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Abstract

The nature of dark matter remains among the most confounding conundra in modern

physics. This thesis studies the potential consequences of the existence of relatively high-

mass, strongly-interacting dark matter. In particular, it details this type of dark matter’s

potential impact on billion-year-old objects, such as the Earth, the Sun, Mars, and minerals

buried within the Earth. The existence of some of the dark matter models considered would

have had consequences that have not come to pass, such as the destruction of the Earth

and Sun, and thus these models can be excluded. Other models studied have consequences

that could potentially be detected by future experiments, and thus the work presented in

this thesis also points out new methods and phenomena applicable to future dark matter

searches.
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Chapter 1

Introduction

While the standard model of particle physics has been remarkably robust in predicting

the behaviour of our universe, it is still unable to explain the gravitational signatures of

some unseen mass throughout the cosmos. Many different observations from the rotation

of galaxies, to the signatures of the Big Bang, to the distribution of galaxies throughout the

universe, confirm that about 85% of the mass in the universe is invisible, held in some yet

unknown particle or object called dark matter. In the absence of much concrete knowledge

about what dark matter is and how it actually behaves, potential signatures of dark matter

could vary greatly depending on the properties it might have.

Currently, the possibility of heavier, more strongly-interacting dark matter particles

has become more popular, with some speculating that dark matter may be a composite

particle — a combination of two or more particles into one coherent bundle — much like

how protons and neutrons are both made of quarks. Conventional detectors would have

trouble detecting such particles, since (amongst other reasons) heavier dark matter would

be less abundant, and thus one may need to wait a very long time before expecting even

one particle to enter their detector. As such, more unusual methods must be employed to

study this kind of dark matter.

In Chapter 2, I provide a broad review of the current state of dark matter, beginning

with a selection of some of the most convincing evidence for the existence of dark matter.
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Then, I detail some of the prominent ideas for how dark matter might have been produced

during the Big Bang, and why there is so much of it around today. I then discuss two

fairly broad classes of dark matter candidates, both of which are relevant to the research in

this work, followed by a fairly high-level explanation of some of the various types of dark

matter interactions used in this work. I conclude with a section on our understanding of

dark matter in our solar system.

The original research included in this thesis comes in the form of three papers written

throughout this degree. First, in Chapter 3, is a paper titled Terrestrial and Martian

Heat Flow Limits on Dark Matter, published in Phys. Rev. D 101, 043001 (2020). In

this work, we investigated the possibility of dark matter particles being gravitationally

captured by either the Earth or Mars and subsequently self-annihilating, resulting in heat

being generated inside these planets. Using measurements and predictions of the total heat

coming from these planets, we excluded dark matter models that would have resulted in

more heat coming from these planets than observed.

Next, Chapter 4 contains a paper titled Dark Matter, Destroyer of Worlds: Neutrino,

Thermal, and Existential Signatures from Black Holes in the Sun and Earth, published as

JCAP04 (2021), p. 026. This work also begins by considering dark matter particles being

gravitationally captured by the Earth, but now also considers the Sun. We study how

these particles, once captured, might collapse into black holes, which would either grow and

destroy their host, or evaporate and create a potentially detectable signature. As such, we

exclude any dark matter models that would have caused either the Earth or the Sun to be

destroyed, or that would have created a detectable signature that has been confirmed to be

non-existent.

Chapter 5 then contains a preprint to a paper titled Old Rocks, New Limits: Excavated

Ancient Mica Searches for Dark Matter. This work studies how dark matter particles might

have left measurable deformations in half-billion-year-old mica slabs as they passed through

them. Because careful study of these mica slabs revealed an absence of these deformations,

2



any dark matter model that would have created them throughout their lifetime can be

excluded.

Finally, in Chapter 6, I summarize the work discussed in this thesis and provide sugges-

tions for future work that could stem from it.
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Chapter 2

Background

2.1 Evidence for Dark Matter in Cosmology and Astrophysics

Evidence for the existence of dark matter is plentiful. Detailed in this section are some of

the many observations that indicate some sort of “missing mass” in the universe. These

observations themselves are compelling evidence that dark matter exists, and the fact that

they all give similar estimates for the amount of dark matter that exists underscores their

significance.

