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Chapter 1

Introduction

In 1933, the Swiss astronomer, Fritz Zwicky, first conjectured the existence of DM by
using an application of the virial theorem to the observations of the Coma Cluster [1]. In
this seminal work, he inferred that the total visible mass in this cluster can make up only
about 1% of the total mass, which is needed to keep the galaxies in this cluster stable.
However, the reality of this missing mass remained in question for a few decades, and the
first unambiguous proof of its existence came from the precise measurements of the stellar
rotation curve of the Andromeda galaxy in the 1970s [2]. Since then, the existence of DM
has been confirmed by several cosmological observations. This includes multi-wavelength
observations of the merging galaxy clusters [3], baryon acoustic oscillations and imprints
in the CMB spectrum [4], gravitational lensing of the light from distant galaxies and
galaxy clusters [5], and observed large scale structure of our Universe [6], etc.

In the current cosmological paradigm, the DM abundance is Qpy = 0.265, implying 85%
of the matter in our Universe is in the form of DM [4]. Despite its enormous abundance,
the microscopic identity of this non-baryonic form of matter still remains unknown, and
one of the major mystery in modern day science. In this thesis, we aim to unravel this
mystery with two fascinating objects in our Universe: Stars & Black Holes. We focus
on two types of DM candidates: i) elementary particles as DM and i) compact stellar
objects such as black holes as DM. More particularly, we explore: i) Weakly interacting
massive particles (WIMPs) in the mass range of GeV — PeV and ) Primordial black
holes (PBHs) in the mass range of 107*® — 107% M. We show that electromagnetic and
GW observation of the compact stars can probe properties of particle DM via particle

DM accretion in compact stars and ultralight evaporating PBHs can not be a viable DM
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Figure 1.1: Circular velocity of the stars as a function of the distance from the Galactic
Center, for Andromeda galaxy. The discrepancy between theory and observation reveals

the existence of a missing mass in the form of non-baryonic matter. This figure is taken

from Ref. [13].

candidate from non-observation of their Hawking emitted products in several detectors.
The results presented in this thesis can be found in the Refs. [7, 8, 9, 10, 11, 12].
In the following, we give a brief overview of several DM candidates, focusing primarily

on WIMPs and PBHs, along with discussing some evidences and properties of DM.

1.1 Evidences for Dark Matter

The first incontrovertible proof for DM comes from the measurement of the galactic ro-
tation curve. If the luminous baryonic matter is the sole component of mass in a galaxy,
Newtonian dynamics predicts that the circular velocity of the stars follows v(r) ~ r~%/2,
where r is the radial distance from the Galactic Center. Whereas, from observation,
most galaxies show v(r) ~ constant towards their outer radius. This implies existence

of a “missing mass” in the form of non-baryonic matter that surrounds the galaxies, and

commonly known as DM. In the 1970s, the seminal work of V. Rubin [2] made a decisive
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Figure 1.2: Image of the galaxy cluster 1E 0657-56 [14]. The blue contours trace the
mass distribution of the galaxy cluster, and are determined from the lensing observations,
whereas, the pink contours follow the distribution of the X-ray light. Since the mass is
located far away from the center of the X-ray emission, it is considered as one of the best

evidence for the existence of DM.

confirmation of this idea by measuring the galactic rotation curves of the Andromeda
galaxy through observations of the Doppler shift of the Hydrogen 21-cm line as depicted
in Fig. 1.1.

Gravitational lensing of the light from distant galaxies and galaxy clusters provide in-
dependent evidence for DM. The images of galaxy clusters captured by Hubble Space
Telescope demonstrate the lensing effect due to matter in the intermediate region be-
tween the source and the observer. Since, the ordinary baryonic matter is unable to
produce such large lensing effect, such effects can be understood to be caused by grav-
itational lensing by DM halos [5]. Gravitational micro-lensing of the stars in a nearby
galaxy, i.e., simultaneously monitoring a large number of stars to detect variations in their
brightness, also provides an observational evidence for DM [15, 16]. This strategy has
been used to monitor the stars in the Large Magellanic Cloud and the Small Magellanic
Cloud to search for DM in the form of massive astrophysical compact halo objects by the
MACHO, EROS, and OGLE collaboration.

Multi-wavelength observations of the merging galaxy clusters provided a very strong ob-

3



Figure 1.3: Temperature fluctuations of the cosmic microwave background, as measured
by the Planck satellite. Orange (blue) regions correspond to high (low) temperatures.
Image credit: ESA and the Planck Collaboration.

servational evidence for DM. Observations of the galaxy cluster 1E 0657-56, commonly
known as the “Bullet Cluster”, reveals that DM does not interact much with the ordinary
baryonic matter, or with itself, and holds the majority of mass in a galaxy cluster [3, 17].
The Bullet Cluster, located at 3.8 billion light-years away from us, consists of two separate
galaxy clusters that have collided and passed through each other. While the luminous
galaxies have continued on their trajectories unimpeded, the intergalactic gas has been
slowed down and heated up, emitting an observed flux of X-rays. The mass distribution
of this system is traced by weak gravitational lensing where a diffuse matter distribution
has been observed enveloping the luminous galaxies, and is shown in Fig. 1.2. This is a
very strong evidence for collisionless dark matter, as the diffuse matter distribution has
collided and passes through without interacting.

At the cosmological scale, the cosmic microwave background (CMB) is a novel probe to
determine the matter content in our Universe. The CMB photons were emitted at the
epoch of last scattering, when the Universe was 380,000 years old, and the spectrum of
these photons is close to a perfect black-body spectrum. In particular, the CMB spectrum
can be described as a black-body spectrum with a present day temperature of 2.7255 K
with fluctuations which are of the order 10~° K. These tiny temperature fluctuations,
shown in Fig. 1.3, have been measured by surveys like the Cosmic Background Explorer

(COBE), the Wilkinson Microwave Anisotropy Probe (WMAP), and the Planck Satellite.
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From the measurement of this tiny temperature fluctuations, the Planck collaboration
has inferred the DM content of our Universe, Qpy = 0.265 [4], implying 85% of the
matter in our Universe is in the form of DM.

The large-scale structure formation of the Universe, where baryonic matter collapses to
form galaxies and galaxy clusters in gravitational potential wells of the dark matter halos,
is yet another evidence for DM [6]. Without the gravitational collapse of cold dark mat-
ter, small density perturbations of the baryonic matter would be washed out by radiation,
delaying galaxy formation. Supercomputer simulations of the cold dark matter are also
able to reproduce the observed large-scale structure of our Universe at the right time and

on the correct scales to remarkable accuracy, further supporting the DM paradigm.

1.2 Properties of Dark Matter

DM is omnipresent in our Universe, from the Galactic scales to the cosmological scales.
In the following, we discuss several properties of DM that can be discerned from the

above observations.

e It is cold (non-relativistic) now, and at least since the epoch of structure formation.
The mean velocity of the DM particles in the solar neighborhood is 300 km/s. This
non-relativistic nature of DM can simply be inferred from the structure formation.
If DM was relativistic, then the DM particles would have traveled longer distances
because of their high velocity. As a consequence, the mean free path would be
longer, and all the structures at length scales smaller than its mean free path,
would not have formed. The fact that we observe such structures around us today

tells us that DM has to be non-relativistic.

e [t does not interact much with the light and other baryonic matter. The weakly
interacting nature of DM is inferred from several experimental searches, which can
be classified into three broad avenues - direct detection, indirect detection, and
collider searches. In direct detection, we look for DM scattering with the SM
particles, in indirect detection we look for DM annihilation or decay to the SM
particles, and in the collider searches, we look for possible production of DM via

scattering among the SM particles.



e [t is essentially collisionless. The collisionless nature of DM stems from the weak
lensing maps of the DM halos in several galaxy cluster mergers. It tells us that
self-interaction among the DM particles has to be tiny, otherwise, it would cause
significant lag between the colliding DM halos. Comparison of data with the N-body
simulations predicts that in galaxy clusters DM has to satisfy o,,/m, < 1cm?/g,
where m,, denotes the mass of DM and o, denotes the self-interaction cross-section

among the DM particles.

e [t is stable. The lifetime of DM has to be greater than the age of our Universe

(~ 10 times than the age of our Universe).

e [t can have a wide range of masses. The mass range of DM spans more than 80
orders of magnitude, starting from 107%° eV (for fermionic DM, the minimum mass
is O(10) eV) to O(100) M, and beyond. Depending on its mass, DM can be particle

like, wave-like, and can even be compact object-like.

Given these properties of DM, it is widely held that DM must be a new fundamental

particle or a very compact object formed before Big Bang Nucleosynthesis'.

1.3 DM Candidates and Searches

“What makes up DM?” — is one of the most pressing questions in modern day science.
This question is very difficult to answer, and one of the difficulties stem from the fact
that DM candidates have an enormously large mass window, and they do not interact
much with us as well as with themselves. Quantitatively, for bosonic DM, the mass
range initiates from 10720 eV [22, 23, 24], and goes beyond O(100)M, implying a mass
window that covers more than 80 orders of magnitude. The minimum mass for bosonic
DM simply arises from the fact that the corresponding de-Broglie wavelength, which is
inversely proportional to its mass, can not exceed the smallest structure observed in our

Universe. Whereas, the maximum mass is due to existence of several globular clusters

MOdified Newtonian Dynamics (MOND) is a framework for modified gravity on galactic scales [18],
which was proposed as an alternative to DM. These theorized modifications of Newtonian gravity only
affect the long-range behavior of gravity, but keep the dynamics on shorter distances intact. However,
MOND can not explain the observed CMB anisotropies as well as the behavior of the galaxy clusters [19],
and hence, is disfavored. Furthermore, the fact that GWs propagate at the speed of light and a recent
analysis of the MW rotation curve rules out the majority of MOND theories [20, 21].



Mass Scale of DM

Warm DM Thermal DM Unitarity limit Planck scale
10-20eV keV MeV  GeV 100TeV ~ 10"GeV 1078 M, 100M,
Ultralight DM Sterile WIMPs Composite DM PBHs,
Axions & ALPs nheutrino (Qballs, nuggets etc.) MACHOs

Figure 1.4: The allowed mass range of DM candidates, comprising both particle like can-
didates and compact object like candidates. The dark yellow shaded region corresponds
to the mass range where PBHs can make up all of the DM. The figure is adapted from
Ref. [32].

that are supposed to be disrupted in the presence of such heavy DM. For fermionic DM,
the allowed mass window is also huge, but a bit smaller than its bosonic counterpart.
Here, the minimum mass initiates from O(0.1) keV, and this simply comes from the fact
that fermions have to obey the Pauli exclusion principle [25, 26, 27]. To illustrate this
point furthermore, with decrease in mass, the number density of fermionic DM particles
increases, and as a consequence, they come closer to each other, increasing the phase-
space density. The requirement that the phase-space density of the fermionic DM does
not exceed that of the degenerate Fermi gas leads to this lower mass bound, and is com-
monly known as Tremaine-Gunn bound. This lower mass bound is usually derived from
the DM phase-space distribution in dwarf spheroidal galaxies, which are DM dominated
spherical objects.

We schematically show the allowed mass ranges of DM in Fig. 1.4. However, this mass
range can be narrowed down further if DM are produced thermally. For thermally pro-
duced DM, the minimum mass is ~ 10 MeV and the maximum mass is ~ 100 TeV. The
arguments are as follows. For thermally produced DM, it has to be compatible with
the CMB anisotropy measurements and the observed light element abundances produced
during Big Bang Nucleosynthesis [28, 29], and for masses lighter than 10 MeV, this does
not occur. On the other hand, the maximum mass comes from the fact that obtaining
the observed relic density via thermal freeze-out would require an unitarity violating DM

cross-section for DM masses > 100 TeV [30, 31].
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In this enormously large mass window, there exist numerous DM candidates. These
include particle like DM such as WIMPs [33, 34, 35, 36, 37, 38, 39, 40], QCD axions
and axion-like particles (ALPs) [41, 42, 43, 44, 45, 46, 47, 48], sterile neutrinos [49,
50, 51, 52, 53, 54, 55, 56, 57], and super-symmetric DM such as neutralino, higgsino,
photino, etc [58, 59, 60, 61, 62, 63, 64]. Apart from this particle like DM, DM can be
of composite states, such as dark quark nuggets [65, 66, 67, 68, 69, 70|, super-symmetric
Q-balls [71, 72, 73], massive compact halo objects (MACHOs) [15, 16, 74, 75, 76|, pri-
mordial black holes (PBHs) [77, 78, 79, 80, 81, 82, 83, 84, 85], etc. In the following, we
briefly describe some of the DM candidates before we elaborate on two particular DM
candidates that we consider in this thesis.

Weakly interacting massive particles (WIMPs): WIMPs are a class of stable par-
ticles that interact with the SM particles via weak interactions and typically produced
via thermal freeze-out in the early Universe. They are one of the favorite DM candi-
date because a mass of O(100) GeV and an annihilation cross-section of 3 x 10726 cm? /s,
which are typical for the SM electroweak sector, would naturally yield the observed DM
abundance via thermal freeze-out. WIMPs are typically searched in three broad avenues:
i) through missing transverse momentum searches at colliders, i) through searches for
their annihilation/decay products at various particle physics detectors, and i) through
looking at their energy transfer via elastic scattering with nuclei and electrons at various
underground laboratory based experiments.

Axions and Axion-like particles (ALPs): Axions and Axion-like particles are hypo-
thetical pseudo-scalar bosons. In the late 1970s, they were introduced in order to solve
the strong CP problem in QCD. The strong CP problem is related to the fact that why
the observed neutron electric dipole moment is so small compared to its theoretical pre-
diction, and axions provide an elegant dynamic solution to this problem (see the recent
review [86] on this topic for more details). Axions are viable DM candidates with very
low masses, i.e., masses of meV or lighter. They are searched in a variety of ways, most
notably through microwave cavity experiments, stellar cooling, and their conversion to
photons in magnetic fields.

Sterile neutrinos: While SM neutrinos have proven to be too light, there is the pos-
sibility that heavy, right-handed neutrinos, commonly known as sterile neutrinos, can

constitute a significant fraction of the present day DM density. They are typically pro-



duced in freeze-in scenarios and generically appear in models that explain the smallness
of SM neutrino masses. The preferred mass range of sterile neutrino DM is in the keV
scale, and can be probed via searching their radioactive decay to photons (v — v + 7)
in various X-ray telescopes, effects on structure formation, etc.

Primordial black holes (PBHs): Primordial black holes, possibly formed due to col-
lapse of large over-densities in the very early Universe, are one of the earliest proposed
DM candidates. They have a wide range of masses depending on their time of forma-
tion, and the preferred mass range of PBH DM initiates from 10718 M, and extends up
to O(100) M. The minimum mass for PBH DM simply comes from their survival till
present day, whereas, the maximum mass comes from non-observation of their accretion
signatures in CMB as well as from existence of the globular clusters that are supposed
to be disrupted by PBHs. This wide mass window of PBHs can be probed in a variety of
ways, such as through searching their Hawking evaporation products in various detectors,

gravitational lensing, observation of GW mergers, accretion signatures, etc.

In this thesis, we primarily focus on two DM candidates: Weakly interacting massive par-
ticles (WIMPs) and Primordial black holes (PBHs). In terms of the mass range, we focus
on: 1) Weakly interacting massive particles (WIMPs) in the mass range of GeV — PeV
and 71) Primordial black holes (PBHs) in the mass range of 107*® — 1071 M. We aim to
address the following questions: i) Can interactions of WIMPs in the mass range of GeV
— PeV with the ordinary baryonic matter be probed from astrophysical observations?
and i) Can ultralight evaporating PBHs in the mass range of 107 — 107!° M, form a
significant fraction of DM?. In short, our results indicate that: i) electromagnetic and
GW observations of the compact stars can severely constrain the interaction of WIMPs
in the GeV — PeV mass range with the ordinary baryonic matter and i) PBHs in the
mass range of 10718 — 1071 M, can not comprise a significant fraction of DM from non-
observation of their Hawking products in several detectors. In the following, we discuss
some preliminary of these two DM candidates before elaborating on the main results in

the subsequent Chapters.

Weakly Interacting Massive Particles

Weakly interacting massive particles (WIMPs) are a class of stable particles that possess

gravitational as well as weak interactions, and are defined by their production via thermal



freeze out in the early universe [35, 36, 37]. Historically, the study of WIMPs in cosmology,
and the evolution of the Universe started with SM neutrinos [87, 88]. After that, in a
series of papers in 1977, it was realized that a relic density of weakly interacting particles
with masses above a few GeV could be produced thermally in the early Universe, and
can survive until today [33, 38, 89, 90, 91, 92]. The best motivation for WIMPs came
from the observation that thermal freeze out in the early universe provides a mechanism
for producing DM with the relic density that we observe today, using weak-scale masses
and annihilation cross-sections. The freeze-out story is as follows. In the hot early
universe, the DM was in thermal equilibrium with the SM particles, being produced and
annihilated at equal rates. With the expansion of the Universe, the temperature falls
off, and once the temperature falls below the DM mass m,, the production of the DM
particles is energetically blocked. As a consequence, DM particles can only annihilate
among themselves, producing an exponential Boltzmann suppression of their number
density. Eventually, the universe expands so much, the DM particles could not find each
other to annihilate, and hence, the co-moving number density reached the constant relic
density which we observe today. The relic abundance of the DM particles of mass m,, via

thermal freeze out can be expressed as [93]
ny(z,) — H(my)

Qpm ~ Lk
Pc m

, (1.1)

where H(m,) is the Hubble expansion rate at T' = m, and n.(x, = m,/T,) ~ T2 is the
photon density at freeze out, where 7T, denotes the freeze-out temperature. p. denotes the
present day critical density of the Universe and (o,v) is the thermally averaged annihila-
tion cross-section of the DM particles. For DM masses in the range of 1 GeV to 100 TeV,
x, lies within 20 to 30 [93]. Therefore, at the time of thermal freeze out, WIMPs are always
non-relativistic, and in order to match the cosmological observation, i.e., Qpy = 0.265,

the annihilation cross-section of the WIMPs has to be ~ 2.2 x 10726 cm ™3 s71 [94].

Detection Strategies

WIMPs are typically searched in three broad avenues: i) direct detection, ) indirect

detection, and i) collider searches, as shown in Fig. 1.5.

Direct detection: In direct detection, we typically look for scattering between DM and
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collider searches
<

direct detection

indirect detection

Figure 1.5: An illustration of the three main ways of searching for particle DM. The
blob represents the interaction that connects DM and the SM particles and the arrow
represents the direction of the time. In direct detection, we try to look for scatterings
between the DM and SM particles (DM+SM — DM+SM), whereas, in indirect detection,
we look for annihilation or decay of the DM particles (DM+DM — SM+SM). In the
collider searches, we look for possible production of DM via scattering of SM particles

(SM+SM — DM+DM).

the SM particles. Here, we aim to measure the recoil energy of the target nuclei, which
arises due to the WIMP-nuclei collision in the underground detectors. The detectors are
typically placed deep in underground to minimize any effects due to background. The
idea of using such sensitive detectors to search for WIMP recoil was first developed in the
seminal work by Goodman and Witten [95]. Since then, there are numerous experiments
are searching for WIMP recoils, with no convincing detection so far. As a consequence,
the exclusion limits on WIMP-nucleon scattering cross-section become more and more
stringent over time. Currently, the best exclusion limit on WIMP-nucleon scattering
cross-section comes from the XENONIT experiment, and it maximally excludes WIMP-
nucleon scattering cross-section of 4.1 x 1074" cm? for a DM mass of 30 GeV and probes
DM masses above 6 GeV [96]. See Fig. 1.6 for a bird’s-eye view of the available con-

straints on WIMP-nucleon interaction strength from several underground experiments
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that are designed to measure very feeble push by the DM particles. From Fig. 1.6, it is
evident that these underground detectors can not probe WIMPs with sub-GeV masses.
This is simply because the nuclear recoil due to sub-GeV WIMP scattering is too low to
measure, and this sub-GeV mass window of WIMPs is typically probed via some novel
techniques such as the measurements of the electron recoil, phonon excitation, etc. For an
in-depth study on direct detection of sub-GeV WIMPs using condensed matter systems,
interested readers can go through the recent review [97], and references there in. From
Fig. 1.6, it is also evident that the constraints on WIMP-nucleon interaction strength
weaken linearly for heavier WIMP masses. This is simply because the number density
of WIMPs is inversely proportional to its mass, and hence, the scattering rate as well as
the constraints fall off as 1/m,.

Another form of direct detection is to search for the annual modulation of the WIMP-
nucleon scattering rate [98]. This is expected due to the fact that the solar system is
not at rest with respect to the Galactic DM halo combined with the revolution of the
Earth around the Sun. The movement of our solar system through the Galactic DM halo
results in a constant wind of WIMPs impinging on the Earth, and the rotation of the
Earth around the Sun implies that the Earth is approximately moving towards this wind,
one half of the year and away from it in the another half. As a consequence, the WIMP
velocity at a point on Earth oscillates around the mean value, given by the velocity of
the solar system around the Galactic Center. Since, the rate of WIMP scattering in a
detector depends on the velocity of the WIMPs;, this leads to an oscillation in the WIMP
scattering rate over the course of one year. Measurement of such annually modulat-
ing signal provides a direct evidence for WIMPs. Recently, DAMA/LIBRA experiment
has reported a clear signal of annual modulation caused by WIMPs [99], however, the
inferred WIMP mass and WIMP-nucleon scattering cross-section are already excluded
by many other direct detection experiments, and is shown in Fig. 1.6. Apart from this
annual modulation signal reported by the DAMA /LIBRA experiment, there also exist
several intriguing direct detection excesses, which could potentially have a DM origin,
such as, the XENON-1T excess [100], the low-threshold excesses in the solid state de-
tectors [101, 102], etc. For more details on this topic, see the recent review [103], and
references there in.

Stellar objects can also be used as a direct detection probe for WIMPs. Accumulation
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Figure 1.6: Consolidated constraints on spin-independent WIMP-nucleon scattering
cross-section from various underground direct detection experiments for WIMP masses
of 1—-1000 GeV. The orange shaded region in the bottom indicates the “neutrino floor”
where any signal due to WIMP-nucleus collision can not be distinguished from neutrino-
nucleus coherent scattering, implying the underground searches become ineffective in this
region. Note that, these exclusion limits do not exclude all cross-sections above the lines.
For sufficiently large WIMP-nucleon scattering cross-sections, WIMPs scatter too much

in the surface of the Earth, can not reach to the underground detectors, and hence, can

not be probed. The figure is taken from Ref. [32].

of WIMPs in the stellar objects, followed by the electromagnetic and GW observation
of the stellar objects, is considered to be a novel astrophysical probe of WIMP-nucleon
interactions. Because of the finite WIMP-nucleon scattering cross-section, WIMPs from
the galactic halo can down-scatter inside a stellar object to energies below the local es-
cape energy, become gravitationally bound, re-scatter, and rapidly settle into a stable
configuration near the core. Such captured WIMPs have several interesting phenomeno-
logical consequences. For annihilating WIMPs, the captured WIMPs annihilate among
themselves, either heating up the stellar core or produce detectable fluxes of SM par-
ticles. Non-observation of any anomalous heating via luminosity measurements of the

stellar objects or non-detection of any SM particles in various particle detectors provide
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stringent exclusion on WIMP-nucleon interaction strength. For non-annihilating WIMPs;,
the captured WIMPs gradually accumulate inside the stellar core with time, and even-
tually destroys the host stellar object via gravitational collapse. Existence of the host
stellar objects provide stringent exclusions on WIMP-nucleon interaction strength over a
wide range of WIMP masses. Here, it is important to mention that these astrophysical
constraints are significantly stronger than the corresponding constraints from the under-
ground laboratory based experiments for both heavy and light DM. Furthermore, because
of the enormously large mass and long lifetime of the stellar objects, these constraints can
even reach up to super-heavy DM (DM mass of ~ 10'? GeV) which is entirely inaccessible
to any underground laboratory based experiments. In this thesis, we have explored this

aspect in-depth, and made a few key improvements.

Indirect detection: In indirect detection, we typically look for DM annihilation or de-
cay to the SM particles. Here, we aim to measure an excess flux of the SM particles over
an astrophysical background via sensitive particle detectors. These searches are typically
performed in a region where DM density is high, such as in the Galactic Center or in the
satellite galaxies, as the signal is quadratically (linearly) proportional to the DM density
for DM annihilation (decay). This idea of looking for gamma rays from the annihila-
tion of the WIMPs was first studied in the Refs [104, 105], and later it was extended to
other final state particles, such as antiprotons and positrons [106, 107, 108, 109]. Indirect
searches are often challenged by the presence of backgrounds from ordinary astrophysical
processes that are very difficult to estimate. One particularly interesting case is there-
fore the case of dwarf spheroidal galaxies, satellite galaxies to the Milky Way, that are
expected to have very little astrophysical backgrounds. A recent analysis of the dwarf
spheroidal galaxies using a combination of data from the Fermi-LAT and MAGIC ex-
periments indeed presents some of the toughest constraints on WIMP annihilation rate,
especially for WIMP masses below about 100 GeV [110].

Here, it is important to mention that for the charged final state particles, there is always
a propagational uncertainty on the indirect direct constraints because of the presence of
the galactic magnetic field. The gamma ray signal is not affected much by the propa-
gation, but absorption causes some uncertainties to the flux, especially at high energies.
On the other hand, the neutrino signals from DM annihilation or decay is free from any

such uncertainties, except at very high energies. See Fig. 1.7 for a consolidated view
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Figure 1.7: Consolidated constraints on WIMP annihilation cross-section into neutrinos
for WIMP masses of 10MeV — 108 GeV. Solid and dashed lines represent 90% C.L.
limits and sensitivities, respectively, and an s-wave annihilation is assumed. Projected
sensitivities assume five years of data taking for the neutrino experiments. The dotted line
corresponds to the thermal relic cross-section [94], whereas, the solid black line, labeled
as “Unitarity Bound”, gives the maximum allowed cross-section for a non-composite DM
particle. Annihilation of WIMPs via 2 — 2 s-wave scattering is assumed for the thermal

relic cross section as well as for the “Unitarity Bound”. The figure is taken from Ref. [111].

of the available constraints on WIMP annihilation cross-section into SM neutrinos, by
assuming an s-wave annihilation. See also Fig. 1.8 for constraints on WIMP annihilation
cross-section to various other final states.

