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Abstract

This thesis investigates new signatures of heavy and composite dark matter models
in both astrophysical objects and underground experiments. The first two chapters
are dedicated to heavy dark matter phenomenology in compact stars: white dwarfs
and neutron stars. The high density of these objects makes them prime targets for
pushing the frontier of dark matter detection. We first explore how dark matter ac-
cumulation can lead to Type-Ia supernova explosions in white dwarfs, and what the
overall timescale is for this ignition mechanism to proceed. The existence of massive
white dwarfs that have not exploded then implies constraints on dark matter inter-
actions with nuclei and electrons. In particular, we map these constraints to specific
dark photon and Higgs portal models to illustrate their reach. We then proceed to
show how the thermal evolution of old neutron stars can place leading bounds on dark
matter interactions with nucleons, based on the additional energy from dark matter
scattering and annihilation in their crusts. We also argue that neutron stars might
be the only feasible way to detect inelastic dark matter with large mass splittings,
such as the supersymmetric Higgsino. The third and final chapter, is devoted to new
signatures of heavy composite dark matter states at both celestial objects and under-
ground experiments. We show how a simple composite model with Yukawa couplings

to the Standard Model can be detectable through the ionization tracks they would



produce at direct detection experiments, as well as thermal radiation and induced
nuclear reactions at neutrino observatories. Remarkably, these signatures arise even
for extremely weak couplings, below any existing experimental or astrophysical con-
straints. We also discuss how these composite states could explode white dwarfs upon

transit, or substantially heat planets as they accumulate in their core.
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Chapter 1

Introduction

For decades now, it has been established that the majority of the matter content
of the Universe is made of an invisible substance that does not absorb nor emit
light, dark matter [1]. Tts existence is inferred from the gravitational interactions
it has with visible matter: as early as the 1940s, the motion of galaxies in large
clusters could only be explained by large amounts of undetected mass that provided
additional gravitational binding. Later on, measurements of galaxy rotation curves
indicated the presence of non-luminous matter within galaxies, which vastly surpassed
the amount of visible mass they contained. Gravitational lensing in clusters have
further supported the existence of dark matter. Finally, observations of the large-
scale structure, and the fluctuations Cosmic Microwave Background, cemented the
dark matter paradigm. Today, the dark matter abundance is estimated to be in an
approximate 5:1 ratio relative to its visible counterpart.

Although theories of modified gravity also attempted to explain these phenomena,
such models never successfully accounted for all the observations. Their most signif-
icant failures are the observed fluctuations in the Cosmic Microwave Background,

which cannot be accounted for without introducing some form of dark matter, and
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the dynamics of the Bullet Cluster: a collision of galaxy clusters that, through gravita-
tional lensing measurements of background objects, reveals a clear separation between
its visible matter, in the form of x-ray emitting gas, and the total mass content re-
sponsible for the lensing, favouring the presence of large amounts of non-luminous
matter. Moreover, there are significant reasons to assume that the matter content of
the Universe goes beyond ordinary nuclei and electrons, which fall within the Standard
Model of particle physics. Several unsolved issues of the Standard Model indicate the
need for new physics, such as the strong charge-parity (CP) problem, the generation
of neutrino masses, the origin of the matter-antimatter asymmetry, and the hierarchy
problem. On the other hand, the particles that are currently known cannot account
for all the dark matter content. At present, the only Standard Model particle that
is massive, neutral and stable is the neutrino, however this particle species is too
fast to explain the dark matter structures observed in the Universe. It is reasonable
then to assume that dark matter must be predominantly composed of one or more
undiscovered particles, and has non-gravitational interactions with the visible sector

as well as potentially with itself.

1.1 The Quest for Dark Matter

Although a large amount of evidence pointing at the existence of dark matter has
been collected, still very little is known about its most fundamental properties, such
as mass, cosmological origin and non-gravitational interactions [2]. The discovery of
dark matter, and its ultimate impact on the evolution of our Universe, has become
one of the most pressing challenges of modern physics.

A myriad of dark matter models have been proposed to address this problem, and
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they can be classified in several ways. In terms of production, dark matter could be
a thermal relic, initially in thermal equilibrium with the primordial bath of Standard
Model particles, but later froze-out as the Universe expanded [3, 4, 5, 6]; or it could
have been slowly produced by decays or annihilation of Standard Model particles in
a freeze-in scenario [7, 8, 9, 10, 11]. Freeze-out, for example, could have occurred in
the presence of an asymmetry between dark particle and antiparticle states, leading
to asymmetric dark matter. This asymmetry could share a common origin with
the baryon asymmetry in the early Universe [12, 13]. Alternatively, both particle
and antiparticle states could be in equal abundance, in a symmetric dark matter
scenario. Other production mechanisms such as phase transitions [14, 15, 16, 17]
or gravitational production [18, 19] also remain open. At the end of production,
dark matter could be a fundamental particle, or a larger composite object, in similar
way to nucleons, nuclei and atoms being bound states of smaller constituents [20].
The non-gravitational couplings of dark matter with the Standard Model could be
realized through known interactions, like the weak force, or could be mediated by
new particles, the so-called “hidden-sector” dark matter theories, see e.g. [21] and
references therein.

Perhaps most remarkably of all, the mass range of potential candidates spans al-
most a hundred orders of magnitude, ranging from ultra-light bosons that collectively
behave as waves within galaxies, to weakly interacting massive particles at the elec-
troweak scale, to black holes of primordial origin with masses far heavier than the
Sun. For this thesis, we will primarily focus on heavy dark matter which, roughly
speaking, can be considered to have masses of order = 10 - 100 TeV, above the ex-

isting production reach of the largest particle accelerators and unitarity limits for
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dark matter annihilation in the early universe. As we discuss here, the latter can be
overcome in several ways.

Because of this large disparity in the masses of viable candidates, a gigantic ex-
perimental effort is required to constrain, discover, or rule out, all the different dark
matter theories. A comprehensive review of all the detection strategies would be out
of scope. Instead, we limit ourselves to provide a brief overview on various dark mat-
ter detection methods that are underway or planned. Below, we discuss the progress
and challenges of searches both in terrestrial experiments as well as searches using

astrophysical systems as probes for dark matter.

1.2 Terrestrial Searches

A plethora of detectors have been designed, constructed and operated to look for
various dark matter candidates. Direct detection experiments, defined as those that
look for dark matter interacting against some target material, are at the vanguard of
sensitivity [22]. Although initially these experiments were primarily commissioned to
look for the well-motivated weakly interacting massive particles, the mass range of
their searches has been significantly expanded.

In particular, deep underground detectors based on liquid noble elements, such as
the XENON Dark Matter Search (XENON-1T) [23, 24, 25|, the Dark matter Exper-
iment with Argon and Pulse-shape discrimination (DEAP-3600) [26, 27], the Large
Underground Xenon Experiment (LUX) [28, 29, 30], the Particle and Astrophysical

Xenon Detector (PandaX) [31, 32], and the Depleted Argon cryogenic Scintillation
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and Ionization Detection (DarkSide-50) [33], have probed extremely small cross sec-
tions in a wide dark matter mass range. The next-generation of some of these exper-
iments is already underway, and will likely probe cross sections comparable to that
of neutrino-nucleus scattering, i.e. the so-called neutrino floor [34, 35]. These exper-
iments, however, are limited in the low mass range, for which transiting dark matter
particles cannot impart enough energy and momentum to be detected. For such light
masses, instead, detectors based on dark matter exciting low-energy collective modes
in condensed matter systems, such as the Super Cryogenic Dark Matter Search (Su-
perCDMS) [36, 37, 38] and the Cryogenic Rare Event Search with Superconducting
Thermometers (CRESST) [39, 40, 41], dominate in sensitivity, and several additional
proposals are actively being designed and tested. Other interesting detection meth-
ods, that utilize advances in quantum metrology, have recently surfaced. For example,
the Windchime project aims at observing the transit of ultra-heavy dark matter par-
ticles via their gravitational interactions triggering a large array of accelerometers
[42].

Additionally, particle colliders, such as the Large Hadron Collider (LHC) [43], and
fixed-target experiments, like the planned Light Dark Matter Experiment (LDMX)
[44, 45], significantly contribute to the quest for dark matter. For instance, dark
matter could be produced by the decay of particles like the Higgs boson in high
energy collisions, and the reconstruction of missing momenta in these collisions can
pinpoint these invisible decays [46, 47, 48]. Other searches with jets and visible recoils

have also been extensively discussed in the literature, see e.g. [49, 50].
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1.3 Astrophysical and Cosmological Searches

Several collaborations have searched for indirect dark matter signals in astrophysical
systems and cosmological observables, complementing the searches discussed above
[51, 52]. In fact, indirect detection may be the only feasible way to discover heavier
dark matter candidates. Experiments that search for direct interactions of dark mat-
ter with their target material are ultimately limited by the overall flux of dark matter
passing through them, whereas production in particle accelerators is limited by their
total energy.

Dark matter could annihilate or decay to high-energy photons, neutrinos or charged
cosmic rays, and a plethora of collaborations are actively looking for these signals
with ground- and space-based detectors. To name a few, observatories like the X-
ray Multi-Mirror Mission (XMM-Newton) [53, 54, 55], the International Gamma-ray
Astrophysics Laboratory (INTEGRAL) [56, 57, 58], the Imaging Compton Telescope
(COMPTEL) [59, 60] and the Fermi Large Area Telescope (Fermi-LAT) [61, 62, 63]
have extensively searched for diffuse x-ray and gamma-ray signals from dark matter;
experiments like Super-Kamiokande [64, 65|, IceCube [66, 67, 68, 69], and the As-
tronomy with a Neutrino Telescope and Abyss Environmental Research (ANTARES)
(70, 71, 72] have performed searches for neutrino signals; and the Payload for Anti-
Matter Matter Exploration and Light-Nuclei Astrophysics (PAMELA) [73, 74] as
well as the Alpha Magnetic Spectrometer (AMS-02) [75, 76] detectors have probed
dark matter signals in the form of antimatter cosmic rays. In fact, numerous ex-
cesses, potentially associated with dark matter, have been reported and are still ac-
tively investigated [77]. Gravitational wave observatories like the Laser Interferometer

Gravitational-wave Observatory (LIGO) and the Virgo Experiment [78, 79, 80] have
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also opened up new searches for dark matter, such as mergers of dark compact objects
or primordial black holes. With more precise instruments devised for the future, it is
likely that some of these searches will soon make new breakthroughs.

The new era of precision cosmology we have entered has also allowed to look for
tiny dark matter imprints in various observables. The decay or annihilation of dark
matter could produce spectral distortions, or alter the anisotropies of the Cosmic
Microwave Background, potentially detectable with instruments like Planck [81, 82,
83] or the planned Primordial Inflation Explorer (PIXIE) [84]. Large-scale surveys,
such as the Dark Energy Survey (DES) [85], can test our models of how structures
of dark matter form in the early universe. In the near future, the redshifted 21-cm
line of neutral hydrogen will allow us to probe dark matter interactions with baryonic
matter during the cosmic dawn. Radio interferometers like the Hydrogen Epoch of
Reionization Array (HERA) [86], the Murchinson Widefield Array (MWA) [87], or the
Square Kilometer Array (SKA) [88, 89|, promise to open a new observation window
into this epoch.

Finally, all the above searches are overlapped with an increasing amount of re-
search into the potential impact of dark matter on celestial objects: planets, brown
dwarfs, main-sequence and red giant stars, white dwarfs and neutron stars all could
capture dark matter in their interiors. This would lead to a variety of signatures, such
as substantial heating through the deposition of kinetic energy by dark matter parti-
cles, stellar transients, or even the implosion of these objects from dark matter-made
black holes in their interior. An overview of these search strategies can be found in
e.g. [90, 51] (see also the various references cited throughout this document). The

constraints on dark matter inferred from measuring the various properties of these
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astrophysical probes are, at times, competitive or even more stringent than direct

detection experiments.

1.4 Structure of this Thesis

In this thesis, we will review new signatures of dark matter in compact stars as well
as underground experiments. The first two chapters are dedicated to (mostly) heavy
dark matter signatures in white dwarfs and neutron stars. We show how the high
density of these objects allows for substantial capture of dark matter in their interiors.
Even for small cross sections between the dark matter and Standard Model particles,
dark matter capture in these objects could result in high-energy signatures: white
dwarfs may explode as Type-la supernovae from dark matter accumulation, and old
neutron stars may become anomalously hot from the dark matter that constantly
falls onto them at semi-relativistic speeds. As we argue here, such phenomenology
has the potential to either be detected in the near future, or else place competitive
constraints on dark matter interactions with the visible sector. In the third and final
chapter, we review novel composite dark matter signatures that have been recently
uncovered. This new phenomenology manifests when the attractive force that bounds
dark matter particles together is also coupled to Standard Model nuclei. Composite
dark matter states that are heavy enough source an attractive force so strong that,
upon transiting matter, could recoil nuclei to high energies. We show how this effect
has optimistic detection prospects at direct detection experiments and large neutrino
observatories, as well as discuss its implications for astrophysical systems.
Throughout this document, unless otherwise specified, we employ natural units

whereby the speed of light (¢), the reduced Planck constant (A), and the Boltzmann
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constant (k;) are set to unity, i.e. ¢ = h =k, = 1. The gravitational constant (G) is
set to G = le, where M, ~ 1.2 x 10" GeV is the non-reduced Planck mass. To
illustrate better our results, some final quantities are scaled back to cgs or mks units,
but preserving electron-volts as the basic energy unit, e.g. power is converted from
GeV? to GeV s~! by the end of a computation. Another quantity frequently quoted

here is a solar mass, which reads M, ~ 1.1 x 10°” GeV in natural units.
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Chapter 2

Exploding White Dwarfs with Dark Matter

Due to their high density and strong magnetic fields, yet simple structure, white
dwarfs have long been predilect astroparticle laboratories. These objects are the
endpoints of stellar evolution for progenitor masses < 10 M, and have typical masses
0.5 - 1.4My, radii 6000 - 3000 km, and densities of order 10° - 10° g cm™2 at their
core. Their composition is predominantly carbon and oxygen, which are fully ionized
at such high pressures, and the free electrons, through their degeneracy, provide the
stabilizing pressure against gravitational collapse of the star.

In particular, various works have investigated the impact of dark matter and other
new physics on these compact objects. A remarkable property that makes white
dwarfs stand out, compared to other astrophysical probes, is the fact that those close
to the Chandrasekhar limit (~ 1.4M,, where M, is a solar mass) are highly explosive:
any localized energy deposition can rapidly burn carbon and oxygen in their interior,
generating a thermonuclear runaway reaction that disrupts the star, producing the
Type-Ia supernovae that we observe and have used, for instance, to measure the
expansion rate of the universe.

The exact ignition mechanism for these explosions is a matter of active research.
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Contrary to prior expectations, recent evidence has suggested that many Type-Ia
supernovae proceed from white dwarfs with masses below the Chandrasekhar mass
threshold [91, 92]. Although ignition channels have been proposed to address this,
such as matter accretion from a neighbouring star [93, 94, 95|, binary mergers [96, 97|
or helium shell ignition [98], these require binary companions, whereas some astro-
nomical evidence indicates that Type-lIa supernovae arise from lone white dwarfs
[99, 100]. In this context, various works have demonstrated that dark matter may
be the cause behind a fraction of sub-Chandrasekhar Type-la supernovae. Proposed
dark matter Type-Ia supernova ignition channels include formation and collapse of
asymmetric dark matter cores [101, 102, 103], evaporation to Hawking radiation of
light black holes formed from collapsed dark matter [102, 103], heavy dark matter
annihilation or decay to Standard Model particles [104], pycnonuclear reactions cat-
alyzed by the capture of charged massive particles [105], as well as the transit of
primordial black holes [106, 107] or massive composite dark matter blobs [108, 109].
Here, we will review the detailed analysis of Ref. [102] on the ignition of Type-Ia
supernovae via asymmetric dark matter capture followed by collapse. In Chap. 4, we

will also review ignition via the transit of large composite dark matter states.

2.1 Supernova Ignition by Dark Matter

The asymmetric dark matter ignition scenario proceeds as follows: first a large quan-
tity of dark matter accumulates inside the white dwarf over time, by scattering against
nuclei or electrons within it. As the dark matter settles inside the white dwarf af-
ter repeated scatters, it will thermalize at the white dwarf’s internal temperature,

leading to the formation of a thermalized dark matter sphere near the center of the
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white dwarf. This dark matter sphere grows in mass as more dark matter is accreted
and thermalized; a matter sphere composed of asymmetric dark matter [13, 12] will
grow quickly, since asymmetric dark matter particles do not self-annihilate. Once
such a dark matter sphere acquires a critical mass necessary for self-gravitation, its
subsequent gravitational collapse releases enough energy through nuclear elastic scat-
tering to dramatically heat the core of white dwarf stars. This heating prompts a
thermonuclear runaway reaction that precedes a Type la supernova. The particular
dynamics of dark matter accumulation and ignition have consequences for Type la
supernova observations; intriguingly, [101] showed that the observed inverse correla-
tion [110, 92| between Type Ia host galaxy age and Type Ia light curve stretch (and
by extension a correlation to white dwarf progenitor masses [92]), could be accounted
for with asymmetric dark matter, which would tend to ignite less heavy white dwarfs
at later times.

Here, we explore new aspects of the dark matter Type-Ia supernova ignition mech-
anism, and set new bounds on the dark matter-nucleon cross section for heavy dark
matter. These bounds depend on four relevant physical quantities: 1) the time it
takes to accumulate a critical mass of dark matter in the center of the white dwarf,
2) the time it takes for the accreted dark matter to reach thermal equilibrium and
settle to the center of the white dwarf, 3) the time it takes the dark matter sphere
to collapse, 4) the energy transferred during dark matter collapse through scattering
against stellar constituents. We set bounds on dark matter interactions by requiring
that the first three processes take longer than the age of a known white dwarf, which
has not exploded. To determine which white dwarf sets the most stringent bound,

we have used the Montreal White Dwarf Database [111], and found that white dwarf
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SDSS J160420.40+055542.3, a 3.3 Gyr old, ~ 1.4M, mass white dwarf provides the
strongest constraint; other combinations of white dwarf mass and age are detailed in
Ref. [102], along with a proposal to use white dwarfs in old globular clusters to set
more stringent bounds.

Besides igniting Type-la supernovae during collapse, we will show that, for a dark
matter sphere that collapses without igniting the white dwarf, the black hole formed
from the collapsed dark matter may itself ignite the white dwarf via Hawking radi-
ation. The possibility that white dwarfs could be ignited via black hole evaporation
was first mentioned in Ref. [104], which studied the ignition of white dwarfs via Stan-
dard Model particle showers produced in the decay and annihilation of very massive
dark matter particles in white dwarfs. Here, we will find that in a similar fashion,
small evaporating black holes formed from collapsed dark matter cores can ignite a
white dwarf. This evaporative ignition will occur for dark matter heavier than ~ 10
GeV; such dark matter is heavy enough to collapse after a modest amount of dark
matter has accumulated. This can result in the formation of a small black hole that
evaporates within a few billion years.

The evaporation of this black hole will lead to Type-la supernova ignition via
Hawking radiation, provided evaporation of the black hole occurs faster than accretion
of stellar material and additional dark matter particles, because the black hole must
become tiny enough for the Hawking radiation to reach temperatures suitable for
ignition. For dark matter that ignites white dwarfs via black hole evaporation, the
time that it takes for the dark matter sphere to collapse and form the black hole, is the
limiting factor determining the constraint on dark matter interactions. We also find

some region of the parameter space where the black hole formed grows, eventually
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leading to the destruction of the white dwarf, without producing a Type Ia supernova

event — such an eventuality for white dwarf stars was first considered in Ref. [112].

2.1.1 Heavy Asymmetric Dark Matter Capture

Dark matter heavier than about myx = 10° GeV will require multiple scatters as

it crosses the white dwarf, in order to slow down to sub-escape velocity. Once this
happens, the dark matter particle becomes gravitationally bound to the white dwarf,
following closed orbits and crossing it periodically, losing more energy in the process
(see below). The rate at which dark matter particles are gravitationally captured,
in this multi-scatter regime, has been computed for compact stars in Ref. [113], and
we provide full details of this calculation in App. A. All the results reported in [102],
and subsequently presented here, were obtained using the full capture rate given
by Eq. (A.2). However, to give a sense of scale, we provide in the main text an

approximate dark matter capture rate for a close-to-threshold '?C white dwarf of

mass M ~ 1.4M and radius R ~ 2500 km,

1 8
iy ~ Min {3 % 1077 GeV s~ 6 x 1024 GeV s~ < 0 Gev) (1 InX )]

my 0—%2 cm?
Px ) 107°
2.1
% (0.3 GeV cm—3 ( v )’ (2.1)

where this expression assumes a conservatively low, 20 allowed dark matter halo

density of px ~ 0.3 GeV ecm™ [114], and a characteristic dark matter velocity of

v ~ 1073. This approximate capture rate provides a reasonable estimate for the

time it takes for the critical mass of dark matter to be captured without major
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computational challenges, see App. A for more details.
For ease of reference, it is convenient to introduce at this point the definition
of optical depth, which is the ratio between the dark matter cross section and the

saturation value for which dark matter scatters about once per star crossing,

3UaX

—_— 2.2
27 R?m, (2:2)

T(0ux) =

where m, >~ 12 GeV for a pure carbon white dwarf, and R denotes its radius. In the
limit of mx > m,, the cross section o,x is in turn written in terms of a per-nucleon

cross section o,y through the relation,

OuXx = A4S(Q)F2<<ER>) OnX, (23)

where the function F' is the Helm form factor [115, 116] evaluated at the average
nuclear recoil energy (Eg), see App. A for details. For dark matter capture, this is
about 1 MeV, however it can substantially change during each stage of the ignition
process. The Helm form factor accounts for the effects of nuclear substructure at
large momentum transfers compared to the inverse nuclear radius. The additional
function S(q) denotes the static structure function of the white dwarf lattice, which
evaluates to unity for dark matter capture, but becomes relevant as dark matter loses

further energy, see below.

2.1.2 Dark Matter Thermalization

After it becomes captured and gravitationally bound, a dark matter particle will

orbit through the white dwarf star, losing more kinetic energy in successive scatters.
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Thermalization of the captured dark matter occurs in two stages: a stage where the
dark matter orbits outside the star and a stage where it orbits entirely inside the star.
Some aspects of dark matter thermalization inside a white dwarf will differ from dark

matter thermalization in a main sequence star, studied in [112].

2.1.2.1 First Thermalization

In the initial thermalization stage, the dark matter particles follow a closed orbit that
intersects the white dwarf, losing kinetic energy through scattering while transiting
the star. Upon capture, assuming a radial path, a dark matter particle will have a

turning point r as a function of energy given by

GMmX

7 (2.4)

r =

where E/ < 0 is the particle’s initial energy after capture. The average energy loss
when a dark matter particle scatters against a nucleus at a distance 7 from the star
center, in the kinematic limit m, << my, will be

s 3R? — 72
AE =2 E M _— 2.
mx < ey ( 2R? )) ’ (25)

where the whole factor in parenthesis is the dark matter kinetic energy, i.e. it is
the sum of the particle’s initial energy F and the potential energy inside the star.
We introduce the energy loss per scatter averaged over one stellar transit AFEy,., by

expressing the dark matter total energy E in terms of the turning point r using (2.4)
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and averaging over the star size,

1 1 [f3R*—?
AE, =2GMm, ( —=— — | —5— dF |, 2.
o= 260w, (1~ 4 [P o) 26)
4 1
AEy, =2GMm, (7= — - | . .

The time it takes the dark matter to complete one orbit through the white dwarf is
approximately the orbital period for a dark matter-white dwarf orbital radius (semi-
major axis) r,

Aty = 2% |V M, (2.8)

where the initial size of dark matter’s orbit around the white dwarf, ry can be deter-
mined from the captured dark matter’s initial kinetic energy, ;' ~ 9?/2G M. Finally,
the average energy loss during the first thermalization phase is obtained by dividing
Eq. (2.7) by Eq. (2.8) and multiplying by the white dwarf optical depth 7 to estimate
the average number of times that the dark matter scatters as it completes a single

transit through the white dwarf.

(2.9)

dE, (GM)*?tm, (4 1
3R r)°

dty, 3/ 3R r

It is useful to make the variable substitution € = R/r, where this is approximately
the ratio of the dark matter’s initial kinetic energy GMmx /r to its binding energy

at the surface of the star GMmx/R. The time for the dark matter to settle inside
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the star after repeated scatters is

Tmyx R3? [ de
h o / e (2.10)
VGMm, Jo T2 (5 €)

where the initial ratio is ¢y >~ R/ry and the final ratio is €; ~ 1 when the dark matter
lies inside the star. Note that in the above expression the optical depth 7, and by
extension the dark matter-nuclear cross section o,x depend on energy, because of
the Helm form factor shown in Eq. (A.4). Therefore, we have conservatively taken
the Helm form factor in 7(0,x) to be F?({Eg)) ~ 0.5, which is its minimum value
for dark matter-nuclear recoil energies during the first stage of thermalization. The
recoil energies involved are still too high in this early thermalization stage for the
microscopic white dwarf structure to become relevant, we leave its discussion for the
following section. Inserting typical white dwarf parameters, the time to complete the
first stage of thermalization, after which the dark matter particle will orbit entirely

inside the star, is given by

10740 cm? mx 1.4M,)\ 2 R \?
#h < 10~ ( ) © . 2.11
L yrs( Tnx ) 106 GeV/) \ ™ M 2500 km (2.11)

2.1.2.2 Second Thermalization

During a second thermalization stage, the dark matter particles orbit entirely inside
the white dwarf. As the dark matter particles move through the star interior, repeated
scattering shrinks their orbits to a “thermal radius” ry,. At this radius, they have a
thermal velocity distribution determined by the white dwarf core temperature T'. We
will now see that the structure of the star plays a critical role in this process.

At standard densities and temperatures for old massive (2 M) white dwarfs,
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atoms are completely ionized and electrons can be treated as a uniform free gas
providing a neutralizing background for nuclei. Such a plasma, under high pressure
and low temperature, solidifies to form a Coulomb crystal. We are considering old
white dwarfs that have not exploded, with core temperatures 7' ~ 107 K that lie
below the melting temperature of the plasma T}, ~ 5 x 108 K [117, 118]. Therefore,
we must consider a structure factor that accounts for dark matter scattering in a
dense crystalline medium [119].

The structure factor of Coulomb crystals has been calculated in [120, 121]. It is
normally split into two contributions corresponding to elastic Bragg scattering, and

inelastic absorption or emission of phonons,
S(q) = 5'(q) + 5" (q) (2.12)

For completeness, we first present the elastic part S’(¢), which will not be essential

for our analysis. The elastic part is written as [119],

S'(q)=e " D2r)’n, > 5(q - G), (2.13)
G#0

where G represents the reciprocal lattice vectors, i.e. all nonzero vectors pointing
between nuclei, n, = ppa/mq is the nucleus number density and W(q) is the Debye-
Waller factor. The Debye-Waller factor, which as we will see also appears in the
inelastic structure factor, can be approximated by W(q) =~ (r2)q?/3, where (rZ) is the
mean-squared nucleus displacement at a given temperature 7' [119]. We can estimate
the mean-squared displacement by assuming each nucleus is bound by a harmonic

oscillator potential, with its natural frequency given by the plasma frequency QIQ) =
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47 ppaZ?e? /m2, and summing over all normal modes per ion [122],

14T
2) o~ . 2.14
)= g 2.1
Using ¢® = 2m2E /my, we conveniently recast W(q) = F/FEj,,, where
Z2€2mXpwd
Esup ~ T—Tng’ (215)

is the approximate energy scale at which dark matter nuclear scattering be-
comes suppressed. The Bragg scattering contribution S’(q) evaluates exactly to
zero when the momentum transfer roughly falls below the inverse nuclear spacing
a~' = (47pwa/3ma)'/3. The sharp peaks of S’(q) have a height < 1 close to this
threshold value and quickly decay for higher momentum transfers due to the expo-
nential suppression e~"(9. Because the second thermalization time will be predomi-
nantly determined by inelastic phonon scattering, the precise form of the elastic Bragg
component, and its peaks around ¢ ~ |G|, will have a negligible contribution to the
computations that follow.