2.1.1 Galactic rotation curves

Measurements of various galaxies’ rotation speeds provide extremely convincing evidence for

dark matter’s existence. To understand the mathematics that underlies these arguments,

we begin by describing an object of mass m at radius r away from a galactic center in

the disk’s plane. Using Newtonian mechanics, we can find this object’s orbital velocity

v by equating the centripetal force of the orbit Fc = mv2/r with the gravitational force,

Fg = GM(r)m/r2, where G is Newton’s constant and M(r) is the galactic mass enclosed

within a radius r. This gives us an estimate for a particle’s orbital velocity

v =

√
GM(r)

r
. (2.1)
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2.1. EVIDENCE FOR DARK MATTER IN COSMOLOGY AND
ASTROPHYSICS

Using the 21 cm-wavelength light emitted by the spin-flip transition of neutral hydrogen

(HI), we are able to estimate galactic densities. The left panels of Fig. 2.1 show the surface

density of five galaxies as measured using HI data. These galaxies all seem to have relatively

dense interiors, but become more diffuse at larger radii. This is to say, we expect M(r)

in Eq. (2.1) to become fairly constant at large r, causing orbital velocities of objects in

these galaxies to drop off as v ∼
√
1/r. However, as shown in the right panels of Fig. 2.1,

the orbital velocities of these galaxies seem to flatten out. This observation would only be

compatible with Eq. (2.1) if M(r) ∼ r at large r, in stark contradiction to the amount of

mass that we actually observe. One could thus suppose that there exists some invisible

(or “dark”) matter throughout this galaxy whose gravitational influence is causing this

discrepancy.

Simulations and observations seem to agree that dark matter within most galaxies ex-

tends well beyond their perceived galactic edges [52].

Furthermore, dark matter doesn’t even appear to be confined to the galactic disk, and

instead forms gigantic globular structures called halos. In these structures, a dark matter

particle’s orbit about the galactic center intersects the orbits of other dark matter particles,

as well as the orbit of the baryonic matter in the galactic plane. This is unusual, because

one might expect that opposing angular momentum vectors of dark and baryonic matter

alike would negate each other, until the dark matter’s orbit became confined to the galactic

plane along with the baryonic matter. That this does not happen, and that these orbits exist

and appear to be reasonable stable, has two possible explanations. First, one could posit

that dark matter does not interact very strongly with baryonic or dark matter, and thus

these collisions are rare and these structures are maintained. However, an object’s velocity

decrease after elastically scattering with another object is very small when the two objects’

masses are very different, explained in detail in Section 2.4.4. Thus, this phenomenon

can also be explained by dark matter that is substantially lighter or heavier than typical

baryonic matter.
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2.1. EVIDENCE FOR DARK MATTER IN COSMOLOGY AND
ASTROPHYSICS

Figure 2.1: Measured visible matter surface densities of various galaxies (left), along with
rotation curves for the same galaxies (right) [10]. The label R80 refers to the radius within
which 80% of the visible mass is contained.

Many models of the density profiles of these halos have been proposed (the Navarro-

Frenk-White (NFW) and Einasto profiles, two of the more famous and enduring models,

are given in Refs. [53,54]), and physicists have been fitting rotation curves with dark matter

halos included for decades. Fig. 2.2 shows examples of such fits for four different galaxies.

Note that, in all cases, the influence of dark matter on the rotation curve dwarfs visible

matter throughout much of the galaxy.

Using galactic rotation curves alone, we are able to set a bound on dark matter mass

density today (relative to both baryonic matter and dark energy) at Ωc & 0.1 [55]. Because

dark matter is present within these galaxies, we expect dark matter to be non-relativistic,

else it would not be bound gravitationally to them and would not form the halo structures
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2.1. EVIDENCE FOR DARK MATTER IN COSMOLOGY AND
ASTROPHYSICS

Figure 2.2: Observed rotation curves for various galaxies, along with rotation curves for the
fitted visible matter (dashed), the gaseous matter (dotted), and dark halo (dash-dotted) [11].

that they seem to. Since it is non-relativistic, we call dark matter “cold,” which is the

rationale for the typical choice of a c for the subscript in Ωc. There do exist warm and hot

dark matter models as well, but those models are not relevant to this work.

2.1.2 The cosmic microwave background

The cosmic microwave background (CMB) is a signal from the era of “recombination,” when

electrons and nuclei were first able to form into atoms shortly after the Big Bang. Before

this era, Thomson scattering between photons and the unpaired protons and electrons
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Figure 2.3: The CMB angular power spectrum, as measured by the Planck collaboration in
2013 [12].

resulted in an opaque universe. Once neutral atoms were formed, the universe became more

transparent, and these photons became detectable, preserving information about their last

scattering event. This signal, which we call the CMB, is very uniform at a temperature of

about 2.725 K [12], with small anisotropies that, when measured on different angular scales,

can be attributed to the makeup of the early universe.

Hence, while sometimes expressed as a colour map, the CMB is most often described by

its angular power spectrum, as shown in Fig. 2.3, which shows how the CMB’s temperature

anisotropies, D`, vary on different angular scales (parameterized by multipole moment `).

