to the dark sector as-

suming the dark sector to be asymmetric [213–216]. In typical asymmetric dark matter

(ADM) scenario, the same out-of-equilibrium decay of a heavy particle into baryon and

dark sector can give rise to asymmetries in the two sectors of similar order of magnitudes

nB − nB ∼ |nDM − nDM|. The second approach is to produce such asymmetries through
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annihilations [217–219], where one or more particles involved in the process eventually

go out of thermal equilibrium to generate a net asymmetry. The so-called WIMPy baryo-

genesis [220–222] belongs to this category, where a DM particle freezes out to generate its

own relic abundance while simultaneously producing an asymmetry in the baryon sec-

tor. The idea extended to leptogenesis is called WIMPy leptogenesis [223–228]. Motivated

by these, we consider a simple realisation of the asymmetric dark matter scenario where

out-of-equilibrium decay of heavy right handed neutrinos can play the role in generating

both dark and visible sector asymmetries simultaneously [229, 230]. The same RHNs can

also give rise to light neutrino masses via Type-I seesaw mechanism [55, 56, 231, 232].

We consider a non-thermal source of these asymmetries, which is realised through the

presence of PBH, producing RHNs via Hawking radiation.

This chapter is organized as follows. The first scenario is presented in section 4.2,

starting with the details of the particle physics set-up, followed by its standard predic-

tions without PBH in section 4.2.1. In section 4.2.2, we discuss leptogenesis in this set-up

in the presence of PBH followed by discussion of scalar doublet DM in section 4.2.3. In

section 4.2.4, we discuss the possibility of fermion singlet DM with leptogenesis due to

heavier right handed neutrino decay. We summarise our results and conclude in section

4.2.5. The second scenario of Asymmetric DM from PBH is presented in 4.3, starting with

the details of the setup in section 4.3.1, 4.3.2. In section 4.3.3, an analytical estimate of the

asymmetry generated from PBH is given, followed by a full numerical analysis in section

4.3.4. We end with the conclusion in section 4.3.5.

4.2 Low scale leptogenesis and DM in the presence of PBH

As mentioned before, we consider a specific particle physics model which allows the

possibility of TeV scale leptogenesis, DM and non-zero neutrino mass. This is the minimal

scotogenic model [233] where the SM is extended by three gauge singlet right handed

neutrinos Ni (with i = 1, 2, 3), one additional scalar doublet η. An additional Z2 symmetry

is imposed under which these newly added particles are odd while all SM particles are
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even. The leptonic Yukawa Lagrangian relevant for light neutrino mass is

L ⊃ 1
2
(MN)ijNiNj + Yij L̄iη̃Nj + h.c. . (4.1)

Clearly, there is no coupling of neutrinos to the SM Higgs doublet Φ1 due to the unbro-

ken Z2 symmetry. However, light neutrino masses arise at radiative level with Z2 odd

particles taking part in the loop.

The scalar potential of the model can be written as

V(Φ1, η) = µ2
1|Φ1|2 + µ2

2|η|2 +
λ1

2
|Φ1|4 +

λ2

2
|η|4 + λ3|Φ1|2|η|2

+ λ4|Φ†
1η|2 +

[
λ5

2
(Φ†

1η)2 + h.c.
]

. (4.2)

where Φ1 is the SM Higgs doublet. Light neutrino masses which arise at one loop level

can be evaluated as [233, 234]

(mν)ij = ∑
k

YikYjk Mk

32π2

(
m2

H0

m2
H0 − M2

k
ln

m2
H0

M2
k
−

m2
A0

m2
A0 − M2

k
ln

m2
A0

M2
k

)

≡ ∑
k

YikYjk Mk

32π2

[
Lk(m2

H0)− Lk(m2
A0)
]

, (4.3)

where Mk is the mass eigenvalue of the mass eigenstate Nk in the internal line and the

indices i, j = 1, 2, 3 run over the three neutrino generations as well as three copies of Ni.

Also, A0, H0 are the neutral pseudoscalar and scalar respectively contained in η. The

function Lk(m2) is defined as

Lk(m2) =
m2

m2 − M2
k

ln
m2

M2
k

. (4.4)

Using the physical scalar mass expressions [235], one can write m2
H0 − m2

A0 = λ5v2. Thus,

light neutrino mass is directly proportional to the parameter λ5. In upcoming discussions,

we will discuss the effects of λ5 in details.
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4.2.1 Standard TeV scale thermal leptogenesis in the scotogenic model

Similar to the vanilla leptogenesis scenario, here also non-zero CP asymmetry is gener-

ated by out-of-equilibrium decay of the lightest right handed neutrino N1. Successful

leptogenesis is possible at a scale as low as 10 TeV, even with hierarchical right handed

neutrinos. Such low scale leptogenesis with hierarchical right handed neutrinos has been

discussed by several authors [235–242] while quasi-degenerate right handed neutrino sce-

nario was discussed in earlier works [243, 244]. For hierarchical right handed neutrinos,

such a low scale leptogenesis is a significant improvement over the usual Davidson-

Ibarra bound M1 > 109 GeV for vanilla leptogenesis in Type-I seesaw framework [73],

discussed in chapter 1. For details of the corresponding Davidson-Ibarra bound in this

model, please refer to Appendix C.
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FIGURE 4.1: Left panel: Evolution plot of the comoving number density of B-
L for different λ5 values in radiation dominated Universe, taking M1 = 500
TeV. The effect of the washout terms is clearly evident for λ5 = 10−4. Right
panel: Baryon asymmetry as a function of leptogenesis scale for two different
initial N1 abundance and λ5 = 4 × 10−4. The lightest neutrino mass has been

fixed at 10−11 eV for both the plots.

Now, the CP asymmetry parameter ( cf. Eqn. (1.29) with H → η), neglecting the

flavour effects (summing over final state flavours α) is found to be [239]

ϵi =
1

8π(Y†Y)ii
∑
j ̸=i

Im[((Y†Y)ij)
2]

1√rji
F(rji, ηi) (4.5)
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where the function F(rji, η) is defined as

F(rji, ηi) =
√

rji

[
f (rji, ηi)−

√rji

rji − 1
(1 − ηi)

2

]
. (4.6)

While the details of leptogenesis in standard cosmology has already been worked out,

we briefly comment on the differences arising due to initial number densities of N1. In

earlier works [235, 239–241], the right handed neutrino was assumed to be in thermal

equilibrium initially. While it is possible to produce TeV scale right handed neutrinos in

equilibrium in the presence of additional interactions, it is not guaranteed in the minimal

scotogenic model. This is due to the fact that N1 couples to the SM bath only through

Dirac Yukawa coupling, which can be small if N1 is kept in the TeV regime. First, we

consider N1 to be initially in equilibrium, i.e., nNini
1

= nNeq
1

and next we consider the case

of vanishing initial abundance of N1 that is, nNini
1

≈ 0. As we will see, the latter case will be

more realistic for us because of the small Yukawas and we continue with this assumption

in subsequent analysis. Even if Yukawas are sizeable, at the epoch of PBH formation,

the abundance of N1 can be negligible as it is yet to enter thermal equilibrium with the

bath particles. While the initial abundance is vanishingly small, N1 gets produced at later

epochs from the inverse decays and scatterings. The same terms, later act as washout

terms which tend to erase the asymmetry during the scale of leptogenesis. This can be

seen in Fig. 4.1 (left), where we have shown the evolution of comoving number density

of B − L with scale factor from a high temperature upto the sphaleron scale. In the right

panel of Fig. 4.1, we show the final baryon asymmetry as a function of leptogenesis

scale, for both the cases mentioned above. It can be clearly seen that a vanishing initial

abundance of N1 decreases the asymmetry. We have considered a mass hierarchy: M2 =

10 M1 and M3 = 100 M1, which is also used in our subsequent analysis.

TH-3172_186121031



4.2. Low scale leptogenesis and DM in the presence of PBH 85

4.2.2 Scotogenic leptogenesis in the presence of PBH

For the discussion of leptogenesis in the presence of PBH, we closely follow the notations

of Ref. [100]. Since we consider thermal leptogenesis in the presence of PBH, we solve

the required Boltzmann equations for the PBH energy density, radiation energy density,

right handed neutrinos and lepton asymmetry, which in terms of the scale factor a, can

be written as

dϱBH

da
=

1
MBH

dMBH

da
ϱBH , (4.7)

dϱRad

da
= −ϵSM(MBH)

ϵ(MBH)

1
MBH

dMBH

da
aϱBH , (4.8)

aH
dnT

N1

da
= −

(
nT

N1
− neq

N1

)
ΓT

1 , (4.9)

aH
dnBH

N1

da
= −

(
nBH

N1

)
ΓBH

1 + nBHΓBH→N1 , (4.10)

aH
dnB−L

da
= ϵ1

[(
nT

N1
− neq

N1

)
ΓT

1 + nBH
N1

ΓBH
1

]
− WnB−L − ∆W

M1

T
HnB−L. (4.11)

Here, ϱBH = a3ρBH and ϱRad = a4ρRad are the comoving energy densities of PBH and

radiation respectively. The mass loss rate is given by Eqn. (2.9). In presence of the

PBH, the Hubble parameter H entering in the Boltzmann equations is given by1 H =√
ϱBHa−3 + ϱRada−4

3M2
P

. In the above Boltzmann equations, nT
N1

and nBH
N1

are comoving

N1 densities generated from thermal bath and PBH (non-thermal source) respectively.

ΓBH→N1 is the non-thermal production term for N1 (originating from PBH evaporation)

and can be written as [100]

ΓBH→N1 =

ˆ ∞

0

d2 N
dp dt

dp ≃ 27TBH

32π2

(
−zBHLi2(−e−zBH)− Li3(−e−zBH)

)
, (4.12)

where Lis(z) are the poly-logarithm functions of order s and zBH = M1/TBH. The thermal

average decay widths are defined as ΓT
1 =

K1 (M1/T)
K2 (M1/T)

Γ1 and ΓBH
1 =

K1 (M1/TBH)

K2 (M1/TBH)
Γ1.

In the asymmetry equation (4.11), W =
1
4

ΓT
N1

K2(z)z2 is the washout term from the

inverse decays. ∆W is the washout term because of ∆L = 2 scatterings of the type lη →
1The contribution of N1 in Hubble is found to be negligible.
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FIGURE 4.2: Final baryon asymmetry as a function of the initial PBH mass
(denoted as MBH here), for two values of λ5 keeping M1 fixed at 500 TeV
(left panel), and for two values of M1 keeping λ5 fixed at 0.0004 (right panel).

Lightest neutrino mass is fixed at m1
ν = 10−11 eV for both.

l̄η∗ and can be written as [239]

∆W =
36
√

5MPM1m̄2
ξ

2
√

π
√

g∗v4z2λ2
5

, (4.13)

where z = M1/T, v is the electroweak symmetry breaking scale and m̄2
ξ is the effective

mass parameter [239]. The ∆L = 1 scatterings are usually suppressed due to the presence

of heavy right handed neutrinos in external legs.

Now, since the entropy of the Universe is not conserved because of PBH evaporation,

we need to follow the evolution of the temperature of the thermal plasma separately

through the equation

dT
da

= −T
∆

(
1
a
+

ϵSM(MBH)

ϵ(MBH)

1
MBH

dMBH

da
aϱBH

4ϱRad

)
, (4.14)

where

∆ = 1 +
T

3 g∗s(T)
dg∗s(T)

dT
, (4.15)

takes care of the variation of the total number of DOFs with temperature. We solve the

above coupled Boltzmann equations from the time of PBH formation upto the sphaleron

scale, with a vanishing initial abundance of N1. The initial PBH mass min and the initial

temperature are related through Eqn. (2.3). Depending on the initial mass of PBH it can

evaporate at different epochs. PBH with a larger mass evaporate lately (cf. Eqn. (2.12)).
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FIGURE 4.3: Top panel: Evolution of the energy densities (left) and temper-
ature of the thermal plasma (right), taking Min = 10 g, M1 = 500 TeV,
λ5 = 4 × 10−4, m1

ν = 10−11 eV. Bottom panel: Evolution of the comoving
number densities of N1 (left) and B − L (right) for the same parameters. The
different temperature regions shown in the top left panel are explained in

Section 4.2.3.

From the leptogenesis point of view, we want PBH to evaporate before the sphaleron

scale, Tsph ≃ 100 GeV, which gives a tighter upper bound on the initial PBH mass com-

pared to that from BBN (cf. Eqn. (2.13)), as2

Min ≲ 2 × 105 g. (4.16)

Note that PBH evaporation after sphaleron temperature will lead to overall dilution of

baryon asymmetry only as the non-thermally produced N1 from late PBH evaporation

cannot contribute to baryon asymmetry.

As we will see, a very small β or sub-dominant PBH energy density in the early Uni-

verse does not change the predictions of thermal leptogenesis in scotogenic model signif-

icantly. Therefore, we will consider sizeable values of β so that PBH can affect the results

2In this section, we denote the initial PBH mass as Min.
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88 Chapter 4. DM and Leptogenesis with PBH domination

of thermal leptogenesis. On the other hand, such large values of β often lead to over-

production of dark matter as we will discuss in upcoming section. This actually forces us

to have DM mass in a ballpark where PBH has no effect on its relic abundance. On the

other hand, if PBH effect on DM relic is substantial, the corresponding values of β will

not have any significant effect on thermal leptogenesis. This complementary behaviour

noticed in leptogenesis and DM with respect to fractional energy density of PBH is the

main content of upcoming discussions.
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FIGURE 4.4: Top panel: Evolution of the energy densities (left) and temper-
ature of the thermal plasma (right), taking Min = 1500 g, M1 = 500 TeV,
λ5 = 4 × 10−4, m1

ν = 10−11 eV. Bottom panel: Evolution of the comoving num-
ber densities of N1 (left) and B − L (right) for the same parameters.

Now, depending on the PBH evaporation time relative to the scale of leptogenesis, we

can have three different scenarios, also applicable in Type-I seesaw leptogenesis discussed

in [100]. To be more specific, we can have scenarios where PBH evaporation takes place

before, during and after the generation of lepton asymmetry. If we consider low scale lep-

togenesis at a scale of few hundreds of TeV, which is naturally possible in the scotogenic

model, for most of the range of allowed initial PBH masses, they evaporate by the time
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4.2. Low scale leptogenesis and DM in the presence of PBH 89

thermal leptogenesis occurs. For instance, for leptogenesis scale around 300 − 800 TeV,

PBH with mass less than around 600 − 1200 g, evaporate before the scale of thermal lep-

togenesis. In this case, the right handed neutrinos produced by PBH evaporation only act

as an initial condition for thermal leptogenesis. Thus, the asymmetry produced is almost

the same as the thermal case. As PBH masses start increasing, they evaporate during or

after the scale of leptogenesis. The evaporation injects entropy in the form of radiation

and decreases the final baryon asymmetry. Although such evaporation can also generate

additional sources of lepton asymmetry in terms of N1, but entropy dilution effects dom-

inate. This behaviour can be seen in Fig. 4.2, where we have shown the observed baryon

asymmetry as a function of initial PBH mass, varying the relevant parameters in the sco-

togenic model. In the left panel plot, we keep the scale of leptogenesis fixed at 500 TeV,

while showing the variation in baryon asymmetry for two different values of λ5. In the

right panel plot, we keep λ5 fixed at 0.0004 and show the variation in baryon asymmetry

for two different scales of leptogenesis. In Fig. 4.2, β is kept fixed at 10−3. The effect of

changing β will be discussed later.

In Figs. 4.3, 4.4 and 4.5, we show the evolution plots of the energy densities, tem-

perature of the thermal plasma and the comoving number densities of N1 and B − L, for

the cases of PBH evaporation before, during and after the scale of leptogenesis respec-

tively. The value of β is chosen to be 10−3 such that a PBH domination is guaranteed.

The PBH domination for a finite epoch can be clearly seen from upper left panel plots in

these figures. In Fig. 4.3, the initial PBH mass is taken to be 10 g, and hence it evapo-

rates around log(a) ∼ 7, before the scale of thermal leptogenesis, which happens around

log(a) ∼ 11. A kink in the temperature plot can be seen because of the entropy injection

from PBH evaporation. The comoving number density of N1 is increased initially from

two contributions: the non-thermal PBH evaporation nBH
N1

and from the inverse decays

and scatterings nT
N1

of SM bath particles. N1 can finally reach equilibrium, depending

upon its Yukawa couplings, and its out of equilibrium decays produces a net asymmetry.

Fig. 4.4 corresponds to an initial PBH mass of 1500 g, which evaporates during the scale

of thermal leptogenesis, around log(a) ∼ 10. In Fig. 4.5, the initial PBH mass is taken to
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90 Chapter 4. DM and Leptogenesis with PBH domination

be 70000 g such that it evaporates after thermal leptogenesis, around log(a) ∼ 12.
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FIGURE 4.5: Top panel: Evolution of the energy densities (left) and temper-
ature of the thermal plasma (right), taking Min = 70000 g, M1 = 500 TeV,
λ5 = 4 × 10−4, m1

ν = 10−11 eV. Bottom panel: Evolution of the comoving num-
ber densities of N1 (left) and B − L (right) for the same parameters.

Finally, in Fig. 4.6 , we illustrate the effect of varying our model parameters M1, λ5

and the lightest neutrino mass m1
ν (assuming normal ordering). We show the contours

giving the correct observed asymmetry in the Min − M1 plane, for different values of λ5

(left) and for different m1
ν (right). While we focus on the possibility of low scale lepto-

genesis from a few hundreds of TeV to 2000 TeV or so, it is also possible to discuss high

scale leptogenesis. Since high scale leptogenesis within Type-I seesaw has already been

discussed in the context of PBH in earlier works including [100], we outline this comple-

mentary window and study the effects of PBH domination in the early Universe. Now,

in this regime, the decreasing behavior of Min with leptogenesis scale M1 in order to give

the correct asymmetry in Fig. 4.6 can be well understood from the right panel of Fig. 4.2.

There, it can be noticed that for a higher leptogenesis scale, the intersection of ηB with the

observed asymmetry contour (cyan colour) occurs earlier. This is primarily because for a
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higher leptogenesis scale, the during case discussed above (PBH evaporation during the

scale of leptogenesis) occurs earlier and hence for a lower PBH mass. Thus, the departure

from the thermal leptogenesis behavior starts occurring earlier. However, this trend of

Min with M1 is not always guaranteed, as can be seen in the orange contours at a lower

value of M1.

The changing behavior with λ5 in the left panel can be understood as follows : For

a higher value of λ5, the asymmetry produced is lower (see left of Fig. 4.1). Hence, the

dilution by PBH required in order to give the correct asymmetry should be minimal. This

explains the lower value of PBH mass required for giving the correct asymmetry. The

departure from this behavior seen in the figure can be attributed to the washout effects,

which starts becoming important for a lower λ5 and also for a higher value of M1 (see

Eqn. (4.13)). Similar conclusion can be drawn from the right panel of Fig. 4.6, since

asymmetry for a higher neutrino mass m1
ν is lower.

Note that in Fig. 4.6 (left panel), for λ5 = 0.0006, the asymmetry produced for M1 ≲

400 TeV is already below the observed value and hence additional dilution due to PBH

evaporation will not help in generating the correct asymmetry. Similar pattern can be ob-

served for light neutrino mass m1
ν = 10−8 eV in the right panel plot of Fig. 4.6. Moreover,

in the left panel, for λ5 = 0.0003 eV, the washout effects become dominant for M1 ≳ 1800

TeV, and fails to give the observed asymmetry.
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FIGURE 4.6: Contours giving the observed baryon asymmetry of the Uni-
verse, in the Min − M1 plane for different λ5 values(left) and for different
values of m1

ν (right), taking a PBH dominated Universe, β = 10−3. In the left
panel, m1

ν is fixed at 10−11 eV and λ5 is taken to be 0.0004 in the right panel.
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4.2.3 Dark Matter in the presence of PBH

PBH evaporation can play an important role in generating DM relic density, for both

thermal as well as non-thermal DM. For earlier works studying such effects in different

contexts, see [98, 102, 103, 112, 245–255]. In our scenario, the lightest scalar of the inert

doublet is the dark matter candidate. It can be in thermal equilibrium in the early Uni-

verse by virtue of its electroweak gauge interactions. As usual, when the interaction rate

of dark matter becomes less than the Hubble, ΓDM < H, the DM goes out of equilibrium

and eventually freezes out to give a relic abundance.