The inelastic, phonon emission and absorption portion of the structure factor can
be approximated by

S"(q) 21— e W@ =1 — 7B/ B, (2.16)

This approximation is accurate when ¢ 2 3/a [121]. It also reproduces correct limits
such that S(¢q) — 0 and S(q) — 1 when ¢ — 0 and ¢ — oo respectively. To our
knowledge, this structure factor has not been accounted for in any previous work

considering dark matter scattering with nuclei in white dwarfs. Here, to get a first
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estimate, we will exclusively apply Eq. (2.16) to account for low momentum suppres-
sion of scattering, since in the high momentum exchange limit S(g) ~ 1, and can be
safely neglected. On the other hand, for low momentum exchange we will find that
the inclusion of the S”(¢) phonon structure factor results in much longer thermaliza-
tion times, since momentum transfer to nuclei decreases and becomes comparable to
the nuclear spacing as dark matter thermalizes.

To compute the energy loss rate, first we consider the dark matter-nucleus inter-
action time %,x,

1

fox = ————— (2.17)
NaOaXVrel

and the average energy loss per scatter, in the limit that m, < mx,

AE = 2Map
mx

(2.18)

Y

where F is the energy of the dark matter particle and v, is the relative velocity of

dark matter-nucleus system. Thus, the energy loss rate is expressed as

dr 2pwd0aXUrelE
—_—= 2.19

After completing the first thermalization phase, dark matter particles will have
an initial energy given by the binding energy at the surface of the star ~ GMmx /R.
For energies above Ej,,, they are in an inertial regime where v, ~ \/QE/TX , 1.€.
their velocity dominates the scattering time t,y [103]. In such inertial regime, the

energy loss rate is
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E A1 — e B/ B 2E 2pwiAto,x B3/
<d) _ Pl e )onx p s V2Puadlonx BV (2.20)

n 3/2
dt mx mx my

In the above expression, we have conservatively set F2({Eg)) ~ 0.5 for the recoil
energies involved. When the energy drops below FE,,, dark matter particles enter
the viscous regime where scattering rate is now dominated by the thermal speed of
nuclei, which we estimate! as vye; ~ Upye ~ \/m In this new viscous regime, the

energy loss rate is

E 20pg A1 — ¢~ E/Esup T 20ug A% TE?
(d ) _ 2ppaAt(l—ce Jonx [T o 2puwaAlonx VT (2.21)
V18 me

dt mx mx \/m_aEsup 7

where now the Helm form factor can be set to unity for the low recoil momenta.
Throughout the remainder of this Chapter, we shall assume m, ~ 12 GeV, A = 12
and Z = 6 for 2C nuclei. After entering the viscous regime with an approximate
energy Es,,, the dark matter energy is reduced over time to the thermal value £ ~
37/2. We find that the time required for dark matter to reach this thermal energy
in the viscous regime to be several orders of magnitude larger than the time spent in

the inertial regime. Such time is estimated by integrating (2.21),

ith Mx /Mg Esyp T2 4 N M x Egypr/Maq

2 10740 ¢m? ( mx >2 107 K\ ? (229
~ s .
Y Onx 106 GeV T

!A more appropriate estimate is vnyue ~ \/Qp/mq, since the above approximation assumes the
equipartition theorem for white dwarf nuclei is applicable. However, the two expressions differ by an
~ O(1) factor, with the above expression yielding a more conservative result, i.e. longer explosion
times and smaller cross sections constrained.
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We remark that for typical white dwarf parameters and dark matter masses considered
in this work, the time to complete the first phase of thermalization is negligible
compared to the second phase. The minimum cross section for completing the first

and second thermalization stages within 3 Gyrs are plotted in Fig. 2.1.

2.1.3 Dark Matter Collapse

After being captured and thermalized through repeated scatterings with white dwarf
particles, the dark matter particles settle into a gravitationally bound configuration.
The radius of this thermalized sphere of dark matter in the center of the white dwarf,
T, can be computed using the virial theorem, equating the dark matter thermal
energy at temperature 7' with the dark matter’s gravitational potential energy inside

a white dwarf with density pyq

T 106 GeV\? /10° g em™3\? /[ T
T 30 2.23
o AnGpupamx " ( mx ) ( Pwd ) (107 K) ( )

Unless the dark matter is asymmetric [13, 12], or equivalently has very small self-

N

annihilation interactions [123], the dark matter sphere will be prohibited from sub-
stantially growing by annihilation. Therefore, throughout this work we will consider
asymmetric dark matter that does not possess self-annihilation interactions.

Dark matter collected into a sphere of radius r,, at the center of the white dwarf

will collapse under its own weight, so long as two criteria are met:

1. Dark matter must be self-gravitating, so that its gravitational binding energy
decreases during collapse. If the gravitational potential of the white dwarf is

much larger than the dark matter’s self-gravity, then the binding energy of the



2.1.

SUPERNOVA IGNITION BY DARK MATTER 24

Log(onx) [cm2]
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Figure 2.1: Minimum dark matter-nucleon cross section o, x as a function of mx, in

a log-log plot, for dark matter to thermalize with the white dwarf (green
and blue) and accumulate critical mass for self-gravitation (orange) within
3 Gyrs. The minimum cross section for the thermalized dark matter
sphere to collapse to a black hole (yellow) within 3 Gyrs, and for dark
matter accumulation to preclude complete black hole evaporation (purple)
are also shown. A dark matter halo density px ~ 0.3 GeV/cm? at the
location of the white dwarf is assumed. The upper-left box shows the
white dwarf parameters used, where the mass and age of the white dwarf
were determined by the oldest massive white dwarf in the Montreal White
Dwarf Database [111], SDSS J160420.404-055542.3.

dark matter sphere with mass Mx has the form of a harmonic oscillator poten-

tial, E ~ —GMx pyar?,. Under the influence of the white dwarf’s gravitational

potential alone, the dark matter sphere’s potential energy would increase as the

dark matter sphere shrank in size. As a consequence, without self-gravitation,

the minimum energy configuration of the dark matter sphere will be at radius

rin, and collapse will not occur. Therefore, we require the density of the dark
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matter sphere to roughly exceed the white dwarf density, in order for collapse

to occur.

2. The dark matter sphere must satisfy a Jeans instability condition.

The first self-gravitation condition is met so long as the dark matter density equals
or exceeds the white dwarf density within the thermalization radius, r;,. This defines
a critical self-gravitating mass M..; = 47rpwdrfh /3. The number of dark matter
particles required is

5 1 3
M., 106 GeV\ 2 (10° gem™3\2 / T \?
N,y = =it~ 6 x 10%7 (—e> ( & o ) ( > . (2.24)

mx mx Prwd 107 K

In Fig. 2.1, the minimum dark matter-nucleon cross section required to collect a
self-gravitating clump of dark matter in a white dwarf in 3 Gyrs is shown.

To determine whether the dark matter sphere is unstable, we perform a simple
Jeans mass analysis, requiring that the sound-crossing time exceed the free-fall time

of the dark matter sphere. The free-fall time is given by

1 3

3r 10°g em™3\2 /7 \2
trr = ~ (0.03 _ — 2.25
1 32Gpx ° < Puwd ) (ﬁh) ( )

Where px is the density of the dark matter sphere which will be greater than the

white dwarf density after collapse begins. The rightmost expression is obtained when
PX = Puwd, t-€. when enough dark matter has been collected to achieve self-gravitation.

The sound-crossing time, on the other hand, is given by the time a sound wave
crosses the radius of the dark matter sphere. In a standard Jeans mass collapse
analysis, if the sound-crossing time is longer than the free-fall time, a gravitationally

bound configuration of gas will be unstable to small perturbations and will collapse.
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A self-thermalized dark matter sphere will have a short sound-crossing time. For
our purposes, we will consider the dark matter sphere to be self-thermalized, since
such a sphere will be most stabilized against collapse. If the dark matter is self-

thermalized, it will have a sound speed given by, cx ~ /T /mx. In such case,

1

10° 3\

tsound = . S Tlh ~0.10 s ﬂ ) (226)
Cx Cx Pwd

By setting » = 7,,, we have assumed that the dark matter sphere has just reached
the point of self-gravitation, i.e. that it has the same density as the white dwarf.
Comparing to Eq. (2.25), the sound-crossing time for a self-thermalized dark matter
sphere turns out to be longer than the free-fall time for a self-gravitating sphere
of dark matter, for the white dwarf parameters considered here. For lighter and
correspondingly less dense white dwarfs and particular dark matter models, which
will be treated in future work, it will be necessary to determine whether additional
dark matter must be captured to satisfy the Jeans criterion.

Before continuing, we briefly consider two relevant timescales: the time between
dark matter self-interactions, and the time between dark matter interactions with
nuclei, prior to collapse. For much of the dark matter model space considered, the
free-fall time in Eq. (2.25) is longer than the time it takes for a dark matter particle

to interact with another dark matter particle, just prior to collapse,

1 mx

nxoxx\/1L/mx  pwadxx/T/mx

30 .2 3 9 -3 7 3
~0.04 107" cm ( mx >2 10”7 g cm 10" K (2.27)
OXxXX 106 GeV Pwd T
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where nx = pwa/mx is the dark matter number density just before collapse and oy x
is the dark matter self-interaction cross-section. This shows that, in order for the
dark matter to be self-thermalized on timescales faster than the collapse timescale,
its self-interaction cross section must exceed ~ 1073° cm?. In Sec. 2.2 we will see
that this condition is fulfilled for some explicit vector- and scalar-portal dark matter
models.

At the onset of collapse, the time it takes for dark matter to interact with a nucleus

in the white dwarf is

; 1 N 3mgT
X Na0aX Vnuc B 2pwdA4Esup0-nX A/ 2Esup/ma

1040 ¢m? mx \:/10TK\?
10 ( ) 2.28
S( Tnx ) 106 GeV ( T ) (2.28)

where we conservatively set the Helm form factor to unity in o,x, and also evaluated

12

the structure factor (2.16) at the thermal energy 37°/2 of the dark matter. Comparing
this to the free-fall time ¢;¢, we see that the above Jeans instability requirement was
justified in neglecting dark matter-nuclear interactions.

The capture rate, thermalization rate, and conditions for dark matter collapse,
all depend on the dark matter-nucleon cross section. Using the Montreal White
Dwarf Database [111], we find that most of the single white dwarfs in the mass range
1.2Mq < M < 1.4Mg have cooling ages that lie below 3 Gyrs. The oldest M ~ 1.4M
white dwarf present in the sample has an age of approximately 3.3 Gyrs. Therefore,
we will conservatively constrain the cross section by requiring both thermalization and
accumulation of the critical mass to be completed within 3 Gyrs. Fig. 2.1 summarizes

the minimum cross section in a log-log plot for all relevant processes to be completed
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for an M ~ 1.4M, white dwarf of typical parameters within that time.

2.1.4 Ignition via Coherent Dark Matter-Nucleus Scattering

Once the dark matter sphere begins to implode it will scatter with nuclei as it col-
lapses, and can transfer enough energy to heat a small central region of the white
dwarf to the point that nuclear fusion begins, resulting in a Type Ia supernova ex-
plosion [101]. The major requirements for dark matter ignition via elastic scattering

during dark matter collapse are as follows

1. The dark matter must heat the white dwarf faster than it cools (mostly via

electron conduction cooling).

2. The dark matter must heat a portion of the white dwarf to a critical temperature

(around 10'° K).

Below we will find that for dark matter elastically scattering with nucleons, satisfying

the first criterion guarantees satisfying the second.

2.1.4.1 Dark matter heating versus white dwarf cooling

To begin, we note that Helm form factor coherence drops for higher energy scatters of
dark matter against nuclei, whereas the structure factor, Eq. (2.16), evaluates to unity.
As the dark matter sphere collapses, the dark matter will move faster and faster,
resulting in higher energy collisions. This allows us to determine a collapse radius
past which dark matter energy transfer via elastic scattering with nuclei becomes
suppressed (as we will see, the Helm form factor becomes relevant in this fashion for

dark matter masses my = 10® GeV). In future work, energy transfer via high energy
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dark matter-nucleus inelastic scattering may be considered; here we conservatively
require that dark matter ignite white dwarfs during collapse purely through elastic
scattering.

First, we calculate the velocity of the dark matter particles in the collapsing sphere,

assuming a homogeneous density profile and applying the virial theorem

/3 GNggmx 6 x 10~ 108 GeV\ 7 /10° g cm ™ T NG (rth)%
Vyir = T = - T
5 r mx Pwd 107 K r

(2.29)

The Helm form factor, on the other hand, begins to suppress energy exchanges at
speeds v ~ 0.02. Combining this with the previous expression, we obtain a radius at

which the energy transferred per dark matter-nuclear collision begins decreasing,

10-5 106 GeV\ 2 [10° g em™\2 /[ T \? (2.30)
" ¢ mx Pwd 10" K

We will use this radius as a benchmark collapse position, for which the dark matter

elastic scattering energy transfer to white dwarf nuclei is maximized.

To determine whether dark matter sparks nuclear fusion that leads to a Type Ia
supernova, we follow the analysis of [124, 101] and require the heating of a central mass
of carbon and oxygen to a certain critical temperature 7T,.. Because the dark matter
sphere encloses a small radius, we will mostly consider the heating of a microgram
(1 pg) mass sample of white dwarf material composed of predominantly 2C nuclei.
As determined in [124], a microgram of white dwarf material must be heated to a

temperature T, ~ 10" K (~ 1 MeV) in order to spark a supernova. This amount of
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white dwarf material will be enclosed in a radius

109 3\ 3
Ogi) . (2.31)

r#g:7x10_60m( o

For dark matter heavier than myx > 10° GeV, we see that the radius of maximum
coherent elastic scattering heating r,,;,, is smaller than the radius that encloses a
microgram of white dwarf material; hence it will be convenient to simply consider how
much the dark matter heats a microgram of white dwarf material. For mx < 10 GeV,
where 1,, < Tmin, we have independently verified that that the cross-section required
for dark matter to accumulate to a critical mass within ~ 3 Gyrs, is sufficient to
prompt Type Ia ignition, see also Ref. [101]. Therefore, we consider dark matter
collapsing to radius r,,;,, which is smaller than the radius enclosing a microgram
sample. For high dark matter masses, my > 10® GeV, we will also see how increasing
the dark matter-nucleon cross section beyond the cross section required to accumulate
a critical mass of dark matter, allows for ignition during collapse. Compared to prior
results in [101], this will improve the cross section bound obtained.

To determine the cross section required to ignite the sample, we analyze four
relevant quantities: the energy transfer rate of the dark matter sphere to nuclei via
elastic scattering Qpys, the conduction rate at which the white dwarf sample cools
down Qeond, the heat capacity of the white dwarf sample C,, and the latent heat
absorbed );,; when the white dwarf material melts from heating.

To calculate the energy transfer rate, we first consider the average energy exchange

between a dark matter particle and a nucleus of mass m, in a single scatter. In the

2

limit m, < mx this energy exchange is simply AE ~ m,v;,.. Using the time it takes

for a dark matter particle to interact with a nucleus t,x, we write the energy transfer
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rate as
N.. AE 106 GeV\ ? S/ 0T \:?
Yo = —9 27 1037 GeV s~ ( InX ) e Pud
@oar === VS 1010 e Mx 10°g em =) \107K
(2.32)

The rightmost expression has been evaluated when v,;, ~ 0.02, i.e. when the en-
ergy transfer rate is approximately at its maximum before becoming suppressed
by the Helm form factor. At such point, the scattering rate is dominated by the
dark matter velocity, so the dark matter-nucleus scattering time is also evaluated as
tax = (NaOaxVuir)*. The structure factor given by Eq. (2.16), on the other hand,
evaluates to unity at such high energy exchanges. We note that Qpys decreases with
myx. For higher dark matter masses, fewer particles need to be captured for the dark
matter sphere to self-gravitate and collapse, so the resulting collapsing dark matter
sphere will have fewer particles scattering with nuclei.

Next, we consider the rate at which heat is diffused out of the sample. The
conductive diffusion rate of a white dwarf material sphere of radius r, at temperature

T is given by [122]

Gl

AT T3(T, — Tiwa) 7
15/€cpwd

Ocond = ~ 10% GeV 5! (L) (2.33)

109 g cm—3

Where . ~ 1079 ecm? g=! (T../107 K)2® (10° g ecm™3/p,q) 0 is the conductive opacity
of the white dwarf, which for densities above ~ 107 g cm~? is dominated by relativistic
electron conduction [125, 101]. In (2.33), Ty,q ~ 107 K denotes the core equilibrium
temperature. On the right hand side of Eq. (2.33), we have set T, =T, and 4 =1,
to indicate the scaling of the diffusion rate Qcond, since diffusion will be maximized

at the highest temperatures. Put another way, the choice Ty = T, yields the highest
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possible diffusion rate for the sample of white dwarf material just before reaching the
ignition point.

In order to be ignited, the dark matter must heat the white dwarf faster than
it can cool itself. The sample of white dwarf material can be ignited so long as the

energy transfer rate (2.32) exceeds the diffusion rate (2.33),

QDM > Qcond' (234)

This condition ensures that the white dwarf material can be heated to 101 K, given
the conductive electron diffusion in the white dwarf. For dark matter with a mass in
the range myx ~ 10® - 3 x 10?2 GeV, Eq. (2.34) places the most stringent restriction
on the dark matter-nucleon cross section. This is because, for dark matter masses
below mx ~ 108 GeV, the cross section on nucleons required to accumulate a self-
gravitating mass of dark matter is sufficient to prompt white dwarf ignition when
the dark matter sphere collapses. On the other hand, for dark matter masses above
mx ~ 3 x 102 GeV, ignition via black hole evaporation is guaranteed, as will be
explained shortly in Sec. 2.1.5.2. For dark matter in the mass range my ~ 10° -
3 x 102 GeV, the ignition cross section increases with higher dark matter masses,
since fewer dark matter particles will compose the collapsing dark matter sphere (see
Eq. (2.24)), and therefore, the overall rate for dark matter scattering against nuclei
declines, resulting in a lower energy transfer rate for a fixed dark matter-nucleon
scattering cross section. Consequently, the constraint on the cross section associated
with ignition has a positive slope.

We make the following remark about possible quantum mechanical effects: com-

paring the mean de Broglie wavelength of the dark matter particles Agp = 1/mx vy
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to the mean dark matter particle separation ~ T/Nslg/ 3, we find that the dark matter

sphere must collapse to a radius

13 1 1
1 10% GeV ) ¢ w 6 /10" K\ ?
TN (i iy (RIS LA L
Gmf’;(ng my 107 g cm T

in order for quantum mechanical effects to become relevant. This radius is much

smaller than either r,,;, or the Schwarzchild radius in the case of black hole evapo-
rative ignition (see below), for the dark matter masses considered here. Therefore,
we do not consider the effects of fermion degeneracy or boson condensation in the

dynamical collapse of dark matter inside the white dwarf.

2.1.4.2 Dark matter collapse and heating to critical temperature

To determine the total amount that dark matter heats the white dwarf, we first
determine the timescale for dark matter to collapse to r,,;,,. We compute this by
integrating the ratio between the rate at which the dark matter sphere sheds gravita-
tional energy and the rate at which energy is transferred to the white dwarf. Collapse
of the dark matter sphere will be again divided in two regimes, depending on whether
the energy of the dark matter particles lies above or below the suppression scale Eq,,,.
During the initial stages of collapse, dark matter is moving very slowly resulting in
low momentum transfers and a high suppression of nuclear interactions, as we saw

above. Dark matter exits this regime when it has collapsed to a radius
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such that the nuclear scattering suppression is lost. We note that r,,;, < rg, <
ry, always across the parameter space under consideration. Once the dark matter
sphere collapses to ry,,, it will continue to collapse at a much faster rate. We find the
collapse timescale to be determined by the time spent during this first regime, which

we obtain by integrating Eq. (2.21) from an initial energy GNyym% /ry, to an energy

2
GNsgm% /T sups

. /Mo Esuprin 10 <10_40 Cm2) ( mx )2 (107 K)g
col == ~ s
' VTGN, ymx puaAtonx Y Tnx 106 GeV T
(2.37)

In the rightmost expression, we have set the Helm form factor to unity. The
minimum cross section for the dark matter sphere to collapse within 3 Gyrs is identical
to that required for completing the second thermalization phase, and is displayed in
Fig. 2.1.

The final requirement for ignition we now address, is that enough total energy
should be transferred to the white dwarf material, so that it is heated to a temperature
of 10 K [124]. We will see that sufficient ignition heating for a microgram of white
dwarf is guaranteed for the dark matter masses and cross sections we consider, so
long as Eq. (2.34) is satisfied. The heat capacity of the sample is largely governed by
the heat capacity of the degenerate white dwarf’s ion lattice [122],

3 (4 -
Co=3 <§7rrzgna> ~ 746 GeV K. (2.38)

Note that in our treatment the heat capacity does not scale with the core density,

since we have fixed the sample mass to 1 ug. Then the total energy that has to be
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imparted to a microgram of white dwarf material is simply C,T,. ~ 10** GeV.

The critical temperature for ignition lies above the melting temperature 7;, ~
8.5 x 10® K of the white dwarf material, so we must also consider the latent heat
absorbed when the microgram material undergoes a solid-liquid phase transition.
The amount of latent heat absorbed in the case of heating a microgram of white

dwarf material is

4
Qrat = T (gwrigna> ~ 6 x 10" GeV (2.39)

We see that dark matter ignition of the white dwarf is not limited by the amount of
potential energy the dark matter has available to be transferred: both Q;,; and C,T.
are much smaller than either Qpas or Qeong multiplied by the collapse timescale over
which dark matter potential energy is transferred.

We make one final comment on the ignition of Type la supernovae by coherent dark
matter-nucleus scattering. It has been noted that many deflagration and detonation
models of ignition [126], require that the heated white dwarf material to have a
temperature profile with a high degree of homogeneity. The time scale for energy
diffusion is

Ke

P —28
teond = ~14x10 S (
TugT?

1 9 —3\ 2.27
Ogi) (2.40)

Pwd

We note that t.,,q is shorter than the time scale for energy transfer to the white
dwarf material. This shows that energy diffusion within the microgram sample is
sufficiently fast to ensure an homogeneous temperature profile of the sample during

the heating process.
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2.1.5 Ignition via Microscopic Black Hole Evaporation

We now consider the possibility that the dark matter sphere collapses to form a black
hole, which then ignites the white dwarf as it evaporates into Hawking radiation.
This will occur for heavier dark matter, for a fixed dark matter-nucleon cross-section,
since the number of dark matter particles and the power transferred to the white
dwarf both decrease as the dark matter mass my increases, c¢f. Eq. (2.32). We also
analyze the parameter space region in which the black hole formed does not evaporate,
but rather grows by accretion of both dark matter and stellar material, eventually

consuming the white dwarf.

2.1.5.1 Black hole formation from collapsing dark matter

The mass of dark matter required to form a black hole will depend on the spin of
the dark matter field and its self-couplings [127, 128, 129]. In the case of a Higgs
portal dark matter model examined in Sec. 2.2, the dark matter self-interactions
are attractive and do not preclude the black hole formation. Self-interactions via
a vector boson present a more complex case, as they can be either attractive or
repulsive. In the absence of a detailed study of these interactions, we conservatively
use the maximum mass stabilized against non-relativistic gravitational collapse by
Fermi-degeneracy pressure for dark matter fermions

1010 Gev)2

3
Miem o — Mo 2 x 103" GeV
BH,min mg{ - mx

(2.41)

and the maximum mass stabilized against non-relativistic gravitational collapse by

quantum pressure for bosons with an order unity quartic self-coupling (A, ~ 1 for
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V(9) D Agg?) [127]

VM 101 GeV\? [ g 2
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Comparing these minimum black hole masses to the mass required for dark matter

to self-gravitate obtained from Eq. (2.24),

100 GeV ? /10° g cm ™3 ST \?
Moy ~ 6 % 10°7 GeV [ ———— 2.43
! . ¢ ( mx ) ( Puwd ) (107 K) 7 ( )

Njw

we find that if dark matter heavier than 10'° GeV collapses under its own weight at
the center of a white dwarf with the parameters specified, it will be massive enough
to form a black hole.

The critical mass for dark matter collapse can be used to compute the final black
hole’s Schwarzchild radius

101 GeV\? /10° g em™3\2 / T 2
s =2G M, ~ 107 . 2.44
" ' o ( mx ) ( Puwd > (107 K) ( )

We remark that the Schwarzschild radius is much smaller than the radius of the white
dwarf enclosing a microgram of material, r; < r,, for all my > 10 GeV, which will
be relevant for calculating white dwarf ignition via black hole evaporation.

The time required for the black hole to be formed is obtained from Eq. (2.37). This
timescale imposes the most stringent constraint on o, x, for most of the mass range
considered, when setting a bound on dark matter cross section using old white dwarfs

that have not exploded yet. The minimum cross section for dark matter collapsing
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and forming a black hole within 3 Gyrs is displayed in Fig. 2.1. Below we will see,
for dark matter masses from myx ~ 10'2 - 10'6 GeV, all black holes formed from dark

matter with r, < 107! cm will ignite M < 1.4M, white dwarfs as they evaporate.

~Y

2.1.5.2 Black hole evaporative ignition of white dwarfs

After formation, the growth and evaporation of the black hole is governed by

AT puwa(GMin)*
C?ud 1536071'(GMbh)

My, = 5 + fxmxCx. (2.45)
The first term on the right hand side is the Bondi accretion rate, where c,q ~ 0.03
is the sound speed at the core of the white dwarf, which has been computed using a
polytropic equation of state [122]. The second term accounts for mass loss through
the emission of Hawking radiation. The third term governs the growth of the black
hole from the infall of additional dark matter inside the white dwarf [123]. Dark
matter masses my = 101° GeV form black holes formed in white dwarfs with initial
masses M.,y = Nggmx such that the Bondi accretion rate is negligible compared to
the Hawking term. Therefore, for the parameter space of interest, the dark matter
capture rate compared to the Hawking radiation rate will determine whether the
black hole evaporates or grows.

The dark matter capture rate on a small black hole at the center of the white
dwarf will depend on a number of factors. If the dark matter is self-thermalized, the
capture rate can be obtained by calculating the sound speed of the dark matter and
determining its Bondi accretion rate on the black hole. If the dark matter cannot be
modelled as an ideal gas, simulations or analytic estimates [130] of the capture rate

using individual particle trajectories would be necessary. Here we will conservatively



2.1. SUPERNOVA IGNITION BY DARK MATTER 39

assume that the dark matter efficiently feeds the small black hole, i.e. that fx = 1 in
Eq. (2.45). This will be a conservative assumption for obtaining bounds using black
hole evaporation ignition, because dark matter feeding the black hole can prevent the
black hole from evaporating, which reduces its temperature and power output, thus
inhibiting black hole evaporative ignition of the white dwarf.