Gravitational forces in the early universe caused baryonic matter to collapse into regions

of high density, which correspond to lower temperatures (as photons leaving high-density

regions are redshifted as they escape the gravitational potential of the overdensity), causing

these anisotropies in the CMB. Conversely, in a process called Silk damping, photons would

pull protons and electrons out of these overdensities (which, through Coulomb forces, would

pull electrons and protons with them), thus creating a more uniform temperature. The in-

terplay between these two forces drives the shape of the CMB’s power spectrum. Because
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2.1. EVIDENCE FOR DARK MATTER IN COSMOLOGY AND
ASTROPHYSICS

dark matter does not interact with photons (resulting in its “dark” moniker), its contribu-

tions to anisotropies would not have been affected by this damping. Ergo, by looking at

the size of the anisotropies measured on different scales, we are able to estimate how much

dark matter there is in the universe.

There are numerous effects that dark matter has on this spectrum. Briefly, we expect

the third peak of this spectrum is influenced by dark matter, although an increase in dark

matter density in the universes should reduce the amplitude of all peaks. To oversimplify,

though, the amplitude of the third peak relative to the first two, along with their individual

amplitudes, allows us to estimate the amount of dark and baryonic matter in the universe,

which are often parameterized by Ωch
2 = 0.120± 0.001 and Ωbh

2 = 0.0224± 0.0001 respec-

tively [56] accounts for the expansion of the universe at that time, where h is the Hubble

constant, H0, divided by 100 km s−1 Mpc−1. These values tell us that we expect the total

dark matter mass in the universe to exceed the total baryonic mass by a factor of about

5.36. If we assume that there exists a similar amount of dark matter today as there did

during recombination, we expect to find Ωc ' 0.120 today, which is in surprisingly good

agreement with the estimate from Section 2.1.1 of Ωc & 0.1

2.1.3 Gravitational lensing

Einstein’s theory of General Relativity predicts that light’s direction of motion can be influ-

enced by gravity. One consequence of this is a phenomenon called “gravitational lensing,”

which occurs when light being emitted by an object (such as a galaxy) passes near some

massive object, causing it to be distorted. As is intuitive, the more massive the intervening

object, the greater the distortion (or the “stronger the lensing”) of the light. Estimates of

the mass of a body can therefore be derived based on the degree to which it lenses passing

light. Because dark matter is massive and invisible, it is able to cause gravitational lensing

in regions that appear vacant.

Perhaps the most famous such example comes from the bullet cluster (1E0657-558)
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2.1. EVIDENCE FOR DARK MATTER IN COSMOLOGY AND
ASTROPHYSICS

Figure 2.4: (left) The X-ray image of the bullet cluster (pink), the visible light image
(background galaxies), and the gravitational lensed images (blue) [13]. (right) Contours
showing the mass densities, measured using gravitational lensing (green), and stellar density,
measured by spectral analysis (white) [14].

which recently passed through another cluster. An image of the result can be found in

Fig. 2.4.

The pink regions in the left panel of Fig. 2.4 represent X-ray signals, which corresponds

to the approximate baryonic matter distribution. While it is difficult to see visually, back-

ground galaxies are being weakly gravitationally lensed as they pass by the cluster, which

betrays its the true mass distribution, shown in blue (or in green on the right panel). Un-

intuitively, it seems that the majority of the mass in the cluster is near its edges, despite

the baryonic matter being clustered in the center.

This provides two crucial insights. First, it is yet another strong indication that there

exists some invisible mass in the universe, which we understand as dark matter. Second, it

shows that, in the collision of these two clusters, the baryonic matter was slowed consider-

ably more than the dark matter. These clusters, before they collided, were moving towards

each other at some velocity. As they began to pass through each other, baryonic matter

from one cluster collided with baryonic matter from the other, which caused it to slow. As

a result, it has not moved as far from the site of the merger in the time since its occurrence

as it otherwise would have.
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The clusters’ dark matter, on the other hand, appears to be much farther from the

merger’s center than its baryonic matter, since the blue dark matter-dominated regions

of Fig. 2.4 bookend the pink baryonic matter-dominated regions, indicating that the dark

matter was not slowed as much as the baryonic matter in this merger. The same logic

applies to this phenomenon as applies to the existence of galacic halos, further indicating

that dark matter does not interact very strongly (i.e. does not scatter very frequently) with

other dark matter, and/or it is so massive that its number density is low enough that these

scatterings are rare. Furthermore, perhaps dark matter does not interact very strongly

with baryonic matter, and thus these collisions were infrequent. Or, perhaps the apparent

lack-of-slowing of the dark matter as these clusters passed through each other is a result of

dark matter’s mass being significantly different to typical baryonic matter masses.