Now, in the presence of PBH, this typical WIMP phenomena can be modified. There

can be different scenarios [102, 103] depending on the interplay between the freeze-out

temperature of WIMP DM Tfo and the PBH evaporation temperature Tev. Two other im-

portant energy scales are given by Teq and Tc (see Fig. 4.5). Here, Teq corresponds to

the temperature, such that for T > Teq, PBH cannot dominate the energy density of the

Universe. This is shown by the region marked as I in the top left panel of Fig. 4.3-4.5. If

freeze-out happens during this epoch, we would have the usual WIMP case in a radia-

tion dominated Universe, with a subsequent dilution of the relic due to PBH evaporation.

Now, for Tc < T < Teq (marked as II in the top left panel of Fig. 4.3-4.5), PBH can domi-

nate the energy density of the Universe, if β > βc. However, in this region SM radiation

is still found to behave as free radiation, i.e., ρRad ∝ a−4 or equivalently T ∝ a−1. If

freeze-out takes place during this epoch, one has to solve the WIMP dynamics assuming

a matter-dominated background. Next, in the region III, PBH affect both the Hubble and

the SM radiation evolution, which now scales as ρRad ∝ a−3/2 and the temperature of the

plasma goes like T ∝ a−3/8 [82]. If DM freezes out during this epoch, one has to solve the

WIMP dynamics in a matter dominated background as in the earlier case, but using the

new temperature-scale factor relation mentioned above. Finally, region IV corresponds

to the case when DM freezes out after PBH evaporation, Tfo < Tev. In this region, the

Universe is radiation dominated again, since the PBH have faded away completely, and

the WIMP dynamics take place in a radiation dominated Universe, with no entropy di-

lution present like the earlier cases. Also, since DM can still be in equilibrium after PBH
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evaporation, the DM produced from PBH evaporation enters into the thermal bath and

gives no extra contribution to the relic.

Now, in order to investigate the effect of PBH on the WIMP dynamics, we first study

the cases of PBH evaporation happening after DM freeze-out, i.e., Tfo > Tev, which cor-

responds to the first three cases discussed above. Here, the contribution to the DM relic

can be divided into two parts [102]: one produced by Hawking radiation, ΩBH
DMh2 and the

other from the WIMP freeze-out Ωfo
DMh2, with a subsequent entropy dilution because of

the PBH evaporation. Thus, Ωtotal
DM h2 = ΩBH

DMh2 + Ωfo
DMh2. Now, since PBH have to evapo-

rate before the BBN scale, one should have Tfo ≳ 0.1 MeV. Assuming a typical freeze-out

around zfo = MDM/Tfo ∼ 30, we can get an approximate lower bound on the DM mass

for the case of Tfo > Tev as

MDM ≳ 3 MeV. (4.17)

This is trivially satisfied for scalar doublet DM as constraints from direct search restrict

its mass to be much heavier [256, 257]. Moreover, to be consistent with leptogenesis, note

that the mass of DM should be less than the right handed neutrino, i.e. MDM < M1, so

that the right handed neutrino can decay to produce lepton asymmetry and scalar DM

remains stable.
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FIGURE 4.7: Evolution of YDM with scale factor for the benchmark values
shown and considering β > βc. The black line corresponds to the evolution
of the equilibrium number density and the yellow line represents the value of
YDM required to give the observed relic abundance of DM. Here, λ5 = 0.00008

and mass of the charged scalar, Mη+ = 8010 TeV.
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94 Chapter 4. DM and Leptogenesis with PBH domination

We first analyse the thermal DM production. We solve the Boltzmann equation for

dark matter around the freeze-out time, considering DM mass to be 8 TeV. The relevant

equation for its comoving number density YDM in terms z = MDM/T can be written as

k
d YDM

dz
= −< σv > s

Hz

(
Y2

DM − Y2
eq

)
, (4.18)

where k = 1 or 3/8, depending on whether we are in region I/I I or region I I I respec-

tively. In Fig. 4.7, we show the evolution of YDM with the scale factor a. It can be seen

that for the chosen benchmark values, DM production is thermally overabundant. How-

ever, entropy dilution from PBH evaporation around log(a) ∼ 12.6 can eventually lead to

the correct relic abundance. Thus, small values of < σv >, which otherwise give a large

relic, can now be allowed. However, as will see in a while, PBH not only lead to entropy

dilution but also overproduction of DM specially for large β.
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FIGURE 4.8: Variation of Dark Matter relic abundance ΩBH
DMh2 coming from

PBH evaporation with initial PBH mass Min (left) and with initial PBH abun-
dance β (right). The dotted line represents the observed relic abundance. In
the left panel, β = 10−4, such that we have a PBH dominated Universe. The

DM mass is taken to be 5 TeV in the right panel.

For the non-thermal contribution to the DM relic coming from PBH evaporation, the

present DM relic can be estimated as [102, 103]

YDM =
nDM(T0)

s(T0)
≃ 3

4
NDM ×


β Tin

Min
for radiation domination, β ≤ βc,

T̄evap
Min

for matter domination, β ≥ βc,

(4.19)

TH-3172_186121031



4.2. Low scale leptogenesis and DM in the presence of PBH 95

where nDM and s corresponds to the number density and entropy density respectively,

T0 is the present temperature and T̄evap = 2√
3

Tevap [103]. The number of DM particles

emitted, NDM can be estimated using Eqn. (2.18). In the left panel of figure 4.8, we

show the DM relic abundance generated from PBH evaporation as a function of initial

PBH mass Min for different DM mass. The right panel of the figure shows the same as

a function of β for different values of Min. It can be seen that for DM masses between

4 GeV ≲ MDM ≲ 109 GeV, DM is overproduced, unless we are in a radiation dominated

Universe (small β). This was also illustrated in [103, 258]. Note that in this regime, higher

PBH masses which can give rise to the correct relic fall outside the BBN bound (cf. Eqn.

(2.13)).

4.2.4 N2 leptogenesis and fermion dark matter
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FIGURE 4.9: Upper panel : Evolution of the energy densities (left) and tem-
perature of the thermal plasma (right), taking Min = 30 g, M2 = 1012 GeV,
λ5 = 0.5, m1

ν = 10−18 eV. Lower plot : Evolution of the comoving number
densities of N1 (left) and B − L (right) for the same parameters.
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In this section, we explore the possibility of having leptogensis from N2 decays while

considering the lightest RHN N1 as a dark matter candidate. Although N3 decay can also

generate lepton asymmetry in principle, we consider the asymmetry generated from N3

decay or any pre-existing asymmetry to be washed out due to strong washout effects me-

diated either by N2 or N3 themselves. Such a scenario of N2 leptogenesis in scotogenic

model was studied in details recently in [241], and we follow the same prescription here,

considering a mass hierarchy: M3 = 103 M2. While the evolution of different quantities

remain similar as before, the scale of leptogenesis gets pushed up for N2 leptogenesis.

Therefore, the typical PBH masses for "before", "during" and "after" scenarios described

earlier can be much smaller. Additionally, since N1 is much lighter compared to the scale

of leptogenesis, apart from the ∆L = 2 washout introduced by lη −→ l̄η∗ scattering we

can have ∆L = 1 washout processes : lW±(Z) −→ N1η and lη −→ W±(Z)N1 as well,

which can affect leptogenesis. In our numerical analysis we take all these processes and

solve the same Boltzmann equations as discussed in section 4.2.2. Therefore, in the N2

leptogenesis scenario we are in a strong washout region which pushes the leptogenesis

scale above O ≥ 1010 GeV. The produced asymmetry gets further diluted if PBH evapo-

ration takes place after the generation of asymmetry. For illustrative purposes, we show

the evolution of different physical quantities for N2 leptogenesis in figure 4.9 consider-

ing a scenario where PBH of 30 g initial mass evaporates after the scale of leptogenesis.

Since the overall pattern is similar to N1 leptogenesis discussed before except the change

in scale of leptogenesis and PBH mass, we skip the detailed discussion of the other two

possibilities in N2 leptogenesis.

In Fig. 4.10, we show the variation of the final baryon asymmetry with initial PBH

mass Min for different leptogenesis scales, namely M2, keeping β fixed at 10−3. Here, in

contrast to the behavior seen in our earlier case (refer to figure 4.2) of leptogenesis from N1

decay, there is an increase in the asymmetry compared to the purely thermal contribution

(dashed lines) for a certain region of initial PBH mass. This is because, here, in addition

to the entropy injection by PBH, the RHNs emitted by PBH also contribute significantly

to the asymmetry. This effect is more dominant when leptogenesis is over and the strong
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washout effects had also decreased by the time PBH starts evaporating. For instance, with

M2 = 1012 GeV, there is an increase in the asymmetry between 0.5 g ≲ Min ≲ 1 g. At

higher values of Min, the effect of dilution by PBH starts dominating over the enhance-

ment by RHNs from PBH, which explains the decreasing behavior of the asymmetry. As

we keep on decreasing the leptogenesis scale, this enhancement effect is shifted to the

right, since now PBH with a higher initial mass evaporate after the leptogenesis scale as

well as after the dominance of strong washout is over. For instance, with M2 = 1010 GeV,

the contribution from RHNs emitted by PBHs is more dominant after Min ≳ 10 g, which

leads to an increase in the asymmetry.

While both thermal and non-thermal N1 DM with masses around the TeV corner were

studied in [241], here N1 is constrained to be in the light mass regime, since M1 ≳ 4 GeV is

overproduced in a PBH dominated Universe, as discussed in section 1.1. Now, depending

on the lightest active neutrino mass which determines the Yukawas, N1 can either be a

thermal or a non-thermal dark matter candidate. Realising such light thermal dark matter

is often challenging due to the Lee-Weinberg bound [165]. Unless there exists additional

new particles in such low mass regime to assist in DM annihilation or coannihilation,

such light thermal DM is typically overproduced due to small cross section. Hence, we

consider the case of non-thermal dark matter, by taking the N1 Yukawas small. Such DM,

with negligible initial abundance gets frozen in at later epochs from the particles present

in the thermal bath, either via decay or scattering. A recent review of such DM, also

known as the feebly interacting (or freeze-in) massive particle (FIMP) paradigm, can be

found in [29].

The DM candidate N1 can be as light as a few keV (typical lower bound for fermion

DM [157]) and as shown in earlier work [241], only normal ordering (NO) of light neu-

trinos is consistent with FIMP type N1. On the other hand, inverted ordering (IO) cannot

give rise to the required Yukawa coupling of N1 DM. Thus, we stick to NO and consider

tiny Yukawa coupling of N1 via Casas-Ibarra (CI) parametrisation [71].

Now, for small N1 Yukawas, N1 cannot reach thermal equilibrium and hence we are in

the ballpark of FIMP dark matter as mentioned above. Hence, N1 needs to be produced
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FIGURE 4.10: Final baryon asymmetry as a function of the PBH mass, for
different leptogenesis scales M2, taking λ5 = 0.5 and lightest neutrino mass
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ν = 10−18 eV. The Cyan line indicates the observed asymmetry and the
dashed lines represent the asymmetry produced in the absence of PBH.
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FIGURE 4.11: Evolution of comoving number density of DM considering
MDM = 5 MeV, Mη = 300 GeV, λ5 = 0.5 and m1

ν = 10−18 eV.

from the decays or scatterings of particles in the thermal bath. The dominant scattering

processes are lW±(Z) −→ N1η and lη −→ W±(Z)N1 whereas the dominant decay mode

is η → N1l. While the production from decay continues till η gets Boltzmann suppressed,

the contribution from scattering to DM yield gets saturated when the equilibrium abun-

dance of W±/Z is Boltzmann-suppressed. For the chosen mass range of PBH so as to

affect leptogenesis, light FIMP DM production from the bath particles happens after the

evaporation of PBH. Thus, the total contribution to the DM relic will be the sum of DM

density produced from the PBH (which now cannot enter into thermal equilibrium unlike
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the WIMP case discussed in section 1.1) and the freeze-in production which would hap-

pen after PBH evaporation in a radiation dominated Universe. We solve the following

Boltzmann equations for η and N1 to find the relic abundance from freeze-in.

dYη

dz
= −4π2

45
MPlmη

1.66

√
g⋆(z)
z2

[
∑

p≡SM particles
⟨σv⟩ηη→pp

(
Y2

η − (Yeq
η )2

)]
(4.20)

− MPl

1.66
z

m2
η

√
g⋆(z)

gs(z)
Γη→N1lYη

dYN1

dz
=

MPl

1.66
z

m2
η

√
g⋆(z)

gs(z)
Γη→N1lYη

+
4π2

45
MPlMη

1.66

√
g′⋆(z)
z2 ×

(
∑

x=W±,Z,η
⟨σvlx→N1x⟩ (Yeq

x Yeq
l − YN1Yx)

)
(4.21)

where z = Mη/T and g⋆(z) is given by:

√
g′⋆(z) =

g∗s(z)√
g⋆(z)

(
1 − 1

3
d ln g∗s(z)

d lnz

)
.

The evolution plot of the comoving number density of DM is shown in figure 4.11.

4.2.5 Summary and Conclusion

In the previous sections, we have highlighted the key features of the minimal scotogenic

model in terms of leptogenesis and dark matter in the presence of primordial black holes.

We now perform a numerical scan over the two key parameters of PBH, the initial PBH

mass Min and the initial PBH fraction β. The relevant parameter space along with differ-

ent bounds is shown in Fig. 4.12 for low-scale leptogenesis scenario.

The pink shaded region is ruled out from the upper bound on the inflation scale (Eqn.

(2.4)). The green and blue shaded regions are ruled out due to the criteria of PBH evap-

oration before BBN (Eqn. (2.13)) and the sphaleron scale (Eqn. (4.16)) respectively. The

red dotted line marks the boundary between PBH domination and radiation domination

(Eqn. (2.15)). In the orange shaded region, gravitational waves (GW) are overproduced
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FIGURE 4.12: Parameter space in the Min − β plane giving the observed
baryon asymmetry of the Universe (left panel) from leptogenesis due to N1
decay and observed DM relic from PBH evaporation ΩBH

DMh2 (right). Here,
λ5 = 0.0004 and m1

ν = 10−11 eV. The shaded regions are excluded from dif-
ferent observable as described in the text.
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baryon asymmetry of the Universe BAU (Cyan) and observed DM relic. The
shaded regions are excluded from different observable as described in the
text. Here, MDM = 5 MeV (left panel) and 0.9 MeV (right panel), Mη = 300

GeV, λ5 = 0.5 and m1
ν = 10−18 eV.
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leading to a backreaction problem, as discussed in [117]. To avoid this, we require3 [117]

β < 10−4
(

109 g
Min

)1/4

. (4.22)

The contours giving rise to the correct baryon asymmetry for two different leptoge-

nesis scales are shown in the left panel plot of figure 4.12. The key model parameter λ5

is fixed at 0.0004 and the lightest neutrino mass is taken to be 10−11 eV. For such choice

of parameters, thermal leptogenesis leads to overproduction of baryon asymmetry. PBH

with a sufficiently high mass can give rise to the correct asymmetry through entropy di-

lution. To understand the behavior with β, let us first concentrate on the leptogenesis

scale of 500 TeV. As evident from the cyan coloured contour, the asymmetry is almost

independent of β (the vertical region). However, as we keep on decreasing β, the effect

of PBH starts to diminish, which increases the asymmetry. Hence, to produce the cor-

rect asymmetry a higher value of PBH mass is required. This explains the departure of

the cyan coloured contour from the vertical pattern. Similar behavior can be seen for the

other leptogenesis scale as well.

Now, as discussed in section 4.2.3, DM relic is overproduced because of Hawking

radiation from PBH for large β. In the right panel plot of Fig. 4.12, we show the con-

tours giving the correct DM relic abundance with contribution only from PBH evapora-

tion (assuming that thermal abundance is negligible either due to large DM annihilation

or entropy dilution from PBH evaporation). The lower values of β, say less than around

O(−10), can give the correct non-thermal DM relic abundance. However, for such tiny

values of β, the leptogenesis setup will merge with the thermal leptogenesis, with no sig-

nificant effect due to the presence of PBH. Note that non-thermally generated relic for

DM with lower mass can be consistent with larger values of β as well. It turns out that, if

DM mass is below the GeV regime, non-thermal DM relic can be consistent with observed

abundance even with large values of β. However, DM being part of a scalar doublet, such

tiny masses are ruled out by direct search constraints. If the lightest Z2 odd particle were

3The more recent analysis in Ref. [118] puts a slightly stronger bound on β (cf. Eqn. (2.51)). However,
our conclusions remain unaffected by this.

TH-3172_186121031



102 Chapter 4. DM and Leptogenesis with PBH domination

one of the neutral singlet fermions, then this possibility could have been realistic. Thus,

for scalar doublet DM, the only realistic possibility is to have its mass around a TeV or

lower so that it freezes-out below the sphaleron decoupling temperature. Since PBH of

chosen mass evaporates before sphaleron decoupling, the DM produced from such evap-

oration enter the thermal bath without affecting final DM relic.

Next, in Fig. 4.13, we show the parameter space in the Min − β plane, which gives the

correct observed asymmetry along with the observed DM relic for N2 leptogenesis sce-

nario. Here since the leptogenesis scale is pushed high, PBH with a smaller mass can also

start affecting the asymmetry. Hence, the contour for the correct observed asymmetry

shifts towards left compared to that of figure 4.12 (left panel). The behavior of the ob-

served asymmetry contour for the leptogenesis scale of 1012 GeV (shown in cyan color) is

the same as that of N1 leptogenesis discussed before, since it is thermally overproduced

(refer to figure 4.10) and entropy dilution by PBH can give rise to the correct observed

asymmetry. However, for a lower leptogenesis scale of 9 × 1010 GeV (shown in magenta

color), the asymmetry is thermally underproduced and contribution from RHNs emitted

by PBH can increase the asymmetry as discussed in section 4.2.4. Now, as can be seen

from Fig. 4.10, such asymmetry contours will intersect the observed asymmetry con-

tour at two points. Thus, two values of initial PBH mass Min can give rise to the correct

asymmetry for a fixed value of β. Moreover, if we keep on decreasing β further, the en-

hancement effect induced by PBH keeps on decreasing and at some point, we will not be

able to get the observed asymmetry. This explains the U-shaped pattern obtained in Fig.

4.13 for N2 leptogenesis scale of 9 × 1010 GeV.

Now, our scenario corresponds to a case of mixed dark matter, where along with

the cold or warm DM component from freeze-in, we have a potential hot component

produced by PBH evaporation. Data from observations related to the CMB and baryon

acoustic oscillation (BAO) allow us to put an upper bound on the fraction of this hot com-

ponent with respect to the total DM, depending on the value of DM mass [259]. Here,

we apply a conservative 10 % upper bound on such hot dark matter (HDM) component

[103]. Considering DM mass as 5 MeV, the region which gives more than 10 % of the
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FIGURE 4.14: Left panel: Parameter space in the λ5 − M1 plane giving the ob-
served BAU with and without the presence of PBH for N1 leptogenesis with
β = 4 × 10−11, m1

ν = 10−11 eV. Right panel: Scalar DM parameter space con-
sistent with the requirement that its freeze-out occurs after PBH evaporation.

total DM from PBH evaporation is shown by the brown region (labelled as HDM) in

the left panel plot of figure 4.13. The remaining contribution is given by the freeze-in

component, which is independent of the PBH parameters. Thus, the white regions rep-

resent the region allowed by the observed DM relic. For example, the brown contour

gives ΩBH
DMh2 = 0.1 × 0.12. The remaining 90% can be obtained from freeze-in by suitably

choosing the other parameters of the model. For instance, figure 4.11 shows the evolution

plot for the parameters which gives freeze-in contribution ΩFIMP
DM h2 = 0.9 × 0.12. While

for DM mass of 5 MeV, the brown shaded region disfavours most parts of the cyan col-

ored line, for lower DM mass say 0.9 MeV, the brown shaded region shrinks allowing

more of the cyan colored line showing leptogenesis favoured parameter space, as shown

in the right panel plot of figure 4.13. Decreasing DM mass further can also allow the other

leptogenesis scale of 9 × 1010 GeV.