In indirect detection, we also search for excess fluxes of the SM particles near the sur-
face of the stellar objects, such as in Sun, Earth, compact stars like neutron stars, white
dwarfs, etc. It includes searching for the annihilation products that arises due to the an-
nihilation of the captured WIMPs inside the stellar objects, followed by their escape from
the stellar core. This escape can occur naturally or through any long-lived mediators.
For example, the neutrinos that are produced in the core of the Sun via annihilation of

WIMPs can naturally escape, whereas, photons can only escape in the presence of a long-
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Figure 1.8: Constraints on WIMP annihilation cross-section into various final states (as
labeled) for WIMP masses of 1—-1000 GeV. s-wave 2 — 2 annihilation of WIMPs are
assumed. In the left panel, constraints from Fermi measurements of gamma-rays in the
dwarf spheroidal galaxies are shown, whereas, in the right panel, constraints from positron
flux measurements with AMS-02 are shown. Thermal relic cross-section is denoted by

the black dashed lines [94], and the figure is taken from Ref. [40].

lived mediator. Non-detection of such anomalous neutrinos and photons from the Sun
provide stringent constraint on WIMP annihilation rate [112, 113, 114, 115, 116, 117].

It is also worth remembering that the indirect detection constraints are not limited to
WIMPs, and applicable for other DM candidates also. Resonant conversion of axions
to photons in the presence of galactic as well as stellar magnetic fields, evaporation of
ultralight primordial black holes, decay of sterile neutrinos to SM neutrinos and photons,
followed by the non-detection of those SM particles provide world-leading exclusions on
the non-WIMP DM candidates. Besides these exclusions, indirect searches has also re-
vealed some intriguing excess of SM particles which could potentially have a DM origin.
These include GC GeV gamma-ray excess detected by the Fermi gamma-ray space tele-
scope [118, 119, 120], the antiproton and positron excesses detected by the space-based
telescope AMS-02 [121, 122, 123], measurement of the GC 511 keV gamma-ray line by
the space-based telescope INTEGRAL [124], and detection of the 3.5 keV X-ray line by
the XMM-Newton and Chandra telescopes [125, 126]. For a detailed study on each of
these anomalous signals, the interested readers can go through the recent review, and

references there in [103].
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Figure 1.9: Constraints on particle DM coupling with Higgs boson from collider searches.
The mass of the Higgs boson (my,) is taken as 120 GeV. Left panel corresponds to scalar
DM, middle panel corresponds to fermionic DM, and the right panel corresponds to vector
DM. In each panel, green line indicates the result obtained from Large Hadron Collider
(LHC) and the blue line is the projection from International Linear Collider (ILC). The
figure is taken from Ref. [127].

Collider searches: In collider searches, we look for DM production via scattering of
the SM particles. Here, we use particle accelerators to accelerate SM particles to very
high energies, collide them, and aim to observe signatures of DM production as a form of
the “missing energy” in the collisions [128, 129]. Currently, the highest energy collider is
the Large Hadron Collider (LHC) at CERN, which collides protons with a center-of-mass
energy of 13 TeV, and it is relevant for various super-symmetric DM searches. The basic
idea of the collider searches of DM is as follows. If the DM particle has a very long
lifetime, it escapes the detector entirely, and as a consequence, it leaves a signature in the
form of missing energy. Similar to the approach of neutrino detection, energy-momentum
conservation is applied to all the visible channels, and if there is any energy-momentum
non-conservation in a given process, it indicates an evidence for DM. Here it is important
to mention that, in these missing energy searches, the major SM backgrounds arise from
the processes that include neutrinos and events with undetected leptons or mis-measured
hadronic jets, which are very hard to distinguish. We show the collider constraints on

particle DM interactions for scalar, fermionic, and vector DM in Fig. 1.9.
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Primordial Black Holes

Primordial black holes (PBHs), possibly formed via gravitational collapse of large over-
densities in the very early universe [77, 78, 79, 80, 130], can explain several cosmic mys-
teries. This includes mergers that give rise to the GW events detected by LIGO-VIRGO,
providing seeds for the supermassive black holes observed at the center of galaxies, and
more importantly, can be all of the DM over a wide mass range, ranging from 10 g to
well over 10°° g. PBHs has also been invoked to explain generation of large-scale struc-
ture through Poisson fluctuations, some short-period gamma-ray bursts, non-repeating
fast radio bursts, solution to the core-cusp problem, etc. For more details on this topic,
interested readers can go through Ref. [82], and references there in.

Despite its immense success of explaining several cosmic mysteries, PBHs do not have any
compelling formation mechanisms. Collapse of large density perturbations, generated by
a period of inflation in the very early Universe, is one of the most widely assumed forma-
tion mechanism for PBHs. In this scenario, a density perturbation 6 = dp/p (dp denotes
the density of the over-dense regions and p denotes the average background density) can
grow with time if the gravitational instability overcomes the pressure resistance, and even-
tually leads to a PBH formation once the density perturbation crosses its threshold value.
The time evolution of § is essentially determined by the metric perturbations in General
Relativity, however, if the wavelength of the density perturbation is contained within
the Hubble horizon (sub-horizon modes), it can be treated with a Newtonian approxi-
mation. In the regime of Newtonian approximation, i.e, A < rporizon(t), where, A = 27/k
denotes the co-moving wavelength of the density perturbation with wave-number k and
Thorizon(t) = ¢/a(t)H(t) denotes the size of the co-moving Hubble horizon, respectively,
the density perturbations exceeding the Jeans length (A\; = ¢ \/m, cs denotes the
sound speed), grow with time as the pressure resistance is not sufficient enough against
the gravitational instability, and eventually leads to the formation of PBHs. Whereas, in
the opposite regime, i.e., the density perturbations with A < \;, oscillate with time, and
are stabilized by the gravitational pressure. For super-horizon modes, i.e., wavelength of
the density perturbation larger than the Hubble horizon, the Newtonian approximation
breaks down, and the evolution of the density perturbations is governed by the metric
perturbations in General Relativity. In this regime, the density perturbations evolve in

a gauge dependent way (for example, in the conformal Newtonian gauge, density pertur-
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bations remain constant, whereas, they grow with time in the synchronous gauge) [131].
However, the gravitational potential is constant, and remains same in all gauges.
The critical value of the density perturbation for PBH formation (.) was first estimated
in Ref. [132] by considering the Jean’s length argument in Newtonian gravity, obtaining
0. = ¢ = 1/3, where ¢, is the sound speed of the cosmological radiation fluid. Later, this
analytical estimate of J. is refined by relativistic numerical simulations as well as further
analytic improvements [133, 134, 135, 136], and the numerical value of ¢, lies within the
range of 0.4 — 0.7 depending on the shape of the density perturbation [82].
The characteristic mass of PBHs is essentially given by the mass contained in the horizon
at the time of formation ¢, and can be expressed as [82]

A3t

From Eq. (1.2) it is evident that, PBHs can have a wide range of masses depending on
their time of formation. For example, PBHs that are formed before the QCD phase
transition (t = 107%s), are naturally sub-Solar. Here, it is worthwhile to stress that the
mass range of the PBHs is vastly different from the mass range of the astrophysical black
holes, as in the latter case, the minimum mass is bounded by the Chandrasekhar limit,
Mgy > 1.4 M.

Since, PBHs are formed due to collapse of large density perturbations in the very early
Universe, we can estimate the characteristic scale of the perturbations that leads to the
PBH formation. To illustrate this point furthermore, if PBHs are formed at ¢ = ¢;, when
a mode of wave number k enters the Hubble horizon, the condition a(t;) H(t;) = k holds.
During the radiation dominated era, we have a(t;) o< H(t;)"*/2, and hence, H(t;) = k2.
Since the mass of a PBH is essentially the mass contained in the horizon, i.e., Mpgy =
A /2GH(t;), the perturbation wave number k can be expressed in terms of the PBH
mass [137]

C3 1/2 MPBH —1/2
k= —— =29x%x10°M . 1.3
<2GMPBH) % pe (30 M@) (1.3)

Given that we have estimated the perturbation amplitude and the perturbation scale
which produces a PBH population of mass Mpgy, we now need to estimate their abun-
dance. The initial abundance of PBHs at their time of formation, i.e., the fraction of

the Universe’s mass which is in the form of PBHs, is usually computed in the Press-
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Schechter theory, and is simply given by the probability that a density contrast ¢ exceeds
its threshold value [13§]

B(Mppy) = 2/:0 T1(8)ds (1.4)

where TI(§) denotes the probability density of the density contrast and . denotes its
threshold value. Assuming that I1(d) is Gaussian with a mass variance o, the initial

abundance of PBHs can be estimated as

Oc

B(Mpgn) = erfc (E) ; (1.5)
For the standard cosmological scenario, the mass variance o is around 107°, whereas,
the threshold for collapse ¢, is around @(0.1). In this regime (§, > o), we can use the

asymptotic expansion of the complementary error function (erfc(z) = exp[—x?|/\/7x),

and the initial abundance of PBHs can be expressed as

B(Mppy) = \/255 exp[%] . (1.6)

Hence, for o0 = 1075 and 6, = O(0.1), 8 ~ 10~ exp[107¥] is completely negligible. So,
in order to have a cosmologically relevant population of PBHs, much larger values of the
initial power spectrum are required. Besides, the assumption of a Gaussian probability
distribution for the density perturbations may not be consistent with enhanced fluctu-
ations and the presence of PBHs. Therefore, deviations from the Gaussian probability
distribution are inevitable [139], and non-gaussianities can have a great impact on the
initial abundance of PBHs, leading to a larger PBH population [140].

The present-day abundance of PBHs is typically expressed as a ratio between the mean

energy density of the PBHs and the mean energy density of the DM

Q
frH = QPBH (1.7)
DM
where Qpy = 0.265 is determined by the recent Planck measurement [4]. In other

words, fppy denotes what fraction of the DM is in the form of PBHs, and fpgy = 1
signifies the fact that PBHs can make up all of the DM. The initial abundance of PBHs

B(Mpgn) can be expressed in terms of the present-day PBH abundance via the following
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Figure 1.10: Constraints on non-rotating primordial black hole as a dark matter candidate
with a monochromatic mass distribution over the entire viable mass range. This plot is

taken from Ref. [10], and the constraints that are shown in this plot are taken from

Refs. [10, 83, 141, 142, 143, 144, 145, 146, 147, 148, 149, 150, 151].

relation [82, 132]

—-1/2 —1/2
) ~1095<MPBH> : (1.8)

Jomn =~ (14 2)8( M) ~ 1065( Yoo

Qpm 1sec

where 0, = 5 x 107° is the present day radiation density of the Universe, z; denotes
the redshift of PBH formation, and the factor (1 + z;) arises because of the matter and
radiation density scale as (1 + 2;)% and (1 + z;)*, respectively. Here it is important to
stress that, although the initial fraction 3 is a very small quantity, the PBH contribution
to DM can become relevant at the present time. For example, for initial mass fractions as
low as 8 ~ 1072 of solar mass PBHs, PBH contribution to DM can be of order unity. In
the following, we discuss several observational constraints on the present day abundance

of PBHs (fppn) over the entire viable mass range.
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Observational Constraints on PBHs as DM

Extremely light PBHs lose their mass via Hawking evaporation, and emit particles which
follow a blackbody like distribution. PBHs lighter than ~ 10 g have already evaporated
by now because of their efficient Hawking emission, setting a lower limit on their mass if
they can comprise DM. PBHs in the ultralight mass window, i.e., 10* — 10! g, are still
evaporating, acting as a decaying DM, and can be probed via searching these Hawking
emitted particles in several space as well as ground based detectors. Non-observations of
such Hawking evaporated photons [83, 152, 153, 154, 155, 156, 157, 158, 159, 160, 161],
neutrinos [10, 162, 163, 164, 165], and electrons/ positrons [10, 141, 166, 167] provide
the leading constraints on ultra-light PBHs. PBHs in the ultralight mass range can also
be constrained via precise measurements of the cosmic microwave background [168, 169,
170, 171, 172, 173], dwarf galaxy heating [174, 175], radio observations [176, 177], and
21-cm cosmology [12, 178, 179, 180, 181, 182, 183].

Slightly heavier PBHs, i.e., PBHs in the mass range of 10'7 — 10?3 g, often known as
asteroid mass window, are particularly interesting as they can make up the entirety of
the present day DM density. The exclusion limits in this mass window from capture on
celestial objects as well as from gravitational femtolensing have been refuted by several
recent studies [142, 184, 185, 186]. PBHs heavier than 10* g are typically constrained
via lensing observations, dynamics of galaxies, GW observations, and their accretion sig-
natures. For an overview of the observational constraints on PBHs as DM, the interested
readers can go through the recent reviews [82, 137, 84, 85].

Finally, in Fig. 1.10 we show a bird’s-eye view of the available constraints on PBHs as
DM. In this plot, PBHs are assumed to be non-rotating and a monochromatic mass dis-
tribution of the PBHs are considered. The Hawking evaporation constraints are shown
by the colored (non-gray) shaded regions and all the other constraints are shown by the

gray shaded regions.

1.4 Owur Contributions & Outline of the Thesis

In the first half of the thesis (Chapter 2 to Chapter 4), we have explored astrophysical
direct detection of particle DM, and demonstrated that interactions of particle DM (more

particularly, WIMPs in the mass range of GeV — PeV) with the ordinary baryonic matter
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can be constrained from electromagnetic and GW observation of the compact stars. For
this purpose, we have comprehensively studied particle DM accretion in the compact

stars, and our results are following:

1. For heavy DM capture, or capture in compact stars, the effect of multiple collisions
is pronounced. We provide an exact analytical treatment for multi-scatter stellar
capture and put stringent constraint on DM-nucleon interaction strength via lumi-

nosity measurements of several cold white dwarfs in our nearest globular cluster

(Chapter 2).

2. We generalize the treatment of DM capture in compact stars to account for inter-
actions mediated via arbitrary mass mediators. We show that the astrophysical
constraints on DM-nucleon interaction strength, which are obtained either from lu-
minosity measurements of the cold neutron stars or existence of old neutron stars,
weaken significantly for interactions mediated via light mediator, and can even be

voided for light enough mediators (Chapter 2).

3. We discuss a novel formation mechanism of sub-Chandrasekhar mass black holes via
gradual accumulation of non-annihilating particle DM in compact stars. This low
mass black holes, commonly known as transmuted black holes (TBHs), is a viable

alternative to PBHs, and can be tested in the upcoming GW detectors (Chapter 6).

In the second half of the thesis (Chapter 5 to Chapter 7), we demonstrate that ultralight
evaporating PBHs in the mass range of 107 — 107!° M, can not make up a significant
fraction of DM. We have comprehensively searched the Hawking emitted particles from
these evaporating PBHs in several detectors that are designed for particle physics and
cosmological observations, and non-observation of those Hawking emitted particles lead

to such conclusion. Our results can be summarized in the following:

1. Non-observation of the Hawking radiated neutrinos (positrons) in the diffuse su-
pernova neutrino background searches at Super-Kamiokande (measurement of the
511 keV gamma-ray line by INTEGRAL) provide stringent exclusion on ultralight
PBHs as DM (Chapter 5).

2. Non-observation of the Hawking radiated Galactic Center photons with the immi-
nent soft gamma-ray telescope AMEGO can exclude asteroid mass PBHs to make

up a significant fraction of DM (Chapter 6).
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3. EDGES measurement of the global 21-cm signal can be translated to set a world-
leading exclusion on ultralight PBHs as DM (Chapter 7).

Finally, we summarize and conclude the thesis in Chapter 8.
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Chapter 2

White Dwarfs as DM Detectors:
Effect of Multiple Collisions

In this Chapter, we demonstrate the relevance of multiple collisions in the context of
particle DM accretion in stellar objects. We provide an exact formalism for multi-scatter
stellar capture, and show that white dwarfs can be used to probe particle DM interactions.

The results presented in this chapter can be found in [7].

2.1 Particle DM accretion in Stellar Objects

Accumulation of particle DM in stellar objects is a novel astrophysical probe of DM-
nucleon interactions. Because of the finite DM-nucleon scattering cross-section, DM
particles from the galactic halo can down-scatter inside a stellar object to energies below
the local escape energy, become gravitationally bound, re-scatter, and rapidly settle into
a stable configuration near the core [187, 188, 189]. Such captured DM particles have
several interesting phenomenological consequences. For annihilating DM, such captured
DM particles annihilate among themselves and produce SM Particles. If these SM Par-
ticles can not escape the stellar core, they re-scatter, and eventually heat up the stellar
core. Non-observation of any such anomalous heating project stringent exclusions on
DM interactions with the ordinary baryonic matter. This has been extensively stud-
ied in the context of the neutron stars/white dwarfs [7, 8, 190, 191, 192, 193, 194, 195,
196, 197, 198, 199, 200, 201, 202, 203, 204, 205, 206, 207, 208, 209, 210, 211, 212, 213],
Earth [214, 215, 216, 217], Moon [218], Solar system planets such as Mars, Jupiter,
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Uranus, & Neptune [217, 219, 220, 221], and Exoplanets [222]. On the other hand, if
these SM Particles escape from the stellar core, either naturally or through any long-lived
mediator, non-observation of them in several ground based detectors provide stringent
constraint on DM interactions [112, 113, 114, 115, 116, 117, 223, 224, 225, 226, 227, 228,
229, 230, 231, 232, 233, 234, 235, 236, 237, 238, 239, 240, 241, 242, 243, 244, 245|. For
non-annihilating DM, captured DM particles gradually accumulate inside the stellar ob-
ject, form a tiny black hole via dark core collapse, and destroys the host. Existence of the
host stellar body provide stringent exclusions on DM-nucleon interaction strength over a
wide range of DM masses [8, 190, 193, 202, 246, 247, 248, 249, 250, 251, 252, 253, 254,
255, 256, 257, 258, 259, 260, 261, 262].

Particle DM accretion in stellar objects can also be used to determine DM self-interaction
strength. Given nonzero self-interaction among the DM particles, an incoming DM parti-
cle can also collide with previously captured dark matter particles inside the stellar core.
This additional contribution is known as the self-capture of DM particles. The accretion
of DM particles with non-negligible self-interaction and its related phenomenology is ex-
tensively studied in [200, 250, 251, 263, 264, 265, 266, 267, 268]. For non-annihilating DM
capture in compact stars, repulsive self-interactions among the DM particles have a signif-
icant impact on the gravitational collapse, and hence, it can be constrained via existence
of the compact stars, complementary to the constraints obtained from the observations

of colliding galaxies.

2.1.1 Motivations for Multi-scatter Stellar Capture

Most of the prior treatments of DM capture in stellar objects assume that the DM is
captured either after a single collision or not at all. However, this single-collision approx-
imation fails in two distinct ways, as pointed out by Bramante et al. [196].

i) DM that is much heavier than the targets loses a tiny amount of energy per collision,
and hence, heavier DM requires multiple collisions to lose enough energy to be captured.
This is simply because the fractional energy loss per collision, AE/E, is inversely pro-

portional to the DM mass, and it gradually decreases for higher DM masses
AFE 4m,my my

E (mx n mt)2 COS m, ) ( )
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Velocity at infinity (u)

Velocity at the
surface (w)

White Dwarf

Figure 2.1: A dark matter particle coming in from infinity with velocity u enters the
celestial object, e.g., a white dwarf, with velocity w. After this, it undergoes single or
multiple collisions with the stellar targets, loses energy, and ultimately when its final
velocity falls below the escape velocity of the celestial object, it enters a closed orbit.
During its subsequent passages through the celestial object, it loses more and more energy

before finally being captured.

where m, is the mass of the DM particle, m, is the target mass, and § denotes the recoil
angle in the rest frame of the target.

ii) For stellar objects with larger compactness (more precisely, larger M/R? ratio), the
effect of multiple scattering is pronounced. This is because the typical number of scat-

terings inside a stellar object of mass M and radius R scales as

R oM
= ~—_— 2.2
P noR R (2.2)

N =

where \A,,r, = 1/no is the mean free path and o is the DM-nucleon interaction strength.
Quantitatively, for a solar mass neutron star (white dwarf), the expected number of DM-
nucleon scattering is ~ 10%(10%) times higher than the Sun.

In summary, a) for very heavy DM capture and b) for DM capture in compact stars,
incorporating the effects of multiple collisions are necessary. In the following section, we

will provide an exact formalism of DM capture in the multiple collision regime.
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2.2 DM Capture: Effect of Multiple Collisions

Far away from the stellar body, the dark matter particle has a velocity u, and when it

approaches the surface of the stellar body, its velocity becomes w, given by

2 2 2
W =U" + Uy, -

(2.3)

It undergoes one or more scatterings as it transits through the stellar object. As a result
of these collisions with essentially static stellar constituents, the incoming dark matter
particle can lose energy. If eventually its final velocity vy becomes less than the escape
velocity ves. of the stellar object, it is considered to be captured. A schematic diagram
of such a scenario is shown in Fig. 2.1.

The capture rate of DM particles inside a stellar object depends not only on the size of
the stellar object and the flux of DM particles, but also on the probability of collisions
and the probability of incurring sufficient energy loss after a given collision. Therefore,

the capture rate after a given collision (say N collision) takes the form
d
Cw=mre e [ IO 22 ) g, (2.4)
My u

where py(7) denotes the probability of a dark matter particle with optical depth 7 to

undergo N scatterings and gy(u) denotes the probability of incurring sufficient energy

after N** collision. The optical depth 7 = Min [23;, %] is normalized such a way that
7 = 1 corresponds to DM particle typically scatters once as it transits through the stellar
object. o denotes the scattering cross-section between DM and the stellar target and
Osat = TR? /Ny denotes its geometrical saturation value, where NN, is the total number
of stellar targets. The probability of occurring N** collision, py(7), is given a Poisson

(1, N). However, this expression can be improved by taking into account of all the

incidence angles of the incoming DM particle [196]

)N

pn(T) = 2/0 dy& (2.5)

NI ’

where y denotes the cosine of the incidence angle.
The capture probability, gy, denotes the probability that the final velocity of the DM

particle after N collision (vy) falls below the escape velocity of the stellar object (vesc),
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and is given by

1 1 1
gn (u) :/ dzl/ dzg.../ dzy s1(z1)s2(21, 22)...SN (21, 22...2N8) X
0 0 0

12 N dmom 1/2
@ esc 2 2 11— i—x L . 2.6
v (U + Uesc) an < Z (mx T mt)z ( )

(. J/

vf

Here, 2z = cos?§ = sin®(fcy/2) is a kinematic variable which takes values between 0 and
1, and encodes the fractional energy loss of the DM particle in a given scattering. More
specifically, z is proportional to the fractional energy loss of the DM particle, and can be
written as AE/E = [z, where 8 = (4m,m;)/(m, + m;)?. s(z) denotes the probability
distribution of the kinematic variable z, and is dictated by the differential scattering
cross-section of the relevant scattering process. For an isotropic differential scattering
cross-section, i.e., for interactions mediated by infinitely massive mediators, s(z) reduces
to unity.

In the following subsection, we provide an exact analytical expression of gy(u) in the
regime of s(z) = 1, i.e., for interactions mediated via infinitely massive mediators. Note
that, the estimation of gy (u) for interactions mediated by arbitrarily massive mediators
has not been done yet. This is simply because the N-dimensional integral in Eq. (2.6) can
not be solved analytically for arbitrary s(z). However, we have computed the generalized
capture probability in the single-collision regime, and the calculation is given in chapter
3. Qualitatively, in a given collision, if the mediator mass is smaller than the typical
energy transfer, i.e., mi < p*v? ), forward scattering dominates, reducing the energy loss

rate, and hence, the capture rate.

2.2.1 Capture Probability for N* Collision

We compute the N dimensional integral in Eq. (2.6) analytically to find

1 02, 1 I RS
gn(u) = iy oL [B lo 13 B] — (B — 1) ) (2.7)
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We interpret gy (u) as the probability that a DM particle with velocity u at infinity gets

captured at its N*" collision. To ensure that gy is positive, we write it as

Lo (1, 1 Nt L
ez sl (Y]

1 02, 1 I RS
ot [t -(-)]) e

This exact expression is a non-trivial improvement over the previous work [196], where z

gn(u) =

was replaced by its average value of 1/2, which instead gave [196]

2 (my +my

approx 2 2 1/2 1 4mxmt N7z
gn " () = O | Vese — (u + Uesc) 1— ——)2 ) (2.9)

The © function in Eq.(2.8) sets an upper limit to the halo velocity u given by

N-1
s[5 (e ) 1] 210

This upper limit on u indicates that DM particles with arbitrarily large velocity cannot

typically be trapped by the celestial object after N scatterings. Furthermore, as gy (u) is
a probability, it should also satisfy the condition gy(u) < 1. This imposes a lower limit
on u that was not apparent in the single scattering case, where it is trivially satisfied.

Here, gn(u) < 1 gives rise to the condition

. > 02 (llog ! )Nl—l (2.11)
min — ~esc B 1_5 . :

This lower limit encodes that if the velocity of the incoming DM particle is below this

threshold, then it is more likely to be captured already before the N*" collision.

2.2.2 Capture Rate for N** Collision

We use the analytical expression for gy (u) in Eq. (2.8), to evaluate the capture rate for

N scattering. Using energy per unit mass ¢ = u?/2 along with the definition of capture
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rate in Eq. (2.4), we find

oo £(¢)d¢
O =i 2 [T IR ) on). (2.12)
mx Cmin C
where (pax and (uin can be obtained from Eq.(2.10) and Eq.(2.11), respectively and is
given by
1 /(1 I
max = Gese | | 5 log —— -1 ) 2.13
= [1—5(5 =) ] 21
and
1 1 \ N1
Cmin = Cesc (— log ) -1 . 2.14
gloeT 3 (2.14)

with (eee = vgsc /2.

We use the Maxwell Boltzmann velocity distribution to estimate the capture rate for N*

collision

where p and ¢ are given as

p = exp {_%min] — exp [_%nax] , (2.16)
and
q = (E + (Cesc + Cmin)) exXp |:_%min] - (E + (Cese + <maX)) exXp {_%nax} ) (2.17)

with ¢ = ©2/3, where ¥ is the average velocity of the Maxwell Boltzmann distribution.
We have verified that in the limit of N = 1, the capture rate in Eq. (2.15) matches the

familiar expression of single collision capture rate.

2.2.3 Maximum Number of Scatterings

Total capture rate is essentially a sum of the capture rate over the possible values of N

Nmax

Cit = »_ Cn, (2.18)
N=1
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o= 10"% cm?

Number of DM particles captured

100

Number of Scatterings

Figure 2.2: Number of particles captured after N collisions during the lifetime of the
different celestial objects plotted against the number of collisions N. Note that, here, o
denotes the interaction cross-section with the relevant target. For example, in Earth the
target nucleus is taken to be that of iron while for neutron stars it is simply a neutron.
The density of DM, for simplicity, has been taken to be the that around the solar system,
i.e., 0.3 GeVem™3. We also consider very heavy DM (DM mass of 1 PeV) to emphasize

the effect of multiple collisions.

where, Ny denotes the maximum number of scattering. The determination of Npay
is arbitrary in the previous literature [196]. In the previous literature, Ny is deter-
mined from the criterion that py_, (7) = €, where € is an arbitrary small number. So
depending on the smallness of €, Ny, can be quite high. We determine Np., from
the physical criterion that the number of captured DM particles at N., reduces to
unity, i.e., tgge Cnpa = 1. In other words, we will truncate the sum in Eq. (2.18) when
tage CNay = 1 is satisfied. This is possible because the capture rate at N collision, Cl,

decreases monotonically with increase in N as the probability of occurring N collision,
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Figure 2.3: Dark luminosity from annihilation of captured DM particles are shown for
various DM masses. The red line corresponds to the single scattering approximation and
the blue line correspond to the multiple collision (using the formalism developed in the
previous section). o = 1073 cm? denotes the interaction cross-section of DM with the

carbon nucleus.

pn(T), is suppressed for higher values of N.