To understand why heavy dark matter would behave in this way even if it is also strongly

interacting, it is instructive to look at the stellar mass density, shown as white contours

on the right panel. Stars, which are extremely heavy and would interact frequently with

lighter gaseous matter during this collision, ended up in about the same place as the dark

matter did. This is because, while its collisions with gases were frequent, they were also

inconsequential, because the star is so much heavier than the particles with which it was

interacting. Collisions between two stars would have slowed them considerably, but because

of their low number density, these collisions were rare.

2.1.4 Galactic clustering

One need not limit themselves to looking at how objects orbit within a galaxy, and could

instead look to clusters of galaxies orbiting about one another. Assuming these orbits are

in equilibrium (in other words, virialized such that their kinetic energy is, on average, half

their potential energy), the speeds of these orbits can be used to estimate how much dark

matter exists in the cluster.

A full literature review of all the dark matter density measurements that come from these
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2.2. DARK MATTER PRODUCTION MECHANISMS

clusters would be excessive, but most estimates lie around Ωc ' 0.2 [55]. This is somewhat

different from the rotation curve and CMB measurements that are closer to Ωc ' 0.1, but

given that these are simply rough estimates, it is still surprisingly close.

2.2 Dark Matter Production Mechanisms

Despite the plethora evidence for the existence of dark matter, some of which is detailed in

Chapter 2, there is no consensus on what dark matter actually is — its mass, its interactivity,

its substructure (or lack thereof), and so on. There exist some theories of non-particle dark

matter. Some have pointed to massive compact halo objects (MACHOs) [57] or primordial

black holes [58, 59] as possible dark matter models. However, because the work detailed in

this thesis pertains to particle-like dark matter, these models will not be discussed.

In our universe, there appears to be far more (baryonic) matter than anti-(baryonic)

matter. Some hypotheses are able to explain this asymmetry, but no definitive answer has

yet been found. It is unclear, though, what the proportion of dark matter to anti-dark

matter is. “Asymmetric dark matter” exists if there dark matter and its anti-particle are

distinct, and there is a significant deficit in anti-dark matter in the universe, in much the

same way that there is an asymmetry in visible matter and anti-matter. Conversely, by

considering the different ways that dark matter could have been created in the Big Bang,

cosmologists have found extremely robust mechanisms that are able to explain the amount

of dark matter we observe, many of which predict nearly equal amounts of dark matter and

anti-dark matter, called “symmetric” dark matter (a term that also describes dark matter

that is its own anti-particle). The distinction between these models is significant to the

work presented in this thesis, and thus a more complete review of these concepts is given

here.
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2.2. DARK MATTER PRODUCTION MECHANISMS

2.2.1 Symmetric dark matter

There are several proposed production mechanisms that would result in the existence of

symmetric dark matter, but among the most enduring models is so-called “freeze out.”

Very basically, we begin by assuming there exists some mediator φ by which a dark matter

particle and a anti-dark matter particle (χ and χ̄) can annihilate into leptons (` and ¯̀),

shown in Fig. 2.5.

φ

χ

χ̄ ¯̀

`

Figure 2.5: The Feynman diagram describing dark matter χ and anti-dark matter χ̄ anni-
hilating to a lepton ` and anti-lepton ¯̀ through a mediator φ, where time flows from left to
right.=

Section 2.1.2 describes how dark matter’s abundance after recombination, which took

place in the early universe, can be measured using the cosmic microwave background. It

is worth clarifying, though, that “early universe” in this context refers to a period some

∼ 105 years after the Big Bang. One theory that explains the existence of symmetric

dark matter called “freeze out” begins before the era of recombination, when the universe’s

temperature TU was extremely high, and — at some point — exceeded dark matter’s mass

mχ. During this time, dark matter was extremely abundant, and in thermal equilibrium

with the surrounding leptons, such that the reaction χχ̄ → `¯̀ and its inverse `¯̀ → χχ̄

were equal. The universe then cooled over time, eventually to the point where TU < mχ,

causing the dark matter to fall out of equilibrium with its thermal bath. Then, as the

universe’s expansion rate eventually exceeded the dark matter annihilation rate, the dark

matter’s annihilation to leptons “froze out”, with its relic cosmological abundance eventually

holding steady.
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2.2.2 Asymmetric dark matter

There are myriad models that describe how asymmetric dark matter might be created,

many involving complicated phenomena like charge parity-violating processes. One of the

less complicated starting-points is that the cause and size of the dark asymmetry mirror the

cause and size of the observed visible asymmetry. This means that even very shortly after

the Big Bang, there would have been slightly more dark matter than anti-dark matter. As

time passed, dark matter annihilated with dark anti-matter until the universe’s accelerating

expansion caused these annihilations to stop (just as they would have in the symmetric

freeze-out scenario). At this point, almost all of the dark anti-matter would have annihilated

away, but some dark matter would necessarily remain, since there was initially more dark

matter than anti-dark matter, which is what we observe today [60]. What was at first a

small asymmetry could become a potentially large asymmetry if a large number of χχ̄-

annihilations reduced the dark matter abundance enough.