Hence, we conclude that in our setup, considering leptogenesis from N1 decay with

scalar doublet dark matter, it is not possible to find a region of PBH parameters which can

simultaneously affect DM genesis as well as leptogenesis. For PBH to affect leptogenesis,

one requires large PBH fraction β. Typically, for the region of parameter space leading to

overproduction of baryon or lepton asymmetry in the scotogenic model, presence of PBH

with sufficient fraction β can lead to entropy dilution bringing the prediction to agree-

ment with observations. However, such large β values lead to overproduction of DM
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104 Chapter 4. DM and Leptogenesis with PBH domination

from PBH evaporation, for heavy DM mass regime where DM freeze-out occurs before

PBH evaporation. Therefore, in order to have non-trivial effects of PBH on leptogenesis,

we need to have DM in low mass regime so that its freeze-out occurs after PBH evapora-

tion and relic is generated purely by thermal freeze-out. While successful DM genesis and

leptogenesis in the presence of PBH can occur independently in this setup with above-

mentioned choices of parameters, scenarios where such cogenesis occurs in a dependent

manner can have interesting constraints on PBH properties. To explore this direction, we

have also considered the scenario where leptogenesis occurs due to N2 decay while the

lightest right handed neutrino N1 is the DM candidate. While the scale of leptogenesis

is pushed to high scale regime in this case, the gauge singlet nature of N1 allows us to

consider it in the light mass window (few GeV or below) where it is not overproduced

from PBH even with β values leading to PBH domination. However, such light DM origi-

nating from PBH can lead to a hot DM component, tightly constrained from astrophysical

bounds. While considering a conservative upper bound on such hot DM fraction of 10%,

we found the PBH model parameters consistent with successful N2 leptogenesis and non-

thermal N1 DM with mixed contribution from PBH as well as SM bath.

Finally, for illustrating more specific estimates of the model parameters in the pres-

ence of PBH, we show the parameter space for N1 leptogenesis and scalar DM in figure

4.14. From the left panel plot it is clear that the asymmetry contour gets modified in the

presence of PBH, with the behavior determined by the interplay of entropy dilution, en-

hancement from PBH evaporation and washout effects discussed in section 4.2.2. The

PBH initial mass and initial fraction are chosen to be 1.6 × 105 g and β = 4 × 10−11 re-

spectively, such that they evaporate long after the scale of leptogenesis and at the same

time do not dilute the asymmetry much, because of a small value of β (see left panel of

figure 4.12). Such a high value of PBH mass can also constrain the scalar DM parameter

space, from the condition that they evaporate before the DM freeze-out, to prevent the

overproduction of DM relic discussed above. This is illustrated in the right panel of fig-

ure 4.14, where, by running a scan over the relevant parameters, we show the parameter

space in the MDM − λ5 plane giving the correct DM relic in the presence of PBH, having
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FIGURE 4.15: Region showing Tfo < Tev (orange shaded) in the Min − MDM
plane, taking zfo = MDM/T ≈ 25, typical for thermal freeze-out.

the same mass of 1.6 × 105 g. Clearly, DM with high masses are ruled out because they

freeze-out at a higher temperature before PBH evaporation, leading to overproduction.

On the other hand lower DM mass below around 500 GeV are disallowed due to large an-

nihilation rates into electroweak gauge bosons, keeping thermal relic density suppressed.

The slope in large λ5 region is observed as DM annihilation mediated by components of

the inert doublet is enhanced in this regime for larger mass splitting within inert doublet

components (where splitting is proportional to λ5), requiring larger DM mass to keep

the annihilation rates within required rate for generating correct thermal relic. The points

shown in red color in the right panel plot are also consistent with correct baryon asymme-

try (compare with left panel). Note that for a lower PBH mass, the condition of Tfo < Tev

will be trivially satisfied. Hence, in general, PBH and DM with higher masses are more

constrained. This is further demonstrated in figure 4.15, where in the Min − MDM plane,

we show the region of Tfo < Tev (orange shaded), which excluding the sphaleron bound,

prohibits an extra small range of high PBH mass (white region) due to DM overproduc-

tion.

Similarly, we show the parameter space for N2 leptogenesis and fermion DM in the
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FIGURE 4.16: Left panel: Parameter space in the λ5 − M2 plane giving the
observed BAU with and without the presence of PBH for N2 leptogenesis
with β = 10−3, m1

ν = 10−18 eV. Right panel: Parameter space in the λ5 −
MDM plane giving the observed fermion DM relic of the Universe with the

condition Tfo < Tev.

presence of PBH in figure 4.16. While non-thermal fermion DM has been discussed al-

ready, the N2 leptogenesis favoured parameter space can be more tightly correlated with

thermal fermion DM scenario [260], while also showing the crucial differences arising due

to the presence of PBH. While the contours for successful leptogenesis are different with

and without PBH, the fermion DM mass range gets shifted to smaller values from the

requirement Tfo < Tev. Since fermion DM Yukawa couplings remain small due to large

λ5 required for high scale N2 leptogenesis, its relic is governed primarily due to coanni-

hilation with inert doublet scalars, requiring them to be light and hence within discovery

reach of ongoing experiments like the large hadron collider (LHC).

To summarize, we have performed a detailed analysis of leptogenesis and dark mat-

ter production in the presence of PBH considering the well-known scotogenic model as

a working example which naturally allows a low scale seesaw and leptogenesis possibil-

ity. The important parameters of this particle physics set up are the leptogenesis scale

M1,2, DM mass Mη (or M1), λ5 and the lightest neutrino mass m1
ν, which also determine

the Yukawa couplings. Our main motivation was to investigate how the presence of PBH

can affect the otherwise allowed (disallowed) parameter space of this model in a radiation

dominated Universe, specially focusing on low scale leptogenesis which has not been dis-

cussed in earlier works. We indeed obtained some dependency on the PBH parameters:

the initial PBH mass Min and the initial PBH fraction β. These dependencies have been
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illustrated in figures 4.2, 4.6 and 4.10, and further summarized in figures 4.12 and 4.13

along with the different bounds discussed above. Clearly, different values of parameters

namely M1,2, Mη, λ5 and m1
ν than that in the purely radiation dominated case is required

now in the presence of PBH to generate the same baryon asymmetry. This is primarily

due to the production of RHNs and DM by PBH and entropy injection by PBH. Although

such a similar scenario was also considered in some earlier works, for example in [100] in

the framework of high scale Type-I seesaw leptogenesis, here we explore the possibility

of low scale seesaw in radiative neutrino mass model with the added bonus of a stable

dark matter candidate. Since typical PBH initial mass and fraction affecting leptogenesis

also lead to overproduction of DM, we are either forced to consider light thermal DM

which freezes out after PBH evaporation or light non-thermal DM. We have constrained

the PBH parameter space with both the observed baryon asymmetry and DM relic of the

Universe, specially in our second case of fermionic DM, where the interplay between the

three entities (leptogenesis, DM and PBH) is more involved as explained earlier. We also

found the contribution to leptogenesis from RHN produced by PBH to dominate com-

pared to the entropy dilution effect in the second case, for a region of PBH masses (see

figure 4.10). This can relax the lower bound on the leptogenesis scale by an order or so

compared to the thermal N2 leptogenesis case in a purely radiation dominated Universe.

The scalar DM scenario with N1 leptogenesis is also predictive in the sense that large β

values for PBH affecting leptogenesis pushes DM mass into low mass regime. In such

cases, DM can freeze-out after PBH evaporation without getting overproduced. Since

scalar DM is part of an SU(2) doublet, such light mass range can have interesting impli-

cations for discovery at collider or direct search experiments [261–264]. The comparison

of leptogenesis and DM favoured parameter space for specific choices of PBH mass and

initial fraction are shown in figure 4.14 and figure 4.16 for scalar DM (N1 leptogenesis)

and fermion DM (N2 leptogenesis) respectively.
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Apart from predicting different model parameters consistent with DM, BAU com-

pared to the standard scenario (which can be looked up at particle physics based exper-

iments), the PBHs can lead to observational consequences themselves. The different re-

gions of PBH masses relevant for different leptogenesis scales and scenarios discussed in

this work can give rise to a stochastic background of gravitational waves (GW) produced

from PBH evaporation [147]. Such GW are in the high frequency regime (above THz),

beyond the reach of presently functioning GW experiments. There have been several ex-

perimental proposals to detect such high frequency GW in future [265–269]. Morever,

PBH could also emit GW through other mechanisms as discussed in section 2.3.2. In

particular, for the PBH mass range considered here, the GW emitted from PBH density

fluctuations could be within the reach of near future GW detectors. We leave such GW

analysis for a future work. Moreover, if evidence of a PBH-dominated Universe with the

above mass range is found, it would put tight constraints on purely thermal leptogene-

sis and dark matter models. In particular, future observations of PBH with mass around

103 − 104 g can tightly constrain intermediate scale Type-I seesaw leptogenesis as found

by [100] while scotogenic leptogenesis can still survive at low scale (or intermediate scale

for N2 case) as discussed earlier.

4.3 Asymmetric DM from PBH

4.3.1 The Minimal Setup

We provide a toy model to motivate our scenario. The minimum ingredients to generate

the dark and visible sector asymmetries are adopted from [229]. The SM particle content

is extended by two RHNs sufficient to fit light neutrino data via Type-I seesaw mechanism

along with two dark sector particles namely a singlet scalar S , a singlet Dirac fermion χ

both odd under an in-built Z2 symmetry. The out-of-equilibrium CP-violating decay of

these RHNs to the visible as well as to the dark sector produce asymmetry in both the

sectors simultaneously. The interaction Lagrangian for such a scenario can be expressed

as
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−L ⊃ 1
2

MN NcN + yN N H̃† ℓ + mχ χ χ + yχ N S χ + h.c. , (4.23)

where we extend the SM particle spectrum by adding two generations of RHN Ni, singlet

under the SM gauge symmetry. The SM leptons are denoted by ℓ. A lepton number

is assigned to the RHN such that its Majorana mass term is lepton number violating.

Although three copies of RHNs are considered in typical Type-I seesaw model, two are

sufficient to fit light neutrino data. We use the Casas-Ibara parametrisation (cf. Eqn.

(1.41)) with the following choice of the R matrix

R =

0 cos z sin z

0 − sin z cos z

 , (4.24)

where z = a + ib is a complex angle. The above structure of R can be justified by con-

sidering two RHNs or considering the third RHN N3 to be very heavy and effectively

decoupled from the bath. In such a scenario our neutrino Yukawa matrix becomes of

dimension 2 × 3. Such a scenario also predicts the lightest active neutrino to be exactly

massless.

The singlet fermion χ plays the role of viable DM candidate and carries a lepton num-

ber same as that of N. We consider this fermion to be vector like such that a bare mass

term mχ can be assigned to it without violating any U(1) symmetry like global lepton

number. To ensure the stability of the DM we impose an ad-hoc Z2 symmetry under

which both the singlet scalar S and the single fermion χ are odd, while all other particles

are even. This also implies, mχ < mS < Mi such that the singlet fermion is the only DM in

the present particle spectrum4. Note that, the scalar S is devoid of any vacuum expecta-

tion value (VEV) such that there is no mixing between the DM and the RHN that may lead

to DM decay5. The detailed phenomenology of this minimal setup has been discussed in

4Possibility of either of them to be DM, depending on the mass hierarchy, has been addressed in [229].
5Non-zero VEV can result in DM decay into SM states that can have observational consequences [229,

270].
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[229] by considering thermal RHNs. For thermal RHNs, the subsequent phenomenology

is insensitive to early Universe histories. In this work, we consider non-thermal RHNs to

be the dominant source of asymmetries.

4.3.2 The CP asymmetry
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FIGURE 4.17: Tree level, vertex and the self-energy diagrams required for the
generation of the asymmetry in the lepton sector.
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FIGURE 4.18: Same as Fig. 4.17 but for the generation of the asymmetry in
the dark sector.

As advocated in the beginning, we are interested in the scenario where the asymmetry

in the visible and in the DM sector are simultaneously generated from the non-thermal

decay of RHNs where the latter originate solely from the evaporation of PBH. Assum-

ing the symmetric component of the DM being washed out, it is the asymmetry nχ − nχ̄
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in number densities of DM particles that determines the DM abundance in late Universe.

Since the DM χ carries a lepton number, hence lepton number asymmetries are generated

in both the sector. We also assume M1 ≪ M2 i.e, we can integrate out N2 and consider

contribution only from N1 decay. The decay of N1 to the SM final states also generate

the thermal bath in this process. In Fig. 4.17 and Fig. 4.18 we depict the relevant Feyn-

man diagrams that generate these asymmetries. Below we express the CP asymmetries

produced in the two sectors from the decay of the lightest RHN N1 [229]:

ϵ∆L =
∑α[Γ(N1 → lα + H)− Γ(N1 → lα + H∗)]

Γ1
(4.25)

≃ M1

8 π

Im[(3 y∗N yT
N + y∗χ yT

χ) M−1yN y†
N]11

[2 yN y†
N + yχ y†

χ]11
, (4.26)

and

ϵ∆χ =
Γ(N1 → χ + S)− Γ(N1 → χ̄ + S∗)

Γ1
(4.27)

≃ M1

8 π

Im[(y∗N yT
N + y∗χ yT

χ)M−1yχ y†
χ]11

[2 yN y†
N + yχ y†

χ]11
, (4.28)

where

Γ1 =
M1

16 π
(2 yN y†

N + yχ y†
χ)11 , (4.29)

is the total decay width of N1 and M = diag(M1 , M2) is the diagonal RHN mass matrix

considering two RHNs. We choose a hierarchical RHN mass spectrum with M2 = 50 M1.

Since we have a single generation of χ, the yχ matrix can be taken, in general, to be of the

form

yχ =

 yχ1

yχ2

 . (4.30)
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For the analysis purpose, we assume yχi to be real and identical, denoted by yχ. It is note-

worthy that even with real yχ we are being able to generate adequate CP-violation thanks

to the complex Yukawa couplings in the visible sector. Moreover, relative difference in

the two asymmetries depend upon the branching ratio of N1 decay.

4.3.3 RHN from PBH: Baryogenesis and DM

FIGURE 4.19: Schematic diagram of asymmetry production in the dark and
in the visible sector in presence of primordial black holes.

PBH evaporation can lead to the generation of both RHNs and DM, depending on the

PBH mass. However, in the present framework, we are not interested in DM generation

from direct PBH evaporation, rather we are interested in the scenario of DM production

from the asymmetry generated in the dark sector via RHN decay. While we can not

prevent DM generation from PBH evaporation, eventually DM abundance is dictated by

its asymmetric component only, which is generated by the RHN decay only. PBH emit

RHNs (along with all the SM particles and DM), and the CP-violating decays of such

non-thermal RHNs produce the asymmetry in the visible and dark sector. The scenario

is schematically shown in Fig. 5.1. The lepton asymmetry is then further converted into

the observed baryon asymmetry via sphaleron transition like in standard leptogenesis

scenario. If N is the number of RHNs emitted from a single PBH then the present baryon

number yield can be written as [94, 96, 101]
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nB

s
(T0) =

N
ζ

ϵ1 asph
nPBH

s

∣∣∣
Tevap

, (4.31)

where ζ accounts for any further entropy production after PBH evaporation. Here, we

consider ζ = 1. It is possible to analytically derive the mass range of RHNs emitted

FIGURE 4.20: Bound on RHN mass from the requirement of obtaining ob-
served baryon asymmetry from PBH evaporation. All the coloured regions
are discarded from the bounds derived in Eqn. (4.32) and Eqn. (4.34). The ver-
tical black dashed line corresponds to (from left to right) the bound from the
scale of inflation (CMB), sphaleron transition and BBN. The white triangular

region in the middle is the region that is allowed.

from PBH evaporation that can provide the required lepton asymmetry. In the Type-

I seesaw mechanism, the quantity ϵ has an upper bound as given by Eqn. (1.45). On

the other hand, the final asymmetry produced from PBH evaporation as computed from

Eqn. (4.31), YB = nB/s
∣∣∣
T0

≃ 8.7 × 10−11 [47]. These together constrain the mass of the

RHN produced from PBH evaporation both from above and from below
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M1


>

2 g⋆,H
asph gN,H

M2
pl v2

m
ν,max m2

in

ζ
YB(T0)

YPBH(Tevap)
for M1 < Tin

BH ;

<
asph gN,H
128 π g⋆,H

M2
pl mν,max

v2
YPBH(Tevap)

ζYB(T0)
for M1 > Tin

BH ,

(4.32)

where mν,max is the mass of the heaviest light neutrino and YPBH(Tevap) =
nPBH

s

∣∣∣
Tevap

. We

have used Eqn. (2.18) for the no. of RHNs produced from PBH and

nPBH
(
Tevap

)
=

1
min

π2

30
g⋆
(
Tevap

)
T4

evap . (4.33)

Another bound comes from the fact that if M1 < Tevap, then the RHNs produced from

PBH evaporation are in thermal bath and then washout processes are in effect. Hence, to

ensure non-thermal production of baryon asymmetry one must follow [96]

M1 > Tevap =⇒ M1 ≳ 3 × 10−3
(G2 g⋆

(
Tevap

)
M10

pl

m6
in

)1/4
. (4.34)

We thus find that the observed baryon asymmetry is produced over a very tiny region for

1011 ≲ M1 ≲ 1016 GeV and 0.5 ≲ min ≲ 10 g, depicted by the white triangular region in

Fig. 4.20.

While the PBH evaporation cannot create baryon asymmetry directly in our minimal

scenario, it can create DM directly, as discussed in different contexts [98, 102–105, 112,

245–253, 255, 258, 271–275]. However, as mentioned above, in asymmetric DM scenario,

the final DM abundance is dictated by the dark sector asymmetry which is created only

by the out-of-equilibrium decay of RHN where the latter is produced dominantly from

PBH evaporation. Thus, in the present scenario asymmetric DM yield can be expressed

as

YDM (T0) = ϵ∆χ N
nPBH

s
(
Tevap

)
, (4.35)

that leads to DM abundance
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ΩDM h2 =
mDM s0

ρc
YDM (T0) , (4.36)

where N is defined via Eqn. (2.18), which results in

ΩDM h2 =
gN,H

g⋆,H

mDM s0

ρc
ϵ∆χ

nPBH

s

∣∣∣
Tevap


4 π
3

(
min/Mpl

)2 for Tin
BH > M1 ;

1
48 π

(
Mpl/M1

)2 for Tin
BH < M1 .

(4.37)

FIGURE 4.21: The dark green, orange and blue coloured regions are excluded
from DM overproduction due to different choices of DM asymmetry (left
panel) and RHN mass (right panel) shown by different colours. In the right
panel we have chosen ϵ∆χ = 10−10. The gray shaded regions are disallowed
from CMB, BBN and warm DM limit, while the cyan band (left) is where
non-thermal leptogenesis from PBH is allowed for M1 ≃ 1012 GeV (see text).