In Fig. 2.2, we show the maximum number of scatterings (Nyax) that can occur in various
stellar objects such as Earth, Sun, White dwarf, and Neutron Star. We find that for non-
compact objects, capture always almost occur after single collision. For compact objects
like neutron stars, the maximum number of scatterings can at most be O(10). However,
the captured number of DM particles for a given collision is significantly suppressed for
higher values of N. The results shown in Fig. 2.2 demonstrate the overestimate of Np.y

in the previous literature [196], where N, is taken as high as O(10%).
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2.3 White Dwarfs as DM Detectors

We now consider the capture of annihilating DM particles inside a white dwarf to probe
DM interactions with the baryonic matter. For annihilating DM, the captured DM par-
ticles annihilate among themselves, and produce SM particles. Because of the very high
baryonic density of the white dwarf, the mean free path of these SM particles is quite
high, and they (even neutrinos) can not come out of the white dwarf. As a result, these
SM particles re-scatter, eventually heat up the white dwarf, and thereby increase the
luminosity of the white dwarf. Non detection of such anomalous heating via luminosity
measurement of the white dwarfs provide stringent constraint on DM interactions with
the baryonic matter, as detailed in the following sections.

The process by which DM heats up a white dwarf involves several steps. First, each cap-
tured DM particle must thermalize with the host through successive scattering with the
targets. This is ensured by checking that the thermalization timescale [201, 248, 269, 270]
is less than the age of the white dwarf under consideration. In fact, the thermalization
timescale is instantaneous with respect to the age of the white dwarf (~ Gyr) for the
values of DM mass and scattering cross-section that we are considering. See Appendix A
for a detailed derivation of the thermalization timescale. The next step is to understand
how the number of captured DM particles, Ncap,, evolves with the time inside the stellar

core. This can be phrased as a simple differential equation

dNeap
dt

= Ciop — AN? (2.19)

cap ’

where Cio is the total capture rate given in Eq.(2.18) and A = (o,v)/Viy is the self-
annihilation rate. (o,v) denotes the thermally-averaged annihilation cross-section of the
DM particles and V4, denotes the volume of the thermalization sphere'.

The differential equation in Eq. (2.19) attains its equilibrium solution if the equilibration

time, teq ~ /& :/Zg ot is shorter than the age of the white dwarf. We have verified that

3

for DM annihilation cross-section larger than 10756 cm?®s™!, this condition is always sat-

isfied for typical white dwarf parameters. As a consequence, the dark luminosity (L)

!The DM particles thermalize and settle into a spherical region of radius 7, = 4 /47?21;% in the
X

stellar core, where Twp (pwp) denotes the core temperature (density) of the white dwarf. Quantitatively,

1/2 —1/2 1/2
rih = 30m (106 Gev) (107K) (M) , and is much smaller than the radius of the white

my Twp PWD
dwarf for the DM masses that we are interested in.
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Figure 2.4: Dark luminosity arising from annihilation of captured DM particles compared
with the observed WD luminosities. DM mass is taken as 400 MeV, and five benchmark
DM-nucleon cross-sections are shown. The topmost curve corresponds to the luminosity
when DM-nucleon cross-section takes its geometrical saturation value, i.e, 0g,s. The lower
curves correspond to smaller cross-sections, with the curve marked by o, = 3x10™** cm?
being just excluded. The local dark matter density in the M4 cluster is taken to be
~ 103 GeV em™ [195] and the dispersion velocity to be ~ 20 km s [195].

which arises solely from the annihilation of the captured DM particles is essentially given
by the total mass capture rate, i.e., L, = m,Ciq.

In Fig.2.3, we show the dark luminosity in a typical white dwarf as a function of the
DM mass for single collision approximation as well as for multiple collisions. For low DM
masses, the dark luminosity is constant as the capture rate is inversely proportional to
the DM mass, and the effect of the multiple collision is also negligible. For higher DM
masses, the dark luminosity is inversely proportional to the DM mass as the capture rate
scales as 1/ mi due to the kinematic suppression. The impact of multiple collisions also
becomes important for heavier DM, i.e., for DM masses > 10 TeV.

We now compare the dark luminosity, L,, to the observed luminosities of several white

dwarfs to probe DM interactions with the nucleons. We consider the white dwarfs in
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the M4 globular cluster, the closest globular cluster to the Earth, which is about 1.9 kpc
from us [271]. The luminosity (Lops) and the temperature (Tops) of these white dwarfs
are adapted from [195]. These white dwarfs are particularly interesting because i) they
are old (age ~ Gyr) so that they can capture DM particles for a much longer time and
i1) White dwarfs in the M4 globular cluster are very cold so that any anomalous heating
signature is easy to observe. Furthermore, if DM is present in M4, the expected DM den-
sity is very large compared to the DM density in the Solar neighborhood, which enhances
the DM capture rate. We assume an ambient DM density of p, = 1000 GeV /cm? and
the velocity dispersion of ¥ = 20 km/s for this analysis [195].

In the absence of a dominant burning mechanism inside these white dwarfs, they are as-
sumed to be nearly perfect black body emitters. Under this assumption, if the luminosity

and temperature of the white dwarfs are independently measured, we can infer their ra-

dius to be R =,/ 4W§g‘:’;4 , where oy is the Stefan-Boltzmann constant. We next calculate
obs

the dark luminosity, which is essentially the total mass capture rate by using their derived
radius. Demanding that the dark luminosity should not exceed the observed luminosity
(Lobs) of the white dwarfs, we impose an exclusion limit on DM mass and scattering

cross-section with the baryonic matter

Nmax

Ly=my > Cy < L. (2.20)
N=1

White dwarfs are dominantly made up of carbon (C'?) nuclei, which we take to be the
target particle. For the range of DM masses that are of interest to us, we can treat
the relevant collisions to be coherent and elastic. This is simply because the typical
momentum transfer to a carbon nucleus is always smaller than the inverse of the de-
Broglie wavelength of the nuclei. To illustrate this point further, the typical momentum
transfer to a carbon nuclei in a given collision is pv, where y is the reduced mass of the
DM and the carbon nuclei, and v is the relative velocity of the DM particle with respect
to the target. For heavy DM masses (say m, > 10 GeV), u is given by the mass of the
carbon nuclei, i.e., y ~ 10 GeV, whereas, for light DM masses (say m, < 10GeV), pu is
essentially the DM mass. Due to the steep gravitational potential of the white dwarfs,
v is essentially given by the escape velocity of the white dwarfs, i.e., v ~ 0(0.01) for

white dwarfs. Hence, for heavy DM masses, the typical momentum transfer to a carbon
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Figure 2.5: Upper bound on the DM-nucleon cross-section (solid black line) from the
observed luminosity of 2.5x 103! GeV s~! and a derived radius of ~ 9x 10 m from a white
dwarf in the M4 globular cluster. Related exclusion limits from the underground direct
detection experiments, CRESST-III [273] and SuperCDMS [274] in the low mass regime
and XENON-1T [96] in the high mass regime are also shown for comparison. Note that,
XENON-1T limit has been linearly extrapolated beyond 10> GeV. The dashed black line
corresponds to the saturation cross-section oy, (translated to nucleonic cross-sections).
Above this, in the light gray shaded region, any cross-section is essentially equivalent to
Osat, and ruled out alike. The minimum DM mass is taken as 10 MeV because below this

mass the evaporation of DM particles becomes important [275].

nuclei is 100 MeV. This is always smaller than the inverse of the de Broglie wavelength
of the nucleus, which is 1fm™' ~ 200 MeV, explaining the coherent approximation for
heavier DM. Similarly, for lighter DM, the typical momentum transfer to a carbon nuclei
is always smaller than 200 MeV, explaining the coherence approximation. We have also
included a Helm form factor (F3,,) [272] to account for any loss of coherence. However,
it remains unity for the all DM masses that we are interested in.

To compare with the present direct detection limits, we translate the DM-carbon cross-

section o to DM-nucleon cross-section o,,,. As we are in the regime of coherent scattering,
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for spin-independent interactions, and by assuming equal contributions from protons and

neutrons, this translation is simply given by

e 1o

o= M_%A Oxn - (2.21)
Here, u; (p,) denotes the reduced masses of the DM-carbon (DM-nucleon) system and
A = 12 corresponds to the total number of the nucleons in a carbon nucleus. For light
DM particles, this ratio of u?/u? reduces to unity, whereas, for heavier DM masses, this
ratio reduces to A?, giving rise to the A* scaling from Eq. (2.21).
Fig. 2.4 compares the dark luminosity from the annihilation of the captured DM particles
to the observed luminosity of the white dwarfs in the M4 globular cluster. The solid
lines denote the estimated dark luminosity, L,, as a function of the white dwarf radius,
for several values of the DM-nucleon scattering cross-sections, and for a fixed value of
the DM mass (m, = 400 MeV). The position of each colored dot denotes the observed
luminosities of the white dwarfs (L), and their radius inferred through an indepen-
dent measurement of its temperature, as explained before. The observed temperature
(Tops) is encoded in color, as per the shown color-bar. The topmost solid line, marked
by 0gat denotes the maximum attainable dark luminosity when the cross-section reaches
its saturation limit. Since, L, must be smaller than the L,s, we find that DM-nucleon
cross-section of o, ~ 107*? c¢m? is in tension with the lower luminosity white dwarfs.
Fig. 2.5 demonstrates an upper bound on the DM-nucleon scattering cross-section ob-
tained from the non-observation of dark heating in a white dwarf residing in the M4

1 and

globular cluster. The observed luminosity of this white dwarf is 2.5 x 103! GeV s~
its radius is inferred to be 9 x 10° m. This conservative constraint is obtained by demand-
ing that the dark luminosity can not exceed the observed luminosity. Exclusion limits
obtained from several underground direct detection experiments are also shown for com-
parison. Note that, this constraint is practically independent of the DM mass, and differs
from the corresponding direct detection constraints which linearly weaken at high DM
masses, and cuts off at low DM masses. The mass independence of this constraint stems
from the fact that DM capture rate is inversely proportional to the DM mass, and hence,
the dark luminosity, which is essentially the total mass capture rate, is independent of

the DM mass. However, the weak mass-dependence of the constraint, especially in the

low mass regime, is due to the presence of the Helm form factor, and the ratio of the
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reduced masses, both of which depend on DM mass, as described in Eq. (2.21).

The constraint obtained here is very stringent. In the approximation of DM over-density
in the M4 globular cluster, it is the strongest constraint for DM masses below ~ 10 GeV.
For such light DM masses, this constraint is nearly 3-7 orders of magnitude stronger
than the corresponding direct detection constraints. Crucially, because of the signature
mass-independence, one finds stringent exclusions for DM particles less than 350 MeV
that are below the sensitivity of typical direct detection experiments. Likewise, in the
high-mass regime, say above a few TeV, these constraints are also the strongest. In this

regime, the improvement due to multiple scattering is important.

2.4 Summary & Conclusions

We have revisited the formalism of DM capture in the multiple collision regime, and
made several key improvements. We provide an exact analytical expression of the cap-
ture probability as well as the capture rate for multi-scatter stellar capture, as given in
Eq. (2.8) & Eq. (2.15). We also estimate the maximum number of scatterings (Npax) that
can actually take place inside a stellar object, as shown in Fig.2.2. Our estimation of
Nmax significantly improves over the previous estimate [196], and demonstrate that the
effect of multiple collision on the DM capture rate is actually modest.

By using our formalism, we provide stringent constraint on DM interactions with the bary-
onic matter from annihilating DM capture in white dwarfs, as shown in Fig. 2.5. This con-
straint is simply derived from the fact that annihilation of captured DM particles does not
over-heat the white dwarfs in our nearest globular cluster. Our constraint on DM-nucleon
interaction strength is significantly stronger than the corresponding constraints from the
underground direct detection experiments. For light DM (10 MeV < m, < 10GeV),
this constraint is 3—7 order of magnitude stronger than the direct detection constraints,
whereas, for heavy DM (107 GeV > m,, > 10* GeV), it is 1—2 order of magnitude stronger.
It is important to mention that this astrophysical constraint can probe very low DM
masses, which is currently inaccessible to the terrestrial direct detection experiments.
Quantitatively, the astrophysical constraint probe DM masses as low as m,, = 10 MeV (be-
low which DM particles evaporate from the stellar core while getting thermalized [275]),

whereas, the underground direct detection experiments typically probe up to DM mass
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of 350 MeV.

It is also worth-noting that, the constraint shown in Fig.2.5 hinges over the DM over-
density in the M4 globular cluster, which is not yet well-established. Further simulations
of galaxy formation and evolution, together with observations, will shed light on this
topic, and can even improve the limits estimated here.

Note added: Recently, Ref [202] appeared, and it improves our constraint on DM-nucleon
interaction strength by taking into account the inner structure of the white dwarfs as well

as a more realistic treatment of the response function in the DM-nuclei interactions.
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Chapter 3

Neutron Stars as DM Detectors:
Effect of Mediator Masses

In this Chapter, we generalize the formalism for DM capture in stellar objects to ac-
count for arbitrary mediator masses, and demonstrate that the astrophysical constraints
on DM-nucleon interaction strength, obtainable from neutron star heating or collapse,
significantly weaken for lighter mediators, and can even be voided for light enough media-
tors. We further show the impact of repulsive self-interactions among the DM particles on
the corresponding constraints on DM-nucleon interaction strength. The results presented

in this chapter can be found in [8].

3.1 DM Capture: Effect of Mediator Mass

In the previous chapter, we have derived the DM capture rate in a stellar object in the
multiple collision regime, as given in Eq. (2.4). So, in the single-collision approximation,

the DM capture rate simply takes the form

sat ’
xXn

C = WRQZ—X/@ (u® 4+ v2,.) Min {UX” 1] g1 (u), (3.1)

Oxn
sat )
oxn

where p;(7) = Min [ 1] denotes the probability of occurring first collision, and ¢; (u)
is the capture probability in the single-collision approximation (the subscript 1 refers to
the single-collision approximation). g;(u) is determined by the fact that the final velocity

of the DM particles has to be less than the escape velocity of the stellar object, and is
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Figure 3.1: DM-nucleon scattering is schematically illustrated in the rest frame of nucleon
(left) as well as in the center of mass frame (right). The recoil angle in the rest frame
of nucleon is denoted as # and the scattering angle in the center of mass frame as fcy;.
The probability distribution function of either of these angles determines the energy loss

distribution.

given by

1 4 . 1/2
g1(u) = /0 dz O | Vese — (u” + vzsc)l/2 (1 - ZW?;(—T:%)Q) s(2). (3.2)

[ J/
-~

vf

Here, z = cos? = sin®(fcy/2) is a kinematic variable which takes values between 0
and 1, and encodes the fractional energy loss of the DM particle (AE/FE) in a given
scattering. More specifically, z is proportional to the fractional energy loss of the DM
particle, and can be written as AE/E = [z, where 8 = (4dm,m,)/(m, +m,)?. s(z)
denotes the probability distribution of the kinematic variable z, and it is assumed to be
unity, in the prior treatments. We show that s(z) is intimately related to the differential
scattering cross-section of the relevant scattering process. For interactions mediated via
infinitely massive mediators, the assumption of s(z) = 1 only holds true. However, in
general, the differential cross section may involve lighter mediators, and the distribution
is not guaranteed to be uniform. In the following subsection, we derive the general form

of s(z) for DM interactions mediated by a Yukawa potential with a mediator mass of m.
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Figure 3.2: Energy loss distribution, s(z), with z for three representative values of m /2.
When the mediator is lighter than the reduced mass, the deviation from uniform energy

loss distribution becomes significant.

3.1.1 General Form of s(z)
For DM-nucleon interaction via a Yukawa potential,

V= Zemmer (3.3)
where o denotes the interaction strength and mg denotes the mediator mass, the differ-

ential scattering cross-section in non-relativistic Born approximation is given by

do 4p%a?
Ao 2,2 cin2 2)2° (3-4)
oM (4p2vl sin®(Oem/2) +m3)

rel

Here p is the reduced mass of the system, v, is the relative velocity between DM and

nucleon made dimensionless in units of the speed of light and 6cy; denotes the scattering
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angle in the center of mass frame. The fractional loss in kinetic energy in DM-nucleon

scattering, as shown in Fig. 3.1, is given by

AFE dm,m,,

7 = (mx+mn)2zzﬂz, (3.5)

where m,, m,, are the mass of DM and nucleon, respectively. The scattering kinematics
determines z = cos? § = sin?(fc\/2), with z € [0,1].

The energy loss distribution s(z), a key quantity to estimate the capture rate precisely,
is determined by the distribution of ¢y, which is in turn dictated by the differential

scattering cross-section of the relevant scattering process,

1 do 1
s(Qom) = o o ES(Z)' (3.6)

For DM-nucleon scattering via a Yukawa potential, to consider a widely applicable ex-

ample, the energy loss distribution s(z) is given by

_ mé (4M2Ur2el + mi)
(4p2v2 2 + m§)2 ‘

s(2)

(3.7)

For DM self scattering via a Yukawa potential, the reduced mass p = m, /2, and energy

loss distribution s*(2) simplifies to

Sself<2) _ mgs (mivfel + mi) (3 8)
(m2v2 z+m2)2 ‘ '
X “rel )

In the limit m, — 00, we recover the familiar expressions for uniform distribution,
5(z) = land s*(z) = 1, which have been used extensively in the previous treatments.
Variation of s(z) with mediator mass is shown in Fig.3.2 for DM-nucleon interaction
mediated via a Yukawa potential. From Fig.3.2 it is evident that the assumption of
uniformity in energy loss distribution, i.e., s(z) = 1, is a poor approximation when the
mediator is lighter than either of the scattering particles.

We use the general form of s(z) from Eq. (3.7) to estimate the generalized capture prob-
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ability, g1(u), in Eq. (3.2). The generalized capture probability simplifies to

2

2 1— 1 2u .
gl(u) _ gy ( Bu +vesc> o) (Uesc i i u) ' (3.9)

(m+ %) b

Note that, in the limit of m, — oo, we again recover the familiar expression for capture

probability [188]. From this generalized analytical expression of the capture probability,
one can easily estimate the capture rate of DM particles inside a stellar body, as given in

Eq. (3.1), by considering a suitable velocity distribution of the dark matter particles.

3.2 DM Self-Capture: Effect of Mediator Mass

In the previous section, we have estimated the baryonic capture rate for DM-nucleon
scattering via a Yukawa potential. If the dark matter particles have appreciable self-
interaction strength, an incoming dark matter particle can also lose its energy by colliding
with previously captured DM particles within the celestial core. This is known as self-
capture of DM particles. In this section, we estimate the generalized self-capture rate for
DM self-interactions mediated by a Yukawa potential.

For self-capture, the incoming dark matter particle has to lose enough energy so that its
final velocity vy falls below the escape velocity ves. of the stellar body. The target dark
matter particle, on the other hand, gains energy from these collisions but its final velocity

v’ should also remain less than ves.. Therefore, the self-capture probability is given by

1
¢ (u) = / dz O(Vese — Vf) O(Vese — v}) s (2), (3.10)
0

where vy = \/(u? + v2

esc

)(1 — 2) denotes the final velocity of the incoming DM particle
)z denotes the final velocity of the target DM particle.

and vy = /(u? + vZ,
Using the expression for s°(z) from Eq. (3.8), the generalized self-capture probability
for DM self-interactions mediated by a Yukawa potential simplifies to

2 u2+v2sc>

2 (2
my, <m¢ +my—a

G (u) = (”2 - “2> O (Vese — ) (3.11)
1 - esc . .
(1 + i) (m i) Nt
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Note that, in the limit of mg — 0o, we recover the familiar expression for self-capture
probability [263].

Self-capture rate of dark matter particles in the stellar body depends on the number
of already captured DM particle N,, DM self scattering cross-section oy, the flux of
incoming dark matter particles and most importantly on the probability of incurring
energy loss ¢;°!f(u) which depends on the energy loss distribution. Hence, the self-capture
rate takes the form

se f U du : sa’ se
e = Lo IO 22 ) Min o] o). (3.12)
X

XX

Using the analytical expression of the self-capture probability from Eq. (3.11), one can
easily estimate the generalized self-capture rate for a given velocity distribution of dark
matter particles. The self-capture rate depends linearly on the number of captured dark

matter, NV

v, S0 the number of captured particle due to self-capture grows exponentially

with time. In general, the equation governing the number of captured DM in presence of
self-interaction is given by
dN,

=0+ c=t, (3.13)

However, this exponential growth due to self-capture cuts off when DM self-interaction
strength reaches its geometric saturation value o3% [200, 251], determined by the radius

of the thermalization sphere 7y, inside the stellar body
N2 = mr . (3.14)

Once the number of captured dark matter particles inside the stellar object attains its sat-
uration value, self-capture rate becomes time-independent, i.e., N,o,, — 7r3,. Therefore,
after the saturation, number of captured dark matter particles due to self-interactions
grows only linearly with time. Note that, for self-capture of fermionic DM, the effect
of Pauli blocking has to be taken into consideration and hence the self-capture rate
of fermionic DM is additionally suppressed by Pauli blocking efficiency ¢ = [Ap/pr, 1],
where Ap is the momentum transfer and pg is the Fermi momentum [249, 259]. However,

in case of bosonic DM, there is no such suppression in the self-capture rate.
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Figure 3.3: Number of DM particles captured inside a neutron star is shown with DM
mass, assuming uniform energy loss distribution. In the left panel, DM-nucleon scattering
cross-section is taken to its largest possible value, i.e., the geometrical saturation value,
2 x 107*% cm?. In the right panel, the scattering cross-section is taken to its critical
value, 772 /N, such that self-capture and baryonic capture are equally efficient. In
each plot, the red lines correspond to baryonic capture and the blue lines correspond to
the maximum allowed self-capture. The local DM density around the neutron star is
taken as 0.4 GeV/cm? and age of the neutron star is taken as 6.69 x10° years. The core
temperature of the neutron star is taken as 2.1 x 10° K and all the other neutron star
parameters are described in the text. We restrict our study to m, < 10°GeV to ensure

multiple scattering is not relevant.

3.3 Neutron Stars as DM Detectors

We now consider capture of annihilating as well as non-annihilating DM particles inside
a neutron star to probe DM interactions with the baryonic matter. We first compute the
capture rate of DM particles, inside a neutron star, by considering the velocity distribution
of incoming DM particles as Maxwell-Boltzmann with halo velocity dispersion 220 km/s.
We take typical values for neutron star parameters [249], such as, mass Myg = 1.44 M,
radius Ryg = 10.6 km and the central density pns = 1.4 x 10'° g/cm? for the analysis.
We have not considered the effect of multiple scatterings in the capture rate, because,
for DM particles lighter than a few 100 TeV, capture almost always occurs after a single

scattering, as shown in the previous chapter.

47



While considering DM capture rate in a neutron star, two corrections, gravitational
blueshift of the initial kinetic energy and general relativistic enhancement of the number
of dark matter particles crossing the stellar surface, have to be considered [196]. For
the gravitational blueshift effect, in the rest frame of the neutron star, the incoming DM

particle has a relativistic correction in kinetic energy ~ O(vZ_/c?), and it modifies the

capture probability. As the lower limit of the capture probability integral is proportional

2

to v

/w?, this can be accounted for by substituting

/ UGSC
Uesc —> 3 9 1/2 . (315)
(1 +3 (%) )
For the general relativistic enhancement of the gravitational potential of the stellar body,

the number of dark matter particles which traverse the stellar surface increases. There-

fore, this effect modifies the capture rate by [191, 196]

e Y (3.16)

1 <>2
c

We have explicitly examined that the gravitational blueshift effect can reduce the capture
rate up to ~ 20%, whereas, the general relativistic correction can enhance the capture
rate by as far as a factor of two.

We have also neglected the contribution from self-capture in the estimation of the total
capture rate. Self-interactions among the DM particles can lead to an additional con-
tribution to the capture rate. For the not too small values of o,, that we can probe,
baryonic capture always dominates over the self-capture even if we take the maximum
allowed value of the DM self-interaction strength. This can be understood easily, because

in neutron stars, the extremely large nucleon density increases the baryonic capture rate

and also shrinks the thermalization sphere! as ry, = \/ 9kpTns/(4nGpnsmy). Since the
self-capture rate scales quadratically with the radius of the thermalization sphere ry,, self-
capture rate falls off significantly. However, if the DM-nucleon scattering cross-section is

extremely small, at some point, self-capture dominates over the baryonic capture. This

IFor typical neutron star parameters, i.e., Mg = 1.44Mg and pns = 1.4 x 10! g¢/cm?, the radius of

1/2 5
100 GeV 10° K
m Twp

~1/2
the thermalization sphere r¢y, = 24 cm ( ) , and is always smaller than the radius

of the neutron star (Ryg = 10.6 km) for the range of DM masses that we are interested in.
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crit

o, which is given by o0 ~ 773 /N, Quanti-

is what we call the critical cross-section, o xn

tatively, we can estimate that for a neutron star with core temperature of 2.1 x 10° K and
for DM mass of 100 GeV, this limiting cross-section turns out to be ~ 2.5 x 107°3 cm?.
For heavier dark matter, this limiting cross-section further reduces linearly with DM
mass, as rZ is inversely proportional to the DM mass. Of course, thermalization re-
quires oy, to not become smaller than the minimum value required for thermalization.
For m, 2 1TeV, the critical cross-section falls below the minimum thermalization cross-
section, and self-capture never exceeds baryonic capture for even moderately large DM
masses.

Total number of captured DM particles due to baryonic and self-interactions is shown in
Fig. 3.3, for a neutron star with a core temperature of 2.1 x 10° K. From Fig. 3.3, it is
evident that self-capture can contribute significantly to the total capture rate only when
the DM-nucleon interaction strength is lowered past its critical value, which is really
small compared to the parameter space of contemporary interest. Note that baryonic
capture scales as 1/m,, as the number density of incoming DM particles is inversely
proportional to the DM mass. In the right panel, the additional 1/m, suppression in

the baryonic capture simply comes from the mass dependence of DM-nucleon scattering

crit

v ~ 1 /m,. However, number of captured DM particles due to self-

cross-section, as o
capture always scales as ~ 1/ mi, because self-capture rate is quadratically proportional
to the thermalization radius, and 3, scales inversely to the DM mass, in addition to the

1/m,, suppression from the number density of the incoming DM particles.

3.3.1 Annihilating DM & Dark Kinetic Heating

For annihilating DM, the number of captured dark matter particles inside the stellar
object follows
dN,

—X=C=C.N, (3.17)

where, C' is the total capture rate and C, is the annihilation rate. The annihilation
rate is simply given by C, = 3({o,v)/4nrd,, where (o,v) denotes the thermally averaged
annihilation cross-section of the DM particles.