Mathematically, following Refs. [60, 61], the initial dark asymmetry is defined as

r ≡ n(χ̄)

n(χ)
, (2.2)

where n(χ̄) and n(χ) are the initial number of dark mater and dark anti-matter respectively.

Completely symmetric dark matter would have r = 1, while completely asymmetric dark

matter would have r = 0. Defining 0 < r < 1 adopts the arbitrary convention that dark

matter is always defined as being more abundant in the universe than anti-dark matter.

Fixing the present-day dark matter abundance at Ωch
2 = 0.12, a detailed Boltzmann

equation-based calculation of the late-time (i.e. present-day) asymmetry, r∞, yields [60]

r∞ = exp

(
−2

[
σ0

σweak

] [
1− r∞
1 + r∞

])
r∞�1−−−−→ exp

(
− 2σ0
σweak

)
, (2.3)

using σweak ' 5× 10−26cm3/s as the typical weak scale cross-section, and σ0 as a function
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of the dark matter annihilation cross-section σχχ̄:

σ0 = 〈σv〉χχ̄
(
mχ

TU

)n

. (2.4)

Here, n is defined as 0 and 1 for s- and p-wave annihilations respectively, which (without

getting too far into the weeds) are related to the accounting of the thermally averaged cross-

section. Very basically, a thermally averaged cross-section is (quantum mechanically) the

sum of contributions of different partial waves of the total scattering amplitude, and can

thus be written as [62]

〈σv〉 = A+Bv2 + ... . (2.5)

Because typical velocities are small, it is usually reasonable to approximate 〈σv〉 =

〈σv〉s = A, which corresponds to the the s-wave annihilation cross-section. Some mod-

els, however, forbid s-wave annihilation (and hence require A → 0), and thus it may be

important to consider p-wave annihilation, where 〈σv〉p = Bv2.

Because the late-time asymmetry is exponential in σ0, it is sufficient to note that when

σ0 & 1.4σweak, a considerable asymmetry r∞ . 0.1 arises. Hence, in the presence of even

a small a initial asymmetry, approximately weak-scale annihilation cross-sections can yield

considerable present-day asymmetries.

An interesting consequence of asymmetric dark matter is that it can form stable bound

states, much like how quarks form protons and neutrons, or how protons and neutrons form

nuclei. Baryonic nuclei are stable only within a relatively small mass range, although small

variations on the couplings holding them together could result in stable configurations

at significantly higher masses. Symmetric dark matter would not be able to form these

configurations, because they would self-annihilate with their antiparticles. The existence

of asymmetric dark matter, however, could result in composite dark matter particles with

extremely high mass being formed.
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2.3 Dark Matter Candidates

2.3.1 Weakly interacting massive particles

The most popular dark matter model that is theorized to have been produced through

freeze out are weakly interacting massive particles (WIMPs). Their popularity stems, in

large part, from the so-called “WIMP miracle,” which predicts that a dark particle with

mass mχ ' 100 GeV with an approximately weak-scale annihilation cross-section should,

roughly, have the correct relic abundance (ΩWh2) after freeze out.

We begin with the result from Ref. [63] that the expected freeze out abundance of the

non-relativistic WIMP is ΩWh2 ' 3 × 10−27 cm3 s−1/〈σv〉, where 〈σv〉 is the particle’s

thermally averaged cross-section with its surrounding particles. For weak scale interactions

(i.e. when the mediator φ in Fig. 2.5 is a Z-boson), this term can be approximated as

〈σv〉weak ' (αweak/E)2, for E ∼ 100 GeV (the approximate weak scale energy) and weak

coupling constant αweak ' 3×10−2 [63,64]. Applying the correct unit conversions, this yields

ΩWh2 ' 0.02. This is close enough to the measured dark matter abundance Ωch
2 ' 0.12

to elevate the WIMP to a favoured dark matter candidate. Higher-order corrections to this

calculation result in very good agreement with observations for dark matter masses in the

GeV to TeV range.

Because this mechanism couples dark matter to the baryonic matter in the universe

through its annihilation with anti-dark matter, this mechanism would intuitively result in

there being equal parts dark matter and anti-dark matter in the universe today.

