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Abstract

Neutron stars and fast radio bursts (FRBs) serve as powerful, complementary probes
of dark matter models that lie beyond the reach of laboratory experiments. This
thesis investigates neutron stars and their role in dark matter search strategies.

In the first part, the thesis demonstrates a new method to look for inelastic dark
matter. We show that inelastic dark matter captured by neutron stars can remain in
long-lived orbits and annihilate outside the stellar volume. By modeling this exterior
annihilation process in the Galactic center, we derive y-ray and v flux predictions
that translate into limits on the inelastic dark matter-nucleon cross section of oy, <
3x107% ¢m? for dark matter masses ranging between m, ~ 10*—10° GeV, with next-
generation observatories expected to improve sensitivity by an order of magnitude.

Shifting focus from the Galactic Center to our own backyard, we refine the so-
lar neighborhood’s free electron density map by combining pulsar parallax measure-
ments with Gaussian process interpolation. This empirically calibrated n.(r) sharp-
ens dispersion-measure-based neutron star distance estimates and identifies the most
promising nearby neutron star targets for infrared searches of dark matter induced
heating signatures.

Finally, we expand our approach to cosmological transients. It has been appreci-

ated for some time that asymmetric dark matter can cause neutron stars to implode



and form black holes. These implosions have been linked to fast radio bursts. For
the first time, this thesis obtains predictions for fast radio burst dispersion measure
distributions arising from neutron star implosions triggered by accumulated asym-
metric dark matter cores or primordial black hole capture in spiral, elliptical and
dwarf galaxy hosts.

Together, these investigations show that through high-energy annihilation signals,
thermal heating, and fast radio burst signatures of dark matter induced collapse,
neutron stars serve as a useful means for determining or bounding dark matter’s

interactions.
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Chapter 1

Introduction

Our Universe is permeated by an elusive form of matter that neither emits nor absorbs
light [1], yet its gravitational imprint is unmistakable. However, despite decades of
intensive research, the nature of this dark matter remains one of the most significant
unresolved mysteries in modern physics and astronomy. Comprising approximately
85% of the Universe’s total matter density, dark matter does not interact electro-
magnetically and thus evades direct observation through traditional astronomical
means [1},2]. Nevertheless, its existence is strongly inferred through its gravitational
effects across a wide range of astrophysical scales, ranging from the rotation curves of
spiral galaxies to large-scale structure formation and the anisotropies observed in the
cosmic microwave background [3]. Efforts to detect dark matter through terrestrial
experiments have pushed sensitivities to remarkable new frontiers. However, such de-
tectors remain inherently limited to certain classes of dark matter candidates, specif-
ically those with cross-sections and masses conducive to measurable nuclear recoil
signatures [4]. Notably elusive are candidates such as inelastic dark matter, partic-
ularly heavy dark matter species, and primordial black holes (PBHs), each of which

can evade conventional direct detection methods. Hence, complementary strategies
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are essential to probe these elusive yet theoretically compelling dark matter scenarios.
Compact astrophysical objects, most notably neutron stars, present unique and
powerful environments to address this challenge. Neutron stars, with their astonish-
ingly high densities, intense gravitational fields, and potential for long-term integra-
tion of signals, offer an ideal, natural laboratory to investigate otherwise undetectable
dark matter interactions. By examining the observational consequences of dark mat-
ter capture, annihilation, and potential collapse within and around neutron stars, we
endeavour to open pathways to novel detection strategies that leverage multiple dif-
ferent astrophysical phenomena and multimessenger astrophysics-encompassing, but
not limited to electromagnetic radiation, neutrinos, and gravitational waves [5-8].
This thesis is structured around investigating these possibilities, systematically
exploring theoretical frameworks, phenomenological signatures, and astrophysical ob-
servables associated with dark matter-neutron star interactions. We specifically focus
on how neutron stars can illuminate the nature of inelastic dark matter annihila-
tion processes, how local neutron star searches can benefit from refined astrophysical
modeling, and how fast radio bursts (FRBs) could potentially arise from dark matter-

induced neutron star implosions.

1.1 Thesis Roadmap

This thesis explores the theoretical, phenomenological, and astrophysical aspects of
searches for dark matter using neutron stars (NSs) and their interactions with various
models of dark matter. Chapter [1] introduces the overarching themes and objectives
of the thesis. Chapter [2| provides essential background material, reviewing observa-

tional evidence for dark matter, various particle-physics candidates, standard dark
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matter halo density profiles, and fundamentals of compact object physics relevant
to dark matter detection. It also discusses electron density models used for the
Milky Way and introduces key concepts in FRB phenomenology. Chapter (3| investi-
gates neutrino and gamma-ray signals arising from inelastic dark matter annihilation
inside and, notably, outside neutron stars. Here we present analytical and numer-
ical predictions, introducing a novel scenario where captured dark matter particles
annihilate significantly outside the neutron star due to a prolonged thermalization
phase; the majority of this work was originally published in Ref. [9]. In Chapter [4]
we address the observational prospects for detecting dark matter induced heating of
nearby neutron stars. Given that such heating might yield detectable infrared signa-
tures with next-generation telescopes (e.g. ELT, TMT), we focus on improving our
local electron-density modeling, which is critical for accurately identifying the closest
neutron star targets. Using parallax measurements of pulsars and Gaussian-process
interpolation, we present an updated kiloparsec-scale electron-density map, originally
detailed in Ref. [10], yielding revised neutron-star distance estimates and highlight-
ing key local observational targets. Chapter |5l examines how neutron-star implosions
induced by dark matter accumulation would manifest in the dispersion measures of
extragalactic FRBs, a scenario first proposed in Refs. [11H13]. We model and predict
the galactocentric distributions and dispersion measure characteristics of FRBs aris-
ing in three representative extragalactic host galaxy environments: spiral, elliptical,
and dwarf galaxies. We contrast scenarios in which FRBs trace standard neutron star
populations against those resulting from asymmetric dark matter-induced or primor-
dial black hole-induced neutron star collapses. Finally, Chapter [6| summarizes the key

findings presented throughout this thesis, emphasizing our results on external inelastic
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dark matter annihilation around neutron stars, refined electron-density mapping for
local neutron-star searches, and distinctive FRB signatures from dark matter-induced
neutron-star implosions. The chapter concludes by outlining promising avenues for
future work, including extending explicit dark matter model constraints and modeling

gravitational-wave emission from dark core collapse.

1.2 Notation, Conventions and Disclaimers

Unless, otherwise mentioned, we adopt natural units (h = ¢ = kg = 1) and a ACDM
cosmology with Hy = 70km/s/Mpc, Q,, = 0.3, Q4 = 0.7.
Disclaimer - Throughout this thesis, the abbreviation DM refers only to disper-

sion measure.



Chapter 2

Background

This chapter reviews the key theoretical and observational foundations necessary for
understanding the analyses in subsequent chapters. We begin with an overview of
dark matter phenomenology and galactic dark matter halo structures, then turn to
the role of compact astrophysical objects as laboratories for dark matter interactions,
and specifically detail inelastic dark matter models and their interactions, since this

particular class of models will be important to understand for Chapter 3 of the thesis.

2.1 Basic Evidence for Dark Matter

The first compelling indication of unseen mass came from Fritz Zwicky’s 1933 study
of the Coma cluster, where galaxy velocity dispersions exceeded those expected from
the luminous mass by nearly an order of magnitude [3},/14]. Few decades later, in the
1970s, Vera Rubin and collaborators mapped the rotation curve of M31 and found
that the orbital speed of stars remained approximately constant well beyond the
optical disk [1]. These “flat” rotation curves defied the Keplerian decline predicted if
only visible matter were present, implying a dominant, extended mass component-a

dark matter halo-surrounding spiral galaxies.
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Gravitational lensing provides a second, independent probe. In the Bullet Cluster,
a high-velocity collision of two galaxy clusters, X-ray—emitting gas (the baryons) is
spatially separated from the total mass distribution inferred from weak lensing [15].
The lensing peaks, which trace collisionless matter, do not coincide with the hot gas,
demonstrating that most of the cluster’s mass is in a non-interacting form.

On cosmological scales, measurements of the cosmic microwave background (CMB)
anisotropies by WMAP [16] and Planck [2] determine the total matter density €2, ~
0.31 and the baryon density €2, ~ 0.049, leaving a non-baryonic component €2, =
0.26. These measurements come from analyzing the heights and positions of the
acoustic peaks in the CMB power spectrum, which depend sensitively on the amounts
of baryons and dark matter at recombination, providing percent-level constraints on
their abundances.

Big Bang nucleosynthesis (BBN) offers a complementary test: the primordial
abundances of deuterium, helium and lithium, inferred from astrophysical observa-
tions, agree with theoretical predictions only if the baryon-to-photon ratio corre-
sponds to Q, < €, [17]. Together, these pieces of evidence point towards a large

fraction of matter in the early universe being non-baryonic matter.

2.2 Dark Matter Models

Dark-matter candidate models span an extraordinary mass range - allowing for over
eighty orders of magnitude in the allowed fundamental unit of dark matter mass -
from the mass of a star at the heavy end to about 1073 times the mass of the proton
at the ultra-light sector. Despite this large plausible mass range, particle physics

has lately focused on the freeze-out dark matter window, which spans roughly from
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Ultralight dark-matter Light dark-matter WIMP Composite
10-2eV dark-matter
e
peV eV meV eV keV MeV GeV TeV M,
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Figure 2.1: Schematic illustration of the vast range of possible dark matter particle
masses, from ultralight (~ 1072° eV) to very heavy (multi-TeV or beyond). The
color bar indicates the transition from non-thermal (very light, e.g. bosonic field dark
matter) to hot/warm (keV-scale) to cold dark matter (GeV-TeV scale) as the mass

increases

sub-GeV to multi-TeV masses [18§].

However, the full range of dark matter possibilities spans a much larger set of pos-
sibilities. At the low end of the plausible mass range are the ultra-light axions (e.g. the
QCD axion, m, ~ 1075-107*eV) or more general axion-like particles (ALPs) whose
masses and couplings are largely unconstrained. Moving up in mass, sterile neutrinos
with keV-scale masses occupy the warm-dark matter regime, while sub-GeV to few-
GeV particles (e.g. light WIMPs or dark-sector fermions) and canonical Weakly Inter-
acting Massive Particles (WIMPs, m, ~ 1-10° GeV) provide well-studied cold-relic
scenarios. By unitarity arguments, thermal relics cannot exceed O(100) TeV without
violating partial-wave unitarity ,. Finally, primordial black holes (PBHs) with
masses M ~ 10%-10%g (1078-1071° M) represent a macroscopic, purely gravita-
tional dark matter candidate formed non-thermally in the early Universe . Gen-
erally, only particles heavier than a few keV act as cold dark matter, since lighter
species free-stream and erase small-scale structure. Below, we summarize some of the

leading scenarios:
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2.2.1 Weakly Interacting Massive Particles (WIMPs)

Thermal relic WIMPs arise naturally in models with electroweak-scale couplings and
masses of order 10-10% GeV. In the early universe, WIMPs () remain in chemical
equilibrium via x4y <> SM+SM until the expansion rate H exceeds their annihilation
rate (ov)n,, “freezing out” a relic abundance Q,h? ~ 0.1 ((ov)/3 x 1072% cm?/s)~!
[18,[22]. Direct-detection experiments target nuclear recoils from yN — x N, push-
ing cross-section limits below 107% cm? for m, ~ 100 GeV, though parameter space

remains for lighter WIMPs and non-standard interactions. [23]

2.2.2 Axions and Axion-Like Particles(ALPs)

Originally proposed to solve the strong CP problem, the QCD axion is a pseudo-
Nambu-Goldstone boson with masses m, ~ 107%-1072eV and very weak photon
coupling g,, ~ 10719-1071 GeV~! [24]. Unlike thermal relics, axions are produced
through non-thermal mechanisms such as vacuum misalignment and the decay of
topological defects, naturally yielding a cold dark matter population without requiring
freeze-out processes [25]. Haloscope and helioscope experiments (ADMX, CAST)
126,27 probe g,, down to QCD-axion predictions, while stellar cooling observations

exclude larger couplings across much of the remaining parameter space.

2.2.3 Primordial Black Holes

Black holes formed in the early universe (PBHs) can span masses 1076 —10? M, and,
if sufficiently abundant, constitute some or all of the dark matter [21,28]. Microlens-
ing surveys (EROS,OGLE) [29] and dynamical constraints (wide binaries, CMB

anisotropies) exclude large mass windows, but sub-lunar masses (1071 — 10710 M)
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remain viable. PBHs also serve as dark matter probes: their surrounding dark mat-
ter spikes can enhance annihilation signals in indirect searches [30]. We discuss such

PBH interactions with compact objects in Section below.

2.2.4 Asymmetric Dark Matter

Models relating the dark-matter asymmetry to the baryon asymmetry predict dark
matter masses m, ~ few GeV and feeble annihilation at late times [31,32]. The relic
abundance is set by a primordial particle-antiparticle asymmetry, evading indirect-
detection constraints. Asymmetric dark matter can accumulate in compact objects
without annihilating, potentially forming black-hole cores inside neutron stars [33-35].

We will study the phenomenology of such models in Chapter 5 of this thesis.

2.2.5 Self-Interacting Dark Matter

It is well known that there is a kind of dark matter that can affect small-scale cosmic
structure (galactic cores vs. cusps), known as self-interacting dark matter (SIDM)
with cross sections o/m ~ 0.1-10 cm?/g. Models and signatures of SIDM have been
proposed in [15,[36-39], including models with mediators of mass ~ 1 MeV that yield
velocity-dependent interactions that are strong in dwarf galaxies but weaker in galac-
tic clusters. SIDM affects halo shapes and substructure, and can modify capture and

thermalization in neutron stars.

2.2.6 Composite Dark Matter

It has long been appreciated that dark matter may be a composite state that is much

larger in size or occupancy number than bound states like nuclei or atoms in the
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Standard Model [4,/40-54]. Prior work has largely considered composites with either
a small number of constituents or “saturated” composites-large-/N bound states whose
binding energy Ep is comparable to the constituent mass my, yielding a mass-per-
constituent my < my and high internal densities [47,53-55].

More recently, loosely-bound composite dark matter models-where Eg < my and
nuclear scattering of the composite can produce many low-energy nuclear recoils have

been proposed and explored in [56].

2.3 Dark Matter Interactions and Detection

The experimental search for dark matter is fundamentally dictated by particle in-
teraction strengths. This is why there has often been an emphasis on dark matter
models whose interactions required for cosmogenesis imply detectability at ongoing
or planned particle experiments. For so-called thermal-relic WIMPs, the observed
relic density Q,h% ~ 0.12 implies a freeze-out annihilation cross section, commonly

referred to as the canonical WIMP cross section, usually stated as

(opo) ~ 3 x 10 %cem?s™ . (2.1)

This is a well-established result derived from the Boltzmann equation for thermal
freeze-out [22]. Underground direct-detection experiments like XENON, LZ, and
PandaX, have pushed the limits on spin-independent WIMP-nucleon scattering down
to oy n < 2.6 x 107" cm? at m,, ~ 30 GeV [23,/57-59], which rules out several WIMP
and WIMP-like dark matter candidates, while still leaving some WIMP candidates
unexplored [60,61]. Below a few GeV, kinematic thresholds weaken these bounds,

but novel low-threshold techniques such as SENSEI, SuperCDMS, and Migdal-effect
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searches extend sensitivity into the sub-GeV range, probing o,y ~ 1073%-10~* c¢m?

for m, ~ 0.5-1 GeV [62,/63].

Axionic candidates exhibit significantly weaker couplings, necessitating alternative
detection strategies. The QCD axion—photon coupling gg,, ~ 107-10712GeV™!
is probed by resonant haloscopes (ADMX) and helioscopes (CAST, IAXO) in the
eV mass window [26]. Liquid Xenon detectors further constrain solar axions and
ALPs via electron couplings g.. < 2 x 1072 for m, < 1eV, leveraging axion-electron
interactions in target materials [64].

Primordial black holes (PBHs), if they constitute dark matter, interact purely
via gravity; and can thus be sought solely through gravitational effects [65]. Key
constraints on PBH dark matter come from gravitational lensing surveys, cosmic
microwave background (CMB) observations, and dynamical effects. For example,
dedicated microlensing surveys (OGLE, EROS, MACHO, etc.) have searched for
lensing events caused by compact objects in the Milky Way halo. These surveys
have ruled out PBHs making up all of the dark matter over a wide range of masses
(from roughly 107'°M, up to > 10My), because such PBHs would have produced
detectable microlensing of background stars and that was not observed at the expected
rate [29,/66]. Very light PBHs (below 10" g) would have evaporated via Hawking
radiation by today, and intermediate-mass PBHs (10'°-10'7 g) are constrained by
extragalactic v-ray backgrounds from any Hawking evaporation. The asteroid-mass
window (10%°-10?? g) remains viable for significant dark matter fractions but faces

tightening bounds from pulsar timing arrays and X-ray monitoring for lensing [67].
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Together, these mass scales and cross-section targets necessitate a rich phenomeno-
logical program - from underground WIMP detectors to astrophysical and gravita-
tional probes - each searching for different subsets of dark matter’s potential proper-

ties.

2.4 Inelastic Dark Matter

In this thesis, so-called inelastic dark matter will be important for Chapter 3, and so
we will provide an extended discussion of its properties. In its original incarnation [68],
inelastic dark matter models involve interactions where the primary dark matter
particle x; scatters off Standard Model particles by transitioning to a heavier state
X2 with mass splitting § = m,, — m,, [69-71]. This process requires a minimum
initial kinetic energy Ey;, > 0 to occur. This energy threshold leads to two universal

kinematic consequences that are largely model independent.

1. As only dark matter particles with sufficiently high velocities in the Galactic
halo can overcome the mass splitting d, this reduces the kinematically accessible
phase space for scattering, suppressing the expected event rate in detectors

compared to elastic dark matter.

2. Moreover, the energy threshold imposes a minimum nuclear recoil energy ERi®
that must be deposited in the detector. This creates challenges for traditional
direct detection experiments that have optimized sensitivity to elastic dark
matter-nuclei collisions by focusing on the limit F§™™ — 0, and pushing the
observed recoil energy window as low as backgrounds and detector sensitivi-

ties allow. This poses a problem for inelastic dark matter with a sizable mass

splitting, as a low maximum recoil energy reduces the detector’s sensitivity.
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This means that at best, a lower maximum recoil energy will be sub-optimal
for detecting inelastic dark matter, and at worst, if the dark matter’s minimum
inelastic recoil energy lies above the window of recoil energies that the detector

is sensitive to, the experiment will be insensitive to inelastic dark matter.

Experiment Window Inelastic Reach

LUX 1-30 keV insensitive to § > 180 keV
PICO Er < 1MeV strongest for 160-300 keV
CRESST 1-40 keV  sensitive up to d ~ 350keV

Table 2.1: Current experimental sensitivities for inelastic dark matter detection. Key
implications here are that kinematic thresholds, rather than detector technology, set
the inelastic dark matter reach [70].

2.4.1 Inelastic Kinematics

To set the stage for inelastic dark matter searches, we review the kinematics of a
transition x; + N — x2 + N with mass splitting 6 = m,, —m,, > 0 [72-{75]. In the
non-relativistic limit, an incoming dark matter particle of speed v (in the lab frame)
has kinetic energy

E, = %mxlv2, (2.2)

and the nuclear recoil energy Ey satisfies [70]

Er = M (pw? cos? Oy, — 6) £ \/;w2 cos? O \/,Lw? €082 O, — 20| (2.3)
my

where p is the reduced mass and 6,,), is the scattering angle. Unlike elastic scattering,

this relation imposes both lower and upper bounds on E.

Crucially, if the dark matter speed falls below the threshold vy, ~ 1/20/u, no real
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solutions exist and scattering is entirely forbidden, sharply truncating the accessi-
ble phase space in direct-detection experiments. Moreover, as the mass splitting o
increases, the required minimum velocity likewise grows, excluding an ever larger
fraction of the galactic dark matter from contributing any recoil signal and producing
pronounced cutoffs in the observed recoil spectrum. For a comprehensive deriva-
tion and discussion of these bounds in the context of direct detection at high recoil
energies, see the detailed treatment in Ref. [70].

There are several well-motivated models that can contain inelastic splittings of
a reasonable size for current and future direct detection searches: supersymmetric
neutralinos, magnetic inelastic dark matter, and dark photon mediated dark model.
However, in the rest of this section, we present the workings of the dark photon

mediated dark matter model in detail as this builds the foundation for future chapters.

2.4.2 Dark Photon Mediated Inelastic Dark Matter

In models where dark matter interacts via a dark photon, the splitting between the
two dark matter states arises due to the spontaneous symmetry breaking of the U(1)p

gauge symmetry by the scalar boson that couples to the dark matter.
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X1 X2

Figure 2.2: Inelastic dark matter interaction mediated by a dark photon

The Lagrangian £ [70] describes the full interaction as

1
- ZV“Q” + €V,0,F" (2.4)

+X 1Dy, — my) X + (/\DQSXTC'_l)( + h.c.) .

L= Lsy +|Dudl* + V()

Here, V), denotes the gauge boson of the dark U(1)p symmetry, which mixes ki-
netically with the Standard Model photon F),, through the parameter € (typically
e < 107* —107%). The covariant derivative D, = 9, + iepV,, encodes the coupling
of the dark matter fermion x to the dark photon, while the Yukawa term (the last
term in the Eq. generates a Majorana mass splitting for y once the dark scalar
¢ acquires its vacuum expectation value.

The resulting mass eigenstates y1 o therefore differ by dm ~ Ap(¢), giving rise to
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inelastic scattering processes in which the lighter y; upscatters into yo when inter-
acting with ordinary matter, thus intimately tying the kinematic threshold ém to the

symmetry breaking scale in the dark sector.

2.4.3 Dark Photon Mediated Relic-Density

In the limit where Standard Model particles and the dark photon are much lighter
than the dark matter (my < m,,), annihilation of non-relativistic y; into dark

photons proceeds with
T a2

(Cann¥) = 2,
Demanding that this freeze-out yields the observed relic abundance Q, h* ~ 0.12 fixes

the dark-sector coupling to [22]

m
~ 3.7x 1072 XL
ap 8 (Te\/)

2.4.4 Dark Photon Mediated Scattering

In these models, elastic and inelastic nuclear scatterings proceed via exchange of the
dark photon V| which mixes with the Standard Model photon and Z boson after
U(1)p and electroweak symmetry breaking. In the regime where the momentum

transfer ¢> < m?,, the spin-independent cross section on a nucleus of charge Z is

given by [70]
167 Qe tp €2 113
TNy = = Noz? (2.5)

where ag,, is the electromagnetic gauge coupling constant, € is the kinetic-mixing
parameter, uy is the dark-matternucleus reduced mass, and my ~ v/4wap ve is the

dark photon mass. This expression underlies our capture rate and direct-detection
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projections in Chapter [3| For dark photons heavier than the momentum exchange,
the loop-induced elastic cross-section depends on the mass of the dark photon. loop-
induced elastic scattering of dark photon-mediated dark matter can be approximated
as [70],

apa?, e'my f2

D

Un,loop

)

6
™My,

where we take the hadronic matrix elements f, ~ 0.1.