The time for a black hole with an initial mass M. (i.e. the self-gravitating

mass) to evaporate, when neglecting the Bondi accretion rate and setting fx = 1 in

Eq. (2.45), is
b M a*ArcTanh [v/mxCx M /a?] (2.46)
bh — mXCX (mXCX)3/2 9 .

where we define a Hawking evaporation constant a* = (Gv/153607)~!. It can be
shown that /mxCxM,.;; < a® implies a rapid black hole evaporation time. In this

limit, /mxCx M. < a?, Eq. (2.46) approximates to

9 3 9

101 GeV\2 /10°gcem™3\2 [/ T \?
ty, = 153607 G2M3 .. ~ 10° - . (247
bh n crit yIs mx Duwd 107 K ( )

This is the usual solution obtained when the Hawking radiation term dominates
alone. On the righthand side of this expression we have used the self-gravitating dark
matter mass (2.43) to determine how quickly the black hole formed in a white dwarf
star evaporates. In practice, the solution (2.46) converges very quickly to (2.47) in
the limit mentioned above. The condition we require therefore is that black hole

evaporation exceed dark matter capture onto the black hole,

1
153607 (G Merir)?

> mxCy. (248)

This requirement is shown in Fig. 2.2. For masses my = 10'* GeV, the capture
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of dark matter cannot prevent black hole evaporation for any given cross section.
This is because the Hawking evaporation rate lies above the saturation value for the
capture rate, cf. Eq. (2.1), so Eq. (2.48) is always fulfilled. Therefore, black holes
formed from dark matter with mass my > 10! GeV will inevitably evaporate.

Of course, dark matter of a mass smaller than mx ~ 102 GeV can also form
evaporating black holes. We see from Eq. (2.47) that black hole evaporation will
occur in less than a billion years for mx = 1.5 x 101° GeV, so long as the dark
matter-nucleus cross section is small enough to satisfy Eq. (2.48). Therefore, we
adopt mx = 1.5 x 10!° GeV as a lower bound on the dark matter mass that can
cause white dwarf evaporative black hole ignition for the white dwarf parameters
given in Fig. 2.2.

We now analyze black hole evaporative heating of a microgram-sized sample of
white dwarf material, and determine when the conditions for ignition are met. First,
the energy transfer rate of the black hole must exceed the rate at which heat diffuses
out of the sample. So long as dark matter capture on the black hole is sufficiently
small, the mass evolution will be completely determined by Hawking radiation emis-

sion. The Hawking radiation rate will increase as the black hole shrinks in size

(2.49)

2
Mbh ~ 1030 GeV S_1 (M)

My,
Here we have normalized to a black hole mass M, ~ 103 GeV, which corresponds
to an initial black hole mass for dark matter mass my ~ 10" GeV, cf. Eq. (2.43).
For black hole evaporation bounds derived here, we require all formed black holes
to evaporate completely. Therefore, for dark matter masses less than and greater

than my ~ 10 GeV, this black hole evaporation heating rate will be matched
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and surpassed since we set bounds only on parameter space where the black holes
evaporate completely, and the initial black hole mass shrinks with increasing dark
matter mass (again see Eq. (2.43)). Comparing Eq. (2.49) to the heat diffusion rate in
a white dwarf, Eq. (2.33), we see that the first requirement for black hole evaporative
white dwarf ignition is satisfied, so long as a sizable portion of this energy is deposited
in the white dwarf.

The second condition for evaporative black hole ignition of the white dwarf, is
that the radiation emitted must effectively heat a sample of white dwarf materials to
~ 10'° K. This will depend on the amount of energy deposited by Hawking emitted
particles as they propagate across the microgram-containing region of white dwarf
material. We find that this condition is satisfied for all black holes evaporating inside
the white dwarf, so long as the mass of the black hole is large enough, M, = 106
GeV. This condition is satisfied for all the dark matter parameters we consider.

The temperature of the black hole depends on its mass M,,. As the black hole

evaporates, its temperature and radiated power increase according to

1 3
Pwd 2 1O7K 2
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After it is formed from collapsing dark matter in the white dwarf, it is evident that the

(M3

Ty,

~ 6325 Gev( mx )

- 87TGMbh 1013 GeV

black hole’s temperature will increase as it evaporates. In the rightmost expression
we made the replacement My, = M., i.e. we take the black hole initial mass to
be the critical mass for self-gravitation of the captured dark matter. The energy
and composition of the radiated particles will depend on this temperature [131, 132].
While a detailed simulation of black hole emission propagation through white dwarf

material is beyond the scope of this work, we will find that emitted color-charged
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particles alone are enough to ignite the white dwarf (i.e. emission of gluons and
quarks which become mesons and hadrons during propagation). We will neglect
contributions from, e.g., emitted neutrinos and leptons, as these will not alter the
results of our analysis. Our conclusions in this regard match the findings of Ref. [104],
which presented a detailed study of Standard Model particle showers produced in the
decay and annihilation of very heavy dark matter particles in white dwarfs.

At the temperatures relevant for ignition, ¢f. Eq. (2.50), all the particles present
in the Standard Model are emitted relativistically. Each type of particle (where each
helicity state counts as a separate particle) is emitted roughly equally up to percent
level corrections [133, 134], so long as each particle’s mass is less than the black
hole temperature. For the temperature indicated in Eq. (2.50), we will only need to
consider emitted particles that carry color charge. At these temperatures, more than
half the black hole evaporation power is emitted in relativistic color-charged particles
(133, 134].

Black hole radiated color-charged particles with energies > 10° GeV, have a ki-
netic energy above carbon’s nuclear binding energy Fy;nqg ~ 10 MeV. To analyze the
interactions of these color-charged particles (quarks, gluons which create hadrons,
mesons) with carbon nuclei in the white dwarf, we follow the standard procedure for
estimating hadronic showering in materials [135]. We take the inelastic carbon scat-
tering cross-section for the high energy particles to be the geometric cross-section of
the carbon nucleus, oc ~ 1072° cm?. Each time a high-energy particle hits a carbon
nucleus over a mean free path lyqq ~ (ncoc)™! ~ 1077 cm, it fractures the carbon
nucleus and creates ~ 2 - 3 ~ e high energy hadrons/mesons (e here is Euler’s num-

ber). Each of these inelastic by-products in turn strikes a carbon nucleus, and after
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N; such interactions, the resulting showered particles each have final energies Ey of

the order

E;
eli’

E; = (2.51)

where FE; is the initial particle energy and N; ~ ngocl, is the number of inelastic
scattering interactions the hadronic shower has undergone over a length [y, with
a carbon number density nc. Although the initial carbon fission and subsequent
showering processes are endothermic, the total heat deposition is vast enough to
satisfy the ignition conditions as the black hole reaches its final stages of evaporation.

The total mean free path of the emitted hadronic shower will be

l Lo (L
sh — n{—
h ncoc Ef

5% 103 cm™3 1072° cm? b 1072 GeV
~3x107° L :
. o ( ne ) ( oc ) ! {(103 GeV) ( Ey ﬂ 7

(2.52)

where we have normalized the carbon density to a typical white dwarf core density of
10° g em™3. At each showering stage, the emitted hadrons scatter inelastically against
nuclei, the resulting hadrons produced in the collision split the initial energy. At the
relevant ignition energies (~ MeV), the majority of the final showered by-product
particles are pions. Note that the length of the shower depends only logarithmically
on the energy E;, of the initial color-charged particle.

We see that the mean free path for a high-energy color-charged particle is much
less than the radius of white dwarf enclosing a microgram of material lpoq S 1,5

~

7x107% cm, whereas the showering length is lg, < 7,5 ~ 7% 107% cm. Note that these
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statements hold even for the smallest black holes formed by dark matter in this study:
for myx ~ 10'7 GeV, My, ~ 10%" GeV, and Iy, ~ 6 x 107% ¢cm. This implies that the
color-charged particles emitted from the black hole travel a short distance, compared
to the sample size, before scattering inelastically against nuclei. The showers produced
have a somewhat larger energy deposition length, heating a ~ ug white dwarf region
to MeV temperatures roughly uniformly during subsequent showering. Therefore, we
find that color-charged particles emitted from the black hole constitute an efficient,
isothermal heating mechanism that will prompt white dwarf ignition. We remark that,
although the highest energy color-charged Hawking particles induce fission in nuclei
upon collision, the final output particles in the hadronic shower (which exponentially
outnumber the higher energy input particles) lack the energy to produce further
fission. Therefore, we can safely assume that the critical temperature 7T, for ignition
remains unchanged, as the majority of the ~ ug mass white dwarf sample preserves
its composition as it heats up.

Finally, while they are not necessary for ignition, we briefly comment on the
emission of non-color-charged particles, and photons. The emitted photons scatter
inelastically against nuclei, producing hadronic showers. At these energies, this is the
dominant mechanism involved. The inelastic scatters generate these photonuclear
showers after a somewhat longer mean free path, since they couple to nuclei through
the electromagnetic rather than the strong force. Similarly, emitted electrons scatter
inelastically via the exchange of a virtual photon. The difference compared to the
previous cases discussed, is that the electron survives the interaction. Both electronu-
clear and photonuclear showers will contribute less to white dwarf heating than the

black hole’s hadronic emission, since for the black hole temperatures we consider,
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there is more emission of strongly-coupled particles.

We have now established that black holes with masses M, ~ 10?7 - 10%* GeV,
formed from collapsing dark matter in white dwarfs, will quickly and uniformly heat
a microgram of white dwarf material to ignition via Hawking evaporation. It remains
to point out that the large masses of these black holes imply that the energy they
impart to the microgram mass vastly exceeds the ~ 10 GeV required for ignition,
cf. Eq. (2.38) and surrounding discussion. Thus, we find that the white dwarf is
ignited by dark matter collapsing and forming a black hole in its interior, for dark
matter masses my > 1.5 x 101°GeV, so long as the black hole evaporates, which in
turn depends on how much the black hole is fed by accreted dark matter. For this
parameter space, the most restrictive constraint on the cross section comes from the

requirement that the dark matter collapses and forms a black hole in less than a few

gigayears.

2.1.5.3 Black hole destroying the white dwarf

In addition to the previous analysis, there is a region of the parameter space where
the black hole, fed by dark matter and white dwarf material, grows over time to
consume the white dwarf star. Comparing the Bondi accretion rate to the Hawking

evaporation rate, we see that a newly-formed black hole needs a minimum mass

3

1/4 9 -3\ 1
c 10”7 g cm 4
Miyponai = wd ~5x 1037 GeV [ —=2>—— 2.53

bond <614407r2pde4) 8 ¢ Pwd 7 (2:53)

for the accretion of stellar material to exceed the evaporation rate. The initial mass of
the black hole will be larger than this mass for dark matter masses my < 10 GeV,

cf. Eq. (2.43). In that case, for cross sections below those necessary for ignition via
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nuclear scattering, any black hole formed will accrete both dark matter and stellar
material, quickly consuming the star in a short timescale. For heavier dark matter
masses 1019 GeV < my < 102 GeV, the initial black hole mass is small enough that
the Hawking evaporation rate dominates over accretion of stellar material. However,
if the dark matter-nuclear cross section is large enough such that the black hole is
fed efficiently, cf. Eq. (2.48), captured dark matter feeds the black hole preventing it
from evaporating. We find for all green-shaded parameter space in Fig. 2.2 that the
black hole reaches a mass (2.53) in less than a few billion years before consuming the
white dwarf.

To summarize: if the dark matter-nucleon cross section is below that necessary
for ignition via nuclear scattering, but at the same time large enough to prevent black
hole evaporation, dark matter of mass myx < 102 GeV will collapse forming a black
hole that quickly destroys the star. In particular, the capture rate not only determines
the time it takes to form a self-gravitating dark matter sphere, but also the rate at
which the black hole is fed, preventing evaporation. Using an old white dwarf that has
not exploded, we set bounds on the dark matter-nucleon cross section by requiring a
self-gravitating dark matter sphere to be formed and collapse in no less than 3 Gyrs,
as well as requiring that the black hole so formed destroys the white dwarf either
through dark matter accretion, Bondi accretion of baryons, or both. This yields the

additional green exclusion zone plotted in Fig 2.2.

2.2 Constraints Inferred from Massive White Dwarf Lifetime

The final constraints on o,x, inferred from the existence of an isolated white dwarf

that has not exploded yet, are plotted in Fig. 2.2 for all the dark matter mass range
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considered here. A sizable region below the Xenon-1T results [23] is excluded, which
has some overlap with bounds derived from neutron star implosions [136]. The con-
straints in Fig. 2.2 were drawn utilizing a generic per-nucleon cross section to charac-
terize how dark matter is captured, thermalized, and eventually explodes the white
dwarf from within. However, they can be applied to specific models of dark matter
capable of igniting white dwarfs.

We now turn to investigate two specific models of asymmetric heavy dark matter
where the interaction to the Standard Model is mediated by light particles and O(1)
gauge coupling constants. Specifically, we consider below vector- and scalar-mediated
interactions through a dark photon and Higgs portal, respectively. Both models imply
dark-matter self-interactions, mediated by the Yukawa couplings of the vector and
scalar mediators, i.e. the same mediators (V, or ¢) that couples dark matter to the
visible sector. For a scalar ¢, this self-interaction is purely attractive. Alternatively,
for a vector ¢, XX and XX interactions are repulsive, while XX interactions are
attractive. A detailed analysis of the self-interaction cross section for this potential,
both in the perturbative and non-perturbative regime, is given in [138]. In Sec. 2.1.4
we studied how strongly self-interacting dark matter might affect whether the dark
matter sphere at the center of a white dwarf collapses. We found that, even assuming
the dark matter is self-thermalized and has the sound speed of an ideal gas (which
would correspond to dark matter with substantial self-interactions), a self-gravitating
dark matter sphere will satisfy the Jeans instability criterion and collapse at the
center of a white dwarf. Therefore, sizable dark matter self-interactions should not
substantially alter white dwarf explosion bounds.

We also briefly comment on the cosmology of these models. With late-decaying
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Figure 2.2: Constraints on the dark matter-nucleon cross section o, x, as a function

of my, for Type Ia supernova ignition within 3 Gyrs, by either nuclear
scattering or black hole evaporation (orange). Lines labelled “DM self-
gravitation” (orange/green) and “o,x for ignition” (orange), denote the
minimum o, x for white dwarf ignition by nuclear scattering, either from
requiring that enough dark matter is captured so that it “self-gravitates”,
or that collapsing dark matter scatters frequently enough to ignite the
white dwarf. The line labelled “DM collapse” (orange/green) limits the
parameter space where dark matter will not ignite the white dwarf during
collapse, but instead collapses and forms a black hole. Complete evapo-
ration of this black hole via Hawking radiation ignites the white dwarf.
The line “DM feeds BH” (purple) denotes the limiting region where black
hole evaporation is potentially stalled by further dark matter capture
(see Fig. 2.1). The region “BH implodes WD” (green) is the parameter
space where a black hole that consumes the white dwarf would be formed.
A dark matter halo density px ~ 0.3 GeV cm™ at the location of the
white dwarf is assumed. All bounds were obtained using the parame-
ters displayed in the lower right, taken from an old white dwarf (SDSS
J160420.40+055542.3) selected to provide the most stringent bound for
myx < 108 GeV, out of all single white dwarfs listed in the Montreal White
Dwarf Database [111]. See [102] for an extended discussion of bounds ob-
tained from different white dwarfs, including those in old globular clusters
[137]. Also displayed are the bounds obtained from the Xenon-1T exper-
iment (blue) [23] and neutron star implosions (yellow) [136].
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fields that deplete the late-time abundance of asymmetric dark matter, super-heavy
asymmetric dark matter cosmologies have been constructed in Ref. [113] (see also
Chap. 4). Using various methods that deplete late-time relic particle abundances, it
would be possible to construct a cosmology for the dark matter models considered
here, though precise model parameters satisfying these cosmologies will depend on
a number of factors, for example the late-time energy density of decaying fields. A
detailed treatment has been left for future investigation. Both of the above dark
sector mediators, and their respective mixing mechanisms allow V,, and ¢ to decay in
the early Universe, and constraints on the mixing parameters can be obtained from
requiring Big-Bang nucleosynthesis to be unaffected by these decays and the resulting
dilution of baryon density [139]. These constraints have been accounted for in the

results below.

2.2.1 Dark Photon Portal

The first explicit dark matter model is a Dirac fermion X as dark matter, which
is charged under a new U(1)p gauge group with gauge coupling constant ax. The
vector mediator V), of this gauge group mixes with the Standard Model photon, see e.g.
[140, 141, 139]. For this mixed-vector mediator model, often called “hidden photon”
or “vector portal” dark matter, the coupling to the Standard Model is mediated

through the following mixing terms in the Lagrangian
Loiz = %VWF“” + KV, 2", (2.54)

Here V,, = 0,V,, — 0, V}, is the U(1)p field-strength tensor, the first term is the dark-

visible photon kinetic mixing term with mixing coupling e,, while the second term
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gives the mass mixing between the U(1)p vector boson and the Standard Model Z
boson with dimensionful coupling parameter x. The dark matter-nucleon scattering
cross section against protons in this case is [139]

o7y =2 x 107 cm? (10‘0)_(1> (Gev)4 (187_5)2 (2.55)

MMy

This dark photon model presents a much faster thermalization time as it allows
dark matter to lose energy through repeated scatterings against electrons in the white

dwarf. The energy loss rate for scattering against unbound electrons is [142],

dE 8 emEMEAEN ;e
<_> ~ ( X Pemy e D 2Teb l) Min {1,1} . (2.56)
dt ), (my + ¢%)? PF

We note that although Eq. (2.56) is valid for unbound electrons, this can be
reasonably applied to white dwarfs since electrons in the interior can be treated as
a nearly free gas [122]. We have also added a Pauli blocking factor Min[q/pr, 1]
accounting for the fact that electrons are degenerate within the white dwarf medium,
with a Fermi momentum pp ~ (37%n,.)'/? = (187%n,)'/3 ~ 5 MeV. This energy loss
mechanism is far more efficient than nuclear scattering when the latter is suppressed
by the structure factor, leading to much shorter thermalization and collapse times.
For instance, the final phase of thermalization (where nuclear scattering is suppressed,

cf. Eq. (2.21)) would be completed through electron scattering in a time

E B m Puwd 3 10" K
ph o PEBsww s ( X ) w 2.57
¢ 2 QX Qem €2 > 106 GeV 109 g cm—3 T ( )

In the rightmost expression, we conservatively chose ax ~ 0.1, a dark photon mass

m, ~ 107'? eV and mixing parameter ¢, ~ 10~7. Note that this implies a much
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Figure 2.3: Constraints on the mixing parameter e, for vector-mediated interactions

as a function of its mass m., in a log-log plot. We fix ax = 107!
(note the linear dependence of the cross section on this parameter).
The different colors correspond to different dark matter masses, as la-
beled. Regions above the solid lines are excluded by observations of
the old white dwarf SDSS J160420.40+055542.3. Shaded regions de-
note parameter space bounded by supernova cooling and particle colliders
(143, 144, 145, 146, 147, 148, 149]. We have omitted constraints on dark
photons that would decay during, and thereby alter primordial nuclear
abundances from big bang nucleosynthesis [150].

smaller dark photon mass than is shown in Fig. 2.3. Consequently, we see that a

vector portal model coupled through a very light dark photon can be constrained

using old white dwarfs that have not exploded, given the efficient transfer of dark

matter kinetic energy via electron scattering, for a sufficiently low mass dark photon.

The resulting constraints obtained by relating the above timescale to the cooling age

of SDSS J160420.40+055542.3 [111] are shown in Fig. 2.3, for various dark fermion
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masses.

2.2.2 Higgs Portal

Next, we consider a dark matter model, which couples to the Standard Model via a
Yukawa interaction with a scalar mediator ¢ that in turn mixes with the Higgs boson
[151]. Again, we take the dark matter to be a Dirac fermion X. For this “Higgs
portal” dark matter model, the real scalar field ¢ mixes with the Higgs boson H

through terms of the form
Ly=—appX X — (ap +b¢®) |H|?, (2.58)

where H is the Standard Model Higgs doublet and a, b are coupling constants, with
a having dimensions of mass and b being dimensionless. In the limit a, my < v, my,
where v &~ 246 GeV is the Higgs vacuum expectation value after electroweak symme-
try breaking, the mixing angle is €, ~ av/m3, with the following term describing the

resulting coupling of ¢ to Standard Model fermions
m —
Line = ==L 110 (259)

For the case of a scalar mixed with the Higgs boson, the nucleon scattering cross-

section 1s

4
N _33 9 Qg 30 MeV €n \2
o =210 et (2] (B (o) (2:60)

Using the white dwarf explosion bounds obtained for the dark matter-nucleon cross
section yields the bounds on this Higgs portal dark matter model, shown in Fig. 2.4.

Additional constraints on the mixing parameters from meson decay experiments are
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Figure 2.4: Constraints on the mixing parameter ¢, for scalar ¢ as a function of its
mass m, in a log-log plot. We fix a, = 107! (note the linear dependence
of the cross section on this parameter). The different colors correspond
to different dark matter masses; regions above these coloured lines are ex-
cluded by observation of the old white dwarf SDSS J160420.40+055542.3.
Shaded parameter space is excluded by non-observation of anomalous
meson decays at the CHARM experiment [152]. There are additional
constraints on the Higgs portal scalar from cosmological considerations,
including contributions to relativistic degrees of freedom, distortions of
the cosmic microwave background, and primordial nucleosynthesis abun-
dances [153].

also shown in the same plot for comparison. We fix oy = 0.1 and the dark matter
mass, then solve for the value of €, corresponding to the per-nucleon cross-section

that would cause the 3 Gyr old white dwarf SDSS J160420.40+055542.3 [111], to

explode.
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Chapter 3

Old Neutron Stars as Dark Matter Probes

Unlike white dwarfs, neutron stars are forged in the core of more massive stars that
end their lives as core-collapse supernovae. The precise conditions for which a progen-
itor star leaves behind a neutron star rather than a black hole are, however, subject
to uncertainty. Neutron stars have typical masses in the range 1 - 2.4 M, and are
extremely compact, with radii of order 10 - 15 km. Their central densities can exceed

~ 10% g cm™3

, comparable to the density of an atomic nucleus, making these objects
the densest in the universe, and a highly attractive target to discover new physics.
Various works in the past have demonstrated that neutron stars are a promising
probe for dark matter [154, 155, 156, 157, 158, 159, 160, 161, 162, 123, 163, 164, 165,
112, 137, 166, 101, 106, 167, 104, 168, 169, 170, 171]. For instance, cold neutron
stars have the potential to serve as excellent next-generation thermal detectors of
dark matter, heated by the scattering and annihilation of dark matter accelerated
to relativistic speeds in their deep gravitational wells. While a ~ Gyr neutron star
can have temperatures as low as ~ 100 K, dark kinetic heating alone may raise this

temperature to ~ 1700 K, even for very small dark matter-nucleon cross sections.

In fact, it was recently shown that measuring the effective temperature of a nearby
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old neutron star with next-generation infrared telescopes, such as the newly-launched
James Webb, would place leading bounds on dark matter interactions with nucleons
in a wide dark matter mass range [172], based on this effect. The identification of
old neutron stars as close as ~ 50 pc could be done by detecting their faint radio
emission with radio facilities like FAST [173], and this in turn would allow measuring
their temperature in a feasible exposure time with infrared telescopes.

A question remains, however, pertaining the nature of the neutron star itself:
What is the exact composition of the core? The existing uncertainty about this
extremely dense region makes it difficult at present to unequivocally compute dark
matter scattering and its associated heating. By contrast, the physics of the thin outer
layer of the neutron star, the crust, is by far more robustly understood. In this Chap-

ter!

, we show how dark matter scattering solely with the low-density crust still kinet-
ically heats neutron stars to infrared temperatures detectable by forthcoming tele-
scopes, as proposed in Ref. [174]. For both spin-independent and spin-dependent scat-
tering on nucleons, the crust-only cross section sensitivity reaches 10743 - 10=* cm?
for dark matter masses of 100 MeV - 1 PeV, with the best sensitivity arising from
dark matter scattering with a crust constituent called nuclear pasta (including gnoc-
chi, spaghetti, and lasagna phases). For dark matter masses from 10 eV - 1 MeV,
the sensitivity is 1072 - 10734 cm?, arising from exciting collective phonon modes in
a neutron superfluid in the inner crust. Furthermore, for any s-wave or p-wave anni-
hilating dark matter, we demonstrate that dark matter can efficiently annihilate by

thermalizing just with the neutron star crust, regardless of whether the dark matter

ever scatters with the neutron star core. This implies efficient annihilation in neutron

IFor clarity, we follow in this Chapter the notation used in [174]: we will use DM instead of an
X sub-index to denote the dark matter properties, e.g. mx — mpwm.



3.1. NEUTRON STAR CRUST STRUCTURE 56

stars for any electroweakly interacting dark matter with inelastic mass splittings of

up to 200 MeV, including Higgsinos.

3.1 Neutron Star Crust Structure

The crust of a neutron star, about 1 km thick, spans over 10 orders of magnitude
in density and consists of several distinct layers corresponding to different phases of
nuclear matter. Although it is reasonably understood, the breadth of physics required
to fully describe its structure places the crust among the most complex astrophysical
objects.

The neutron star atmosphere and ocean, with density < 10* g/cm?® and depth
O(pm), and made of a thin plasma layer, affect the star’s thermal spectrum, and are
influenced by the star’s magnetic field. The outer crust (density 10* - 10* g/cm?) is a
crystalline lattice of neutron-rich nuclei, along with degenerate free electrons [175, 176,
177]. The inner crust begins below the “neutron drip line” marked by density pxp =~
4.2 x 10" g/cm3 [177]. Here, it is energetically favourable for neutrons to be liberated
from nuclei, and so the inner crust begins as a mixture of a dripped neutron fluid and
nuclei in the form of “clusters” arranged in a lattice [178, 179, 180]. Further down,
the inner crust density approaches the nuclear saturation point py ~ 2 x 10 g/cm?,
and intricate competition between nuclear attraction and Coulomb repulsion forms
extended non-spherical “pasta” phases of nuclear matter; as the density increases,
gnocchi, then spaghetti, and then lasagna pasta phases become more prevalent [181,
182, 183, 184].

In the deepest layer of the inner crust there are “inverted pasta phases” where

nuclear density material predominates over sparser, sub-nuclear density voids. This



3.1. NEUTRON STAR CRUST STRUCTURE 57

po=2x 10 g/cm?

ar ‘)ast‘a
103 0.1 po = 2 x 1013 g/em? Nudle i
cost
“‘“e: o
W
o 101 pnp = 4.2 x1011 g/cm?3 ¢ |
g <
& Cad
Q
£ o
z 10° 1
%]
=
107 _
200 400 600 800 1000
proper depth (m)

Figure 3.1: The density of neutron star crust as a function of proper depth, obtained
using a benchmark high-density equation of state BsK21, for a benchmark
scenario of a 1.8 My mass, 12.5 km radius neutron star. The densities at
the transitions between various layers as described in the text are marked.

includes bucatini (anti-spaghetti) and swiss cheese (anti-gnocchi) phases. The crust
terminates at densities around py. Beyond this lies the outer core (densities 0.5 -
2 po) and inner core (densities 2 - 10 py). Fig. 3.1 shows the density of the crust
as a function of the proper depth using a representative equation of state, BsK21
[177, 185, 186], for representative benchmark neutron star parameters, with mass 1.8
M, and radius 12.5 km. We also consider other similar equations of state below
to test how our sensitivity predictions change with the crust thickness and layering.
Additionally, Fig. 3.2 shows the number of bound and free nucleons as a function
of the crust density, computed for the same equation of state previously mentioned.