Detecting a particle that interacts weakly is difficult, in part because any signal it con-

tributes would be overshadowed by background signals from other particles. To overcome

this hurdle, various dark matter detection experiments operate deep underground attempt-

ing to measure a WIMP scattering with an atom in their detectors. Because they are deep

underground, only very weakly interacting particles have enough energy to be detected once

travelling through the roughly 2 km of rock above their apparatuses.
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2.3.2 Strongly interacting massive particles

Despite years of runtime, underground experiments have found no evidence of any WIMP

detections. An explanation of this could be that dark matter is not a WIMP, but is instead

a more strongly interacting massive particle (SIMP) that is slowed so much by the 2 km

of rock above the detectors that it is not sufficiently energetic to be observed by these

detectors. It is also conceivable that dark matter’s mass is so large (and thus its number

density is so low) that, even in the years that they have been operating, no dark matter

particle has actually passed through these detectors. This section will describe the ideas

behind heavier and/or more strongly interacting dark matter, which is the focus of much

of the work in this thesis.

2.4 Dark Matter Interactions

2.4.1 Cross-sections

The dark matter properties that this thesis will consider are its mass (mχ) and its cross-

section (σ). The most simple understanding of a particle’s cross-section is its effective area

that might result in collision. We can therefore estimate the cross-section of an nucleus by

first finding its radius using the Fermi model

r ' r0A
1/3, (2.6)

where r0 = 1.2 × 10−13 cm and A is the atomic mass of the nucleus. The cross-sectional

area of the nucleus is σ = πr2. For example, a typical iron atom with A = 56 has a radius

r = 4.6 × 10−13 cm and thus a cross-section σ = 6.6 × 10−25 cm2. Intuitively, if travelling

through some material, a nucleus with a larger σ will scatter more often against the atoms

in the material than one with a smaller σ. For this reason, cross-section can be seen as a

measure of how interactive a given particle is.
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6

Cross Section

Figure 2.6: From Refs. [15, 16], a schematic of the important parameters in classical scat-
tering theory.

Following Ref. [65], to delve deeper into the idea of cross-sections, it is useful to consider

differential cross-sections dσ/dΩ, which describe the fraction of particles scattered in some

direction (parameterized by angles θ and φ) per unit-solid angle Ω. Converting this to a

canonical scattering cross-section simply requires integrating over all solid angles:

σ =

∫ 2π

0
dφ
∫ π

0
dθ sin θ dσ

dΩ . (2.7)

Classical scattering theory takes a more statistical approach than our previous definition

of cross-section potential using Eq. (2.6), by considering a central scattering, V (r), which

can be converted into an “impact parameter” b(θ), which is physically motivated in Fig. 2.6.

Noting that the number of particles n1 scattering through angle dθ is the same as

the number of incident particles n2 entering through db, we can write n1 dΩ = n2bdbdφ.

Because, by definition, dσ/dΩ ≡ n1/n2, this reduces to

dσ
dΩ =

b

sin θ

∣∣∣∣dbdθ

∣∣∣∣ . (2.8)
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Putting this into practice, consider a flux of particles scattering off of a hard, impenetra-

ble sphere of radius R with scattering angle β. By definition, we know that b = R sin(β/2),

since b is effectively the distance between the particle’s trajectory and the sphere’s normal

vector that runs parallel to the particle trajectory. Thus, θ + β = π, and b = −R cos(θ/2).

Subbing this into Eq. (2.8) tells us dσ/dΩ = R2/4, or σ = πR2, which agrees with the

Fermi model result! The same math could also be used to calculate the classical scattering

cross-section for a Coulomb potential (V (r) = K/r for some constant K), and find

dσ
dΩ =

(
K

4E sin2(θ/2)

)2

(2.9)

Quantum mechanically, the differential cross section is written simply as dσ/dΩ =

|f(k, θ)|2, where f is the “scattering amplitude” and k is the momentum transfer of the

scattering [29]. A discussion of these calculations can be found below in Section 2.4.2.

2.4.2 Spin-independent and -dependent interactions

This section will focus on converting a dark matter-nucleon cross-section to a dark matter-

nucleus cross-section. In other words, if dark matter has some cross section σχN with a

proton or neutron, it can be converted into the dark matter particle’s cross-section with a

nucleus with A protons and neutrons, σχA. Refs. [29] and [66] provide a full derivation of

this conversion for spin-independent (SI) and spin-dependent (SD) interactions, but — in

general — the so-called “zero-momentum cross-sections” can be written as [66,67]

σ
(SI)
χN =

µ2
A

µ2
N

[
Z + (A− Z)

fn
fp

]2
σ(SI)
χp (2.10)

σ
(SD)
χN =

µ2
A

µ2
N

4(J + 1)