2.5 Halo Density Profiles

Dark-matter halos on very different scales are commonly modeled by spherically sym-
metric density profiles that transition from a high-density inner region to a steep outer
decline. Popular examples include the Navarro—Frenk—White profile [76], which fea-
tures a cuspy inner slope born from cold-dark-matter simulations, and the Burkert
profile [77], which instead exhibits a constant-density core more consistent with ob-
servations of dwarf and low-surface-brightness galaxies. We shall briefly summarize
these for the cases of some different galaxies: dwarfs, spirals, and ellipticals.

The Burkert profile [77] for cored halos is

Po
14 T/T‘O) (1 + (T/T’O)Q) ’

L) = 2.6
po(r) ( (2.6)

where 1y is the size of the central core and py is the central density. To model low-mass
dwarf galaxies, we follow Ref. [78], and adopt two representative Leo T fits denoted
D2 and D3, each characterized by a core radius ry and an enclosed mass within 300

pcC Mggo, where

M (rene) = 47r/0 2 pg(r) dr (2.7)
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at rene = 300 pc fixes pg. Then the resulting parameters are

Model r¢ (pc) po (Mgpc™)  Mseo(10° M)

D2 400 7.1 x 10° 8.0
D3 142 2.9 x 107 15.5

Table 2.2: Burkert-profile parameters for the cored Leo T models D2 and D3 from
Ref. [78]. Here ry is the core radius, py the central density, and Msy the enclosed
dark-matter mass within 300 pc.

The Navarro—Frenk—-White (NFW) profile [76] for cuspy halos is,

_ ps
prww(r) = (r/rs) (1+7/r)2 (2:8)

parameterized by the scale density ps and scale radius r,. For a Milky Way equivalent
spiral type galaxy, we follow Sofue’s [79] fit for the Milky Way’s surface mass density,
which is a combination of an exponential stellar disk and an NF'W halo. Their best-fit

halo parameters that we adopt are
ry = 10.94 4 1.05 kpe, p, = 0.787 £ 0.037 GeV/cm®, pe = 0.359 & 0.017 GeV /em®.

Here pg is the local dark-matter density at the Sun’s location.
For a generic elliptical halo, we instead take M, = 3.8 x 1012 h;ol M, and concen-
tration ¢ = 9.5 [79], which implies r.;, & 206 h-y kpc and 7 = ry;/c. The profile in

physical units is

. Mvir 1
drrdgle) (r/ry) (1+7/ry)?’

pxEw (1)
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100 L E
—— Dwarf D2 3

— Milky Way NFW
Elliptical NFW

r (kpc)

Figure 2.3: Comparison of three dark matter halos in GeV/cm?® vs. radius in
kpc: Burkert “D2” for Dwarf(green), Milky Way NFW (blue; ry = 10.94kpc,
ps = 0.787GeV/cm?), and an “elliptical” NFW (orange; M, = 3.8 x 102 hoy! My,
c=9.5).

2.6 Compact Object Physics

Neutron stars (NSs), white dwarfs (WDs), and primordial black holes (PBHs) offer
some advantages in dark matter searches: chiefly, their utility lies in accelerating dark
matter to relativistic or near-relativistic velocities, and in the case of white dwarfs

and neutron stars, providing a very dense medium for dark matter to interact with.

2.6.1 Neutron Stars

Neutron stars (NSs) are the densest stable stellar remnants, with typical masses

Mys =~ 1.4 M, and radii Rxys ~ 10 — 12 km. Their high surface escape velocity

2G Mg
Vese =
Rxs

~ 0.6c,
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means that for a broad range of dark matter masses, dark matter particles which
scatter even once off a nucleon can become gravitationally bound [80-82].

As isolated NSs age (= 106 yr), their core temperatures cool to T, ~ 10° — 10° K,
providing a cold background against which any dark matter-induced heating stands

out [83].

Dark Matter Capture in NSs A fraction of the dark matter particles that transit
a neutron star lose energy through scattering. For different mass regimes, this might
mean a single scatter resulting in dark matter capture, or multiple scatters for dark
matter capture. In the rest frame of the NS a dark matter-nucleon scattering event

depletes the dark matter kinetic energy by [82]:

2,.2,,2
mnmxf)/ Vese

AE, = (1 —cosb,.). (2.9)

mZ +m2 + 2ym,my,

The maximum capture rate obtained by assuming that all dark matter that passes
through the effective area of the NS is captured (sometimes also referred to as the

geometric capture rate) is given by

my = Trb?naprUX7
9 M 1/2 9 M —-1/2
bmax = (G2R) (1——G ) (2.10)
(% R

where v, is the dark matter velocity in the halo, p, is the dark matter density, M
is the mass of the neutron star, and + is implicitly defined as the relativistic gamma

factor of the infalling dark matter relative to an external observer.
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The above equation accounts for a single compact object (NS in this case) captur-
ing the dark matter. However, a better observational probability lies in the strength
of many. Then, the total dark matter capture rate by a population of NSs can be

given as

T2
CNSTotul = 47‘-/ T27]NSCNS(maI) dr, (211>

T1
where 7 is the radial distance from the galactic center, nyg is the NS number density;,
and Cyg is the capture rate by a single NS.
If the dark matter happens to be symmetric, the evolution of the number of bound

dark matter particles Ny is given by

dNx _ O — (ov)N%

ANETARS.S 2.12
dt v ( )

where Cx is the capture rate, (ov) is the annihilation cross-section, and V' is the
volume where annihilation occurs. After capture, dark matter thermalizes in the core
on short timescales and may annihilate or collapse, leading to potential observable

signatures such as excess surface heating or even catastrophic implosion.

Neutron Star Distribution Neutron stars predominantly form in the core col-
lapse of massive stars (M 2 8 M )-the progenitors of type Ib, Ic and II supernovae—
and, more rarely, via the accretion-induced collapse of white dwarfs that have reached
the Chandrasekhar mass (type la supernovae). Adopting a present-day core-collapse
rate in the Milky Way of fxg ~ O(few/century) [84], and assuming this rate has been
roughly constant over the Galaxy’s ~ 10 Gyr lifetime, implies Nyg ~ 108-10° neutron
stars produced to date. Such numbers mean neutron stars represent a non-negligible

fraction of the Galactic stellar population.
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To model the present-day distribution of Galactic neutron stars (NSs), we follow
the Monte Carlo study of Sartore et al. , who considered five progenitor—velocity
combinations (models 1A-1E). The evolved NS surface density in the disk is well

described by a fourth-order polynomial fit in Galactocentric radius R:

log,oX(R) = ag+a1R+ asR? + asR® + ayR*, (2.13)

where the coefficients a; for each model are listed in Table A.1 of [85]. F igure com-
pares X(R) for models 1A-1E, illustrating the range of disk concentrations. These
were obtained from dynamical simulations of neutron stars born with a variety of ini-

tial kick velocities, where different kick velocity models correspond to models 1A-1E.

10°¢
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Z 107 . — 1A
N ; 1B
E 104 ]
£ 1C
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1000 : E
i — 1E
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5 10 15
Galactocentric radius R (kpc)
Figure 2.4: NS distribution expressed as radial surface number density

Y(R)(Eq.(2.13)).All relevant coefficients are given in Table A.1 of Ref.

In the plane of the Milky Way galaxy (the x-y plane), Sartore et al. modeled

the present-day vertical distribution of neutron stars as a function of height z from
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this plane using a logistic-type fit

1

fz) = —7—,
bo b + by

(2.14)

where the parameters by, by, and by (listed in Table A.2 of Ref. ) set the midplane
normalization, the exponential fall-off per kpc, and any residual floor density. The
half-density height 2/, is defined by f(z1,2) = 1/2, and the vertical scale height A,
is related by by = exp(1/h.). In Figure , we display f(z) for models 1A-1E from

the Sartore study.
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Figure 2.5: Distribution of heights f(z)(Eq.(2.14])) for models 1A-1E. All relevant
parameters are from Table A.2 of Ref. [85].

Sartore et al. also fit the cumulative velocity distribution of the dynamically sim-

ulated NSs using

Gv) = % (2.15)
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where (vg, m, n) are shown in Table A.3 of [85]. To show the effect of different assumed
kick velocities, in Figure we overlay G(v) for models 1A-1E, illustrating how the
choice of kick-velocity prescription shapes the high-velocity tail and the distribution

of halo-bound NSs.
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Figure 2.6: Cumulative speed distribution described by Eq.(2.15)), showing the frac-
tion of NSs with speeds < v. The corresponding kick velocity distribution parameters
are given in Table A.3 of Ref. [85]).

2.6.2 White Dwarfs

While we won’t address white dwarf-dark matter dynamics in this thesis, we never-
theless provide some brief background material here for comparison to the case of
neutron stars. White dwarfs (WDs) are electron-degenerate stellar remnants with

typical masses Mwp ~ 0.6 M, and radii Rwp ~ 10* km. Their surface escape veloc-

ity,
Vese = 26 Mwp 1073 ¢, (2.16)
Rwp
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while lower than that of NSs, is still sufficient to capture dark matter particles that
scatter off nuclei in the WD interior [86].
The capture rate for a WD immersed in a local dark matter density p, with dark

matter velocity dispersion v, can be approximated by

2
. Vosc

my, =~ TRwp Py 2 O (2.17)
X

where m, is the dark matter mass, and this equation is the same as for the NS max
capture rate, but without the necessity of including relativistic correction factors.
Over ~ 10 Gyr, even small capture rates can lead to equilibrium between capture
and annihilation, potentially producing an observable heating signature against the
standard WD cooling sequence, if WDs are ever observed in a sufficiently dense

background of dark matter [86].

2.6.3 Primordial Black Holes

Primordial black holes (PBHs) offer a compelling non-particle candidate for dark mat-
ter, and their unique interactions with neutron stars motivate several of the searches
we develop in later chapters. In the early Universe, overdense regions collapsing un-
der radiation-dominated expansion could have produced PBHs with masses spanning
roughly 10716 — 10° M, entirely uninhibited by stellar evolution [21]. If PBHs make
up a fraction fpgy = Qppu/Qpum of the cosmological dark matter, then those travers-
ing NSs will experience gravitational capture through dynamical friction, accretion

of nuclear matter, or emission of gravitational waves. Once bound, a PBH sinks to
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the stellar core on a timescale

-1
tini ~ 10° — 10%yr _Mep_ (2.18)
10-2M, )

and grows by Bondi accretion at a rate

M2
7 PBHPNS (2.19)

where Mpgy is the PBH mass, png is the NS central density, and ¢, is the speed of
sound. Since destruction time scales inversely with the PBH mass, a PBH weighing
only a ten-quadrillionth of the Sun, once captured, will consume its host NS in under
ten billion years, which is comparable to the ages of the oldest observed pulsars. One
of the observational consequence of such destruction is the potential deficit of pulsars
(also called the “missing pulsar problem” [11]) in regions of high dark matter density,
such as the Galactic Center, although it has been pointed out that the rate for PBHs
to convert NSs into black holes would be too low at the center of the Milky Way
to account for the missing pulsar problem [33]. Various observational campaigns set
complementary limits on the PBH dark matter fraction fpgy across different mass

windows, as shown in Table [2.3

PBH Mass (M) Upper limit on fppy Observational constraint
10-16-1071 < 0.01-0.1 NS survival in the galactic bulge [87]
10-14-10710 <1075-1073 Fermi-LAT data 88|
10719-10°6 < 0.1 Presence of old NS in globular clusters [34]

Table 2.3: Constraints on the PBH dark-matter fraction fpgy in key mass ranges
from NS survival, Fermi-LAT ~-ray limits, and globular-cluster NS counts.

Here, the most stringent constraints are around Mppy ~ 107 M, with fppy <



2.7. DISPERSION MEASURE & ELECTRON COLUMN DENSITY 27

107°, that arise due to the non-detection of y-ray flashes that would accompany a
PBH consuming its host NS in the pulsar-rich galactic center, as confirmed by the
Fermi-LAT data [88]. Moreover, searches for similar signals in globular clusters have

likewise yielded null results, further tightening the bounds in this mass window.

2.7 Dispersion measure & electron column density

The fundamental observable that encodes the integrated column of free electrons

along the line of sight for a pulsar, as well as an FRB, is its dispersion measure (DM)
L
DM = / ne(¢)dl , (2.20)
0

where L is the distance along the line of sight, and n. is the electron number den-
sity [89]. As a result of plasma dispersion, lower frequency components of a radio

pulse lag behind higher frequency components by an amount

At o DM (fi% - f%?) | (2.21)
By measuring these arrival time delays across multiple frequency channels and com-
bining them with independent distance estimates, one can infer the three-dimensional
distribution of galactic electrons. This approach is utilized to produce empirical elec-
tron density maps for the Milky Way, but since small non-electron contributions(e.g.
from intervening plasma turbulence) can bias the inferred DM, it has been recently
advocated [90] that the astronomers report directly the measured quantity D =
At(f? = f;?)7" instead of the model-dependent DM inferred from Eq. (4.2).

Over the past decades, several models have been developed to create and refine
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these maps, the most notable of which we will now briefly describe. The NE2001
model [89] represents a major advance over the earlier Taylor-Cordes 1993 (TC93) [91]
prescription for the Milky Way’s distribution of free electrons.

The basic structure of the NE2001 model consists of three astrophysical compo-
nents, namely the thick disk, the thin disk, and four logarithmic spiral arms, each
characterized by its scale height, scale radii, and midplane density. To this baseline,
the model adds a compact galactic center component that accounts for the maximized
electron density in the galactic center, a parameterized local interstellar medium that
includes the Local Bubble and Loop I, and a population of discrete overdensities and
underdensities, or clumps and voids that capture small-scale variations. In practice,
NE2001 computes the electron density at any point by evaluating each of these con-
tributions in turn and then summing them with appropriate weighting factors. These
weights work to ensure that, for example, the spiral arm densities dominate their
longitude ranges, the galactic center term peaks within a few hundred parsecs of the
galactic center, and isolated clumps (or voids) locally enhance (or suppress) the free
electron density n..

The YMW16 electron-density model introduced in 2016 by Yao, Manchester, and
Wang [92], extends NE2001’s galactic framework by incorporating both the Large
and Small Magellanic Clouds and a uniform intergalactic component alongside the
standard thick disk, thin disk, and spiral arm structures. In the Milky Way, YMW 16
refines the spiral geometry to four principal arms plus a local spur, with each arm’s
angle, width, and radial extent anchored to observations of over 1800 H-II regions

across the galaxy.
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To calibrate these components, the authors compiled 189 independent pulsar dis-
tance estimates drawn from trigonometric parallaxes, H-I absorption kinematic mea-
surements, and well-established associations with supernova remnants or globular
clusters, and optimized the model parameters to minimize the discrepancies between
observed and predicted dispersion measures.

Fig. compares the free-electron density in the galactic midplane as predicted
by the NE2001 and YMW16 models.

YMWI16 retains many of the same large and small scale structures found in
NE2001, namely the Local Bubble, peripheral enhancements surrounding the Lo-
cal Bubble, the Gum Nebula, the Carina arm over-density, and the region of reduced
electron density in the tangential periphery of Sagittarius, but it forgoes the ad hoc
insertion of additional clumps and void that NE2001 uses to force agreement with
certain pulsar distance outliers. Likewise, YMW16 omits a global treatment of in-
terstellar scattering, a feature in NE2001 that proved difficult to generalize because
scattering is often dominated by just a few localized electron density fluctuations
along each line of sight. As a result, YMW16 offers a cleaner, large-scale map at the
expense of some of NE2001’s finely tuned corrections.

In practical terms, most pulsar distances in the Australian Telescope National
Facility (ATNF) catalogue [94] default to YMW16’s DM-distance relation, although
parallaxes and independent associations with astrophysical objects like supernova
remnants or the LMC/SMC remain the gold standard whenever available.

Most importantly, in regions such as the Local Bubble, where the electron density
is highly non-uniform, a simple linear DM-distance conversion may break down [95,

96], reinforcing the need for independent distance measurements in these nearby,
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Figure 2.7: Electron density in the Galactic mid-plane (z = 0) for the NE2001 model
(left panels) and the YMW16 model (right panels). In NE2001, the density is defined
out to |R| < 17kpc, whereas YMW16 extends to |R| < 30kpc. The Solar position
(red cross) is at (z,y, z) = (0,8.5,0) kpc in NE2001 and (0, 8.3,0.006) kpc in YMW16.
Top row: large-scale structure, where differences in spiral-arm geometry are evident.
Bottom row: the local interstellar medium in a +1kpc region around the Sun.
NE2001 (bottom left) shows “Local Superbubble” and “low-density” cavities plus
small circular clumps; YMW16 (bottom right) omits these clumps and instead only
retains major features (Gum Nebula, Local Bubble, Loop I, Carina—Sagittarius arm).

(Figure from [93]) .

inhomogeneous environments presented later in Chapter [4]
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2.8 Fast Radio Burst Phenomenology

First discovered in 2007 [97], fast radio bursts (FRBs) are millisecond-length ~GHz
radio pulses known to occur at “cosmological” distances, with an estimated all-sky
rate of ~ 101 /day. Observation at ~ 2 Gpc distances implies large energy and radiated
power, extraordinarily high brightness temperature, and coherent emission for these

FRBs.

2.8.1 Repetition & Periodicity

Broadly speaking, FRBs can be classified as repeating or non-repeating. More than
60 FRBs have been reported to repeat [98]. Since identifying a repeating FRB simply
requires the detection of one additional burst from its source, it is essentially impos-
sible to prove that an FRB source does not repeat. However, as has been previously
noted 98], repeating FRBs have different spectral characteristics than non-repeating
FRBs, suggesting that the one-and-done population of FRBs may come from a dif-

ferent progenitor than the repeating FRBs.

2.8.2 Dispersion Measure and Distance

Radio waves propagating through plasma experience dispersion, with lower frequency
waves delayed relative to higher frequency waves. This delay is quantified by the
dispersion measure (DM), which represents the integrated column density of free
electrons along the line of sight from the source to the observer, measured in units of
pc cm ™3,

When an FRB is detected, its DM is determined by identifying the dispersion

correction that maximizes either the signal-to-noise ratio or resolves the burst’s finest
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temporal structure [99,/100]. Since FRBs originate from cosmological distances, their

DM can generally be expressed as

B D= (D)
DM_:A g (2.22)

where n(l) is the local electron number density at a comoving distance [ along the
propagation path, and z(() is the redshift at that location. The comoving distance

from the observer to the source D, is given by

c [* dY
@:EAEM’ (2.23)
where
E(2) = /(14 2)3 + Qe(1 + 2)2 + Qpp f(2), (2.24)
f(z) =exp [3 /Oz %] , (2.25)

Here, Hy is the Hubble constant, €2,,,, 2, and €2, denote the energy density fraction of
matter, curvature, and dark energy, respectively, and w(z) represents the dark energy
equation of state parameter. For the standard ACDM cosmological model, € = 0,
Qpg = Q), w = —1, and consequently, f(z) = 1.
The observed DM of each burst can typically be decomposed into distinct com-
ponents [101-103]:
DMiost + DMge

DM - DMMW —+ DMhalo + DMIGM -+ 1 e ; (226)

where DMyw, DMuao, DMigyv, DMiyest, and DMy, are the contributions from the

Milky Way disk, its halo, the intergalactic medium (IGM), the host galaxy, and the
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immediate environment of the source, respectively. Note that the observed contribu-
tions from the last two components are scaled down by a factor of (1 + z), due to
cosmological redshift. The Milky Way contribution DMyw can be obtained using the
MW electron density models derived from the radio pulsar data [89,92], albeit with
a > 50% uncertainty. The extended Milky Way halo contributes to an additional
DMy10 ~ (30 — 80) pc ecm™3 beyond DMy [103]. The IGM component of Eq.
is a function of redshift as shown by Refs. [104]. The contribution of the IGM to the
DMs of FRBs can be calculated using the Macquart relation [103]. At low redshifts

(2 <0.6), we can use the following approximation:

DMy & 933 pcem ™[z 4 (0.5 — 0.758,,)2%] %5 (2.27)
fo o WA b,
(588002207

where ng is the mean number density of nucleons at z = 0, f. is the fraction of baryons
in an ionized state, and €2, is the matter density in units of the critical density at
z=0.

With this theoretical and observational foundation established, we now turn to

applying these tools to concrete astrophysical searches in the following chapters.
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Chapter 3

Signatures of Inelastic Dark Matter Around

Neutron Stars

The detection of dark matter through its effects on compact astrophysical objects
has been investigated in many prior works, see Ref. [83] for a review. These have
established neutron stars as all-purpose next-generation detectors for any dark matter
that interacts with nucleons, since these objects are extremely dense, reach very low
temperatures as they age, and accelerate dark matter to semi-relativistic velocities,
which altogether offers the possibility of detecting a kinetic heating signature that is
robust across a wide range of models [82,/105(115]. The usage of neutron stars as dark
matter detectors has also drawn an increasing interest over the years in the context
of asymmetric dark matter that accumulates inside celestial objects and eventually
converts them to black holes [11,[13}|33}80,81,108.|116130].

A particularly motivated framework is inelastic dark matter, developed to rec-
oncile weak-scale dark matter with direct detection limits. In such models, a Dirac
fermion splits into two nearly degenerate Majorana states, x; and y»o, with a small

mass difference §. The leading interaction is off-diagonal, y1IN — x2N, requiring
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Figure 3.1: Schematic representation of our effect: captured dark matter that scatters
through leading-order inelastic interactions is unable to rapidly thermalize with the
neutron star if the inelastic transition becomes forbidden, forming a “halo” around
the object. If the dark matter density at the neutron star position is sufficiently high,
a sizable fraction of these particles will annihilate outside before they fully thermalize
through loop-level elastic scatterings. This sources a directly observable vy-ray or
neutrino signal.

kinetic energy large enough to excite the heavier state. Halo dark matter on Earth,
moving at typical velocities v ~ 1073¢c, cannot upscatter for § > 100 keV, strongly
suppressing elastic scattering in direct detection experiments.

In contrast, neutron stars accelerate infalling dark matter to semi-relativistic ve-
locities v ~ 0.6¢, enabling upscattering even for mass splittings up to hundreds of
MeV. Capture is therefore efficient, but once the inelastic channel closes at lower
orbital energies, further cooling is extremely slow since only loop-suppressed elastic

scattering remains. This leaves a long-lived population of particles in exterior orbits,
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where annihilations can occur outside the star and source observable gamma-ray or
neutrino signals.
Neutron stars are thus uniquely sensitive to inelastic dark matter models [82,(131}

132], characterized by endothermic interactions of the form

X1+n_>X2+n?7 (31)

where n is a nucleon and yx; 2 are dark matter states of different masses. The required
threshold energy is set by the splitting ¢ [68}70,74,/133]. With dark matter accel-
erated by NS gravity, splittings up to ~ 100 MeV are kinematically accessible, far
beyond the ~ 100 keV reach of terrestrial direct detection experiments [70]. In this
way, neutron stars open discovery space for inelastic dark matter models that remain

inaccessible by other means.