Note that the final DM asymmetry depends on the mass of RHN as expected. To match

the observed DM abundance ΩDMh2 ≃ 0.12, the DM yield has to be fixed so that mDM Y0 =

ΩDMh2 1
s0

ρc
h2 ≃ 4.3 × 10−10 GeV, where ρc ≃ 1.1 × 10−5h2 GeV/cm3 is the critical energy

density and s0 ≃ 2.9 × 103 cm−3 is the entropy density at present [151]. Fig. 4.21 depicts

the allowed mass range for the DM obtained analytically using Eqn. (4.37). In the left
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panel, different regions shown by the green, orange and blue colours correspond to dif-

ferent choices of DM asymmetry ϵ∆χ, for the case where Tin
BH > M1. All these regions

correspond to DM overabundance and hence discarded. Here we see larger asymmetry

imposes tighter constraint on the DM mass. This is expected since a larger asymmetry

results in larger asymmetric DM abundance as per Eqn. (4.37). Hence slight increase in

the DM mass results in overabundance. The slight distortion in the large DM mass region

is due to the change in the number of light degrees of freedom around Tevap ≃ 150 MeV,

i.e., around the time of QCD phase transition. In the opposite limit Tin
BH < M1, shown

in the right panel, we see a lighter RHN imposes tighter bound since ΩDM ∝ 1/M2
1 for a

fixed CP asymmetry ϵ∆χ = 10−10.

If light DM is produced from PBH evaporation, it leads to a potential hot compo-

nent in total DM abundance, tightly constrained by observations related to the CMB and

baryon acoustic oscillation (BAO) leading to an upper bound on the fraction of this hot

component with respect to the total DM, depending on the value of DM mass [259]. A

conservative 10 % upper bound on such hot dark matter (HDM) component [103] can

lead to similar constraints on DM mass along with PBH initial fraction. The requirement

of producing right relic abundance, together with these lower limits on the DM mass put

tight constraint on the DM mass emitted by the PBH. This is shown by the gray shaded

regions in Fig. 4.21. We also show the window of PBH mass in cyan where successful

non-thermal leptogenesis from RHN emitted by PBH is possible (Fig. 4.20) for M1 ≃ 1012

GeV. In the right panel we have chosen different masses for the RHN, corresponding to

which the allowed mass window for non-thermal leptogenesis changes (maximum for

M1 = 1012 GeV shown in orange) as denoted by different coloured vertical bands. The

upshot of Fig. 4.21 is that, it is possible to generate observed asymmetry in visible sector,

together with right relic abundance of asymmetric DM with ultralight PBH and for DM

mass ≳ 10−5 GeV. The upper bound on the DM mass depends on the size of the asymme-

try generated within the dark sector, which depends also on the RHN mass scale.
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4.3.4 Results and Discussions

In order to compute the asymmetries we will now perform a full numerical analysis con-

sidering a set of coupled Boltzmann equations accounting for the energy and number

densities of different components. We focus on the production of the observed baryon

asymmetry via non-thermal leptogenesis, together with the correct relic abundance for

the asymmetric DM. Thus, we track the evolution of the comoving number densities of

the RHN, PBH, lepton and DM asymmetries and the radiation energy density via their

coupled BEQs. What is crucial here is the fact that since the PBHs are assumed to be

produced during the radiation dominated era, hence thermal contribution to leptogene-

sis can not be overlooked. The evolution equation for PBH mass, energy densities and

bath temperature6 in presence of PBH is similar to that in section 4.2.2 (cf. Eqns. (4.7)-

(4.10), (4.14)). The coupled Boltzmann equations for the evolution of the DM and lepton

asymmetries, on the other hand, are given by [100, 276]

aHdÑB−L

dξ
= ϵ∆L

[(
ñT

N1
− ñeq

N1

)
ΓT

N1
+ ñBH

N1
ΓBH

N1

]
− BrSM W ÑB−L ,

aHdX
dξ

= ϵ∆χ

[(
ñT

N1
− ñeq

N1

)
ΓT

N1
+ ñBH

N1
ΓBH

N1

]
− BrDM W X ,

(4.38)

where Br stands for the branching ratio of RHN into leptons (denoted by subscript SM)

and DM (denoted by subscript DM). ÑB−L, X are comoving densities of B − L and dark

sector asymmetries respectively. ξ = a/ain and we take ain = 1. Here we would like to

mention that the RHNs produced from PBH evaporation never come into thermal equi-

librium with the SM bath. In order to ensure that, we computed the thermally averaged

cross-section for scattering of RHNs produced from the PBH evaporation against the bath

particles, e.g., N1ℓ → N1ℓ following the prescription in [105] (the detailed derivation is

given in Appendix D), and compared the corresponding rate with the Hubble rate. We

found that for T ≃ Tevap, the RHN interaction rate is several orders of magnitude less

6In principle, the Boltzmann equation for radiation should also contain the contribution from RHN
decay into the thermal, but such contributions are negligible compared to the PBH contribution and can be
ignored.
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than the Hubble expansion rate, typically neq ⟨σv⟩/H ≲ 10−7. This shows that the RHNs

produced from PBH are genuinely non-thermal. The thermally averaged decay rate of N1

is denoted by ΓT
N1

and ñeq
N1

is the equilibrium number density. The Hubble parameter H
entering in the Boltzmann equations is given by

H =

√
8 π

3 M2
pl

ρ̃BH ain ξ + ρ̃R

a4
in ξ4

, (4.39)

The generation of lepton asymmetry has thermal and non-thermal sources stemming

from the plasma and PBH evanescence respectively. On the other hand, DM can be

present in the thermal bath while its asymmetric component arises from RHN decay and

eventually only the asymmetric component survives. From Fig. 4.20 we have already re-

alized that non-thermal leptogenesis from PBH necessarily requires ultralight PBH with

M1 ≳ 1012 GeV. On the other hand, it is clear from the right panel of Fig. 2.5, for very

light PBHs to dominate the energy density, the initial energy fraction of PBH density

should be much higher. Hence, a long period of PBH domination is preferred for purely

non-thermal leptogenesis from PBH [101]. Otherwise, the asymmetry production will

be dominated by thermally generated RHNs with PBH leading to subsequent entropy

dilution only [100, 276]. For N2 leptogenesis, one can as well get an enhancement of

asymmetry in the presence of PBH compared to the usual thermal case [276]. However,

we restrict ourselves to N1 leptogenesis only and consider the production to be dominant

from non-thermal RHNs produced from PBH evaporation. In the rest of the analysis we

will thus restrict the RHN mass to be M1 = 1012 GeV unless otherwise specified. We will

first look at the impact of having PBHs on the energy densities and the yield of the asym-

metries in visible and dark sectors. For this we consider some benchmark masses of the

PBH in 1-100 g range falling in the allowed region of Fig. 4.20. We also fix the N1−DM

Yukawa coupling yχ = 0.1 that determines the asymmetry in dark sector.

The top left panel of Fig. 4.22 shows the evolution of radiation (orange) and PBH

(black) energy densities with scale factor for PBH mass of 1 g. Here we see with time the

PBH energy density rises compared to that of radiation (as ρBH ∼ a−3) and at around
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FIGURE 4.22: Energy density (left column), temperature of thermal bath
(middle column) and yield of asymmetries (right column) as a function of
scale factor for a three different choices of PBH mass and for a fixed RHN
mass as mentioned in the plot label. In all cases we have considered PBH
domination by considering β = 10−3, M1 = 1012 GeV and yχ = 10−1 . The

black dashed vertical line in each case denotes the PBH evaporation time.

ξ ∼ 103 the PBH energy density overtakes the radiation density. This corresponds to a

bath temperature T ∼ 1012 GeV that can be read off from the adjacent panel on the right.

Slightly beyond this point, the energy density in PBH shows a plateau. This plateau re-

gion gets broadened as the PBH mass increases (middle and bottom left panels) since

a larger mass corresponds to a smaller evaporation temperature (Eqn. (2.12)). As a re-

sult, for ultralight masses, PBH domination era gets over earlier. The PBH dominated

era ends at ξ ∼ 106 for upper left panel plot where we see the black curve falls sharply.

As the PBH evaporation dumps a huge amount of entropy into the thermal plasma, the

plasma temperature shows a rise as one can notice from the kink in the red curve of upper

middle panel plot. As the PBH mass increases, evaporation takes place at a later epoch,

hence the kink in the red curve also shifts to a smaller temperatures as one can see from
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FIGURE 4.23: Evolution of the yield of asymmetries for three scenarios : (i)
purely thermal, (ii) only non-thermal contribution from PBH and (iii) both
thermal as well as non-thermal contributions. Here, β = 10−3, M1 = 1012

GeV and yχ = 10−1. The left panel represents a lighter PBH mass of 10 g,
whereas the right panel shows the evolution for a higher PBH mass of 100 g.

the lower middle panel plots. Plots shown in extreme right columns of Fig. 4.22 depict

the evolution of yield of the asymmetries. The asymmetries in both the sectors evolve

identically because of the same source. The asymmetries first increase because of the

thermal contribution, and then diminish for the washout effect due to the inverse decay

of thermal RHNs. Afterwards, they remain unchanged till the time the production of

non-thermal RHN from PBH overtakes the thermal contribution. Then during the period

of PBH evaporation dilution effect becomes significant (depending on the PBH mass) be-

cause of entropy injection in the thermal bath. Finally, the asymmetries saturate once the

PBH is completely evaporated. The effect of entropy injection becomes more prominent

for comparatively massive PBH as the period of evaporation becomes longer. For bet-

ter understanding of the asymmetry evolution, in Fig. 4.23, we compare three scenarios

where the baryon asymmetry results from the decay of (i) only thermal RHN (dashed line)

in the absence of PBH, (ii) only non-thermal RHN produced from PBH (dotted line) and

(iii) both thermal as well as non-thermal RHN (solid line) for two different PBH masses.

These plots clearly show the difference in the yield of baryon asymmetry for these three

cases. For the lighter PBH mass as shown in the left panel of Fig. 4.23, one finds that

even after the entropy injection due to the PBH evaporation, the final baryon asymmetry
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remains larger than the one obtained in the scenario with no PBH7. On the other hand,

for a heavier PBH as shown in the right panel of Fig. 4.23, one expects a relatively larger

entropy injection resulting in a larger dilution of the final baryon asymmetry, making it

lesser in comparison to the one produced in thermal leptogenesis. Since asymmetries in

dark and visible sectors evolve similarly, one can also expect that for lighter PBH masses,

the asymmetric DM production will be more compared to a purely thermal scenario dis-

cussed in earlier works.

FIGURE 4.24: Left panel: Parameter space satisfying observed DM abun-
dance in the bi-dimensional plane of yχ − mχ, where the colour coding is
done with respect to YB. Right panel: Points satisfying both observed relic
abundance and baryon asymmetry in yχ − mχ plane, where the colour code
shows variation of PBH mass. We have considered β = 8 × 10−3 to ensure

PBH domination.

In Fig. 4.24 we have illustrated the viable parameter space where asymmetric DM relic

abundance and observed baryon asymmetry can be produced entirely from RHNs emit-

ted due to PBH evaporation by solving the set of BEQs numerically. We have performed

a scan over the following parameters

mχ : {1 − 105} GeV; min : {1 − 12} g; yχ : {10−4 − 10−1} , (4.40)

7For comparatively lighter RHN, the effect of PBH on the final asymmetry is negligible [101], however
to ensure non-thermal production we stick to M1 ≳ 1011 GeV following Fig. 4.20.
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by keeping M1 = 1012 = M2/50 GeV and β = 8 × 10−3 to be fixed to ensure PBH

domination as discussed before. The Dirac Yukawa coupling of neutrinos get fixed via

Casas-Ibarra parametrisation mentioned earlier, after using the best-fit values of light

neutrino parameters [72]. In the left panel of Fig. 4.24, we show the allowed parameter

space giving correct ADM abundance in yχ − mχ plane while the colour code denotes

the baryon asymmetry generated. As can be seen from this plot, for heavier DM mass,

one requires smaller Yukawa coupling yχ. This is because heavier DM requires smaller

dark asymmetry ϵ∆χ and hence smaller yχ to generate correct relic abundance, following

Eqn. (4.37). The parameter space gets broadened as the PBH mass keeps varying. The

right panel shows, to satisfy the right ADM relic along with observed baryon asymmetry

via non-thermal leptogenesis, one has to necessarily rely on ultralight PBH which we

have already realized from Fig. 4.20 and 4.21. The fact that heavier PBH mass requires

heavier DM mass and hence smaller Yukawa yχ to get smaller ϵ∆χ, can also be understood

from Fig. 4.21 based on approximate analysis. The results of complete numerical analysis

also matches with this pattern as seen from the right panel plot of Fig. 4.24.

4.3.5 Conclusion

Asymmetric dark matter (DM) has been a well-studied framework motivated from ex-

plaining the baryon-DM coincidence problem dynamically. While the minimal frame-

works to realise such possibility considers a heavy particle present in the thermal bath

whose CP violating decays into visible and dark sectors generate the respective asymme-

tries, we consider the possibility of non-thermal origin of these asymmetries. In order to

keep it minimal and also to connect to the origin of light neutrino masses, we consider the

extension of Type-I seesaw model with dark sector particles [229] so that the lightest right

handed neutrino can play the role of creating the dark and visible sector asymmetries.

The DM is assumed to be a singlet Dirac fermion χ which couples to the right handed

neutrinos (RHNs) through another scalar singlet S . While the interaction of the RHNs

with the SM Higgs and leptons is responsible for generating the neutrino mass via Type-I

seesaw mechanism, its simultaneous decay to the visible and the dark sector generates
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asymmetries in both the sectors. A fraction of lepton asymmetry is converted to baryon

asymmetry via sphaleron transition, while the asymmetric component of χ survives and

accounts for the observed DM relic. While thermal cogenesis has been discussed exten-

sively in the literature, we consider the possibility of non-thermal RHNs by invoking the

presence of additional sources.

We consider a framework where the RHNs are sourced from evaporating primordial

black holes that are produced in the radiation dominated era with a monochromatic mass

spectrum. While RHNs can be produced from the thermal bath as well, we show that

the asymmetries produced from non-thermal RHNs dominate over the thermal one, spe-

cially for lighter PBH masses. Keeping the parameter space within such ballpark where

non-thermal leptogenesis from PBH evaporation dominates over the thermal contribu-

tion in generating the B − L asymmetry, we find that the observed baryon asymmetry is

obtainable only for ultralight PBH of mass ≲ 15 g and RHN mass M1 ≳ 1011 GeV. PBH

mass in such a ballpark necessarily requires a prolonged period of PBH domination, typ-

ically requiring a large initial fraction β > βc. Considering bounds from CMB, BBN and

astrophysical constraints, we show that PBH evaporation is also capable of producing

required asymmetry in the dark sector leading to correct relic abundance for asymmet-

ric DM as massive as ∼ 105 GeV, depending on the choice of the Yukawa coupling yχ.

Several complementary prospects of detection for asymmetric DM can be realized de-

pending on the UV completion of the dark sector, which we have not investigated in this

minimal setup. In addition to the discovery potential for the particular particle physics

framework, the ultra-light PBH leading to early matter domination can itself have obser-

vational consequences like emission of gravitational waves via Hawking radiation [147]

or other ways [117, 149, 150] which can have interesting detection prospects at both high

and low-frequency GW experiments [277].
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Chapter 5

DM and Leptogenesis with both LLP and

PBH domination

5.1 Introduction

In this chapter, we explore a scenario where multiple early matter-dominated eras emerge,

in order to produce the observed DM abundance and baryon asymmetry of the Universe.

The framework is motivated by the fact that all the observational evidences supporting

the presence of DM in the Universe are based on purely gravitational interactions only,

as discussed in chapter 1. Thus, it is appealing to consider the possibility of DM pro-

duction in the early Universe via a mechanism relying on gravitational interactions only.

The challenge is to find such a mechanism to produce dark matter in the early Universe

only through gravitational interactions. Such Purely Gravitational DM scenarios have been

studied for a long time in different contexts. Gravitational particle production was stud-

ied in Ref. [278] by Ford, where he considered scalar particle production of massless,

non-conformally coupled fields as a result of the non-adiabatic evolution of the time-

dependent dispersion relation during the transition from an inflationary accelerated ex-

pansion phase to a matter or radiation dominated decelerated phase. In Ref. [279, 280],

this mechanism was used for the production of supermassive scalar DM. Such mech-

anisms have garnered interest in the recent years and have been used to study scalar,

fermion as well as vector DM production [281–283]. Other possible gravitational pro-

duction mechanisms include the ‘Gravitational Misalignment Mechanism’ [284–286] and
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production through graviton mediated scatterings [287–289].

We consider another such alternative: production of gravitational DM from the evap-

oration of primordial black holes, assuming the latter to dominate the energy density

of the Universe at some stage. Contrary to earlier works where either light or super-

heavy DM production from evaporating PBH was shown, here we show the possibility

of a much wider range allowing the intermediate mass DM: from a few keV to PeV. This

is achieved by considering the presence of three heavy right handed neutrinos (RHN)

which also take part in typical Type-I seesaw mechanism [55, 56, 231, 232] of neutrino

mass generation, as discussed in chapter 1 (cf. Eqn. (1.27)). DM with mass in the inter-

mediate regime mentioned above usually gets overproduced from PBH evaporation and

can be brought within Planck limits by late entropy injection after PBH evaporation, from

one of the right-handed neutrinos, similar to the setups discussed in one of the preced-

ing chapters. The other two RHNs can not only reproduce neutrino oscillation data via

Type-I seesaw but also can produce the baryon asymmetry of the Universe via leptoge-

nesis. Since DM is assumed to have only gravitational interactions, it only has a mass

term, the exact form of which depends on the particle nature of DM particle. In our nu-

merical analysis, for simplicity, we will consider a real singlet scalar S of mass mDM, to be

a potential DM candidate1 which is produced purely from PBH evaporation. One of the

RHNs, N3 in the present scenario, is considered to be long lived such that its decay rate is

suppressed compared to the other two RHNs. As a consequence, the Universe undergoes

a N3-dominated epoch even after PBH are completely evaporated. The other two RHNs,

namely N1,2 can undergo CP-violating out-of-equilibrium decay, producing lepton asym-

metry which can then be converted into the baryon asymmetry of the Universe, thanks to

the electroweak sphaleron transitions. In Fig. 5.1 we schematically show the components

which dominate the energy density of the Universe at different epochs. As the time flows

from the left to the right, hence, as expected, the Universe is radiation dominated (RD) at

1We assume the strength of the portal interaction S2 |H|2 is absent by construction to ensure only grav-
itational production of DM. Considering DM with a different spin does not alter the main outcome of our
analysis.
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the end of reheating. Once the PBH formation happens, the PBH energy density can dom-

inate, which ends as the PBH evanescence is complete. The Universe is then dominated

by RHN produced from the PBH. Finally, as the RHN decays away, the usual radiation

domination era again commences. Note that, in addition to DM, the diluter N3 is also

dominantly produced from PBH evaporation as its coupling with SM leptons is tiny due

to the requirement of its long-lifetime.

FIGURE 5.1: Dominant component of the energy density of the Universe at
different epoch (time runs from left to right).

This paper is organised as follows. In section 5.2, we provide some analytical estimates

for PBH generated DM and leptogenesis from PBH generated RHN decay, including late-

time entropy injection after PBH evaporation. In section 5.3, we discuss the details of our

numerical analysis followed by a brief discussion on production of DM and RHN from

gravity mediated scatterings in section 5.4. Finally, we conclude in section 5.5.