For annihilating DM, the captured dark matter particles after being thermalized can

annihilate among themselves, and heat up the neutron star. For such heating to be
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Figure 3.4: Projected upper limits on DM-nucleon scattering cross-section for annihilat-
ing DM, obtainable from dark heating of a neutron star with surface temperatures of
1950 K, shown for different mediator masses. Red shaded regions above the solid red
lines are excluded; lines corresponding to mediator masses of mg = 1 MeV, mg = 10
MeV, my = 100 MeV, respectively, from left to right. For my = 1 GeV, the constraint
is close to the case with m, — 0o. Related spin-independent exclusion limits from the
underground detector PandaX-II [276] are shown in the gray shaded regions above dotted
gray lines. For mediators heavier than 100 MeV, exclusion limits from direct detection
experiments are close to those obtained assuming an infinitely massive mediator. The
dashed gray horizontal line corresponds to the geometrical saturation cross-section, above
which any cross-section is essentially equivalent to the saturation cross-section and there-
fore ruled out with the same confidence. As evident, the dark heating constraints weaken
significantly with lighter mediators, being washed out for m, < 0.25 MeV. However, the

astrophysical limits and the terrestrial limits weaken in a complementary fashion.
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Figure 3.5: Dark heating from annihilation of captured DM particles & kinetic heating is
shown with dark matter mass for a neutron star, o3 denotes the geometrical saturation
value of DM-nucleon scattering cross-section. The dashed black line corresponds to the
luminosity of the neutron star with surface temperature of 1950 K. Green, red, and blue
lines correspond to mediator masses of my — 00, my = 10 MeV, and m, = 0.25 MeV,
respectively. For mediators lighter than 0.25 MeV, dark heating can not exceed the
observed luminosity. As a consequence, constraints on DM-nucleon scattering cross-

section from dark heating are completely washed out for mediators lighter than 0.25

MeV.

efficient, the annihilation products must have mean free paths smaller than the size of the
neutron star. Because of the very high baryonic density of the neutron star, all SM final
states satisfy this criterion. The additional dark luminosity, L., is then simply given
by the total mass capture rate inside the neutron star, provided that the equilibration

timescale is less than the age of the neutron star. We have verified that within the
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parameter space of interest, the equilibration time [196] is extremely small compared to

the typical neutron star lifetime and, as a consequence, dark luminosity simplifies to
Lonn = mXCaNx<tage)2 = mXC . (318)

In addition to the dark luminosity, DM-nucleon scattering can also kinematically heat
up the neutron star. DM particles acquire immense kinetic energies while falling into the
steep gravitational potential of the neutron star, can transfer the kinetic energy to the
nucleons during collisions, and as a consequence, can heat up the neutron star. This is
known as dark kinetic heating, Ly, [197, 198]. For the neutron star parameters used in
this work, the dark kinetic heating is given by Ly, ~ 0.3 Lany.

Therefore, a conservative constraint on DM-nucleon interaction strength can simply be

obtained by requiring that the total dark heating not exceed the observed luminosity
Lann + Lkin S Lobs . (319)

In order to put stringent constraints on DM-nucleon interaction strength, observations of
neutron stars with low enough surface temperatures or observations of neutron stars in
DM rich environments are required. This is because the low surface temperature, Ty,

of neutron star significantly reduces the observed luminosity as Lg,s ~ T4 ., and the

obs>
large DM density in DM rich environments increases the total dark heating (Lan, + Lin),
as it is proportional to the ambient DM density. Right now, even with the coldest ob-
served neutron star, PSR J2144-3933 [277], one can not probe DM-nucleon scattering
cross-sections by using Eq. (3.19) . But, as discussed in [197], radiation from a neutron
star of surface temperature ~ 1750 K near the Earth can be detected by the upcoming
telescopes, JWST [278], TMT [279], and E-ELT [280]. Possible detection of such neutron
stars with imminent telescope technology, or alternatively detection of neutron stars with
surface temperatures ~ O(10*) K in DM rich environments, typically project extremely
stringent constraints on DM-nucleon scattering cross-section [196, 197].

However, such strong upper limits entirely rely on the assumption of contact interaction
between DM & the nucleon, i.e., for interactions via infinitely massive mediators, and

weaken significantly with lighter mediators, as shown in Fig.3.4. From Fig.3.4, it is

also evident that, in the contact interaction approximation, constraints from anomalous
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heating are significantly stronger than terrestrial direct detection experiments for heavier
DM mass. The reason behind this is also simple; constraints obtained from dark heat-
ing is essentially mass independent in the contact interaction approximation, whereas,
constraints from direct detection experiments weaken proportionally to the DM mass for
heavier DM. However, for interactions mediated via light mediators, the capture proba-
bility, and thereby the dark heating, decreases with lighter mediator.

The upper limits on DM-nucleon interaction strength, as shown in Fig. 3.4, can be un-
derstood qualitatively. The flux of incoming DM particles scales as 1/m,, the capture
rate of DM particles is inversely proportional to the DM mass. As a consequence, dark
heating becomes independent of DM mass being essentially the total mass capture rate,
explaining the m, independence of the upper limits. For higher DM mass, due to the
kinematic suppression of a light mediator, the capture rate begins to scale as ~ 1/ mi,
and as a consequence, dark heating scales as ~ 1/m,, explaining the departure from
m, independence. Eventually, once the DM-nucleon scattering cross-section reaches the
geometrical saturation value the constraints become independent of o,,, explaining the
sharp vertical cutoff. For a general energy loss distribution, constraints weaken with
lighter mediators simply because the cutoff mass decreases as ~ mi, which is evident
from the generalized capture probability in Eq. (3.9).

The astrophysical exclusion limits weaken for mediators lighter than 1 GeV as shown in
Fig. 3.4, in contrast to those from underground detector that weaken for mediators lighter
than 100 MeV. This has to do with the typical relative velocity in each case. For un-
derground detectors, the average velocity of the DM particles is O(1073) and the typical
momentum transfer is in the range of 1-100 MeV for DM mass of 1 GeV — 1PeV. As a
consequence, the contact interaction approximation holds for mediators heavier than 100
MeV. For astrophysical constraints, the velocity of the DM particles is significantly en-
hanced while falling into the steep gravitational potential of the neutron star. Thus, the
typical momentum transfer is ~ 1 GeV for DM mass above 1 GeV, thereby, invalidating
the contact interaction approximation for much higher mediator mass compared to the
underground direct detection experiments.

Fig. 3.5 illustrates why capture constraints on DM-nucleon scattering cross-section of an-
nihilating DM are significantly weakened for light mediators. For mediators lighter than

0.25 MeV, dark heating can not exceed the observed luminosity as shown in Fig. 3.5, re-
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sulting in a complete washout of the constraints on DM-nucleon scattering cross-section.

3.3.2 Non-annihilating DM & Dark Core Collapse

For non-annihilating DM, the number of dark matter particles captured inside the stellar

object follows

AN,
=0 (3.20)

Therefore, the number of DM particles accumulating inside the neutron star increases
linearly with time. If the total number of captured DM particles inside the neutron star
becomes self-gravitating, collapse ensues and if the zero point energy is not sufficient to
prevent the gravitational collapse, a black hole forms inside the neutron star. So, the

collapse criterion is simply given by [249, 259]
N, (tage) > Max [N3?, NS™] (3.21)

where N;elf denotes the required number of particles for initiating the self-gravitating
collapse and N;ha denotes the Chandrasekhar limit, beyond which the core collapse is
not sustainable.

The black hole formed inside the neutron star, due to the gradual accretion of DM parti-
cles followed by a subsequent collapse, can swallow the host neutron star in a very short
timescale [281, 282, 283, 284]. Therefore, the upper limits on DM-nucleon interaction
strength from gravitational collapse, arise simply from the existence of the neutron star
and are shown in Fig. 3.6. We have used the observation of a relatively old neutron star,
PSR J0437-4715, in this analysis. The core temperature and age of PSR J0437-4715
is discussed in [249] and are given by 2.1 x 10° K and 6.69 x 10° years, respectively.
PSR J0437-4715 is located at a distance of about 139 + 3 pc from the solar system, and
therefore, the local DM density around the neutron star is assumed as 0.4 GeV /cm?.
The collapse condition in Eq. (3.21) essentially implies that the density of DM particles
within the thermalized sphere has to be larger than the baryonic density within that

volume. In order to satisfy this criterion, DM particles have to obey

Px = (4—§ > PNs - (3.22)
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Figure 3.6: Upper limits on DM-nucleon scattering cross-section for a bosonic non-
annihilating DM, obtained from existence (i.e., non-collapse) of an old neutron star, PSR
J0437-4715, shown for different mediator masses. Regions above the solid red lines are
excluded. The lines correspond to mediator masses of my =1 GeV, m, = 100 MeV, and
me = 10 MeV, respectively, from left to right. For my = 1 GeV, the constraint is close
to the case with mg — oo. Related spin-independent exclusion limits from the under-
ground detector PandaX-II [276] are shown in the gray shaded regions above dotted gray
lines. For mediators heavier than 100 MeV, exclusion limits from direct detection experi-
ments remain unaltered. The dashed gray horizontal line corresponds to the geometrical
saturation cross-section, above which any cross-section is essentially equivalent to the
saturation cross-section and therefore ruled out alike. Constraints on DM-nucleon scat-
tering cross-section obtained from gravitational collapse weaken significantly for lighter
mediators, being washed out for my < 5MeV. Terrestrial limits also weaken, but in a
complementary fashion. Astrophysical constraints extend only up to 30 PeV due to effi-

cient Hawking evaporation.
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Figure 3.7: Total number of captured DM particles is shown with dark matter mass for a
relatively old neutron star, PSR J0437-4715. Ufﬁf denotes the geometrical saturation value
of DM-nucleon scattering cross-section. Dashed black line corresponds to the number of
DM particles required for black hole formation, which is simply given by Max [N, N<ha].
Green, red, and blue lines correspond to mediator masses of my — 0o, my = 10 MeV,
and my = 5 MeV, respectively. For mediators lighter than 5 MeV, the total number of
captured DM particles cannot exceed the number of DM particles required for black hole
formation. As a consequence, constraints on DM-nucleon scattering cross-section from

gravitational collapse completely wash out for mediators lighter than 5 MeV.

For typical neutron star parameters, this implies [249]
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and is same for bosonic and fermionic DM. However, the Chandrasekhar limit, N;ha,
depends on the spin-statistics of DM particles. For bosonic DM, the zero point en-
ergy is supported by the uncertainty principle, whereas, for fermionic DM, it is sup-
ported by the Pauli exclusion principle. In the absence of any repulsive self-interactions
among the dark matter particles, the Chandrasekhar limit for bosonic dark matter,
~ 1.5 x 10** (100 GeV /m,)?, is much less than that for fermionic dark matter, ~ 1.8 x
10°1 (100 GeV /my)® [249]. Therefore, it is obvious that in the absence of any repulsive
DM self-interactions, bosonic DM experiences gravitational collapse much more easily
than fermionic DM. As a consequence, the corresponding constraints on DM-nucleon in-
teraction strength from gravitational collapse are much more stringent for bosonic DM
compared to that for fermionic DM. See Appendix B for a detailed derivation of the
Chandrasekhar limit for bosonic and fermionic DM.

The upper limits shown in Fig. 3.6 can also be qualitatively understood. The total number
of captured DM particles inside the neutron star is proportional 1/m, ., and in the collapse
criterion, Ny (tage) > MaX[N;elf, N;ha], the right hand side is essentially dominated by self-
gravitation, N;elf, which has a 1/ mi/ 2 dependence. This explains the 1/ mi/ 2 dependence
of the upper limits shown in Fig.3.6. When the scattering cross-section reaches its ge-
ometrical saturation value, the constraints become independent of o,,, which explains
the sharp vertical cutoff. For lighter mediators, the capture probability and the total
number of captured DM particles, decreases, explaining the weakening of the constraints
compared to the upper limit obtained from a contact interaction approximation.

From Fig. 3.6, it is clear that even in the absence of any repulsive self-interactions among
the DM particles the astrophysical upper limits on DM-nucleon scattering cross-section
weaken appreciably with lighter mediators. For mediators lighter than 5 MeV, the to-
tal number of captured DM particles is not sufficient to form a black hole, as shown in
Fig. 3.7. Hence, such astrophysical constraints are completely washed out.

Note that if the newly formed black hole evaporates faster than it mass accretion rate,
the host neutron star can still survive. As a consequence, the constraints obtained from
gravitational collapse can be alleviated [248, 249, 254, 259]. The mass accretion rate of
the newly formed black hole is usually assumed as a spherical Bondi-Hoyle accretion, and

is given by
dMacc o 47T>‘pNS G%V M]_%H
dt s ’

(3.24)
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where A = 0.25, ¢ = 0.17c¢ is the speed of sound inside the neutron star, G denotes
gravitational constant, and Mgy is the initial mass of the newly formed black hole [254].
On the other hand, the newly formed black hole evaporates via Hawking evaporation,

and the mass loss rate is simply given by

AMevap het
dt TAnG% M3y

(3.25)

This mass loss rate is derived by summing over contributions from all SM particles, and
takes into account the greybody factor of the Hawking emission. This is a significant
improvement (increases the mass loss rate by a factor ~ 200 ) over the earlier treat-
ments [248, 249, 259], where the mass loss rate is estimated by treating the newly formed
black hole as a blackbody.

Constraints on DM-nucleon cross-section get alleviated when the Hawking evaporation
rate exceeds the mass accretion rate, i.e., if dM,c./dt > dMeyap/dt. For a relatively cold
neutron star, PSR J0437-4715, with core temperature of 2.1 x 10° K, we estimate that
such astrophysical constraints on DM-nucleon interaction strength obtained from gravi-
tational collapse vanish at m, > 3 x 107 GeV for bosonic DM and my, > 8 X 109 GeV
for fermionic DM. Therefore, the constraints shown in Fig.3.6 can only extend up to

3 x 107 GeV.

3.3.3 Effect of DM Self-interactions on the DM-nucleon Inter-

actions

For annihilating DM, constraints on DM-nucleon scattering cross-section are simply ob-
tained by comparing the dark heating with the observed luminosity. The estimation
of dark heating solely depends on the total capture rate. In principle, self-interactions
among the DM particles can lead to an additional contribution to the total capture rate.
However, due to the extremely large baryonic density in neutron stars, self-interactions
have an insignificant impact on the total capture rate. Therefore, the upper limits shown
in Fig. 3.4 remain unaltered even with the inclusion of maximally allowed repulsive self-
interactions among the DM particles.

For non-annihilating DM, the inclusion of repulsive self-interactions among the DM par-

ticles has a prominent impact on the corresponding upper limits on the DM-nucleon
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Figure 3.8: Upper limits on DM-nucleon scattering cross-section of non-annihilating self-
repelling bosonic DM, obtained from non-observation of gravitational collapse of PSR
J0437-4715. In the left panel, a uniform energy loss distribution is assumed and in the
right panel the DM-nucleon interaction is taken to be mediated via a Yukawa potential
with a mediator mass of 100 MeV. In each panel, different lines correspond to oy, = 0,
Oy = 107°%cm?, and o,, = 107°?cm?, respectively, from left to right. The values
of the DM self-interaction cross-section, shown in the plots, are not ruled out by the
Bullet Cluster observation [285]. The dashed gray line corresponds to the geometrical
saturation cross-section, above which any cross-section is essentially equivalent to the
saturation cross-section and therefore ruled out at the same confidence. Constraints on
DM-nucleon scattering cross-section weaken and eventually washout, with increase of the

strength of repulsive self-interactions.

scattering cross-section. In neutron stars, self-interactions among the DM particles do
not enhance the capture rate but repulsive self-interactions among the dark matter par-
ticles significantly enhance the Chandrasekhar limit, thereby, increasing the number of
DM particles required for black hole formation. For a repulsive self-interaction of contact

type, the Chandrasekhar limit for bosonic DM modifies to [254]

2 M21 )\ M2l 1/2
Neha — Z_ P (14 = P 3.26
X T m? ( " 3 m2 ) ’ (8.26)

where A is the dimensionless self-interaction coupling among the DM particles, which

1/2

is given by A\ = (647oy,)'"“m,. Note that, the second term in the expression of N)‘éha
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always dominates over unity for any reasonable value of DM self scattering cross-section.
As a consequence, the corresponding constraints on DM-nucleon interaction strength
further weaken with inclusion of repulsive DM self-interactions [254, 255]. We show
the impact of repulsive DM self-interactions on the corresponding upper limits on DM-
nucleon scattering cross-section in Fig. 3.8. From Fig. 3.8, it is evident that with increase
of the self-interaction strength, the Chandrasekhar limit significantly enhances and as
a consequence, the black hole formation criterion becomes stricter. This explains the
further weakening of the constraints. However, inclusion of attractive self-interactions
among bosonic DM particles (A < 0) requires a different analysis involving bound state
formation, which is beyond the scope of this work. For fermionic DM, the impact of
attractive self-interactions among the DM particles on the DM-nucleon scattering cross-

section have been extensively discussed in [257, 260)].

3.3.4 Constraining DM Self-interactions from Observation of

Neutron Stars

Gravitational collapse of neutron stars, due to continued accumulation of non-annihilating
particle DM, can also be used as an astrophysical probe of DM self-interaction strength.
As discussed in the previous subsection, strong self-interactions make the black hole for-
mation criterion stricter, while its impact on the total capture rate is negligible. There-
fore, strong self-interactions among DM particles inhibits collapse. However, very feeble
self-interactions among the dark matter particles do not alter the Chandrasekhar limit
appreciably, and collapse can occur. Thus, observation of collapse rules out strong self-
interactions. In Fig. 3.9, the red or blue shaded regions correspond to parameter spaces
where the DM core in a neutron star can collapse, for oy, being o5 or 107" cm?, respec-
tively. We show these regimes for a uniform energy loss distribution. Evaporation of the
newly formed black hole faster than its mass accretion rate invalidates the above-stated
astrophysical constraints on DM self-interaction strength. This region is shown by the
green hatched region in Fig. 3.9. Assuming a blackbody spectrum, instead of the correct
Hawking spectrum we have used, leads to the hatched region under the dashed green line,
underestimating the efficacy of Hawking evaporation.

Even if we do not know o,,,, a collapse observation will conservatively exclude enormous

swathes of parameter space in Fig.3.9. The entire white unhatched unshaded region is
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Figure 3.9: Constraints on DM self scattering cross-section for non-annihilating bosonic
dark matter, obtained from a nearby old neutron star, PSR J0437-4715. The shaded
regions denote parameter space where the DM core can collapse; red region for oy, =
ot =2 % 107* ¢cm? and blue shaded region for oy, = 107*" cm®. Hatched region under
the solid green line corresponds to the alleviation of the constraints due to rapid Hawking
evaporation of the newly formed black hole. Assuming a blackbody spectrum, instead
of the correct Hawking spectrum, leads to the hatched region under the dashed green
line. The exclusion limit from Bullet Cluster observation [285] is shown in the gray
shaded region at the top. The local DM density around the neutron star is taken as 0.4
GeV/cm? and all the other neutron star parameters are described in the text. For a given

Oyn, the existence of PSR J0437-4715 rules out the corresponding shaded but unhatched

region.
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disfavored by the observed collapse of a star such as PSR J0437-4715, assuming that we
can separately constrain the accretion of gas etc. If on the other hand, the value of o,,, is
known, one can obtain bounds from non-observation of collapse. For illustration, if it is
known that o,, = 107*" cm?, the existence of PSR J0437-4715 rules out the blue region
that does not overlap with the hatched Hawking constraint.

The upper limits shown in Fig. 3.9 can also be understood qualitatively. The black hole
formation criterion is Ny (tage) > Max [N, N¢*#|. The left hand side scales as 1/m, and
has no dependence on o,,, whereas for heavier DM the right hand side is dominated by
the Chandrasekhar limit, which scales as ~ 0)1&4 / mi/ ? 0 that the constraint scales as
oy ~ mS. For lighter DM, N dominates over N{" on the right hand side, and both
folf and N, (tage) are independent of o,,, explaining the o,, independence of the upper
limit, i.e., the sharp vertical cutoff in Fig. 3.9. These two regimes meet almost discontin-
uously at the corner of the red or blue shaded regions, where N = N identifying a
minimum DM mass below which collapse cannot occur for a chosen o,, and other fixed
parameters. Note that, since the total number of captured DM particles is proportional
to the DM-nucleon scattering cross-section, lower values of DM-nucleon scattering cross-
section reduce the total number of captured DM particles, and as a consequence, enfeeble

the upper limits on DM self-interaction strength as shown in Fig. 3.9.

3.4 Summary & Conclusions

Dark matter capture in celestial objects is believed to be one of the most sensitive as-
trophysical probes of interactions between the dark and visible sector. However, all such
previously obtained astrophysical constraints on DM-nucleon scattering cross-section de-
pend crucially on the assumption of a uniform energy loss distribution. This assumption
of uniformity, tantamount to assuming an infinitely massive mediator, does not always
hold true, and the constraints must be updated for lighter mediators, self-interactions,
and to better codify the effect of Hawking evaporation. Here we summarize our main

results:

1. We pointed out that the assumption of uniformity in energy loss distribution only
holds true for isotropic differential cross-section, which occurs only for an infinitely

massive mediator. For DM interactions via light mediators, the deviation from
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uniformity becomes prominent and is shown in Fig. 3.2.

. We generalized the treatment of DM capture inside celestial objects for arbitrary
mediator masses, in Egs. (3.2 — 3.11), and updated the existing and projected as-

trophysical upper limits on DM-nucleon interaction strength.

. We found that for non-annihilating bosonic DM, the existing constraints obtained
from an old nearby neutron star, PSR J0437-4715, and for annihilating DM, the
projected constraints obtainable from a neutron star with surface temperature of
1950 K, depend firmly on mediator masses, weaken appreciably for lighter media-
tors, and are not generally superior to terrestrial detectors as shown in Fig. 3.4 and
Fig. 3.6, respectively. Such astrophysical constraints are completely washed out for
mediators lighter than 5 MeV for asymmetric DM, and for mediators lighter than
0.25 MeV for annihilating DM as shown in Fig. 3.5 and Fig. 3.7, respectively.

. We showed in Fig. 3.8 that the constraints on DM-nucleon interaction strength
obtained from gravitational collapse further weaken with inclusion of repulsive self-
interactions among the DM particles. As repulsive DM self-interactions have a
significant impact on the black hole formation criterion, constraints can even be
completely washed out for strong enough repulsive self-interactions among the DM
particles. However, constraints obtained from dark heating remain unaltered with
the inclusion of DM self-interactions, due to their insignificant contribution to the

total capture rate.

. Gravitational collapse of captured DM particles acts as an astrophysical probe of
DM self scattering cross-section. Self-interactions among the DM particles have an
insignificant impact on the total capture rate, but repulsive DM self-interactions
have a significant impact on the black formation criterion. Strong repulsive DM
self-interactions can prevent the black hole formation inside a stellar object, and
black hole formation criterion can only be achieved with very feeble repulsive DM
self-interaction strength. Thereby, from collapse of a stellar object the white region
shown in Fig. 3.9 is ruled out. If oy, is known, then the existence of such stellar

objects rule out shaded but unhatched regions therein.

. In all the previous treatments, the Hawking evaporation rate from the newly formed
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black hole was calculated in a blackbody radiation approximation. This is not
completely correct. We correct the Hawking evaporation estimate by taking into
the greybody factor of the emission spectrum, which leads to a stronger alleviation
of the constraints on DM self-interaction strength, compared to what would be

obtained using a blackbody approximation.

We have not attempted to treat multiple scattering, light mediators, and self-capture
within a single framework; it can be relevant for m, > 10°GeV and remains to be

addressed.
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Chapter 4

Mergers as a Probe of Particle DM

In this Chapter, we demonstrate that continued accumulation of non-annihilating par-
ticle DM in compact stars can lead to sub-Chandrasekhar (< 1.4 M) mass black hole
formation, providing a viable alternative to the primordial black hole scenario. We point
out several avenues to test the origin of low mass black holes, focusing on the cosmic
evolution of the binary merger rates. We demonstrate that measurement of the binary
merger rates, especially in the high-redshift, by the imminent GW detectors can conclu-
sively determine the origin of low mass black holes. The results presented in this chapter

can be found in [9].

4.1 Formation of Low Mass Transmuted Black Holes

Unusual masses of black holes being discovered by GW experiments [286, 287, 288| pose
fundamental questions about their origin. More interestingly, black holes with masses
smaller than the Chandrasekhar limit (1.4 M) are essentially impossible to produce
through any standard stellar evolution, and often considered as a smoking gun evidence
of its primordial origin. In this section, we demonstrate that possible detection of a
sub-Chandrasekhar mass black hole is not a smoking gun evidence of its primordial ori-
gin. Non-annihilating particle DM with non-zero interaction strength with the stellar
nuclei, a universal feature of the DM models, is sufficient to produce sub-Chandrasekhar
or O(1) M mass non-primordial black holes. In the following, we briefly describe their
formation mechanism, and answer a few basic questions, such as, what particle physics

parameter space can they explore, how to test their origin, and especially, how to distin-
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guish them from primordial black holes?

The formation of sub-Chandrasekhar mass non-primordial black holes has previously been
studied in the context of exotic cooling of an atomic dark matter cloud [290] and accre-
tion of fermionic asymmetric DM with non-negligible self-interactions inside a neutron
star [291]. However, the previously proposed models employing a fermionic asymmet-
ric DM with non-negligible self-interactions or dark quantum electrodynamics are not
generic, and appeal to fairly baroque DM models. Transit of tiny PBHs (PBHs in the
mass range of 1018 —10%* g) through a compact star, and subsequent conversion of the host
to a black hole is also thought to be a novel mechanism to produce sub-Chandrasekhar
mass non-primordial black holes [292, 293]. However, the recent estimates [184, 185]
suggest that the capture rate of a tiny PBH by a neutron star has been over-estimated
in the previous literature, and the actual capture rate is quite small, ~ 10~ yr~! for a
neutron star residing in a Milky-Way-like galaxy. In short, tiny PBHs just pass through
the neutron star rather than being captured. Hence, this mechanism is now ineffective
for transmutation. Here it is important to mention that the capture rate scales linearly
with the ambient DM density and has a strong dependence on the velocity dispersion,
(07?), so an O(1) Gyr old neutron star in a DM dense region (p, = 10* GeV cm™?) inside
a globular cluster (v ~ 107°) can, in principle, implode due to a PBH transit. How-
ever, such over-dense DM cores in a globular cluster are quite speculative and not yet
well established. It has, in fact, been shown that globular clusters do not have any DM
over-densities[294, 295, 296]. Hence, the explanation of a sub-Chandrasekhar or O(1) M,
black hole due to a tiny PBH transit is either ineffective or hinges on the contentious
assumption of a high DM density in globular clusters, and remains uncertain until the
provenance of globular clusters is settled. Below we propose a very simple production
mechanism of sub-Chandrasekhar black holes which can be a viable alternative to pri-
mordial black holes.