In a related but distinct context, it has recently been demonstrated that neutron
stars and white dwarfs residing in the Galactic Center can give rise to signals of dark
matter annihilating from within, for models with long-lived mediators that escape
the object and decay to detectable y-rays [134,/135]. Due to the high dark matter
and stellar density in this region, this “celestial body focused” [134] annihilation is
powerful enough to draw constraints on dark matter interactions across a wide mass
range, based on existing y-ray observations. Subsequently, the analysis of Ref. [134]
was extended to the case where the mediators decay to high-energy neutrinos [136],
137], and models for displaced dark matter decays in neutron stars have been explored

in [137,[138].
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In this work, we introduce a new search for dark matter with leading-order inelas-
tic interactions through its annihilation to high-energy photons and neutrinos outside
neutron stars. After becoming gravitationally bound to the neutron star, dark mat-
ter particles will follow closed orbits through the object, progressively losing energy
with each neutron star crossing. Thus, the dark matter eventually loses energy to
the point that the inelastic transition becomes kinematically forbidden. For mass
splittings approximately in the range 45 — 285 MeV, this will occur while the orbits
still extend beyond the neutron star. Provided that elastic interactions are absent
or suppressed, and the background dark matter density is high enough, at any given
time, there will be an appreciable fraction of dark matter particles annihilating while
outside the neutron star volume. We analyze how inelastic dark matter annihilation
proceeds in neutron stars in a largely model-independent way, and then provide both
constraints and discovery prospects for inelastic dark matter using neutron stars in
the Galactic Center as our target. Unlike prior works, this scenario does not require
the assumption of long-lived mediators as an intermediate state in the annihilation
process. More importantly, this new search may be an alternative to inelastic dark
matter searches based on kinetic heating of neutron stars, which at present demand
significant observation time with infrared telescopes, are contingent upon the exis-
tence of faint radio pulsars close to Earth, and may have substantial background
heating sources, which are currently being investigated [139,|140].

The remainder of this chapter proceeds as follows: we begin in Section [3.1| with a
discussion of our assumptions concerning the distribution of dark matter and neutron
stars in the Galactic Center, our main target for this search, along with the struc-

tural properties of a neutron star. In Section |3.2, we briefly review the process of
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dark matter capture in neutron stars. The partial thermalization of inelastic dark
matter with neutron stars is analyzed in Section [3.3] including an estimate for the
timescale of this process, a discussion of the capture-annihilation equilibrium regime,
and the estimated fraction of dark matter that annihilates outside of the neutron
star. In Section [3.4] we outline current and projected sensitivities for finding heavy
inelastic dark matter annihilating to y-rays and neutrinos outside neutron stars in
the Galactic Center. Finally, in Section [3.5] we discuss the class of inelastic dark

matter models for which this new search is most effective.

3.1 Galactic Center Modeling

To calculate our signal, we require the distribution of both dark matter and neutron
stars in the Galactic Center. These inputs determine the overall dark matter anni-
hilation rate proceeding in these objects. Additionally, we also require details about
the structure of neutron stars in this region, such as their typical compactness and
density profile. These properties ultimately determine the fraction of the total dark

matter that will annihilate outside and contribute to the signal.

3.1.1 Dark Matter Density and Velocity

The dark matter halo profiles we consider are the Navarro-Frenk-White (NFW) [76,
141], along with the Einasto [142], and Burkert [77] profiles. These are respectively

given by,
t

) @)

(3.2)
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)@

where R is the Galactocentric distance and ,02 is a normalization constant. The
parameters were chosen as follows: for the NFW profile, we select a scale radius
R, = 20 kpc, and consider two different slopes v = 1 and v = 1.5 to approximately
span the existing uncertainty on this parameter [143,144]. For the latter slope value,
we refer to this as a generalized NFW (gNFW) profile. For the Einasto profile,
we fix the scale radius Ry = 20 kpc and an exponent o« = 0.17 [145]. Finally, for
the Burkert profile, we choose a scale radius R, = 6 kpc, as suggested by some
studies [146]. In all cases, the normalization factor is determined by requiring the
distribution to reproduce the observed dark matter density at the Sun’s position,
Py ~0.42 GeV cm™ [147,/148].

The dark matter velocity dispersion towards the Galactic Center is not well un-
derstood and, in our region of interest, existing uncertainties span a range vy ~
100—900 km s~! [79]. However, within this range, our computed dark matter capture
rate only varies by about a factor ~ 2. As we show below, this quantity determines
the signal strength and, since it is rather insensitive to this input, we assume a fixed

velocity dispersion of vy ~ 270 km s~! for simplicity.

3.1.2 Neutron Star Density

We consider three separate neutron star distribution models presented in Refs. [85]

149,/150]. Ref. [149] put forth a semi-analytic treatment of mass segregation effects
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around supermassive black holes, and obtained power-law distributions for various
stellar object types at the Galactic Center, in the range 1072 — 1 pc. On the other
hand, Ref. [85] conducted a detailed Monte-Carlo simulation study on the Milky Way
neutron star population, spanning different assumptions on the Galactic potential and
star formation history. In such a work, ten different models were fitted as 4th order
polynomials. We take the coefficients given in Table A.1 of this reference, with which
the surface densities can be computed. The last one is the “Fiducial x10” model at
10 Gyr extracted from Ref. [150], which used a numerical Fokker-Planck approach

combined with existing data on the stellar population in the Galactic Center.

3.1.3 Neutron Star Structure

The strength of the dark matter annihilation signal will also depend on the final size
of the dark matter orbits once inelastic scattering becomes kinematically forbidden.
To determine these final orbits, we require the neutron star’s internal structure, which
we obtain through the Tolman-Volkoff-Oppenheimer (TOV) equation of hydrostatic
equilibrium, combined with an appropriate equation of state. Some of the numerical
details of this procedure are discussed in Sec. [3.7.1 We use the Brussels-Montreal
family of equations of state [151-153]; specifically its BsK-21 iteration, for which ana-
lytical representations were constructed in Ref. [153] and are applicable to all neutron
star layers. This equation of state indicates agreement with radii and tidal deforma-
bility measurements from GW170817 [154,/155], mass and radius fits performed from
both gravitational wave and low-energy nuclear data [156], and X-ray observations of

pulsars [157}158].
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We will mostly consider a single benchmark neutron star with mass and radius

MNS ~ 15M® s

Rxs ~ 12.55 km | (3.5)

as determined by our choice of equation of state. The majority of neutron stars
in the Galactic Center are predicted to have masses around this value by the most
recent star formation history analysis of this region [159]. Furthermore, this value is
also in agreement with earlier theoretical works |149,|160] and numerical simulations
[161]. Most neutron stars in this region are expected to have formed in an early
star formation episode around ~ 5 — 10 Gyrs ago [159,162], and so we will consider
their age to be order of multi-gigayear. To simplify our analysis, we will also neglect
neutron star rotation in our calculations. For a gigayear-old neutron star evolving
in isolation, simple estimates using magnetic dipole models already indicate typical
periods of order 0.5 — 2 s [163}[164], which exceeds the dynamical crossing time of
captured dark matter. Although this neglects the possibility of pulsar recycling (see
e.g. Ref. [165]), we note that the existence of a millisecond pulsar population in
this region is currently subject to a high uncertainty. For instance, if a substantial
population of these objects were present, it would imply a notable increase in low-
mass X-ray binaries compared to observed numbers [166]. In any case, including the
effects of rotation would increase the range of inelastic mass splittings accessible to
our search. This is because rotation generally allows for more compact neutron star
configurations, and therefore greater escape velocities, as the centrifugal force can

support heavier masses for a given fixed radius.



3.2. DARK MATTER CAPTURE IN NEUTRON STARS 42

3.2 Dark Matter Capture in Neutron Stars

The gravitational infall and capture of dark matter in neutron stars has been exten-
sively studied in the past [70,80,/116,117,167-169]. We limit ourselves to providing a
brief overview of the process. A dark matter particle is captured when, while travel-
ing through the neutron star, it loses energy equal to or greater than the halo kinetic
energy it had far from the neutron star. For dark matter in the sub-PeV mass regime,
neutron stars are particularly efficient at capture: because of their large escape ve-
locity, a single scatter is sufficient for a dark matter particle to lose enough energy
and become gravitationally bound. Above the PeV scale, the initial kinetic energy of
the dark matter particles is sufficiently large that multiple scatters are required in a
single transit for capture.

We will focus on the case where the relic dark matter is initially in its lightest

state, and scatters with nucleons into a heavier state through a process of the form

[68]70,[741[133]

X1+n—=x2+n, (3.6)

inel

with a cross-section oy

Above, n is the scattered nucleon, and x; (x2) denotes the
lighter (heavier) dark matter state. In Sec. , we briefly discuss the class of models

for which this scenario is applicable. The interstate mass splitting is defined as

§ =My, — My, . (3.7)

Once excited into the heavy state, the dark matter may either decay back into y;

after some time, or undergo exothermic scattering of the form ys +n — x1 +n, with
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an energy loss and cross-section similar to the endothermic case [133]. For simplicity,
from here forward we will refer to m,, as m,,.

The number of captured dark matter particles per unit time is calculated as [167]

Cy=>» Cx, (3.8)

where each contribution Cly is the capture rate for dark matter after N scatterings,
given by

6n 3(v3 — v?
Oy — 7R, me\/;U—X [(mﬁ 1302, — (202 + 30%) exp (—Mﬂ (39)

2

Above, n, = p,/m, is the dark matter number density at the neutron star position,
vy is the dark matter halo velocity dispersion, ve, = \/m is the escape
velocity at the neutron star surface measured by a local observer, and vy is the dark
matter velocity after it has undergone N scatters. Our assumptions concerning the
dark matter density and velocity dispersion in the Galactic Center are discussed in
Sec. |3.1.1] The dark matter velocity after N scatters is determined by the fractional
energy loss in each subsequent scatter. Unless the mass splitting is close to the maxi-
mum value allowed by kinematics, the fraction of energy lost in an inelastic scattering
will be approximately the same as the fraction lost in a pure elastic scattering. For
instance, for mass splittings up to about 90% of the maximum value accessible to a
neutron star, the energy lost in an elastic scattering differs from the inelastic case
by less than 10%. Thus, to simplify our calculations, we follow the calculations of
Ref. [167] and take vn = vese(1 — B4/2) N2, where B, = 4m,m,/(m, + m,)? as

determined by elastic scattering kinematics, and m,, >~ 0.93 GeV is the nucleon mass.
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Finally, the factor py(7) is the probability for capture after N scatters, given by

) 1
pn(T) = ﬁ/o (cos )" 7N exp (=7 cos ) d(cosb) | (3.10)

where 7 = 30! Myg/2n R¥gm,, is the optical depth. This is the ratio between the
inelastic dark matter-nucleon cross-section and the cross-section at which dark matter
scatters once on average over a distance 2Rys.

It is also useful to estimate the so-called “saturation” cross-section for which
almost all the incoming dark matter is captured by a neutron star (strictly speaking,
all of the flux is captured only for an infinitely large cross-section). Above this value,

the annihilation signal reaches its peak, defining the ultimate sensitivity of our search.

For dark matter between GeV and PeV mass, a single scatter is sufficient for capture.

inel

n n,Rns ~ 1, with n,, ~ 3Mys /47rmnR13{IS, provides a reasonable

Thus, requiring o
estimate of this cross-section. Above the PeV scale, the above estimate is modified by
the fact that N scatters are needed for a dark matter particle to be captured. In this
regime, this cross-section must linearly increase with mass, since the dark matter’s

halo kinetic energy also increases linearly with mass. For our benchmark neutron

star, this cross-section is

o~ 3 % 107 em?® x max [1, ;;’{/] , (3.11)

where the max function reflects the transition between the single- and the multi-

scatter capture regime.
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3.3 Inelastic Dark Matter Thermalization

Once a dark matter particle is captured, it will progressively lose energy from repeated
scatters as it periodically crosses the neutron star. In the absence of any scattering
suppression, energy loss proceeds until the dark matter particle settles inside, with
a final energy roughly determined by the neutron star temperature. For inelastic
dark matter, however, this process may stall before the particle reaches an orbit fully
contained within the neutron star volume, if the kinematic threshold for inelastic
scattering stops being met at some intermediate energy. Below, we analyze the range
of mass splittings and timescales over which this occurs, as well as the distribution of

partially thermalized dark matter.

3.3.1 Kinematic Threshold

In the regime m, > m,,, Pauli blocking effects are negligible, and we may approximate
the neutron targets to initially be at rest in a dark matter-nucleon collision. In this

limit, the center-of-mass energy is simply

9 ; 1/2
M) , (3.12)

V1—o?

Ecv = (mi +m2 +

where v is the dark matter velocity as measured by a local observer in the neutron
star. Neglecting angular momentum, this velocity parameterized in terms of the

Schwarzchild radial coordinate r (see Sec. [3.7.2) reads

o(r) = (1 _ 9u(r) )1/2 . (3.13)

gu(rs)
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Above gy (r) is the first diagonal component of the neutron star metric (see Sec. ,
and 7y is the turning point of the dark matter particle. For captured dark matter,
ry is finite since it is gravitationally bound to the object. On the other hand, for
incoming dark matter particles from the halo, one may take r; — oo and gy (ry) — 1,
which amounts to neglecting the initial halo kinetic energy. Since neutron stars have
semi-relativistic escape velocities that are much larger than the halo velocity, this is a
reasonable approximation. The relation between r; and the total energy of the dark
matter particle, including the gravitational binding contribution, is specified further
below (see also Sec. [3.7.2). For the dark matter to endothermically scatter into the

heavier state, we require the total center-of-mass energy of the collision to be

Eq. (3.14) determines the kinematic threshold for inelastic scattering to proceed.

3.3.2 Accessible Mass Splittings

With the kinematic condition defined, we estimate the mass splitting range for which
the dark matter will only partially thermalize through inelastic interactions. To this
end, we first analyze the various energy scales that are relevant for the thermalization
process.

In what follows, we define the energy ¢ of a dark matter particle as the total
energy including gravitational binding contribution, see Sec.[3.7.2] Note that ¢ is in
fact < m, when the dark matter particle is captured by the neutron star, with the
equality setting the boundary between bound and open orbits. In Sec. , wWe

show that, for a captured dark matter particle, the turning point r is related to this
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quantity through the relation

gulrs) = (m—) . (3.15)

X

If the turning point is outside the neutron star volume, this relation simplifies to

. 2GMNS
ry= T (c/m 2 (5/mx)2 . (3.16)
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Figure 3.2: Dark matter energy immediately after capture, once the inelastic transi-
tion becomes kinematically inaccessible during thermalization, and once the orbits are
fully contained within our benchmark neutron star. We also indicate in the shaded
area the interstate splitting range where the capture rate is suppressed due to inelas-
tic scattering being kinematically forbidden.

In total, there are three energy scales that must be considered:

1. Prior to capture, the dark matter has an energy ¢ ~ m, + m,v?3/2 far from

the neutron star. Upon capture after N inelastic scatters, the energy of the
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particle drops to ¢ = m,. In other words, just the kinetic energy the particle
had far from the neutron star is lost. We then require at least (N + 1) inelastic
scatterings to obtain an orbit with a finite turning point, cf. Eq. . The
average recoil energy for inelastic scattering in the regime where § < m,, < m,,

is [131]
m,miy*o? (1 — (v +1)(0/my) /v*?)

<AEinel> ~
m2 +m3 + 2ymym,

rec

, (3.17)
where y~! = v/1 —v2. Thus, we take the energy at the beginning of the ther-
malization process to be of order

g2 my — (AE™ —§ (3.18)

rec

where we evaluate (AE™®®) at its minimum value, which is near the neutron

rec

star surface.

The captured dark matter particles further lose energy through inelastic scatters
until the kinematic threshold is no longer met. To obtain the energy at which
this occurs, we first solve for v in Eq. (3.14) using the center-of-mass energy

Eq. (3.12). For simplicity, we provide here the result in the limit 6 < m,, < m,,

5 1/2 3 5 3/2
! my, 2v/2 \my, (3.19)

This expansion is accurate within < 10% through the mass splitting range

accessible to a typical neutron star. Using Eqs. (3.13)) and (3.15]), we solve for
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the energy, which yields

1 —0?

min

Em (g”—(O)) - (3.20)

Above, we have explicitly taken 7 = 0 in Eq. (3.13)), so that the center-of-mass
energy is maximized. This estimate indicates the energy at which a dark matter
particle, even passing through the center, where the highest velocity is attained,

would not meet the threshold for inelastic scattering.

Once inelastic scattering becomes suppressed, if the dark matter is able to
elastically scatter at the loop-level, further energy loss proceeds at a much slower
rate until the dark matter is eventually fully contained within the neutron star.

This occurs when 7y = Ryg, or equivalently a final energy

2G Mys /2
e = my <1— RNSNS) : (3.21)

cf. Eq. (3.16). Numerically, e; ~ 0.8m, for our benchmark neutron star,
implying that only a small fraction of the energy relative to the rest mass is lost

before the dark matter becomes fully trapped.

Figure [3.2] shows each of these energy scales for our benchmark neutron star, cf.

Eq. (3.5). The “inelastic transition suppression” line denotes where Eq. (3.14) is

violated when the dark matter particles are transiting through the center of the

neutron star, where they attain the maximum velocity. The two remaining lines

indicate the typical energy once a dark matter particle is captured, and the energy

once it becomes fully contained within the neutron star. The intersection of these with

the inelastic transition suppression line approximately determines the mass splitting
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range for which we obtain a sizable fraction of inelastic dark matter annihilating
outside the neutron star. On the one hand, mass splittings below d,,;, ~ 45 MeV
result in the dark matter thermalizing through inelastic scatterings to the point that
is contained inside the neutron star. On the other hand, for mass splittings above
Omax =~ 285 MeV, the energy of the dark matter falling onto the neutron star is
insufficient for inelastic scattering to initially proceed. This maximum mass splitting
is highlighted by the shaded area.

For completeness, we briefly discuss how this mass splitting window varies with
neutron star mass and radius, always assuming a BsK-21 equation of state. The
lightest neutron stars in the Milky Way’s inner parsec are expected to be of order
Mys ~ 1.4Mg [159]. On the other hand, the heaviest non-rotating neutron star
predicted by our choice of equation of state has a mass of order Myg ~ 2.2M,
[153]. Repeating the above analysis, we obtain mass splitting windows (dmin, Omax) =
(40,260) MeV and (118,672) MeV for the lightest and heaviest neutron star, respec-
tively. Both 0, and 6. increase with the neutron star mass because a stronger
gravitational field implies that more center-of-mass energy is available to excite the
inelastic transition. Thus, d,,;, must increase for the dark matter to remain outside
after being captured, while d,,., also increases as it becomes possible to capture dark
matter with larger interstate splittings. In practice though, we expect most neu-
tron stars will have masses around our chosen benchmark, cf. Eq. , so we take

(Omin, Omax) = (45,285) MeV as our viable mass splitting range.
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3.3.3 Thermalization Timescale

We now consider the timescale for the captured dark matter particles to thermal-
ize from the energy e, at which inelastic scattering stops, to the final energy e;
at which they are fully contained within the neutron star. This constitutes a lower
bound on the total time required for a particle to fully thermalize starting from the
initial energy ¢; it has immediately after capture. We compute this lower bound us-
ing existing thermalization calculations with elastic interactions [127]. A more exact
computation including the initial inelastic thermalization phase would demand ac-
counting for the progressive reduction of phase space available for inelastic scattering
as the dark matter loses energy, along with a more detailed modeling of individual
particle trajectories, which is outside the exploratory scope of this work. In practice,
we require dark matter particles not to become trapped within the neutron star in a
short timescale to allow for sizable annihilation outside. Further below, we use this
lower bound on that timescale to conservatively estimate how suppressed the elastic
cross-section must be relative to the inelastic one for this condition to be met.
Following the approach of Ref. [127], we estimate the energy loss rate of a captured

dark matter particle as
de  (Ae)ns

At~ tom(e)

(3.22)

where ¢, (¢) is the orbital period as a function of energy (see Sec.|3.7.2), and we have

introduced the energy loss averaged over the neutron star volume as

2 Zns
oS (B ()Y, (2) dz (3.23)

xn rec
Zns Jo

<A5>NS ~

where dz = \/—g,(r)dr is the proper depth element of the neutron star, Zygs is
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elas

i, is the elastic

the integrated proper radius (valid for a stationary metric), and o
dark matter-nucleon cross-section, which we assume to be smaller than its inelastic

counterpart. The factor (E°2(2)) is the average energy transfer for elastic scattering,

which is a function of depth, as this determines the kinetic energy. This is given by [82]

mnmiv(r)%(r)Q

Eelas —
(Elec’) m2 +m2 4 2y(r)mum, ’

(3.24)

where v(r) is given by Eq. . The additional factor of 2 in Eq. accounts
for the dark matter particles transiting all neutron star layers twice.

We then integrate Eq. from € = €,,, to € = £, which gives the approximate
timescale for which dark matter is trapped within the neutron star exclusively through

loop-suppressed elastic interactions

& torb(g)
tihorm = — de . 2
o /a (Ae)ns (3.25)

m

Below, we compare this timescale to the time it takes for the dark matter to annihilate
while its orbit is extends beyond the neutron star volume. We remark that we have
neglected here any coherent nuclear enhancement factors that occur in the crust of
the neutron star. While these enhancement factors can be significant [127], the overall
optical depth of the crust is usually a subdominant contribution to the total optical

depth of the star.
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3.3.4 Capture-Annihilation Equilibrium

The total number of dark matter particles bound to the neutron star will evolve

according to

dN,
X . =
dt X

(TannVrel) N}
TX , (3.26)
where (Tanntrel) is the thermally averaged dark matter annihilation cross-section oy,
multiplied by the relative velocity v, and V' is the proper volume where annihilation
proceeds. For a recent discussion on partially thermalized dark matter annihilation
with velocity- and momentum transfer-dependent operators, see Ref. [34]. For in-
elastic dark matter that has only been partially thermalized with a neutron star,
both the relative velocity and the volume will be approximately determined by the
characteristic size of the orbits once the inelastic transition becomes suppressed. The
latter is obtained through the integration of dV = 4mr?dr/ \/TT(T’) over the interval
defined by the turning point of the dark matter particles once the inelastic transition
becomes suppressed.

In our analysis, we expand the annihilation cross-section in terms of partial waves

as
00

<0-annvrel> - <O-annvrel>0 Z ay U%la (327)
=0

and analyze each contribution individually by setting a; = 1 for some specific mode
[ and setting all remaining coefficients to zero. As our benchmark, we will take
(TammVrel)o = 3 x 10726 cm3 s7!. We will focus on the most commonly considered

s-wave (I = 0) and p-wave (I = 1) modes.
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For the initial condition N, (¢t = 0) = 0, the solution to Eq. (3.26) is

Ny (£) = N tanh (}) , (3.28)

eq

where we have defined the capture-annihilation equilibrium timescale as

teq = (%)m . (3.29)

CX < OannUrel

Once t 2 teq, the number of dark matter particles reaches an equilibrium value
approximately given by

Neq ~ Cy teq (3.30)
and dark matter annihilation must then proceed at a steady-state rate given by

C
Pamn = ¢, (3.31)

where the factor of 2 reflects that two dark matter particles are depleted per annihi-
lation event.