The information contained in both figures will be repeatedly used below to compute
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optical depths for the dark matter scattering in the crust. For further details of the

interior of a neutron star crust, we refer the reader to Ref. [174] and references therein.
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Figure 3.2: Bound and free nucleon number as a function of neutron star crust density.
The different transition densities are indicated with vertical lines. See text
for details.

Before proceeding, we briefly comment as well on the core of a neutron star. This
high-density phase of matter is currently plagued with uncertainties [187]. It has been
hypothesized that the core could consist of meson and hyperon condensates [188, 189,
190, 187], or deconfined ud quark matter [191] or uds quark matter [192, 193, 194,
195, 196, 197]; the latter could exist in a color flavor locked phase [198, 199] and may
co-exist with confined states [200, 201, 202]. While the existence of any additional
degrees of freedom in the neutron star generally lead to softer equations of state, and
therefore predict a reduced neutron star mass, the heaviest found neutron stars to

date, i.e., PSR J0740+6620 at 2.14710-50 M, [203], still permit exotic cores [204, 197,
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205, 206]. Dark matter scattering on these phases may for instance be kinematically
forbidden [165]. Therefore, the crust becomes especially relevant when establishing

robust sensitivity projections for dark matter based on neutron star heating.

3.2 Neutron Star Crusts as Robust Targets for Dark Matter

Based on the above considerations, we show here how dark matter scattering proceeds
on each of the crust layers. In particular, we demonstrate below that the inner crust
and the pasta phases play a key, non-trivial role in dark matter capture, and have

important implications for telescope searches for dark matter heating of neutron stars.

3.2.1 Dark Kinetic Heating

We first provide a brief overview of the dynamics of dark matter capture and kinetic
heating in neutron stars. The steep gravitational potential of a neutron star accel-
erates non-relativistic dark matter particles falling into it to relativistic speeds. The
kinetic energy of the dark matter of mass mpy at the neutron star surface, in the

stellar rest frame, is given by

EDM = mDM(fy — 1) y (31)

where v = (1—v2_) /2, with the escape velocity at the star surface ves. = 1/2G M, /R,,

and M, and R, are the mass and radius of the star. As mentioned before, for our

study, we adopt the benchmark values

M, =18 My, R, =12.5km, (3.2)
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so that we have ve. = 0.65 and v = 1.32. These parameters are chosen to represent
realistic and conservative neutron star values; we will see shortly that for neutron star
crust capture, less massive stars tend to capture more dark matter. A dark matter
particle is captured, i.e. becomes gravitationally bound to the star, if it loses its halo
kinetic energy through one or more scatters with stellar constituents. The total dark

matter mass capture rate is given by [154, 172]

MDM = PDMVhalo X Wb?nax x f, (3.3)

where ppy = 0.42 GeV/em? and vpa1, =~ 230 km/s [207] are the best-fit halo dark
matter density and average speed respectively, and bpax = YRs X Uese/Vnalo 18 the
maximum impact parameter for dark matter to intersect the neutron star [172]. The
factor f is the fraction of dark matter particles captured after passing through the
neutron star, given by

Tx

. orT
f = Min [1, UC—;;] : (3.4)

where o, is the cross section for dark matter scattering on a target (e.g., nucleon,

ap

lepton) in the star, and O'%X is the minimum cross section required for dark matter

to capture. The rate of dark matter kinetic energy transfer to the neutron star is
(S;k = MDM(’Y — 1) X K, (35)

where k is the fraction of the dark matter kinetic energy that is deposited into stellar
constituents. This kinetic energy deposited by dark matter could be the predominant
heat source for an old neutron star [172]. Over the timescales of interest, the neutron

star will rapidly attain thermal equilibrium, and so &, is also the rate at which the
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neutron star radiates heat. Assuming black body radiation, this luminosity equals
41 R205pT%, where ogp is the Stefan-Boltzmann constant and Tyg is the “effective”
(surface) temperature of the neutron star. For a distant observer, Ty, = Teg/y. Thus
for the benchmark star parameters given in Eq. (3.2) and x = 1 in Eq. (3.5), we have

the dark matter kinetic heating temperature
T, = 1730 K. (3.6)

Without this heating mechanism, an isolated 10° year-old neutron star would cool
down to O(100) K [208, 209]. Other than dark matter heating, neutron stars may
also be reheated by other astro-nuclear model-dependent internal heating mecha-
nisms [210] and the accretion of interstellar medium, which may be deflected by the
star’s magnetic fields and preferentially heat its poles [172]. In the case of extremely
fast-rotating (sub-7 ms period) neutron stars and for certain equations of state, ro-
tochemical heating should also be considered [211]. However, for most neutron stars
after 10° years, all these heating processes with the exception of dark matter kinetic

heating are expected to be negligible.

3.2.2 Framework for Neutron Star Crusts

First, we will take the trajectory of dark matter through the crust to be a straight
line that passes through the center of the star. This is a conservative choice, since any
other trajectory implies a longer path for dark matter through the crust and hence
more scattering targets along its path. The optical depth of a dark matter particle

in the crust is

DM = / nrorydz (3.7)
crust
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where nr is the number density of scattering targets, o, is the cross section for
dark matter scattering on a target, and the integration variable z = (R, — r)y is the
proper distance traveled by dark matter in the crust, where r is the Schwarzschild
radial co-ordinate. Note that z integrates over every crustal layer twice, to account
for dark matter both entering and exiting the neutron star. The integral in Eq. (3.7)
can be conveniently recast in terms of the crust density by using the light-and-thin
crust approximation [212, 213], valid for neutron stars of typical mass and radius such
as the one we have considered. Since the mass and thickness of the crust is < 10% of
the star’s total mass and radius, the equation for the hydrostatic equilibrium of the

neutron star can be written in a simplified form [212, 213],

dP

where P is the pressure and g, = GM,v/R? is the acceleration due to gravity at the
star surface. If the equation of state, i.e. P as a function of the density p, is known,

it is helpful to use Eq. (3.8) to rewrite Eq. (3.7) as

1 1dP
= — ——d 3.9
TDM nTUTXp dp P ( )

s Jcrust

where dP/dp may in practice be computed from analytical representations of the
equation of state, see [174] for further details on this procedure.
We will assume that scattering is isotropic in the dark matter-target center-of-

momentum frame, which results in a flat spectrum of energy transfers:

do Ty

IANE ~ AE...~

(3.10)
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where AFE,.« is the maximum energy transferred. For this spectrum the average
energy transferred = AFE,,,,/2; for dark matter recoiling against a single nucleon this

is [172]
mnm]QDMf)/Qvgsc
(m2 + m#y + 2ymampm)

AE,,. = (3.11)

This transferred energy exceeds the dark matter halo kinetic energy mpyv,,,/2 for
mpm < 10% GeV. Consequently, a single scatter in the crust suffices to capture dark
matter in this mass range, which will be the focus here. For higher dark matter
masses multiple scatters will be required for capture; a careful treatment of dark
matter capture via multiple scattering in the crust is left for future study.

Once a dark matter particle is gravitationally captured, it oscillates around the
star in an orbit that rapidly shrinks as it transits the crust multiple times, until it is
completely contained within the star. This stage of thermalization occurs on a short
timescale. To see this, first note that the average energy lost by dark matter for each

transit through the crust is
AEﬂcross >~ DM X AE'ave ) (312)

where mpy is the optical depth given by Eq. (3.7) and AFE is the energy lost per
scatter, given by Eq. (3.11). Next, consider the radial trajectory of a dark matter
particle oscillating across the neutron star. This trajectory is equal to an ellipse with
eccentricity 1 and semi-major axis r/2, where r is the “apastron”, the maximum
distance of the particle from the centre of the star, given in terms of the particle

energy by
2GM

T 1—(E/mpw)?

r(E) (3.13)
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The orbital period t,,, for this particle is then the same as that of a circular orbit of

radius r/2, hence from Kepler’s Third Law we have

| wrd?

S (3.14)
G,

Lo, = 77_

where 77 = /2 accounts for the particle trajectory through a homogeneous sphere [214].

From Egs. (3.12) and (3.14) the rate of energy loss is

dE _ 2\/GI,

1. — /1 n\3/9 AEcross . 1
dt — 7wr(E)3/? (3:15)

The total (proper) time for thermalization can now be obtained by using Eq. (3.13)
to integrate Eq. (3.15) from an initial energy mpy + mpyvi,,/2 to a final energy
mpwmy~*, which is the gravitational binding energy at the star surface. Performing

this integration for M, = 1.8M, and R, = 12.5 km, we have for mpy > m, the

thermalization timescale,

107*2 c¢m? mpMm
erm =~ 5 % 107 ( ) , 3.16
Tih S ( T ) 105 GeV (8.16)

which is normalized to the largest mpy we consider and the net capture cross section
of the crust for mpy = 1 GeV. This is a very short timescale, and could be shorter
for mpy = O(100 MeV) due to the coherent response of the pasta phases. As for
mpy <K My, it can be seen from Eq. (3.11) that a single scatter deposits most of the
dark matter kinetic energy into the crust.

The total energy deposited by a dark matter particle through the thermalization

process ~ mpy(1 — 7). An additional, small amount of energy will be deposited
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as the dark matter orbit shrinks further through the crust. Using the fact that the
crust thickness d...t < Ry, and taking the difference in the binding energies at the

top and bottom of the crust, we find,

2G M, 2G M,
AEﬁcrus = 1— - l————
‘ oM <\/ R* \/ R* - dcrust>

(1 - 772) dcrust dcrust 2
1
mpwm 27 R* -+ O R* y (3 7)

which is a small fraction of the dark matter kinetic energy at the star surface, mpy(y—

12

1). Here we have used the expression for the binding energy at the star surface for
the interior as well. Even though the metric in this region deviates from the typical
Schwarzschild metric for a concentrated mass, this is a good approximation since the
crust is very thin compared to the star.

The net energy that dark matter deposits in the crust during this process is

AEorbit = (mDM + mDMUﬁalo/Q) - (mDM/'7> , (3-18)

where the term in the first parentheses is the energy of the particle far away from
the star, and the term in the second parentheses is its gravitational binding energy at
the star surface. Egs. (3.1) and (3.18) imply that the fraction of dark matter kinetic

energy deposited in the crust AEqum/Fpy (with v, < 1 neglected) is given by
Kerust = — - (3.19)
crust ~

The neutron star crust then radiates heat from the surface at a rate equal to the kinetic

heating rate, with K = Kyt in Eq. (3.5). The dark matter heating temperature
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obtained from this luminosity is
TSt = 1620 K. (3.20)

This is again much greater than the O(100) K temperatures expected without dark
matter heating. In an optimal scenario, it may be possible to discern between crust
vs. core heating using a population of old neutron stars, see [174] for details.

So far, we have only discussed the energetics of the dark matter capture process.
Below, we investigate in detail dark matter scattering on the components of the
various layers of the neutron star crust previously outlined. We then proceed to

estimate the associated sensitivity to dark matter capture for each of these layers.

3.2.3 Scattering with the Outer Crust

In the outer crust, where nuclei form an ordered lattice, dark matter scattering on
individual nucleons in the nuclei can result in dark matter capture. The nuclear bind-
ing energy per nucleon is roughly the same as that measured at laboratory densities:
Fhina S 10 MeV [215], which decreases deeper into the crust, where nuclei become
heavier and richer in neutrons. For mpy 2 10 MeV, dark matter would scatter on
these weakly bound nucleons by transferring energies greater than Fi;,q. To calculate
the per-nucleon capture cross section in the outer crust, we integrate Eq. (3.9) over
the outer crust densities, which are from 10° g/cm? to pxp ~ 4.2 x 10! g/cm?.

The per-nuclear cross section for dark matter scattering on a nuclear species T is

given by

or(q) = (Z—) A2F(9)S1(g) oy, (3.21)
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where firy (finy) is the nucleus-dark matter (nucleon-dark matter) reduced mass, ¢
is the momentum transferred to the nucleus, F'(¢) is the Helm form factor [115, 116],
and St(q) is the static structure function per nucleus [119], which has been computed
for dense astrophysical plasmas [120, 216]. To calculate the per-nuclear capture cross
section in the outer crust, we substitute Eq. (3.21) into Eq. (3.9) and integrate over
the outer crust densities, which are from 10° g/cm? to pxp ~ 4.2 x 10! g/cm?. Here
the number density in Eq. (3.9) is simply n(p) = p/m,,.

Scattering on the nuclei in the outer crust is unlikely to result in dark matter

capture, due to the interplay of two factors,

1'is less than the nuclear radius 7,

e When the inverse momentum exchange ¢~
there is loss of coherence over a nucleus, captured by the form factor F'(¢) which

SUPPIesses oy

l'is greater than the inter-nuclear

e When the inverse momentum exchange ¢~
separation a, there is loss of coherence among the relative amplitudes of dark
matter scattering on multiple nuclei, captured by St(¢), which suppresses o,

213].

This can be seen explicitly by considering the relevant parameters for neutron
stars: Nuclear radii in the outer crust are approximated by the standard formula
7o =~ (1.25 fm AY3) > 0.04 GeV~' [178]. The inter-nuclear separation for nuclear
species with mass my in the outer crust is a ~ (p/mr)"/? 2> 0.02 GeV™'. The
average momentum transfer (¢) ~ MmpyYUese for mpy < mr, where mp ~ 50 -
200 GeV; see Fig. 3.2. Comparing the above distance scales to (¢)~!, we find that

for mpy 2 30 MeV, the scattering cross section is suppressed by F'(q), whereas for
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-1
a )

lighter dark matter, it is suppressed by St(q). For mpym 2 mr, (¢) ~ mrYVese 2 7
so that the cross section is suppressed again by F(q). Thus, the product £2%(q)S,(q)
in Eq. (3.21) suppresses or,, for practically all dark matter masses. Therefore, in the
outer crust, dark matter capture occurs mostly via scattering on individual nucleons,

and not via scattering on nuclei.

3.2.4 Scattering with the Inner Crust

In the inner crust, dark matter capture can occur via scattering in two different ways:
with nucleons weakly bound in nuclei, and with superfluid neutrons.

For interactions with nucleons, the greater densities in the inner crust imply that
the binding energy per nucleon is even smaller than in the outer crust. Once again,
therefore, dark matter scattering on weakly bound nucleons can result in capture for
mpum =, 10 MeV. To calculate the capture cross section via scattering on nucleons in
the inner crust, we again integrate Eq. (3.9), but now integrate over inner crust den-
sities, which are from pxp to 0.1 py. We will expect the capture cross section here to
be 1 - 2 orders of magnitude smaller than the outer crust, due to the greater densities
of the inner crust, which make it optically thicker. We note that like the outer crust,
in the inner crust dark matter scattering with whole nuclei is suppressed. This can be
seen by applying the outer crust arguments in the previous section with parameters
for nuclei in the inner crust, where nuclear radii are instead well-approximated by
roc ZY3,

In the inner crust, dark matter could also be captured by depositing energy on the
free/dripped neutrons, which form a superfluid phase at the low stellar temperatures

(O(10® K)) that we consider. This phase has an energy gap of Ap ~ 1 MeV [217];
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therefore for mpy = 10 MeV, scattering on individual nucleons can unquestionably
proceed. One might also consider dark matter capture through the breaking of neu-
tron Cooper pairs [218], formed by spin-paired neutrons in superfluid neutron matter
in the inner crust [219, 165, 220]. The pairing energies are expected to be ~ 0.01
- 0.1 MeV, although the dynamics and energy gaps for Cooper pairs in superfluid
neutron matter are uncertain as they depend on many factors such as polarization
contributions to the spin interactions of neutrons [221]. This is a topic of active re-
search [222], and so to be conservative we leave a detailed treatment of dark matter
capture via breaking inner crust neutron Cooper pairs to future work.

For dark matter masses much less than the energy or pairing gaps, dark matter
can still deposit energy by exciting neutron superfluid quasi-particles such as phonons.
Prior work specifically considered light dark matter’s effect on the thermal conductiv-
ity of young, hot (7" = 107 K) neutron stars [167]. Here we will only provide a rough
estimate of dark matter capture by phonon modes. Single-phonon emission in the
low momentum regime with a linear dispersion relation is described by a static struc-
ture function, which relates the per-nucleon cross section to the phonon excitation

cross-section [165, 167]:

Sphonon(Q) 1 (322>

B 2mycs’
where ¢ is the speed of the superfluid phonon which at leading order is the neutron
Fermi speed equal to (37%n,)/3/m,, where ~ 0.04 ¢ at the neutron drip density.
We note that this linear regime, valid for sufficiently low momentum dark matter,
does not account for possible contributions from higher energy excitations (e.g. max-
ons, rotons). For this reason, we will only consider low mass (and correspondingly

low momentum) dark matter parameter space. Put another way, we require that
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Sphonon(¢) 1 Eq. (3.22) is much less than unity, which for ¢ ~ Yvesempym =~ mpu is

valid for mpy < 1073 GeV. Future work could be undertaken to compute higher

mass dark matter capture via phonon excitations, although this will depend on the
specifics of the crust model. Finally, we note that we have been conservative in our
choice of sound speed ¢; ~ 0.04 ¢. While we have neglected possible mixing between
the superfluid phonons and nuclear lattice phonons, including this effect would tend
to decrease the sound speed of the lowest lying modes by up to a factor of 4 [223], and
result in capture cross sections proportionally smaller. We leave the full treatment of
these effects to a future study as well.

Where Eq. (3.22) is valid, the energy deposited by dark matter via exciting
phonons is ~ qcs. For dark matter masses much less than the neutron mass, the
momentum transfer ¢ is about mpyyvese. This means that this deposited energy is
much greater than the dark matter kinetic energy ympyv?,,,/2, and so dark mat-
ter will be captured via excitation of a single phonon. Therefore, accounting for
the factor Spnonon(q), the capture cross section for scattering via phonon emission is

equal to 107 cm? (1 MeV /mpy) for dark matter masses less than the energy gap

3.2.5 Scattering with Nuclear Pasta

We now discuss our “penne trap” [224] for dark matter. The cross section for dark

matter scattering on nuclear pasta is given by

Upasta(Q) - Spasta(Q) Ony (323)
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where Spasta(q) is a structure or response function accounting for correlations be-
tween nucleons in the pasta. Here we have neglected the per-proton cross section on
the right hand side of the equation since the contribution to Spasta(¢) from neutron-
neutron correlations will dominate over neutron-proton and proton-proton correla-
tions as neutrons outnumber protons in nuclear pasta by O(100); see for instance
Fig. 3.2.

Nuclear pasta has important implications for the properties of neutron stars and
core collapse supernovae. For example, neutrino-pasta interactions impact neutrino
opacity in supernovae, and electron-pasta interactions impact properties such as the
neutron star shear viscosity, thermal and electrical conductivity. As such, the static
response functions of neutrino and electron scattering with pasta have been previously
calculated in several simulations [225, 226, 227, 228, 229, 230, 231, 232]. We apply the
Quantum Molecular Dynamics (QMD) simulation results [233], as these are relevant
for our stellar temperatures and dark matter momentum transfers.

The QMD results of Ref. [233] provide the low-temperature structure factor for
several densities (and so several pasta phases) with a proton fraction of Y, = 0.3,
and only the gnocchi phase when the proton fraction is ¥, = 0.1. We note that
the proton fraction of beta-equilibrated matter in a cold inner crust is about 0.1,
which is the type of crust relevant for our calculation. However, as we consider only
the neutron-neutron correlations, a 0.1 - 0.3 variation in proton fraction is expected
to yield comparable results. As the gnocchi scattering structure factor is provided
at both densities, we have checked that dark matter-gnocchi scattering cross sections
with 0.1 and 0.3 proton fractions produce the same results. Given this, we expect that

lasagna and spaghetti scattering will also be similar for 0.1 and 0.3 proton fractions,
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and so use the available Y}, = 0.3 proton fraction results for those pasta phases.

In any case, it is important to note that the treatment of pasta structure factors
only significantly impacts the nucleon scattering enhancement visible in Fig. 3.3 for
dark matter masses 0.1 - 1 GeV. This is because for most of the parameter space,
capture occurs through inelastic ejection of nucleons out of nuclear pasta; this pro-
cess is insensitive to the coherent pasta scattering enhancement. Ideally, we would
sample several datasets to examine the variations in this coherent pasta-scattering
enhancement, but as these datasets are not available, we provide estimates here. Ne-
glecting this pasta coherent enhancement altogether would simply result in no dip in
the nucleon pasta sensitivity curve around DM masses 0.1 - 1 GeV.

The QMD simulations capture the coherence effects of interacting with the whole
pasta structure. Thus, opasta must be interpreted as a per-nucleon cross section.

For sub-nuclear densities, the response Spasta(q) can be roughly divided into three

regimes in ¢ [233]:

e ¢ <40 MeV: The response function Spasta(¢) < 1, as the scattering is incoherent
due to density fluctuations, which results in destructive interference of scattering
amplitudes. In this region it is given by Spasta — 1(9p/OP)r, where T is the

pasta temperature. For example, at 7' = 1000 K, Spasta(q) is O(107°).

e ¢ ~ 60 MeV: The response function Spasta(q) peaks, due to coherent enhance-

ment from scattering on multiple nucleons.

e ¢ 2 200 MeV: The response function Spasta(q) — 1, corresponding to quasi-

elastic scattering on weakly bound individual neutrons.

To calculate the dark matter-pasta scattering sensitivities, we modify Eq. (3.9)
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for the pasta layers as

m(p) b, (3.24)

p dp

On
Tom = —> / (Spasta(@))q
Js pasta

where n, is the nucleon number density. The g-averaged structure function is given

by

1 gmax
<Spasta<Q)>q = / Spasta(Q) dq y (325)
0

Qmax

with the maximum momentum transfer

q — 4/Lnxm2Dan72Ue25c . (326)
ax m2 + m2 + 2mpymyy

We then integrate Eq. (3.24) over the pasta layer densities, which extend from
0.1 po to 0.3 pg. This range is a conservative choice, as various pasta structures are ex-
pected to appear near the saturation density py, which may contribute to dark matter
capture via quasi-elastic scattering on individual nucleons. Thus our range of inte-
gration includes nuclear spheres (gnocchi), cylinders (spaghetti) and slabs (lasagna),

but not cylindrical (bucatini) and spherical (Swiss cheese) voids [227, 229].

3.2.6 Projected Constraints on Dark Matter Interactions
3.2.6.1 Optical depths

We first present the optical depth of each layer by integrating over the appropriate

density ranges, as laid out in Eq. (3.9),
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inner Onx
M AT 102 em? )
asta ~ Unx
T2 (gaam) (3.27)

We have normalized the per-nucleon cross sections so that the optical depth is
unity, which corresponds to the spin-independent cross section required for dark mat-

ter capture in each layer, for dark matter masses 10 - 10° GeV, as seen in Fig. 3.3.

3.2.6.2 Layer by Layer Results

Fig. 3.3 summarizes our results for dark matter capture in neutron star crusts. In the
top panel, we have plotted the per-nucleon capture cross section for mpy < 1 MeV,
and in the bottom panel where mpy = 10 MeV, we have plotted the same accounting

for scattering in all the layers of the crust. Our results can be summarized as follows:

e mpy < 90 MeV:

This is the mass range in which capture could occur in all crustal layers. In
general, the sensitivity to dark matter capture is driven by the pasta layers. This
is mainly because, even though the pasta layers are very thin, their enormous

densities give them enormous optical thickness.

For 100 MeV < mpy S 1 GeV, dark matter-pasta scattering is coherently
enhanced, which improves capture sensitivity by as much as an order of mag-

nitude.
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Figure 3.3:
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Dark matter-nucleon scattering cross section for capture by neutron star
layers as a function of dark matter mass mpy, for a neutron star of mass
1.8 M, and radius 12.5 km. Top: For mpy < MeV, dark matter cap-
tures by scattering on superfluid neutrons in the inner crust and exciting
collective modes (phonons) via low momentum transfers. Bottom: For
mpum =, 100 MeV, dark matter captures by exciting weakly bound nucle-
ons in the nuclei of the outer and inner crust, as well as in nuclear pasta
at the bottom of the inner crust. In the inner crust, scattering on free
neutrons also contributes to capture. Also shown is an estimate of the
capture cross sections for dark matter scattering with the neutron star
core assuming degenerate neutron matter; however the dynamics of the
core are not reliably known.
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For 90 MeV < mpy < 400 MeV, a fraction of scatters can occur with energy
transfer greater than 10 MeV (the nuclear binding energy of nucleons), as deter-
mined from the spectrum in Eq. (3.10). Thus the capture cross section decreases
with mpy in this mass range. Finally, for mpy = 400 MeV, almost all scatters
occur with energy transfer greater than the nuclear binding energy 10 MeV, so
that the capture cross sections of the outer crust and pasta-free inner crust are

mpn-independent in this mass range.

e 10 MeV < mpy < 90 MeV:

Dark matter capture by pasta is suppressed by incoherent scattering due to
density fluctuations, so that the net capture sensitivity is driven by dark matter
scattering on nucleons in the inner crust. The outer crust sensitivity is weaker
than these layers’ by 1 - 2 orders of magnitude simply because it is much less

dense.

In this mass range, there are no scatters with energy transfer greater than the
nuclear binding energy 10 MeV, as seen from Egs. (3.10) and (3.11). Therefore,
capture via scattering on weakly bound nucleons shuts off, seen as vertical lines

in the bottom panel of Fig. 3.3.

e 10 eV SmDM 5 1 MeV:

Sensitivity to dark matter capture in the crust is driven solely by the excitation
of collective modes (phonons) in the neutron superfluid phase of the inner crust.
In this region, both the crust and core sensitivities scale as mp,, since the cross
sections for both phonon excitation in the inner crust (Eq. (3.22)) and neutron

excitation in the degenerate core contain a factor of the momentum transfer
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proportional to the dark matter mass. Our estimates of capture in this region
are valid down to mpy =~ 10 eV, for which dark matter evaporation may become

important for a 1000 K-hot neutron star [234].

Note that we do not show sensitivities in the mass range 1 MeV - 10 MeV. The
capture calculations in this range are much more complicated than our current, con-
servative treatment; this is a region where the dark matter masses are greater than
the superfluid energy gap ~ 1 MeV, and less than the per-nucleon binding energy
~ 10 MeV. We leave a detailed treatment of this mass range for future investigation.

Remarkably, we see from the dark matter-core scattering bounds in Fig. 3.3, that
the cross section sensitivity of neutron star crusts to dark matter kinetic heating is at
most only 3 orders of magnitude weaker than that of the neutron star core. The latter
scales as mp, for mpy < 1 GeV due to Pauli-blocking of degenerate neutrons [172].
Indeed, because of a structure factor enhancement in the pasta phase, the crust
sensitivity is only a factor of 10 below the core sensitivity for mpy >~ 100 MeV.