Non-annihilating DM [297, 298] scatters with stellar nuclei, gets captured via single [187,
188] or multiple scattering[7, 196, 209], and accumulates inside a stellar object linearly
with time. Once the total number of captured DM particle satisfy the collapse criterion,
i.e., Nylt,,. = max [N N g small black hole forms in the stellar core [249, 248, 259].
Here, N,|;,,. denotes the total number of DM particles accumulated within a celes-

tial object throughout its age tag. A precise estimation of N,|s,,. in the contact in-
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Figure 4.1: DM mass and scattering cross-section required for a dark core collapse and
subsequent transmutation of a 1.3 M neutron star to a comparable mass black hole are
shown in the red shaded regions. The two panels on the left (respectively, right) corre-
spond to interaction between DM and stellar nuclei mediated by an infinitely heavy medi-
ator, i.e., my > recoil momentum (resp. 10 MeV scalar). Scenarios with non-annihilating
bosonic or fermionic DM are marked. Two representative values of ambient DM density,
py=1and 10* GeV em ™ (only for the right panel, p, =10 and 10* GeV cm™?), are consid-
ered. Exclusion limits from underground direct detection experiments PandaX-II[276]
and XENONIT [96] as well as from existence of an ~ 7 Gyr old [289] nearby pulsar
PSR J0437-4715[8, 249, 259] are also shown by the gray shaded regions. Green hatched
regions mark the parameter space where efficient Hawking evaporation stops the implo-
sion of the neutron star. The region of no thermalization is many orders of magnitude

below [259], and is not shown for clarity.
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teraction approximation as well as for interactions mediated via arbitrary mass me-
diators can be found in the previous two chapters. Nf’(elf denotes the required num-
ber of DM particles for initiating the self-gravitating collapse, and N;ha denotes the
Chandrasekhar limit, the number of DM particles beyond which gravitational collapse
is no longer sustainable. Chandrasekhar limit, N;ha, depends on the spin-statistics of
the DM particles, and is different for bosonic and fermionic DM. In the absence of
any repulsive self-interactions among the DM particles, the Chandrasekhar limit for
bosonic dark matter is ~ 1.5 x 103 (100 GeV/mX)Q, and for fermionic dark matter is
~ 1.8 x 10°* (100 GeV/m,)” [249], explaining an easier transmutation for the bosonic
DM. See Appendix B for a detailed derivation of the Chandrasekhar limit for bosonic
and fermionic DM. The required number of DM particles for self-gravitation, N;df, does
not depend on the spin statistics of the DM particles, and is set by the condition that
DM density has to exceed the baryonic density within the stellar core [249].

Once the number of captured DM particles satisfies the collapse criterion, dark core
collapse ensues, and a tiny black hole forms inside the stellar object. This tiny black
hole accumulates matter from the host, and eventually swallows the host in a very short
timescale [281, 282, 283, 284] to a comparable mass black hole — transmuted black hole.
So, depending on the mass of the progenitors, TBHs can naturally be sub-Chandrasekhar,
or even sub-solar. However, note that, if the nascent black hole that forms via dark core
collapse is sufficiently light, it quickly evaporates due to its efficient Hawking emission,
ceasing the transmutation. For typical neutron star parameters, if the initial mass of the
black hole is lighter than ~ 1072 M, (see Ref. [284] for a quantum correction to this
evaporation mass), Hawking evaporation dominates over the swallowing process, and the
transmutation ceases [8, 248]. For non-annihilating bosonic and fermionic DM, it corre-
sponds to DM masses > O(107) and = O(10'°) GeV, respectively, providing an upper
limit on the DM mass for transmutation.

Fig. 4.1 shows the DM parameter space where a neutron star with mass 1.3 M can
transmute to a low mass black hole for either bosonic or fermionic DM, for two choices
of ambient DM density. DM-nucleon interactions mediated by an infinitely heavy medi-
ator (light mediator of mass 10 MeV) is assumed in the first (last) two panels. In the
contact interaction approximation, asymmetric bosonic (fermionic) DM of mass O(100)

GeV (O(1) PeV) in a DM dense environment can lead to a sub-Chandrasekhar mass
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black hole. For DM-nucleon interaction mediated via lighter mediators, transmutation
of compact objects is easier, as exclusion limits weaken and implosions can be achieved
with a wider range of parameters. Similar analysis can also be performed for a solar mass
white dwarf. However, because of the lower baryonic density compared to a neutron
star, the implosion criterion is harder to achieve for a white dwarf. For transmutation
of a solar mass white dwarf with ambient DM density 10° GeV cm™3, the scattering
cross-section has to be > 107% cm? for a 10 PeV asymmetric bosonic DM, whereas,
the corresponding cross-section for a neutron star with the same ambient DM density
is ~ 107%® cm?. The transmutation does not happen for small DM masses, causing the
cutoff on the left side of the red shaded region in Fig.4.1. This is because the number of
DM particles required for initiating self-gravitation (N;elf), as well as the Chandrasekhar
limit (N™), increases for lighter DM [N ~ 1/ mi/ 2, N2~ 1/m2 (1/m2) for bosonic
(fermionic) DM] and the number of captured DM particles is not sufficient to satisfy
the dark core collapse criterion. Note that, we do not consider the possibility of Bose-
Einstein condensate (BEC) formation because the temperature required for BEC forma-
tion, Trc ~ (2m/my ) (ny/ 2.612)%* [249] is almost always less than the core temperature

of the neutron star (T = 2.1 x 10°K) that we consider.

4.2 Identifying the Origin of Low Mass Black Holes

Formation of sub-Chandrasekhar mass non-primordial black holes via gradual accumula-
tion of non-annihilating DM in compact stars demand a critical investigation to pinpoint
the origin of the low mass black holes. In this section, we briefly describe several avenues
to identify the origin of low mass black holes, focusing on the cosmic evolution of the
binary merger rates.

The merger rate of PBH binaries keeps rising with higher redshift as the PBH binaries
can form efficiently in the early Universe [301, 302, 305, 306, 307]. It has a universal time
dependence of Rpgy o< =37, where t is the coalescence time at formation. On the other
hand, the merger rate of binary neutron stars, Rns(t) [308], as shown in Fig. 4.2, traces

the cosmic star formation rate [299, 309

¢ ar, dp«
Rns(t) = dt q——(t —t¢)A te). 4.1
w0 = [ g A (4.
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Figure 4.2: Cosmic evolution of the binary merger rates provides a simple yet novel
technique to determine the stellar or primordial origin of black holes. Cosmic evolu-
tion of the binary PBH, neutron star, and TBH merger rates are shown in the redshift
range of 0 to 10. For the binary neutron star and TBH merger rate, cosmic star for-
mation rate is adopted from [299] and they are normalized to the recent LIGO-VIRGO
measurement [300]. Non-annihilating bosonic DM with mass of 10 TeV and DM-nucleon

0~ cm? in the contact approximation are assumed

scattering cross-section of 107%% and 1
for the estimation of binary TBH merger rate. The PBH merger rate is estimated by
considering 1.3 M,— 1.3 M, PBH binary and a dark matter fraction fppy = 1072, which

enters as foehd” [301, 302]

It peaks at an O(1) redshift when the star formation rate is maximal. In Eq. (4.1), ddit*(t f)
denotes the cosmic star formation rate at binary formation time ¢y, A is the number
of coalescing neutron star binaries per unit star forming mass, and %(t — ty) is the

probability density distribution of binary neutron stars merging within the time interval
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Figure 4.3: Mass distribution of the compact stars provide yet another probe to test
the origin of low mass black holes. The mass distribution of all the observed neutron
stars and white dwarfs [303, 304] are shown in this plot. The mass distributions of these
progenitors can be compared against some well-motivated PBH mass distributions to

examine the origin of low mass black holes.

(t — ty) after formation. For this analysis, we have used A\ = 107°M ! the earliest star
formation time (t,) = 4.9 x 10® year which corresponds to z = 10, &= oc (t — t;)~" [308],
and adopted the cosmic star formation rate from [299].

The merger rate of TBH binaries, Rrgg(t), is systematically lower than of neutron star
binaries, Rns(t), as only a fraction of them transmute depending on the time required
for transmutation. This fraction depends on the binary neutron star population in the
galaxies, as well as evolution of the DM density in the galaxies, and it gradually decreases
with higher redshifts as neutron binaries at higher redshift do not have the sufficient time

to accumulate enough DM required for implosion. Hence, Rrpu(t) takes the form

t

Rrpu(t) = ’ At —(t — tIA—= (1) X O {t — £ — Torans [N Tyms Pexti(t)]}

(0= 3250 [t NG 0 O 1y = T b 0]
(4.2)

where Tians denotes the transmutation time, which is essentially a sum of the two timescales:

i) time required for the micro black hole formation via dark core collapse and ) time

required by the micro black hole to swallow the host star. We note that the swallowing

time [281, 282, 283] is almost instantaneous with respect to the black hole formation time
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inside the stellar core, and hence, Ti;ans is always dominated by the first timescale.

In Eq.(4.2), we assume that the neutron star binaries live in Milky-Way-like galaxies,
and are distributed uniformly in » = (0.01,0.1) kpc, where r denotes the distance from
the Galactic Center. Binning r into K bins and denoting the fraction of neutron star
binaries in the i*" bin as f; one has f; = 1/K. We further assume that f; do not evolve
with time, but the ambient DM density in the i*" bin, Pext,i, does evolve with time. We
assume that the DM density in each halo is given by the Navarro-Frenk-White profile
Pest (1) = ps/ [(r/7s)(1 + 1/74)?] [310, 311], such that the average density within the virial
radius 7y, is 200p.(2). The two parameters in the Navarro-Frenk-White profile, p; and
rs, are expressible in terms of the critical density of the Universe p.(z), the concentration
parameter cag9 = Tvir/7s, and the mass inside the virial radius Maygy. For Milky Way like
galaxies we take cyo0 = 13.31 and Mgy = 0.82 x 1012 M, [312], and the time evolution of
Pext.i 18 solely determined by evolution of p.(2) = p.(0) [Qx + Qn(1 + 2)?], where Q,,, Q2
are the present day density parameters for matter and dark energy, respectively [4]. For
a detailed discussion on DM density profiles, see Appendix C.

From the expression for the merger rate, it is evident that Rrpy(t) decreases with increase
in transmutation time. Therefore, for a fixed DM mass and DM-nucleon scattering cross-
section, the merger rate of TBH binaries decreases with higher redshift. This is simply
because neutron star binaries at higher redshift do not have the time for accumulating
sufficient amount of DM required for implosion. Of course, given a DM mass, decrease in
DM-nucleon scattering cross-section leads to higher 7,15, and, hence, lower merger rate.
This distinct redshift dependence of the binary merger rates, especially at higher red-
shifts, can be measured with the upcoming third generation GW detectors like Cos-
mic Explorer [313], Einstein Telescope (ET) [314] and space-based GW detector Pre-
DECIGO [315] which will distinguish the transmutation scenario from PBHs. In Table
4.1, we also estimate the possible detection rates of TBH mergers for several GW detec-
tors.

The expected detection rate of TBH mergers, Np, is simply given by [308, 316]

po D (2) (( 1.2M, 0)5/6] | (4.3)

o) 4 D2
ND = / dZTr_C(Z)RTBH(Z) X 09

o (@+2)H(z) 8 19 1+ 2)M
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where D,(z) = [ h%,) denotes the co-moving radial distance and Dy (z) = (1+ z) D.(z)
denotes the luminosity distance respectively. H(z) is the Hubble rate at redshift z, and
we use the cosmological parameters determined by the latest Planck observations [4]. The
angular dependence of the signal-to-noise-ratio (SNR) is encoded within the variable 6,

and the cumulative distribution of # is denoted by Cpy, and is given by [316]

(

1, if <0
Co(x) = %’ ifo<z<4 (4.4)
0, if v > 4.

\

The chirp mass of the coalescing binary is denoted by M.. pg,ro are the SNR threshold
for GW detection, and the characteristic distance sensitivities of the GW detectors. For
this analysis, we have considered py = 8 and ry = 80 Mpc for advanced LIGO, and py = 8
and ro = 1591 Mpc for Einstein Telescope [308].

The possible detection rate of TBH binaries for present and upcoming GW detectors,
such as advanced LIGO and Einstein Telescope, are tabulated in Table 4.1. From this
tabulated values, we find that advanced LIGO is already sensitive to DM parameters that
are not ruled out by any other data at present, e.g., m, = 10* GeV and o,,, = 107* cm?.
Hence, LIGO can act as a direct detection experiment for non-annihilating particle DM
by observing the binary merger rates of the transmuted black holes. From Table 4.1, we
can also discriminate the TBH/PBH events using the shape-information of the binary
merger rates. Suppose Np = 5916 yr~! in the low redshift bin (0 < z < 1), which
could be due to mergers of 1.3 M, PBH binaries with fpgy = 0.0019 or 1.3 M, TBH
binaries with m, = 10* GeV, o, = 107*% cm?. 1ET-yr worth of high redshift data
can discriminate between these two model points using the shape-information alone (i.e.,
with same normalization at low redshift). The PBH binaries will have 787 events in the
high redshift bin (z > 1), whereas TBH binaries will have 880, indicating putatively > 3o
discrimination between said TBH and PBH model points, with statistical errors only.
Apart from the cosmic evolution of the binary merger rates, we point out several avenues

to test the transmuted origin of low mass black holes, and are detailed below

e The ambient DM density around a sub-Chandrasekhar or O(1) Mg black hole is a

73



Mys [Ms] m, [GeV] oy, [em?] aLIGO [yr™] ET [yr]

1.0 10* 10=47 0.2;0; 0.2 672;3;675

1.0 10* 1074 0.3;0;0.3 2982;32;3014
1.3 10* 10~47 0.4;0;0.4 1451;84; 1535
1.3 10% 104 0.8;0;0.8 5916; 880; 6796

Table 4.1: Possible detection rates of TBH binaries for advanced LIGO (aLIGO) and
Einstein Telescope (ET), estimated using the procedure in the text, for representative
choices of neutron star mass Myg, dark matter mass m, and DM-nucleon scattering
cross-section o,,. The radius of the progenitors are taken to be 10.6 km. The three
numbers in the last two columns are for low redshift (z < 1); high redshift (z > 1); and

total, respectively.

simple yet powerful probe to test its origin. Since a DM rich environment favors
implosion of stellar objects, detection of a low mass black hole in a DM deficient
region will prefer a primordial origin. Coexistence of a low mass black hole and a
companion neutron star of similar age can also be a strong evidence of its primordial
origin, as the required parameter space for such transmutation will be disfavored
by the existence of the companion neutron star. Since the DM dense inner regions
potentially contain a large number of neutron stars [317], possible detection of an
~ O(1) Gyr old NS by the radio telescopes like FAST [318] and SKA [319] will sig-
nificantly strengthen the exclusion limits on DM-nucleon interaction strength. As
a consequence, the allowed parameter space for dark core collapse-induced trans-

mutation of a stellar object will shrink.

e Mass distributions of the compact objects provide yet another powerful way to
distinguish TBHs from PBHs. Since, the TBHs track the mass distribution of their
progenitors, it can be compared against well-motivated PBH mass distributions to
statistically determine the stellar or primordial origin of BHs. The last two panels
of Fig.4.3 correspond to the mass distribution of all observed neutron stars and
white dwarfs, progenitors of the TBHs. It would take a striking coincidence for
the PBH mass distribution to coincide with these distributions. Ref. [320], that

appeared as our paper was being readied, establishes this technique in more detail.

e With imminent ground and space-based GW detectors, about one binary neutron

star merger event is expected per week [321]. Considering the huge number of
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expected events, the greatly improved sky localization of the GW events with a
multi-detector network [321], as well as the GW lensing [322], the implosion scenario
can easily be tested in the near future. Observationally, there also exist several ways
to distinguish a TBH binary from a binary neutron star. The peak signal frequency
of a binary neutron star merger is much lower than that of a binary black hole
merger due to the less compact nature of neutron stars compared to the similar
mass black holes [291]. Also, the amount of ejected neutron star material during a
merger is much larger if one of the components is a black hole, and therefore, an
unusually bright transient would favor a low mass TBH-neutron star merger [323].
Besides, the dimensionless tidal deformability parameter, which is zero for a black
hole and ~ 100 for a typical neutron star, and the strength of tidal heating can
also be used to probe this implosion scenario [324, 325]. More importantly, possible
detection of an associated electromagnetic counterpart from radio wavelengths to
gamma rays can also distinguish binary black holes from binary neutron stars or

black hole-neutron star merger.

4.3 Summary & Conclusions

Sub-Chandrasekhar mass black holes cannot be explained by any standard stellar evo-
lution and will herald new physics. PBHs are the most discussed explanation of these
objects. The notable existing alternative proposals [290, 291, 292] are either not effective
or appeal to baroque DM models. Here, we study a simple yet novel production mech-
anism for sub-Chandrasekhar mass non-primordial black holes. Continued accumulation
of non-annihilating particle DM inside compact stars can lead to transmutation of com-
pact stars via dark core collapse, and that can produce low mass black holes without
fine-tuning. Non-zero interactions of DM with stellar nuclei, which is a universal fea-
ture of DM models, is sufficient for such transmutations, and is shown in Fig.4.1. For
sub-Chandrasekhar mass progenitors, the transmuted black holes are viable alternative
to PBHs, whereas, for heavier mass progenitors, they can also possibly explain the recent
anomalous GW events. Cosmic evolution of the binary merger rates (Fig. 4.2) and the
mass distributions of the progenitors (Fig. 4.3) are simple yet powerful probes of our
proposal. More specifically, we estimate the binary merger rates of TBHs (Eq. 4.2), and

compare it with the binary merger rates of PBHs and neutron stars, demonstrating that
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measurement of the high-redshift binary merger rates by the imminent GW detectors
can conclusively test this transmutation scenario. We also estimate the expected detec-
tion rate of TBH mergers in present as well as upcoming GW detectors (Eq. 4.3), and
illustrate that advanced LIGO is already sensitive to the DM parameters that are not
probed otherwise. Observation of an associated electromagnetic counterpart along with
a GW event, as well as a precise measurement of the tidal deformability parameter, can
differentiate merger of such TBHs from a binary neutron merger or a black hole-neutron
star merger. Importantly, possible detection of any low mass black hole in a DM deficient
environment or accompanied by an old neutron star can falsify our proposal. Improved
sky localization with multi-detector networks as well as sub-arc-second precision of a GW

event from GW lensing can also shed light on this topic in the near future.
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Chapter 5

Constraining Ultralight PBHs using

Neutrino & Positron Emission

In this Chapter, we demonstrate that non-observations of Hawking radiated neutrinos &
positrons in the diffuse supernovae neutrino background searches at the existing neutrino
detectors such as Super-Kamiokande and measurement of the GC 511 keV gamma-ray
line by the space based telescope INTEGRAL provide world-leading exclusions on ultra-
light PBHs as DM. We also explore the impact of PBH rotation on the corresponding

exclusions. The results presented in this chapter can be found in [10].

5.1 Particle Emission from Ultralight Evaporating
PBHs

PBHs Hawking radiate, act as a decaying DM, and emit particles which follow a black-
body like distribution. An uncharged, rotating PBH of mass Mpgy, and dimensionless

spin parameter a, emits particles of spin s with (¢ = h = kg = 1) [326, 327, 328, 329, 330]

d2N . 1 FS<E, MPBH,ILL,G*)
dEdt N 2 GXp[—E//TpBH] — (—1)28 ’

(5.1)

where g is the rest mass of the emitted particles and E’ is the effective energy of the
emitted particles, including the rotational velocity of PBHs. I'y denotes the greybody
factor, and non-unity of the greybody factor in Hawking emission accounts for the de-

parture from an ideal blackbody emission. In the high energy regime (GMpppE > 1),
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Figure 5.1: Spectrum of the emitted neutrinos from an uncharged and non-rotating PBH
of mass 10 g. The temperature of the PBH is 10 MeV, and hence, the emission peaks
at ~ 40 MeV. The emission is exponentially suppressed for £ > 40MeV, and falls off
as ~ E? for energies lower than 40 MeV because of the E? dependence of the greybody

factor in the low energy regime.

the greybody factor becomes independent of the spin of the emitted particle species, and
it reaches its geometric saturation value, i.e., I' = 27G* Mg, (E? — p?) for an uncharged
and non-rotating PBH. Whereas, in the opposite regime (GMpppE < 1), greybody fac-
tor depends strongly on the spin of the emitted particle species, and scales as E? for
s = 0,1/2 emission and as E* for s = 1 emission [328]. Tppy denotes the temperature

which is inversely proportional to its mass [326, 327, 328, 329, 330]

! vV1-a (5.2)

T = :
PP T 4G Mepr 1 + /1 - a2

For a given PBH mass, temperature can decrease by several orders of magnitude when
the dimensionless spin parameter, a,, approaches to unity, and Hawking emission ceases

at a, = 1. From Eq.(5.1), it is evident that the emission of particles is exponentially
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suppressed for energies exceeding the temperature of a PBH, i.e., E > Tpgy. In the
opposite regime, i.e., £ < Tppy, the emission falls off as a power law because of the
energy dependence of the greybody factor. Hence, Hawking emission becomes significant
for energies comparable to the temperature of a PBH, and peaks at E,cac = 2.81 Tppn
for s = 0 emission, Epeax = 4.02Tppy for s = 1/2 emission, and Eyeax = 5.77 Tppy for
s = 1 emission[330]. We use BlackHawk [331, 332] to compute the spectra of the emitted
particles, and we have verified these numerically obtained emission rates against semi-
analytical emission rates from [326, 327, 328].

Fig. 5.1 demonstrates the spectrum of the emitted neutrinos from an uncharged, non-
rotating PBH of mass 10'° g, calculated using the publicly available package BlackHawk,
explaining all the relevant features in the spectrum.

The mass loss rate of an evaporating PBH is essentially determined by summing over
all the emission channels. By assuming SM particle emission, the mass loss rate of an

evaporating black hole can be expressed as [329]

dMPBH

i = —5.34 x 1025f(MPBH)M1;]§H gSil , (53)

where f(Mpgy) is a measure of the number of emitted particle species, and it is normalized
to unity for PBHs with Mpgy > 10'7g. Integrating Eq. (5.3) over time, one can also
obtain the lifetime of an evaporating PBH

f( PBH) - PBH ’
~ 4 M M . 4
el ( 15.35 100g ) ° (5.4)

Since the lifetime of an evaporating PBH scales at Mgy, where Mppy denotes its initial
mass, extremely light PBHs have a lifetime less than the current age of our Universe,
and hence, can not exist till the present day. We denote the threshold mass of the PBHs
as M,, ie., 7(M,) = to, where ty is the current age of our Universe. Using the recent
measurement of t, = 13.797 Gyr [4], we find, M, ~ 5 x 10" g for non-rotating PBHs
and M, ~ 7 x 10'* g for maximally rotating PBHs, respectively. Therefore, non-rotating
(maximally rotating) PBHs lighter than 5 x 10 g (7 x 10'*g) can not survive till the
present day.

In the following subsections, we derive stringent exclusions on fraction of DM that is in

the form of ultralight PBHs by considering neutrino and positron emissions.
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5.1.1 Constraints using Neutrino Emission

The diffuse supernova neutrino background (DSNB) is the accumulation of all ~ MeV en-
ergy neutrinos emitted by core-collapse supernovae over the history of the Universe [333,
334, 335]. Ultralight PBHs in the mass range of 10" — 10'® g emit O(1 — 10) MeV
neutrinos, and these low energy Hawking radiated neutrinos can be searched in the
DSNB searches at the existing neutrino detectors such as Super-Kamiokande [336], Kam-
LAND [337], Borexino [338], etc. Non-observations of such Hawking evaporated neutrinos
in those searches provide stringent constraint on PBH fraction of DM.

As the temperature of a PBH becomes comparable to the energy of the neutrino, emission
occurs in significant amount. The emission has two contributions: i) contribution from
Galactic PBHs and 4i) Contribution from extra-Galactic PBHs, and for a monochromatic

mass distribution of PBHs, the fluxes are respectively

dQ d*N Jesu paw [1(1, )]
Faimono = | = [ dE ~
gal,mono / A / | " MpgH ’ 55)

fesupom d°N
Mpgy dEdt E:[l—&-z(t)]E.

Fop mons / / dtdB 1+ =(¢)] (5.6)

In the Galactic neutrino flux (Fyaimono), © is the Galactocentric distance, pyw denotes
the DM profile of the Milky Way (MW), [ is the distance from the observer, and v is
the angle between the line of sight and the observer. (2 denotes the solid angle under
consideration and the fraction of DM composed of ultralight evaporating PBHs is denoted
by feeu. The upper limit of the line of sight integral, [,,,,x, depends on the MW halo size
(rmax) and the angle 1

Imax = T'e COSY + (riax — ré sin? w) 1/2 , (5.7)

where 7 is the Galactocentric distance of the Sun. It is important to mention that the
DM profile of the Milky Way, pamw, is uncertain, and for a detailed discussion on DM
density profiles, see Appendix C .

In the extra-Galactic neutrino flux (Fig mono), the time integral runs from ¢,,;, = 1s, to the
neutrino decoupling time, to .., the smaller of the PBH lifetime and age of the Universe.
Although the ultralight PBHs are formed much earlier than the neutrino decoupling time,

we have taken it as a lower limit of the time integral t,,;, because neutrinos emitted from
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PBHs can free stream only after the neutrino decoupling. Note that, changing this
lower limit to smaller values has very little effect on the corresponding upper limit. The
average DM density of the Universe at the present time is denoted by ppy, and we use
the cosmological parameters determined by the recent Planck observations [4].

In addition to a monochromatic mass distribution for the PBHs, we also consider a log-

normal mass distribution, as predicted by various inflationary models [132, 339, 340, 341]

dNppn _ 1 exp _1112 (Mpgu/ preH)
dMpgu  /2moMppy 202 ’

(5.8)

where puppy and o are the average mass and width of the distribution, respectively. For
an extended mass distribution of PBHs, the fluxes can be obtained by integrating the

monochromatic fluxes over the underlying mass distribution

dNpBH
Flalfeg ext = /dMPBHmFgal/eg,mono- (5.9)

For non-rotating PBHs, the mass integral runs from the minimum evaporation mass
Mpin = 5 x 101 g to M. = 00, whereas, for maximally rotating PBHs, it runs from
Mopin = 7 x 10 g to M. = 00, as the maximal rotation increases the minimum evapo-
ration mass by enhancing the Hawking emission rate.