Figure [3.3| shows the s-wave and p-wave equilibration timescale as a function of
mass splitting for our benchmark neutron star. In the p-wave case, we take the relative
velocity as approximately the dark matter velocity averaged over one orbital cycle.
For the capture rate, we have taken p, ~ 7.25 x 10*> GeV ¢cm™?, corresponding to a
standard NFW profile at R = 1 pc from the Galactic Center, and an inelastic cross-
section 17! ~ 1074 em?, corresponding to approximately the lowest value for which
a prospective gamma-ray signal might be observed by future gamma-ray telescopes.

These values fix the capture rate to about the lowest value for which even neutron
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Figure 3.3: Capture-annihilation equilibrium timescale for our benchmark neutron
star and various dark matter masses as indicated, for s-wave and p-wave channels. For
this plot, we have taken a dark matter velocity dispersion vy = 270 km s~! and density
Py = 7.25 x 10° GeV ecm™?, the latter corresponding to an NFW profile at R ~ 1 pc.
The inelastic cross-section has been fixed to o' = 107*° cm?, approximately the
lowest value for producing a potentially observable gamma-ray signal with upcoming
telescopes under these assumptions.

stars near the edge of our region of interest would contribute to an observable signal.
For these conservative assumptions, we see that capture-annihilation equilibrium is
reached within typical neutron star ages for all the mass range analyzed, so long as
0 is not too close to dpax. When 0 — .k, the turning point of the dark matter
particle orbit diverges, which is equivalent to no particle being captured. As a result,
the equilibration time diverges in this limit.

Finally, we address the effects of loop-level elastic scattering on the annihilation
equilibrium. For a sizable amount of dark matter to annihilate outside the neutron

star, the timescale for it to fully sink below the surface must be longer than the
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timescale it takes to achieve capture-annihilation equilibrium. This hierarchy be-
tween timescales is ultimately determined by how suppressed the elastic cross-section
is relative to its inelastic counterpart. We provide an estimate of the suppression re-
quired by comparing the time to thermalize tiperm t0 teq, Where we evaluate the latter
at R = 1 pc for an NFW profile. This is extremely conservative, since most of the
signal is produced by neutron stars much closer to the Galactic Center. Such neutron
stars achieve capture-annihilation equilibrium on a timescale much shorter than those
at ~ pc distances. Moreover, as mentioned above, our thermalization timescale is in
fact an underestimate, since we do not account for the initial inelastic thermalization
stage. Under these conservative assumptions, equating fiherm = teq and solving for

the elastic cross-section, we obtain

1/2

elas —57 2 p

o < 1077 em® F(6) (pNFW ( RX: . pc)) (3.32)
X

inel 1/2
X L max < X >1/2 1
1045 cm?2 PeV/ 7’

for our benchmark neutron star. To derive this, we have used the linear and inverse

scaling of tiperm (cf. Eq. ) with dark matter mass and elastic cross-section,
respectively. We have also used the approximate linear scaling of the capture rate with
the ratio o' /o5, which enters toq. The function F(d) encapsulates the remaining
dependence on the mass splitting and must be computed numerically. This function
diverges for 0 — dyinmax- This is because when § — dyin, the dark matter is already
almost completely thermalized through inelastic scattering. On the other hand, if § —

Omax, the capture-annihilation equilibration time diverges because the turning point

of the dark matter particles becomes infinite, making the volume where annihilation
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proceeds infinitely large. However, for mass splittings ~ 10% above d,,;, and ~ 90%
below Opay, F(0) ranges between 1072 and 1. We reiterate that higher elastic cross-
section values are allowed without impacting on the signal strength, as Eq. was
evaluated at R = 1 pc , and we have used a lower bound on the actual thermalization
time. In particular, neutron stars closer to the Galactic Center, due to the higher
dark matter density, have much shorter capture-annihilation equilibrium times and
thus admit much less suppressed elastic cross-sections while still having a sizable
amount of dark matter annihilating outside. In Sec. [3.5, we discuss what class of
models generate elastic cross-sections that are suppressed relative to their inelastic

counterparts.

3.3.5 Annihilation Rate Outside

With the timescales for thermalization and capture-annihilation equilibrium outlined,
we now turn to estimating the fraction of dark matter that will annihilate outside the
neutron star volume. As we discuss in Sec. we approximate the number density

of dark matter particles seen by a local observer as

ny(r) =n (1— U(T)2)1/2 : (3.33)
where ng)( is a normalization constant determined by the steady-state number of cap-

tured dark matter particles. The orbital velocity v(r) is evaluated for a fixed particle’s
energy € = &, since we are focusing on the regime where t¢q < therm. In other words,
once the inelastic transition can no longer be excited, the dark matter will annihi-
late long before the orbit changes significantly through suppressed elastic scatterings.

The normalization factor is, in fact, irrelevant for determining the fraction of the
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total annihilation rate occurring outside. Rather, for turning points r; > Rns we are

interested in the ratio
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Figure 3.4: Fraction of the total annihilation rate occurring outside the neutron
star volume as a function of interstate splitting, for s-wave and p-wave annihilation
channels as indicated. The shaded region indicates the maximum mass splitting for
which the inelastic transition can be excited when the dark matter initially approaches
the neutron star at approximately the escape velocity.

_ ff;i]g n?{ (T) <0annvre1> dV

fout - forf ni(r) <0-ann'Urel> dV )

(3.34)

where fou € [0, 1] is the estimated fraction of the annihilation rate that proceeds
outside the neutron star volume. As before, we expand (0anntrel) into partial waves
and individually analyze each mode.

Figure [3.4] shows the fraction of the annihilation rate outside our benchmark neu-
tron star as a function of inelastic mass splitting. We show this fraction for both
s-wave and p-wave channels. For mass splittings ¢ 2 i, the fraction grows until it

is maximal at 0 ~ d,,... For the velocity-dependent p-wave channel, the dark matter
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annihilates more efficiently when closer to the neutron star surface, where a higher
velocity is attained. This results in a smaller fraction annihilating outside compared
to the s-wave mode for a given splitting. Note that although the fraction annihilating
outside grows with mass splitting, the overall signal at large mass splittings will be
weaker because the capture efficiency is suppressed for splittings sufficiently close to

the maximum value.

3.4 Neutrino and Gamma-Ray Signals

If dark matter capture-annihilation equilibrium is attained, the annihilation rate
around a neutron star is determined by the capture rate itself. From this, we can
construct the signal by integrating the capture rate from the neutron star population
within the Galactic Center. To compare results across various possible combinations
of neutron star and dark matter density profiles, it is useful to introduce the capture

rate density as

po, (R) = nxs(R) x Cy(R) (3.35)

where 7ng is the neutron star number density. Above, we have explicitly indicated
that the capture rate C), for a neutron star is a function of Galactocentric distance R,
as it is proportional to the dark matter density where the neutron star is positioned.

Figure shows the capture rate density for each combination of neutron star
and dark matter distribution we consider. Overall, the cuspier gNFW profile predicts
the largest dark matter capture rate on neutron stars at the Galactic Center, for
any assumed neutron star distribution model. Degeneracies between the chosen dark
matter and neutron star distributions only show up at Galactocentric distances 2

10 pc, where the dark matter density is so small that neutron stars in this range do
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not significantly contribute to the total annihilation signal. As we show below, this
means the strongest limits and projections are obtained for the gNFW profile. We
also note that, for a fixed dark matter distribution, the variation between the different
neutron star models is about a factor of 5 at small Galactocentric distances.

For any combination of neutron star and dark matter distribution, the capture
rate density drops steeply away from the Galactic Center. Because of this, we find the
dominant component of the signal comes from the innermost region of the Galactic
Center. Therefore, for the purposes of computing fluxes of high-energy annihilation
byproducts, we model the neutron star population as a single point source, with a

total annihilation rate

1 Rmax
re =5 / po(R)ATR* dR . (3.36)

ann
Rmin

We adopt a lower integration limit Ry, = 1072 pc to avoid the large uncertainties
in both dark matter and stellar velocities near the Galactic Center. The upper cutoff
depends on the range of the neutron star distribution chosen. The maximum distance
we integrate over is Ry, = 50 pc, and we do not extrapolate any neutron star
distribution beyond this point. In any case, most of the contribution to the signal
is produced by the neutron stars closer to Ry, where the dark matter density is
considerably higher.
Using this single point source approximation, the spectral flux of neutrinos or
~v-rays at Earth is
dd, ot dN;

BTl = fout X =

dN; 3.37
dE; |, 4rD? " A |, (3:37)

where j = v, or 7 denotes the final observed state of a channel ch, £} is the energy,
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Figure 3.5: Capture rate density for the various combinations of neutron star distri-
butions and dark matter density profiles as specified. Different solid lines for each
dark matter profile correspond to the multiple fitting models discussed in Ref. [85].
The power-law distribution of Ref. [149] is terminated beyond ~ 1 pc.

and D ~ 8.5 kpc is the approximate Earth-Galactic Center distance. The factor
dN;/dE;|s denotes the neutrino/y-ray spectrum per annihilation for a channel ch.
For sufficiently energetic y-rays, Eq. is also multiplied by a survival probability
that accounts for the attenuation through the interstellar medium (see below).

To span a range of spectral fluxes from soft to hard, we will consider three bench-
mark channels where dark matter annihilates exclusively to bb, 777~ and W+W .
We will also consider direct annihilation to neutrinos and ~-rays to illustrate the
maximum reach of our search using neutrino and v-ray telescopes, respectively. For
the direct neutrino channel, we assume an equal contribution from each flavor. The

neutrino and 7-ray spectra are computed using HDMSpectrum [170], which includes a
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state-of-the-art treatment of electroweak interactions. Note that, due to electroweak
showers, a flux at energies below the dark matter mass is expected even for the di-
rect neutrino/v-ray channel, which makes it possible to probe dark matter with mass
larger than the maximum energy reach of an experiment in this case. At the same
time, due to the electroweak interactions, we also expect a neutrino (v-ray) flux from

the direct v-ray (neutrino) annihilation channel.

3.4.1 Sensitivity of Neutrino Telescopes

We compute the sensitivity of IceCube and IceCube-Gen2 [171], the next generation
of IceCube at the South Pole. Detectors in the Southern Hemisphere, like IceCube,
have a superior sensitivity to the Galactic Center at energies below hundreds of TeV,
as the Earth shields the atmospheric muons, while a good view of the Southern Sky is
also expected at higher energies due to the absence of neutrino flux attenuation by the
Earth. An event selection also imposes a higher energy threshold, which can further
suppress the atmospheric muon background. On the other hand, detectors in the
Northern Hemisphere can bring complementary features, so we analyze these as well.
There are various water Cherenkov telescopes either under construction or proposed
in the Northern Hemisphere, such as Baikal-GVD, KM3NeT, P-ONE, TRIDENT,
and the newly proposed HUNT [172H176]. Thus, we also report on the detectability
of our signal using KM3NeT and TRIDENT. Baikal-GVD and P-ONE are expected to
reach comparable sensitivity as KM3NeT with the current information on the detector
installation and performance. In-ice/water Cherenkov detectors run out of sensitivity
beyond ~ 10 PeV energies. For the detection of ultra-high-energy neutrinos above

this threshold, we forecast the sensitivity of the proposed IceCube-Gen2 radio [171],
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which is expected to have the optimal sensitivity towards the Southern Sky.
Since we are considering a point source signal, we study track events induced by
charged-current interactions of muon neutrinos, which have ideal pointing power. The

expected signal track events in an energy bin ¢ can be written as

=T x Z / o dq)”‘* dE (3.38)
N = o et dE,, |4 ‘

where Aeg is the effective area, which depends on the neutrino energy E,, for the
signal from a specific direction, and T' is the exposure time, which we set to 10 yr for
our sensitivity estimation. The integration limits E,I}“‘; and Ep*F correspond to the
energy bounds of bin i. As the neutrino flux at detection is the flux after neutrino
oscillation, we consider an equal contribution of each flavor in the total neutrino flux
at Earth. When considering the high-energy neutrino telescopes, we use A.g from
the IceCube point-source data release [177]. The Ag for KM3Net and IceCube-Gen2
is from the PLEvM framework, which computes effective areas based on a detector
location transfer and size scaling of the Aeg of IceCube [178]. The A.g of TRIDENT
is obtained from Figure 15 of Ref. [175]. For the ultra-high-energy regime, the diffuse
neutrino flux sensitivity is computed with an expectation of 2.44 events per energy

decade. Thus, we obtain the Az for IceCube-Gen2 radio from its reported energy-

dependent sensitivity ¢sens in Figure 19 of Ref. [171], by taking [179]

244 F,
47TT 111(10) Qbsens(EV) ’

A (E,) = (3.39)

where the exposure time here has 7' = 10 yr.
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We compute the sensitivity based on a likelihood ratio test

obs
Nu,i

N 7
L=eMT] ]\;st' , (3.40)
[2x

%

where N, = N Zig + N, }jkg is the expected total number of u-tracks from the signal
and the background (the latter is detailed below). The superscript obs is used for
the observed number of events and ¢ indicates the bin. By Wilks’ theorem, we have
2 = —2log [E (NsE=0) /L (Nsigﬂ, where Nljig is the value that maximizes the
ratio. Considering the y? distribution with 1 degree of freedom, we define our 90%
sensitivity as y? = 2.7.

For high-energy neutrino detection, the main background is composed of atmo-
spheric neutrinos and the diffuse astrophysical neutrino flux. We fix the atmospheric
neutrino flux to the conventional flux given by the MCEq simulation with cosmic-ray
flux model H3a, hadronic model SIBYLL-2.3c, and atmosphere model NRLMSISE-
00 [181+183]. For the diffuse astrophysical neutrino flux, we incorporate the best-
fitted spectrum of astrophysical muon neutrinos |184]. The angular resolution plays
an important role in a point-source search for the background suppression power.
The angular resolution of an in-water detector is expected to be better than an in-ice
experiment due to less Cherenkov light scatterings. For our work, we consider the
energy-dependent angular resolutions from Ref. [185] for IceCube and IceCube-Gen2,
and from Ref. [173] for other in-water experiments. In the ultra-high-energy range,
the atmospheric background is negligible, but there is a diffuse cosmogenic neutrino
flux expected from cosmic rays interacting with the cosmic microwave background
and the extragalactic background light [186]. In this case, we construct the back-

ground taking into account the predicted cosmogenic neutrino flux from cosmic-ray
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Figure 3.6: Inelastic dark matter-nucleon cross-section constraints derived from
H.E.S.S. Galactic Center 7-ray observations (blue), assuming a gNFW pro-
file and a fraction f,, = 0.95 of dark matter annihilating outside neutron stars. Also
shown are 90% sensitivities for neutrino telescopes (solid) with a 10 yr exposure in
all cases, and projected Ho-sensitivities of future Southern Hemisphere v-ray obser-
vatories (dashed) with a 50 hr exposure for CTA and 5 yr exposure for SWGO.
Projections are drawn using the most optimistic neutron star density model. For
reference, we indicate the inelastic cross-section for which approximately all the in-
coming dark matter is captured (grey); projections and bounds terminate on this line
when their observational sensitivity threshold requires more dark matter annihilation
than can be produced by all dark matter falling onto the Galactic Center neutron
stars.
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studies [187]. The direction of a neutrino event in a future Askaryan detector can
reach within 1° [188], and so we take 1° for our work when estimating the sensitivity
of IceCube-Gen2 radio. Since we consider neutron stars up to 50 pc from the Galac-
tic Center, which corresponds to ~ 0.3°, we also include this angular extension when

computing the background for both high-energy and ultra-high-energy detection.

3.4.2 Sensitivity of 7-Ray Observatories

There are various running or proposed ground-based ~-ray experiments with sensi-
tivity to very-high-energy ~-rays. We will focus on those located in the Southern
Hemisphere, which have exposure to the Galactic Center. Note that at energies
above tens of TeV, attenuation due to the pair production mainly with the cosmic
microwave background and the infrared emission by dust become non-negligible for
v-rays as they propagate through the interstellar medium [189]. We incorporate this

correction by multiplying Eq. (3.37)) by a survival probability given by

Pourv = exp (=75 (ES)) (3.41)

where 7,,(E,) is the energy-dependent optical depth between the Galactic Center
and an observer at the Milky Way. We use the optical depth data from Ref. [189].
We compute inelastic cross-section constraints from existing observations per-
formed by the High Energy Stereoscopic System (H.E.S.S.), which currently has the
leading sensitivity for very-high-energy 7-rays toward the Southern Sky. To draw
these limits, we compare our predicted fluxes to the energy differential fluxes re-
ported in the Galactic Plane Survey [180], which roughly cover an energy range of

about 0.1 — 100 TeV, and require that our flux must not exceed the observed flux in
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any energy bin.

We also forecast the sensitivity of the Southern Array of the Cherenkov Telescope
Array (CTA) and the Southern Wide-field Gamma-ray Observatory (SWGO), which
will significantly improve observations of the Galactic Center in the near future. The
energy differential point-source sensitivities of these telescopes have been evaluated
in Refs. [190}/191], which correspond to a total observation time of 50 hours with the
Southern Array of CTA and a 5 yr exposure for SWGO. The projected sensitivity for
each case is then obtained following the same procedure as with H.E.S.S. observations.
Note that the reported sensitivities in Refs. [190,{191] correspond to a 5o detection

while constraints on dark matter studies are usually at the 90% confidence level.

3.4.3 Results

Figure [3.6] shows our computed dark matter-nucleon inelastic cross-section limits
based on H.E.S.S. v-ray data and projected sensitivities of upcoming neutrino and
~v-ray observatories, for the gNFW profile. These are shown for the annihilation
channels specified at the start of Sec. For concreteness, we have assumed all
neutron stars to be given by our benchmark (see Sec. , and fixed fo,, = 0.95 (all
projected limits scale linearly with this parameter). This corresponds to an inelastic
mass splitting of about 190 MeV (239 MeV) for s-wave (p-wave) annihilation mode,
cf. Figure |3.4] For reference, we also show the cross-section at which nearly all the
incoming dark matter is captured by a neutron star. Sensitivity is lost above this
line because the capture rate of neutron stars is maximized, and thus, higher cross-
sections do not physically increase the annihilation signal. In all cases, we have used

the most optimistic neutron star distribution. However, we note that the variation
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Figure 3.7: Projected sensitivities for CTA and SWGO to inelastic dark matter-
nucleon cross-sections shown for the direct «-ray annihilation channel, assuming an
NFW profile. Otherwise same as Fig. [3.6]

of our results between all neutron star distributions is about a factor ~ 5. Advances
in our understanding of star formation in the Milky Way’s nuclear star cluster will
reduce this uncertainty.

As expected, the strongest sensitivity is attained for the steeper gNFW profile,
with H.E.S.S. limits reaching down to ~ 3 x 1074 ¢cm? while the strongest projections
achieve ~ 2 x 107%" ¢cm? for direct annihilation to v-rays. Note that, for both the
gNFW and NFW profiles, the halo annihilation signal can be comparable to the
signal sourced by neutron stars for s-wave annihilation below ~ PeV masses. For
velocity-dependent annihilation, such as p-wave and higher modes, the neutron star
signal will be significantly stronger than its halo counterpart. Using the conservative

assumptions laid out in this first exploratory analysis, we did not find robust search
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prospects for an NF'W profile, except for some limited sensitivity in the mass range
~ 1—100 TeV, using the future reach of CTA and SWGO in the direct vy-ray channel,
as shown in Figure It is possible that future analyses treating the thermalization
of inelastic dark matter and capture-annihilation equilibration using less conservative
assumptions could find y-ray and neutrino flux sensitivity for an NF'W profile. For
the Finasto and Burkert profiles, the dark matter content in the Galactic Center is
too low to achieve sensitivity in any channel.

The sharp loss in constraining power for the direct y-ray channel above ~ 100 TeV
is due to the observable signal switching from a line-emission-like signal at the dark
matter mass to an electroweak shower at lower energies. This also applies to the
W*W = channel. Neutrino experiments, on the other hand, have ample sensitivity
to energies beyond the PeV scale, and thus achieve the best projections for heavy
inelastic dark matter. For the direct neutrino channel, our forecasted sensitivity

reaches ~ 4 x 1074 cm?.

Depending on the dark matter profile, IceCube-Gen2
radio will obtain leading constraints on the inelastic cross-section for ultra-heavy
dark matter. The Southern Array of CTA and SWGO will also achieve a sensitivity

comparable to that of neutrino experiments up to ~ 10 PeV masses, except for the

direct neutrino channel to which neutrino experiments are naturally more sensitive.

3.5 Models for Inelastic Dark Matter

Inelastic dark matter models have been widely considered in the past, for example, as
a way of addressing outstanding astrophysical excesses [133,[192H194] or small-scale
structure problems [195-197] while remaining consistent with null results from direct

detection searches. In the most minimal realization, a small Majorana mass term is
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introduced, which splits the Dirac dark matter into two neutral components with a
mass difference set by the Majorana mass. Motivated by the self-interacting dark
matter scenario, we illustrate the applicability of our search with a simple inelastic
dark photon-mediated dark matter model [70].

Recalling from section [2.4.2] we know that in dark matter models mediated by
dark photons, the inter-state mass splittings arise due to the spontaneous symmetry
breaking of the U(1)p gauge symmetry by the scalar boson that couples to the dark
matter. This interaction can be described by the Lagrangian given by Eq. 2.4 which
we restate here for ease of reference-

1
— =V2 + KkV,0,F" (3.42)

L= Lsu+ Dol +V(6) = Vi,

1 _ . _
— ém%,‘/i + X (iDyy, — my) X + (Apox C'x + hue)

where V), (V) is the new U(1)p gauge boson (field strength tensor) which mixes
with the SM photon with a kinetic mixing parameter x, D, = 8, + iepV,, where
ep is the charge of the dark matter under U(1)p, and C is the charge conjugation
matrix. The mass splitting is achieved through spontaneous symmetry breaking of
the U(1)p by a scalar ¢ that also couples to the dark matter. We focus on the heavy
dark photon parameter space of masses my 2 1 GeV, which is currently relatively
unconstrained. The value of ap = €% /4m can be fixed by requiring, for example
standard thermal freeze-out. However, to illustrate our point, we remain agnostic
about the cosmological formation history.

To establish the broad applicability of our search strategy, we consider a minimal
dark photon model in which the mass splitting between the two mass eigenstates is

set by a scalar vacuum expectation value. For reasonable parameters, the resulting
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splitting between the mass eigenstates can be of order

A
5 ~ Apuy = 100 MeV (o_li) ( GUS\/) , (3.43)

where v, is the vacuum expectation value of the scalar. At this mass splitting, en-
dothermic scattering in direct detection searches is kinematically forbidden for viri-
alized halo dark matter, while in a typical neutron star, it can be captured but will
only partially thermalize with it.