The separation of 3 orders of magnitude between the sensitivities of the pasta
(without coherent enhancement) and core layers can be understood simply from their
respective optical depths. From Fig. 3.1 and the discussion in Sec. 3.1, we see that the
inner crust is O(10) less dense and O(10%) thinner than the core, so that its optical
depth is O(10%) smaller. Similarly we see from Fig. 3.1 that the inner crust excluding
pasta is O(10) less dense than, but about as thick as the pasta layer; therefore the
inner crust optical depth is O(10) smaller, which is reflected in Fig. 3.3. Furthermore,
the densest part of the outer crust is 1 - 2 orders of magnitude less dense than the
inner crust on average, while of comparable thickness; therefore its optical depth (and

hence cross section sensitivity in Fig. 3.3 is 1 - 2 orders of magnitude smaller.
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It is important to keep in mind that any of the crust layers could be responsible
for the capture of dark matter, due to the order in which it would encounter the
layers in its first transit through the crust. Thus if the dark matter-nucleon cross
section oy, happens to exceed twice the outer crust capture cross section, then dark
matter capture is effected by the outer crust; if oy, is between twice the capture cross
sections of the outer crust and a deeper layer, capture is effected by that deeper layer.

It is also important to note that our knowledge of neutron star structure becomes
more theoretical and less empirical deeper into the star. Consequently, our cross
section sensitivities are more robust for shallower layers, so that the outer crust sen-
sitivity at about 107%° ¢m? is the most robust. This is simply because we understand
less well how matter should behave at higher densities and pressures. For example,
while almost all equations of state predict a pasta phase, there are uncertainties in
the types of pasta present, as well as the density at which they appear [235].

Here we have used the pasta structure function as given in Ref. [233], which
computed it for neutron stars in the low temperature regime relevant in this study.
Importantly, even in a scenario with no pasta structure function enhancement, there
would still be densely packed nuclear material, whose nucleons dark matter would
still scatter on quasi-elastically. We emphasize that the only region in which the
pasta uncertainties are relevant is for dark matter masses of about 0.1 - 1 GeV, where
scattering is enhanced by the structure function. Neglecting pasta altogether would
simply remove the dip in sensitivity around these masses, evident in Fig. 3.3. This
would weaken the predicted dark matter-nucleon scattering sensitivity in the 0.1 - 1
GeV mass range by less than an order of magnitude. For dark matter masses greater

than a GeV, scattering on the nuclear pasta layers occurs predominantly through
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inelastic scattering with nucleons, as given by Eq. (3.39), which does not depend on
the nuclear pasta structure function.

The results we have presented have an important consequence for weakly inter-
acting (WIMP) dark matter candidates: as they have electroweak-sized scattering
cross sections of about 1073 ¢cm? and GeV - TeV masses, they are guaranteed to be
captured in neutron stars irrespective of the composition of the interior below the
outer crust. Below, we revisit this aspect of capture in the context of inelastic dark

matter, with a case study of supersymmetric Higgsino dark matter in Sec. 3.3.1.

3.2.6.3 Comparison with Direct Detection Limits

Fig. 3.4 directly compares our net crust sensitivity to constraints from underground
experiments searching for dark matter in nuclear recoils, for both spin-independent
and spin-dependent scattering [236, 237, 238, 239, 24]. We also show the xenon
neutrino floor [34, 35], which denotes the cross section sensitivity below which neu-
trino backgrounds are expected to affect direct detection searches. The shaded “Full
Crust” band denotes the uncertainties in capture cross section arising from varying
the neutron star mass, radius, rotation frequency fio, and equation of state (EoS).
We did not consider neutron stars of mass < 1.4M, as our equations of state predict
for them a crust thickness > 10% the size of the star, invalidating the light-and-
thin crust approximation that we apply here. Neglecting this stellar mass range
only leads to conservative results, as a thicker crust implies greater optical depth
and hence stronger sensitivities. We find that the weakest sensitivity is provided by
{M, = 2.3 M, R, = 11.5 km, f,o; = 716 Hz, EoS = BsK21}, and the strongest
sensitivity by {M, = 1.4 M, R, = 11.75 km, f,os = 0 Hz, EoS = BsK20}. We obtain
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these extremal parameter values from the mass-radius relations derived in [177] using
the analyitic representations of the BsK equations of state.

We have estimated the spin-dependent capture cross section shown in Fig. 3.4 by

1. Scaling the spin-independent capture cross section by a factor of

4J,+1
3 Jn

((Sa) +(Sp))?| (3.28)

where J,, = 1/2, (S,,) = 1/2 and (S,) = 0 for scattering on neutrons, and

2. To calculate pasta scattering we have used the pasta structure factor in Eq. (3.24)
but have imposed Spasta(q) < 1, since we expect spin-dependent scattering to

not be coherent over pasta nucleons, and

3. To calculate quasi-elastic scattering on nucleons in the inner and outer crust,
we follow the same procedure as spin-independent scattering, since in this case

scattering occurs with individual nucleons.

Although the PICO-60 limit applies to spin-dependent scattering on protons, we
display it as it provides the current best sensitivity to spin-dependent dark mat-
ter interactions with nucleons at low dark matter masses. Furthermore, most spin-
dependent models predict roughly equal rates of neutron and proton scattering.

For spin-independent scattering, we see that neutron crust heating is clearly more
sensitive than direct detection for low dark matter masses (mpy < GeV); crustal

capture easily proceeds for these masses, ¢f. Eq. (3.11), but at terrestrial experiments

it is difficult to detect soft nuclear recoils above energy thresholds. Direct detection
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experiments benefit from an A% enhancement in cross section from nuclear coherence,
which helps them surpass neutron star crust sensitivity in some range of mpy;. For
spin-dependent scattering, we see that neutron crust heating is more sensitive than
current direct detection searches for nearly all dark matter masses. We note that
these statements hold true for sub-MeV dark matter masses as well, where neutron
star crust heating occurs through phonon excitations, see Fig. 3.3. For complementary
bounds on dark matter-nucleon scattering at low dark matter masses, see Refs. [240,
241, 242, 243, 244, 142).

For both spin-independent and dependent scattering, we have also shown the ap-
proximate optimistic reach of dark crustal heating. As old neutron stars are expected
to be around 100 K-hot, assuming future optimistic experimental sensitivity, the neu-
tron star would have to be heated by dark matter to higher than about 100 K to have
a differentiable signal. This optimistic reach is shown as the dotted “100 K neutron

star” curve.

3.2.6.4 Comparison with Outer Core Scattering

Lastly, we remark on dark matter capture via scattering with the outer core of the
neutron star. This is the region marked by densities 0.5 - 2pg, to distinguish it from
the inner core with densities > 2pg, where exotic phases of matter are usually thought
to appear. It is not clear that exotic phases do not appear at outer core densities as
well [245, 122, 246, 247, 191]. In addition, the neutrons (protons) in the outer core
are expected to exist in a superfluid (superconducting) phase, so that dark matter
could only scatter by exciting collective modes at low momentum transfers.

Therefore, while scattering on the outer core is subject to the same uncertainties
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Figure 3.4:
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Comparison of net per-nucleon capture cross sections of neutron star
crusts with constraints from underground dark matter direct detection
searches, for spin-independent (top) and spin-dependent (bottom) scat-
tering. Also shown are the xenon neutrino floors as a rough estimate of
the ultimate sensitivity of direct detection experiments [34, 35]. The “Full
Crust” shaded band spans the range of capture cross sections obtained
by varying key properties of neutron stars, with the weakest sensitivity
provided by {mass, radius, rotational frequency, high-density equation of
state} = {2.3 My, 11.5 km, 716 Hz, BsK21}, and the strongest sensitivity
by {1.4 M, 11.75 km, 0 Hz, BsK20}. “Full Crust” shows the cross-section
for which all dark matter passing through the neutron star crust is cap-
tured, resulting in kinetic heating to ~ 1620 K; the cross-section for which
DM kinetic heating leads to a “100 K neutron star” is also indicated. This
is roughly the full optimistic reach.
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as the inner core that were detailed previously, nevertheless for completeness’ sake
we estimate the capture cross section for the outer core with average density poc and

thickness doc as

1. k ermi
104 Cm2< 5p0) (5 m) Min [1 pF—] : (3.29)

)
Poc dOC MpM Y Vesc

where the last term contains a Pauli-blocking factor for low momentum transfers, with
PrFermi the neutron Fermi momentum ~ 0.45 GeV [172]. Because this estimate will be
affected by any novel nuclear dynamics in the outer core, for the rest of this paper
we will focus on dynamics in the sub-nuclear crust. We leave a thorough exposition

of the outer core, and associated uncertainties, to future work.

3.3 Dark Annihilation Heating

As illustrated by Eq. (3.16), captured dark matter thermalizes through repeated
scattering with the crust, and becomes confined to the volume underneath it, in a
very short timescale. At this point, it will continue to oscillate in the stellar interior
at semi-relativistic speeds. If the dark matter particles annihilate to Standard Model
products, their mass energy is deposited into the star, heating it to temperatures even
higher than that induced by kinetic heating. For instance, the temperature of our
benchmark neutron star, cf. Eq. (3.2), due to dark matter kinetic-and-annihilation
heating is

Ty = 2470 K . (3.30)
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This would have a significant effect on observational prospects at imminent infrared
telescopes, in particular reducing the observation time by a factor of ~10 and af-
fecting the optimal choice of filters to be used. In this Section, we explore the pos-
sibility of dark matter annihilation post crustal capture in some detail, and show
that hitherto-elusive scenarios such as supersymmetric Higgsino dark matter may be
cornered thanks to this phenomenon.

The number of dark matter particles contained in the star evolves according to

dN Tann¥) N2
= Cpm — < )

— —_— 31
o v (3.31)

where Cpy is the capture rate given by MDM/mDM from Eq. (3.3), (Gannv) is the
thermally averaged dark matter annihilation cross section, and V' is the volume in

which annihilation occurs, which we conservatively take to be the volume of the star.

The solution to the above is given by

N(t) =4/ gDX; tanh (Tiq) : (3.32)

%
Teq = 4] =———— (3.33)

CDM <Uannv>

where

is the characteristic timescale at which capture and annihilation equilibrate, after
which N(t) achieves a steady state. For t > 7., the net luminosity of the neutron

star,from both kinetic and annihilation heating, is (MDM + E’ann) o ComMmpwmY-
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(Tannv) can be expanded in terms of its partial wave contributions:

(Tannv) = (00)0 Y _ apvly | (3.34)
=0

where v, is the relative velocity of the annihilating dark matter particles, and ¢ =
0, 1,2 correspond respectively to the leading contributions from s-wave, p-wave, d-
wave modes. For illustration we will consider scenarios where (o,,,v) is dominated by
a single mode such that the coefficients a, = 1 for that mode and a, = 0 for all other
modes. Note that the average relative velocity of dark matter particles oscillating
within the star is approximately just the escape velocity, which is of order 0.1. Using
the approximate scaling Cpy o< R2 from Eq. (3.3) and V' o R, we see from Eq. (3.33)

that for annihilations dominated by the mode ¢,
Toq X RETO/2 (3.35)

Fig. 3.5 shows 7., as a function of the radius of our benchmark 1.8 Mg neutron
star, for s-wave and p-wave dark matter annihilation. We limit the plot to radii
< 13 km since above that radius neutron stars are predicted to have masses < Mg,
which are expected to have more massive and larger crusts, invalidating the light-and-
thin crust approximation assumed throughout this work. We also remark that lighter
neutron stars will be more efficient at capturing dark matter in their crusts since these
have a greater optical depth. Here we fix mpy = 1 TeV and (ov)y = 3x10726 cm? /s
in Eq. (3.34), and assume a dark matter-nucleon cross section greater than 107%° cm?
so that all transiting dark matter is captured by the crust, as shown in Fig. 3.3. As

borne out by the scaling relation in Eq. (3.35), the timescales shown would be shorter
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Figure 3.5: Capture-annihilation equilibrium timescale as a function of neutron star
radius, for dark matter that fails to scatter and thermalize with the core
of the star. The timescale for both s-wave- and p-wave-dominated anni-
hilations are shown. Here we take the dark matter mass to be 1 TeV and
a per-nucleon scattering cross section > 107%° ¢cm?, so that dark matter is
guaranteed to capture in the crust (see Fig. 3.3); the scaling cross section
(ov)o in Eq. (3.34) is set to 3 x 10727 cm?/s.

for smaller neutron stars, and for annihilation dominated by smaller partial wave
modes.

We now note that were dark matter to scatter and even just partially thermalize
with the core of the star, 7., for s- and p-wave annihilations would be even smaller
than that predicted by crust-only thermalization. To see this, consider a partially
thermalized ensemble of dark matter particles that is confined to a volume of radius

rpr < R,. From the fact that the star’s gravitational potential at this radius is

(3GM,/2R,)(1 — rip/3R?), the typical dark matter speed scales as v, o< rpr. Using
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this and V o rj; in Eq. (3.33), for dark matter annihilations dominated by the mode
¢ we have

Toq X T 202 (3.36)

Therefore for ¢ < 2, the capture-annihilation equilibrium timescale scales positively
with rpr: the smaller the thermalization volume, the quicker the equilibration. Con-
versely, for ¢ > 2, this equilibration could take significantly longer for d-wave and
higher-order modes. We could also, of course, verify this statement in the limit of
fully thermalized dark matter. In that case, for a core density png dark matter would

settle into a “thermal volume” of radius < the size of the star [112]:

T o2y (107 8/’ V2108 GeVN'2 /T Y2
Tthermal = {| ——=—————— m(——— T .
thermal 4rGpnsmpm PNS MpMm 1000 K

(3.37)

Since vy x VT , the above equation implies vy X T¢hermar Such that the scaling in
Eq. (3.36) is once again true.

Some comments are in order regarding whether dark matter annihilation prod-
ucts efficiently heat the neutron star. So far we have assumed that this is the case.
However, one might consider whether this holds if the annihilation products were
neutrinos, whose mean free path in neutrons at saturation density n, = 1037 cm™3
is [248]

(3.38)

2
L, = (n,GE:E?) ' ~10"' m (—100 MeV) :

E,

where Gy is Fermi’s constant and F, is the incident neutrino energy, equal to the dark

matter mass for prompt 2 — 2 annihilations. From this we see that we should expect
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dark matter annihilation to neutrinos, for the masses we have considered, to result
in efficient neutron star heating. Certainly for mpy = 100 MeV these neutrinos
do not escape the star, but rather scatter on the pasta layers of the inner crust
and contribute to annihilation heating. In the future, it will also be interesting to
consider dark matter annihihations to long-lived mediators [249, 250, 251, 252, 253,
254, 255, 256, 257, 258, 259, 260, 261, 262] or a second component of (nucleophilic)

dark matter [263, 264, 265], which may also heat the crust rather than the core.

3.3.1 Discovery Prospects of Inelastic Higgsinos

Previously, we showed that dark matter capture by the neutron star crust alone is
sufficient for capture-annihilation equilibrium to be attained within the lifetime of
the star, for electroweak-sized annihilation cross sections. This means that the crust
provides sensitivity to certain dark matter models that are difficult to probe at terres-
trial experiments, such as dark matter that only scatters inelastically [266], and dark
matter that scatters through velocity-suppressed interactions [267]. We remark that
there has also been a recent complementary treatment of neutron star core capture
of inelastic dark matter given in Ref. [268]. In this sub-section we illustrate this crust
sensitivity to the supersymmetric Higgsino. This is a especially appealing dark mat-
ter model, as it originates from the supersymmetric extension of the Standard Model,
and shares the same gauge symmetries and Yukawa couplings. As we detail below, af-
ter electroweak symmetry breaking, its lightest mass eigenstates that arise are stable
and only interact through the weak force, they are thermally produced in the early
universe, and furthermore their mass must be ~ TeV to match the observed relic

density of dark matter. This candidate can easily evade terrestrial detection, since
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its elastic scattering cross section against nucleons must be significantly smaller than
the reach of direct detection experiments, whereas inelastic scattering is kinematically
forbidden at the accessible phase space on Earth.

For inelastic scattering on nucleons in the crust (we neglect coherent scattering
on pasta for the moment), dark matter of mass mpy must scatter to an excited state

of mass mpy + 0, with the inelastic cross section given by

: (3.39)

0

where o,

is the (elastic) scattering cross section at vanishing mass splitting ¢, and

Omax 18 the maximum mass splitting for inelastic scattering to proceed, given by

2
_ MV

max ~— 9 .4
5 . (3.40)

with fi,, the neutron-dark matter reduced mass and v ~ ve.. For our benchmark
star parameters, Eq. (3.2), we have d,.x = 200 MeV for mpy > m,. Note that at
terrestrial detectors v ~ 1073, so that for a 100 GeV-heavy scattering target and
a heavier dark matter projectile, 6. >~ 50 keV. Thus neutron star crustal capture
improves the “inelastic frontier” of dark matter direct detection by 2 — 3 orders of
magnitude.

Higgsinos are the fermionic supersymmetric partners of the Standard Model Higgs
field, which undergo mass mixing with the superpartners of the weak gauge bosons
(“binos” and “winos”) after electroweak symmetry breaking. If the bino and wino are
decoupled from the Higgsino by setting their mass parameters, denoted by M; and

Ms respectively, much greater than the Higgsino mass parameter p, then a nearly
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pure Higgsino is a candidate for dark matter. Being an electroweak doublet, there
are two neutral states at the mass scale p, denoted by x; (the dark matter state) and
X2 (an excited state), as well as a charged Higgsino pair, xy* (also potentially excited
states). For expressions of the mass splittings between y; and {yo, x*} in terms
of electroweak and supersymmetric parameters, see Ref. [172]. For Higgsino mass
u=1.1TeV, Higgsino dark matter could be produced at the observed relic abundance,
Q,h? = 0.11, via thermal freeze-out from s-wave annihilations with (oau,v) ~ 3 X
10727 cm? [269).

When kinematically allowed, the Higgsino y; can scatter inelastically to an excited

0

~
nx —

state (by exchanging a Z or W= boson) with an electroweak-sized cross section o
10739 cm? in Eq. (3.39). From Fig. 3.3, this implies that thermal Higgsino dark matter

of mass 1.1 TeV will

1. be captured by the outer crust whose capture cross section ~ 1074 cm?; as
mentioned in Sec. 3.2.6, as the outer crust is the most empirically understood
layer, this is a robust prediction for electroweak dark matter such as the thermal

Higgsino, and

2. further scatter with and deposit energy in the inner crust (including the pasta

layer), whose capture cross section ~ 10~ c¢m?.

The above stages of capture would occur for most values of the mass splitting
d < Omax in Eq. (3.39), and any deviations would only occur for § within 1% of dyax.
Therefore, most of the thermal Higgsino parameter space corresponds to the curve
in Fig. 3.5 denoting s-wave annihilations for mpy = 1 TeV, i.e. crustal capture

implies that capture-annihilation equilibrium is expected in timescales of less than
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10* years. This in turn implies that thermal Higgsino dark matter with inelastic
mass splitting less than 200 MeV is practically guaranteed to give rise to both kinetic
and annihilation heating of neutron stars, significantly increasing the prospects of its
discovery.

As detailed throughout this Chapter, this result provides a key motivation for
treating neutron star crusts as dark matter captors. Even if the stellar core were not
exotic, dark matter scenarios like the supersymmetric Higgsino may never thermalize

with the core through repeated scattering. This can happen for a number of reasons:

e As the Higgsino loses kinetic energy, dma.x decreases (see Eq. (3.40)), so that

inelastic scattering eventually becomes forbidden.

e In addition to inelastic scattering, Higgsino dark matter can also scatter elas-
tically (x1n — x1n) via a higher-order amplitude, however the cross section
for this process is currently unknown, and only an upper bound has been com-

puted [270, 271]: o(x1n — xan) < 107% cm? for mpy = 1.1 TeV.

As no lower bound exists on this cross section, the Higgsino might in principle
never thermalize with the core within the present age of the universe. As a result,
Higgsino dark matter may annihilate in a volume much larger than the thermal volume
given by Eq. (3.37), i.e. much less efficiently. However, we have established that
Higgsinos will annihilate anyway: even in the limit of capture in the crust and no
thermalization with the core, capture-annihilation equilibrium is attained very quickly

as shown in Fig. 3.5, so that annihilation proceeds at its maximal rate.
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Chapter 4

Nuclear Recoil Signatures of Composite Dark

Matter

Composite dark matter theories, whereby dark matter is an object made of smaller
fundamental constituents, have gained increasing interest in recent times. A plethora
of models have been proposed and are undergoing close scrutiny. Such candidates
include fermionic dark matter blobs [272, 273, 274, 275, 276, 108, 109], glueballs
277, 278], dark quark nuggets [279, 280], massive compact mini-halos [281], bound
axionic states [282, 283, 284, 285, 286, 287, 288], boson stars [289, 127, 290, 291, 292],
massive compact mini-halos [281] and Q-balls [293]. Furthermore, some composite
dark matter theories are even becoming the specific target of several experimental
searches [42, 294, 295, 296, 27].

In this Chapter, we will review new signatures of composite dark matter recently
uncovered in [108, 109]. These signatures arise from the strong binding field sourced
by composite states which, when coupled to Standard Model nucleons, creates sizable
nuclear recoils and a variety of related collisional processes in matter. These can

range from sizeable heat dissipation and ionization, to even thermonuclear reactions,
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depending on the coupling strength. Moreover, this novel phenomenology can arise
for unconstrained coupling values between the dark and visible sector, unlocking new
parameter space to be tested by both experiments and astrophysical probes. While
here we limit ourselves to one of the simplest existing models, these results could

easily be generalized in the future to other composite dark matter theories.

4.1 Bound States of Dark Matter Fermions

The simplest model of composite dark matter that has been studied in [273, 297, 275,
274, 108], consists of a dark matter fermion (X') coupled to a real scalar field (¢) that
provides an attractive force that binds the dark fermions together. The Lagrangian

for this dark matter sector is
Lp = X(ir"0 X XoX L 22 18 o 4.1
p = X(17"0, —mx)X + gxX¢ +§m¢¢ +3 @ 0", (4.1)

where the bound states we are interested in are composed of X (and not X) particles,
i.e. the dark matter is asymmetric [13, 12].

An attractive interaction is a necessary ingredient to form bound states in the
early universe, as we discuss shortly. Note that while we restrict our attention to the
Lagrangian above for simplicity, much of the work we will do could be easily extended
to the case that there is an additional repulsive vector coupling between X, or even
pseudo-scalar and pseudo-vector interactions. Such interactions would tend to alter
the formation and structure of the dark matter composites, see e.g. [298]. In what
follows we shall also assume a zero temperature limit for our composites, but point
out that the results outlined here can be generalized to a finite temperature using

appropriate thermal distribution functions, see e.g. [299].
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We have recently shown that this dark matter model leads to a whole new phe-
nomenology if the same scalar that binds the composite together has a small Yukawa
coupling to Standard Model particles [108, 109]. As we review below, sufficiently
massive composites will be in a saturated state; the binding field inside the saturated
composites takes on a classical value (¢) o my, where mx is the mass of the con-
stituent dark matter fermion, here ranging from GeV - EeV. For a wide range of
couplings, these dark matter composites will source a large scalar field value, which
implies a large corresponding scalar potential V' ~ (¢) inside the composite. Nuclei
and other Standard Model particles coupled to ¢ will undergo accelerative processes
at the composite boundary. It follows that the composite’s Yukawa potential will
cause nuclei (or other Standard Model particles if also coupled) to scatter, ionize,
and undergo other dynamic processes at the boundary and inside the dark matter

composite.

4.1.1 Saturated Composite States

In general, the physical properties of bound states with a low number of particles pose
a complex physical problem. However, when the number of constituents is large, one
can apply relativistic mean field theory [274], and approximate the binding field by a
classical uniform value ¢(z) — (¢). In this limit, simple scaling relations in terms of
the constituent number Ny are recovered. The scalar field value inside the composite

is determined by minimizing the energy density,

1, 1

2 - 2 (.2 2\1/2
€=y%@>+%l dp p* (p* +m) . (4.2)
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In this expression, m, = mx—gx(¢) is the fermion effective mass inside the composite,
which accounts for the X self-interactions. The upper integration limit is the Fermi
momentum pg, which implicitly depends on the scalar field expectation value in the
composite, (¢), via the chemical potential 1 = (p%+m?)'/2. In order to determine (¢)
by minimizing Eq. (4.2), the chemical potential must in turn be related to the energy
density via u = ¢/ny, where nx = p%/3w? is the constituent number density. This
is equivalent to requiring a vanishing pressure, since p = —(0E/0V )y, = pe — nx.
In the limit m, < pg, simple scaling relations for the effective mass and chemical

potential are recovered,

m, =~ (672)Y/? (%> , (4.3)

gx

j =~ pp ~ (67%)'/2 (%) v (@) " . (4.4)

9x 9x
It can be seen from the above expressions that u ~ pg > m,, and so the con-
stituents are effectively relativistic while in the bound state. This is especially relevant
for computing nucleus-constituent scattering, see Sec. 4.1.4 below. The binding en-
ergy per constituent is set by the difference mx —u, and related to the total composite
mass via

MX:NXmX—Nx(mX—M):NX,LL. (45)

Using a standard “liquid drop” model, the total composite mass is made up of a
bulk and surface contribution My = Nxmyx + N)Q(/ Sesurf, where mx is the amount of
composite mass per constituent, which accounts for their binding energy, and egy,¢ is a
coefficient associated with the decrease of interactions near the composite boundary.
This relation implies that the chemical potential scales as y = mx + N ;1/ 3€surf ~ My

in the limit of large Nx. Thus, from here onward we will take the composite mass as
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Mx ~ Nxmx, and because the constituents are relativistic, the mass they contribute
to the composite is simply myx =~ u, which for relativistic constituents will be their

Fermi momentum, my ~ (6m2mgmx)/?/gx as given by Eq. (4.4). The composite

1/3
Ry = (%NX) | (4.6)

=3
4ms

radius is consequently,

where the scaling indicates that the composite volume is proportional to the composite
mass. Therefore, the addition of an extra particle simply enlarges the composite so

that the number density remains constant. This saturation number density is

3
=X ~10% -3 ( mx )
372 M \5Gev

Composites with a number density exceeding the above expression will be well-
described by the mass and radius relations given above. Of course it is often preferable
to quantify the minimum number of dark matter constituents which render the above
approximations to be accurate. As discussed extensively in [274], the saturation
regime can be defined as the limit where the composite length scale Ry becomes
comparable to the mediator range m;l, implying that a composite state must contain

a minimum

wom () e (@) () ()t

of dark matter constituents for it to be saturated. Shortly, we will see that by the
time that the cosmological synthesis of these composites ceases, the typical particle

numbers Ny are well above this saturation threshold.
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4.1.2 Early Universe Synthesis

The cosmological formation of large asymmetric composite states has been explored in
previous works [297, 300, 275, 108]. In the case of the composite dark sector indicated
by Eq. (4.1), composite synthesis occurs in the early universe when the dissociation
of two-body bound states by ¢-scattering becomes inefficient as the universe cools.