5.2 PBH and Cogenesis

We consider DM with only gravitational interaction such that it can be produced solely

from PBH evaporation. Along with the DM, the PBH also emits right handed neutrinos

Ni with i ∈ 1, 2, 3. The number of any particle X radiated during the evaporation of

a single PBH is given by Eqn. (2.18). The DM yield produced by evaporation can be

directly related to the BH abundance at evaporation, as shown in Eqn. (4.19). Then, the

DM relic abundance ΩDM h2 = mDM s0
ρc

YDM (T0) , in the present epoch reads

ΩDM h2 = C(Tev)


1

π2

√
Mpl
min

mDM for mDM < Tin
BH ,

1
64 π4

(
Mpl
min

)5/2 M2
pl

mDM
for mDM > Tin

BH ,

(5.1)
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with C(Tev) = s0
ρc

1
ζ

gX,H
g⋆,H

5
g∗s(Tev)

(
π3 g⋆(Tev)

5

)3/4 √ G g⋆,H
10640 π . Here ζ parametrizes a possible

entropy production after PBH evaporation until now, i.e., ζ
(
sa3)

evap =
(
sa3)

0. Note

that, for the heavy DM case relic abundance has an inverse dependence on the DM mass,

implying heavy DM leads to under abundance. The over abundant region for DM with

spin s = 0 produced from PBH evaporation is shown in the left panel of Fig. 5.2 for

ζ = ξ = 1, i.e., considering no entropy injection at any given epoch, where ξ is defined

in Appendix E and for our scenario ξ = ζ as there is no entropy dilution after matter-

radiation equality epoch. Here we note that in the majority of the parameter space the

DM is over abundant irrespective of their spins and only mDM ≳ 1010 GeV can lead to

right abundance for min ≳ 106 g [96, 290]. Here we would like to mention that for DM

with different spins this over abundant region only slightly changes.

FIGURE 5.2: The DM is over-abundant in the blue shaded region, for ζ = ξ =
1 (left) and in the blue (orange) shaded ζ = ξ = 10(100) (right) considering
the DM to be scalar. The grey shaded regions are discarded due to limits
on PBH mass from CMB (lower limit), BBN (upper limit) and Lyman-α (see
text). Observed DM relic is achievable only in the white region in the top
right corner (left), whereas non-zero values of ξ opens up a window in the

bottom (right).

Now, the lower bound on DM mass from Lyman-α can be found in Appendix E. Par-

ticularly, the low DM mass region is in conflict with the WDM limit, which is shown by

the grey-shaded region in Fig. 5.2. An obvious way to overcome this tension is to consider
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that the DM produced from PBH evaporation does not constitute the whole DM abun-

dance. But since we are considering PBH is the only source of all of the DM, therefore

this tension can be alleviated by considering entropy non-conservation [96, 112]. This is

shown in the right panel of Fig. 5.2, where ζ = ξ = 10 (in blue) and ζ = ξ = 100 (in

yellow) is assumed2. Here we see the low DM mass window can be resurrected simply

because ΩDM ∝ ζ−1 mDM
3.

FIGURE 5.3: Constraints on RHN mass from the requirement of obtaining
Yobs

B considering ζ = 10. All the coloured regions are discarded from the
bounds derived in section 4.2.2. The white triangular region in the middle is
the region that is allowed (see text). This region shrinks compared to that in

Fig. 4.20, where ζ = 1.

The RHNs emitted during PBH evaporation can undergo CP-violating decays, gen-

erating lepton asymmetry, which has been discussed in details in section 4.3.3. From

Fig. 4.20, we concluded that the tiny triangular white part is the only window where

YB = Yobs
B . This region typically corresponds to 0.1 ≲ min ≲ 20 g and 1012 ≲ M1 ≲ 1017

GeV when entropy is assumed to be conserved, i.e., ζ = 1. Note that, this region shrinks

for larger ξ = 10, as shown in the right panel. This is expected since a larger ζ allows a

larger entropy injection (from Tevap to T0), diluting the asymmetry produced. Thus, while

a larger ζ can provide breathing space for lighter DM (cf., Fig. 5.2), but in turn tightens

the allowed parameter space for observed baryon asymmetry. It is therefore clear, satis-

fying both of them simultaneously needs a careful choice of ζ, i.e., the entropy injection,

2Another way is to significantly increase g⋆,H as mentioned in [112].
3For simplicity we consider ζ = ξ, which is, of course not a mandate.
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such that not only right DM abundance for lighter DM is obtained, but baryon asym-

metry should also not get too much diluted. It is interesting to note that the heavy DM

mass (≳ 1010 GeV) region although remains viable even in the absence of entropy injec-

tion, it is not possible to satisfy the observed asymmetry in those regions as they typically

correspond to massive PBH (≳ 104 g), leading to under production of asymmetry (cf.

Fig. 4.20).

5.3 Numerical Analysis

To this end we have analytically established that in order to open up the low mass DM

window (which is otherwise over abundant) it is necessary to have a substantial entropy

injection (≳ O(10)). However, the same entropy injection reduces the viable parameter

space for observed baryon asymmetry. Thus, it is rather difficult to satisfy both DM abun-

dance and correct asymmetry together, and one has to stick to the region of comparatively

lighter PBH mass to achieve both. In this section we will investigate the viability of the

analytical results by solving a set of coupled Boltzmann equations numerically.

In order to compute the final lepton (baryon) and DM yield, we numerically solve

the set of coupled Boltzmann equations, similar to that in chapters 3, 4. The additional

equations for the diluter N3 and DM are given by

aH
dñBH

N3

da
= ΓBH→N3

ρ̃BH

mBH
− Γ3ñBH

N3
(5.2)

aHdñBH
DM

da
= ΓBH→DM

ρ̃BH

mBH
. (5.3)

where Γ3 denotes the decay width of N3. Since N3 plays the role of diluting the DM

relic, it has to be long-lived. This results in suppressed Yukawas4 and hence no thermal

production. Also, note that we are considering a scenario of DM with only gravitational

4Here, we use the following choice of the R matrix in the Casas-Ibara parametrisation (cf. Eqn. (1.41))

R =

0 cos z sin z
0 − sin z cos z
1 0 0

 , (5.4)

z being the complex angle.
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interactions, hence it does not get produced from the thermal bath. The evolution of the

comoving radiation energy density and temperature of the thermal bath (cf. Eqn. (4.8),

(4.14)) has an additional term because of late time entropy injection from N3, and are

given by

dρ̃R

da
= −ϵSM(mBH)

ϵ(mBH)

a
mBH

dmBH

da
ρ̃BH +

a
HΓ3M3ñBH

N3
, (5.5)

dT
da

= −T
∆

[
1
a
+

ϵSM(mBH)

ϵ(mBH)

1
mBH

dmBH

da
g⋆(T)
g⋆s(T)

a
ρ̃BH

4 ρ̃R
+

Γ3M3

3H s a4 ñBH
N3

]
. (5.6)

Since we are interested in PBHs with mass ≲ O(1) g (where leptogenesis from PBH

dominates), with typical evaporation temperature Tevap ≲ O(1011) GeV, we do not in-

clude the ∆L = 2 washout processes in the BEQ as such processes go out of equilibrium

at temperatures T ≲ 6 × 1012 GeV as shown in [291] and thus have no influence on final

asymmetry5. We consider β > βc, such that PBH dominate the energy density at some

epoch and particle production takes place during PBH domination. The temperature of

the thermal bath as a function of the scale factor is shown in the left panel of Fig. 5.4,

where we can clearly see the effect of entropy dilution in two different epochs. The first

one takes place at a ∼ 106 when the PBH evaporation is completed, while the second one

at a later epoch corresponding to a ∼ 1015 when the decay of N3 is completed. Note that,

prior to N3 domination, the Universe is again dominated by radiation energy density for a

brief period of time. This is clearly visible from the right panel plot where we have shown

the energy density of radiation (red), PBH (blue) and N3 (black) as functions of the scale

factor a. The cyan-shaded regions indicate the two different epochs of early matter domi-

nation. Here one can see that the PBH energy density falls sharply at a ∼ 106 denoting the

end of PBH domination. Afterward the Universe goes through radiation domination, that

is being overtaken by the N3 energy density (second matter dominated era) at a ∼ 109.

Finally that ends at a ∼ 1015 with the complete decay of N3 into radiation. It is important

5In the standard radiation dominated early Universe, if the lightest RHN mass exceeds ∼ 1015 GeV
and heaviest active neutrino mass is greater than ∼ 0.1 eV, ∆L = 2 washout processes erase the lepton
asymmetry.
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to clarify that in these plots we have fixed the N3 mass and adjusted its decay width ac-

cordingly such that it never achieves equilibrium with the SM bath (hence long-lived) by

tuning the lightest active neutrino mass that we consider to be a free parameter.

FIGURE 5.4: Evolution of temperature of the thermal bath T as a function of
the scale factor a (left) and energy densities of radiation, PBH and N3 as a
function of the scale factor (right). We take min = 1 g, M1 = 1013 GeV, M3 =
1012 GeV, mDM = 1 GeV, with N3 decay width adjusted to be Γ3 = 1.3× 10−11

GeV (see text).

FIGURE 5.5: Evolution of DM (left) and baryon yield (right panel) for two
different values of PBH masses shown in two different colours. We consider
mDM = 1 GeV, M1 = 1013 GeV, M3 = 1012 GeV, while keeping N3 decay

Γ3 = 1.3 × 10−11 GeV to be fixed.

As advocated in the last section, DM overproduced from PBH evaporation gets di-

luted to right abundance by introducing entropy injection at late epochs. In this case N3

decay is responsible for adequate entropy dilution. The effect of entropy injection on the

DM and baryon yield is demonstrated in Fig. 5.5, considering two different PBH masses.

In the left panel we see DM is first overproduced at the end of PBH evaporation around
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FIGURE 5.6: Evolution of DM (left) and baryon yield (right panel) for two
different M3 values, shown in two different colours. We consider mDM = 1

GeV, min = 1 g, and the decay width Γ3 = 1.3 × 10−11 GeV is kept fixed.

FIGURE 5.7: Evolution of DM yield (left panel) and baryon asymmetry yield
(right panel) for choice of parameters which together satisfy observed DM
relic and baryon asymmetry. We choose mDM = 1 MeV, M1 = 1013 GeV,

M3 = 108 GeV, min = 1g, and Γ3 = 4 × 10−15 GeV.

a ∼ 106. The DM yield then starts diminishing once N3 starts decaying at later epoch near

a ∼ 1012. Once N3 decay is complete, the DM yield saturates close to the Planck 2018 limit

for mDM = 1 GeV. As we already noticed in Fig. 5.3, entropy injection has a destructive

effect on the baryon asymmetry since it dilutes the asymmetry generated from RHN de-

cay as well. This is again established in the right panel, where we see the generated yield

for asymmetry becomes under-abundant after the completion of N3 decay for a fixed M3.

For a fixed PBH mass the effect of varying M3 is shown in Fig. 5.6, where in the left panel

we see that a heavier M3 is capable of producing the right DM abundance for a fixed DM

mass since a heavier N3 results in larger entropy dilution. This affects YB as well, as one

can see from the right panel of Fig. 5.6. Therefore, one has to make a careful choice of PBH
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and diluter mass in order to satisfy both DM abundance and right baryon asymmetry. In

Fig. 5.7 we show a specific benchmark point which gives rise to right asymptotic yield

for the DM and that of baryon asymmetry simultaneously, in agreement with observa-

tions. Here we choose a DM of mass mDM = 1 MeV, while M3 = 108 GeV with a PBH of

mass 1 g. The entropy released due to the decay of long-lived heavy N3 can be expressed

FIGURE 5.8: Left: Parameter space allowed by relic density in ∆S − mDM
plane, where PBH mass is scanned over the range: {0.5-5} g. The colour code
is with respect to YB, considering vanilla high scale leptogenesis. The black
vertical dashed line corresponds to the conservative bound from WDM. The
green arrows denote the net allowed parameter space. Right: Same as left,

but considering resonant leptogenesis.

analytically, similar to Eqn. (3.30), as

∆S ≃
1 + 2.95

(
2 π2 g∗s(T)

45

) 1
3
(

Y2
3 M2

3
Mpl Γ3

) 2
3


3
4

, (5.7)

where Y3 = nN3/s is the initial yield of N3 before the onset of the second matter domi-

nated era due to N3 and Γ3 is its decay width. Note that the amount of entropy injection is

inversely proportional to Γ3 as expected. Now, Γ3 cannot be arbitrarily small as N3 has to

decay before BBN. This gives an upper bound on ∆ S, around 1011, which translates into

an upper bound on the dark matter mass, mDM ≲ 106 GeV. This is nevertheless a signifi-

cant improvement as DM masses all the way till mDM ∼ 1010 GeV, if solely produced from

PBH evaporation, remain disallowed in the usual scenario without late entropy injection,

either due to overproduction or WDM limits, as shown in the left panel plot of Fig. 5.2.

It is important to specify here that ∆S can be related to the lightest neutrino mass m1
ν,
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since the value of the N3 Yukawas are determined by m1
ν. For instance, we find that for

min = 1 g, and M3 < Tin
BH, 1 ≲ ∆S ≲ 106 typically corresponds to lightest neutrino mass

in the range 10−10 eV ≲ m1
ν ≲ 10−24 eV. Such tiny values of the lightest neutrino mass

and hence tiny Dirac Yukawa couplings of N3 are expected since N3 has to be sufficiently

long-lived. Now, in order to explore the viable parameter space we perform a numerical

scan over the DM mass mDM in keV-GeV range and on the PBH mass min : {0.5 − 5} g,

fixing the leptogenesis scale M1 at 1013 GeV. In the left panel of Fig. 5.8 we show the relic

density allowed parameter space in ∆S − mDM plane. DM particles with large velocity,

i.e., warm DM, are constrained by observations because their large free-streaming length

prevents structure formation of the Universe. The formation of structures in WDM is sup-

pressed for perturbations of comoving size ≲ λDM ∝ m−4/3
WDM [157, 292]. The signature of

such WDM would thus be the suppression of the matter power spectrum (MPS) at scales

below their free-streaming horizon. From cosmological data at large scales (CMB and

galaxy surveys) we know that such a suppression should be sought at comoving scales

well below a Mpc. The Lyman-α forest has been used for measuring the matter power

spectrum at such scale [292, 293]. This lower bound on the mass of a thermal early de-

coupled WDM can be translated into a lower bound on the present velocity of a generic

WDM. As already established earlier, light DM with mass below ≲ 3 keV [294, 295] is

disallowed from the Lyman-α bound on WDM6, which are shown by the red points on

the left side of black vertical dashed line. However, a substantial amount of entropy injec-

tion can improve this situation as already shown in the right panel plot of Fig. 5.2. Thus,

DM mass mDM ≳ O(MeV) is allowed for ∆S ≳ O(10). The parameter space is also capa-

ble of explaining the observed baryon asymmetry in vanilla leptogenesis framework for

10 ≲ ∆S ≲ 100, which agrees with earlier observations in [96]. We project the most con-

servative WDM bound that disallows DM mass mDM ≲ 0.3 MeV. Note that, as foretold,

with the increase in ∆S, the baryon asymmetry decreases (cf. Fig. 4.20). Thus, cogenesis

of right DM abundance and baryon asymmetry is possible with an entropy production of

the order of ∆S ≲ O(100).

6A more conservative bound on WDM mass has been derived in [296].
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In order to overcome the large entropy dilution at late epochs, we also check if the

lepton asymmetry can be significantly overproduced. Hence, we incorporate the resonant

leptogenesis setup here, discusssed in chapter 1. Since a larger CP asymmetry results

in larger baryon asymmetry, hence in this case one can allow larger entropy injection

compared to the standard vanilla leptogenesis scenario. This in turn helps in relaxing

the bound on DM mass, allowing heavier masses compared to the vanilla leptogenesis

scenario. This is what we can see from the right panel of Fig. 5.8, where we find the

allowed parameter space corresponds to ∆S ≳ O(100). Note that for ∆S ≳ 100, the

WDM limit becomes relatively relaxed and thus the whole parameter space opens up for

correct DM relic.

5.4 Production from Gravity Mediated Scattering

Apart from PBH, pure gravitational production of DM can also take place from the 2-

to-2 scattering of the bath particles via s-channel mediation of massless graviton. The

interaction rate density for such a process reads [297–302]

γ(T) = α
T8

M4
pl

, (5.8)

with α ≃ 1.9× 10−4 (real scalar), α ≃ 1.1× 10−3 (Dirac fermion) or α ≃ 2.3× 10−3 (vector

boson). This kind of production is unavoidable due to universal coupling between the

gravity and the stress-energy tensor involving the matter particles. The BEQ governing

the time evolution of DM number density is thus given by

ṅDM + 3H nDM = γ . (5.9)

For temperatures much lower than the reheat temperature i.e., T ≪ Trh, the DM yield

can be analytically obtained by integrating Eqn. (5.9)

Y0 =
45 α

2 π3 g⋆s

√
10
g⋆

(
Trh

Mpl

)3

, (5.10)
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FIGURE 5.9: Left: The black thick line corresponds to right DM relic abun-
dance via gravitational UV freeze-in. Along the contour we have Trh = Tin.
We consider no effect from entropy dilution (see text). Here the solid contour
corresponds to β = 10−4 and the dashed one for β = 10−6. The straight verti-
cal broken lines correspond to β = βc. Right: The black solid and dashed con-
tours correspond to observed baryon asymmetry for β = 10−4 and β = 10−6

respectively (the two contours overlap with each other and hence can not be
distinguished). The coloured shaded regions are same as those in Fig. 4.20.

where we define the DM yield as Y ≡ nDM/s, with s = 2 π2

45 g⋆s T3 and consider mDM ≪
Trh. On the other hand, if the DM mass is such that Trh ≪ mDM ≪ Tmax, where Tmax cor-

responds to the maximum temperature during reheating, then the DM can be produced

during but not after the reheating. In the case the DM yield can be obtained by integrating

Eqn. (5.9) for Tmax ≥ mDM ≥ Trh

Y0 =
45 α

2 π3 g⋆s

√
10
g⋆

T7
rh

M3
pl m4

DM
. (5.11)

Here we would like to mention that if the DM is produced during the transition from

matter to radiation domination via an interaction rate that scales like γ(T) ∝ Tn, for n >

12 the DM abundance is enhanced by a boost factor proportional to (Tmax/Trh)
n−12 [303],

whereas for n ≤ 12 the results for the standard UV freeze-in calculation differ only by an

O(1) factor from calculations taking into account of non-instantaneous reheating.
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Now, the DM produced via gravitational UV freeze-in shall undergo dilution due to

evaporation of the PBH, that can be quantified as [304, 305]

S(Tin)

S(Tevap)
≃ Tevap

Tpeq
≃ 10−2

(Mpl

min

) 3
2 Mpl

β Tin
, (5.12)

for β > βc, where we define S = a3 s(T). The temperature Tpeq is defined as the epoch of

equality between SM radiation and the PBH energy densities ρR(Tpeq) = ρBH(Tpeq), and

is given by

Tpeq = β Tin

(
g⋆,s(Tin)

g⋆,s(Tin)

) 1
3

. (5.13)

The observed DM abundance can then be achieved

mDM Y0
S(Tin)

S(Tevap)
= ΩDM h2 1

s0

ρc

h2 ≃ 4.3 × 10−10 GeV , (5.14)

with ρc being the critical density of the Universe. In Fig. 5.9 the black thick contour in the

left panel satisfies correct DM relic abundance via gravitational UV freeze-in, considering

Trh = Tin. To the left of the contour, DM is over produced due to gravitational UV freeze-

in. From this plot, it is clear that in the region of DM mass we are interested in (see Fig.

5.8), the DM production from the gravitational UV freeze-in remains under-abundant.