Once captured through the dark photon portal, dark matter scatters off charged
particles in a neutron star, which comprise about a few percent of the total particle
number (see e.g. [198]). The inelastic dark matter-proton cross-section dominates

over the electron cross-section and is given by

. 16maapr?m?
ol = —m’j p (3.44)
%

~1.2% 1078 cm2( i )2 (0‘_0> 10 GeV')'
' 10-5) \o1/ \"my )

which can be well above the necessary value to maximize capture, even accounting
for the said reduction in the number of scattering targets for this specific SM portal.
By contrast, the loop-level elastic scattering cross-section is
2.2 442
O_elas — a“apk mnfq (3 45)

XP 6
™My,
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~ 5.1 %107 em? (=) (52)
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where f, ~ 0.1 is a hadronic matrix element [70]. These cross-sections imply efficient

inelastic capture in neutron stars, but thermalization is extremely slow if the inelastic
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transition becomes kinematically suppressed. Note that for the dark photon mass
range considered, the heavy state will be long-lived, as it is unable to decay by dark
photon emission. Thus, in the multiscatter capture regime, it must exothermically
decay back into the light state. Note that the kinetic mixing values we consider
lie significantly below current limits from visible final state searches at accelerators
[199-201].

The captured dark matter then annihilates predominantly into dark photons,
which rapidly decay to charged particles and subsequently produce v-rays. Dark
photons with masses my > 1 GeV decay to Standard Model leptons in a time of
order (ar?my /3)™' ~ 10713 s (1075 /)% (10 GeV/my ), and for hadronic final states,
this lifetime changes by an order one factor given by the hadron-to-muon production
cross-section ratio in ete™ annihilation, see e.g. [202]. The resulting decay length
will be much shorter than the neutron star size unless the boost factor is of order
m, /my 2 108, which is not achieved in a sizable region of the parameter space consid-
ered. This implies that only partially thermalized inelastic dark matter annihilating
outside a neutron star will source a potentially observable signal.

This simple model realization thus illustrates the wide class of models for which
our search would have ample sensitivity, while direct detection rates would be severely
suppressed. Although a neutron star kinetic heating search would also be applicable
to this scenario, we emphasize that it is contingent upon the existence of nearby faint

neutron stars and lengthy observation times with infrared telescopes.
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3.6 Conclusion

We have analyzed for the first time the annihilation of inelastic dark matter outside
neutron stars. This effect arises because, after being captured, the dark matter parti-
cles are unable to fully thermalize with the neutron star due to inelastic kinematics.
If elastic interactions are suppressed relative to the inelastic channel, these can re-
main in long-lived orbits that extend beyond the neutron star volume, allowing for a
sizable fraction to annihilate outside. For interstate splittings approximately within
45 — 285 MeV, a significant fraction of the captured dark matter annihilates outside
the volume of a typical neutron star, producing a potentially observable signal for
neutron stars in dark matter-dense environments. We have detailed this process in a
model-independent manner, and estimated the rate of annihilation proceeding outside
neutron stars as a function of the interstate mass splitting.

We have investigated the detection prospects of this annihilation signal by tar-
geting the neutron star population in the Galactic Center, where the dark matter
content is robustly expected to be high and neutron star-focused annihilation can
dominate over halo annihilation. Specifically, we have computed the resulting ~y-ray
and neutrino signals produced from a variety of annihilation channels. Naturally,
these predictions depend on the assumed dark matter and neutron star distribution
profile. For a cuspy generalized NFW dark matter profile motivated by adiabatic con-
traction studies, and various neutron star distributions, we have placed constraints
based on H.E.S.S. Galactic Center observations on the inelastic dark matter-nucleon
cross-section. These constraints can reach down to ~ 3 x 1074¢ cm? in the case of
direct annihilation to photons, for dark matter masses ranging 10> — 105> GeV. Our

procedure for setting the H.E.S.S. bound required the ~v-ray flux from dark matter
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annihilation to exceed the total v-ray flux from the Galactic Center; future analyses
may improve on this method and find a stronger bound. We have also computed
the sensitivity of future «-ray and neutrino observatories to this signal. Depending
on the annihilation channel, as well as the assumed dark matter and neutron star
distributions, future neutrino and v-ray telescopes will reach inelastic cross-sections
as low as about ~ 2 x 1077 cm?.

This study demonstrates the use of neutron star populations in high dark matter
density systems as a means of probing inelastic dark matter models across a mass
range that spans ~10 orders of magnitude. In this scenario, nuclear scattering in
direct detection experiments is either kinematically forbidden or has a minuscule
rate, potentially making these objects the only viable way of probing these models.
Notably, this search can complement neutron star heating searches, which have been
previously explored but crucially depend on the proximity of old neutron stars, require
the allocation of significant infrared telescope observation time, and might be masked
by other internal neutron star heating mechanisms.

Having established the prospects for detecting exterior annihilation of inelastic
dark matter via high-energy messengers, we next shift our gaze much closer to home.
In the next chapter, where we will focus on refining the local free-electron density
map through pulsar parallaxes, a crucial step toward identifying the nearest neutron

stars for infrared searches of dark-matter—induced heating.
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3.7 Supplementary Material

3.7.1 Neutron Star Structure

For a static and spherically-symmetric neutron star, the spacetime interval is ex-
pressed as

ds* = gu(r)dt* + gp.(r)dr* — r*dQ? (3.46)

where d2? = d#? + sin®§ dp?. To determine the neutron star density profile and the

metric components in its interior, we numerically solve the TOV equation

3 -1
dP _ Gpm (1 N 5) (1 N 4w Pr ) (1 B 2Gm> ’ (3.47)

dr 2 p m r

d

d—T = 4rr?p (3.48)
dd  1dP P\
e 1+ 2) 4
dr p dr ( i p) (349

Above, P(r) is the pressure, p(r) is the energy density, m(r) is the enclosed grav-
itational mass within =, and g;(r) = exp(2®(r)). The remaining interior metric
component is g (r) = — (1 —2Gm(r)/r)”". Outside the neutron star, the solu-
tion is matched to the Schwarzchild metric, i.e. gy (r > Rns) = 1 — 2GMys/r and
grr (1 > Rxs) = —gi'(r). The above system is closed when an equation of state,
i.e. a constitutive relation of the form P = P(p), and the central energy density are
specified. It can then be solved through standard numerical methods. For our chosen
BsK-21 equation of state, fixing the central energy density to p. ~ 7.85 x 10'° g cm ™3

yields our benchmark neutron star of mass Myg ~ 1.5M, and radius Ryg ~ 12.55 km.
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3.7.2 Dark Matter Orbital Period and Velocity

We derive general relations used in the main text for the orbital period and the velocity
of a dark matter particle. In what follows, we will assume the total energy of the

particle remains fixed. We start from the Hamilton-Jacobi equation (see e.g. [203])

a8 0S8
w2 —m? =
gy LY 0, (3.50)

where the metric components g"” = gljyl are determined from Eqgs. —
above, and S(z) is the action evaluated along the physical trajectory (for abbreviation,
x = (t,r,0,p)). This equation is solved by the separation of conjugate variables
associated with constants of motion. Using the fact that the orbits are contained
within a plane, we fix § = /2 without losing generality. The ansatz solution is
expressed as

S(x) =ect — M+ S,(r)+ const. , (3.51)

where € and M are the dark matter particle’s total energy and orbital angular mo-
mentum, respectively. This ansatz is introduced in Eq. (3.50)). Isolating the derivative
S,(r), one can integrate the action function up to an arbitrary constant fixed by the

initial condition,

S,(r) = / [gm«(r) <m§ M i)} . (3.52)

r? gtt(T’ )

We numerically integrate the above using the metric components for our benchmark

neutron star profile, cf. Sec. [3.7.1]
From Eq. (3.51)), it is possible to compute the orbital period and velocity as a
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function of the dark matter energy, which are required inputs to analyze how ther-
malization proceeds after capture. For a given € and M, the orbital time between

coordinates r and rq is given by [203]

oS,

b=t = e’

(3.53)

where S,.(r) is integrated from 7o to . We compute the orbital period as a function
of energy from this relation. To compute the velocity measured by a local observer,

we use the relation between energy and the time component of the 4-velocity,

dt
E=my gtt(r) % . (354)

For a constant gravitational field, we may write ds = /gy(r)dt? — dz2, where dz is

the proper radial length measured by a local observer. Defining v = dz/dr, we have

e =m, ( 9u(r) )1/2 . (3.55)

1 — 0?2

Since we are assuming here that the energy ¢ is constant once the inelastic transition
becomes suppressed, we have (£/m,)? = const. = gu(r)/(1 — v?). At a turning point

r = 1y, the velocity vanishes, and thus we have the relation

gue(ry) = (i)Q (3.56)

My

between the turning point and the energy. Using this relation in Eq. (3.55) and

() = (1 9u(r) )1/2 . (3.57)

N gu(75)

solving for v, we have
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As a consistency check, note that in the limit r; — oo, setting r = Ryg yields
v(Rns) = v/2G Mys/ Rxs, which corresponds to the usual escape velocity expression

used throughout the literature.

3.7.3 Inelastic Dark Matter Profile

We now estimate the resulting inelastic dark matter profile around a neutron star
using simple kinetic theory arguments. In what follows, we will assume no angu-
lar momentum for simplicity. Furthermore, we will only consider the dark matter
population that has lost enough energy so that the inelastic transition becomes kine-
matically forbidden. These are conservative choices because particles with non-zero
angular momentum will generally spend a greater time orbiting outside the object,
and we are also neglecting a small but finite population of dark matter particles that
are at any given time in an earlier stage of thermalization. So, our results underes-
timate the true dark matter density outside of the neutron star that contributes to
the overall annihilation signal.

When the dark matter particles have lost enough energy, we assume elastic interac-
tions are sufficiently suppressed that we may approximate the system as collisionless.
In this regime, all the dark matter particles will be in approximately steady-state
orbits, with randomly distributed phases and the same energy determined by the
inelastic mass splitting. The occupation number of a phase space volume is invariant
for any local Lorentz observer along the worldline of the dark matter particles [203].
Thus, a given dark matter particle in its rest frame sees a constant number density

associated with the total number of particles with the same 3-momentum. Upon
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boosting to the frame of a local observer in the neutron star, that number density re-

ceives a factor \/1 — v(r)?, cf. Eq. (3.13]). We then parameterize the number density

as

ny(r) =nd (1 - U(T)2)1/2 (3.58)
where n())( is a normalization constant which can be fixed through the condition

(

C1)(tNS ; ZSNS < teq
rf

/ drr®n, (r)dr = | (3.59)
0

Neq ) tNS > teq

\

Above, tyg is the lifetime of the neutron star, which we assume to be O ~ Gyr, and teq

is the timescale on which capture-annihilation equilibrium is reached, cf. Eq. (3.30)).
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Chapter 4

Seeking the Nearest Neutron Star For Thermal

Dark Matter Studies

How close is the nearest neutron star to Earth? Answering this question accurately
may have far-reaching implications for fundamental physics and astrophysics, since
neutron stars (NSs) constitute some of their most sensitive laboratories [83}204.205].
For example, precise measurements of the masses and radii of nearby NSs would
be essential to constrain the state equation of high-density matter [206], and their
velocities would help pinpoint their kinematic age [207], all of which would sharpen
our understanding of passive cooling of NSs [208-210]. Of particular interest to us
in this regard are the late-stage reheating mechanisms of NSs, such as numerous
heating mechanisms involving a hidden sector of particles [83], including dark matter
and other proposed astrophysical effects [211]. For recent reviews of hidden sector
and astrophysical mechanisms, see e.g. Ref. [83] and the Appendix of Ref. [140].

Of the ~ 10 neutron stars in the Galaxy, only ~ 4 x 10® have been detected as
radio pulsars (~ 0.0004%), which is a small fraction of the total population [212]. The

closest known pulsar is estimated to be 110—130 pc away [213,214], whereas from
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the number density of NSs in the solar vicinity, ne ~ (1 —5) x 107*pc™ (assuming
10° NSs in the Galaxy) [85},215], we obtain a theoretical distance to the nearest NS
of only (3/47mng)'/3 ~ 10 pc. This calls for a careful scrutiny of the region around
us. Of course, the spatial pulsar distribution in our galaxy has been a topic of
interest for a few decades now. Thanks to the current generation of large-scale pulsar
surveys [94,216-222], we now have large samples of both regular (O(1) s period) and
millisecond pulsars. Along with the ATNF pulsar catalogue [94], which is considered
the standard, other databases such as the EPN database of pulsar profiles [222] and
the Green Bank North Celestial Cap (GBNCC) pulsar survey [216-221], provide
detailed accounts of discovered pulsars.

Pulsar distance estimates in these catalogues are often based on radio pulsar
dispersion measures (DMs), which in turn rely on two prominent models that map
the Galactic free-electron distribution: NE2001 [89] and YMW16 [92]. Combined
with direct measurements of a pulsar’s radio DMs, these can be used to estimate
distances to pulsars in the Milky Way. These models have been well-calibrated to
achieve remarkable precision on distance scales of kiloparsecs (kpc) and above with
YMW16, a significant refinement of the earlier NE2001. Both models integrate an
array of Galactic features, including spiral arms, thin and thick disks, and localized
clumps of electron density, allowing for an accurate reconstruction of the interstellar
medium (ISM) structure. As such, for pulsar timing arrays, studies of the interstellar
medium, and efforts to probe Galactic structure, the YMW16 and NE2001 models
prove indispensable for finding distances across vast galactic distances. However,

both models have some drawbacks, especially when it comes to accurately predicting
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distances to nearby pulsars, due to large uncertainties in estimates of the local free-
electron density in the 1 kpc vicinity of the Sun. Upon close inspection of pulsars with
distances given by radio parallaxes, these models appear not to account for severe
overdensities and underdensities of electrons in this region. This is a point conceded
by YMW16 in Ref. [92], where it is stated that this loss of accuracy is an unavoidable
consequence of its inability to adequately model small-scale structure.

In this work, we formulate a new simplified free electron column density map as
an aid to finding the closest pulsar. We calibrate this map using parallaz measure-
ments of pulsar distances within 1 kpc of Earth, as these measurements are generally
known to be reliable. With our simplified map, we predict and list the distances
of several promising pulsar candidates. Using this method, we find some candidate
nearest NSs already discovered in the sky that may be only a few tens of parsecs away.
If any of these candidate nearby NSs are confirmed by future parallax measurement,
they may provide a valuable new target for testing NS properties, and especially late-
stage heating. In the latter half of this chapter, we illustrate this utility by studying
nearby NS sensitivity for a minimal mechanism arising from dark matter: kinetic
heating of NSs [82], possibly augmented by self-annihilations in their interior. We
will assume two benchmark temperatures resulting from dark kinetic heating: 2500 K
and 10000 K, the latter of which is possible if dark matter is clumped in microha-
los [114]. These are below the upper bound on the coldest NS observed thus far, about
30000 K [223], and may be measured by the James Webb Space Telescope (JWST),
the Thirty Meter Telescope (TMT), or the Extremely Large Telescope (ELT). Us-
ing the Exposure Time Calculators available onlineﬂ , we estimate the distances to

reheated NSs that would be within the sensitivity of the future TMT and ELT, for

1

www.tmt.org/etc/iris, www.eso.org/observing/etc
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reasonable exposure times.

4.1 Existing electron density models

In pulsar astronomy, the DM is a key observable that quantifies the total column

density of free electrons between the observer and a pulsar along the line of sight:

DM:/im@ML (4.1)

where L is the distance along the line of sight, and n. is the electron number den-
sity [224]. The lower frequency waves of a radio pulse arrive later than the higher
frequency waves due to dispersion by the ISM.

The delay in arrival times of waves with frequencies f; and f5 is then given by

NxDMC%—%). (4.2)
Using At measurements for various lines of sight and pulse frequencies, combined
with distance estimates, the spatial distribution of free electrons in the galaxy may
be modeled. This method has produced empirical electron density maps for the Milky
Way, but since there may be small non-electron contributions to the DM, it has been
recently advocated [90] that the directly measured quantity D = At(f; 2 — f;2)~! be
reported by astronomers instead of the DM inferred from Eq. .

Over the past decades, several models have been developed to create and refine

these maps, the most notable of which we will now briefly describe.
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4.1.1 NE2001

The NE2001 model [89], making use of measurements of pulsar DM and distances
and radio-wave scattering, built upon and superseded the 1993 model of Taylor and
Cordes (TC93) [91] for the Galactic distribution of free electrons.

The basic structure consists of three smooth components — thick disk, thin disk,
and spiral arms —, the Galactic Center, the local ISM, clumps, and voids. The NE2001
model calculates the local electron density by blending contributions from different
regions of the Galaxy, each with its own distinct properties. The model begins by
considering the primary electron sources, the Galactic disk and the Galactic Center,
which dominate the electron density. It then accounts for the influence of the ISM
and further introduces corrections for voids—regions with low electron density—and
denser clumps of electrons scattered throughout the Galaxy. By assigning weights to
these components, the model ensures that the distribution reflects their varying levels
of influence. This weighting allows for a more nuanced and accurate representation

of the electron density, especially across diverse environments within the Milky Way.

4.1.2 YMW16

The YMW16 model [92] predicts the large-scale distribution of free electrons in the
Galaxy, Large Magellanic Cloud (LMC), Small Magellanic Cloud (SMC), and the
Intergalactic Medium (IGM). The Galactic part of this model follows the same basic
structure as NE2001, with the addition of a four-armed spiral pattern along with a
local arm, the location and form of the arms based on observations of > 1800 H-II
regions across the Galaxy. This model is then fitted to 189 independent estimates

of pulsar distances that make use of parallaxes, Galactic rotation kinematics of H-I
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clouds with absorption features, and association with other celestial objects.

Key features in YMW16 (most of which were also part of NE2001) are: the Local
Bubble, two regions of enhanced electron density on the periphery of the Local Bubble,
the Gum Nebula, a region of enhanced electron density in the Carina arm, and a region
of reduced electron density in the tangential periphery of Sagittarius. One major
difference between NE2001 and YMW16 is the modeling of the large-scale distribution
of interstellar scattering: NE2001 incorporates this effect, while YMW16 omits it.
This is because numerous studies have demonstrated that interstellar scattering is
often dominated by only a few regions, with significant electron density fluctuations
along the path to a pulsar, making it complicated to model. Another salient difference
is that YMW16 does not incorporate clumps and voids to rectify discrepant model
distances to some pulsars, in order to avoid future discrepancies for pulsars that may
yet be discovered close to their lines of sight.

DM pulsar distance estimates in the ATNF catalogue [94] use the YMW16 model
as the default. However, other distance estimates can improve accuracy. For example,
distances determined by association with another object, such as the LMC or a su-
pernova remnant, and those based on measured annual parallax (with an uncertainty
less than one-third of the parallax value) are generally more reliable than distances
derived from DMs. For the Local Bubble, there is reason to believe that there is a
non-linear relationship between the DMs and the distances (see Eq. ), since we

expect inhomogeneities in the local ISM electron density [95].
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4.1.3 Limitations of existing models

Both the leading electron density maps have some limitations. The NE2001 model
has large errors in distance estimates within 1 kpc of Earth, as this model was ini-
tially designed with regard to the overall structure of the Galaxy as opposed to fine
features of the local region around the Solar neighborhood. For instance, while the
YMW16 model predicts a distance of 143 pc for pulsar J0536—7543 based on the DM,
NE2001 places it at 826 pc. This discrepancy highlights the NE2001 model’s broader
focus on the large-scale Galactic structure, which can lead to substantial errors when
estimating distances in the local region around Earth. Further discrepancies arise due
to assumptions about local electron density variations that are ill-constrained due to
the sparse pulsar DM observations available at the time of inception of this model.
While the model incorporates several large-scale galactic features, it doesn’t give an
accurate representation for smaller-scale-scale structure, which significantly impacts
DM interpretation for nearby pulsars.

The YMW16 model utilizes more recent observational data, including several par-
allax measurements for a more extensive pulsar database, but still falls short when
it comes to accurately describing the local free electron density. This is due to the
fact that while the model refines the large-scale features, this does not always trans-
late to a higher precision for nearby pulsars, where small-scale variations are more
pronounced. Both NE2001 and YMW16 contain simplifications that can introduce
systematic errors for nearby pulsar distance estimates. These include assuming a
smooth distribution of electrons and not accounting for small-scale clumpiness or
voids in the ISM.

For more extended discussion comparing the predictions of the NE2001 and YMW16
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over various distance scales, we refer the reader to [93].

4.2 A new local kiloparsec electron density map

4.2.1 The importance of parallax measurements

Pulsar distances are measured most robustly with parallax methods that use pulsar
timing to localize their sky position [225,226] and /or very long baseline interferometry
(VLBI) [227228]. A significant discrepancy between the VLBI-derived distances and
those estimated from DM measurements combined with the NE2001 and YMW16
models was noted for 57 pulsars [227]. As noted in Ref. [140], PSR J1057—5226 is
estimated to be at 93 pc by the YMW16 model and listed as the closest pulsar in
the ATNF catalogue, but is estimated to be 730 £ 150 pc away by the NE2001 model
and 1530 pc away by the TC93 model [229]. Moreover, an analysis of the optical and
X-ray spectrum [230] puts PSR J1057—5226 at 350£150 pc. To our knowledge, no
parallax measurement of its distance has been undertaken.

Such discrepancies arise due to inherent limitations and systematics of the DM
method. This is quantified in the YMW16 model [92] by the statement that it comes
with a less-than-90% uncertainty on 95% of its distance estimates. Note that typical
uncertainties in parallax distance estimates are 10%-20%, underscoring their impor-
tance for not only pulsar distances but also the ISM distribution. And as already
noted, previous electron density models are unreliable on sub-kpc scales — and it is
exactly in the local O(kpc) region that parallax measurements work best. Accurate
distances to neighboring pulsars are, we re-emphasize, crucial for various astrophysical

studies such as that of dark matter interactions with NSs.
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b.|J0736—6304 19.4 - 0.104 0.082 =+ 0.005
c. | J0834—60 20 6 0.095 0.084 =+ 0.026
d.|J1057-5226 29.69 0.01 0.093 0.125 + 0.007
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i. [J1000—5149 72.8 0.30 0.127 0.307 £ 0.018
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k.|J1120—24 9.81 0.13 0.098 0.825 =+ 0.058
1. [J0536—7543 18.6 - 0.127 1.093 4 0.007

Figure 4.1: A map of the free electron column density (blue-yellow colorbar) for the
local region, created by fitting with a zeroth-order interpolation of parallax distances
to all pulsars with reported parallaxes within 1 kpc. These pulsars are shown as white
symbols, and have been classified by the ratio dispx /disynw. Possibly-nearby pulsars
without published parallaxes are labeled “a”—“1” in the figure; their YMW-predicted
distances and 0 DM (where available) are tabulated here alongside our new predicted
distances from the revised n, map. Some pulsar DM measurements reported without

error bars are indicated with “-.”

Note that the region with the highest electron

density (around the Vela pulsar J0835-4510) likely has larger systematic uncertainties,
see the text and Figure for discussion.
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4.2.2 Parallax-fitted local electron distribution

To create an electron column density map for seeking the nearest pulsar, we start
by compiling two datasets from the ATNF catalogue, one with pulsars for which a
parallax (preferably radio parallax) is reported, and the other with all pulsars within
1 kpc of the SunE| Then by using the parallax distances of and the DM along the line
of sight to these sub-kpc pulsars, we reconstruct the electron number density from
Eq. .