3J

[
〈Sp〉+ 〈Sn〉

an
ap

]2
σ(SD)
χp (2.11)

for SI and SD interactions respectively. In this equation, for dark matter mass mχ, nuclear

mass mA, and nucleon mass mN , µi = mχmi/(mχ +mi) is the reduced mass of the dark
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matter and the nucleus (i = A) or the nucleon (i = N). Z, A, and J are the number

of protons, number of nucleons, and total spin of the nucleus in question, while 〈S〉 is

the expectation value of the spins of the protons and neutrons (for subscripts p and n

respectively) within the nucleus. Finally, f and a are, respectively, the SI and SD couplings

to protons and neutrons (again, for subscripts p and n respectively), and σχp is dark amtter’s

cross-section with a proton.

While dark matter’s cross-section with a neutron σχn is not explicitly included in these

definitions, it can be found by the simple relation σχn = fnσ
(SI)
χp /fp (or, in the spin-

dependent case, replacing the fs with as). It is standard practice to take SI coupling

as being nucleon-independent, meaning that fn = fp. Hence, the SI cross-section is often

expressed as

σ
(SI)
χA = A2 µ

2
A

µ2
N

σ
(SI)
χN . (2.12)

Note that when mχ � mA — as is often the case throughout this thesis — this relation

reduces to

σ
(SI)
χA ' A4σ

(SI)
χN . (2.13)

SD models, on the other hand, sometimes take the opposite approach, in which dark

matter only scatters off of protons (ap = 1, an = 0) or neutrons (ap = 0, an = 1). Now,

when mχ � mA, this relation scales as σ
(SD)
χA ∝ A2σχN , rather than A4 in the SI case.

When σχN & 10−26 cm2, it begins to exceed the physical area of nucleon. This, at

first glance, might seem to be impossible, as it violates physical intuition about how a

cross-section would work. With further consideration, though, this type of phenomenon is

absolutely allowed if there are long-range forces at play (such as light dark photons [25,29]),

or if the dark matter in question is a composite, rather than a fundamental particle [68].

Understanding how long-range forces would cause such a phenomenon is actually fairly
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Figure 2.7: A schematic diagram of the scattering process described in this section, where
the middle panel shows the lab frame and right panel shows the centre of momentum frame.

intuitive, and a classical example of this has already been presented in this document in

Eq. (2.9). The electromagnetic force can create extremely large cross-sections for a large

coupling (in this expression parameterized by K). Thus, if a similar such force that mediates

scatterings between dark matter and nuclei, it is conceivable to increase this cross-section

arbitrarily.

2.4.3 Contact interactions

Recently, Ref. [29] pointed out that non-composite dark matter with cross-sections & 10−26

cm2 that interact through short-range forces should have a nucleus-invariant cross-section.

This reference provides a full quantum mechanical derivation of this, but it can be un-

derstood classically quite easily, using the example of a hard-sphere scattering event from

Section 2.4.1. If dark matter is opaque to nuclei, and therefore it scatters against all nuclei

along its path, it is reasonable to model this type of dark matter as having a constant

cross-section, σχA = σc.

2.4.4 Scattering

Elastic hard-body scattering of particles, in which both energy and momentum are con-

served, is not a complicated process to model. However, it is extremely important to all

of the work described in this thesis, and as such I will provide here the full mathematical

derivation of this process.
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We begin by simply considering two particles of mass m1 and m2 elastically scattering.

In this section, velocities before and after scattering denoted by v and w respectively . We

will need to work between two reference frames: (1) the lab frame, in which velocities will

be unprimed (v, w), and (2) the centre of momentum frame (CM) frame, in which velocities

will be primed (v′, w′). Throughout this document, scenarios in which dark matter scatters

against targets with negligible velocity are frequently considered. This system is analogous

to how the lab frame has been defined in this section. Hence, this section provides a

derivation for the fractional loss of kinetic energy of particle 1 after scattering in the lab

frame.

We begin in the CM frame, where the total momentum of the system is zero both before

and after scattering, such that

m1v
′
1 +m2v

′
2 = m1w

′
1 +m2w

′
2 = 0. (2.14)

This gives us convenient relations between both the initial velocities, v′
1 and v′

2, and the

final velocities, w′
1 and w′

2:

v′
2 = −m1

m2
v1

′, (2.15)

w′
2 = −m1

m2
w1

′. (2.16)

The total momentum of the lab frame is given by pL = m1v1, since v2 = 0 by definition.