Formation of two-body bound states will occur provided that [297]

asmx 2 mg, (4.9)
and )
mx % C 5

> 0.3 (—) S ) 4.10

X~ 107 Gev (106) (4.10)

with ax = ¢g%/4m. The parameter ( < 1 is a dilution factor that ensures the

observed dark matter relic abundance is attained at the end of synthesis. We specify
its origin a few lines below. Once two-body bound states are formed, synthesis of
larger composites proceeds via inelastic fusion processes, with cooling of the final
composite usually occurring via ¢ emission. In the strong binding regime my < my,
the composites will build up in size via dark fusion reactions of the form ¥xX +
NxX — 2NxX + ¢, until their rate drops below the expansion rate of the universe.
For masses my = TeV, this results in an overabundance of dark matter. However,
the correct relic abundance can be recovered assuming the excess is subsequently
depleted by the decay of a metastable field [113], as was recently shown in [108].
Such a late-time relic density depletion via decaying fields is present in many models
of high-scale baryogenesis [301, 302]. The amount of asymmetric dark matter (and

baryons) that is depleted, is given by Q‘;fp = Qx(, where ¢ = Safier/Sbefore 1S the
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entropy ratio before and after the field decays. Conversely, the abundance of dark
matter constituent particles X after freeze-out is in excess of the standard value by a
factor of (!, leading to the formation of large composite states. The number of dark

matter of particles contained in a composite formed by this process is [108],

20 /g TT 0, \

calrdca [

N, = ( oo o ) (4.11)
mxC

N 9 21 P
oy (a7 (T )7 (5GeVYT (100N
B 102 10° GeV Mx ¢ )

where T, ~ 0.8 eV is the temperature of matter-radiation equality, T, ~ mx /10 is

the X freeze-out temperature, g, is the number of relativistic field degrees of freedom
at freeze-out, and My is the reduced Planck mass. From this we see that in the regime
in which consistent cosmological formation can be obtained for dark fermion masses
up to and even exceeding 10'° GeV. The resulting number of dark matter particles
contained per composite is well above the saturation threshold, Eq. (4.8), and leads
to composite masses approximately ranging over 10! - 102 GeV, where even larger
masses may be obtained for a smaller dilution parameter (. Thus, the binding field
in the composite interior is (¢) o mx, and potentially results in highly-energetic
signatures, as initially explored in [108]. However, we will also show below that, even
if the composites are comparatively less massive and (¢) is correspondingly smaller
(i.e. for ¢ = 1), a small coupling between ¢ and Standard Model nucleons can still
result in detectable nuclear scattering and ionization processes at underground dark

matter experiments [109].
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4.1.3 Nuclear Acceleration Effect from Composite Potential

So far we have discussed the properties of saturated composite states without assum-
ing any coupling of this dark sector to Standard Model particles. We now introduce
a coupling between the binding field ¢ and SM nucleons by adding a Yukawa inter-
action,

Ly, = gpnign (4.12)

to Eq. (4.1), where g, is the Yukawa coupling between ¢ and Standard Model nucleons.
Note that g, can be either positive or negative, resulting in either a repulsive or
attractive Yukawa potential for nucleons sourced by the dark matter composite. As
we saw above, the binding field ¢(x) ~ (¢) is classical and effectively uniform inside

a large composite, and its value is well-approximated by
(0) ~ "X r < Rx, (4.13)

so long as m, < pr, cf. Eq. (4.3). On the other hand, because of boundary conditions,

the field must rapidly decay outside the composite state according to,

r

B{r) = (6) emolr=R) (ﬁ) 1> Re (4.14)

Nuclei coupled to this scalar ¢ will then have an effective mass smaller or larger than
their vacuum mass in the composite interior, for an attractive and repulsive potential,

respectively. Energy conservation imposes that their momenta must change as they
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enter the boundary of the composite state (and similarly as they exit) according to,

pr+mk =p? + (my — (p)°, (4.15)

where p and p’ are the momenta of a nucleus before and after entering the composite
respectively, my = Am,, is the nuclear mass, and we have defined (¢) = Ag,(¢). We
note again that the above implies a decrease or increase in the mass of the nucleus,
depending on the sign of g,.

Before continuing, for completeness we summarize four interaction regimes for

large dark matter composites with a Yukawa coupling to nuclei.

1. (¢) < my and g, > 0. In this case there will be energetic interactions be-
tween nuclei accelerated into the composite interior. We have recently studied

signatures of the resulting Bremsstrahlung and fusion processes in [108].

2. (¢) < my and either g, > 0 or g, < 0. Low energy attractive or repulsive
interactions will result in a soft nuclear recoil at the boundary of the composite,
yielding scintillation and Migdal ionization at underground experiments as we
show for the first time in this work. Quite recently, repulsive dark matter

composites were also studied in the context of mineralogical detection [296].

3. {¢) > my and either g, > 0 or g, < 0. For a large enough (and hence rela-
tivistic) attractive or repulsive composite potential, the dark matter composite
boundary will form a repulsive barrier for incoming nuclei [303], as discussed in
[108]. Most of the nuclear recoil work presented here will generalize easily to

this case.

4. In addition to interactions between the dark matter composite’s scalar potential
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(p) and nuclei, we also consider nucleus-X (that is nucleus-constituent) scat-
tering interactions. These can occur as scattering interactions between nuclei
and single dark matter constituents, or take the form of collective excitations of
multiple composite constituents. As discussed in Sec. 4.1.4, these interactions
are highly suppressed relative to interactions with the composite potential, since

X constituent particles in saturated composites are highly degenerate.

Fig. 4.1 shows a schematic of the different recoil and high energy processes that
arise from a Yukawa coupling between the binding field for composites (¢) and SM
nucleons. In what follows we will focus on the case that g, is positive and the potential
is attractive. For the low-energy scattering processes we will study in Section 4.2.1,
the generalization to g, negative is straightforward, since the nuclear recoil spectrum
implied for an attractive and repulsive potential are the same.

To quantify the kinetic energy change of nuclei at the boundary of the composite,
we first note that the field () couples directly to the nuclear mass since it is a
Lorentz scalar. When (p) < my, we neglect the ~ O({¢)?) term and obtain the
kinetic energy change in the non-relativistic limit,

AE ~ ( A ) ~ Agn (@) . (4.16)

2my  2my 9x

In this limit, the kinetic energies of nuclei can lead to nuclear fusion and bremm-
strahlung we investigated in [108]. Eq. (4.16) above illustrates the central result: the
energy difference per SM nucleon is given by g,mx/gx for large composites, where
the constituent mass myx can span several orders of magnitude in straightforward
cosmologies, ranging from sub-GeV up to EeV. Such heavy constituents are accom-

modated in a cosmology that includes a stage of relic abundance dilution [108], cf.
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nuclear interactions with DM composite internal potential scattering with constituents
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Figure 4.1: Different interactions are shown between a large dark matter composite
and nuclei, for nucleons that have a Yukawa coupling g, to the scalar
field ¢ that binds the composite constituents X together. For the first
three processes, the size of the Yukawa potential for nuclei inside the dark
matter composite, (p) = Ag,(¢), as compared to the nuclear mass my,
determines the characteristics of nuclear interactions with the compos-
ite’s scalar potential. The sign of the Yukawa coupling g, determines
whether the potential is attractive or repulsive. 1. The first panel shows
that for a sizable, attractive, but non-relativistic Yukawa potential, nuclei
emit Bremmstrahlung radiation and may fuse in the composite interior,
as studied in [108]. 2. The second panel shows that for a small composite
potential (¢) < my, nuclei will recoil at the boundary of the composite,
either accelerating or decelerating, depending on whether the potential is
attractive or repulsive. Note that in the case of a repulsive Yukawa po-
tential, the extent to which the nucleus enters the composite will depend
on its initial kinetic energy as compared to (¢). 3. The third panel shows
that for a relativistic internal potential, there will be a large potential
barrier that reflects nuclei [108, 303]. 4. The fourth panel depicts nuclear
scattering with DM constituents X. As detailed in Section 4.1.4, this sort
of scattering interaction will be very suppressed since the X particles in
the composite are highly degenerate.
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Eq. (4.11). Therefore, even for tiny coupling values, nuclei can gain or lose substan-
tial kinetic energy as they cross the composite boundary. In addition, the composite
states considered have large sizes compared to the atomic separation at densities
px = 1 g cm™3, and so they collect a large number of nuclei in their interior. Thus,
composites with this simple renormalizable coupling to SM nucleons act as micro-
scopic nuclear accelerators as they traverse matter.

A number of processes can occur between nuclei and dark matter composites,
depending on the Yukawa coupling g,, as this quantity determines the dynamics of
SM matter as it crosses the composite interior. For nuclear kinetic energy shifts
AFE <100 eV, a small fraction of the entering atoms will be ionized via collisional
processes and the Migdal effect [304, 305], leading to the emission of electromagnetic
radiation. In Section 4.2.1, we demonstrate that the Migdal effect alone permits
liquid noble element experiments like XENON-1T to probe nucleon-scalar Yukawa
couplings well below existing constraints based on stellar cooling arguments [109].
For AE = 100 eV, low-Z atomic nuclei will be fully ionized, leading to substantial
thermal bremsstrahlung, and potentially thermonuclear reactions if the kinetic energy
change of nuclei exceeds 2 100 keV [108]. However, as was previously indicated, these
high energy signatures can only occur for heavy composites with masses beyond the
reach of direct detection experiments. Nevertheless, these fusion-capable composite
states could still be discovered at neutrino experiments through the massive energy
released upon their transit, which is discussed in Sec. 4.2.2. Finally, in Section 4.3, we
show how composites with this simple coupling to the Standard Model may trigger
Type-la supernovae in white dwarfs [108, 109], as well as explore implications for

planetary heating [109]. At much higher energies, the non-relativistic approximation
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made here for nuclei breaks down. This can be seen from Eq. (4.15): if () 2 my,
then necessarily p’ < p, implying that this potential eventually becomes repulsive
in this limit [303]. We have left a detailed treatment of this case to future work —
however we would point out that there are bounds on such high values of (¢), because
of stellar cooling limits considerations, which at present limit the coupling to values
gn S 10719 - 10712 over the mediator mass range mg ~ eV - GeV.

To conclude this Section, we discuss the timescale over which nuclei are accelerated
when entering the composite’s Yukawa potential. As we show below, this timescale
is short compared to the timescale over which the nucleus crosses the dark matter
composite, since the composite radii considered here are much larger than the binding
force range, and so nuclei are accelerated over a short distance to substantial energies.

First, we consider the dynamical expression for the acceleration time

Rx

ruea= () [ o) (4.17)

where € denotes the energy of the nucleus in the composite rest frame and p(r) =
Agno(r), with ¢(r) given by Eq. (4.14). The initial energy ¢ can be expressed in
terms of the energy in the laboratory frame gy via € = g9+ p- vy +myv% /2, with vy
being the velocity of the composite in such frame. For the phenomenology considered
in this work, g < myv% /2 and the initial (pre-composite crossing) energy of nuclei
in the composite rest frame is well approximated by € ~ myv% /2. Because the field
gradient decays exponentially outside the composite volume, nuclei accelerate over

a short distance near the composite surface. In terms of the dimensionless variable
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X = r/Rx, this length scale is y ~ (m,Rx)~'. The acceleration timescale is then

12 1 —myRx (x—1)\ ~1/2
Taccel = IUx <@) / 1+ <£) e— de (418)
2¢e 1 )1 € X

+(m¢RX

which can be solved numerically. However, for the large composite masses we consider,
it is always the case that (Rxmg) ' < 1. Therefore, we can estimate the timescale

above by approximating y ~ 1 and dx ~ (m4Rx) ™', yielding

1 1 1/2 m -1/ vx \1L
g~ — (=) ~65x1071 ( ¢ ) ( ) 419
Taccel me (vg( —i—vi,) 8 * \MeV 103/ 7 (4.19)

where vy = (2(p)/my)"/? is the final nuclear velocity in the composite rest frame.
In the rightmost expression, we show the scaling when vy < vx, which is the case
for all phenomena considered in this work. Note that in the opposite limit vy <K vy

a finite acceleration timescale is also recovered,

~ o1 2(p) _1/2N —18 my 2 my \7L ([ {e) \
Taccel == g <mN =107 (10 Gev> (MeV) Mev) - @420

Before turning to the associated signatures of this effect, next we discuss the potential

N[

scattering processes between nuclei and the dark matter.

4.1.4 Scattering Interactions between Nuclei and Composites

In this Section, we discuss a few different interactions between nuclei and dark matter
constituents, i.e. processes that fall under the fourth category depicted in Fig. 4.1.
These processes are of some interest, since if nuclei lose kinetic energy while scattering

in the composite, this will cause a kinetic drag on the composite state, resulting
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in a stopping force as the composite moves through matter, for further details see
App. B. A full treatment of every scattering interaction is out of scope: it would
require the computation of a dynamic structure factor Sx(q,w), which has encoded
all the collective excitations of the constituents, for a given momentum exchange q
and energy exchange w between the nucleus and the composite state. This is still
an active area of investigation. Instead, following [109], we briefly review the three
lowest-lying scattering modes: coherent scattering of the nucleus against the full
composite state, excitation of low-lying surface modes, and up-scattering individual
constituents above the Fermi level in an ideal Fermi gas approximation. Below, we

briefly comment on each process, while the full details can be found in [109],

e (Coherent composite-nucleus scattering: We first consider the scattering process
whereby a composite with Nx constituents and radius Rx coherently scatters
against a nucleus and transfers a fraction of its total momentum and kinetic
energy. As computed in [109], in terms of the momentum exchange ¢, the

differential cross section for this process is given by,

do A2 AT2 F20 AN\ = q ) )
<dQ)XN_>XN = AWNx 2 (A)7o (2m2 02 ) |Fx(qRx)|” |[Falgrn)|®, (4.21)

NYX

where A is the mass number of the nucleus, vy is the velocity of the nucleus in
the composite rest frame, and 5o = g2g%m3,/4mm,, is a reference cross section
for point-like dark matter scattering against a free nucleus in the limit my <
M. This reference cross-section includes the mediator mass correction due to
>1/2'

screening effects, m3 = mj + om with dm7 ~ (4raxmy The function
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f(A) = min

A 3
1 _
’(RX)

accounts for the partial overlap of the nucleus wave function with the composite

, (4.22)

state [276], A being the initial spatial spread of the scatterer wavefunction.
This scale depends on the material in question, but relevant choices for this
study are the thermal de Broglie wavelength in the case of terrestrial detectors,
A = 2 /myT)"? <1072 em, and the spatial dispersion of nuclei in the case
of crystalline white dwarfs (cf. Sec. 4.3.1), Ayq = (2mn€,)""? < 1072 cm
with €2, being the plasma frequency. Eq. (4.22) effectively reduces the number
of targets available for coherent scattering when the composite size is large
compared to the initial spatial spread of the scattered nucleus. The two form

factors in Eq. (4.21) are

_ 3j1(grn) o~ 1%
qrn

Fu.(grn) : (4.23)

3, (qR
Fx(qRy) = %, (4.24)

and account, respectively, for the nuclear and composite substructure effects
at inverse momentum exchanges that are small compared to the nucleus and
composite radius. Overall, this cross section is highly suppressed for large com-
posite states from the combined effect of the form factors above, existing limits

on the coupling g,, and Eq. (4.22).

Surface mode excitation: Surface vibrations are potentially the lowest-lying

collective modes in the composite state, with excitation energies of order ~ eV
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in most of the parameter space [109]. The differential cross section for exciting a
single surface vibration quantum (phonon) of angular momentum [ can similarly
be written as

d
(—") ~ ANZ f2(A)ag (—q Q)rFs‘i1f<qu>|2, (4.25)
dgq 01,

2
2my vy

where most of the definitions are the same as in the previous item, see [109] for
further details. The new form factor associated with single phonon excitation
1s

FO:(qRx) = & (21 +1)2ji(qRx). (4.26)

The quantity ¢, above is the amplitude of the mode, which scales as,

ISE]

_ 3 _

om0 (e () (BT
This form factor significantly reduces the cross section for exciting surface modes
in the composite state. Moreover, the creation of multiple vibration quanta in a
given mode [ result in additional powers of ¢;, and therefore further suppression
of the cross section. In a similar manner, we expect other collective modes to
be suppressed from the same considerations above, as well as potentially having

higher excitation gaps.

Constituent up-scattering: In addition to quasi-coherent composite-nucleus scat-
tering, accelerated nuclei in the interior of the composite may lose energy by ex-
citing individual dark matter constituents above their Fermi level. We consider

the dark matter constituents to form a non-interacting Fermi gas of particles
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with effective mass m,, with m, < pp, when the composite state is suffi-
ciently massive, c¢f. Eqgs. (4.3) and (4.4). Since the dark matter constituents are
ultra-relativistic, this scattering interaction requires a fully relativistic treat-
ment, and the phase space available for scattering, given the degeneracy of the
targets, must be carefully analyzed as well. In [170, 306], a Lorentz-invariant
formalism was developed to compute the dark matter capture efficiency of rel-
ativistic degenerate electrons in neutron stars. Such formalism accounts for
both relativistic kinematics and Pauli blocking of the targets. In [109], we have
adapted those results to estimate the scattering rate and the subsequent energy
loss of nuclei inside the composite from exciting constituents above the Fermi
level. The scattering rate of a nucleus against dark matter constituents in the

composite rest frame [306],

PF 2
v p /dgp d(cos 6)x
Vi
do

/da d(costp) © (AE +p —pp) © (d_9>(CM> . (4.28)

I'nxonxs = nx /

Pmin

where Vi = 4mp3./3 is the occupied phase space volume of the target dark mat-
ter particles, nx = p}./37* is the dark matter number density, (do/dQ)car is
the tree-level constituent-nucleus differential cross section for a Yukawa inter-

action in the centre-of-momentum frame, and

,& — (pﬂku)2 — mim?\f 1/2 (4 29)
(p? +m2)(m}y + k?) '

is the Moller velocity [307, 308], with p* and k* respectively being the four-

momentum of the dark matter particle and the nucleus in the composite rest
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frame, prior to the collision. The latter is determined from Eq. (4.16). The
Moller velocity relates differential cross sections in different frames for non-
collinear scattering processes. In this case, the frames considered are the com-
posite rest frame, where the Fermi surface is spherical, and the centre-of-
momentum frame, where the collision kinematics are more easily analyzed. The
scattering rate given by Eq. (4.28) integrates over the target Fermi sphere, and
accounts for the potentially large boost between both frames for relativistic
targets. The first two integrals correspond to integrating the differential cross
section over the azimuthal and polar scattering angles (o, 1) in the center-of-
momentum frame. The integrals that follow correspond to integrating over the
azimuthal and polar angles (¢, 8) on the Fermi sphere (the integral over ¢ yields
a 2 factor). These angles determine the momentum direction of the dark mat-
ter targets in the composite rest frame. The final integral to the left corresponds
to integrating over the momentum magnitude p of the dark matter constituents,
also in the composite rest frame. Note that it runs from some p = pyin set by
the Pauli blocking condition, ¢.e. only those dark matter particles occupying
states sufficiently close to the Fermi surface will be excited. This condition is
enforced by the Heaviside step function, where AFE is the energy deposited by
the nucleus in the composite frame. This energy transfer is fully determined by
the relativistic kinematics, and in turn depends on the above angles, see [109]

for details.

Integration of Eq. (4.28), in the limit that nuclei are non-relativistic, yields a
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scattering rate of order

3A%2g2 g% mi (my + 2pp)os
Tyx vy ~ X ivogrpf Pe)oy. (4.30)
F

This scattering rate scales as O(v%;) at the lowest order in the nuclear velocity,
with vy < 1072 for the most energetic signatures of this model. Combined with
existing limits on ¢, and the large Fermi momentum of the constituents, the
up-scattering rate of constituents by incoming nuclei is extremely small in all

the parameter space considered.

Overall, we have found all of these processes to be extremely suppressed, and
therefore, do not constitute a significant energy loss for nuclei as they accelerate
due to the composite’s internal field. Here, we have limited ourselves to review the
basic features of each interaction, however, further details on the computation of the

associated stopping power can be found in Ref. [109].

4.2 Signatures at Underground Experiments

Having reviewed the composite state properties in saturation, how these dark matter
bound states may have been synthesized in the early universe, and their interactions
with Standard Model nuclei, we now turn to discuss some of the signatures of this

model at underground experiments.

4.2.1 lIonization via Migdal Effect at Liquid Noble Element Experiments

Composite dark matter crossing the volume of direct detection experiments can ac-

celerate atomic nuclei over a short timescale, thereby ionizing and exciting atoms
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with the sudden nuclear recoil induced by the dark matter composite’s potential.
We first turn to the ionization of atoms at the dark matter composite boundary.
The non-adiabatic response of electrons to an impulsive nuclear motion is called the
Migdal effect [304, 305]. In essence, the Migdal formalism relies on a sufficiently
rapid change in nuclear momentum, so that the perturbed electron wavefunctions
can be modeled by applying a straightforward momentum boost. Therefore, to ap-
ply the Migdal formalism to large dark matter composites we will require that the
nuclear recoil interaction time is short compared to both the electron orbital period
Te- ~ (10 eV)™t ~ 6.5 x 10717 s and the ratio R, /vy, where R, is the atomic radius
and vy is the final nuclear velocity. Before the interaction the atomic nucleus can be
assumed stationary, and the electron cloud is characterized by its ground state wave-
function [¢). After the interaction has occurred, the nucleus moves with speed vy.
In the rest frame of the recoiling nucleus, if the interaction occurred fast enough, the
electrons initially have the same coordinates as when the nucleus was stationary, but
their momenta are boosted by ¢ = m.vx. The perturbed electron cloud wavefunction
is subsequently expressed as [¢)') >~ exp (—i)_, q-r,) |[¢), where 7, are the position
operators of the electrons in this new rest frame, with a = 1, ..., Z. This yields a finite
transition amplitude to excited and free states, even for the electrons occupying inner
orbitals.

In practice, noble elements used in direct dark matter searches have large atomic
radii of order R, ~ 107® cm, so R,/vy > T.-. Comparing then the electron orbital
period to Eq. (4.19), we see that the acceleration occurs fast enough for this approxi-
mation to be valid, so long as the composite is moving sufficiently fast or the potential

is sufficiently short-ranged. In this Section, we will demonstrate that Migdal electrons
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produced by the composite transit yield excellent detection prospects for liquid noble
element (LNE) experiments like XENON-1T.

There have been several proposals for dark matter searches using the Migdal effect
(309, 310, 311, 312, 313, 314, 315, 316, 317, 318, 319, 320, 321, 322], especially in the
sub-GeV mass range. As a proof-of-concept for dark matter composite detection,
we will focus here on XENON-1T and its first dark matter search [23]. As we show
below, the extremely low electron background of this experiment, combined with the
high mass number of xenon, allows for a sensitivity to dark matter composite-nucleon
couplings well below existing constraints. In particular, we follow here the analysis of
[314]. However, because of the nature of the Migdal effect as applied to dark matter
composites, the recoil energy spectrum will be different compared to [314], since all
atomic nuclei are accelerated to approximately the same kinetic energy along the
composite’s path.

For a large dark matter composite, the Migdal ionization differential event rate

per unit of exposure is set by

dR PxX do
= — d 4.31
dEr  myMx /v>v§(m‘“) dEp " glv) dv (4.31)

where my ~ 130 GeV is the mass of a xenon atom, and g(v) is the dark matter
velocity distribution in the laboratory frame. In our analysis we assume a local
dark matter density px ~ 0.4 GeV cm™ [323] and use a flux-normalized velocity

distribution outlined in [69],

~2

f(v) =N ? =023 exp <%) OV — )OO (Vg — V), (4.32)

0
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1 1

where v = |v|, v, =~ 11.2 km s™" is the Earth’s escape velocity, v, >~ 528 km s~ is
the galactic escape velocity, and vy ~ 220 km s™! is the velocity dispersion [324, 207].
The variable 0 = v* —v2 4 v2, + 2v, 74/v% — v2 cos ¢ accounts for the relative velocity
between the solar system with respect to the galactic frame, with v,; ~ 230 km s™*
and ¢ being the angle between such relative velocity and the dark matter vector. The
constant A~ is a normalization factor that enforces [ [7 f(v) dv d(cos ¢) = 1. The
distribution g(v) in Eq. (4.31) is then given by the integration over ¢ of Eq. (4.32),
ie. g(v) = [ f(v)d(cos ).

We express the differential cross section per unit of nuclear recoil energy as the

geometric cross section of the composite, multiplied by a delta function enforcing the

fact that all nuclei along the composite path will be accelerated to the same energy

do

where EY = Ag,mx/gx (A ~ 130) denotes the kinetic energy to which nuclei are
accelerated as they cross the composite boundary, cf. Eq. (4.16). Note that there is
a factor of two in this expression that accounts for nuclei accelerating both as they
approach and exit the composite boundary.

The minimum integration speed in Eq. (4.31), unlike other analyses, is now set by
the minimum kinetic energy that the composite must have to penetrate the exper-
iment’s overburden, and still reach the detection volume with a sufficient speed for
the Migdal approximation to remain valid. Depending on the coupling and mediator
mass, radiation or conduction losses will dominate the stopping power. For couplings
sufficiently high so that temperatures T' 2 100 eV are reached in the composite inte-

rior, matter will be completely ionized but optically thin to photons, resulting in an
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energy loss in the form of thermal bremsstrahlung, see below. At smaller couplings,
however, heat conduction losses will dominate, which we estimate by taking a crust
thermal conductivity ~ 1 W m™! K=! ~ 107 GeV s~! [325] and applying Fourier’s
law with a thermal gradient VI' ~ T'mg4. Both of these energy loss channels imply
that composites must have a minimum velocity of order vﬁ?e"“) > 107* - 1073, and
so an ~ O(1) fraction of the flux will have enough kinetic energy to penetrate the
overburden. On the other hand, for the Migdal approach to be valid, we require the
acceleration timescale Taecel, given by Eq. (4.17), to be short enough compared to the
electron orbital period, of order 7,- ~ 10717 s. Thus, setting Taccel = Te- in Eq. (4.17),
we obtain the minimum speed

. 1 ./ MeV
u;g>:—:105< e), (4.34)

MpTe— me

where we have neglected vy in Eq. (4.17) compared to (my7.-)~', which is the case
for the entire parameter space considered here.
The differential ionization rate will be given by Eq. (4.31), multiplied by the

probability of electron emission from a given energy level [314],

dRion dR 1 dpn [—F,
_ N WPnisE ) 4
dEndE,  dEn (% ; dE. q) (4.35)

in the above equation, E. is the final kinetic energy of the ionized electron and

dpn,lﬁEe
dFE,

q 1s the differential probability, for a given momentum change ¢ = mevny =
(2m2E%/my)'/?, for an electron initially at a level (n,[) to be ionized with a final
kinetic energy E.. This set of probabilities was numerically computed for xenon atoms

in [313]; we use the results of that study to evaluate the integral in Eq. 4.35 (Table
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IT of [313]). The total energy deposition is given by E.,, = E,; + E., where E,; is the
initial binding energy of the electron. We remark that while E, is typically ~ O(eV),
the ionization energies E,,; are ~ O(keV), and therefore dominant.