Similar to the case of DM, it is also possible to have leptogenesis from the decay of the

RHNs, that are gravitationally produced from the SM bath via massless gravtion medi-

ated scatterings [306, 307]. Following the same methodology as above, in the right panel

of Fig. 5.9 we show the contour corresponding to right baryon asymmetry, using the CP

asymmetry parameter defined by Eqn. (1.45). We see that the gravitational leptogene-

sis can dominate the production from PBH only for very light PBH which are already

excluded from CMB bounds.
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5.5 Conclusions

We have proposed a scenario where gravitational dark matter is produced from evap-

orating primordial black holes. Except for the superheavy mass window mDM ≳ 1010

GeV, DM production solely from PBH evaporation leads to overabundance if PBH dom-

inates the energy density of the Universe at early epochs. While lighter mass window

mDM ≲ O(1) keV gives correct relic, it faces severe constraints from the requirement

of structure formation. We particularly focus on this keV to 1010 GeV mass window of

gravitational DM and incorporate it within a Type-I seesaw framework with three right

handed neutrinos responsible for generating light neutrino masses. While DM in this

mass window gets overproduced from PBH evaporation, late entropy injection from de-

cay of one of the RHNs (acting as a diluter) can bring the DM abundance within observed

limits. As the late entropy dilution must occur before the epoch of BBN in order not to

disturb the successful prediction for light nuclei abundance, we impose the upper bound

on diluter lifetime which gets translated into an upper bound on entropy injection, allow-

ing DM mass upto ∼ 1 PeV. Along with DM, the diluter also gets dominantly produced

from PBH evaporation as its couplings to the SM particles remain suppressed from the

requirement of long lifetime needed for sufficient entropy release due to its decay. This

effectively leads to two different stages of early matter domination: first from PBH and

then from the diluter. The other two RHNs can have sizeable couplings with SM leptons

thereby generating the required neutrino mass and mixing. We consider the production

of these RHNs both from the bath as well as PBH and show that their subsequent CP

violating out-of-equilibrium decays can lead to successful leptogenesis as well. Since the

lepton asymmetry is required to be overproduced initially in order to survive the sub-

sequent entropy dilution, the DM parameter space gets squeezed from a few keV-PeV

window to a smaller range around MeV-GeV ballpark from the requirement of produc-

ing both DM relic as well as the baryon asymmetry of the Universe, with PBH mass

mBH ≲ 5 g. The long-lived nature of N3 necessarily pushes the lightest active neutrino

mass m1
ν to vanishingly small values (≲ 10−10 eV). Thus, the effective neutrino mass will

be very much out of reach from ongoing tritium beta decay experiments like KATRIN
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[210], whereas any positive detection of m1
ν in future experiments might be able to falsify

our scenario. While gravitational DM has no scope of direct detection, the required PBH

mass as well as multiple stages of early matter domination can have interesting observ-

able consequences, especially in the context of gravitational wave observations [117, 118,

147, 149, 150, 277, 308–310]. Interestingly, if the seesaw scale is dynamically generated

through a gauge symmetry breaking, such multiple matter domination can have interest-

ing signatures in GW generated from cosmic strings, which we recently pursued in Ref.

[311].
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Chapter 6

DM and Baryogenesis with PBH

domination

6.1 Introduction

This chapter explores a scenario of direct baryogenesis from PBH, without incorporating

the leptogenesis route, along with superheavy gravitational dark matter produced from

PBH. We consider a minimal particle physics setup to realize baryogenesis due to out-

of-equilibrium CP violating decay of a coloured scalar. The baryon asymmetry can be

generated at low scale, even below the sphaleron decoupling temperature due to non-

thermal origin of the coloured scalar from PBH evaporation. Due to the possibility of low

scale generation of baryon asymmetry, the allowed PBH mass range can be much bigger

compared to the one in the PBH assisted leptogenesis works discussed in some of the pre-

ceding chapters. This also brings the GW spectrum created by PBH density fluctuations

to the observable ballpark in mHz-kHz frequencies with peak amplitudes lying within

reach of even LIGO/VIRGO as well as several planned experiments. Such non-thermal

source of baryogenesis from PBH can escape the issues faced by thermal baryogenesis

discussed in chapter 1. Particularly, the decaying heavy particle can be produced at a

low scale from PBH depending on its initial mass, regardless of the temperature of the

thermal bath. Also, since the asymmetry can be generated below the electroweak scale,

they could avoid the washout because of sphaleron, especially for PBH with higher ini-

tial mass. In addition, the strong annihilations of the decaying particle can be avoided
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at low scale, which could have otherwise led to a potential dilution of the asymmetry.

Now, while such PBH dominated epoch in the early Universe typically leads to the over-

production of DM except for superheavy regime, we find interesting correlations between

DM mass and the coloured scalar mass responsible for creating BAU. Our analysis also

differs from the recent work [312] where a second population of heavy stable PBH was

considered which itself act as DM, in addition to the difference in GW production source

and frequencies (MHz-GHz ballpark). While our GW signatures are similar to our re-

cent work [152], there exist sharp differences in the cogenesis mechanism. In [152], high

scale thermal leptogenesis leads to over-production of baryon asymmetry which gets di-

luted due to PBH evaporation at late epochs which also leads to the production of su-

perheavy DM. On the other hand, we are studying direct baryogenesis (without taking

the leptogenesis route) and DM production from PBH evaporation. The complementary

detection prospects are more promising in the present setup due to the presence of ad-

ditional coloured particles and baryon number violation. Depending upon the mass of

the coloured scalar and its couplings, the model can also have complementary detection

prospects at the LHC and experiments looking for baryon number violating processes like

neutron-antineutron (n − n̄) oscillations. Our aim here is to provide a testable scenario,

based on existing particle physics model, that is capable of simultaneously explaining

baryonic and dark matter abundance, thanks to the underlying gravitational production

associated with PBH evaporation.

This chapter is organized as follows. In section 6.2 we briefly discuss the model and

source of baryon asymmetry. In section 6.3, we discuss the role of PBH in baryogenesis,

followed by discussion of the results related to BAU and superheavy DM from PBH in

section 6.4. In section 6.5, we discuss the details of GW generation in our setup and finally

conclude in section 6.6.
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6.2 The Framework

6.2.1 Field content and interactions

In this section we describe the underlying particle physics model responsible for baryo-

genesis. To realise baryogenesis, we follow a simple particle physics setup similar to the

earlier works [313–317]. We consider renormalisable baryon number (B) violating terms

involving newly introduced particles as a source of BAU. In order to avoid ∆B = 1 pro-

cesses leading to proton decay, we consider ∆B = 2 processes having other observable

signatures like n − n̄ oscillations [318–320]. We consider the presence of two iso-singlet

scalars Si, with i = 1, 2, that transform as SU(3)c triplets under the SM. The scalars

also carry non-trivial U(1)Y charges that allow us to have a direct coupling term to right

handed down type quarks as S dc dc. The presence of at least two S is needed to produce a

baryon asymmetry from the interference of tree and one-loop diagrams in a decay process

governed by the S dc dc interactions. However, although necessary, this is not sufficient.

The reason being that the total asymmetry vanishes after summing over all flavors of dc in

the final and intermediate states [321]. One therefore, requires additional baryon number

violating interactions, and the simplest renormalisable term as such is Sψ uc where ψ is a

SM gauge singlet field. The newly added fields and their corresponding charges under

the SM gauge symmetry are listed in Table 6.1. With this particle content at our disposal,

we can now write the relevant part of the renormalisable Lagrangian as [316, 317, 322,

323]

−L ⊃ λ S ψ uc + λ′ S⋆ dc dc +
1
2

mψ ψc ψ + h.c. , (6.1)

where we have suppressed all the flavour indices. Clearly, the Majorana mass term of ψ

is the source of baryon number violation (∆B = 2) in this model.

The above particle content does not lead to a naturally stable DM candidate. For the

interaction Lagrangian given in Eqn. (6.1), the neutral singlet fermion ψ can be made

kinematically stable by choosing its mass as mp − me ≤ mψ ≤ mp + me, forbidding both
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Fields SU(3)c SU(2)L U(1)Y

uc 3 1 −4/3
dc 3 1 +2/3

Si (i ∈ 1, 2) 3 1 +4/3
ψ 1 1 0

TABLE 6.1: Relevant fields including the newly added ones and their corre-
sponding charges under the SM gauge symmetry.

the possibilities of proton and ψ decays. However, in the absence of additional symme-

tries, ψ can couple to lepton and Higgs doublets of the SM opening up another decay

channel. Even if additional symmetry is introduced to forbid such decay into leptons, a

PBH dominated phase typically over-produces DM with mass mDM ∼ 1 GeV, as we dis-

cuss below. Therefore, in our minimal setup, ψ can not be a DM candidate. Therefore, ψ

can be much heavier in our setup while obeying the lower bound mp −me ≤ mψ to forbid

the corresponding proton decay mode p → ψ e+ νe. Interestingly, multiple generations of

ψ can also play a role in generating light neutrino mass via type-I seesaw mechanism [54,

56–58]. We consider DM to be purely gravitational such that it is produced dominantly

from PBH evaporation. Since both DM and the coloured scalar S responsible for BAU

originate non-thermally from PBH evaporation, this leads to a strong correlation among

DM, coloured scalar as well as PBH initial masses. In addition, a purely gravitational

DM is also motivated from the fact that all observational evidences of DM are based on

its gravitational interactions only, with direct detection experiments continuing their null

results.

6.2.2 Generation of baryon asymmetry

Baryon asymmetry is generated through the decay of the coloured scalars Si, leading to

CP asymmetries, via interference between a tree and loop-level diagrams as in Ref. [317]

ϵα =
1

8 π

∑i,j,k Im
(

λ∗
αkλβkλ′∗

αijλ
′
βij

)
∑i,j |λ′

αij|2 + ∑i |λαi|2
×

(
m2

Sα
− m2

Sβ

)
mSα

mSβ(
m2

Sα
− m2

Sβ

)2
+ m2

Sα
Γ2

Sβ

; with α , β = 1 , 2 ; α ̸= β ,

(6.2)
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such that the final baryon asymmetry, in the non-thermal ballpark (where washouts are

negligible) can be estimated as

YB =
nB

s
= ϵ1

nS1

s
+ ϵ2

nS2

s
. (6.3)

In Eqn. (6.2), the decay width of Sα, at tree level, is estimated as

ΓSα
=

mSα

16π

[
∑

i
|λαi|2 + ∑

i,j

∣∣∣λ′
αij

∣∣∣2] . (6.4)

In order to compute the CP asymmetries from Eqn. (6.2), we parameterize the Yukawa

matrices in Eqn. (6.1) as

λ =

 λ λ λ

λeiϕ1 λeiϕ1 λeiϕ1

 , λ′
1 =


0 λ′ λ′

λ′ 0 λ′

λ′ λ′ 0

 , λ′
2 =


0 λ′eiϕ2 λ′eiϕ2

λ′eiϕ2 0 λ′eiϕ2

λ′eiϕ2 λ′eiϕ2 0

 ,

(6.5)

which provides us with two more free parameters, namely the arbitrary CP phases ϕ1,2.

Also, the diagonal entries of λ′
1,2 are zero due to the requirement of colour anti-symmetry.

Note that λ′
αij denotes the components of the matrices λ′

α with α = 1, 2. Utilizing this

parametrisation, from Eqn. (6.2) we find ϵ1 + ϵ2 = 0.1 for λ , λ′ ≃ 10−3 with mS1 ≈ mS2 .

Typically, this corresponds to resonant baryogenesis scenario, where the mass difference

between S1,2 is of the same order as their decay width: ∆m ≡ |mS1 − mS2 | ∼ ΓS1,2/2 ≪
mS1,2 [317], similar to the resonant leptogenesis framework [62]. Since ΓS ∝ mS, hence the

CP asymmetry in the resonance limit becomes independent of the scalar mass.

6.2.3 Constraints from the LHC and n − n̄ Oscillations

While we do not perform a detailed collider study of our model here, we briefly mention

the existing bounds on coloured scalars, which most part of our parameter space satisfy.

The on-shell production of S via pp → S → dc
i dc

j , can lead to dijet resonance that in

turn can constraint the mass of S and the couplings λ , λ′, as discussed in [317]. A search
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for narrow resonances decaying to dijet final states put upper limits at 95% confidence

level on the production cross section with masses above 0.6 TeV at
√

s = 13 TeV, with an

integrated luminosity of 12.9 fb−1 [324]. This excludes colour octet scalars below 3 TeV.

This bound has been updated for an integrated luminosity of 137 fb−1, that searches for a

narrow (or broad) s-channel dijet resonance with mass above 1.8 TeV, constraining colour

octet scalars below 3.7 TeV [325]. There is also a possible monojet signal of this model at

the LHC from the on-shell production of S and its subsequent decay through: pp → S →
ψuc, that can be constrained from monojet plus missing energy searches from CMS [326]

and ATLAS [327]. On the other hand, the colored scalars can also be pair-produced at a

hadron collider: pp → SS⋆, purely through QCD interactions, independent of the Yukawa

couplings. The subsequent decay of S → dc
i dc

j will then lead to paired dijet resonance.

As explained in [317], the baryon number violating term in the Lagrangian can induce

a B-violating dimension-9 operator of the form
(
mψ/m6

S
)
(λ

1
2 λ′)4 (uc uc) (dc bc) (dc bc),

corresponding to ∆B = 2 transition, that can lead to n − n̄ oscillation with the amplitude

Mnn̄ ≃ λ2 (λ′)4 mψ

8 π2 m6
S

ln
[

mS

mψ

]
, (6.6)

at one loop level, which is constrained from current experimental lower bound [318–320,

328]: Mnn̄ ≤ 10−28 GeV−5 or equivalently, an oscillation lifetime of τnn̄ ≳ 108 s.

6.3 Baryogenesis from PBH

As advocated earlier, the present set-up allows us to have baryogenesis from the direct

CP-violating decay of the coloured scalars Sα. The final asymmetry, therefore, depends

on the yield of S from PBH evanescence. Then, from Eqn. (6.3), during PBH domination
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we obtain1

YB(T0) ≡ YB(Tevap) = (ϵ1 + ϵ2)
nS

s

∣∣∣∣∣
Tevap

= (ϵ1 + ϵ2) NX
nPBH

s

∣∣∣∣∣
Tevap

= (ϵ1 + ϵ2)


gX,H
g⋆,H

5
π2 g⋆s(Tevap)

(
π3 g⋆(Tevap)

5

) 3
4
√

G g⋆,H
10640 π

√
MPl
min

for mS < Tin
BH ,

gX,H
g⋆,H

5
64π4 g⋆s(Tevap)

(
π3 g⋆(Tevap)

5

) 3
4
√

G g⋆,H
10640 π

(
M9

Pl
m5

in m4
S

) 1
2

for mS > Tin
BH ,

(6.7)

where we consider mS1 ≈ mS2 ≡ mS, that leads to nS1 ≈ nS2 ≡ nS [according to

Eqn. (2.18)]. As evident from Eqn. (6.2), ϵ1,2 are functions of the two couplings λ , λ′

and the scalar mass mS. In Fig. 6.1 we show the parameter space satisfying the observed

baryon asymmetry in mS − min plane assuming PBH domination (β > βcrit), for different

choices of ϵ1 + ϵ2. The contours obeying observed baryon asymmetry are independent of

mS when mS < Tin
BH, while a larger mS requires lighter PBH to produce the desired asym-

metry following Eqn. (6.7). The red shaded region corresponds to ϵ1 + ϵ2 > (ϵ1 + ϵ2)max,

where the latter is ≃ 0.4 for our choice of parameters, as we shall discuss in later. The

noteworthy point here is that a direct baryogenesis from PBH opens up a whole new

PBH mass range compared to baryogenesis via leptogenesis (as seen in Fig. 4.20).

Here we would like to mention that, the condition mS < Tevap is enough to ensure

the non-thermal production of asymmetry, even though in this case the new scalar carries

non-trivial colour charge. In order to verify that we first note, the dominant 2-to-2 inter-

action of the scalar with the thermal bath takes place through SS → g̃g̃ at the end of PBH

evaporation, where g̃ are the gluons. The corresponding cross-section reads

σ(s)SS→g̃g̃ =
g4

s
576 π s

√
s

s − 4 m2
S

, (6.8)

1As we will see, in most of our parameter space, the baryon asymmetry is created below the electroweak
scale (min ≳ 105 g). If the asymmetry is created above the electroweak scale, it can be washed out by
sphalerons if B − L number is conserved. But, since in our scenario we have B − L violating interactions,
such washouts would be absent. However, there exists a conversion factor because of sphaleron which is
of O(1) [48].
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FIGURE 6.1: Contours satisfying Yobs
B during PBH domination for different

choices of the asymmetries, considering ϵ1 + ϵ2. The shaded vertical regions
are ruled out. The shaded lower triangular region leads to thermal baryogen-
esis where our analysis based on non-thermal approximations is not applica-
ble. The red shaded region is where the CP asymmetry exceeds the maximum

value that is allowed by model parameters (see text).

where the presence of the strong coupling constant gs shows this is an irreducible process.

The thermally averaged cross-section and decay rate of S is given by

⟨σv⟩SS→g̃g̃ =
1

8 m4
S TBH K2 (mS/TBH)

2

ˆ ∞

4 m2
S

ds σ(s)SS→g̃g̃
√

s K1
(√

s/TBH
)

⟨ΓS⟩ ≈
K1 (mS/TBH)

K2 (mS/TBH)
ΓS , (6.9)

where ΓS is given by Eqn. (6.4). Note that, we have calculated the thermal average with

respect to the PBH temperature and not the bath temperature. We find, for all PBH masses

of our interest, the scattering rate nS ×⟨σv⟩ stays below the decay rate at T = Tevap, where

nS = s(Tevap)×


gX,H
g⋆,H

5
π2 g⋆s(Tevap)

(
π3 g⋆(Tevap)

5

) 3
4
√

G g⋆,H
10640 π

√
MPl
min

for mS < Tin
BH ,

gX,H
g⋆,H

5
64π4 g⋆s(Tevap)

(
π3 g⋆(Tevap)

5

) 3
4
√

G g⋆,H
10640 π

(
M9

Pl
m5

in m4
S

) 1
2

for mS > Tin
BH .

(6.10)
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FIGURE 6.2: Top Left: Contours satisfying Yobs
B in λ′ − mS plane for min =

mCMB
in (blue) and min = mBBN

in (red). bfThe shaded region is disallowed from
BBN and CMB constraints on PBH mass (see text). Top Right: Contours of Yobs

B
in λ′ − λ plane for two different choices of ∆m shown in solid and dashed
lines. The blue and red contours correspond to min = mCMB

in and min = mBBN
in

respectively. Bottom: Variation of CP asymmetry as a function of mS. In all
cases we choose mψ = 1 GeV. The shaded regions are disfavoured from n − n̄

oscillation limits [cf.Eqn. (6.6)].

This implies, the CP-violating decay rate of the scalar is much more efficient than its 2-

to-2 scattering rate at T = Tevap. Therefore, the asymmetry freezes in well before the

thermalization takes place via the irreducible 2-to-2 process for mS > Tevap, making the

non-thermal assumption viable2. This is typically because of the suppression from mS

and TBH in Eqn. (6.9).

Possible range of coupling values that can give rise to the observed BAU, are shown

in Fig. 6.2. In the top left panel we plot contours of correct baryon asymmetry in λ′ − mS

2Following the prescription in [105] (also see Appendix D), we have also checked the scattering efficiency
of a PBH generated S scattering on a thermal S, and found that this rate is much below the Hubble rate for
the range of PBH masses that produce right DM and baryon abundance.
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plane for a fixed ∆m, and choosing the minimum and maximum PBH masses that sat-

isfy CMB and BBN bound respectively. The blue coloured contour corresponds to min =

mCMB
in ∼ 0.1 g, while the red coloured contour is for min = mBBN

in ∼ 108 g. Thus, the

region in between these two can produce Yobs
B for gradually decreasing PBH mass, as we

move from the red to the blue contour. The red shaded regions are disallowed as they

require PBH lighter (heavier) than the one viable from CMB (BBN) bound. Note that,

because of ∆m ≪ mS, we do not discriminate between two scalar masses and refer to

them as mS. Note that, large Yukawa or lighter mS are forbidden (shown by the grey

shaded region) as they give rise to n − n̄ oscillations with small lifetime, in conflict with

the bound on Eqn. (6.6). In the top right panel we project the allowed parameter space

in λ′ − λ plane for a fixed mS = 10 TeV, and for different choices of ∆m, shown by blue

coloured solid and dashed contours. The red and blue coloured contours are for PBH

of masses allowed from BBN and from CMB bounds respectively. The region outside

each blue contour is discarded, as they correspond to PBH masses lighter than the one al-

lowed from CMB measurements, as shown by the red shaded region in the top left panel.