We compile pulsars with direct radio-parallax measurements within 1 kpec (Ta-
ble . Our Gaussian-process reconstruction is anchored on this full set of 38 cal-

ibrators—including J0835-4510 (the Vela pulsar)—yielding the 1 kpc map shown in

Fig. [A.1]

Gaussian Process Interpolation and Error Estimates

We constructed the local free—electron column density map using Gaussian process
(GP) regression, trained on pulsars with both parallax distances and dispersion mea-
sures. For each calibrator pulsar, the electron density and its uncertainty are obtained
from the parallax PX (in milliarcseconds) and dispersion measure DM (in pc cm™3)

as

DM - PX 5 PX -6DM + DM -6PX
= ne:

e = ———, ; 4.
" 1000 1000 (4.3)

yielding n, in ecm™3. These values form the GP training set.

2In principle catalogues of pulsars discovered by FAST [231+234] and CHIME [235,236] may also
contain specimens within 1 kpc, as derived from the NE2001 and YMW16 models [140]. These may
also be included in our analysis but we only include ATNF catalogue pulsars as their properties have
been reliably verified.
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We employed a squared-exponential kernel,

/ |6 _ 6,|2
k;(@,@) = 0'2 exp |:—2—€2 y (44)

with correlation length ¢ ~ 0.4 rad (= 23°), chosen to match the ~ 17° mean angular
spacing of the parallax-calibrated pulsars. This setting smooths features below ~ 20°
while retaining the larger-scale structure supported by the data. The GP posterior
provides both the mean prediction n.(c, d) and its predictive uncertainty dn.(«, ) at
any sky location.

For pulsars without parallax but with measured DM+ D M, distances are inferred

DM SDM \ 2 DM 6n, \ 2
1= @) M‘\/( e ) *( 2 > (45)

where both n. and dn, are taken from the GP map at the pulsar’s coordinates. This

as

approach naturally incorporates both measurement errors and modeling uncertainties
into the distance estimates.

Our interpolation is carried out in projected angular coordinates («a, §) rather than
in full three-dimensional space. This avoids overfitting given the limited calibrator set
but smooths over variations along the line of sight. Consequently, regions with steep
gradients in n., such as the Vela region, carry larger predictive uncertainties. A full 3D
GP reconstruction would require a denser set of parallax measurements. In addition,
the uncertainties reported here do not account for the Lutz—Kelker bias [237], which
arises from statistical effects in parallax measurements.

In the maps, we overlay the locations of all input pulsars (see Appendix .
These sub-kpc pulsars overlap with the ~189 used in the YMW16 model [92], though
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YMW16 is primarily calibrated at multi-kpc scales. To illustrate deviations, we
indicate the ratio of parallax to YMW16-based distances using different markers in
the figure legend. Pulsars without parallax are labeled with white alphabetic markers,
and their predicted distances are collected in the accompanying tables.

Finally, to assess the influence of J0835-4510 (Vela), which lies along a high-n.
sightline, we generated a variant of the 1 kpc map with this pulsar excluded from the

calibration sample (Fig. |4.2)).

ne (cm=3)
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A 1.0-1.2
v 1.2-15
< 1520
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g

0 50 100 150 200 250 300 350
RA (deg)

PSR DM (pc cm™3)[6DM (pc em ) [ YMW dis (kpc) | Predicted dis (kpc)
a.|[JO711-6830 18.4096 0.02 0.106 0.178 £0.024
b.|J0736—6304 194 - 0.104 0.187 £ 0.025
c. | J0834—60 20 6 0.095 0.193 £ 0.064
d.|J1057—5226 29.69 0.01 0.093 1.763 £ 0.202
e. [ J1107—-5907 40.75 0.02 0.115 2.151 £0.294
f. 1 J1105—4353 45 - 0.127 3.900 £ 0.144
g.|J0924—-5814 a7 - 0.107 0.554 £ 0.075
h.|J1016—5345 67 - 0.117 0.929 £0.123
i. |J1000—-5149 72.8 0.30 0.127 0.703 £ 0.096
j- [J1154-19 10.69 0.05 0.121 0.822 + 0.006
k.|J1120—24 9.81 0.13 0.098 0.825 £ 0.058
1. | J0536—7543 18.6 - 0.127 1.093 £ 0.007

Figure 4.2: Local electron column density map out to 1 kpc, constructed identically
to Fig. , but with the Vela pulsar (J0835-4510) removed from the calibration set.
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Several features are apparent in the first map i.e. Figure 4.1 First, we see that
the predicted electron column density varies from 0.02 — 0.22 cm®. Notably, the
prominent high-n, patch in the southern hemisphere reflects the influence of the Vela
pulsar (J0835-4510) sightline, which has a rather high DM. With the removal of the
Vela pulsar shown in Figure [4.2] the resulting map has a predicted electron column
density that varies instead from 0.02 — 0.1 cm®. Hence, we can conclude that in
our fitted map, the Vela pulsar sightline substantially affects the DM-based distance
estimates for pulsars in this region, and in particular, the pulsars without parallax
labelled a — i. Removing the Vela pulsar (Figure reduces the predicted electron
column density in this region by a factor of 2 — 3.

As one example, let us consider the case of PSR 0711-6830 (labelled a. in the
map): we note that Vahdat et al. in [238] found an x-ray-based distance estimate of
for this pulsar of 860 pc. However, by calibrating exclusively to 1kpc-distant parallax
measurements, the Figure map predicts d = 78 + 5 pc for PSR J0711-6830. On
the other hand, we find that excluding the Vela pulsar (J0835-4510) in our 1 kpc
reconstruction changes the inferred distance for PSR J0711-6830; the Figure map
predicts dyithout vela = 178 24 pe, highlighting the increased systematic uncertainty
along the Vela pulsar sightline. As another point of reference, we note that there
is a pulsar in this region, J0940-5428, with a relatively low x-ray luminosity |239),
which may indicate a corresponding ~kpc distance, which would favor the second
(Vela pulsar absent). We flag these discrepancies and emphasize that future VLBI
parallax observations are necessary to adjudicate between these different estimates,

and better resolve the region around the Vela pulsar.

Altogether, our findings illustrated in Figure[4.1]and [.2] discussed above, motivate
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follow-on parallax measurements of low DM pulsars in the region of the Vela pulsar,
to better determine the electron density in this region. These measurements would
also facilitate future proposed thermal measurements for pulsars by ELT and TMT,
detailed in Sec. 4.3.21

In Appendix [£.5.2] we extend the reconstruction to 1.1 kpc and provide tables of

all input pulsars (Appendix [4.5.1)).

4.3 Prospects for observing dark matter-induced neutron star reheating

As mentioned in the Introduction, NSs may be heated in their late stage by a number
of external and internal reheating mechanisms. These include such astrophysical
effects [211}/240-253] as rotochemical heating, vortex creep heating, crust-cracking,
and magnetic field decay, as well as those induced by a new particle sector [7,[24,31,32,
34,82,(83}/105, 109-111}|113}/117,123}|131}132,/168,[236} 254} 255,[255-269| such as dark
matter capture, removal of nucleons from their Fermi seas leading to the so-called
nucleon Auger effect, and baryon number-violating neutron decays.

Here we will take dark matter capture as a minimal example, giving rise to kinetic
and annihilation heating, and work out the signal expectations at the forthcoming
TMT and ELT. We do this to demonstrate a concrete physics case for redrawing the

electron density map to the end of seeking the nearest pulsars.

4.3.1 Review of dark kinetic and annihilation heating

For a detailed description of dark matter-induced heating of NSs, see Ref. [83]. Here
we review essential details. Dark matter particles may get captured in astrophysical

objects(like NSs) if they scatter and fall into their gravitational potential. The total
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mass rate of the dark matter going through a NS of mass M and radius R is

mX = beilaprUX7
2GMR\ ' 2G M\ ~?
bmax = ( ¢ 2 R) (1 - —G ) = ")/RU s (46)
vy R Uy

where b,y is the maximum impact parameter, ve. = \/m is the escape speed
at the NS surface, and p, and v, are respectively the ambient dark matter density
and halo dark matter speed, which we take as 0.42 GeV cm™ and 230 km s~ ! |
respectively [144].

The rate of kinetic energy deposition is then

m
My
f = min [1, UXT} : (4.7)
Ocrit

where f is the fraction of incident dark matter particles that capture, with oy
the cross section for scattering with some target (nucleon, lepton, etc.) and oyt
the cross-section above which the NS becomes optically thick to the infalling dark
matter. Absent Pauli-blocking and multiscatter effects, this is the NS’s O(1074%) cm 2
geometric cross section.

NSs have internal temperatures of 10! K when formed and cool down through
neutrino and photon emission, the latter dominating after ©(10%) yr. Until about
107 yr, an insulating envelope keeps the internal temperature larger than the surface
temperature, but beyond this timescale it becomes too thin and the two temperatures

become equal, with a value < O(10%) K. Under equilibrium between dark kinetic
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heating and passive cooling,

Ek = LNS = 47TUSBR2TS4 s (48)

where ogp is the Stefan-Boltzmann constant, and T, is the NS surface blackbody
temperature, and for a distant observer, T,, = T,/v. Potential NS reheating from
astrophysical effects and ISM accretion is, in most cases, unlikely; see Ref. [83].

If the captured dark matter thermalizes with the NS rapidly enough [123,270]
and self-annihilates efficiently into particles that are trapped in the star, higher heat-
ing luminosities are attained. In all, accretion of dark matter that is homogeneously
distributed in the halo would give rise to NS surface temperatures of at best around
2500 K near the solar vicinity. Capture of dark matter clumped in overdensities such
as microhalos, particularly in models where the dark matter has self-interactions and
could thus undergo Bondi accretion, could result in heating-induced NS tempera-
tures of O(10%) K [271]. Similar temperatures could be achieved in the presence of
long-range interactions between the in-falling dark matter and the NS baryons |262].
Motivated by these considerations, we will use reheated NS temperatures of 2500 K,

6000 K, and 10000 K as benchmarks for our treatment of telescope sensitivities.

4.3.2 Measuring neutron star temperatures with TMT and ELT

The currently operational Near Infrared Camera (NIRCam) on the James Webb Space
Telescope (JWST), along with the upcoming Multi-AO Imaging Camera for Deep
Observations (MICADO) on the Extremely Large Telescope (ELT) and the future
InfraRed Imaging Spectrograph (IRIS) on the Thirty Meter Telescope (TMT) can

image in infrared to far-optical wavelengths. These correspond to peak blackbody
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temperatures of 1300 — 4300 K, making these imaging instruments suitable for de-
tecting NS reheating. As tabulated in Ref. [140], with 105 — 106 s of exposure, these
instruments could detect O(10%) K NSs that are within O(10) pc and O(10*) K NSs
within O(10% — 10?) pc. Here, we carry out a similar calculation for the forthcoming
ELT-MICADO and TMT-IRIS in order to make our study self-contained.

Assuming the NS to be a blackbody, the spectral flux density is given by

2hi® 1 Rv\®
. Ll 4.9
Jo=m ? exp(hv/kTy) —1 ( d ) (4.9)

often re-expressed in terms of the AB magnitude,

fv
= —-2.51 _— 4.1
mMAB 5logq (3631 Ty ) ( 0)

where R and d are the radius and distance of the NS respectively, and the factor
Rv/d is the angle subtended by the NS at a distant observer. We have neglected
extinction factors along the line of sight, which would introduce uncertainties of at
worst 10%, comparable to or smaller than distance uncertainties; see Ref. [140] for a

detailed discussion.
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Figure 4.3: Top: AB magnitude derived for neutron stars heated maximally by
kinetic and annihilation heating of dark matter to reach a temperature of 2500 K
(solid lines) and 10* K (dashed lines) for different radius and mass profiles. Bottom:
Predicted signal-to-noise ratio (SNR) from 1 < SNR < 5 versus total exposure time
for neutron stars at 50 pc (dashed lines) and 100 pc (solid lines), computed with the
MICADO ETC on ELT and the IRIS ETC on TMT. For ELT-MICADO we use the
J band for T, = 2500K, B band for T.g = 6000K, and U band for T.g = 10*K
to sample each blackbody peak. Note, that the J-band curve (To,x = 2500 K) lies
at exposure times > 10°s and is therefore omitted from the plotted range. For
TMT-IRIS, we use the Y-band filter—although it does not fall at the peak of the
6000 K or 10* K spectra, its wide bandwidth and high throughput still yield strong
photon counts and competitive sensitivities. All calculations assume a canonical
neutron-star radius of R = 10km and mass M = 1.5 M. Note that exposures much
longer than a few 107 s (~ yr) may be unrealistic, although this exposure time is
comparable to prior ultra deep field observations .
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Neglecting dithering and read-out pattern effects, the signal-to-noise ratio (SNR)

in the background-dominated regime may be approximated as

q)sigASNRtexp

SNR = ,
\/((I)bgASNR + Fnoise)texp

(4.11)

where ®g, and P, are signal and background fluxes, Agng is the SNR reference area
in the detector, and T is the non-sky noise rate. Thus, we expect tex, o< (SNR)?,
and using this in Eq. , we have the scaling ey, o< d*. In the left panel of
Fig. 4.3 we plot the AB magnitudes as a function of neutron-star distance for surface
temperatures of 2500 K (solid lines) and 10000 K (dashed lines), over a range of
mass—radius configurations. As expected from Egs. (4.9) and , mag X logd,
and more massive or larger stars appear brighter. In the right panel we plot the
signal-to—noise ratio versus total exposure time for neutron stars at fiducial distances
of 50 pc and 100 pc. For ELT-MICADO, we display only the 7" = 6000 K (B-band)
and T' = 10*K (U-band) curves, since at J-band the required exposure times exceed
10% s—well beyond practical limits. For TMT-IRIS, we show all three temperature
benchmarks (7' = 2500 K, 6000 K, and 10* K) using the Y-band filter. Although Y-
band does not coincide exactly with the spectral peaks of the higher-temperature
cases, its broad passband and high throughput still yield robust SNR estimates. This
choice provides a conservative, proof-of-concept sensitivity in the absence of B or U
filters in the current TMT-IRIS ETC. For the ELT, we set the source geometry to
be a point source with the source spectral type corresponding to the temperature
profile being considered, with a S/N reference area of 1 x 1 pixels at the Paranal
observation site at 2635 m, with a telescope diameter of 39 m, and we use the default

background model. Furthermore, we use typical values for air-mass of 1.50, pixel scale
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of 50 mas/pixel and seeing limited (FWHM= 07.8) adaptive optics mode. Similarly,
for TMT, we set the source geometry to be a point source, at a zenith angle of 0 in
good weather conditions, under the Imager mode configuration. In Fig. 4.3 we see
the scaling SNR o /Texp o d?. We also find the results consistent with Ref. [140].
Altogether, if the closest pulsar turns out to be no closer than 100 pc, the proposed
observations laid out in Figure[4.3|will be challenging and require hundreds of hours of
observation time. This proposal can be compared to the Hubble telescope campaign

that placed a bound on the temperature of J2144-3933 of 4 x 10* K [223].

4.4 Conclusion

The aim of this study is to initiate a robust search for neutron stars nearest to Earth.
A close enough NS would be a target for observing, among other things, novel late-
time reheating mechanisms, including those from the capture of dark matter. To this
end, we have attempted to refine the electron column density map in the solar vicinity,
in turn improving the accuracy of dispersion measure-driven distance estimates for
pulsars.

In particular, using parallax measurements of pulsar distances, we constructed
a simplified electron column density map. This revised map allowed us to pinpoint
promising nearby pulsar candidates that are ideal for follow-up parallax observations,
as summarized in the table in Figure 4.1 We have discussed how, especially in the
region of the Vela pulsar (Figure shows the map generated without this pulsar),
further pulsar distance measurements are necessary to overcome systematic uncer-
tainties in the electron column density.

We believe our map may offer a more accurate depiction of pulsar locations within
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the 1 kpc vicinity than the earlier NE2001 and YMW16 models, which had focused on
large-scale galactic DMs, and included a template fit to assumed locations of electron
over-densities and under-densities. In contrast, by only concentrating on the local
kpc, we provide a new estimate of the free electron column density. Looking forward,
more accurate estimates of distances to nearby NSs, such as those undertaken in
this study, are an essential step to begin fathoming some longstanding puzzles of
fundamental physics.

So far, in this thesis, we have discussed the dark matter-NS interactions and
possible observables for those interactions in the solar neighborhood (in this chapter)
and the galactic center (in the previous chapter). In the next chapter, we turn our

sights to observables of dark matter-NS interactions at extragalactic scales.

4.5 Supplementary Material

4.5.1 Pulsar properties

In this section, we collect details of pulsars used in this work. In Table are the

pulsars used to construct our electron column density map in Fig. 4.1 and Fig. [4.4]

Table 4.1: Pulsars used to construct our local electron column density map in
Fig. (and Fig. , along with their reported parallax, equatorial co-ordinate po-
sitions, dispersion measure, parallax distance, and YMW-based distance.

PSR PX RAJD | DECJD DM diSpX diSYMW

(mas) (deg) | deg) (em™ pe) (kpe) | (kpe)

J0030+0451 |2.910 £ 0.180| 7.61 4.86 4.33294 £ 0.00011 | 0.344 | 0.345

Continued on next page
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Table 4.1 — continued from previous page
PSR PX RAJD | DECJD DM dispx | disymw

(mas) (deg) | deg) (em™ pe) (kpe) | (kpe)

J0034-0721 0.930 £ 0.080| 8.54 ~7.36  110.92200 £ 0.00600| 1.075 | 0.996
J0323+3944 |1.051 £ 0.040| 50.86 39.75  26.18975 + 0.00093| 0.951 | 1.197
J0358+4-5413 | 0.910 £ 0.160| 59.72 54.22 |57.14200 £ 0.00030 | 1.099 | 1.594
J0437-4715 ]6.430 £ 0.040| 69.32 | —47.25 | 2.64476 £ 0.00007 | 0.156 | 0.156
J0613-0200 |1.010 £ 0.090| 93.43 -2.01 |38.77500 £ 0.00050| 0.990 | 1.024
J0630-2834 3.009 £ 0.409| 97.71 | —28.58 |34.42500 £ 0.00100| 0.332 | 2.069
J0659+1414 |3.470 £ 0.360 |1 04.95| 14.24 |13.94000 £ 0.09000| 0.288 | 0.159
J0737-3039A/B | 0.870 £ 0.140| 114.46 | -30.66 |48.91600 + 0.00200| 1.149 | 1.105
J0814+4-7429 |2.310 £ 0.040| 123.75 | 74.48 | 5.75066 + 0.00048 | 0.433 | 0.368
J0826+4-2637 |2.010 £ 0.013| 126.71 | 26.62 [19.47633 £+ 0.00018| 0.498 | 0.314
J0835-4510 |3.500 £ 0.200| 128.84 | -45.18 |67.77100 £ 0.00900 | 0.286 | 0.280
J09534-0755 |3.820 £ 0.070 | 148.29 7.93 2.96927 £ 0.00008 | 0.262 | 0.187
J10224-1001 |1.160 £ 0.080| 155.74 | 10.03 |10.25500 £ 0.00080| 0.862 | 0.834
J1024-0719 ]0.970 £ 0.130| 156.16 | —7.32 | 6.48640 £ 0.00020 | 1.031 | 0.382
J113641551 |2.687 £ 0.018| 174.01 | 15.85 | 4.84066 + 0.00034 | 0.372 | 0.414
J1239+4-2453 |1.160 £ 0.080| 189.92 | 24.90 | 9.25159 £ 0.00053 | 0.862 | 0.827
J13004+1240 |1.410 £ 0.080| 195.01 | 12.68 |10.16550 £ 0.00003 | 0.709 | 0.877

Continued on next page
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Table 4.1 — continued from previous page
PSR PX RAJD | DECJD DM dispx | disymw

(mas) (deg) | deg) (em™ pe) (kpe) | (kpe)
J1321+8323 |0.968 £+ 0.140| 200.44 | 83.39 |13.31624 + 0.00076| 1.033 | 0.977
J1456-6843 |2.200 £ 0.300| 224.00 | —68.73 | 8.61300 £ 0.00400 | 0.455 | 0.436
J1537+1155 |1.070 £ 0.090| 234.29 | 11.93 |11.61944 4+ 0.00002| 0.935 | 0.877
J1607-0032 0.934 £ 0.047| 241.80 | —0.54 |10.68230 £ 0.00010| 1.071 | 0.680
J1614-2230 |1.300 £ 0.200| 243.65 | —22.51 |34.48500 £ 0.00030| 0.769 | 1.394
J1723-2837 | 1.077 £ 0.054| 260.85 | —28.63 |19.68800 £ 0.01300| 0.929 | 0.720
J1730-2304 ]2.300 £ 0.200| 262.59 | —23.08 | 9.62570 £ 0.00050 | 0.435 | 0.512
J1744-1134  |2.610 £ 0.090| 266.12 | —11.58 | 3.13849 4+ 0.00012 | 0.383 | 0.148
J193241059 |2.770 £ 0.070| 293.06 | 10.99 | 3.18321 + 0.00016 | 0.361 | 0.229
J2018+2839 |1.030 £ 0.100| 304.52 | 28.67 |14.19770 4+ 0.00060| 0.971 | 0.959
J2048-1616 |1.050 £ 0.030| 312.15 | —16.28 |11.45600 £ 0.00500 | 0.952 | 0.775
J2124-3358 2.300 £ 0.200| 321.18 | —33.98 | 4.59540 £ 0.00030 | 0.435 | 0.360
J2144-3933 6.051 £ 0.560| 326.05 | —39.57 | 3.35000 £ 0.01000 | 0.165 | 0.289
J2145-0750 |1.600 £ 0.300| 326.46 | —7.84 | 9.00080 £ 0.00130 | 0.625 | 0.693
J2222-0137 3.723 £ 0.014| 335.52 | -1.62 | 3.28260 £ 0.00020 | 0.269 | 0.267
J22254+6535 |1.203 £ 0.204| 336.47 | 65.59 |36.44362 £ 0.00051| 0.831 | 1.881
J22344-0611 |1.050 £ 0.040 | 338.60 6.19 |10.76700 £ 0.00020| 0.952 | 0.854

Continued on next page
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Table 4.1 — continued from previous page
PSR PX RAJD | DECJD DM dispx | disymw

(mas) (deg) | deg) (em™ pe) (kpe) | (kpe)
J22344-0944 |1.300 £ 0.400 | 338.70 9.74 ]17.83230 £ 0.00020| 0.769 | 1.587
J2241-5236 | 0.960 £ 0.040 | 340.43 | —52.61 |11.41126 £ 0.00003 | 1.042 | 0.963
J231344253 |0.930 £ 0.070 | 348.29 | 42.89 |[17.27693 £+ 0.00033| 1.075 | 1.108
J2322-2650 |1.300 £ 0.200| 350.64 | —26.85 | 6.14906 £ 0.00013 | 0.769 | 0.760

4.5.2 Modified electron density map in galactocentric representation

In this section, we re-create Fig. with the region of interest now extended to 1.1

kpc. Here we see that extending the dataset to include pulsars with parallax out to

1.1 kpc does not substantially change the electron column density map.
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Figure 4.4: Map of the free electron column density (blue to yellow color bar) for
the extended region of 1.1kpc, created by fitting with a zeroth-order interpolation
of parallax distances to all pulsars with reported parallax measurements that are
within 1.1 kpc of Earth. These pulsars are displayed as white symbols, and have been
classified according to the ratio of their distance estimates from parallax (dispx)
and from the YMW16 model (disyyw). Possibly nearby pulsars that do not yet have
parallax measurements made on them are labeled “a”—“1" in the figure; their YMW16
predicted distances and 6DM (where available) are listed in Table

PSR DM DM disymMw Predicted

(pcem™3) | (pc em™3) | (kpc) | distance (kpc)
a. | JO7T11-6830 | 18.4096 0.02 0.106 | 0.078 & 0.004
b. | JO736—6304 19.4 — 0.104 | 0.082 £ 0.005
c. | J0834—60 20 6 0.095 | 0.084 £ 0.026
d. | J1057—5226 29.69 0.01 0.093 | 0.125+£0.007
e. | J1107—-5907 40.75 0.02 0.115 | 0.172 £ 0.010
f. | J1105—4353 45 — 0.127 | 0.190 £0.011
g. | J0924—-5814 57 — 0.107 | 0.242 £0.014
h. | J1016—5345 67 — 0.117 | 0.282+0.018
i. | J1000—5149 72.8 0.30 0.127 | 0.307 £0.018

Continued on next page
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Table |E| (continued): Distances for possibly nearby pulsars.