Due to the very narrow nuclear recoil spectrum, cf. Eq. (4.33), integration over
the nuclear recoil energy can be performed analytically. We can also integrate over

the electronic energies and obtain

4 R%nx 1 dpni~E
i = a_ dEe Eem : 2
Bion = =0 7 % />g(> vglv)dv )< | o ;/ “(Eem) —3F,

(4.36)
We have explicitly included here XENON-1T’s detection efficiency for a given electro-
magnetic energy deposition €(Ee,,) [314]. For XENON-1T"s first run, a total exposure
of 98 kg yr was achieved [23]. Furthermore, the integral in the above equation yields
a factor of ¢2, allowing us to express the total number of Migdal electron events at

XENON-1T in terms of composite parameters, cf. Eqs. (4.6) and (4.16),

Vo2 10 (o) (vae) (m) (G3) 7 497

It is also relevant to compute the average number of electronic recoils produced
by a single composite transiting the detection volume. This is given by the ioniza-

tion probabilities, the detection efficiency, and the flux of xenon atoms through the

)

<o () () ) () oo

composite,

1 dpn-E
~ 2 _ n,t—Lie
Ntransit — (27TRXnXeLdet) X (271’ zl:/dEe g(Eem) dEe
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In the above expression, Lge; ~ 100 c¢m is the length scale of XENON-1T’s detection
volume, nxe ~ 10?2 cm ™2 is the number density of targets, and we assume the com-
posite is moving fast enough for the Migdal approximation to be valid. Eq. (4.38)
demonstrates that even for tiny couplings, a composite crossing XENON-1T"s volume
could be observed from the large ionization track it creates.

Finally, we must consider the maximum composite mass that can be probed by
XENON-1T given the total dark matter flux passing through the experiment. An
accurate modelling of the experiment’s geometry is out of the scope of this work
(see, e.g., [326, 327, 328, 329, 295|), however as a first estimate we use the flux
through a spherical detector with a radius of order Rge; ~ 50 cm, yielding ¢y =~
2 R2, (vx)(px/Mx) ~ 107% s71 (My /10" GeV) ', The maximum mass to which
the experiment is sensitive is then estimated by requiring ®xt ~ 1, where t is the
running time. XENON-1T’s first dark matter search had a total of 34.2 live days [23],
resulting in a mass limit of M )((max) ~ 2 x 107 GeV.

Figure 4.2 shows the constraints on the dark matter-nucleon coupling g, based
on XENON-1T"s first dark matter search results, for composites with different medi-
ator masses that were synthesized in the early universe without a dilution stage, cf.
Eq. (4.11) with ¢ = 1. A composite synthesis including a dilution stage ¢ < 1 results
in much heavier composites, limiting their detection prospects at traditional dark
matter experiments due to the flux limit set by their running time and size (however,
large neutrino observatories can still play a role in their detection, see [108]). The
bounds in Fig. 4.2 are derived from the observation of O(1) electron recoil events dur-
ing XENON-1T"s first run. The composite mass range is limited either by the strong

binding condition, mx < myx, or the minimum composite radius considered here.
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Figure 4.2: Bounds on the dark matter-nucleon coupling from XENON-1T"s first dark

matter search (SR0) [23] as a function of composite mass (red), for a fixed
dark coupling ax = 0.3, and different binding mediator masses. The up-
per horizontal scale indicates the corresponding constituent mass. These
results assume no dilution during cosmological synthesis, cf. Eq. (4.11).
Constraints are drawn from the expected number of Migdal electrons from
composites in 98 kg yr of exposure, compared to the electronic recoils ob-
served. We require Rx > 107 nm so that each composite intercepts a
few xenon nuclei. At small My, the strong binding condition is not met.
The line ‘SRO flux limit’ indicates the maximum mass reach of XENON-
1T’s SR0O. Above the upper line, a single composite will produce multi-
ple Migdal electrons, requiring a new analysis of XENON-1T data. The
dashed blue line shows where each composite produces multiple ~ keV
nuclear recoils, constrained by DAMA [330], DEAP-3600 [27] and Ohya
quarry/Skylab [329] (blue). We also show stellar cooling bounds on light
scalar fields coupled to nucleons [331, 332] (gray).
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The upper bound of the constraints is set by Eq. (4.38). For larger couplings, a single
composite would create an ionization track while transiting the detection volume.
While clearly detectable, such a signal requires a dedicated analysis of XENON-1T’s
data, which is out of the scope of this work.

For comparison, we have also indicated the parameter space region where observ-
able ~ keV nuclear recoils proceed. Within this region, we display existing constraints
from DAMA [330], a recent analysis of multiscatter signatures of superheavy dark
matter at the DEAP-3600 experiment [27], and the Ohya quarry [333, 329], which
are obtained by identifying the geometric cross section of the composite with a cross
section for scattering with nuclei. Specifically, we use Eq. (4.6) with Eq. (4.11) and
the definition of mx in the saturated regime to obtain the geometric cross-section for
the composites, which is directly constrained by geometric composite nuclear scatter-
ing as detailed in [329]. We note that there is a nontrivial relationship between the

radius of the assembled composite and my; the scaling follows Rx o m;{?’/ >

, meaning
more massive composites with more massive constituents will be smaller in size. For
this work, we have terminated the bounds at a cutoff radius Rx ~ 10~* nm, to ensure
that each composite encounters at least one xenon nucleus during its transit through
XENON-1T’s detection volume. Smaller composite geometric cross-sections can in
principle be considered, but we have left a detailed treatment of this regime for fu-
ture investigation. Additional bounds using nuclear scattering should be obtainable
with new multiscatter analyses at experiments like XENON-1T [326, 327, 334, 328],
as were recently obtained by DEAP-3600 [27]. We also show existing stellar cooling
constraints on the coupling [331, 332]. Overall, these plots demonstrate that couplings

well below existing experimental or stellar cooling constraints can be probed for large
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composite states by accounting for the Migdal effect. We also remark that for the
regions we have constrained, the bounds are equally valid for a repulsive interaction
between nuclei and the composite state, since the Migdal effect is independent of the
direction of the momentum change.

Finally, we comment on other existing constraints on nucleon couplings to light
scalars from cosmological and experimental origin. As discussed extensively in [332],
the light scalar ¢ may contribute to the number of relativistic degrees of freedom at

< 1077, its resulting contri-

~Y

Big Bang Nucleosynthesis. However, for couplings g,
bution is not in tension with limits on ANBEN measured from primordial H and D
abundances, as well as similar limits from CMB data and large-scale structure. In
addition, one might consider whether the composite states themselves alter cosmolog-
ical predictions like BBN; however cosmological observables appear to be unaltered
by these composites, primarily because of their low number density [108]. There are
also constraints on g, from accelerators. At present, rare B and K meson decays
place limits of order g, < 107® [332], which are less restrictive than the stellar cooling

constraints we account for.

4.2.2 Bremsstrahlung and Nuclear Fusion at Neutrino Observatories

In the previous Section, we have shown that for tiny couplings these composite states
could be detected from the order ~few ionization events they produce at dark matter
direct detection experiments over time. At larger dark matter-nucleon coupling g,,
more energetic signatures occur during the transit of composite dark matter through
a given medium. As shown in [108], for potential values (p) = 100 eV, the com-

posite transit produces copious amounts of thermal radiation and potentially nuclear
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processes that vastly exceed the detection threshold of any terrestrial dark matter
search. This is schematically shown in Fig. 4.3. However, since (p) o g,mx, and
gn is severely constrained from stellar cooling arguments, the constituents must be
rather heavy to get such high energy signatures with such small couplings. This,
in turn, requires large dilution factors (¢ < 1) in the early universe, and the syn-
thesized composites are so heavy that they are challenging to observe with direct
detection experiments given their overall flux limit. Indeed, thermal radiation can
only occur for transplanckian composite states, whereas experiments like XENON-
1T or DEAP-3600 have lower mass limits, cf. Fig. 4.2. Instead, as pointed out in
[108], one could consider neutrino observatories, such as IceCube and SNO+, with
much larger geometric sizes and therefore much larger flux limits. Moreover, their
high trigger thresholds compared to typical dark matter experiments are not an im-
pediment for detection, as they are also significantly exceeded during the transit of
composite states. In this Section, we analyze these higher energy signatures, and
discuss composite detection prospects at neutrino experiments.

First, we discuss the ionization state of matter as it crosses the composite bound-
ary. As shown previously, the sharp gradient of the composite potential accelerates
atomic nuclei to high energies in a rather short timescale. For lighter elements like
carbon or oxygen, the most abundant elements in e.g. IceCube and SNO+, numer-
ical results from [313] indicate that the probability of outer-shell electron ionization
for these atoms is of order f, ~ (1072 - 107!), for the nuclear kinetic energies con-
sidered here, with the probability peak located at ionized electron energies ~ 1 -
10 eV. Hence after this impulsive motion, a sizeable fraction of atoms are already

partially ionized. However, further considerations indicate the atoms will be fully
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Figure 4.3: Schematic of nuclei accelerated by the potential (¢) inside a dark matter
composite. Depending on the coupling strength g,, this effect results in
ionization, bremsstrahlung radiation, and thermonuclear fusion. In the
above graphic, a typical fusion reaction is displayed where two oxygen
combine to make phosphorous, a proton, and ~ 7.7 MeV excess energy.

ionized. The atoms accelerated to relative energies 100 eV - 1 MeV, will scatter
with the free electrons, resulting in further ionization. The cross-section for ionizing
atomic oxygen or carbon is o; ~ (10717 - 1071%) cm? in the energy range of inter-
est [335]. lonization by electron-atom collisions will occur on a timescale given by
(fenevno;)™t < 1071 s, where vy is the atom velocity and n., ~ 10?3 cm™3 is the
typical electron number density. This timescale is shorter than the composite crossing
time (2Rx /vx) 2 107 s (Rx /nm)(vx/1072)71, so long as composites are larger than
~nanometer, and becomes even shorter as more electrons are ionized and f, tends to
unity. Hence, we expect atoms to be fully ionized when composites are sufficiently
large. This occurs in the detection regions shown in Fig. 4.4. Furthermore, our esti-
mates are in agreement with Ref. [336], which finds order one ionization fractions for

carbon and oxygen plasmas at T' > 100 eV and density ~ 1 g cm™3.
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The resulting ion-electron plasma that forms in the composite interior will have a
photon opacity dominated by free-electron scattering, with a photon mean free path

2 is the non-relativistic Thompson

(neor)™ ~ 5 cm > Ry, where op ~ 107! cm
cross-section for electrons. Therefore, radiation never equilibrates with the plasma
and we do not expect blackbody radiation. Instead, we expect thermal electron-ion

bremsstrahlung, which has specific emissivity at frequency w (see e.g. [337])

16mweSn? 2m 1/2 w
o = © = —=, 4.39
= (5rm) 7)o (-3) (120

for electron mass m,. and fine structure constant e®/4x. Since in Fig. 4.4 we require

T 2 100 eV, there is emission of ionizing radiation. The integrated emissivity over

volume and frequency yields a radiated energy rate

Ebrern -

647m2eb (QmeT
9\/§m§

~ 10" GeV 57! (g_X)_é ( I )5 (mX)é By’
o 1 1010 TeV nm /)

At temperatures T' ~ 100 keV - 1 MeV, we also expect a fraction of the ions to

> n2R3 (4.40)

™

undergo thermonuclear fusion. In particular, we consider 0 burning reactions, with
their rate tabulated in [338], for two reasons: first, it is the most abundant isotope in
the terrestrial crust and mantle, which is relevant for planetary heating considerations
discussed in Sec. 4.3.2. Second, as we detail below, they are the reactions that could
potentially proceed within IceCube’s volume.

Inspecting Eq. (4.40), it is clear that the radiation alone produced by large and
heavy composite states makes them observable at large neutrino experiments like

IceCube, Super-K, as well as large volume scintillators (LVS) like SNO+, Borexino,
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and JUNO; their enormity extends the My mass reach to 3 x 10%° GeV in the case
of TceCube (assuming 5 yrs and a km? detection area). Before establishing the sen-
sitivity prospects of these underground experiments though, we briefly comment on
the possibility of composites being halted in the experiment’s overburden. The same
radiative losses described above could in principle halt the composite state before
it reaches the detectors, see App. B for a general discussion on composite stopping.
Other energy losses, such as heat conduction or ionization play a lesser role in this
higher energy regime. Using Eq. (4.40), we find a composite with an initial velocity

vx will travel through the Earth’s mantle a distance

mx \32 [ gn \~V2 /gx\ 32 vy 3 my \2
Lw=~2km (757) (70w)  (5)  ( ) (oraw) -
P M\ Tev 10-10 1 200 km s—1/ \10 keV (4:41)

before being slowed below Earth’s escape velocity, where we have computed this dis-

tance considering the most abundant isotope 0 and using elemental /density profiles
from [339, 69]. Eq. (4.41) indicates that the underground experiment’s overburden
does not prevent the composites from reaching the detection volume for overhead
trajectories. Furthermore, it demonstrates that astrophysical objects like the Earth
are highly efficient at capturing these composite states in their interior, a subject that
is further analyzed in Sec. 4.3.2. We remark that the scalings of the above equation
agree with a more simple capture estimate Ley, ~ AEcpvy/ Ebrem, where AE,, is
the dark matter’s initial kinetic energy. The Earth’s composite capture rate can be
subsequently found using, for instance, the method described in [69].

To conservatively establish the sensitivity of IceCube and LVS to a flood of 2
eV photons emitted from transiting composites, we require trigger threshold energy

depositions of ~ 10 TeV and 1 MeV per 100 ns respectively, which are an order of
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magnitude above the TeV [340] and 100 keV [341, 342] per 100 ns design thresh-
olds of these experiments (this still underestimates IceCube’s sensitivity, since our
requirement implies 2 100 PeV radiated in a transit through IceCube). Comparing
this to Eq. (4.40), we find that nucleon couplings as small as g, ~ 107'* at IceCube
and g, ~ 1072 at LVS can be detected in the upper left portions of IceCube and
LVS detection regions marked in Fig. 4.4. Smaller coupling values will result in too
little radiation rate for composite detection. We also show where highly exothermic
160 fusion reactions occur at IceCube as a single composite crosses its volume, using
the 'O burning rate tabulated in [338] as a function of temperature, and requiring
at least one reaction to occur during the composite’s transit through IceCube’s vol-
ume. In this case, there will be additional gamma rays and byproducts with ~MeV
energies, e.g. 3315, 32P, 28Si, Mg as well as p, n and o’s [338]. Unlike IceCube,
LVS experiments are not typically large enough to satisfy the above condition for
any reaction set. Overall, the results summarized in Fig. 4.4 indicate that the most
massive composites accessible to terrestrial searches could be probed by current and

future neutrino observatories, even for very weak couplings to the Standard Model.

4.3 Signatures at Astrophysical Objects

To conclude this Chapter, we also review some of the astrophysical signatures of
composite states having weak couplings between their binding field and the Standard
Model nucleon. Some potential signatures have been reviewed in [109] (see also [298]
for a more general discussion with no coupling to the visible sector specified), however
we emphasize that by no means all the possible implications of this model have been

exhausted.



4.3. SIGNATURES AT ASTROPHYSICAL OBJECTS 126

107 s =106 |
ax=0.03
Ry o
6 B |
10 >:'
&
2 g
105 e S NS s T M eV fus S:’, i
------ by
sk::
104 L :' J
103 IceCube -
gn > 10-14 $6\“6\“g
a ;L ‘ e
105 104 103 1072 10~1

myg [GEV]

Figure 4.4: Heavy asymmetric composites that cause nuclei to radiate and fuse in

their interiors, for fermion mass mx, scalar mass mgy, and ¢ - X cou-
pling ax = 0.03. The total mass of the composites Mx = N.myx is
shown with red dashed lines, determined by composite assembly after
dark matter freeze-out, followed by a process that dilutes relic abundances
by ¢ =107% ¢f. Eq. (4.11). The baryon and dark matter densities could
arise from a common asymmetry for myx ~ 5 - 1000 GeV. Blue and pur-
ple regions show what composites can be discovered via bremsstrahlung
radiation from ionized matter at IceCube and large volume scintillator
(LVS) experiments, for ¢-nucleon couplings g,, > 107! and g, > 10712 as
indicated. For detection we require Ry 2 nm, so composites contain = 10
atoms at solid Earth densities. Above the dotted line marked “T~MeV
fusion”, the maximum g, allowed by stellar bounds [331, 332], permits
nuclei to be accelerated to MeV temperatures. In the tan wedges, com-
posites can cause nuclei to fuse at IceCube. A strong binding condition
akmx 2 my [273] limits the lower gray area. See [108] for a more com-
prehensive version of this figure.
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4.3.1 Ignition of Type-Ia Supernovae in White Dwarfs

For sufficiently large composite sizes and strong enough couplings to the Standard
Model, the transit of a single composite state through the white dwarf can ignite
Type-Ia supernovae. Indeed, in this Section, we examine how saturated composites
produce enough localized heating via exothermic fusion reactions occurring in the
dark matter composite interior, to initiate a thermonuclear runaway at the center of a
carbon-oxygen (C/O) white dwarf [109]. In what follows, we shall refer to the ignition
requirements already discussed in Sec. 2.1.4 which, roughly summarized, are: 1) a
small sample of white dwarf material must be heated to a temperature T, ~ 1 MeV,
and 2) the heating rate must exceed the dissipation rate of the sample. As we show
below, these requirements translate into parameter space where composites could
explode white dwarfs, and this parameter space region is subsequently constrained
by the existence of massive white dwarfs that have not exploded so far, cf. the general
discussion in Sec. 2.2.

To begin, we first comment on the velocity of nuclei in the white dwarf,
relative to the transiting composites. Neglecting the initial halo velocity, dark
matter composites will cross the white dwarf at approximately escape velocity,
Vose = (2GM,/R,)Y? ~ 3.5 x 1072 (M, /1.3M)"? (R, /3000 km)~/2  where My is a
solar mass. We can directly compare this speed to the motion of the stellar con-
stituents. For cold ~Gyr old white dwarfs, nuclei are arranged in a crystalline lattice,
and we assume they vibrate in their zero point state |0) with a natural frequency

given by the plasma frequency of the medium,

A Z2%e*ny 2 P 2 7 AN
Q =— ~ k _— — — . 4.42
P ( my ) 37 ev(loggcm—3> (6> <12) ( )
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In such a state, their average velocity is (0v|0) = 0, whereas the velocity dispersion
is ((0[02]0)"? = (Q,/mn)"? ~ 1078 < Vese, for my ~ 12 - 16 GeV. Therefore, we
safely assume nuclei to be at rest compared to the dark matter composite velocity in
the stellar rest frame.

As discussed in App. B, dissipation processes occurring in the white dwarf material
progressively slow the composite down, potentially preventing ignition at the center.
The nuclei accelerated inside the composite scatter against the degenerate electrons
of the white dwarf medium, which efficiently conduct heat. In addition, transiting
nuclei can also radiate photons and neutrinos. Below, we discuss each of these energy

loss channels in detail,

e FElectron conduction: In Sec. 2.1.4, we have already discussed the electron con-
duction rate of the white dwarf material. In this case, a large temperature
gradient is occurs near the composite boundary, and the energy loss due to heat
conduction can be estimated by considering Eq. (2.33) and using the radius of

the composite,

AT*RyTH(T. — T,) _ 4n°T!Rx

(Qeona = 15K px 15K
% /Ry
1027 -1 Px
~ 10" GeV s (—109 . cm—3) (_,um> : (4.43)

In the second equality, as before, we have neglected the stellar background

temperature compared to the critical ignition temperature.

e Photon emission: The heated stellar material inside the composite will also
cool down by radiating photons. Due to the high opacity of the stellar material,

photons will scatter many times inside the composite, thermalizing with the
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heated plasma. Therefore, we assume this cooling process can be modeled
using a blackbody radiation spectrum at temperature 7.. The rate at which

energy is radiated out of a composite of radius Ry is [122],

47TR%(O'SBVT4 -~ 167TR§(O'SBm¢TC4

Qrad =
K Px Ky s
m Rx\?
~ 10%* GeV s~ (ﬁ) </L_I)T(l) , (4.44)

where ggg = 72/60 is the Stefan-Boltzmann constant in natural units, and
Ky ~ 107 cm? g=! (T,/107 K)~7/2 (p,/10° g cm™3) is the white dwarf ra-
diative opacity for free-free electron transitions [343, 105]. In the second
equality, we have approximated the temperature gradient VI = 473VT ~
AT3 ((T. - T.)/ md_)l) ~ 4myT?. This approximation is accurate for saturated
composites because m;l < Ry, so the potential is short-ranged compared to

the composite size.

e Neutrino emission: At the critical temperature 7., neutrino emission is
dominated by electron-positron annihilation, with an emission rate of (10%
- 10%°) GeV e¢cm™® s7! in the stellar density range (10® - 10Y) g cm™
(344, 345, 346]. The white dwarf material is transparent to neutrinos of ~ MeV
energies, and so they escape the star carrying all of their energy away. This

yields a neutrino energy loss rate of order @, ~ 10'® GeV s (Ry /um)>.

Comparing these energy loss mechanisms, we see that photon and neutrino losses
will be sub-dominant compared to electron conduction unless composites have radii
Rx 2 0.1 cm and Rx 2 100 cm respectively. However as we detail below, composites

in excess of Rx 2 1 cm will be too scarce in dark matter halos and therefore unable
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to explode white dwarfs on ~Gyr timescales. Thus, we are only concerned with the
energy loss from conduction and, at the highest composite masses and radii, radiation
emission.

We now turn to the question of whether composites will be stopped through
dissipative processes as they cross the white dwarf. Let us compare the above energy
loss rates to the composite kinetic energy at the surface of the white dwarf, and the

white dwarf crossing time. The initial composite kinetic energy at the star surface is

1 M 2
§MXUQ ~ 10%7 Gev< X >( Uese ) (4.45)

e 1039 GeV 3 x 1072

For sub-Chandrasekhar white dwarfs, with radii ranging (2500 - 3000) km, composites
will cross the star in ~ 1 s, given their escape velocity at the surface. Thus, compar-
ing Eq. (4.45) to the conduction and radiation losses above, we see that composites
of masses My = 103 GeV will not be significantly stopped by these dissipation
processes, and are able to reach the ignition point at center of the star.

Next, to determine whether the composite can cause a thermonuclear runaway,
we must compare the above cooling rates to a number of timescales relevant for ther-
monuclear reactions inside the composite as it crosses the white dwarf. First, we look
at the timescale for stellar material to be heated as it crosses the dark matter com-
posite’s boundary. The heat capacity of the white dwarf ions is C, ~ 2mp,R% /my.
Utilizing the nuclear acceleration timescale, cf. Eq. (4.17), we estimate the heating

rate of the stellar material from accelerating across the composite boundary to be

: Rx\?
me =2 Oy T 7l 10 () () P X)L (a4
@ ¢ Taceen 2 107 GeVs 1072/ \keV/ \ 10? g cm~—3 pm (4.46)
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This is much larger than the above cooling rates for the parameters indicated. Hence,
for composites with radii Rx = 1072 pm, Qnue > Qcond; Qrad, and so neither con-
ductive nor radiative losses prevent stellar material from being rapidly heated to the
critical ignition temperature during the composite transit.

The same cooling mechanisms discussed above must also be compared to the
timescale required for the thermonuclear runaway itself. Specifically, to ignite the
white dwarf star we must require the heat diffusion rate to fall below the rate at which
energy is released from the thermonuclear reactions. At the critical temperature T,
the ions can be treated as an ideal gas, and nuclear reactions proceed in the classical
thermonuclear regime, i.e. screening effects are negligible. For a C/O white dwarf,
there will be three primary fusion processes we will consider: 2C +2C, 12C +60
and %0 +1°0. These reactions respectively produce the compound nuclei Mg, 2Si
and 328, each decaying via n-, p- and a- channels. The nuclear burning rate is set by
the astrophysical S-factor which determines the fusion cross section at low energies,
as well as the Coulomb barrier penetration factor, which are extensively discussed
in [347, 348]. Using the formalism outlined in these References, we find the specific

rates for each reaction per unit volume,

dRC+C 43 3 1 [ Xc ’ P i
— ~1 — _ 4.4
v |, 0 em s 05) v gem= ) (4.47)
dRC—i—O 42 -3 -1 XC XO P ?
fherol g 2N (20) (P 4.4
av |, = o5) \os ) \lv g e ) (4.48)
dRoso ~ 10" em™3 57! Xo)" P 2 (4.49)
v . 0.5 109 g cm=3 ) ' '

where X¢+ X = 1 are the mass fractions of carbon and oxygen. Each fusion process
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releases Qcic >~ 3.16 MeV, Qcro =~ 6.51 MeV and Qoo =~ 13.09 MeV of average

heat per reaction [338]. The subsequent nuclear energy release rate is,

. 47 dR]
qus — ? ( Z Q]W

) R% (4.50)
j=CC,C0,00 T.

The nuclear energy release rate Eq. (4.50) scales as R%, whereas the heat conduc-
tion rate, Eq. (4.43), and the photon emission rate, Eq. (4.44), only scale as Rx and
R% respectively. This implies that there is a minimum composite radius for which
the nuclear energy released exceeds the dissipation rate and the runaway commences.
For concreteness, we consider two benchmark cases: a pure X¢ = 1 composition, and
an X¢ = Xo = 0.5 C/O mixture. Using the reaction rates above, we obtain a nu-
clear energy release rate of Qg =~ 10%* GeV 57! (p,/10° g cm=3)?(Rx /um)? for pure
carbon, and Qg ~ 4 % 1032 GeV s7! (p,/10° g em™3)2(Rx /pum)? for a C/O mixture.
For both benchmark compositions, composites with radii above Ry = 1072 um will
satisty Quue > Qeond, Qraa. Using Eq. (4.6), this implies a minimum composite mass
My = 10% GeV, which is smaller than the required mass for the composites to reach
the stellar core, cf. Eq. (4.45) and surrounding discussion. Thus, we conclude that
composites with masses and radii

Mx 2 10*° GeV |, Rx 2107% um (4.51)

~Y

are capable of reaching the core of a massive C/O white dwarf and ignite a nuclear
runaway, so long as their coupling to SM nucleons is sufficiently strong. Such mini-
mum coupling is determined from the critical temperature by setting Eq. (4.16) equal

to T.. Following this procedure, the minimum coupling for igniting a thermonuclear
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runaway in the white dwarf is

_12 mx -1
2107 (g aey) (452)

We remark that given stellar cooling constraints, which already bound the coupling
gn < 10712 for mediators with masses < keV, typically it will be composite states
made of heavy mx > PeV constituents, which have a sufficiently strong potential,
that will cause a white dwarf star to explode, as we explored in [108]. Thus, a
cosmological synthesis with a dilution stage is necessary to synthesize composites
with an adequate size and coupling to produce Type-la supernovae, cf. ( < 1 in
Eq. (4.11).

As discussed in Sec. 2.2, the existence of old white dwarfs in the mass range (1.1
- 1.4) My, corresponding to approximate central densities p, ~ (10% - 10'%) g cm™3,
implies constraints on the nucleon-dark matter coupling g¢,, assuming at least one
encounter with a composite occurred in their ~ Gyr lifespan. First, we comment on
the robustness of our results in relation to the thermonuclear reaction set considered,
cf. Egs. (4.47)-(4.49). Although a fraction of massive white dwarfs will possess O/Ne
cores, which have not been accounted for here, we remark that multiple studies [349,
350, 351] indicate that an O(1) fraction of massive C/O white dwarfs are formed
as the result of binary mergers [352, 353|. Furthermore, there exist single-evolution
channels by which massive C/O white dwarfs may form, such as reduced mass loss
rates in the asymptotic giant branch phase [354, 355] or enhanced rotation [356, 355].
Searching the Montreal White Dwarf Database [111], we find an ~ O(10%) sample of
single white dwarfs in the mass range of interest, with cooling ages ranging 1 - 5 Gyr

at distances < 103 pc. Based on the above considerations, a fraction of this sample
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must be C/O white dwarfs that have not exploded, implying that either ignition
conditions were not satisfied, or else they have not encountered a composite in their
lifetime. The former condition constrains g, according to Eq. (4.52), whereas the
latter condition implies that such constraints are valid for composites with masses
Myx < 10* GeV, assuming a dark matter halo density px ~ 0.4 GeV cm™3. We
emphasize that any C/O white dwarf within this mass range will impose a similar
condition on the minimum mass and radius of ignition-capable composites, since the
central density spans ~ 2 orders of magnitude, resulting in an ~ O(1) correction

factor to the minimum composite radius for ignition.