The upper limit on fppy is obtained by comparing the total Galactic and extra-Galactic
flux due to PBHs, with the current upper limit on the neutrino flux (Fpgxg) from the

DSNB searches at various neutrino detectors

Foa1 + Feg < FDsng - (5.10)

Current best upper limits on the DSNB flux (Fpgnxg) come from Super-Kamiokande
(KamLAND), and the upper limits are 2.9 7,cm 2s™! (139 7, cm2s™!) in the energy
(E5,) range of 17.3 to 91.3 MeV (8.3 to 31.8 MeV) respectively [336, 337]. We find that
both the Super-Kamiokande and the KamLAND data help us probe the physical region of
feeu < 1. However, we only show the upper limit obtained using the Super-Kamiokande
data, as it is stronger at all PBH masses we consider.

Fig. 5.2 shows the upper limits on fpgy that can be derived from DSNB searches, for

various PBH mass distributions and spins. The left panel shows the constraints for the
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Figure 5.2: Upper limit on PBH fraction of DM, fpgy, from DSNB searches at Super-
Kamiokande. The left, middle, and right panel corresponds to a monochromatic PBH
mass function, and log-normal PBH mass functions with o = 0.5 and 1.0, respectively. In
each plot, four different lines correspond to four different dimensionless spin parameters
(a, = 0,0.5,0.9,0.9999) of PBHs. Tiny dotted, dashed, dot-dashed, and solid lines
correspond to a, = 0,0.5,0.9, and 0.9999, respectively. These constraints are derived
using an NFW DM profile of the Milky Way. However, the results are sensitive to the
other choices of DM profiles.

monochromatic mass distribution, whereas the middle and the right panels show the
constraints for a log-normal distribution with ¢ = 0.5 and 1, respectively. For all these
cases, we choose a, = 0, 0.5, 0.9, and 0.9999 and the NFW profile to derive our limits.
The constraints shown in Fig. 5.2 have a non-trivial dependence on the rotation of the
PBHs, and typically probe more mass window for PBHs that have maximal rotation. The
constraints also weaken for higher PBH masses because: i) PBHs become less abundant
for higher masses and i) the temperature decreases with higher Mpgy, and as a result, the
emission of particles in the considered energy range falls off. For example, the temperature
of uncharged, non-rotating PBHs of mass 10'° g is 10 MeV, and therefore they emit ~ 40
MeV neutrinos maximally which fall in the correct energy window for DSNB searches.
Whereas, for PBHs of mass 10'® g, the temperature is 1 MeV, and the emission occurs
significantly at ~ 4 MeV which falls well-outside the energy ranges of DSNB searches
(17.3 to 91.3 MeV), explaining the weakening of the exclusion limits.

The exclusions from DSNB searches are somewhat weaker than the existing exclusions
from diffuse gamma-ray background searches [153]. However, they are very robust to the
astrophysical uncertainties such as choice of DM density profiles, as well as to a variety

of propagational uncertainties that are inevitably associated with photons or any other
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Figure 5.3: Upper limit on DM fraction of PBHs, fppy, from INTEGRAL measurement
of the 511 keV gamma-ray line flux. The left, middle, and right panels correspond to a
monochromatic PBH mass function and log-normal PBH mass functions with ¢ = 0.5
and 1.0, respectively. In each plot, four different lines correspond to four different reduced
spin parameters (a, = 0,0.5,0.9,0.9999) of PBHs. Tiny dotted, dashed, dot-dashed, and
solid lines correspond to a, = 0,0.5,0.9, and 0.9999, respectively. These constraints are
derived using an NFW DM profile of the Milky Way and assume that 80% of positrons
within 3.5 kpc of the GC annihilate to produce the 511 keV signal.

charged particles. The minimal uncertainty to the constraints can be due to matter
effect, and uncertainties in the oscillation parameters. With loading of gadolinium in
Super-Kamiokande [342] and with Hyper-Kamiokande [343], the constraints will soon be

improved.

5.1.2 Constraints using Positron Emission

The origin of the 511 keV gamma-ray line from the Galactic Center is one of the enduring
mysteries of astrophysics. This line has been observed by a number of observatories
over the last few decades, and a detailed study has been made by the SPI/INTEGRAL
observatory. Despite the intense scrutiny of this signal, we do not yet know the origin
of this signal. Many viable astrophysical models, including PBH evaporation have been
proposed as a solution to the origin of the 511 keV gamma-ray line [344, 345, 346, 347,
348]. Here, we present a very conservative exclusion limit on ultralight evaporating PBHs
as DM from the precise measurement of the 511 keV gamma-ray line by INTEGRAL.
This possibility has also been explored recently in Refs. [166, 167] in the context of non-
rotating PBHs, and we extend this idea for rotating PBHs which have a significant effect
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on the PBH evaporation rate.

The observed flux of the 511 keV gamma-ray line by INTEGRAL indicates that the total
production rate of positrons within the Galactic bulge is ~ 105 yr=! [124, 349, 350]. This
measurement can be translated to set world-leading exclusion limits on PBH fraction of
DM in the mass range of 10'® — 10'” g. The most conservative limit on the PBH fraction
of DM can simply be obtained by requiring that the total positron injection rate from

PBHs has to be less than this inferred rate, i.e.,

10°0 ylr*1
feeu < N 3 . (5.11)
2N d3r (r)
f dE f dMppy dMi];i dEdt 1\241::1

In the above Eq., the energy integral runs from m, = 0.511 MeV to 3 MeV. This is because
for energies below 3 MeV, the probability for in-flight annihilation is negligible, and hence,
the majority of the positrons come to rest before undergoing annihilation, and contributes
to the 511 keV gamma-ray line [351]. Note that, here, we simply demand that the positron
injection luminosity is less than what is measured by SPI/ INTEGRAL. This is the most
conservative option. If we model the contributions of some astrophysical source(s) to this
gamma-ray observation, then the corresponding upper limit on the fraction of DM that
is in the form of ultralight PBHs become more stringent. Quantitatively, it can even be
improved by more than an order of magnitude [167].

Fig. 5.3 shows the upper limit on fppy, from the GC positron observation for various PBH
mass functions and reduced spin parameters. The left, middle, and right panels display
the constraints for the monochromatic PBH mass function and the log-normal mass
distribution with ¢ = 0.5 and 1, respectively. In each panel, constraints are shown for
four different reduced spin parameters, a, = 0, 0.5, 0.9, and 0.9999. For monochromatic,
non-rotating PBHs, the strongest constraint arises for Mppy ~ 101¢ g because these PBHs
can emit O(1) MeV positrons maximally which can contribute to the 511 keV gamma-
ray line flux. For higher (lower) mass PBHs, the peak of the emission occurs at lower
(higher) energies, explaining the weakening of the exclusion limits. The constraints also
probe higher mass windows for PBHs that have rotation or which follow an extended
mass distribution.

Unlike the neutrino derived results, the GC positron derived results depend on several

astrophysical uncertainties. The major astrophysical uncertainties stem from ) choice of
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Figure 5.4: Variation in the upper limit on dark matter fraction of PBHs for monochro-

matic mass distribution from INTEGRAL 511 keV gamma-ray line measurement, due
to dark matter density profiles and unknown positron propagation distance. This plot
considers a PBH with a, = 0.9. The lines from top to bottom correspond to isothermal
with 1.5 kpc, NF'W with 1.5 kpc, isothermal with 3.5 kpc, and NFW with 3.5 kpc region

of interest, respectively.

DM density profiles and 7) unknown propagation distance of the low energy GC positrons.
We bracket the first source of uncertainty by assuming two different DM density profiles:
cuspy (NFW) and cored (isothermal). Because of the cusp present in the NF'W profile,
the constraints derived using this input are stronger than the results obtained from the
isothermal profile. For a detailed discussion on DM density profiles, see Appendix C.
The second source of uncertainty comes from the fact that propagation of non-relativistic
positrons in the GC region is not precisely known. The positron propagation distance
in the GC region depends strongly on various parameters, such as ionization fraction,
temperature, and density of the GC region, the structure of the Galactic magnetic field,

the scale of magnetic turbulence, etc., and all of these parameters have uncertainties.
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There are scenarios via which positrons can be advected up to a distance of ~ 1 kpe [352,
353]. So in order to include this propagation uncertainty, we assume that: i) 80% of the
PBH-produced positrons within a 3.5 kpc radius of the GC can annihilate to produce the
511 keV signal and 1) all (100%) of the PBH-produced positrons within a 1.5 kpc radius
of the GC can annihilate to produce the 511 keV signal [352].

Fig. 5.4 shows the variation of the positron-derived constraints for a, = 0.9, for different
DM profiles and propagation distance of low-energy positrons in the GC. Since this
variation is a multiplicative constant, as evident from Eq. (5.11), this uncertainty is the
same for PBHs with different spins. The strongest constraint arises when we consider
that the DM profile is NFW and 3.5 kpc region of interest around the GC. The weakest
constraint arises with the isothermal DM profile and a 1.5 kpc region of interest around
the GC. In short, the GC positron derived constraints can vary by an order of magnitude

depending on the astrophysical uncertainties that are discussed above.

5.2 Summary & Conclusions

PBHs can have substantial spin — a fundamental property that has a strong effect on
their evaporation rate. There has been a recent surge of interest in rotating PBHs, and
it is necessary to fully explore the parameter space of these exotic objects. Using DSNB
searches at the existing neutrino detectors such as Super-Kamiokande & KamLAND, and
precise measurement of the GC 511 keV gamma-ray line by the space based telescope
INTEGRAL, we constrain the fraction of DM that is in the form of uncharged (non)-
rotating PBHs (Fig. 5.2 and Fig. 5.3). For a monochromatic mass distribution of PBHs,
the neutrino (positron)-derived constraints demonstrate that non-rotating PBHs in the
mass range of 10> — 5 x 10 g (10'® — 10" g) can not make up the solitary component
of DM. The constraints probe much higher mass windows for PBHs that have rotation
or which follow an extended mass distribution.

The neutrino-derived constraints are inferred by requiring that the total neutrino flux
from PBHs can not exceed the current DSNB flux upper limits (Eq. 5.10). These con-
straints are somewhat weaker than the existing constraints in the ultralight mass window,
but they are complementary and very robust to a variety of propagational uncertainties

that are inevitably associated with photons or any other charged particles. Apart from
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this, the neutrino-derived constraints are minimally dependent on choice of DM den-
sity profiles, and remains almost same for cored or cuspy DM profiles, implying them
one of the cleanest constraint in the ultralight mass window. With near-future loading
of gadolinium in Super-Kamiokande and Hyper-Kamiokande, the capability to search for
the DSNB will enhance [342, 343|, and as a consequence, the neutrino-derived constraints
will improve further.

The positron-derived constraints are simply derived from the fact that positron injection
rate from PBHs can not exceed the same from the 511 keV gamma-ray line measure-
ment (Eq. 5.11). These conservative constraints are one of the leading constraints in
the ultralight mass window, and can vastly be improved with a proper identification of
the astrophysical sources that are responsible for the 511 keV gamma-ray line emission.
Unlike the neutrino derived constraints, these constraints depend very strongly on the
astrophysical uncertainties, such as, choice of DM density profiles and unknown propa-
gation distance of the low energy Hawking emitted positrons, and can vary by an order
of magnitude based on these uncertainties (Fig. 5.4).

Note added: Recently, Ref [162, 163, 165] appeared, and it extends our analysis (also im-
proving it with the spectral analysis of the neutrino spectrum) for the upcoming neutrino

detectors such as JUNO, DUNE, THEIA, and Hyper-Kamiokande.
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Chapter 6

Constraining Asteroid mass PBHs

using Photon Emission

In this Chapter, we demonstrate that future observation of low energy Galactic Center
photons by the imminent soft gamma-ray telescopes, such as AMEGO, can probe asteroid
mass PBHs. We also study the impact of PBH rotation and PBH mass distributions on

the corresponding projections. The results presented in this chapter can be found in [11].

6.1 Projected Constraints using Photon Emission

PBHs emit significant number of photons via Hawking evaporation when the energy of
the emitted particle becomes comparable to the temperature of the PBHs. More specif-
ically, photon emission peaks at an energy F ~ 5.77 Tppy [328, 330] for an evaporating
PBH with a temperature of Tpgy. The emission of photons is exponentially suppressed
for energies exceeding Tppy (£ > Tppn), and falls off as a power law in the opposite
limit (F < Tppn).

For a monochromatic mass distribution of PBHs, the Galactic contribution to the differ-

ential flux from PBH evaporation is

dgal ~ Jeen PN [

= 1.b)| ds d9 1
dFE 1mono 47TMPBHdEdt 0 p[r(s, ’ )} S ’ (6 )
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where fppy denotes the DM fraction of PBHs. DM profile of the Milky Way (MW) is
denoted by p[r(s,l,b)], where r is the Galactocentric distance, s is the distance from
the observer, [ and b denote the Galactic longitude and latitude respectively, and df) =
cos[b] dl db is the differential solid angle under consideration. The upper limit of the line
of sight integral, sy.x, depends on the size of the MW DM halo, Galactic longitude, and
Galactic latitude:

Smax = T cos[b] cos[l] + \/7“2 — 12 (1 — cos?[b] cos?[l]), (6.2)

max

where 7., denotes the maximum size of the MW halo and r is the Galactocentric dis-
tance of the Sun. See Appendix C for a detailed discussion on DM density profiles.
The extra-Galactic contribution to the differential flux for a monochromatic mass distri-

bution of PBHs is

dpeg _ A fesupom [ dz d*N
dFE lmono 47 MPBH 2=0 H(Z) dEdt E—)[l—&-z]E7

(6.3)

where A€) denotes the total solid angle under consideration, ppy is the average DM den-

sity of the Universe at the present epoch, and H(z) = Hy \/Qa + Qmn (1 + 2)? + Q,.(1 + 2)*
is the Hubble expansion rate at redshift z. The Hubble expansion rate at the present
epoch is Hy; Q4, ,,, and €2, denote the current dark-energy, matter, and radiation den-
sities of the Universe, respectively. For numerical values of all cosmological parameters,
we use the latest Planck 2018 measurements [4].

In addition to the monochromatic mass distribution, PBHs can also have extended
mass distributions. For a log-normal mass distribution, as defined in Eq. (5.8), the
Galactic/extra-Galactic contribution to the differential flux can be obtained by integrat-

ing the monochromatic flux with the underlying mass function

dqbgal,eg
dE

dNPBH dqbgal eg
= [ dM : . 6.4
ext / PBH dMPBH dE mono ( )

For non-rotating PBHs, the mass integral runs from M, = 5% 10 g to M. = 0o. For
PBHs approaching to their maximal rotation, the mass integral runs from M,,;, = 7x 104
g to Myax = 00, as the maximal rotation increases the minimum evaporation mass My,

by enhancing the Hawking emission rate.
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Figure 6.1: The Galactic and extra-Galactic photon contributions from Hawking evap-
oration off a non-rotating PBHs of mass 107 g. It is assumed that PBHs make up the
entirety of DM and follow an NFW density profile. The blue and red lines correspond

to the Galactic and extra-Galactic contributions in the region of interest (|I| < 5deg and

|b| < 5deg) respectively.

Fig. 6.1 shows the Galactic and extra-Galactic contributions to the total evaporation flux
from PBHs of mass 10'7 g in Galactic Center, defined to have: |I| < 5deg and |b] < 5 deg.
Since this region of interest resides in a DM-dominated environment, the extra-Galactic
contribution to the evaporation signal is always subdominant. Galactic emission peaks at
around ~ 0.6 MeV, as the temperature of a 10'7 g PBH is 0.1 MeV. The extra-Galactic
signal peaks at a slightly lower energy as it is redshifted.

Of course, PBHs are not the only possible source of gamma-rays in the cosmos. In partic-
ular, there are well-known astrophysical backgrounds, which we ought to marginalize over
to unearth a possible PBH signal. Fig. 6.2 shows the Galactic and extra-Galactic astro-
physical backgrounds used in this analysis. We have adapted the Galactic astrophysical
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background gb];;g from Ref. [354]

OPE(E) = Apig (%) e {— (Eﬁﬂ , (6.5)

in units of MeV ™ em~2s7!sr™!, which contains four parameters: an amplitude (Apyg),
power-law index («), exponential cut-off energy (E.), and the index within the expo-
nential (7). Their best fit values are Ay, = 0.013MeV 'em2s7lsr™! o = 1.8, E, =
20MeV,and v = 2, respectively. We have verified that this formula provides an adequate
fit to the data obtained by COMPTEL [355, 356, 357].

bkg

For the extra-Galactic background, ¢g,®,

we have considered a single power law which
fits the cosmic X-ray background spectrum measured by various experiments [358, 359,

360, 361, 362] in the energy range 150 keV to 5 MeV [154]

E \ "
0 = 4% (13w ) (6.6)

also in MeV ™ 'em=2s 'sr™!. Our power-law model for the extra-Galactic background

contains two parameters, its amplitude (Aiig) and the power law index (a®®), with best-
fit values of A}f, = 0.004135MeV ™' em™2s 'sr™!, and a8 = 2.8956.

We consider photons in the energy range 0.15 — 5 MeV for this analysis. The lower end
of the energy range is determined by the sensitivity of AMEGO, whereas, the higher end
of the energy range is determined by the evaporation signal. For PBHs of mass 2 x 106
g (minimum mass considered for this analysis), the evaporation signal peaks at around
3 MeV, and falls off exponentially with increase in photon energy. Moreover, the sin-
gle power-law fit to the extra-Galactic background in Eq.(6.6) is valid only up to ~ 5
MeV [154].

We have applied Fisher forecasting [363, 364, 365] with marginalization over all astro-
physical background parameters to compute the projected upper limits at 95% C.L. The
exclusion limits are derived by assuming no evaporation signal is present in the data. The
Fisher information matrix (F) is a N x N matrix, where N denotes the total number of

parameters g = {p1, pa, ..., pn} and is defined as [354]

Fij = / / ’¢EQ J(é)(E Q)TobsAeﬁ(E)deE, (6.7)
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Figure 6.2: Galactic and extra-Galactic astrophysical backgrounds are shown as a func-
tion of the emitted photon energy. Dashed black line corresponds to the Galactic back-
ground, which is adapted from Ref. [354]. Dashed red line corresponds to the extra-
Galactic background, which is a single power law fit to the Cosmic X-ray background
measurements. Total background, the sum of the Galactic and extra-Galactic back-
grounds, is shown by the solid blue line. Evaporation signals from non-rotating PBHs of
mass 10'7 g with dark matter fraction of 10~* and a non-rotating PBH of mass 7 x 1017

g with dark matter fraction of unity are shown for comparison.

where ¢(FE, Q) = (qbgal + Gog + ¢lg)§1g + ¢E§g> is the total flux, T, is the observation time,
and A.g(FE) is the effective area. We conservatively ignore the extra-Galactic PBH emis-
sion, as it is subdominant in our region of interest. The effective area for AMEGO is
adapted from Ref. [366]" and a uniform sky coverage Ty, of 1 year is considered for this

analysis. We use a sufficiently dense binning in order to capture all the spectral variations

in the Fisher information matrix. We have considered 2000 logarithmically spaced bins

Thttps://asd.gsfc.nasa.gov/amego/technical.html
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between the energy interval of 0.15 — 5 MeV.

For this work, there is only one signal parameter, the fraction fpgy of the DM that is
composed of PBHs for each mass we study, plus the 6 astrophysical parameters intro-
duced in Egs. (6.5) and (6.6). Hence, the Fisher information matrix (F) used in our

analysis is a 7 x 7 symmetric matrix. The projected upper limit on the signal parameter

fPBH at 95% CL 18 [354]
b = 1645,/ (F71),,, (6.8)

where 1.645 represents the percent-point function for 95% C.L.

Because of the relatively large region of interest, our results are almost insensitive to
different choices of DM density profiles. For this work, we assume that the density
distribution of ultra-light PBHs in MW halo follows a Navarro-Frenk-White (NFW) pro-
file [311]. However, we have tested our results with other density profiles, such as with
a cored isothermal profile [367] and with a cored NFW profile with a core radius of 2
kpc [155]. We find that due to the different choices of DM density profiles, our results
alter by as far as a factor of two (degrades by a factor of ~ 1.69 for a cored isother-
mal profile and by a factor of ~ 1.55 for a cored NFW profile with a core radius of 2
kpc). We have also checked that a somewhat larger region of interest around the Galactic
Center, say |l| < 30deg and |b] < 10deg, increases the Hawking evaporated photons as
well as background photons by a factor of 6.81 and 12 respectively, indicating a putative
improvement of the projections by a factor of (S/v/N) ~ 1.96 (which, however, may be
reduced by marginalization with the Fisher matrix).

Fig. 6.3 shows the projected upper limits (at 95% C.L.) on DM fraction of PBHs, fpgm,
that can be derived from future AMEGO observations by assuming that no DM signal
is present in the data. Monochromatic mass distribution of the PBHs is assumed in this
plot. The solid (dashed) lines correspond to non-rotating, a. = 0 (approaching maximal
rotation, a, = 0.9999) PBHs. Note that, we take the maximum value of spin as 0.9999
because BlackHawk can not go beyond that. The limits are derived by assuming an
NFW density profile of the PBHs. As the PBHs become maximally rotating, their tem-
peratures as well as the effective energy of the emitted photons fall off rapidly, and as
a result, maximally rotating PBHs probe a higher mass window than their non-spinning
counterparts. Because of the lower energy reach and larger effective area, AMEGO is able

to probe into asteroid-mass windows compared to the previous gamma-ray observatories
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Figure 6.3: Projected upper limit (95% C.L.) on the DM fraction of PBHs, fppy, from

near future MeV telescope AMEGO. The plot corresponds to a monochromatic mass
distribution of PBHs. Results for non-rotating PBHs (a, = 0) and PBHs approach-
ing to their maximal spin (a. = 0.9999) are shown by the solid line and the dashed
line, respectively. The constraints are derived by considering an NFW density profile
of the ultra-light PBHs. The existing exclusions on ultra-light non-spinning PBHs from
Voyager-1 measurement of positron flux (shaded red) [141], extra-Galactic gamma ray
emission (shaded green) [83, 153, 154], SPI/INTEGRAL 511 keV emission line with 1.5
kpc positron annihilation region & isothermal DM profile (shaded black) [10, 166, 167]
and INTEGRAL, COMPTEL Galactic Center MeV flux (shaded blue, shaded ma-
genta) [155, 156] are also shown for comparison. For reference, there are no existing

exclusion limits to the right of the plot until Mpgy ~ 10%* g [142, 184, 186].

such as INTEGRAL [368], Fermi [369], and CRGO [370] for both non-rotating and max-
imally rotating PBHs. The projected upper limit from AMEGO excludes non-rotating
(maximally rotating, a, = 0.9999) PBHs as the sole component of DM up to 7 x 107
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Figure 6.4: Projected upper limit (95% C.L.) on the DM fraction of PBHs, fppy, from
near future MeV telescope AMEGO. Log-normal mass distribution with a width ¢ = 0.5
is considered in this plot. Results for non-rotating PBHs (a. = 0) and maximally ro-
tating PBHs (a, = 0.9999) are shown by the solid line and the dashed line respectively.
The constraints are derived by considering an NFW density profile of the ultra-light
PBHs. The existing constraints on ultra-light non-spinning PBHs from Voyager-1 mea-
surement of positron flux (shaded red) [141], extra-Galactic gamma ray emission (shaded
green) [83, 153, 154], and SPI/INTEGRAL 511 keV emission line with 1.5 kpc positron
annihilation region & isothermal DM profile (shaded black) [10, 166, 167] are also shown

for comparison.

g (4 x 10'® g). The kinks in the exclusion limits for both non-rotating and maximally
rotating PBHs are due to finite number of mass point samplings. Our exclusion limits
start from 2 x 10 g as lighter PBHs mostly evaporate to higher-energy photons, out-
side our considered energy range. Quantitatively, for a non-rotating PBH of mass 10*¢ g

(2x10'%g), ~ 30% (~ 97%) of the evaporation spectrum resides in our considered energy
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Figure 6.5: Confidence ellipses at 68.3% C.L. (1-0, dark red) and 95% C.L. (2-0, light
red) for all background and signal parameters. A larger correlation between parameters
appears as a more tilted confidence ellipse. For this corner plot we have assumed non-
rotating and uncharged PBHs with a monochromatic mass distribution centered at 107 g,
following a NFW density profile. Black dots represent best-fit (i.e., our chosen fiducial)
values of the background parameters, and we assume a fiducial fpgg = 0. The predicted

posteriors for all parameters are shown by the Gaussian curves in blue.

interval, explaining the choice of 2 x 10® g as the minimum PBH mass for this analysis.
Fig. 6.4 shows the projected upper limits (95% C.L.) on DM fraction of PBHs, fpgmu,
that can be derived from future MeV telescope AMEGO by assuming no signal present

in the data for an extended mass distribution. Log-normal mass distribution of PBHs,
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a motivated scenario from several inflationary models, with a width of ¢ = 0.5 is con-
sidered to derive the exclusion limits. The density profile of PBHs are assumed to be
NFW, however, the result degrades by at most a factor of two for cored density profiles.
The solid (dashed) lines correspond to non-rotating (maximally rotating) PBHs. For
this particular mass distribution, our projections exclude up to ~ 2 x 10® g (~ 10
g) for non-rotating (approaching maximal rotation a, = 0.9999) PBHs. Similar to the
monochromatic mass distributions, here also, AMEGO probes better than other proposed
MeV telescopes because of its lower energy reach and larger effective area. Similar to
Fig. 6.3, here also, the kinks in the exclusion limits at around 3 x 107 g for non-rotating
PBHs, and at ~ 3 x 10'8 g for maximally rotating PBHs are due to finite number of mass
point samplings.

Fig. 6.5 shows the confidence ellipses at 68.3% C.L. and 95% C.L. for all signal and
background parameters. Non-rotating PBHs with a monochromatic mass distribution
centered at 10" g and an NFW density profile is assumed for this plot. The confidence
ellipses show degeneracies among all of the parameters, and the parameters of the ellipses
are computed from [371]. For example, amplitude of the Galactic background (Apy,), am-
plitude of the extra-Galactic background (Aﬁig), and the exponential cutoff energy for
the Galactic background (FE.,) are correlated with the signal parameter, DM fraction
of PBHs (fppn). However, power law index of the Galactic background («), power law
index of the extra-Galactic background (a®®), and index of the exponential cutoff energy
in the Galactic background () are anti-correlated with fpgy. From the confidence el-
lipses, it is also evident that the correlation coefficient ri;(= F;;'/y/F;; ' F;;') between
Aebig and fppn (r = 0.697) is much stronger than the correlation between E., and fppn
(r = 0.468). In Fig.6.5, we also show the best fit values of all background parameters
as well as their corresponding error bars by the mean and variance of the blue Gaussian

curves.