PSR DM DM disyMw Predicted
(pc em™3) | (pc em™3) | (kpc) | distance (kpc)
J1154—-1918 10.69 0.05 0.121 | 0.822 4+ 0.006
J1120—-2410 9.81 0.13 0.098 | 0.825 £+ 0.058
J0536—7543 18.6 0.127 | 1.093 £ 0.007

Table 4.2: Distances for possibly nearby pulsars without measured parallax, labeled
“a”—“1” in Fig. . YMW16 distances (disymw) and dispersion measures (DM) are
compared to our newly predicted distances from the revised n.(r) map. The column
0DM gives the difference between the measured DM and the DM implied by disynw-

Finally, in Fig.[4.5] we re-display pulsar positions from Figs.[4.1 & [4.4]in galactocentric

right-handed rectangular coordinates. Here, the X axis is directed toward the Galactic

Center, the Y axis spans longitude, and the Z axis spans latitude.
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Figure 4.5: Projected pulsar positions in Galactocentric rectangular coordinates. The
left column shows the (a) side-view (X-Y), (b) top-view (X-Z), and (c) front—view
(Y-Z) slices. Pulsars with reported parallax distances are classified according to the
ratio of their distance estimates from parallax and from the YMW16 model (shown by
white symbols), distpx /distpy, and nearby candidates without measured parallaxes
are marked by red labels “a”—“l.” The right-hand panels are zoomed in on the same
regions to highlight those labeled sources.
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Chapter 5

FRB Signatures of Dark Matter-Induced NS

Implosions in Extragalactic Hosts

The potential for dark matter accumulation to trigger gravitational collapse of NSs

into solar-mass black holes has been recognized since the late 1980s . Subsequent

research [7,34,[82//83]/105/[1291[131}[132,[167,[168/[270,273] has studied how dark-matter

transiting through a NS may undergo single or multiple scattering events with stellar

constituents, predominantly nucleons.

Dark matter
Capture

Thermalization Collapse

Figure 5.1: Dark-matter can scatter with and subsequently get captured by a NS.
Upon capture, the dark-matter begins to accumulate as it spirals towards the center
of the NS till it reaches M, after which it can collapse into a small BH.
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As shown in Fig. upon scattering (once or multiple times for heavier dark-
matter masses, see Ref. |[167]), the dark-matter particles subsequently lose their ki-
netic energy from repeated scattering with the NS medium, and proceed to sink to
the center of the NS, forming a compact core that can collapse into a small black hole.
In order to become a black hole, the accumulated, collapsed dark matter in the NS
must reach sufficient mass to overcome degeneracy pressure. Once the mass of this
dark-matter blob exceeds this critical mass, it can form a small (< 1071°M) black
hole that subsequently accumulates the host NS [11],33.80481].

Similar NS collapse events are possible through the capture of primordial black
holes (PBHs) that are hypothesized to have formed via early—universe density fluctu-
ations during the radiation domination era [21,/124]. As illustrated in Fig. , a PBH
traversing a NS can lose kinetic energy via a combination of dynamical friction, accre-
tion of nuclear matter, and gravitational wave emission, and become gravitationally
bound to the NS. Once captured, the PBH spirals inward, settling at the stellar core,
where it begins Bondi accretion of the surrounding stellar material. For PBHs masses
spanning 101-10%° GeV (or around ~ 1071 — 107*M,,), it has been hypothesized
that this capture and accretion mechanism can lead to complete destruction of the
host NS on timescales shorter than their typical lifespans [28].

Refs. [11] explored the possibility that these NS implosions could be the reason
behind the “missing pulsar problem” [274]. In particular, Ref. [11] identified some
dark-matter models that would be capable of causing such collapses and defined re-
gions of parameter space where dark-matter accumulation can deplete the pulsar
population in the galactic center. Later, it was proposed that during the neutron star

implosion event, the rapid expulsion of the NS magnetosphere during such a collapse
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PBH

Capture
o/ — — >

Collapse

Figure 5.2: A PBH passing through a NS can lose enough energy through interactions
with the dense stellar medium to become gravitationally bound to the star. Once
captured, the PBH would sink to the core of the NS and completely consume it from
within.
could generate a very short yet extremely bright radio flash matching what is expected
for a Fast Radio Bursts (FRBs) [12]. Discovered in 2007 [97], FRBs are millisecond-
long, high luminosity radio pulses of extragalactic origin, commonly associated with
NSs. Ref. detailed how the short burst durations, large luminosities, and high
brightness temperatures associated with FRBs could be caused by an imploding NS.
We visit this idea in more detail in this chapter by extending the dark-matter-induced
NS collapse predictions developed in [33], which presented galactocentric NS implo-
sion rates for a Milky Way-like galaxy. Here we extend that analysis to elliptical
and dwarf galaxies, and in addition develop a framework to predict the dispersion
measures (DMS)[l expected for NS implosion FRBs in extragalactic hosts.

For clarity, Table compiles the benchmark dark matter scenarios that are used

in this work, together with their key parameters and the observational signatures

L Attention: The abbreviation DM is used solely for dispersion measure (DM does not stand
for dark matter) in this chapter, and throughout this thesis.
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Table 5.1: Dark matter models and scenarios used in this work, with key parameters
and their associated astrophysical observables.

Scenarig Motivation Key Parameters Observable Signa-
ture
ADM1 | Asymmetric dark | t.p, /vy = 3 Gyr GeV | NS implosions — FRB
matter core collapse | em™ / (300 km/s) DMs
ADM2 | Asymmetric dark | t.p, /vy = 15 Gyr GeV | NS implosions — FRB
matter with slower | em™ / (300 km/s) DMs

collapse
PBHmax| Maximal primordial | 107 < my,, < | Rapid NS implosions
black hole capture 107100 — FRB DMs

that will be analyzed in the subsequent sections. Together, these scenarios illustrate
the breadth of dark matter candidates that NSs can probe, through catastrophic

implosions triggered by asymmetric dark matter or primordial black holes.

5.1 NS Implosions Induced by Dark Matter

Once a NS embedded in a local dark matter density p, has captured enough transiting
dark matter flux as described briefly in Sec. As described before, the maximum

dark matter accumulation rate is given by

My =T Px "R
Ux
GeV p 300 km/s
~ 7 x 107 X 5.1
710 S (Ge\//cm3) ( Uy, )’ (5.1)

where M and R are the NS’s mass and radius, and v,(r) is the velocity dispersion at
galactocentric radius 7.
In this work, we focus on asymmetric dark matter (ADM), motivated by the ob-

served similarity between the cosmic baryon density and the dark matter density,
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Qpm ~ 5, . This coincidence suggests that the mechanisms responsible for generat-
ing the baryon asymmetry and for setting the dark matter relic abundance may share
a common origin. In ADM models, a particle-antiparticle asymmetry is established
in the dark sector, analogous to the baryon asymmetry, so that the symmetric com-
ponent annihilates away, leaving only the asymmetric population. This framework
naturally favors dark matter masses in the GeV to tens of GeV range and strongly
suppresses present-day indirect detection signals. Nevertheless, ADM can accumu-
late efficiently in compact objects such as neutron stars, where it may eventually
reach a critical density and collapse into a black hole, destroying the host star. Such
implosions have been proposed as potential astrophysical signatures of ADM and as
candidate progenitors of fast radio bursts.

For heavy asymmetric dark matter, the critical mass of dark matter required
to form a small black hole is ML, ~ 7:1—% for dark fermions with mass m, [125],

and MP

crit

~ O.lQﬁZ—% for dark scalars with self-interaction potential V(¢) = A||*
[125,275]. In these models, the NS implodes shortly after accumulating a critical
mass of dark matter at time ¢, ~ M/, where this expression assumes all dark
matter passing through the NS is captured [33].

A number of follow-on studies have determined how NS implosion can be affected
by a number of factors [108], including the NS composition, particulars of dark mat-
ter’s interactions with nucleons, and even scattering with pasta phases in the NS
crust [168]. However, it is possible to study NSs imploded by dark matter without

committing to a particular set of assumptions about the interior composition of NSs
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and dark matter interaction models. Since the collapse time

the combination

GeV /em?
te PX _ constant x Gyr /

— 5.2
Uy 300km/s (5:2)

is independent of r. Following a convention begun in [33] we will refer to as
a normalized implosion time, which quantifies the integrated time in a fixed dark
matter background for NSs to implode. Hereafter, we will normalize this to a typical
dark matter density (GeV/cm?) and velocity dispersion (300 km/s). Then the value
of t.py /v, for a specific dark matter model can be determined by calculating the time
for dark matter with local density p, and relative velocity v, to implode a NS. In this

work, we focus on two benchmark values:

ADM 1 where t.p,/v, = 3.0 Gyr-GeV/cm?

ADM 2 where t.p, /vy, = 15.0 Gyr-GeV/cm? (5.3)

which we denote “ADM1” and “ADM?2” respectively [33]. In the ADMI case, a con-
siderably smaller amount of time is needed to trigger collapse, whereas ADM2 rep-
resents a more conservative capture efficiency, requiring five times more integrated
dark-matter flux before collapse. ADM1 has a normalized capture rate that is about

a factor of two away from a value constrained by pulsar J1738+0333 [126]. These
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two benchmarks then translate directly into different predicted neutron-star implo-

sion (and FRB) rates as a function of galactic dark-matter properties, as shown in

Figs. 53 54 & 55

5.1.1 Neutron star implosions from primordial black holes

As illustrated in Fig. |5.2] a PBH of mass mpy passing through a NS of mass M and
radius R, loses energy by dynamical friction and gravitational focusing [21}28]. The
energy lost per crossing is

4 G? M m? In A
Eloss = BH A4
‘o R? <2GALU%>’ (5.4)

where the Coulomb logarithm (InA/(2GM/R)) ~ 14.7 for a typical neutron star
density profile. This dimensionless factor encapsulates the degree of gravitational
focusing experienced by dark matter particles as they cross the NS’s potential well.
A PBH with initial kinetic energy K = %mBH v? is captured if Ej,s > K. If the

~Y

probability of getting captured in a single crossing is

3 Eloss
Pup(v) = 1= exp|~ | 5.5
() = 1—exp[- 27 (5.5
then the capture rate of PBHs by a NS takes the form [28§]
3Eloss
2GMR 1—Eﬂﬂ—m w}

Copn = V6T Pobh < ) QGMpbh X2 (5.6)

mpbh UX 1— R

where, again, for a typical NS profile (InA/(2GM/R)) ~ 14.7. Ref. [28] finds that

Cpbn peaks for PBH masses spanning ~ 10*-10*" GeV (or ~ 1071 — 10719M,).
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If we assume mpp, ~ 10% GeV and pppn = py (i.e. PBHs constitute all of the dark
matter), the resulting NS implosion rate is far too small to be observable in upcoming
astronomical surveys, however, we will include calculations of this rate alongside the

ADMI1 and ADM2 models for comparison.

5.2 NS implosion distributions in galaxies

We are now ready to set up a framework to predict the dark-matter-induced (along
with PBH capture-induced) NS implosion rates in galaxies, which will subsequently
be used for FRB studies, for each of the benchmark normalized implosion time models
shown in Eq. in spirals, ellipticals, and dwarfs. To do this, we follow a similar
recipe to that provided by Ref. [33], adapted to new dark-matter halo profiles and NS
distributions for each type of host galaxy, and also using an improved prescription
for the star formation rate.

For our Milky Way-equivalent spiral galaxy, we adopt a Navarro-Frenk-White
(NFW) dark matter halo density profile [76], characterized by a scale radius h =
10.94 £ 1.05kpc and central density p{pyw = 0.787 £ 0.037 GeV cm ™| resulting in a
local dark matter density po = 0.35940.017 GeV em ™. The neutron star distribution
in this spiral galaxy is modeled as a thin disk described by model 1E from Ref. [85],
and the total number of neutron star births is normalized to approximately 10° over
the galaxy’s lifetime as per Ref. [82]. We also assume a flat velocity profile of 300 km/s
for simplicity.ﬂ

For the early-type elliptical galaxy, we again use an NFW dark matter halo density

2We have chosen to use a flat velocity profile because we are aiming to match the dynamics of
galaxies in the » = 1 — 20 kpc region. We have also checked that this flat velocity assumption
does not markedly change our predictions, relative to using a more granular velocity distribution,
e.g. [79).
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profile but adopt parameters suitable for a massive elliptical system [276]: a virial
mass M, = 3.8 x 102 hoy My, a halo concentration ¢ = 9.5, and an effective radius
R, = 5.8 h-y kpc. We take the stellar component in our elliptical galaxy to follow a
profile with luminosity Lz = 4.1 x 10' h; Ly, stellar mass-to-light ratio T.p =28,
and a Sérsic index m = 3.7. The NS spatial distribution for elliptical galaxies is more
extended than that of spirals; thus, we choose model 1B from Ref. [85], which provides
a relatively flat radial profile and slower density decline appropriate for ellipticals. The
total neutron star population over the elliptical galaxy’s lifetime is also normalized
to approximately 10%, and the galaxy is assigned a flat velocity profile of 300 km /s.

Finally, for the dwarf galaxy scenario, we adopt a Burkert dark matter halo profile
reflecting typical dwarf galaxy structure [77]. Specifically, we use parameters drawn
from observations of the Leo T dwarf galaxy, as described in Ref. [78]. For this dwarf
galaxy, we adopt a stellar mass of approximately M, ~ 1.5 x 10° M. Assuming a
Kroupa-like IMF [277], about 1% of the stellar population is expected to be composed
of potential core-collapse progenitors (with initial masses exceeding 8 M), and given
a mean stellar mass of about 1.5 M, we estimate roughly 10 neutron stars forming in
the dwarf galaxy over its lifetime. We model the neutron star surface density using a
shallow distribution based on model 1E* from Ref. [85], truncating and renormalizing
the profile to match the dwarf galaxy parameters. The dwarf galaxy’s internal kine-
matics are represented by a flat velocity profile of 20 km/s. See Sec. and Sec.
for a discussion of the dark-matter halo density profiles and NS distributions for these
galaxies in more detail.

To describe the historic NS birth rate, we adopt the Beacom-Hopkins [278] model

of star formation for the past, up to the present peak at ¢t ~ 5 Gyr that transitions
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to an exponential decline thereafter. For cosmic time ¢, (in Gyr), the historic star

formation rate M*(t.) is

bt
hL t, <5,

. a’
M) = L (t/c) (5.7)
Ae7kte ¢ ¢, >5,

with best-fit parameters for t, < 5 Gyr:
a=0017, b=013Gyr ', ¢=33Gyr, d=53, h=07Gyr
and best-fit parameters for ¢, 2 5 Gyr:
A=03823 Gyr~!, k=02347Gyr ™, e=10""Gyr !

We rescale and normalize the star formation rate so that f013'8 M*(t,)dt = 1.

Here t, is the cosmic time at redshift z, obtained by integrating and subsequently

interpolating

dt = [Hon/Qun (1 + 2)3 4+ Qp] Hd2 (5.8)

with Planck 2018 parameters [2].
Armed with the star formation history, along with the NS distribution and dark
matter halo properties specified for each type of galaxy in Sec. & [2.5|respectively,

this determines the fraction of NSs at galactocentric radius r that have had sufficient
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time to collapse by the present cosmic age t, ~ 13.8 Gyr (as shown in Ref. [33])

fMaX[tu_tC(T)’O] M*(t ) dt

Foa(r) = = Jyr M(L,) dt

: (5.9)

where ¢, ~ 13.8 Gyr is the lifetime of the universe, and t.(r) is the collapse time
at radius r. We can similarly give the rate of NS implosions per unit galactocentric
radius r by

Uns tmp (1) = 2707 8(r) M* (ty, — t(r)). (5.10)

We can convert Eq. to a normalized probability density over radius

PADM; (Tz) X FBH(Ti)a

ZpADMLQ(Ti) =1 (5.11)

Using these discrete weights, we generate a sample of a thousand implosion events

for each model occurring at appropriately weighted radii:

ADM
T L2 pAD]\/[L2 (Tk) (512)
For the null hypothesis reference sample, we instead weight by the NS distribution in
each host galaxy Ypos(7%).
This procedure gives a prediction for the expected NS implosion distributions in

different types of host galaxies, as shown in Figs. |5.3
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Figure 5.3: Predicted rate for NS Implosion FRBs in kpc !Gyr™' (dark-
matter induced NS implosions) as a function of Galactic radius in our
dwarf-galaxy model. The dashed red curve (ADM1) corresponds to t.p,/v, =
3.0 Gyr GeV em ™ (300 kms™1) ™!, while the solid green curve (ADM2) uses t. p, /v, =
15 GyrGeVem™ (300 kms™!)~!. PBH,.x is a maximally NS-imploding model de-
scribed in [5.1.1] For visibility, the PBH curve has been augmented by 4 orders of
magnitude.
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Figure 5.4: Predicted rate for NS Implosion FRBs in kpc !Gyr~! as a function of

Galactic radius in our MW equivalent spiral galaxy. ADM1, ADM2 |, and PBH,,.
are defined exactly as described in Fig. [5.3
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Figure 5.5: Predicted rate for NS Implosion FRBs in kpc !Gyr~! as a function of

Galactic radius in our early-type elliptical model. ADM1, ADM2 |, and PBH,,,, are
defined exactly as described in Fig. [5.3

Some key points immediately jump out from the results of this analysis. Fig. [5.3
shows that in low-mass dwarfs, ADM2 collapses most of the NSs within the inner
kpc region, while PBH-induced implosions are negligibly rare. In MW equivalent
spirals, ADM1 yields a slowly rising NS implosion rate near r ~ 10 kpc, while ADM2
peaks around r ~ 4 kpc. PBH-induced implosions remain subdominant as evident in
Fig. Owing to the steep dark-matter halo profile coupled with a flatter NS dis-
tribution, we see that in the early-type elliptical galaxies, both ADM models predict
NS implosions spike sharply in the inner few kpcs as can be seen in Fig. [5.5, The
more efficient collapse model ADM2 confines the NS implosions to the inner ~ 10 kpc
region, while the slower ADM1 distributes them over a broader zone. Once again,

the PBH-induced implosion is scant and confined to the inner kpcs.
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Figure 5.6: Cumulative distribution functions for surviving NS for models
ADM1(orange) and ADM2(blue) in a low mass dwarf galaxy. The stellar CDF (green)
gives us a baseline corresponding to the NS birth /survival using the Beacom-Hopkins
SFH and NS distribution models described in the text. A 15-point mock data
set (black) drawn from the baseline stellar CDF represents a realistic FRB host-
localization sample for the low mass dwarf.

Fig. shows at a glance how dark-matter induced NS implosions reshape the
radial distribution of surviving NSs in a low-mass dwarf. Compared to the smooth
baseline stellar CDF (green curve), the ADMI1(orange) and ADM2(blue) survival
curves are indicative of the fact that only the more distant NSs(away from the dwarf’s
galactic center) remain. The sharper drop in the ADM2 curve compared to ADM1
demonstrates how a higher collapse efficiency confines the NS implosions to a smaller

radius.
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Figure 5.7: Cumulative distribution functions for surviving NS for models
ADMI(orange) and ADM2(blue) in a Milky Way-like spiral galaxy. The stellar
CDF(green) gives us a baseline corresponding to the NS birth/survival using the
Beacom-Hopkins SFH and NS distribution models described in the text. A 15-point
mock data set(black) drawn from the baseline stellar CDF represents a realistic FRB
host-localization sample for the MW equivalent spiral galaxies.

For the MW equivalent spiral, Fig. CDF's again reveal how dark-matter driven
NS collapses carve out the inner galaxy. The baseline stellar CDF(green) rises steadily,
reaching 50% of NSs by r ~ 8 kpc. Under the ADM1 scenario (orange), the survival
CDF is shifted outwards, and we see that only 50% of the NSs survive within r ~ 10
kpc, reflecting a moderate inner-galaxy depletion as compared to the more efficient

ADM2(blue) model that shifts the survival CDF further inward.
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Figure 5.8: Cumulative distribution functions for surviving NS for models
ADM1 (orange) and ADM2(blue) in an elliptical galaxy. The stellar CDF(green) gives
us a baseline corresponding to the NS birth /survival using the Beacom-Hopkins SFH
and NS distribution models described in the text. A 15-point mock data set(black)
drawn from the baseline stellar CDF represents a realistic FRB host-localization sam-
ple for early-type elliptical galaxies.

Fig. shows that the baseline stellar CDF(green) reaches 50% by r ~ 6 kpc.
Under ADM2(blue), the surviving NS CDF shifts outward, with its median at r ~ 8
kpc, indicating that efficient collapse removes most inner-core NSs, but still leaves a
sizable central population. In the slower ADM1 case(orange), the median surviving

radius moves further out to r ~ 12 kpc, showing that fewer NSs collapse at small 7.

5.3 Fast Radio Burst Signals

Fast Radio Bursts (FRBs) are high luminosity, millisecond-duration radio pulses with
large dispersive delays that imply extragalactic origin [97,101]. While their source of

origin is still unknown, a wide variety of progenitor models have been proposed for
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FRBs, ranging from magnetized NS collapses, accretion of black holes, starquakes of
compact stars to collision events, such as mergers of neutron stars (NS) with other
NS or black holes (BH) [99].

Ref. [102] presented a Monte Carlo-based population synthesis study of FRB dis-
persion and scattering, focusing on the catalog of sources detected by CHIME/FRB
[235]. Using this CHIME/FRB sample with redshift or localization proxies, they
showed that the bulk of observed DMs are consistent with a highly ionized inter-
galactic medium (IGM), but with a significant scatter attributable to host galaxy
environments and local circumburst medium. They model their local DM contribu-
tions as a log-normal distribution (O ~ 10?) based on the estimated local DM for
Galactic pulses modeled by Ref. [89]. The authors argued that any large outliers can
be accommodated by a dense host medium, and stressed that improved localizations
would tighten constraints on baryon distributions and FRB progenitor sites. Their
analysis, therefore, provides an empirical DM benchmark against which any exotic
contribution (e.g. dark-matter-induced NS implosions) must be compared.