4.3.2 Planetary Heating

The implications of this model for planetary heating have also been discussed in
[109], and we review them here as well. Although a number of works have studied
the impact of dark matter on planets and their satellites [357, 358, 359, 360, 361, 339,
362, 363, 364, 69, 365], the specifics of the model considered here requires further
investigation. In particular, constraints have been placed on different dark matter
models based on the heat that captured dark matter would produce in the Earth’s
core from annihilation [359, 361, 339] or gravitational collapse into evaporating black
holes [69], which would exceed the Qg < 44 TW ~ 10?® GeV s~ of heat flow from the
surface of the Earth [366, 367]. In this Section, we discuss the potential heat signature
produced by large composites in the Earth’s mantle and core and argue that, although
a significant fraction of the composite dark matter flux can be gravitationally captured
by the Earth, these composites do not necessarily produce a heat flow comparable to

the observed value.
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Composite dark matter can be captured by the Earth’s crust and mantle from the
various energy dissipation mechanisms which, as detailed in Appendix B, translates
into kinetic energy loss as it travels through matter. The composite dark matter

number flux through the Earth is

-1
Px 5 —1 Mx
Oy = 27 R (vy) X~ 1 X 4,
x = 2mBg(ox) o = 107s (1020 Ge\/) ! (4.53)

where Rg = 6371 km is the radius of the Earth, (vx) ~ 300 km s~! is the average
dark matter velocity entering the Earth, and py ~ 0.4 GeV/cm? is the local dark
matter mass density [359, 323, 368, 339]. By itself, the kinetic energy of this dark
matter flux falls well short of the observed heat flow of the Earth. Each composite has
a kinetic energy of order ~ 103 GeV (Mx/10%* GeV)(vx /300 km s7)?, in contrast
with the ~ Q@/CIDX ~ 10" GeV (Mx/10*° GeV) required per composite to produce
an observable deviation in the Earth’s heat flow. However, we must consider if the
composites that are captured release further energy into the core and mantle through
nuclear collisions and reactions in their interiors. At temperatures 2 100 keV, thermal
bremsstrahlung will significantly stop composites in the mantle, ¢f. Eq. (4.41), which
will then slowly drift and settle at the core, on a timescale that can be computed
using the methods described in [339, 69]. Given that the mantle composition is
predominantly 60, we expect sizeable oxygen burning reactions to occur at such
temperatures. Once the composites have settled at the core, they could later release
heat as matter is accumulated in their interior, since matter they accumulate will
have fallen into the composite’s potential, and would radiate a corresponding amount
of potential energy. Finally, we should also consider whether these dark matter states

might congregate at the center of the Earth and gravitationally collapse into a black
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hole light enough to evaporate via Hawking radiation, provided enough dark matter

is captured [69]. Below we detail each of these processes,

e [Fusion reactions: The captured composites could release heat via fusion re-
actions occurring in their interiors. The Earth’s mantle is mostly composed
of %0 and silicon [369, 370, 371], while the core is mostly composed of *Fe
[372], which can no longer fuse and therefore is not considered in this analysis.
Oxygen burning is the only plausible reaction that can occur at temperatures
T ~ 100 keV - 1 MeV, with a highly temperature-dependent rate we extract
from [338]. To achieve such temperatures, given that stellar cooling constraints
limit the dark matter-nucleon coupling to g, < 10712 - 1071% in the eV - GeV
mediator range, constituent masses must be in excess of my > 10° GeV. In
te =~ 4.5 Gyr >~ 107 s, about 10?? (Mx/10%° GeV)™! composites are captured.
Each of them must then release at least 10 GeV s~ (Mx/10%° GeV) to produce
Q@. However, the energy released from oxygen burning reactions per composite
is ~ 107! GeV s7! (Mx/10% GeV)(mx/5 GeV)~*. Thus, oxygen fusion reac-
tions in the mantle triggered by these composites cannot substantially alter the

observed Earth heat flow.

e Gravitational collapse: The composites accumulated in the Earth’s core will
eventually fuse into a single larger composite state. We do not discuss the
timescale for such process here. Instead, we point out that if the critical mass
is exceeded, the dark matter will collapse into a black hole which can either
overheat or destroy the Earth depending on its initial mass, as discussed ex-
tensively in [69]. However, the critical mass for collapse is Moy o~ M) /m% ~

10%° GeV (mx /5 GeV)~2 [129] (for reference, a solar mass is ~ 10°” GeV). The
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total dark matter mass flux, on the other hand, is 2R3 (vx)px =~ 10%° GeV s71,
cf. Eq. (4.53), and therefore insufficient for the critical mass to be accumulated

in tg ~ 4.5 Gyr ~ 1017 s.

o Matter compression: A detailed study of the phase of matter after a cap-
tured composite has settled is out of the scope of this work. A simple esti-
mate, however, indicates that the heat released as nuclei settle in the com-
posite interior is insufficient to produce Qs. As specified above, each cap-
tured composite would need to deposit ~ Qg /Px ~ 10'® GeV (My /102 GeV)
in the form of compressional heating once they reach the core and thermal-
ize. By contrast, nuclei would ultimately release an energy of order (p)
in the form of heat, resulting in a total energy deposition of ny(p)R3 ~
MeV (ny/10% cm™3)({p)/MeV)(Mx/10*° GeV)(mx/5 GeV)~™, where the
number density has been normalized to the Earth’s inner core value. How-
ever, it is probably the case that Standard Model nuclear material collected
into the composite will continue to accumulate, potentially reaching a density
well beyond 10%* cm™2, until it is stabilized against further accumulation by
electron or nucleon degeneracy pressure. Put differently, we should consider
whether nuclei continue to collect until the interior of dark matter composites
resembles “white dwarf” or “neutron star” material. In this case, the above es-
timates indicate that composites with an extremely small in-medium mass (e.g.
mx < 5 MeV, assuming a 102 cm™ “WD” nuclear density) may appreciably

heat the Earth. We leave a proper study of this phenomenon to future work.

From these estimates we conclude that, while dark matter composites captured
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by the Earth may be responsible for a fraction of its observed heat output, they can-
not account for the total flow observed, either via fusion reactions or gravitational
collapse. On the other hand, in the case of “matter compression”, a bound might be
attained for larger composites than those we consider. In such a case, that the accu-
mulated nuclear material inside the composite comes to exceed terrestrial densities by
many orders of magnitude. This possibility is still open to future inquiry, since this
will depend on the eventual equilibrium state of nuclei inside very large dark matter

composites that settled at the Earth’s core.
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Chapter 5

Summary and Conclusions

5.1 Summary

In this thesis, we have reviewed a plethora of results on (mostly) heavy dark matter
signatures in compact stars and underground experiments. Before finishing with some
general conclusions, it is prudent to summarize all the main findings we have covered,
and convey their implications.

In the first Chapter, we have shown how asymmetric heavy dark matter might
be responsible for triggering Type-Ia supernovae in white dwarf stars. We assumed
that the dark matter does not possess any sizeable self-interactions, it scatters with
Standard Model nuclei via the exchange of some heavy mediator, and its mass is
> 10% GeV. As detailed before, cosmologies for the synthesis of such heavy dark
matter can be successfully constructed. The accumulation and eventual collapse of
this dark matter inside white dwarfs is a potential explanation for recent findings
indicating that some of these objects are exploding without the presence of a binary
companion. Depending on their cross section, a fraction dark matter particles crossing

the star will lose energy and become gravitationally bound to it. These dark matter
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particles then repeatedly cross the star, losing more energy and eventually become
contained in it. The dark matter core that forms at the center grows over time,
eventually becoming gravitationally unstable. As this dark matter core collapses, one

of two alternatives may occur,

e If the cross section is large enough, the frequent scatters between the dark
matter particles and the white dwarf nuclei will substantially heat a small region

of the core, leading to a thermonuclear runaway in the star.

e Otherwise, if the cross section is too small, the dark matter core will collapse to
a black hole, provided no additional source of pressure can stabilize collapse. For
the parameter space considered, this is always the case provided self-interactions
are not exceedingly strong. If the dark matter is lighter than ~ 10'? GeV, the
nascent black hole is heavy enough that it grows by accretion of stellar material
and dark matter, imploding the star. Alternatively, if the dark matter is heavier
than this value, then the black hole is so light that it rapidly evaporates into
mostly hadronic particles, which in turn deposit sizeable energy in a small region

of the core, igniting it.

Overall, we have seen that for a wide region of dark matter parameters, and very
general assumptions on its self-interactions, ignition via one of the two channels above
can proceed. We have computed the overall timescale for this ignition process and,
by comparing it to the cooling age of an old white dwarf that has not exploded, we
have set bounds on the dark matter-nucleon cross section. The evaluation of such
a timescale required novel considerations on the white dwarf microscopic structure,

and how the different scattering regimes change in each stage of the process. To
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illustrate the reach of the derived bounds, we have mapped them into two specific
models whereby the dark matter interacts through a vector (dark photon) mediator or
a scalar (Higgs portal) mediator with the Standard Model. The vector portal model,
in particular, allows for much faster explosion times since dark matter can scatter
against electrons, leading to stronger constraints based on white dwarf survival.

Some comments are in order about the uncertainty on the constraints derived
based on the ~ Gyr existence of white dwarfs. The thermonuclear runaway process
in white dwarfs lighter than ~ 1.1M, is not robustly understood. Therefore, only
heavier white dwarfs must be considered when setting bounds using this method.
For white dwarfs above this mass threshold, various simulation works reasonably
agree on the conditions for a successful ignition. Although the white dwarf star that
we selected from the Montreal White Dwarf Database places the most competitive
constraint, other white dwarfs in the higher mass end yield very similar bounds. In
[102], a more comprehensive discussion of the variation of these results with the choice
of white dwarfs can be found.

In the second Chapter, we have discussed how the thermal evolution of neutron
stars can place leading bounds on dark matter interactions with nucleons, utilizing
next-generation infrared telescopes. We considered dark matter in the mass range ~
MeV up to ~ 10% GeV, whereby a single scatter against the neutron star constituents
is sufficient for the dark matter particles to become gravitationally bound to the star,
and subsequently thermalize with it on a short timescale. Furthermore, we assumed
that the dark matter can either be symmetric or asymmetric, and as before it scatters
against nucleons through the exchange of some heavy mediator. Constraints on dark

matter-nucleon interactions are placed by comparing the effective temperature of an
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old isolated neutron star to the value we expect from dark matter constantly falling
into the star and depositing its kinetic energy through scatterings. The caveat to
this proposal is the potential existence of exotic phases of matter in the core, which
may prevent dark matter from scattering and depositing energy altogether. Our
knowledge of the neutron star crust, by contrast, is substantially more robust than
the core. In fact, the majority of recent works agree to a good level of precision on all
its basic properties, including the composition of each layer, and the densities at which
each relevant transition occurs. Building on prior works, we have demonstrated how
this knowledge of the crust alone would permit us to robustly constrain dark matter
interactions without having to consider the uncertain physics of the neutron star
core. This implies that forthcoming infrared telescopes are guaranteed to observe or
constrain dark matter heating of neutron stars via crust-only scattering.

Computing the effects of dark kinetic heating of the crust requires evaluating how
each crust layer responds to different momentum transfers, which in turn depends on
the mass of the infalling dark matter. The optical depth of each crustal layer, and

the resulting senstivity projection, was thoroughly analyzed,

e The outer crust is a crystalline lattice of heavy nuclei, where coherent nuclear
scattering is suppressed due to structural effects at large momentum transfers.
Instead, we considered dark matter scattering against loosely bound nucleons
within the nuclei. We found that kinetic heating of this layer alone is sensitive

electroweak-scale dark matter with cross sections of ~ 1074 c¢m?.

e The inner crust is structurally similar to the outer crust, however it has two
key differences: nuclei are far heavier and neutron-richer, and there is a large

population of unbound neutrons forming a superfluid phase at sufficiently low
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temperatures. The same considerations for dark matter scattering in the outer
crust apply here, although the inner crust substantially contributes to the total
optical depth of the crust. Dark kinetic heating of this layer provides sensitivity

to smaller cross sections of order ~ 10~*! cm?.

In addition, one can consider dark matter scattering against phonons in the
unbound neutron phase. This provides cross section sensitivities of 1073Y -
1073* cm?, for dark matter as light as 10 eV up to 10 MeV mass. This is a

secondary result that requires further investigation.

e Although technically part of the inner crust as well, the nuclear pasta phases
deserve a separate discussion. These are nuclear structures of complicated shape
that dark matter can scatter against. Using structure factors numerically com-
puted in molecular dynamics simulations of these phases, we have computed
their corresponding optical depth and found there is a substantial coherent en-
hancement in the scattering for dark matter in the mass range 100 MeV - 1 GeV.
This layer, although shallower compared to the rest of the layers, contains most
of the crustal mass, and is the dominant contribution to the optical depth. For
the maximum enhancement, the nuclear pasta sensitivity reaches cross sections

down to 10~*% cm?.

The above sensitivity projections are valid for dark matter in the mass range
100 MeV - 10° GeV, outside of which Pauli-blocking and multi-scatter capture would
need to be accounted for. Although the inferred constraints are weaker compared
to dark matter fully scattering in the core, they are considerably more robust and

certainly still competitive with underground experiments. This result alone sets a
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compelling case for further investigating neutron star heating as a dark matter de-
tection method.

The results presented here also have important implications for dark matter ther-
malization in neutron stars. If dark matter-core interactions do not exist or are
highly suppressed, once dark matter particles have settled in orbits contained below
the crust, no further energy would be lost, limiting the total amount of energy im-
parted by dark matter particles. However, if the dark matter particles, which remain
oscillating inside the star, annihilate to Standard Model particles, these annihilation
products transfer the remaining energy to the star. We have found that, with crust-
only interactions, the time required to reach capture-annihilation equilibrium is much
shorter than the ages of old neutron stars for thermal annihilation cross sections. We
have therefore shown that dark matter can thermalize in neutron stars, without hav-
ing to consider the largely uncertain physics of the core. Additionally, we have also
verified that substantial sensitivity is achievable using the crust for inelastic dark
matter models. As an explicit example, we evaluated sensitivity projections for a
thermal Higgsino dark matter model.

In the third Chapter, we have reviewed new signatures of composite dark matter.
In particular, we considered a simple model of dark matter fermions bound by some
light scalar, and showed that when this light scalar is coupled to Standard Model
particles, new and rich phenomenology is uncovered. These composites can form
in the early universe through successive dark fusion reactions and, if their cosmo-
logical synthesis includes additional dilution stages, can have masses ranging from
~ 10'° GeV up to ~ 10% GeV. After synthesis, these composite states have a large

number of constituents that effectively source a scalar potential under which nuclei
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can accelerate to significant energies. This effect is prominent even in the limit of
weak couplings between the dark matter and the Standard Model. We first discussed

the relevant signatures at underground experiments,

e Liquid noble element experiments: The passage of composite states through
matter simultaneously recoils so many atoms, that a fraction of them undergo
ionization from the jolt, i.e. the so-called Migdal effect. Noble element-based
detectors like XENON-1T, given their high ionization probabilities and low
electron backgrounds, are highly sensitive to the composite passage. This is
the case even for extremely weak couplings between the dark matter and the

Standard Model.

e Neutrino observatories: Composites heavier than about ~ 10'® GeV are mostly
out of the reach of direct detection experiments, given the dark matter flux
passing through them. However, these heavier composites could still be detected
at large neutrino observatories like IceCube, or scintillator-based experiments
like SNO-+, due to their large sizes and long operation times. At the same
time, large composite states typically source so strong fields that matter passing
through the composite is fully ionized, producing sizable amounts of thermal
radiation and even nuclear reactions. This massive energy deposition easily

exceeds the detection thresholds of these experiments.

We have indicated regions of parameter space where both direct detection ex-
periments like XENON-1T, and neutrino observatories like IceCube or SNO+, could
observe the transit of these composite states. In particular, using existing XENON-

1T data, we have set bounds on the composite-nucleus coupling by comparing the
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expected number of events to the few recorded electron recoil events. Couplings as low
as ~ 107! can be constrained with this method, which lie several orders of magnitude
below the most stringent constraints based on stellar cooling considerations.

Finally, we have also shown how the transit of large composite states through white
dwarfs could spark supernovae. We found that composites heavier than ~ 103 GeV
and larger than ~ 1072 pm can reach the core of a white dwarf star and ignite
it, provided their coupling to Standard Model nuclei is strong enough. Similar to
the case of point-like asymmetric dark matter, the survival of these objects also
implies constraints on the coupling, assuming at least one encounter with a composite
state during their lifetime. We have also discussed how composites can accumulate
in planets and alter their heat flow. Although initial considerations indicate that
this effect is not prominent, further investigation is required on the overall effect of

composite state capture and accumulation in stellar objects.

5.2 Conclusions

The nature of dark matter remains elusive, yet its discovery prospects are increasingly
optimistic. Extensive direct, indirect and collider searches for dark matter are either
underway or planned, and are rapidly closing many existing gaps in the parameter
space. In this thesis, we have only covered a tiny fraction of all the existing phe-
nomenology, both in astrophysical objects and underground experiments, with the
hope of further constraining —or perhaps discovering— dark matter.

As closing remarks, we point out that several aspects of the research discussed
here deserve further investigation in the future. The results on dark matter scatter-

ing in compact stars illustrate the need for appropriately modelling the response of
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the material to dark matter, as this can have a major impact on the constraints or
sensitivity projections that are ultimately derived. Although some recent works on
dark matter signatures in stellar objects are starting to account for structural effects
in dark matter scattering, in most of the literature these considerations are missing.
A suitable modelling of structure functions will be paramount as new instruments
searching for dark matter in astrophysical probes come online. On the other hand,
the novel phenomenology of composite dark matter discussed here requires much fur-
ther exploration. Alternative composite dark matter theories, with more complicated
field content, could present a similar nuclear acceleration effect. For instance, this
could mean direct detection experiments are highly sensitive to other types of weakly-
coupled composite states by considering the Migdal effect. This remains unexplored
so far, and as shown here with the simplest composite dark matter model, has the

potential to push the detection frontier by several orders of magnitude.
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Appendix A

Multi-Scatter Dark Matter Capture

In this Appendix, we provide further detail on the computation of the capture rate for
dark matter transiting white dwarfs, in the limit that dark matter requires multiple
scatters to slow down to sub-escape velocity. This is required to derive the results in
Ch. 2, since there we considered dark matter masses in excess of 10 GeV. Although
the same treatment is applicable for neutron stars, for the mass range we consider in
Ch. 3, this treatment is unnecessary compared to the single-scatter capture limit.

Following Ref. [373], the total dark matter capture rate is expressed as

CX = ZCN (Al)
N=1

Where each C'y term in the sum corresponds to the capture rate for dark matter that
underwent N scatters before losing sufficient energy to become gravitationally bound
to the white dwarf star (with C; correctly reproducing the single-scatter limit). Note
that, depending on the mass of the dark matter and its velocity in the halo, there

will be a minimum number of scatters required in order to capture the dark matter.
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Each of these terms is given by

T 272

Cy = WRZpN(T)\/EnTX {(2112 +302,) — (20% 4 3v%) exp (—M)] . (A2)

Here R is the radius of the star, nx the dark matter halo number density, v.s. is the
escape velocity from the star surface (ves. < 1) and v is the average halo speed of dark

N2 with By = 4mxm,/(mx +

matter. The quantity vy is defined as ves(1 — 54/2)
mg)?, and it accounts for the energy loss in successive momentum exchanges as a

particle undergoes N scatters. The function

)N

1 e Y7 (yr
pn(T) = 2/ dy ye = \97) N('y , (A.3)
0 .

is a Poisson weighting that gives the probability of N scatters in the star for stellar
optical depth 7 = 30,x M/ (27 R*m,), where y = cos § defines the angle at which the
dark matter entering the star and M is the white dwarf mass, o,x is the dark matter
nuclear scattering cross-section, R is the radius of the white dwarf, and m,, is the mass
of a nucleus in the white dwarf, see Ref. [373]. The optical depth is proportional
to the ratio between the dark matter-nuclei cross section and the saturation cross
section for which a dark matter particle typically scatters about once as it traverses
a travels through the star, o, = TR2M/m,. We assume the fraction of energy lost
in a collision follows a uniform distribution over 0 < AFE/E, < (., where Ej is
the initial energy carried by the dark matter particle in the star’s rest frame. Let
us emphasize that, although the capture rate is proportional to the area projected
by the star, it also depends on the optical depth which includes the information

about interactions between dark matter and the stellar constituents and scales as



196

R™2. Therefore, multiscatter capture is more relevant for more compact stars.
Expression (A.2) is valid for capture in white dwarfs; the exact capture rate de-
pends on the white dwarf’s composition. Here we conservatively assume the inner
composition of white dwarfs is predominantly 2C nuclei. Dark matter possessing
spin-independent interactions (e.g. a vector or scalar current) will coherently scatter
off the nucleons within these nuclei for low energy exchanges. In contrast, at higher
energies and momentum exchange, the scattering cross-section becomes suppressed
as the dark matter begins to scatter with individual nucleons. To account for this,
we make the following substitution for the dark matter-nuclear cross section, which

determines the optical depth 7,

Oux — Ohy = A? (,uax) S(q)F*((ER)) onx, (A.4)

N'nX

where o,x is the dark matter-nuclear cross section for a nucleus with A nucleons,
written in terms of the dark matter-nucleon cross section o,x (here assumed to be
velocity-independent), p,x is the dark matter-nuclear reduced mass, and p,x is the
dark matter-nucleon reduced mass. The function S(g) is the static structure factor
that accounts for correlation effects in an ion lattice, and depends on the momentum
transfer ¢ ~ ma\/m , in the limit m, < mx. For the recoil energies involved
during capture, however, it evaluates to unity. This structure factor becomes relevant
for both thermalization and gravitational collapse of the captured dark matter, which

we discuss below. The second factor F?((Eg)) is the Helm form factor [374, 375, 116]
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evaluated at the average recoil energy

[P B FX(E) dE

0

[FEY F2E) dE

0

<ER> = ~ 1 MeV

(A.5)

for heavy dark matter scattering off 12C at velocity v.s. ~ 1072, making the average

Helm form factor correction of order ~ 0.5. Momentum exchanges with recoil energies

much in excess of ~ MeV are suppressed by this form factor. To account for the Helm

form factor in the energy loss expression, we replace the factor of 1/2 that multiplies

By in vy by (Eg) /EM® where EN® = 4m,v2,,

is the maximum recoil energy.

Applying these corrections to (A.2), and truncating (A.1) at a sufficiently large value

of N such that the higher order terms removed are negligible, we arrive at the capture

rate for heavy dark matter passing through white dwarfs.
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Appendix B

Composite Dark Matter Stopping through

Dissipation Processes

In this Appendix, we detail how a dark matter composite state slows down due
to nuclei losing kinetic energy from various dissipation processes occurring in their
interior. As discussed in the main text, the stopping of the composite state as it travels
through matter is paramount to determine the parameter space that can be probed
by an underground experiment, as well as the potential astrophysical signatures of
the model. The stopping process can be understood from considering momentum and
energy conservation: if a nucleus loses kinetic energy while transiting the composite,
then when it exits the composite its momentum will be more aligned with the direction
of motion of the composite. The net result is that the dark matter composite slows
down. Below we confirm that the decrease in dark matter composite kinetic energy
matches the kinetic energy transferred to the nucleus inside the composite, in the
non-relativistic limit considered in this work. This treatment will be specific to the
case that nuclei are accelerated by an attractive potential inside the dark matter

composite — in the case of a repulsive potential, standard two body kinematics apply.
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Let us consider a single nucleus entering the composite volume while the composite
moves through a given stellar (or planetary) medium with an initial speed v; in the
stellar rest frame. In what follows, we assume the center-of-mass (CM) frame for this
system is equivalent to the composite rest frame, since we are always in the limit
my < Myx. Upon acceleration from the composite potential, energy conservation in

the CM frame reads

SMNY; = Smavy + 9, (B.1)

where vy is the velocity of the nucleus after accelerating to the final kinetic energy

and ¢ < 0 is the potential energy, with |¢| < my in the non-relativistic limit, cf.

Eq. (4.15). In the stellar rest frame, this velocity is (vn)sa = vi — (v; — 2¢/my)"?)
and momentum conservation imposes
Mxv; = Mx(vx)sta + MmN (UN )sta- (B.2)

This yields a velocity for the composite after the nucleus has accelerated given by
(Ux )sta = Vs — (m/My) (vi ~ (v — 2g0/mN)1/2>. Note that since my < My, the
composite barely recoils in the process.

As discussed in the main text, the nucleus can undergo several inelastic processes
while inside the composite state that reduce its kinetic energy by an amount we denote
here by 6 < 0. Furthermore, we assume |[0F| < |¢|, which is the case throughout
this work. If 6 E ~ ¢ then the nucleus would remain bound to the composite and the
analysis below would be different. Upon deceleration, energy conservation in the CM

frame now is,
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1 1
éme&V+¢w=§mN@Qf, (B.3)

where the velocity vi now is related to vy above via §E = (my/2) (v — v%). Then,
vy = — (v} + 25E/mN)1/2 = — (v +2(6F — go)/mN)l/Q, and we solve for v}, in the
above equation to obtain v = — (v? + 2(5E/mN)1/2. Boosting back to the stellar rest

frame, conservation of momentum now requires

"

MX ('UX)sta + mN(Uﬁv)sta = MX (U/X)sta + mN(UN)staa (B4)

where the unknown velocity above is (v’ )sta- The two velocities computed above

)1/2

in the stellar rest frame are (Viy)sta = v; — (V2 4+ 2(0E — ¢)/my and (VX )sta =

v; — (v + 25E/mN)1/2. Solving for (v’ )sta above yields,

2 5E— 1/2 2 1/2 2(5E 1/2
(Vx )sta—Vi = N <Ui - <U¢ + M) — U + (Uf - ) — U + (%2 + _>
MX my my my

(B.5)
In the limit [0F| < |¢], the first four terms on the right hand side cancel out. Simi-
larly, we can expand (v2 4+ 25E/my)"? = v; (1 + 26 E/myv2)"? = v,(1 + 6 E /myv?)

in the limit |[§E| < myv?. Therefore,

OF
MXUi.

(U;()sta —U; =

Squaring this expression and multiplying by My /2 yields,

1 L 1 SE \° 1 , 20E
§MX(UX)sta = §MX (Uz + MXUz‘) &~ §MX v + My (B.7)
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Thus, in the stellar rest frame, the kinetic energy of the composite is reduced by

1 1
EMx(vg()zta -3 v ~JE < 0. (B.8)

This result implies that for nuclei traveling through an attractive potential inside a
dark matter composite, any dissipation processes that contribute to its cool down,
such as heat conduction, radiation or endothermic reactions, will continuously de-
crease the dark matter composite kinetic energy, as viewed in the stellar rest frame.
On the other hand, if there are processes that reheat the nuclei, such as exothermic

nuclear reactions, the stopping power would be subsequently reduced.
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