6.2 Summary & Conclusions

PBHs in the asteroid-mass range, ~ 107 — 10?3 g, can make up the entire DM density as
the exclusion limits in this mass window are now shown to be ineffective. We propose a

strategy to decisively probe a part of this parameter space. At the lower end of this mass
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range, i.e., PBHs with masses ~ 107 g — 10'® g have temperatures in the range of 0.01
MeV to 0.1 MeV, implying that substantial Hawking evaporated photons are produced by
them around these energy scales. Near-future soft gamma-ray telescopes like AMEGO,
with its large effective area and improved background rejection capabilities, can search
for these photons, and investigate this hard-to-probe parameter space. The most efficient
search strategy involves observations of the region around the Galactic Center. We in-
clude the Galactic astrophysical background produced by cosmic-rays and the measured
extra-galactic gamma-ray background in our projected search strategy. Our projections
show that AMEGO can exclude non-rotating PBHs as the sole component of DM up to
~ 7 x 10'7 g (Fig. 6.3), and maximal rotation as well as extended mass distribution of
the PBHs can explore larger PBH masses (Fig. 6.4). Here it is important to mention
that the projections obtained from AMEGO not only cover the unexplored mass window
where PBHs can make up the entirety of DM (> 10'7 g), but also provide more stringent
exclusion in the ultralight mass range of PBHs as compared to the existing exclusions.
For much heavier PBHs, the Hawking radiation flux gets smaller and therefore, much
larger instruments need to be built in order to detect the evaporation signature. In the
absence of much larger telescopes, other techniques need to be developed in order to
probe the entire asteroid-mass window of PBHs.

Note added: Ref. [156], which appeared as our work was near completion, performs a
similar study for non-rotating PBHs with a monochromatic mass distribution. Our anal-
ysis differs from Ref. [156] in several key aspects (e.g., the inclusion of the extra-Galactic
astrophysical background and a different region of interest in the Galactic Center), chief
among them is our usage of more robust statistical treatment (Fisher analysis) to derive
the projected exclusion limits on the DM fraction of ultra-light PBHs including marginal-
ization over the astrophysical parameters. Also, very recently, Ref. [372] appeared which

extends our analysis for another upcoming soft gamma-ray telescope XGIS-THESEUS.
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Chapter 7

21-cm Cosmology Constrains

Ultralight PBHs as DM

In this Chapter, we demonstrate that EDGES measurement of the global 21-cm signal can
be translated to set a world-leading exclusion on ultralight PBHs as DM. We also derive
stringent constraint on the primordial curvature power spectrum at extremely small scales
under the assumption of a spherical gravitational collapse based on the Press-Schechter

formalism. The results presented in this chapter can be found in [12].

7.1 21-cm Cosmology: Preliminaries

The global 21-cm signal has been proposed as a probe of Cosmic Dawn & the Epoch of
Re-ionization, and is an important tool in modern cosmology. This signal arises from the
hyperfine energy split between parallel and anti-parallel spin states of a hydrogen atom,
and the hyperfine energy split occurs due to the interaction between proton and electron
magnetic moments. The energy difference between these hyperfine energy levels corre-
sponds to a photon of frequency 1420 MHz or wavelength of around 21 cm. The global
21 cm signal is usually represented by the differential brightness temperature measured
against the background (usually cosmic microwave background, however in this analysis

it is cosmic microwave background + an excess radio background) [373, 374, 375]

1—Y,\ (k2 (015 14z (. T
AT, = 277 L 1— 22 ) mK 1
b xH( 0.76 > <0.023) Q.h2 10 ( T>m ’ (7.1)
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where xy; is the neutral hydrogen fraction, T; is the spin temperature, and 7} is the net
background temperature (CMB temperature + an excess radio background). The spin
temperature, also known as 21-cm excitation temperature, is not a real thermodynamic
quantity, and is defined as the ratio of the number densities of hydrogen atoms in the

two hyperfine levels

E — gefT*/TS , (72)
o 9o

where the subscripts 0 and 1 are for 1S singlet and triplet states, respectively. ¢;/go
denotes the ratio of the statistical degeneracy factors of the two hyperfine levels and

T, = he/kgAa; = 0.068 K. Spin temperature can also be expressed as [374]

e T+ 2, 7 + 2 T

. E—— : (7.3)

where z., z, are the coupling coefficients due to atomic collisions and scattering of Ly «
photons, respectively. T, denotes the color temperature of the Ly « radiation field at the
Ly « frequency, and is closely coupled to the gas kinetic temperature Ty. From Eq. (7.1),
it is evident that an absorption signal occurs when the background temperature exceeds
the spin temperature, i.e., T, > T;.

In the following, we briefly describe the coupling coefficients z. and x,,.

Collisional Coupling (z.)

Atomic collisions can cause hyperfine transition in a neutral hydrogen atom and dominate
the coupling in the early Universe where the gas density is high. Three main channels
are available: collisions between two hydrogen atoms, collisions between a hydrogen atom
and an electron, and collisions between a hydrogen atom and a proton. The collisional

coupling can be written as [373]
T* C’10

- TrAIO

(7.4)

L

where (1 is the de-excitation rate by collisions and A,y = 2.85 x 10~!° Hz is the Einstein
coefficient of spontaneous emission for the hyperfine transition [376]. Collisional de-

excitation rate is expressed as

Cio = NmkHE + NeKet + NpKpH ; (7.5)
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where n; is the number density of species ¢ and k;g is the reaction rate between the species

1 and neutral hydrogen atom. We use the following values of x;y for this analysis

fr = 3.1 x 107170357 =32/ ic (7.6a)
—15.607 + $ logyo Tk - exp [—(logy, Ti)*5/1800] if Ty < 10*
l0gyg Ken = (7.6b)
—14.102 if T} > 104,

Ko = 10710 [4.28 + 0.241logy Tk — 1.37log}, T + 0.53log, Tk] (7.6¢)

where T} denotes the gas kinetic temperature.

Ly « Coupling (zy)

The Ly a photons produced by the first galaxies indirectly affect the spin temperature
through a process known as the Wouthuysen-Field effect [377, 378]. Accurate modeling
of this coupling is essential at Cosmic Dawn because it is the Ly « coupling that makes

the 21-cm signal observable. The expression for the Ly a coupling can be written as

o= (1— 5a)j—z, (7.7)

where J,, represents a distortion in the Ly « background due to its interaction with the

neutral hydrogen atom. It is given by [379]

50{ — 3F0(]'/37 2/37 ]-7 0) _fl) ) (78)
where
e (7.9)
"7 darap?’ '

and 3F} being the (3,0)—hyper-geometric function. The parameters in & are [380, 381]

A, myc?
_ | e 7.10
= i\ 2k T (7.10a)

(7.10b)

"/ (7.10¢)
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respectively. Here A, = 6.25 x 10® Hz is the Einstein spontaneous emission coefficient of
Ly « transition, my is the mass of hydrogen, and \,(v,) is the wavelength (frequency)
of the Ly « photon.

Jo = 5.54 x 1078 (T, /2.725 K) is a combination of fundamental constants and background
temperature, and J, denotes the undisturbed Ly « specific intensity. It can be written

as [382]

23 Zmax o
Ju(z) = i<1+z)22pn/ €alBi 2) (7.11)
47 s : H(2") ’

where €, denotes the co-moving emissivity. The n'® term in the sum accounts for the
finite probability P, with which a photon in the upper Lyman line will redshift to Ly «
wavelength. The values of P, are computed in an iterative fashion using the selection
rule and the decay rates. A detailed procedure and table of values for P, can be found

in [383, 384]. The red-shifted energy of n'" Lyman series line is given by

B —E 1+ 2

n ) ]_2

where E, is the energy of the photon released in transition from n'® state to ground state.

The maximum redshift from which this photon could have been received is given by

En+1 1-— (1 + n)_2
]."’Zmax: E—n(1+2) :1——77f2

(1+2). (7.13)

Next we describe the time evolution of the 21-cm signal, as shown in Fig. 7.1

e 200 < z <1100 : The residual free electron fraction left after recombination allows
Compton scattering to maintain thermal coupling of the gas to the CMB, implying
T, = Tx. On the other hand, the high gas density leads to effective collisional
coupling so that Ty = Ty, and hence AT}, = 0, no detectable 21 c¢m signal.

e 40 < 2z <200 : In this regime, the gas cools adiabatically, Ti o< (1+ z)?, thus falling
faster than the background temperature as T, o« (14 z). This implies that T}, < T;.
Collisional coupling still prevailed, and as a result we get Ty = T}, < T}, and hence

ATy, < 0. We have the first absorption trough.

e 2, < z < 40 : As the Universe expands, gas density decreases, and collisional
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Figure 7.1: Expected evolution of the sky-averaged 21-cm brightness temperature ATj,

from the “dark ages” (at z ~ 200) to the end of re-ionization (z ~ 6). Solid curve

indicates the 21-cm signal, and the dashed curve indicates zero signal, i.e., AT}, = 0.

This figure is taken from Ref. [374].

coupling becomes no longer effective. It implies Ty = T}, and hence AT}, = 0, no

detectable 21 cm signal.

2o < z < z, : Once the first stars are formed at z, (z, ~ 30), they emit Ly «
photons, heating up the gas, and creates 21-cm transition. Because of this Ly «
coupling, the spin temperature tracks the gas kinetic temperature, 75 ~ Ty < T,.
This results in the second absorption trough, and its depth depends on various
uncertain astrophysical parameters. Recently, EDGES collaboration has reported
the first, and till date the only measurement of this absorption trough [385]. The
key features of this absorption signal are its location (78.2 MHz, corresponding to
z = 17.2), amplitude (AT, = —500mK), and the full width at half maximum (19
MHz). The most interesting part of this detected signal is the amplitude, which is
found to be more than double the prediction of even the most optimistic theoretical

models.

z < z, : After the second absorption trough, Ly « coupling saturates. By this point,
heating becomes significant, and the gas is heated everywhere so that Ty = T,, and
we do not have any further 21-cm absorption signal. However, due to X-ray heating,
there is 21-cm emission signal which eventually end after re-ionization because the

neutral hydrogen fraction (wy;) after re-ionization vanishes.
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In the following sections, we utilize the recent measurement of the global 21-cm signal (the
second absorption trough) by the EDGES collaboration [385] to set a stringent exclusion
on ultralight PBHs as DM.

7.2 Excess Radio Background

In order to match the EDGES measurement of the global 21-cm signal, we have considered
an excess radio background. This excess radio background is uniformly distributed in the
sky, and fits very well by a power law as observed by ARCADE 2 and LWAT1 [386, 387].
Because of this excess radio background, the net background temperature is essentially

a sum of the CMB temperature and an excess radio measured today at frequency v

T.(v) = Ty + Tx (1)5 . (7.14)

1<

In Eq. 7.14, Ty = 2.725 K denotes the CMB temperature measured today, Tg = 24.1K,
[ ~ —2.6, and reference frequency vy = 310 MHz [387].
Generalizing the above for an earlier epoch at redshift z and measurement made for the
frequency corresponding to 21-cm line (red-shifted to z, i.e., v = v9 /(1 + 2)) we get
(388, 389

Ty (z) = 2.725(1 + 2) [1 + 0.169 Cgrp(1 + 2)*°] | (7.15)

where we have parameterized the amplitude of excess radio background by (grg. We vary
(grp between 0.01 and 1. Note that, (grg = 1 represents the base value corresponding

to the excess observed by ARCADE 2.

7.3 Constraining Ultralight PBHs as DM via 21-cm

Cosmology

7.3.1 Heating and Ionization due to PBHs

Ultralight PBHs, i.e., PBHs in the mass range of 10'° —10!" g, emit particles via Hawking
evaporation, and the spectrum of the emitted particles follow a blackbody like distribu-

tion, as detailed in Section5.1. These Hawking radiated particles (photons, neutrinos,
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and electrons/positrons) can interact with the ordinary baryonic matter in the intergalac-
tic medium (IGM), providing an additional heating and ionization in the IGM. Since, the
amplitude of the global 21-cm signal depends on the temperature and ionization of the
IGM, Hawking emission from ultralight PBHs causes a damping in the global 21-cm sig-
nal, and hence, can be probed via 21-cm observations. Note that, unlike the other probes
that are mentioned in the previous chapters, this cosmological probe uses all emission
channels from PBHs simultaneously, making it a particularly interesting one.

The energy deposition by the Hawking emitted particles typically occurs through five
different channels which include hydrogen ionization, helium ionization, hydrogen exci-
tation, IGM heating and sub-10.2 eV continuum photons [390, 391]. However, for this
analysis, only hydrogen ionization and IGM heating are relevant. For a monochromatic
mass distribution of PBHs, the deposited energy per unit volume per unit time in a

particular channel ¢ (where, ¢ € Heating, Ionization) can be written as

2 2 2
jvgt = fP]\]i/I;gEM /dE {fc (B, 2) Ev% +2f, (Ee — mec?, z) (Ee — meCQ) % ,
(7.16)
where f.(Fg,z) denotes the ratio of the energy deposited into channel ¢ to the injected
energy as a function of the kinetic energy of the emitted particle Ex and redshift z. We
use the numerical data table of f. corresponding to DM decay from Ref. [390] which
are in close agreement with that of Ref. [391]. The neutrino emission is not included
in the analysis as it is negligible, and the factor of 2 counts the contributions from
electron and positron emission. ppy denotes the average DM density of the Universe,
and is taken from [4]. Note that, % is almost independent of the redshift because for
Mpgy > 10'° g, the mass loss of PBHSCdue to Hawking emission is negligible, and f,. has
a very weak dependence on z for the range considered in this work.
We use BlackHawk to compute the particle spectrum from evaporating PBHs, and by
using the spectrum, we estimate the additional heating and ionization of the IGM from
Eq. (7.16). We then utilize the full shape information of the recent measurement of the
global 21-cm signal by EDGES collaboration [385] to set the constraint on ultralight
PBHs as DM.
Here, it is important to mention that the previously published analysis on this topic [178]

only used a central location of the 21-cm absorption feature (z = 17), whereas, in this
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analysis we use the full spectral shape of the EDGES data (28 > z > 14), thus capturing
all the relevant features of the observed signal. Besides, we improve upon the previously
published analysis [178] by considering a more detailed model of the known astrophysical
phenomena that affect the global 21-cm signal. We use an MCMC-enabled Bayesian
analysis to derive our constraints. This also allows us to study the covariance of PBH

parameters with other astrophysical processes affecting the 21-cm signal.

7.3.2 Inference Procedure

We now describe the inference procedure that is being used in our analysis. Here, we
follow a Bayesian procedure with a Gaussian likelihood. We use the full information
content in the EDGES data' by using their measurements at all of 123 redshift points,
rather than focusing on some specific features of the signal.

Let ATY® = ATS™®(2) and AT = AT{(g, 2) represent the data and the model
values, respectively, of the 21-cm signal at redshift z. 6 denotes the set of n parameters
that describe our model. Our likelihood is then

123 1 (ATSXP . ATkt)heo)?

LAT?0) =[] exp | — : (7.17)
im1 vV 27T8i 2512

where ¢; are the 1o uncertainties in the data for the redshift bin 7. The label 7 in the
above equation runs over the 123 data points corresponding to the different redshift bins.
We take a constant uncertainty for all the redshift bins, i.e., ; = 0.05K for i =1, ..., 123.
Some remarks are in order about this. In the result presented by the EDGES collabora-
tion [385], the uncertainty is presented only for z = 17. This uncertainty estimate is not
useful if one intends to infer constraints using the full frequency range of the EDGES data.
This problem has been noted before, and in response, several works have inferred the un-
certainties for the entire frequency range of the EDGES data. For example, Ref. [392]
provide an uncertainty estimate of 0.025 K at all frequencies within the EDGES band.
See also Ref. [393], where a frequency-independent 0.025 K uncertainty is considered, or
Ref. [394], where a frequency-independent 0.01 K uncertainty throughout the EDGES
band is considered. Since an important motivation in our work is to use the full spectral

information of the EDGES data, we follow the same approach, albeit with a slightly more

lhttp://loco.lab.asu.edu/edges/edges-data-release/
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Parameter Description Min Max

logyo fa Controls the strength
of Ly a background -2 2

log,o Tyvir,s  Minimum virial temperature
of dark matter halos —0.75 1.25

logyo fx Controls the strength
of X-ray background -1 1

log,,Cerp  Controls the strength
of excess radio —2 0

log,o feen  Fraction of DM
in the form of PBHs - -
Table 7.1: Model parameters used in this work, with the ranges of values over which uni-
form prior probability distribution functions are used. The range of values for log,, fpeu

depends on the mass of PBH under consideration (see text for more detail).

conservative estimate, setting all ; = 0.05 K. Note that, by choosing all ¢; = 0.025 K will
not change any of our constraints, except to slow down the MCMC convergence.

We choose uniform priors on our model parameters in the ranges mentioned in Table 7.1.
Note that, the prior on log,, fpeu changes with PBH mass. For example, in the presence
of X-ray heating, the prior required for a PBH of mass 10 g is [-11.0, —9.0], while that
for a PBH of mass 10 g is [—6.5,—3.0]. This choice of a mass-dependent prior might
appear odd, but it merely reflects the fact that large values of log;, fppu are obviously
ruled out due to the enormous heating rates. One could in principle choose a wide prior,
such as [—11, 0], for all masses. But this would waste considerable computational effort.
For example, for a 10'5 g PBH, the best-fit value of fppy is ~ 1079, so exploring fppy up
to 1 for this mass would imply heating rate higher by nine orders of magnitude which is
clearly ruled out by the EDGES observation.

In Fig. 7.2, we qualitatively demonstrate the impact of five model parameters that are

tabulated in Table 7.1 on the global 21-cm signal.

(a) Ly a photons affect the 21-cm signal via two effects, heating and coupling. A higher
value of f, implies a stronger background, which in turn means more heating but

also a stronger coupling. Heating reduces the absorption feature, whereas, stronger
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Figure 7.2: Gas temperature 7y evolution (left column), and the corresponding 21-cm
signal AT}, (right column) for a range of parameter values. For reference, we show the
adiabatic thermal evolution in all panels of the left column, and the EDGES measurement
of the 21-cm signal in all panels of the right column. In each row, a single parameter
is varied, while the remaining parameters are held fixed at 0, unless one of these fixed
parameters is log,, fren. When log,, fppu is held fixed, it is assigned a value of —10, and

a PBH mass of 10 g is assumed.
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coupling produces a deeper absorption feature. However, the latter dominates since
Ly « heating is not a very efficient heating mechanism, and is evident from the first

panel.

(b) When the minimum virial temperature is smaller, more star forming halos are al-
lowed, and thus more star formation rate density (SFRD). This results in a stronger
Ly « coupling, resulting in a deeper 21-cm signal. But the more important role of
this parameter is to change the timing of the first drop in the signal without affecting

the shape.

(c) As fx takes higher values, the X-ray background gets stronger which implies more
X-ray heating. This in turn raises the gas temperature 7T}, and hence the spin

temperature T, thus reducing ATj,.

(d) When we increase the excess radio background strength, (grp, we allow more excess
radio background, and hence, a stronger contrast between the 21-cm brightness and

the background, thus producing a deeper absorption signal.

(e) Higher fppp imply more number of PBHs, and therefore, more heating, which in

turn reduces the 21-cm signal. We take the PBH mass of 10'° g for this plot.

With the likelihood and priors, we can construct the posterior distribution by using the

Bayes theorem

POJAT®) x LIATEP|0)P(6) | (7.18)

where P(6) represents the prior distribution. Since we use a MCMC implementation [395]
for sampling P(0|ATy ™), the normalization of the above is unnecessary. To explore the
nD parameter space, we use the publicly available code emcee” [396]. We run 64 Markov
chains (number of ‘walkers’), and 5000 steps for each parameter, which is a reasonable
length since the auto-correlation time for any parameter is not more than ~ 50. We obtain
the initial guess for parameters by maximizing £(AT; ?|0) when treated as a function
of §. The thermalization time (number of burn-in steps) is less than 100. Once we have
obtained the parameter set, fgr, which best explain the model, we test the goodness-of-fit

by the reduced chi-squared statistics given by x?/dof. The standard definition of y? is

2https://github.com/dfm/emcee.
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given by
ATE®(z;) — AT (Ogp, 2,)]?

123 [
=D = , (7.19)
=1

i
where ‘dof’ stands for degrees of freedom, and is equal to the number of data points
minus the number of free parameters employed in the model.

Note that calculating AT for any set of parameters during an MCMC simulation can
be time-consuming and expensive. To overcome this difficulty, we prepare our AT at
some specific grid points in the nD space of parameters before running MCMC sampler.
With these pre-calculated AT{"®s we can then estimate AT{" at the desired interme-
diate parameter set using multi-dimensional linear interpolation. If we have p number of
evenly spaced points in each of the n dimensions, then we have a total of p™ number of
models.

As the X-ray emissivity at Cosmic Dawn is unknown, it is interesting to consider PBHs
as the sole heating mechanism that terminates the 21-cm absorption signal. We therefore
consider two distinct scenarios for our inference: one without X-ray heating and the other
with X-ray heating. In the following subsections, we give the details of our analysis for
these two cases. We aim to probe the fraction of DM that is in the form of PBHs, fpgy,

for several values of PBH masses for these two distinct scenarios.

Case 1: assuming X-ray heating is absent

In the absence of any X-ray heating, the four components that affect the global 21-cm
signal are star formation rate density (SFRD), Ly « coupling, heating due to Hawking
emission, and excess radio background (ERB). Therefore, the total number of degrees of

freedom, dof, is 123 — 4 = 119, and our model parameters are

0= {10g10 fas log,q Tir 4, logo CerB, logg fPBH} . (7.20)

We choose p = 9 points for each of these parameters, so that we have a total of 9* = 6561
models explored. However, note that an MCMC simulation with all the parameters
varying is not required for each mass. We need to run the 4-parameter MCMC for just
one mass, say Mppy = 10'° g, to obtain the best-fitting parameters. Once this is done, we
can fix all parameters other than fpgy, i.e., Ty, fo and (grp to their best-fitting values

so that for the remaining masses we have only one parameter to vary. The reason for this
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preferred method of analysis stems from the fact that the additional heating/ionization

due to PBHs is almost redshift independent.

Case 2: allowing for X-ray heating

Four out of the five parameters are the same as before, and the new parameter is the
strength of the X-ray background. The total number of degrees of freedom, dof, is

123 — 5 = 118, and our models parameters are

0= {loglo fa, logy Tir 4, logyg fx, 1og1g CerB, logy, fPBH} . (7.21)

We choose p = 5 points for each of these parameters, so that we have a total of 5° = 3125
models explored. Similar to case 1, we need not run the 5-parameter MCMC simulation
for all PBH masses. Once we have obtained the best-fitting parameter values of the non-
PBH parameters, we can set all of them to those values for the remaining PBH masses.
Note that, in case 2, we only obtain an upper bound on fpgy. But in case 1, we obtain
a best fit value of fppy, implying a detection. This simply comes from the fact that, in
casel, there are no alternative heating sources that can result in the low-redshift rising
edge of the 21-cm absorption profile. Case 2 is arguably more conservative, as some X-ray
emission is perhaps easily plausible at these redshifts. However, until such high-redshift

X-ray sources are conclusively known to exist, case 1 remains a viable alternative.

7.3.3 Results

Case 1: assuming X-ray heating is absent

Our marginalized two-dimensional, and one-dimensional posterior distributions are shown
in Fig. 7.3. The best-fitting parameter values with 90% confidence intervals, for a PBH

of mass Mpgpy = 10'° g, are respectively

log1g fo = 0.9964739057 (7.22)
10g19 Tvira = 0.2526 25 5039 (7.23)
logyo Cere = —0.9998¥5:0157 (7.24)
log,o feer = —6.83980015 . (7.25)
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Figure 7.3: Two-dimensional and one-dimensional marginalized posterior probability dis-
tributions of parameters for a PBH of mass Mpgy = 10 g in a model with no X-ray
heating. The contour lines show the 68.3%, 86.6% and 95.5% levels corresponding to

1-sigma, 1.5-sigma and 2-sigma, respectively. The red lines show the median values.
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Figure 7.4: Red curve shows the derived posterior median 21-cm signal in the absence of

an X-ray background. The blue shaded region shows the 90% confidence intervals. This
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115



The best-fitting 21-cm signal, 90% confidence interval, and its comparison with the
EDGES measurement are shown in Fig. 7.4 for PBHs of mass 10 g. Using the defi-
nition of goodness-of-fit given in Eq. (7.19) we get x?/dof = 910.5/119. For discussion,
we can divide the EDGES measurement of the global 21-cm signal into three regions: A,
B and C. These three regions correspond to the regions on the left of the absorption, the
absorption itself, and the right side of the absorption, respectively. We see that there
is some residual gap in the best-fitting curve, and the measurement in all A, B and C.
Other parameters being fixed, decreasing fppy may give the correct absorption depth
but will increase the errors in regions A and C. On the other hand if we increase fppy
we get better fits in A and C but with increased error in B. Thus, we see that there is
an optimum value of fpgy with best fits the signal given some uncertainty . A similar

reasoning applies for other parameters as well.

Case 2: allowing for X-ray heating

We now discuss the case 2 results where X-ray heating is present. The best-fitting pa-

rameter values for a PBH of mass Mpgnr = 10'° g, are respectively

logg fo = 0.020719957 (7.26)
10g 10 Tvir,s = 0.250150 0015 , (7.27)
logyo fx = 0.500710 005 . (7.28)
10g10 Curp = —1.266670:057 - (7.29)

The best-fitting 21-cm signal corresponding to the parameters above, 90% confidence
interval, and its comparison with the EDGES measurement of the global 21-cm signal
are shown in Fig. 7.5 for PBHs of mass 10'® g. Using the definition of goodness-of-fit given
in Eq. (7.19) we get x?/dof = 295.3/118. The data thus prefer the model in which X-ray
heating is accompanied by the heating due to PBH evaporation. The marginalized two-
dimensional and one-dimensional posterior distributions for PBH mass of Mpgy = 10% g
is shown in Fig. 7.6. We see that in the presence of X-rays, only an upper bound is
obtained on fpgpy, and we quantify our upper bound by choosing the 95% levels of the
probability distribution of log,, feau.

On comparing the best-fitting parameters for the two cases that are only related to setting
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Figure 7.5: Red curve shows the derived posterior median 21-cm signal in the presence of
an X-ray background. The blue shaded region shows the 90% confidence intervals. This
is for PBH of mass 10'® g, and corresponds to fpgy = 10727 (95% level). The EDGES
measurement is shown by the black dashed curve, with the gray shaded region around
it showing the uncertainty. The goodness-of-fit is x?/dof = 295.3/118, which is much

better compared to case I result.
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the depth of the absorption, f, and (grg, we find that in case 1, the values are higher.
The Ly a background required in the absence of X-ray background is nearly 10 times
higher in the presence of it. This is understandable, because in case 2, X-ray heating
takes care of the shape, which then reduces the requirement of a stronger Ly « coupling
or excess radio background. The minimum virial temperature is roughly the same in both
the cases because it mainly sets the timing of the first drop in the signal.