Having predicted the NS implosion rates for the different type of galaxies, we can
now move to the next step wherein we propagate these through physically motivated
free-electron density maps for each host galaxy and to test where these distribu-
tions are localized against the null “NS distribution trace” hypothesis (assuming that
FRBs occur wherever NS are born/survive). This study then complements the work
done by Ref. [102], who constrained host contributions without a specific dark-matter

mechanism.



5.3. FAST RADIO BURST SIGNALS 124

5.3.1 Electron-Density Distributions in Extragalactic Hosts

To predict the contribution of the dispersion measure (DM) from dark-matter-induced
FRB events in external galaxies, we must adopt physically motivated models for the
free-electron density in these systems. Below we summarize three cases—(i) a Milky
Way-equivalent spiral, (ii) an early-type (elliptical) galaxy, and (iii) a low-mass dwarf
galaxy—each evaluated at z = 0 and illustrated in accompanying figures ~-pB.11]
Our Milky Way—equivalent spiral model follows the four-component prescription

from Ref. [89]:

nzpiral(R7 ¢7 Z) =n gl(R) SeChQ(Z/hl)
+ns g2(R) SeChQ(Z/}m)

+narms(Ra ¢7 Z) + TLGC(R, Z)

where nq, hy,g; and A; represent the thick disk components, ns, hs, go and As rep-
resent the thin disk components, and 7.5 and ngo represent the spiral arms and
galactic center components respectively. For a detailed explanation of these compo-
nents and the parameters within, we refer the reader to Ref. [89]

Figure |5.9| shows a free electron density map of such a spiral spanning from -20
kpc to 20 kpc in the disk plane. The spiral-arm ridges, inner-disk plateau, and the

thin central bulge are all visible.
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Figure 5.9: Electron density map for a MW-equivalent spiral galaxy over £20 kpc in
the disk plane. For clarity, we plot the 100-fold electron density values. The spiral-
arm ridges, dense inner-disk plateau, and the thin central bulge are all visible.

We model an early-type elliptical galaxy by down-scaling the spiral’s thick-disk
by a factor of +/10 while retaining its central bulge:
nP(r,y,2) = —n(z,y, ) + nae(ry,2) (513
e \/1_0 e Y ) Y 9
i.e. approximating to a puffed-up version of the spiral’s thick disk, giving a lower
overall amplitude, plus the same central bulge. Figure [5.10| presents the resulting
free electron density map of such an elliptical in the disk plane out to a radius of 20

kpc. Compared to the spiral, the elliptical’s central core now dominates, while the

extended disk declines more gradually with radius.
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Figure 5.10: Electron density map for an early-type elliptical galaxy over £20 kpc
in the disk plane. For clarity, we plot the 100-fold electron density values. Here, the
core is dominant, while the extended disk falls off more gently than in the spiral case.

Finally, we model a low-mass dwarf with a simple spherically symmetric n, profile:

ndwarf(,r7 Z) = nyg Sech2(2/0.8 kpC) exp[—(R/?) kpC)Q} 5

e

where ng = 0.066 and R = /22 + y2. Figure covers £5 kpc and shows the

modest central peak and rapid falloff expected in such systems.
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Figure 5.11: Electron density map for a low-mass dwarf galaxy with a simple spheri-
cally symmetric profile over 5 kpc in the disk plane. For clarity, we plot the 100-fold
electron density values.

Together, these three morphologies span the range of potential host-galaxy DM
contributions. In MW equivalent spirals, the combination of spiral arms and the thin
disk yield tens of pc ecm~2 along typical sightlines. Early-type ellipticals, by contrast,
exhibit a centrally concentrated core that dominates the DM, although a modest non-
zero value persists at larger galactocentric radii Finally, low mass dwarfs contribute
only a few pc cm™ even along the densest lines of sight. In Section , we will
incorporate these n. maps into Monte Carlo simulations of FRB DMs arising from
imploding NS populations, enabling a direct comparison of the signatures expected

in each type of galactic host.
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5.3.2 Dispersion Measure Maps

Utilizing the free-electron density maps of Sec. [5.3.1], we create two-dimensional maps
of the dispersion measure (DM) contributed by the distinct Galactic components for

each galaxy type. In each case,

DM(z,y) = / ne(z,y, z) dz, (5.14)

=0

where n.(x,y, z) is the free-electron density of the specified galactic component. All
DMs are quoted in units of pccm™3.

For a MW equivalent spiral:

20 kpc )
DMapira (1) = / PPy ) d, (5.15)
0

where nfP"al(z, y, 2) follows our four-component model defined in Eq. 5.13 The highest
DM (brightest region) occurs near (z,y) ~ (0,0), where sightlines traverse the dense
inner disk and tangent spiral arms. As we move radially outward, DM decreases
smoothly, approaching zero as x and y reach the 20 kpc mark.

For the Ellipsoidal-Halo Component:

20 kpc ]
DMellip<x> y) = / nilhp('ra Y, Z) dZ? (516)
0

where neliP(x. y, 2) is given by Eq. [5.13, The map covers 420 kpc centered on

e

the Galactic center. The DM values span ~ 50 pcem™® (deep purple/black) up

to ~ 300 pccm™® (bright white). It can be seen here that the DM distribution is
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Figure 5.12: Mid-plane dispersion measure (DM) map of a MW equivalent spiral

galaxy. Each point in the disk plane shows the integrated free-electron density along

2, yielding DM in pc cm 3.

nearly circularly symmetric, peaking at the origin and falling smoothly with increas-
ing galactocentric radius, reaching < 30 pcem ™ at the edges around 20 kpc.

The Dwarf-Galaxy component is modeled by:

5kpc
DMawart (%, y) = / ndverl (4 2)dz, (5.17)
0

dwarf

cwarl(r,y, z) is a compact, centrally concentrated dwarf-galaxy electron den-

where n
sity as shown in Eq. 5.14. The map spans from -5 kpc to 5 kpc in the Galactic
midplane, and the resultant integrated DM along z ranges from 10 pcem ™2 (dark

purple/black) in the sparser regions, up to 50 pcecm™ (bright white) in the denser

core.
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Figure 5.13: Mid-plane dispersion measure (DM) map of an early-type elliptical

galaxy. Each point in the disk plane shows the integrated free-electron density along

2, yielding DM in pc cm™3.
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Figure 5.14: Mid-plane dispersion measure (DM) map of a low-mass dwarf galaxy.

Each point in the disk plane shows the integrated free-electron density along z, yield-

ing DM in pc cm ™3,
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A nearly isotropic decline is observed in DM toward the outskirts of the dwarf.
Compared to the spiral disk or halo, the dwarf-galaxy contribution is confined to a few
kiloparsecs and is almost negligible outside its central region. Together, these maps
illustrate how distinct Galactic structures shape the observed dispersion measures

along different lines of sight.

5.3.3 Predicted DM Distributions for NS implosion FRBs

Having constructed the free-electron distributions for Milky Way-equivalent spirals,
early-type ellipticals, and low-mass dwarfs in Sec. we now incorporate those n.
maps into our Monte Carlo pipeline to predict DM distributions expected from dark
matter-induced NS implosions.

For each simulated implosion event at galactocentric radius r; along our chosen

reference slice y = 0, we compute the host contribution

DMpost (1) = /ne(x =rg,y=0,2)dz (5.18)

directly from the host maps as represented in Fig. [5.15]

To account for small-scale fluctuations due to features like H II regions or super-
nova remnants in the FRB’s immediate environment, we add a stochastic contribution
D Meq, drawn from a log-normal distribution truncated at 20 , following the method-
ology of Cordes & Lazio’s NE2001 model and its extension in recent FRB population
studies [89,/102]

DMpcal ~ log V(i = 0.18,0 = 1.09). (5.19)
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Figure 5.15: Geometry for dispersion measure (DM) integration. The host galaxy is
oriented with disk plane in the XY plane, where y=0, and the observer is located
in the Z direction. The line-of-sight path (red arrow) is integrated through the host
electron density distribution n.(R, z), yielding Eq. .

Then the total DM becomes
DMtotal - DMhost (Tk) + DMlocal (520)

Now we can generate probability density functions of DM for each host mor-
phology under our two benchmark asymmetric dark matter models ADM1 and ADM2,
as well as a null hypothesis in which FRBs simply trace the underlying NS distribu-
tion. Figs.[5.16][5.17 & [5.18| display the PDF's for the total DM distributions expected

for a low-mass dwarf, MW equivalent spiral, and an early-type elliptical host respec-

tively.



5.3. FAST RADIO BURST SIGNALS 133

— ADM1
— ADM2
— NS ditr

NS Implosion Probability Density

DM (pc cm”-3)

Figure 5.16: Probability density of a low-mass dwarf host-galaxy dispersion mea-
sures for NS implosions under two distinct asymmetric dark matter models namely
ADM!1 (orange) and ADM2(blue), defined by t.p. /v, = 3 & 15 Gyr GeV/em—3/(300
km/s). These are compared against the hypothesis that NS implosion FRBs simply
trace the underlying NS population (green).
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Figure 5.17: Probability density of a MW equivalent spiral host-galaxy dispersion
measures for NS implosions under ADM1(orange) and ADM2(blue). These are com-
pared against the hypothesis that NS implosion FRBs simply trace the underlying
NS population (green).
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Figure 5.18: Probability density of an early-type elliptical host-galaxy dispersion mea-
sures for NS implosions under ADM1 (orange) and ADM2(blue). These are compared
against the hypothesis that NS implosion FRBs simply trace the underlying NS pop-

ulation (green).

Looking at these plots closely, it is of interest to note that ADM2 generally pro-

duces DM distributions more closely aligned with the baseline NS case. We shall

return to address the importance of this find in the next section.

Our implosion rate predictions are subject to several systematic uncertainties that

may affect both the normalization and shape of the predicted FRB dispersion-measure

distributions. These include:

1. Electron density models: Variations in the assumed host-galaxy n, distribu-

tion (e.g. scale heights, spiral-arm geometry, or clumping) can shift the predicted

DM probability distributions.

2. Neutron star population modeling: Uncertainties in the NS birth distribu-

tion, natal kick velocities, and survival fractions affect the baseline CDFs used
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in our KS tests. Different star-formation histories or compact-object migration

scenarios may introduce biases.

3. FRB detection and selection:Instrumental thresholds, sky coverage, and

localization fractions influence which bursts are included in our comparisons.

4. Dark matter capture physics: The scaling of implosion timescales t.p, /v,
depends on halo profile assumptions (cored versus cusped), and local dark mat-
ter velocity dispersions. Primordial black hole capture rates likewise depend

sensitively on halo structure and encounter dynamics.

While our benchmark ADM1, ADM2, and PBHmax models bracket plausible ex-
tremes, these systematic uncertainties highlight that our results should be interpreted
as forecasts rather than definitive exclusions. Future refinements to halo modeling,
electron density maps, and FRB catalog completeness will be crucial to sharpen con-

straints on dark matter—induced neutron star implosions.

5.4 Conclusions

In this chapter, we have demonstrated how dark matter-induced NS implosions im-
print distinctive DMs on the resulting FRBs. By folding detailed host-galaxy free-
electron density maps through our implosion-rate models, we find that spiral galaxies
yield broad, extended DM distributions, as shown in Fig. |5.17, while ellipticals, as
displayed in Fig. [5.18] produce a more centrally dominated DM distribution. Dwarfs,

on the other hand, show the least variation from the null model as evident in Fig.|5.16]
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Figure 5.19: CDFs of predicted DM for NS implosion models ADM1(orange) and
ADM2(blue), along with the predicted DM for NS distribution for the low mass
dwarf(green). Note that ADM1 and ADM2 are defined the same way as in Fig. [5.3
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Figure 5.20: CDFs of predicted DM for NS implosion models ADM]1(orange) and
ADM2(blue), along with the predicted DM for NS distribution for the MW equivalent
spiral(green). Note that ADM1 and ADM2 are defined the same way as in Fig. m
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Figure 5.21: CDFs of predicted DM for NS implosion models ADM1(orange) and
ADM2(blue), along with the predicted DM for NS distribution for the early-type
elliptical(green). Note that ADM1 and ADM2 are defined the same way as in Fig. m

Understanding which dark matter scenarios align with or deviate from the stan-
dard NS distribution is crucial for designing FRB surveys and assessing how many
localizations would be required to uncover or rule out specific implosion mechanisms.

We have already seen the PDF's for the DMs created by a standard NS distribution
alongside ADM1 and ADM2 are shown in Figs. [5.16}5.18, The corresponding CDFs
(Figs. show that the ADM2 model generally coincides more closely with the
NS distributions for the host galaxy. This indicates that it may be more challenging to
discriminate a dark matter-induced FRB population from ordinary NS bursts purely
using their DM distributions. In particular, since ADM2 produces a DM distribution
that more closely tracks the underlying NS density, it would be hard to tell the FRBs
apart from the host’s pulsar population unless we have a larger sample of FRBs for
said host. By contrast, models, like ADM1 in spirals, whose CDF's diverge markedly

from the NS baseline, probably are easier to discriminate from the NS distribution
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model, with fewer DM events.

Having presented the PDF's for each host morphology, we now use the cumulative
distribution functions to quantify the statistical separation between implosion models
and the baseline NS population, both in the case that our data provides a galacto-
centric radius for FRB events (Figures [5.615.8), and for the case that we have DM
data for the FRBs (Figures 5.21)).

To quantify the data required to test ADM1 and ADM2 against the standard NS
distribution, we apply a Kolmogorov-Smirnov (KS) test. The KS test tells us how
likely it is that we would see two sets of data samples if they were drawn from the
same probability distribution [279], by quantifying a distance between the baseline
(here our NS distribution) and the CDF of the reference (here our ADM model).
We first calculated the distance D5, which is simply the largest vertical difference
between two CDFs. To decide how many events n are needed to distinguish these
distributions at the 95% confidence level, we compare this distance against Dg o5(n),
a function which is the critical K-S distance at the 95% confidence level. Note,
that unless otherwise stated, KS tests are performed at a two-sample significance
level & = 0.05. Required sample sizes quoted in the figures correspond to 2 80%
statistical power, estimated via 10* Monte Carlo mock draws under the competing
hypotheses (ADM vs. stellar baseline).

For the galactocentric distribution CDFs (Figures , specifically for the
MW-like CDF's, we find that ~ 12 events are required to distinguish ADM1 from the
standard NS distribution, and ~ 20 events are required to distinguish ADM2 from

the standard NS distribution.
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For the DM distribution CDF's (Figures , specifically for DMs from MW-
like CDFs, we find that at least 15 events are required to distinguish ADM1 from the
standard NS distribution, and at least 20 events are required to distinguish ADM2
from the standard NS distribution.

So in general, we have found that around 12 localized FRBs per galaxy type are
required to begin distinguishing between ADM1 and the null hypothesis (standard
NS distribution) at a 95% confidence level. In contrast, the number of DM events
required to distinguish the null hypothesis from ADM1 in a MW-like galaxy is ~ 15.
However, we note that the DM mock data as utilized above would require appropri-
ately subtracting off the IGM component of the DM to extract only the DM from the
host galaxy and the Milky Way. Such a procedure could be pursued and quantified

in follow-on work.
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Chapter 6

Summary and Future Work

6.1 Summary

In this thesis, we have investigated the detection of dark matter using neutron stars
through multiple mechanisms. For certain models of dark matter, we can expect
capture and accumulation of the dark matter particles inside neutron stars, leading
to several observable effects.

It is useful to summarize the benchmark dark matter scenarios explored in this the-
sis. Throughout Chapters 2-5 we examined asymmetric dark matter models with
differing implosion timescales (ADM1 and ADM?2), a maximal primordial black hole
capture scenario (PBHmax), inelastic dark matter with exterior annihilations, and
generic dark matter-nucleon scattering producing neutron star heating. Table 6.1
recaps these scenarios and highlights their primary observational probes. Future
work should extend these studies by combining larger fast radio burst samples with
improved localization, targeted searches for infrared emission from nearby neutron
stars, and continued development of theoretical models for dark matter capture and

implosion. In particular, resolving the systematics of electron density maps and the
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Table 6.1: Dark matter scenarios explored in this thesis and their main observational
probes.

Scenario Primary Observable

ADM1 / ADM2 NS implosions traced in FRB dispersion measures
PBHmax Rapid NS implosions and associated FRBs

Inelastic dark matter ~-ray and neutrino signals from exterior annihilation
Dark matter-nucleon scattering | Infrared emission from nearby old NSs

potential role of dark-matter-admixed neutron stars will be essential for sharpening
these constraints.

After briefly introducing the pertinent physics in Chapter [2| we present the first
study of inelastic dark matter annihilating outside NSs in Chapter [3, which discusses
an effect that arises when upon being captured, the dark matter particles are unable
to fully thermalize with the NS due to inelastic kinematics. In fact, if elastic interac-
tions are sufficiently suppressed relative to the inelastic channel, a fraction of the dark
matter remains in long-lived orbits extending beyond the stellar volume. This effect
is most pronounced for inelastic mass splittings in the range om ~ 45 — 285 MeV,
for which a sizable portion of the captured dark-matter population can annihilate
outside the neutron star. We derived a model-independent expression for the exte-
rior annihilation rate as a function of the interstate mass splitting dm, and focused
on the NS population in the galactic center, where the dark-matter halo density is
maximized and NS-focused annihilation can dominate over halo annihilation. From
this, we computed the expected ~-ray and neutrino fluxes for various annihilation
channels.

To obtain current constraints, our procedure for setting the H.E.S.S. bound conserva-
tively required the ~-ray flux from dark matter annihilation to exceed the total v-ray

flux from the Galactic Center, with the hope that future analyses may improve on
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this method and find a stronger bound. We also computed the sensitivity of next-
generation observatories to this signal. Depending on the annihilation channel, as
well as the assumed dark matter and NS distributions, future neutrino and ~-ray
telescopes could reach inelastic cross-sections as low as ~ 2 x 107%" cm?. For a cuspy
generalized NFW dark-matter profile motivated by adiabatic contraction studies, and
various NS distributions, we have placed constraints based on H.E.S.S. Galactic Cen-
ter observations on the inelastic dark matter-nucleon cross-section that can reach
down to ~ 3 x 107%6 cm? in the case of direct annihilation to photons, for dark mat-
ter masses ranging 102 — 10° GeV. This chapter, therefore, demonstrated that NSs
in dense dark-matter environments can probe inelastic dark-matter models across a
mass range that spans ~10 orders of magnitude. For these models, nuclear scattering
in direct detection experiments is either kinematically forbidden or has a minuscule
rate, potentially making NSs the only viable probe.

While Chapter [3| focused on the NS distribution as a whole, Chapter [] shows that
even individual NSs are indeed excellent targets for observing dark-matter annihila-
tion effects. Indeed, a nearby NS serves as an ideal target for late-time reheating
searches, such as those induced by dark-matter capture, albeit precise distances are
required. To this end, we have refined the local (r < 1 kpc) free—electron den-
sity map using pulsar parallax measurements, yielding improved dispersion-measure
(DM)-based distance estimates in Chapter [

This work was motivated by the fact that the current electron column density
models, like YMW16 and NE2001, are trained to match the electron column density
over kpc scales in the Milky Way, but lack accuracy in regions closer to Earth. So, in

our quest to find the nearest NS, we introduced a new, local kiloparsec electron density



6.1. SUMMARY 143

map shown in Fig. [£.1 This revised map allowed us to pinpoint promising nearby
pulsar candidates that are ideal for follow-up parallax observations, as summarized
in the table in Figure [4.1, We further motivated better pulsar distance estimates by
showing that the upcoming telescopes like the ELT and TMT, with the capability
to image in infrared to far-optical wavelengths, could detect a dark matter-kinetic or
annihilation heated NS with exposure times of order ~ 10% — 10® seconds.

In Chapter [5, we turned to extragalactic phenomena possibly associated with
NSs. We explore the idea that some fast radio bursts could originate as the NS
explosively sheds its magnetosphere upon implosion triggered by dark matter accu-
mulation. We examined this scenario in three representative host galaxy environ-
ments—Milky Way—like spirals, early-type ellipticals, and low-mass dwarfs. Starting
from physically motivated dark matter halo profiles, NS spatial distributions, and
star-formation history, we derived both, the cumulative implosion fraction Fgy(r) and
the present-epoch implosion rate I'vg mp(7) as functions of galactocentric radius. By
folding these weightings through detailed free-electron density models (nSPiral  peli,
and ndv@f) (plus a log-normal local dark-matter component), we generated Monte
Carlo realizations of the total host-galaxy DM distribution under two benchmark
asymmetric dark-matter (ADM) scenarios. In spirals, the resulting DM distributions
are broad, peaking around 50 — 60 pc cm~2 and extending into high DM tails, as ev-
ident from Figs. & [-201 Ellipticals produce a more core-dominated distribution
of DMs that cluster near 60 pc cm~3, reflecting the centrally concentrated collapse of
NS in these older systems as shown in Figs. & [5.21] Dwarf galaxies, which host
3

far fewer NS and lower dark matter densities, yield minimal DMs of a few pc cm™

along most lines of sight. This particular study, as a whole, thus shines a light on
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the possibility of dark-matter-induced NS implosions being the origin story behind
FRBs.

6.2 Future Work

Building on this thesis, there are several extensions that would be interesting to ex-
plore. While we focused on a dark-photon-mediated inelastic model in Chapter |3 it
would be equally valuable to embed other concrete inelastic dark-matter models (e.g.
supersymmetric neutralinos, magnetic inelastic dark matter), complete with their
specific mediator masses and coupling strengths, into the exterior annihilation frame-
work. Doing so would translate our model-independent flux estimates into detailed
model-dependent v-ray and neutrino spectra, thereby enabling tighter constraints on
each candidate’s parameter space.

The future work for nearby pulsars is straightforward: the candidates we have
identified should have their parallaxes measured, so that the nearest neutron star to
Earth can be firmly established.

In Chapter |5| we developed the FRB dispersion measure analysis for spiral, ellip-
tical, and dwarf hosts. A valuable refinement would be to sample a broader range
of halo masses and galaxy morphologies to quantify how dark-matter-induced NS
implosion FRB signatures vary with host mass, concentration, and shape. Another
compelling direction would be to augment the FRB dispersion measure analysis with
a parallel search for gravitational wave (GW) counterparts to dark-matter-induced
NS implosions. For instance, if we consider a collapse scenario where a self-gravitating
dark-matter core inside the star exceeds its own Chandrasekhar limit and collapses

nearly spherically, we might expect a resultant short, high-frequency gravitational
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wave burst.

By correlating the predicted dispersion measure of a simulated burst with its
corresponding gravitational wave signature, we might collect a catalogue of paired
radio and gravitational predictions for dark-matter-induced implosions. This dual
catalog would lend itself to a coincident search strategy: one could scan wide-field
FRB surveys (e.g. CHIME/FRB, SKA) for high dispersion events and, in parallel,
examine the gravitational wave detector data (e.g. Advanced LIGO-Virgo-KAGRA)
for temporally and spatially aligned signals within the appropriate frequency bands,

and test this complete dataset against dark matter models.
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