However, as these contours overlap on each other, depending on the choice of ∆m, we

refrain from shading those regions. For each case we see that the correct asymmetry can

be found twice as the CP-asymmetry shows a resonance behaviour, which becomes max-

imum when ∆m ∼ ΓS/2, as shown in the bottom panel. This results in closed contours for

right baryon asymmetry. Clearly, if we deviate from the resonance regime, the required

CP asymmetry can be obtained by suitable choices of Yukawa couplings. We find, a max-

imum of CP asymmetry of (ϵ1 + ϵ2)max = 0.43 is possible for parameters of our interest.

We thus discard values larger than (ϵ1 + ϵ2)max, as shown by the red shaded region in

Fig. 6.1. As the top right panel figure shows, increasing the mass splitting ∆m corresponds

to larger Yukawa couplings in order to obtain the desired asymmetry. Here we would like

to remind the readers once again that the results so far apply for PBH dominated epoch,

i.e., β > βc.

As noted earlier, the simple estimate for baryon asymmetry adopted here holds in the

non-thermal ballpark only. While PBH evaporation at late epoch (Tevap < mS) leads to
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such non-thermal production of S, it is possible to have thermally generated S too given

the fact that prior to PBH domination, the Universe is assumed to be radiation domi-

nated. However, being a coloured scalar, S will be in equilibrium for a long epoch due to

strong annihilations into gluons (independent of the Yukawas λ , λ′) leading to dilution

in generated asymmetry. On the other hand, the out of equilibrium criteria of its decay

will force the corresponding Yukawa couplings (λ, λ′) to be in smaller regime, reducing

the CP-asymmetry [316, 317]. In other low scale baryogenesis scenarios like [329] and

post-sphaleron baryogenesis [330], this is ensured by considering the decaying particle to

be colour neutral whose baryon number violating decay into quarks create the asymme-

try without requiring any non-thermal origin. Additionally, there will be washouts from

inverse decay and scattering further reducing the baryon asymmetry produced from ther-

mally generated S. Finally, PBH evaporation at late epoch is likely to cause entropy dilu-

tion to any baryon asymmetry generated at higher temperatures (T > Tevap), as noticed

in PBH-generated leptogenesis works earlier [100, 276]. Therefore, the thermally gener-

ated baryon asymmetry can be ignored in our setup validating the non-thermal estimates

discussed above.

6.4 A common parameter space for baryogenesis and dark

matter

DM of arbitrary intrinsic spin can be produced directly from PBH evaporation. Thus, the

DM abundance can be expressed as

YDM(T0) ≡
nDM

s

∣∣∣∣∣
T0

=
3
4
(Tin

BH) NDM ×


β

Tin
BH

min
, β ≤ βc

T̄evap
min

, β ≥ βc ,
(6.11)
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where NDM ≡ NX as given in Eqn. (2.18). Thus, the DM relic abundance ΩDM h2 =

mDM s0
ρc

YDM (T0) , at the present epoch for PBH domination reads

ΩDM h2 = C(Tev)


1

π2

√
MP
min

mDM for mDM < Tin
BH ,

1
64 π4

(
MP
min

)5/2 M2
P

mDM
for mDM > Tin

BH ,

(6.12)

with C(Tev) =
s0
ρc

1
ζ

gX,H
g⋆,H

5
g⋆s(Tevap)

(
π3 g⋆(Tevap)

5

)3/4 √
G g⋆,H

10640 π . It is worth mentioning that if

we assume a PBH dominated era, then for majority of the parameter space the DM gets

over-produced from PBH evaporation irrespective of their spins and only mDM ≳ 1010

GeV can lead to right abundance for min ≳ 106 g [96, 290]. DM over-production can also

be controlled by choosing sufficiently light DM mass, but it is likely to face constraints

from structure formation. In order not to spoil the structure formation, a DM candidate

which is part of the thermal bath or produced from the thermal bath should have mass

above a few keV (depending upon the details of the production mechanism) in order

to give required free-streaming length of DM as constrained from Lyman-α flux-power

spectra [25, 331, 332]. Such light DM of keV scale leads to a warm dark matter (WDM)

scenario having free-streaming length in the intermediate range relative to that of cold

and hot DM. If such light DM is also produced from PBH evaporation, it leads to a poten-

tial hot component in total DM abundance, tightly constrained by observations related to

the CMB and baryon acoustic oscillation (BAO) leading to an upper bound on the frac-

tion of this hot component with respect to the total DM, depending on the value of DM

mass [259]. The lower bound on DM mass from Lyman-α can be found in [96, 112, 333].

As for the heavy DM case relic abundance has an inverse dependence on the DM mass,

hence heavy DM leads to under-abundance. This is shown in the left panel Fig. 6.3, con-

sidering the DM to be of spin zero. The white region in the top right corner is where

the DM is under abundant, while along the black dashed line right relic abundance is

obtained, without considering any extra source of entropy injection after PBH evapora-

tion. Now, for the simultaneous realization of both the observed DM relic density and the

baryon asymmetry, mS and mDM become connected through Eqn. (6.7) and (6.12). In the
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right panel of Fig. 6.3, we show the contour satisfying both DM relic density and baryon

asymmetry, considering ϵ1 + ϵ2 = 0.1. The range of min which varies along this contour is

shown with different colours. For min ≲ 2.5 × 104 g, DM mass becomes super-Planckian.

On the other hand, for min ≳ 3.4 × 107 g, mS becomes less than Tin
BH and hence YB be-

comes independent of mS (cf. Eqn. (6.7)). Note that,the parameter space features same

characteristic as in Fig. 6.1 because of the requirement of simultaneously satisfying right

relic abundance and baryon asymmetry.
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FIGURE 6.3: Left: The red coloured region of over-abundance for DM pro-
duced entirely from PBH evaporation. We also show the warm DM con-
straint, effective in the region of lower mass DM. Along the blue contours
right relic abundance is produced considering gravitational UV freeze-in for
lower (solid) and upper (broken) bound on β [cf. Eqn. (2.15), (2.51) ]. Along
the black dashed contour right abundance is obtained considering the entire
DM is produced from PBH evaporation. Right: Viable parameter space sat-
isfying relic density and baryon asymmetry in mDM − mS plane for a fixed
ϵ1 + ϵ2 = 0.1 and scanned over a range of min, shown with different colours.

Apart from PBH, pure gravitational production of DM can also take place from the

2-to-2 scattering of the bath particles via s-channel mediation of massless graviton, as

discussed in section 5.4. Along the blue contours in the left panel of Fig. 6.3, correct

DM abundance via gravitational UV freeze-in is obtained considering Trh = Tin and a

spin-0 DM candidate. The two contours, shown via solid and dotted curves correspond

to the lower and upper bound on β, following Eqn. (2.15), (2.51). To the left of each

contours, DM is over-produced due to gravitational UV freeze-in. This shows, the region
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of over-abundance corresponding to gravitational UV freeze-in overlaps with the region

of over-abundance for DM production from PBH evaporation.

It should be noted that, we have considered a spin zero scalar to be the DM candi-

date in the above discussion and shown it to satisfy the correct relic abundance criteria,

together with correct BAU produced from PBH evaporation, for superheavy DM masses.

While the original model has a DM candidate ψ provided its mass lies in the tiny window

mp − me ≤ mψ ≤ mp + me and its coupling to SM leptons and Higgs are forbidden by

some additional symmetries. However, as the above discussion shows, such DM with

mass around 1 GeV is likely to be over-produced for the PBH mass range and initial

fraction (β > βcrit) we are choosing to have desired baryogenesis and GW spectrum. In

earlier works, for example [317], such light DM was found to be thermally over-produced

requiring the non-thermal production from moduli decay. While non-thermal production

of DM from a moduli dominated era can be controlled by suitable choice of couplings,

this freedom no longer exists in a PBH dominated era due to democratic gravitational

couplings to all particles. Therefore, we do not need to choose ψ mass in the above-

mentioned tiny window, it can be mass larger than proton mass and can also play some

role in generating light neutrino masses via its coupling to SM leptons and Higgs, in a

way similar to [322, 323].

6.5 Induced Gravitational Waves from PBH Density Fluc-

tuations

There are several ways in which PBHs can be involved in the production of primordial

gravitational waves, as discussed in chapter 2. We focus on the GW spectrum generated

from PBH density fluctuations. Now, from the requirement of obtaining the observed

baryon asymmetry Yobs
B , one can express fpeak and Ωpeak

gw (given by Eqn. (2.47) and (2.46)
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FIGURE 6.4: GW spectra induced from PBH density fluctuations, from the re-
quirement of obtaining the observed baryon asymmetry Yobs

B , with ϵ1 + ϵ2 =
0.1 (left panel) and ϵ1 + ϵ2 = 0.01 (right panel). The experimental sensitivities
of BBO [334–336], DECIGO [142, 143, 337], CE [139, 338], ET [144, 339–341],
LISA [141] and aLIGO/VIRGO [139, 140, 342]. Here we use the sensitivity
curves derived in Ref. [343] are shown as shaded regions of different colours.
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ϵ2 = 0.1. For each mS we also indicate the corresponding min in the upper

horizontal axis that provides the right baryon asymmetry.

respectively) as a function of the baryogenesis scale mS. Using Eqn. (6.7) for the PBH-

dominated case, we arrive at

f peak ≃


4 × 10−2 (ϵ1 + ϵ2)

−5/3 Hz for mS < Tin
BH ,

2 × 10−4 (ϵ1 + ϵ2)
−1/3 ( mS

GeV

)2/3 Hz for mS > Tin
BH .

(6.13)
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Similarly

Ωpeak
gw ≃


7.8 × 103

(
β

10−8

)16/3
(ϵ1 + ϵ2)

68/9 for mS < Tin
BH ,

2.6 × 1014
(

β
10−8

)16/3
(ϵ1 + ϵ2)

68/49 ( mS
GeV

)−136/45 for mS > Tin
BH .

(6.14)

From the above equations, it can be seen if the CP asymmetry parameters ϵ1, ϵ2 are fixed,

the peak frequency fpeak is determined solely by the baryogenesis scale mS. In addition,

from the requirement of obtaining the observed DM relic, mS has one-to-one correspon-

dence with the DM mass mDM (as seen in Fig. 6.3). Now, for mS < Tin
BH, the frequency is

degenerate for all values of mS. On the other hand, the peak amplitude depends also on

the initial PBH fraction β, which remains a free parameter in our analysis.

In Fig. 6.4 , we show the GW spectra from PBH density fluctuations along with the

current and future sensitivities of various GW experiments. In the left panel we fix ϵ1 +

ϵ2 = 0.1 and as we keep on decreasing mS, the peak frequency gets shifted to the left

as expected (see Eqn. (6.13)). For mS < Tin
BH, the spectrum becomes independent of mS.

Similar behavior is observed in the right panel for ϵ1 + ϵ2 = 0.01, with an overall shift

towards higher frequency. This shift can be understood from Fig. 6.1, where the contours

satisfying Yobs
B for lower CP asymmetry values requires lower values of PBH mass, and

hence corresponds to a higher peak frequency (cf. Eqn. (2.47)). We find that for ϵ1 + ϵ2 ≲

0.001, the peak frequency becomes out of reach of any planned GW experiments shown,

even with mS < Tin
BH. Note that in these plots we have chosen β ∼ βmax, where βmax

corresponds to the upper bound given by Eqn. (2.51). While this maximal value of β is

consistent with dark radiation bound at the epoch of BBN, for some choice of parameters,

the peak frequencies can fall within LIGO ballpark and hence can already be disfavoured

by LIGO constraints [140].

The bounds on β given by Eqn. (2.51), (2.15) can also be recast in terms of mS, for fixed

values of ϵ1, ϵ2. This is shown in Fig. 6.5, where we have fixed ϵ1 + ϵ2 = 0.1. Note that for

mS < Tin
BH, min is fixed from Yobs

B (see Eqn. (6.7) and also Fig. 6.1) and hence the bounds on

β become independent of mS. The shaded region in Fig. 6.5 represents the allowed range
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BP mS (GeV) mDM (GeV) ϵ1 + ϵ2 min(g) log10β log10βc GW experiment
BP1 106 3 × 1012 0.1 107 −8.6 −12.22 ET, DECIGO, BBO
BP2 107 2.8 × 1014 0.05 1.7 × 106 −8.2 −11.45 CE, ET
BP3 3 × 107 2 × 1017 0.01 105 −7.3 −10.22 LIGO O5, CE, ET

TABLE 6.2: Some benchmark points (BP) of showing values of coloured scalar
mass mS, DM mass mDM, PBH mass fraction βc, PBH mass min and the CP
asymmetry parameter ϵ1 + ϵ2, along with the GW experiments that can probe

the peak of the induced GW spectrum.

of β for different values of mS. Similar pattern is observed for different values of ϵ1, ϵ2.

By keeping β within the allowed range, we provide some benchmark values in Table 6.2,

along with the GW experiments which can probe the peak of the induced GW spectrum.

6.6 Conclusion

We have proposed a simple way of cogenesis of baryon and dark matter from PBH evap-

oration which can be tested via gravitational wave induced by PBH density fluctuations.

Due to the presence of new heavy particles with baryon number violation, baryon asym-

metry can be generated non-thermally due to out-of-equilibrium CP violating decay of

a heavy coloured scalar, predominantly produced from PBH evaporation. The allowed

parameter space in terms of PBH mass consistent with the non-thermal generation of the

observed baryon asymmetry also leads to the production of superheavy DM with correct

relic abundance. Assuming PBH to dominate the early Universe, we get one-to-one cor-

respondence between DM mass and heavy coloured scalar mass responsible for baryoge-

nesis. Since the induced GW spectrum also crucially depends upon PBH mass and initial

fraction, we get very predictive GW spectrum at both ongoing and future experiments

like LIGO, BBO, DECIGO, CE, ET etc. This is not possible in non-thermal leptogenesis

from PBH scenarios where the requirement of PBH evaporation before sphaleron decou-

pling forces PBH mass to be much lighter leading to very high frequency induced GW

out of reach from experiments. Since baryogenesis can occur at any temperature above

the BBN epoch, contrary to the canonical baryogenesis via leptogenesis mechanism, one

can have PBH as heavy as ∼ 106 g, depending on the size of the CP-violation generated
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from the decay of the new coloured scalars. We find, a common parameter space, sat-

isfying both DM abundance and baryon asymmetry can be obtained entirely from PBH

evaporation for PBHs within a mass range of ∼ 104 − 107 g, where DM can be as heavy as

∼ 1012 GeV. Apart from such observable GW signatures of our cogenesis setup, the model

can also have complementary signatures at collider as well as experiments searching for

baryon number violation like neutron-antineutron oscillations.
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Chapter 7

Conclusion and future outlook

To conclude, this thesis focuses on two currently unsolved problems: the origin of dark

matter and the asymmetry between matter and antimatter in our Universe. While there

have been many theoretical models to explain these two phenomena, a majority of which

are based on standard mechanisms such as freeze-out, freeze-in, leptogenesis and so

on, we build upon such mechanisms to explain these problems in the presence of non-

standard cosmic epochs before BBN. This not only changes the parameter space of stan-

dard production regimes, but also leads to complementary indirect detection probes,

mainly in the form of gravitational waves. Intriguingly, the thesis explores DM scenarios

beyond the conventional WIMP paradigm, where the DM mass range and couplings are

already tightly constrained from several DM search experiments. As a bonus, most of the

setups we consider for our study can also accommodate tiny neutrino mass, which has

been another long-standing puzzle in particle physics. Below, we briefly summarise the

chapters of this thesis.

In chapter 3, we considered early matter domination because of a long-lived parti-

cle. Interestingly, in the kind of dark matter setups we consider, i.e. the keV scale warm

dark matter and the Miracle-less WIMP dark matter, the need for such an early matter-

dominated epoch naturally arises since DM is thermally overproduced in such scenarios.

The DM relic abundance can be brought down by the decay of the long-lived matter field,

which puts constraints on the model parameters such as DM mass and gauge couplings.

In the case of Miracle-less WIMP, the presence of cosmic strings produces stochastic gravi-

tational wave spectra with turning point frequencies having a one-to-one correspondence
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with the DM mass, while being within the sensitivities of near-future GW experiments.

The long-lived matter field, which is portrayed by one of the right-handed neutrinos

present in the gauged B − L setup for anomaly cancellation, predicts vanishingly small

lightest neutrino mass. Hence, it provides a complementary detection prospect in neu-

trino experiments like KATRIN and neutrinoless double beta decays. In addition, lep-

togenesis can also be realised in such scenarios with the help of resonant enhancement.

Chapter 4 focuses on early matter domination because of PBH, where the Hawking evap-

oration of PBH plays a role both in producing the dark matter/ baryon abundance and

also diluting it. We considered the effect of PBH on the low-scale scotogenic model, and

performed a detailed analysis considering both thermal and non-thermal productions of

lepton asymmetry and dark matter. Solving the appropriate Boltzmann equations for the

system, we found that with scalar inert doublet dark matter, which is constrained from

collider searches, it is not possible to find a region of PBH parameters that can simul-

taneously affect DM genesis as well as leptogenesis. This is primarily because for PBH

domination, DM production directly from PBH through Hawking evaporation leads to

overabundance, unless DM is very light or superheavy leading to suppressed production.

Hence, the only viable possibility considering PBH domination is that PBH evaporates

earlier than the dark matter freeze-out epoch, such that the final relic is dictated solely

by the thermal component. Interestingly, we see that this condition itself constrains the

DM mass and the PBH parameters. To explore the possibility of cogenesis further, we

have also considered the scenario where leptogenesis occurs due to N2 decay while the

lightest right-handed neutrino N1 is the DM candidate. Here, the scale of leptogenesis

is pushed higher, but the gauge singlet nature of N1 allows us to consider it in the light

mass window around few MeVs, evading the overabundance region. N1 in this scenario

can also be produced via freeze-in, and we have a scenario of mixed DM with both hot

and warm/cold components which has constraints from astrophysical bounds. We then

considered the generation of asymmetric DM from PBH, motivated from the cosmic co-

incidence problem. We found that for ultralight PBH of ∼ 0.1 − 10 g, it is possible to

produce the required asymmetry simultaneously in the visible and dark sectors, through
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the decay of a heavy RHN produced from PBH, with the non-thermal production domi-

nating over the thermal. While this requires a heavy RHN scale of O(1012) GeV, DM with

a wide mass range from a few GeV upto ∼ 105 GeV becomes possible, depending on the

Yukawa couplings of RHN to DM.

Next, in chapter 5, we consider a scenario of purely gravitational DM from PBH, which

is motivated by the fact that all the pieces of evidence of DM found so far are purely of

gravitational origin. As also mentioned in the preceding chapters, DM produced directly

from PBH in the light mass regime of keV-PeV gets overproduced. Hence, we naturally

require another period of matter domination to bring down the DM abundance, which is

provided by a long-lived particle, leading to multiple matter dominated eras in the early

Universe. Satisfying the criteria of successful leptogenesis in the same setup further con-

strains the DM mass to the MeV-GeV ballpark, with PBH mass ≲ 5 g. Finally, in chapter

6, we consider a framework of direct baryogenesis from PBH at a low scale, from the CP

violating decay of a colored scalar produced from PBH. This has the immediate advan-

tage that PBH with comparatively heavier mass ranges upto ∼ 107 g, evaporating after

the sphaleron scale now becomes allowed. Dark matter in the superheavy mass regime

which is not overproduced from PBH evaporation, can also be realized in this setup. The

DM mass and the baryogeneis scale becomes connected via the required PBH mass to

produce the observed baryon asymmetry and dark matter relic abundance. Interestingly,

here because of the higher PBH mass, the DM mass and baryogenesis scale can also be

probed with the help of gravitational wave spectra from PBH density fluctuations, where

the peak frequency and amplitude are under the sensitivity of near future gravitational

wave experiments. In addition, because of the presence of the colored scalars, the model

also has complementary signatures in collider experiments. Moreover, because of the

presence of baryon number violation in the setup, experiments like neutron-antineutron

oscillations can also probe or constrain this scenario.