Fig. 7.7 (left) shows our constraints on fppy as a function of PBH mass. For comparison,
we also show the results from the previous literature on this topic [178] (black dashed
and dotted lines) which are somewhat weaker than ours. In the absence of any X-ray

heating, our constraint can be written as

3.75
fopn = 10768 Mep 7.30
whereas, in presence of X-ray heating
M 3.96
feer < 1077 (10F1)5]’3§> (7.31)

Fig. 7.7 (right) compares our constraint to the relevant constraints in the ultralight mass
window. It provides a consolidated view of the existing constraints on the fraction of DM

composed of ultralight PBHs in the mass range of 10'° — 107 g.

7.4 Constraints on the Primordial Curvature Power

Spectrum

If PBHs form due to the collapse of large density perturbations in the very early Universe,
exclusion limits on the PBH abundance can be translated to the constraints on the
primordial curvature power spectrum [397, 398, 399, 400]. This leads to constraints on
the primordial curvature power spectrum at extremely small scales that are currently
inaccessible to any other cosmological observable.

In gravitational collapse, a certain fraction of the horizon mass collapses to form PBHs.
Now, if all the PBHs are formed at the same epoch, say in a radiation dominated epoch

with a monochromatic mass distribution, we can relate their mass to the present day
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Figure 7.7: (Left) Our inferred constraints on the fraction of DM that is in the form of
ultralight non-rotating PBHs. In the model with X-rays, the upper limit obtained from
this analysis is shown by the shaded red region. In the model without X-rays, PBHs are
the only heating mechanism, so the result formally represent a detection of PBHs. This
is shown by the blue curve. The associated uncertainty is too small to be visible on this
plot. For comparison, we also show the result from Ref. [178] for AT}, (z = 17) < —50mK
and ATy (z = 17) £ —100mK by the black dashed and black dotted line, respectively.
(Right) Our constraint, in the case of X-ray heating is present, is compared with the

existing exclusion limits in the ultralight mass window.
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Figure 7.8: Upper limits (red curve) on the curvature power spectrum by translating our
upper limits on fppy in the presence of X-ray heating. The red shaded region is ruled
out. Constraints translated from the Planck measurement of CMB (black) [169], Voyager
measurement, of the positron flux (magenta) [141], SPI/INTEGRAL measurement of
the 511 keV emission line (purple) [167], measurement of the extra-Galactic gamma-ray
background (blue) [153], INTEGRAL (cyan) & COMPTEL (orange) measurements of
the GC MeV gamma-ray flux [155, 156], diffuse supernovae neutrino background searches
at Super-Kamiokande (green) [10] and Leo T heating (brown) [175] are also shown for
comparison. The region above the black dashed line is ruled out because in that region

the density of PBHs exceeds that of DM, i.e., fpgy > 1.
horizon mass, My = ¢*/(2GnHy) [399]

9o 1/6 HO 2
MPBH =7 \ Qr MO <—> (E) 5 (732)

K3

where v ~ 0.2 is the fraction of collapsed horizon mass [399]. 2, denotes the present day

radiation density relative to critical density, k denotes the scale of horizon re-entry, and
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go = 3.38 (g; = 106.75) denotes the total number of relativistic degrees of freedom at
present day (at the time of PBH formation) [401].

The initial mass fraction of PBHs, i.e., the fraction of the Universe mass that is in the
form of PBHs at their time of formation, is related to the present day PBH abundance

frBH, and is given by [399]

1/4
gi Qpm Mpp
B(Mpgu) = feBu (%> (93/4) My (7.33)

where Qpy denotes the present day DM density relative to critical density of our Universe.
In Press-Schechter theory [138], the initial mass fraction of PBHs is equivalent to the
probability that a smoothed density field exceeds its threshold value. Therefore, 5 can

also be written as

B(Mppy) = 2 /5 h 11(6)ds (7.34)

where II(J) denotes the probability density of the density contrast § = §(R) for a co-
moving length scale R. Assuming that the probability distribution of the smoothed
density contrast at horizon crossing, I1(9), is Gaussian with a mass variance o, Eq. (7.34)

simplifies to

B(0pa) = et (7= (7.35)

where the mass variance can be expressed in terms of the primordial curvature power
spectrum Pg as [398]
16 [ kR 2 dk
2 _ LR)2:2 —(kR) k) — . 7.36

0

Assuming that the integral in Eq.(7.35) is dominated at kR ~ 1, we can estimate the

curvature power spectrum as

3e 1
By~ —i2 | — ) .
Prik) 16t ( 3)0, (7.37)
where
. sinx — xcosx
Jir) = ——g—, (7.38)

22
is the spherical Bessel function.

For a PBH of mass Mpgy, we know fppy, and therefore, by using Eq. (7.33) we can
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estimate . Now, by using this § in Eq. (7.35), we can find o. Using ¢ in Eq. (7.37)
we can obtain Pr. We now have Pr as function of Mpgy. To get Pr as a function of
k we finally use Eq. (7.32). Our resulting constraints on the primordial curvature power

spectrum corresponding to case 2 (X-ray heating included) can be approximated as

k nr—1
-2

where ng ~ 0.806. In Fig. 7.8, we compare our result with the existing constraints on

the primordial curvature power spectrum.

7.5 Summary & Conclusions

We inferred constraints on the abundance of non-rotating monochromatic PBHs in the
mass range 10*° — 10" g by using the global 21-cm signal measured by EDGES collab-
oration. The contrast between our inferred constraints, as shown in Fig. 7.7, and the
constraints previously reported in the literature [178] illustrate the importance of using
the full information content in the EDGES data. Constraints reported in [178] were
obtained by requiring that the value of the 21-cm brightness temperature AT}, remains
below a somewhat arbitrarily chosen threshold of —50 or —100 mK at z = 17, which was
taken to be the approximate mid-point of the absorption profile detected by EDGES. But
the actual data are far more informative than this. In general, the three main features
in the EDGES data are its location, depth, and width. If we use all available redshift
points from the data, as we do in this analysis, there are more features to exploit, e.g., the
steepness of the rise and fall of the absorption feature. Utilizing all of this information
is particularly advantageous for heating mechanisms that evolve slowly, such as PBHs.
This explains why the constraints from our analysis, shown in Fig. 7.7, are tighter than
those previously reported in the literature.

Our main conclusions are as follows

1. In the absence of X-ray heating, PBH evaporation is the only major heating mech-
anism in our model. In this scenario, the EDGES measurement formally represents
a detection of PBHs. For PBHs of mass 10'® g, we infer a best-fitting value of the
fraction of DM that is in the form of PBHs as log,, fpey = —6.84 £+ 0.02, and
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fpeH changes as ~ M35 at higher PBH masses (Eq. 2.4 and Fig. 7.7). However,
note that, the best-fitting values in this scenario are already ruled out by Voyager
measurement of the positron flux, extra-Galactic gamma-ray background measure-
ment by COMPTEL, and CMB measurements, thus favoring our model with X-ray

heating.

. When X-ray heating is present, we get only an upper bound on the fraction of DM
that is in the form of PBHs. We find that the data prefers this scenario because
the X-ray heating rate evolves much more rapidly than the heating rate induced
by PBH evaporation. For PBHs of mass10' g, we infer log,, fppr < —9.73 (95"
percentile), and fppy changes as ~ M35% towards higher PBH masses (Eq. 2.5 and

Fig. 7.7).

. Our constraints on fpgy are the strongest constraint available in the entire ultra-
light mass window. An important reason behind this is that we use the measured
21-cm signal values across the entire EDGES band. This tightens the limits on
PBH evaporation because PBH-induced heating rate evolves very slowly across the

redshift range covered by EDGES.

. Our inferred values for the non-PBH astrophysical parameters are consistent with
observations as well as with other analyses. For example, we require an excess
radio background quantified by (grp ~ 0.05, where (grp = 1 corresponds to the
maximum observed by the radio instruments such as ARCADE 2, and LWAT.

. We also derived bounds on the primordial curvature power spectrum at extremely
small scales under the assumption of a spherical gravitational collapse, based on
the Press-Schechter formalism. We get an upper limit of Pr = 2.46 x 1072 at
k =10 Mpc™!, with a ~ k7°2 scaling at other values of k (Eq. 7.39 and Fig. 7.8).

This work highlights the usefulness of the global 21-cm signal for probing exotic physical

processes. It also shows that global 21-cm measurements contain much more crucially

useful information than just the redshift of absorption. The large number of experiments

currently underway to probe the 21-cm signal add to the promise of this type of study in

the future.

Author Contribution: I computed the particle spectra from ultralight evaporating PBHs,
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and the additional heating/ionization in the IGM due to PBHs. Shikhar Mittal included
this additional heating/ionization in the IGM to study its impact on the global 21-cm
signal. He derived the constraints on ultralight PBHs as DM using an MCMC-enabled
Bayesian analysis with the full spectral shape of the EDGES measurement, and performed
the parameter estimations. I translated the constraints on PBH fraction of DM to con-
straints on primordial curvature power spectrum at extremely small scales, by assuming

a spherical collapse scenario.
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Chapter 8

Summary and Conclusions

Unambiguous evidences of a non-baryonic form of matter, commonly known as dark
matter, constituting 26% of the total energy budget of our Universe have been established
by a variety of observations. However, the microscopic identity of dark matter remains
one of the most pressing problems in modern day science. Decades of experimental
efforts and theoretical studies have been pursued in order to hunt for these mysterious
non-baryonic form of matter. But, no evidence has shown up yet. In this thesis, we aim
to decode the mystery of dark matter with two fascinating objects in our Universe: Stars,

& Black Holes. More particularly, we try to address the following questions:

1. Can electromagnetic and GW observations of compact stars probe particle DM

properties?
2. Can ultralight primordial black holes be a viable DM candidate?

We answer the first question by doing an in-depth study on particle DM accretion in
compact stars. Accumulation of particle dark matter in compact stars, followed by the
electromagnetic and GW observations of the compact stars, is a novel astrophysical probe
to constrain the interactions between DM and the ordinary baryonic matter. The basic
strategy is the following. For annihilating DM, captured dark matter particles annihilate
among themselves, and heats up the stellar core. This heating has two contributions.
Firstly, because of the very high baryonic density of the compact stars, the annihilation
products can not escape from the stellar core. As a result, they scatter repeatedly in
the stellar core, deposits energy, and heats up the stellar core. Secondly, DM particles

acquire immense kinetic energies while falling into the steep gravitational potential of
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the compact stars, and while getting captured, they can transfer part of their kinetic
energy to the nucleons via collisions, resulting in another form of heating in the stellar
core. Non-observation of any such anomalous heating via luminosity measurement of the
cold compact stars project stringent exclusions on dark matter interactions. For non-
annihilating DM, captured dark matter particles gradually accumulate inside the stellar
core, and increases linearly with time. Once the total number of captured DM particles
exceed the required number of particles for black hole formation, a dark core collapse
ensues, and a tiny black hole forms at the center. If the nascent black hole is not suffi-
ciently light, it swallows surrounding matter via accretion, and in very short time, it eats
up the host star. Existence of the host stars provide stringent exclusions on dark matter
interactions over a wide range of DM masses.

We have revisited the formalism of DM capture in compact stars, and made two key
improvements. Firstly, we provided an exact analytical treatment of DM capture in the
multiple collision regime (Eq. 2.4), and based on our formalism, we provide stringent con-
straint on annihilating dark matter interactions (Eq. 2.20). Our constraints are derived
by using the luminosity measurement of several old and cold white dwarfs in our nearest
globular cluster, and they are significantly stronger than the corresponding direct detec-
tion constraints for both heavy and light DM (Fig. 2.5). Secondly, we generalized the
formalism of DM capture to account for arbitrary mediator masses (Eq. 3.1 & Eq. 3.9),
and revisited the astrophysical constraints on DM-nucleon interaction strength from ob-
servations of old and cold neutron stars (Eq. 3.19 & Eq. 3.21). We demonstrated that for
interactions mediated via light mediators, these astrophysical exclusions on DM-nucleon
interaction strength significantly weaken (Fig. 3.4 & Fig. 3.6), and can even be completely
alleviated for interactions mediated by very light mediators (Fig. 3.5 & Fig. 3.7). Fur-
thermore, we showed the impact of repulsive self-interactions among the DM particles
on the capture rate, and derived constraints on DM self-interaction strength from the
existence of old neutron stars, complementary to the constraints obtained from merging
galaxy clusters (Fig. 3.9).

We also discuss the possible formation mechanism of sub-Chandrasekhar mass black holes
via continued accumulation of non-annihilating particle dark matter in the compact stars.
We demonstrate that non-zero interactions between DM and the nuclei, which is a uni-

versal feature of DM models, is sufficient to produce such low mass black holes (Fig. 4.1).
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These low mass black holes, which originate via transmuting the compact stars to compa-
rable mass black holes, are particularly interesting. For sub-Chandrasekhar mass progen-
itors, these transmuted black boles are a viable alternative to PBHs, whereas, for heavier
mass progenitors, they can also explain the recent GW events with unusually low masses.
We pointed out several avenues to test the origin of low mass black holes, concentrating
on the cosmic evolution of the binary merger rates. We demonstrated that measurement
of the binary merger rates, especially at high redshifts, with the imminent GW detectors
can conclusively identity this transmutation scenario, and therefore, can shed light on
particle DM properties (Fig. 4.2).

We answer the second question via searching the Hawking evaporated particles from ul-
tralight PBHs in a variety of probes. PBHs in the ultralight mass window, i.e., in the
mass range of 10718 — 1071 M, act as a decaying dark matter, and emit photons, neu-
trinos, and electrons/positrons via Hawking radiation. The spectrum of these emitted
particles follow a blackbody like distribution (Eq. 5.1), and can be probed in various
detectors that are designed for particle physics and cosmological observations.

We demonstrated that non-observation of such Hawking emitted neutrinos in the DSNB
searches at the existing neutrino detectors, such as Super-Kamiokande and KamLAND),
provide stringent exclusions on fraction of dark matter that is in the form of ultralight
PBHs (Fig. 5.2). The neutrino-derived exclusions are inferred by requiring that the total
neutrino flux from PBHs can not exceed the current DSNB flux upper limits (Eq. 5.10).
These constraints are a bit weaker than the existing constraints in that mass window,
but they are complementary and very robust to a variety of propagational uncertainties
that are inevitably associated with other particles. These constraints are also minimally
dependent on the choice of DM density profiles, making them one of the cleanest con-
straints in the ultralight mass window.

We also showed that recent measurement of the 511 keV gamma-ray line flux by the
space based telescope INTEGRAL can be translated to set a world-leading exclusion on
ultralight PBHs as DM (Fig. 5.3). The positron-derived constraints are simply derived
from the fact that positron injection rate from PBHs can not exceed the same from the
511 keV measurement (Eq. 5.11). These conservative constraints are one of the leading
constraints in the ultralight mass window, and can vastly be improved with a proper

identification of the astrophysical sources that are responsible for the 511 keV gamma-
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ray line emission. Unlike the neutrino derived constraints, these constraints depend very
strongly on the astrophysical uncertainties, such as, choice of DM density profiles and un-
known propagation distance of the low energy Hawking emitted positrons, and can vary
by an order of magnitude based on these uncertainties (Fig. 5.4). Here, it is important
to mention that the neutrino (positron)-derived constraints can probe much higher mass
window for PBHs that have rotation or which follow an extended mass distribution.

We further illustrated that future observation of low energy (0.15 — 5 MeV) Galactic Cen-
ter photons by the imminent soft gamma-ray telescopes, such as AMEGO, can project
stringent exclusions on the fraction of DM that is in the form of ultralight PBHs (Fig. 6.3
& Fig. 6.4). By assuming no evaporation signal is present in the data, AMEGO can
probe a mass window where PBHs can make up the entirety of DM. Quantitatively, for a
monochromatic mass of distribution of PBHs, the projections can extend up to 7 x 10'7 g
for non-rotating PBHs, and 4 x 10'8 g for maximally rotating PBHs.

21-cm cosmology provides yet another probe to constrain ultralight PBHs as dark mat-
ter. Hawking emitted particles from evaporating PBHs can interact with the ordinary
baryonic matter in the intergalactic medium (IGM), providing an additional heating and
ionization in the IGM. Since, the amplitude of the global 21-cm signal depends on the
temperature and ionization of the IGM, Hawking emission from ultralight PBHs causes
a damping in the global 21-cm signal, and hence, can be probed via 21-cm observations.
We demonstrate that recent measurement of the global 21-cm signal by the radio tele-
scope EDGES can be translated to set a leading constraint on ultralight PBHs as DM
(Fig. 7.7). We also derive stringent constraints on primordial curvature power spectrum
at extremely small scales under the assumption of a PBH formation via spherical gravi-
tational collapse (Fig. 7.8).

Thus summarizing, the crux of this thesis broadly consists with the following results:

1. Electromagnetic and GW observations of the compact stars can shed light on par-
ticle DM properties. Particle DM interactions with the ordinary baryonic matter
can be constrained via luminosity measurement of the cold compact stars (Fig. 2.5
& Fig. 3.4) and existence of the old compact stars (Fig. 3.6). For a contact interac-
tion between the DM and the stellar target, these astrophysical constraints are the
world-leading constraints on DM-nucleon interaction strength for both heavy and

light DM. However, for interactions mediated via light mediators, these astrophysi-
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cal constraints significantly weaken, and can even be voided (Fig. 3.4 and Fig. 3.6).
GW observations of the compact stars, more particularly, cosmic evolution of the
binary merger rates provide yet another novel probe to shed light on particle DM

properties (Fig. 4.2).

2. Ultralight PBHs in the mass range of 107 — 10'® My can not be a viable dark
matter candidate. The fraction of DM that is in the form of ultralight PBHs
are severely constrained via non-observation of the Hawking emitted particles in a
variety of probes. This includes: i) non-observation of Hawking radiated neutrinos
in the DSNB searches at the existing neutrino detectors, such as Super-Kamiokande
(Fig. 5.2), i1) precise measurement of the 511 keV gamma-ray line by the space based
telescope INTEGRAL (Fig. 5.3), i) observation of low energy Galactic Center
photons by the imminent soft gamma-ray telescopes, such as AMEGO (Fig. 6.3 &

Fig. 6.4), and iv) measurement of the global 21-cm signal by the radio telescope
EDGES (Fig. 7.7).

We hope that the results obtained in this thesis will prove useful in our quest to unravel

the mystery of dark matter using stars and black holes.
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Appendix A

Thermalization timescale

Captured DM particles follow a closed orbit that intersects with the stellar object, lose
more energy in successive scatterings, and eventually thermalize with the stellar con-
stituents in a short timescale, which is known as the thermalization timescale [213, 248,
249, 269, 270]. Thermalization of the captured DM particles occurs in two stages: first
thermalization and second thermalization. In the first thermalization, DM particles orbit
outside the stellar object, whereas, in the second thermalization, they orbit entirely inside
the stellar object. In the following, we estimate the timescales for the first and second
thermalization, and the total thermalization timescale is therefore a sum of these two

timescales.

First Thermalization

At the start of the thermalization process, the captured DM particles have orbits larger
than the size of the stellar object, crossing it multiple times, and depositing a fraction of
their kinetic energy in each crossing. The average energy loss of a DM particle of mass
m, due to a scattering against a stellar target of mass m,; which resides at a distance 7

from the center of the stellar object is given by (m, > m;)
(A1)

where M and R denotes the mass and radius of the stellar object under consideration,

and F denotes the initial energy of the DM particle after getting captured, which can
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also be written as £ = —GMm, /r, where r is the classical turning point. To obtain the
average energy loss, we express F in terms of the classical turning point r, and average
over the size of the stellar object

1 1 (B _3R?—¢2 4 1
AE = 2GM S| dFE=— ) =2GM — ). A2
mt( r+R/0 " ToRe > mt(SR 7“) (A-2)

On the other hand, the time takes by the DM particle to complete one orbit through the

stellar object is approximately given by its orbital period

At = 2773/? (A.3)

1
VGM
The first thermalization timescale is then obtained by dividing Eq. A.2 by Eq. A.3 and

multiplying by the optical depth of the stellar object 7 [213]

3R r

dE  (GM)3? 4 1
g _ (GM)™"1m, ‘ (A4)
dt Tr3/2

By substituting, ¢ = R/r, the first thermalization timescale for the DM particles, i.e.,

the time for the DM particles to settle completely inside the stellar object is given by

amy 32 1 de
tth — X / 73 —, (A.5)
VGMmy Je,,, T€ (4/3 —¢)

where €y, ~ R/ro and ¢ can be determined from the initial kinetic energy of the captured
DM particles. For typical white dwarf parameters, the time to complete the first stage

of thermalization is [213]

_ 5/2 7/2
£ = 101 ys 10740 ¢m? ( my > 1.4 Mo\ R / (A.6)
! Tyn 106 GeV M 2500km )’

Second Thermalization

Once dark matter particles have lost sufficient energy via successive scatterings with the
stellar targets, their orbits become completely contained within the stellar object, and

they enter the second stage of thermalization. They continue to lose energy via repeated

collisions, and finally shrinks their orbits to a “thermal radius”, 4, = \/9ksT/(47Gpm, ),

where they follow a thermal velocity distribution determined by the core temperature of
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the stellar object T. To compute the energy loss rate, we first estimate the interaction

time for dark matter-nucleus scattering

(A7)

where n; is the number density of the target nuclei, o is the DM-nuclei scattering cross-
section, and v, is the relative velocity of the DM-nuclei system. The average energy loss

per scattering is also given by (m, > m;)
AE =—F, (A.8)

where F is the energy of the DM particle. Hence, the energy loss rate can be written as

dE  2mniovia B

o (A.9)

X

After completing the first thermalization phase, the initial energy of the DM particles is

simply given by the binding energy at the surface of the stellar object ~ GMm, /R. For

energies higher than FE,, they are in an inertial regime, where v, = , /%, and in such
X

inertial regime, the energy loss rate is

(dE> 22 Ao B (A.10)

s 3/2
dt m?/

When the energy is lower than F,, dark matter particles enter the viscous regime where
the scattering rate is driven by the thermal speed of nuclei, and therefore, v, = ,/mlt.

In the viscous regime, the energy loss rate is

E oy AoV TE?
(d) 2o VTE? (A.11)

dt Mo/ M B

Finally, the energy of the DM particle attain its thermal value E' = 37'/2 at the end of
the second thermalization, and hence, the timescale for second thermalization is simply

given by
o M/ E, T2 g

> 2mnm At VT Jo. B2

(A.12)
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For typical white dwarf parameters, the time to complete the second thermalization

timescale is [213]

1049 ¢m? m 2 /107K 5/2
tth 20 ( X > A . 13
9 = yrs ( - > 106 : oV T b P ( )

Given that we have estimated t{* and t{*, we can obtain the total thermalization time

(tyn) by adding these two timescales. However, for the range of DM masses and DM-
nucleon scattering cross-section that we are interested in, ti" is always negligible, and
hence, the total thermalization timescale is given by the second thermalization timescale,

ie., ty ~ tih
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Appendix B

Chandrasekhar Limit for Dark Core
Collapse

Here we review the derivation of the Chandrasekhar limit for both bosonic and fermionic
DM, which is very crucial for estimating the dark core collapse criterion.

Let there are N number of fermionic DM of mass m, distributed in a sphere with a radius
of R. So, the number density of the fermionic DM is ~ N/R3 and because of the Pauli
exclusion principle, average distance between two fermionic DM is ~ R/N'/3. Now, from
the uncertainty principle, each fermionic DM have momentum ~ N'/3/R. Hence, the

average energy per fermionic DM is

E~ (B.1)

—GNmi 1 (N1/3)2
X

R +2m R

The system can have a stable spherical configuration when the gravitational energy and
Fermi energy reach equilibrium. It implies an equilibrium radius of R = 1/ (QGN 1/ 3mi)
As the number of fermionic DM increases, the equilibrium radius shrinks and Fermi

energy increases, eventually they become relativistic with a total energy of

_G]\/'m2 N1/3
E~ N X+ 7 (B.2)
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For gravitational collapse to occur, gravitational energy has to dominate over the Fermi

energy, and hence, the Chandrasekhar limit for fermionic DM [249]

3/2 3
Neba ( ! ) ~ 1.8 x 10°! (M> (B.3)

X Gmi My,

Next, we discuss Chandrasekhar limit for bosonic DM. Similar to the fermionic case,
the gravitational collapse occurs when the DM particles are relativistic. However, the
bosonic system is substantially different from the fermionic system because they have no
Fermi pressure to hinder gravity. If there are N number of bosonic DM contained inside
a sphere with radius R, they have a momentum of 1/R which arises from the uncertainty
principle. Therefore, in the relativistic limit, the total energy of the bosonic DM

—GN mi 1

+ = (B.4)

Er\./
R R

For gravitational collapse to occur, gravitational energy has to dominate over the zero

point energy, and hence, the Chandrasekhar limit for bosonic DM [249]

1 100 GeV' 2
N ( 2) ~ 1.5 x 10% (—e) (B.5)
Gm3 My

From Eq. B.5, it is evident that Chandrasekhar limit for bosonic DM is much lower than

the Chandrasekhar limit for fermionic DM, unless the DM particles are sufficiently heavy
(my > 1.2 x 10" GeV).
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Appendix C

DM Density Profiles

N-body simulations of cold DM indicate that halo density profiles have a universal shape,
known as the Navarro-Frenk-White (NFW) profile [310, 311]. In the NFW profile, the

density of DM as a function of the radius is given by

pNFW(T) = Lﬁ (C'l)
s ()

where ps denotes the core density and r denotes the scale radius. For distances smaller
than the scale radius (r < rg), NFW profile scales as ~ 1/r, and shows a cuspy behavior
at very small radius. Whereas, for distances larger than the scale radius (r > r,), NFW
profile scales as ~ 1/r3. These two parameters, p, and r, can be expressed in terms of the
virial mass of the halo (M) and the concentration parameter of the halo (¢yiy = 7vir/75)
by the following two relations. i) The average density of the halo inside the virial radius
is 200 p., where p, is the critical density of our Universe and i) the virial mass of the

halo is the total mass contained in the virial radius. From the first criterion we get

M...
= T — 2000, . C.2
{p) T p (C.2)
From the second criterion we get
M, = / 412 paew (r)dr = dmpgr? (log (14 cyir) — Cuir ) ) (C.3)
r=0 ]- + Cyir

By solving the Eqs. C.2 and C.3, one can obtain ps and 7, in terms of the M,;, and cy,.
For Milky Way like galaxies we take ¢y, = 13.31 and M,;, = 0.82 x 102 M, [312], and it
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implies ps = 0.43GeV/cm?® and ry = 14.88kpc.
Apart from this cuspy NFW profile, DM density profiles can also have a core at smaller
radii, motivated by the measurement of the Galactic rotation curves. This includes

Isothermal profile, Burkert profile, etc., and their functional forms are given by

piso(r) - Lga <C4)
1+ (2)
pbur(r) = P ) (05)

(1 n —) (1 + (—)2)

where ps and 4 denotes the core density and scale radius, respectively. For Milky Way

3

like galaxy, these parameters are p, = 1.387 GeV/cm® and r, = 4.38kpc for Isothermal

profile & ps = 0.712 GeV/cm? and ry = 12.67 kpc for Burkert profile [402].
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