This thesis paves the way for several problems to look upon in the future. While the

only non-standard epochs considered here are due to early matter domination, it would
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be interesting to pursue dark matter phenomenology and baryogenesis with other possi-

ble cosmic backgrounds such as that of kination, early dark energy etc., and its connection

to particle physics setups and observational signatures. The impact of such scenarios on

the stochastic gravitational wave spectrum from early Universe sources such as PBH, cos-

mic strings, inflation etc. is also worth pursuing. In addition, the source of early matter

domination because of some other sources such as inflaton can also be looked upon. We

have also remained agnostic about the formation mechanisms of PBH and considered a

monochromatic PBH mass function. In a UV complete particle physics framework, for-

mation of PBH with a realistic mass function and initial fraction can also be investigated

together with its consequence for production of DM, baryon asymmetry and stochastic

GW background. We leave such analysis considering other mass functions of PBH and

formation mechanisms for future studies.
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Appendix A

Conversion of lepton asymmetry to

baryon asymmetry

Here, we derive the sphaleron conversion factor given by Eqn. (1.39) of chapter 1, and

used throughout this thesis in the leptogenesis calculations. We closely follow Ref. [48].

At high temperatures before the electroweak scale, the asymmetries in the number den-

sities of particles and antiparticles of a relativistic species ‘i’ can be written in terms of its

chemical potential µi as

ni − ni
s

=
15gi

4π2g∗s

µi

T


2 for bosons,

1 for fermions.
(A.1)

Let us consider the SM to have N f generations of fermions and NH Higgs doublets. For

a reaction in chemical equilibrium through the electroweak interactions, one can equate

the chemical potentials of the particles in the initial and final states. The relevant relations
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are

µW = µH− + µH0 , for W− ↔ H− + H0 , (A.2)

µW = −µuL + µdL , for W− ↔ uL + dL , (A.3)

µW = −µj + µej,L , for W− ↔ νj,L + ej,L , (A.4)

µH0 = −µuL + µuR , for H0 ↔ uL + uR , (A.5)

µH0 = µdL − µdR , for H0 ↔ dL + dR , (A.6)

µH0 = µej,L − µej,R , for H0 ↔ ej,L + ej,R . (A.7)

Here, j = 1 to N f and for the SM neutrinos, and we write µνj,L = µj. L(R) denotes

left(right) handedness. H0
k, H±

k denotes components of the Higgs doublets with k =

1 to NH. Now, sphaleron processes can create left-handed fermions from the vacuum,

which gives us

N f (µuL + 2µdL) + ∑
j

µj = 0. (A.8)

Using Eqn. (A.1), the baryon, lepton and charge comoving number densities can be

written in terms of the chemical potentials as

B ≡ N f

T
(µuL + µuR + µdL + µdR) , (A.9)

L ≡ 1
T ∑

j
(µj + µjL + µjR) , (A.10)

Q ≡ 2
N f

T
(µuL + µuR)−

N f

T
(µdL + µdR)−

1
T ∑

j
(µjL + µjR)− 4

µW

T
− 2

NH

T
µH− . (A.11)

The chemical potential of the gauge bosons vanishes before the electroweak symmetry

breaking, and hence µW = 0. In addition, we have Q = 0. Using Eqns. (A.2)-(A.11), we
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arrive at

B ≡ 4N f
µuL

T
, (A.12)

L ≡ −
14N2

f + 9N f NH

2N f + NH

µuL

T
. (A.13)

From the above two equations, we get the relation

B =
8N f + 4NH

22N f + 13NH
(B − L) . (A.14)
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Appendix B

Inflationary predictions for the gauged

B − L model

Here we briefly discuss the dynamics of inflation in view of the most recent data from

combination of Planck and BICEP/Keck [344], which is relevant for chapter 3 for the case

of keV DM. For a detailed discussion of inflation in the minimal B-L model, we refer

to Ref. [345, 346]. We identify the real part (ϕ) of singlet scalar field Φ as the inflaton.

Along with the renormalisable potential in Eqn. (3.4), we also assume the presence of

non-minimal coupling of Φ to gravity. The potential that governs the inflation is given by

VInf(ϕ) =
λ2

4
ϕ4 +

ξ

2
ϕ2R, (B.1)

where R represents the Ricci scalar and ξ is a dimensionless coupling of singlet scalar to

gravity. We have neglected the contribution of vBL in Eqn. (B.1) by considering it to be

much lower than the Planck mass scale (MP). With this form of potential, the action for

ϕ in Jordan frame is expressed as,

SJ =

ˆ
d4x
√
−g

[
− M2

P
2

Ω(ϕ)2R +
1
2
(Dµϕ)†(Dµϕ)− λ2

4
ϕ4

]
, (B.2)

where Ω(ϕ)2 = 1 + ξϕ2

M2
P

, g is the spacetime metric in the (−,+,+,+) convention, Dµϕ

stands for the covariant derivative of ϕ containing couplings with the gauge bosons which

reduces to the normal derivative Dµ → ∂µ (since during inflation, the SM and BSM fields
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except the inflaton are non-dynamical).
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FIGURE B.1: Left panel: The predictions of the B − L inflation in ns − r plane
varying ξ for different gBL values have been presented. The allowed 1σ and
2σ contours in the same plane from the most recent Planck 2018+BICEP/Keck
analysis [344] are also included. Right panel: We show the favored region in
ξ − gBL plane satisfying the 1σ and 2σ bounds as provided by Planck 2018+BI-
CEP/Keck data. The green dashed line demonstrates the upper bound on gBL
originating from appearance of local minimum along the inflationary trajec-

tory.

Following the standard prescription, we use the following conformal transformation

to write the action SJ in the Einstein frame [347, 348] as

ĝµν = Ω2gµν,
√
−ĝ = Ω4√−g, (B.3)

so that it resembles a regular field theory action of minimal gravity. In the above equation,

ĝ represents the metric in the Einstein frame. Furthermore, to make the kinetic term of

the inflaton appear canonical, we transform the ϕ by

dχ

dϕ
=

√√√√Ω2 + 6ξ2ϕ2

M2
P

Ω4 = Z(ϕ), (B.4)

where χ is the canonical field. Using these inputs, the inflationary potential in the Einstein

frame can be written as,

VE(ϕ(χ)) =
VJ
(
ϕ(χ)

)(
Ω
(
ϕ(χ)

))4 =
1
4

λ2ϕ4(
1 + ξϕ2

M2
P

)2 , (B.5)
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where VJ(ϕ) is identical to VInf(ϕ) in Eqn. (B.1). We then make another redefinition:

Φ = ϕ√
1+ ξϕ2

M2
P

and reach at a much simpler from of VE given by

VE(Φ) =
1
4

λ2Φ4. (B.6)

Note that for an accurate analysis, one should work with renormalisation group (RG)

improved potential and in that case, λ2 in Eqn. (B.6) will be function of Φ such that,

VE(Φ) =
1
4

λ2(Φ)Φ4. (B.7)

One can notice that the inflaton field Φ (= ϕ/
√

1 + ξϕ2

M2
P

) in Eqn. (B.7) is non-canonical.

Hence we redefine the slow roll parameters as functions of the non-canonical field Φ and

arrive at [346] ,

ϵ(Φ) =
M2

P
2Z(Φ)2

(
V′

E(Φ)A(Φ)

VE(Φ)

)2

, (B.8)

η(Φ) =
M2

P
Z(Φ)2

(
V′′

E (Φ)A(Φ)2

VE(Φ)
+

V′
E(Φ)B(Φ)

VE(Φ)

)
, (B.9)

where ′ indicates the differentiation of the relevant quantity w.r.t. Φ and

A(Φ) =

(
1 − ξΦ2

M2
P

)3/2

, (B.10)

B(Φ) = A(Φ)A′(Φ)− Z′(Φ)A(Φ)2

Z(Φ)
. (B.11)

The number of e-folds (Ne) is given by

Ne =

ˆ Φend

Φt

Z(Φ)2VE(Φ)

V′
E(Φ)A(Φ)2

dΦ
MP

(B.12)

where Φt and Φend are the inflaton field values at horizon exit and end of inflation re-

spectively.

Using these expressions, we obtain the predictions for the inflationary observables
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namely the magnitude of spectral index (ns = 1 − 6ϵ + 2η) and tensor to scalar ratio

(r ∼ 16ϵ). We also consider the number of e-folds (Ne) as 60.

The full set of one loop renormalisation group evolution (RGE) equations of the rel-

evant parameters associated with the inflationary dynamics can be found in [346]. We

consider a diagonal RH neutrino mass matrix with the hierarchy MN1 , MN2 ≪ MN3
1.

This implies YN1 , YN2 ≪ YN3 where MNi =
YNi vBL

2 . A simplified form for the RGE equa-

tion of λ2 can be written by assuming YN3 , gBL ≫ λ2, λ3 leading to the following beta

function,

βλ2 ≃ 96g4
BL − Y4

N3
. (B.13)

Below we provide the three important conditions to realise a successful RGE improved

inflation in minimal gauged B − L model.

• In general, for ξ ≲ 1, the self-quartic coupling of inflaton must be very small in order

to be in agreement with the experimental bounds on inflationary observables [349]. Since

λ2 is very small, any deviation of βλ2 from zero (due to larger gBL and YN3), if sufficient,

may cause sharp changes in λ2 value from its initial magnitude during the RGE running.

This may trigger unwanted instability to the inflationary potential [173, 346]. Therefore

keeping the βλ2 in the vicinity of zero during inflation is a desired condition for successful

inflation. To ensure βλ2 ∼ 0, the equality ∆ = 96g4
BL − Y4

N3
∼ 0 needs to be maintained.

• In addition to the stability (βλ2 ∼ 0) confirmation, the inflationary potential should

also be monotonically increasing function of the inflaton field value which implies MP
dβλ2
dΦ >

0 during inflation. It is reported in [173, 346] that with the increase of gBL, a local min-

imum appears (due to the violation of MP
dβλ2
dΦ > 0) within the inflationary trajectory,

which can stop the inflaton from rolling. This poses an upper bound on the size of B − L

gauge coupling.

• Finally, another constraint on gBL comes from the criteria that the inflationary pre-

dictions (e.g. spectral index and tensor to scalar ratio) stay within the 1− σ allowed range

1This choice is motivated from the fact that a heavier RH neutrino assists in obtaining larger amount of
late entropy production and thus more effective in diluting the DM relic without violation the BBN bound.
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as provided by Planck+BICEP experiment. This particular bound on gBL is stronger than

the one arising due to appearance of a local minimum along the inflationary trajectory as

we shall show in a while.

Next, we use the standard definitions of slow roll parameters (ϵ and η) [350] while

calculating the magnitude of spectral index (ns = 1 − 6ϵ + 2η) and tensor to scalar ratio

(r ∼ 16ϵ). We consider the number of e-folds (Ne) as 60. We also impose the condition

∆ = 0 at the scale of horizon exit of inflation while estimating the inflationary observables.

We perform a numerical scan over gBL and ξ to estimate the inflationary observables

ns and r considering ∆ = 0. We have observed that the factor λ2 does not alter the slow

roll parameters, rather it is fixed by the measured value of scalar perturbation spectrum

(PS = 2.4 × 10−9) at horizontal exit of inflaton. It also turns out that the value of r does

not change much with the variation of gBL for a constant value of ξ since βλ2 , ∆ ∼ 0

at inflationary energy scale. Contrary to this, value of ns is quite sensitive to gBL as it

involves second order derivative of the inflationary potential. In the left panel of Fig.

B.1, we show the ns − r predictions for different gBL lines (with varying ξ) and check its

viability against the improved version of Planck+BICEP/Keck data [344] published in

2021. In the right panel of Fig. B.1, we constrain the ξ − gBL plane by using the criteria of

yielding correct values for ns and r allowed by the combined Planck+BICEP/Keck data

[344]. The maximum permitted value (green dashed line) of gBL as function of ξ is also

depicted in the same figure which corresponds to non-appearance of any local minimum

along the inflationary trajectory. The parameter λ2 at inflationary energy scale can be

fixed with the observed value of scalar perturbation spectrum as earlier mentioned. As

an example, we find λinf
2 ≃ O(10−10) considering ξ = 1. We have used this particular

reference point in our DM analysis.
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Appendix C

Davidson-Ibarra bound in scotogenic

model

Here, we briefly discuss about the Davidson-Ibara bound in the Scotogenic Model studied

in chapter 4. From Eqn. (1.45) of chapter 1, one can see that we clearly do not have

enough freedom to increase the CP asymmetry except by increasing the mass of the right-

handed neutrino N1. This bound is very strong and not weakened significantly even

if one considers moderately hierarchical right handed neutrino spectrum [73]. For the

correct order of baryon asymmetry to be generated, given the sphaleron conversion factor,

one needs | ϵ1 |> 10−6 which further implies M1 > 109 GeV.

On the other hand, the Davidson-Ibarra bound for the scotogenic model can be found

by using the simplified expression for corresponding CP asymmetry parameter (in hier-

archical right handed neutrino limit) [239]

| ϵ1 |≲ 3π

4λ5v2 ξ3M1(m3 − m1), (C.1)

where

ξi =

(
1
8

M2
i

m2
H0

− m2
A0

[
L(m2

H0
)− L(m2

A0
)
])−1

. (C.2)

The values of ξi are of the order of unity for most of the parameter space of interest. From

equation (C.1), one can see that by choosing small values of λ5 the required CP asymmetry

can be generated even with small M1 ∼ O(10 TeV). The reason for the appearance of the

coupling λ5 in the Davidson-Ibarra bound is because of the radiative mass generation of
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the neutrinos through the quartic coupling of Higgs and inert doublet η. By choosing a

small value of λ5 one can have large values of the Yukawa couplings which satisfy the

light neutrino data and also it makes the CP asymmetry parameter large. However, in

the usual type I seesaw model smaller Yukawa is needed to satisfy the light neutrino data

and therefore the asymmetry remains under-abundant unless M1 > 109 GeV.
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Appendix D

Thermally-Averaged cross-section with

different temperatures

Here, we derive the thermally-averaged cross-section for two species with different tem-

peratures, closely following Ref. [105]. This is relevant for the chapters on PBH (especially

chapter 4) to ensure that the evaporation products from PBH carrying Hawking tempera-

ture do not thermalise with the SM bath. The thermally averaged cross-section is defined

as

⟨σvmol⟩ =
´

σ vmol e−E1/T1 e−E2/T2 d3p1 d3p2´
e−E1/T1 e−E2/T2 d3p1 d3p2

. (D.1)

The momentum-space volume element is given by [22]

d3p1 d3p2 = 4 π p1 dE1 4 π p2 dE2
1
2

d cos θ . (D.2)

We consider mass of one of the particles to be negligible, and then perform the follow-

ing variable transformation:
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ζ+ ≡ E1

T1
+

E2

T2

ζ− ≡ E1

T1
− E2

T2

s ≃ M2
1 + 2(E1 E2 − p1 p2 cos θ) . (D.3)

Using the Jacobian transformation

J =
1
2

det


T1 T1 0

T2 −T2 0

0 0 − 1
p1 p2

 =
T1 T2

4 p1 p2
, (D.4)

the volume element turns out to be

d3p1 d3p2 =
1
2

16π2 p1 p2 E1 E2 J dζ+ dζ− ds = 2π2 E1 E2 T1 T2 dζ+ dζ− ds . (D.5)

Now, the viable integration region: E1 ≥ M1 , E2 ≥ M1 , | cos θ| ≤ 1 can be translated

to the integration limits on the new variables as

|cos θ| = M2
1 + 2 E1 E2 − s

2 p1 p2
=

2s − 2M2
1 + T1 T2 (ζ

2
− − ζ2

+)

T2 (ζ− − ζ+)
√

T2
1 (ζ+ + ζ−)2 − 4 M2

1

=⇒
M2

1 T2
2 ζ+ −

√
T2
(
s − M2

1

)2 [M2
1 (T1 − T2) + T1

(
T1 T2 ζ2

+ − s
)]

T2
[
M2

1 (T2 − T1) + sT1
] ≤ ζ−

≤
M2

1 T2
2 ζ+ +

√
T2
(
s − M2

1

)2 [M2
1 (T1 − T2) + T1

(
T1 T2 ζ2

+ − s
)]

T2
[
M2

1 (T2 − T1) + sT1
] , (D.6)

where by demanding the expression inside the square root in the above equation to be

real, we obtain

|ζ+| ≥
√

s T1 + M2
1 (T2 − T1)

T2
1 T2

. (D.7)
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Now, the numerator of Eqn. (D.1) reads

ˆ
σvmol e−ζ+ 2π2 E1 E2 T1 T2 dζ+ dζ− ds

= 2 π2 T1 T2

ˆ ∞

M2
1

ds
ˆ ∞

ζmin
+

dζ+ σ

[
s
2

√
1 − 2 M2

1
s

+
M4

1
s2

]
G(s, ζ+ ...) e−ζ+ , (D.8)

where G(s, ζ+ ...) ≡ (ζmax
− − ζmin

− ) is obtained from Eqn. (D.6) and ζmin
+ comes from

Eqn. (D.7).

The denominator can similarly be written as

ˆ
d3p1 d3p2 e−(E1/T1+E2/T2) = 32 π2M2

1 T1 T3
2 K2

(
M1

T1

)
. (D.9)

Therefore, the final expression turns out

⟨σv⟩ = 1
16 M2

1 T2
2

1
K2(M1/T1)

ˆ ∞

M2
1

ds
ˆ ∞

ζmin
+

dζ+ σ

[
s
2

√
1 − 2 M2

1
s

+
M4

1
s2

]
(ζmax

− − ζmin
− ) e−ζ+ ,

(D.10)

where ζmin
+ can be obtained from Eqn. (D.7). We also verify that the above expression

reproduces Eq.(B13) of Ref. [105] upon considering both the initial state particles to be

massive with degenerate masses.
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Appendix E

Lyman-α Constraint

Here, we derive the constraint from Lyman-α observations on gravitational DM produced

from PBH, which has been used in chapters 5, 6. Due to their large initial momentum,

DM particles could have a large free-streaming length leading to a suppression on the

structure formation at small scales. In the present scenario where DM has no interactions

with the SM or with itself, the DM momentum simply redshifts, and its value p0 at present

is [96]

p0 =
aevap

a0
pevap ≃ aevap

aeq

ΩR

Ωm
⟨Eevap⟩ = ⟨Eeq⟩

ΩR

Ωm
, (E.1)

with

⟨Eeq⟩ = ⟨Eevap⟩
aevap

aeq
≈ Tin

BH
ξ

Teq

Tevap

[
g∗s(Teq)

g∗s(Tevap)

] 1
3

, (E.2)

where in the last line we have assumed entropy injection from PBH evaporation at T =

Tevap to matter-radiation equality at T = Teq as ξ
(
sa3)

evap =
(
sa3)

eq [112]. Note that

the average kinetic energy of the emitted particles depend on the Hawking temperature,

and is given by ⟨Eevap⟩ = 6 Tin
BH [96]. However, a more refined calculation shows the

factor 6 to be approximately 1.3 [112]. A lower bound on the DM mass can be obtained

from the upper bound on a typical velocity of warm DM at the present time. Taking

vDM ≲ 1.8 × 10−8 [112] for mDM ≃ 3.5 keV [25], we obtain

mDM ≳ 104 ⟨Eeq⟩ ≡ 104 Teq

ξ

Tin
BH

Tevap

[
g∗s(Teq)

g∗s(Tevap)

] 1
3

≃ 2 × 104 Teq

ξ

√
min

BH
Mpl

[
g∗s(Teq)

g∗s(Tevap)

] 1
3

,

(E.3)
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where aeq ≡ ΩR
Ωm

≃ 1.8 × 10−4 and Teq ≃ 0.75 eV.
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