In the CM frame, the total momentum is zero, so there should be some velocity vb that
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boosts our lab frame into CM frame by modifying the particle velocities as follows:

v1 → v1 − vb ≡ v′
1, (2.17)

v2 → −vb ≡ v′
2, (2.18)

w1 → w1 − vb ≡ w′
1, (2.19)

w2 → w2 − vb ≡ w′
2, (2.20)

using standard Galilean addition. We want to define vb such that the total momentum of

the frame with these boosted initial velocities is zero (m1(v1 − vr)−m2(vr) = 0). Simply

rearranging this equation gives us

vb =
m1

m1 +m2
v1. (2.21)

The property of interest here is particle 1’s fractional kinetic energy loss after a single

scatter, Ef/Ei, where Ef and Ei denote the final and initial kinetic energy of particle 1

respectively. Since Ef ∼ w2
1 = w1 ·w1, a logical starting point is to square Eq. (2.19):

w2
1 = (w1

′ + vb) · (w′
1 + vb) (2.22)

= w′2
1 + v2b + 2w′

1vb cos θcm, (2.23)

where θcm is the angle of deflection of particle 1 in the CM frame after scattering (see

Fig. 2.7). Here and throughout this section, u ≡ |u| for any arbitrary vector u. This

expression should be in terms of v1, m1, m2, and θcm only. Eq. (2.21) already defines vb in

terms of these values.

Solving for w′
1 in terms of the quantities of interest requires a slight detour. Because

we are considering elastic scattering, we know that kinetic energy is conserved in both the
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CM and lab frames. In the CM frame, this means

m1v
′2
1 +m2v

′2
2 = m1w

′2
1 +m2w

′2
2 , (2.24)

The CM conservation of momentum rules (Eqs. (2.15) and (2.16)) inserted into Eq. (2.24)

show that v′1 = w′
1, which means that v′2 = w′

2 (that is to say, the magnitude of the velocities

of both particles remain constant in the CM frame).

Eq. (2.17) defines v′1 = m2v1/(m1 +m2), and since v′1 = w′
1, it is extremely easy to see

that w′
1 = m2v1/(m1 + m2). Substituting this result into Eq. (2.23) and simplifying the

result yields

w2
1 = v1

m2
1 +m2

2 + 2m1m2 cos θcm
(m1 +m2)2

. (2.25)

Finally, using this new definition, solving for Ef/Ei where Ef = m1w
2
1/2 and Ei = m1v

2
1/2

gives

Ef

Ei
= 1− 2

m1m2

(m1 +m2)2
(1− cos θcm). (2.26)

This equation is used in Chapters 3 to 5. From this equation, two interesting scattering

properties can be understood. First, the most energy is lost by particle 1 in this scattering

event when m1 is equal to m2. Second, when m1 � m2, as is the case in much of the work

in this thesis, this formula is well-approximated as

Ef

Ei
' 1− 2

m2

m1
(1− cos θcm). (2.27)

2.5 Dark Matter in Our Solar System

There are two “local” dark matter properties that are important to this work. The first is

its mass density, ρχ, which has been measured in multiple ways, including microlensing [69]
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and stellar kinematics [70].

Most recently, stellar kinematics were used to determine ρχ by using data from the

European Space Agency’s telescope, Gaia, which was designed to measure the position and

directional velocity of over one billion Milky Way sources. Using this data, along with

data from APOGEE, WISE, and 2MASS, as well as the results of a large body of work

that estimate the local baryonic matter budget (including interstellar gas, stars, and stellar

remnants), Ref. [71] places this estimate at ρχ = 0.30± 0.03 GeV/cm3.

Microlensing is gravitational lensing, described in Section 2.1.3, that is extremely weak.

It is detected through very different techniques to strong and weak lensing, as it measures

the change in the background source’s brightness as a function of time. When a source’s

light is microlensed, its apparent brightness increases. Ref. [69] compares previous works’

results on light’s expected distortion when travelling from the galactic centre to the observed

distortion to estimate dark matter’s contribution to this distortion. This yielded fits for

dark matter’s density profile that agreed very well with the Einsanto and NFW profiles

mentioned in Section 2.1.1, and predicted a local density of ρχ = 0.20 − 0.56 GeV/cm3 at

1σ, which agrees reasonably with the aforementioned estimate from Ref. [70].

There has been singificant research into dark matter’s local velocity distribution, as both

theorists’ and experimentalists’ work relies on it. It is common to use a Maxwell-Boltzmann

dark matter velocity distribution, based on numerical simulations [67,72], althrough recent

simulations have revealed that this may not be exactly true [73]. Throughout this work, a

Maxwell-Boltzmann velocity distribution is used that, when flux-normalized, is given by

f(v) ∼ v3 exp

(
− 3v2

2σ2
v

)
, (2.28)

where σv is dark matter’s velocity dispersion. The reason for this result has already been

discussed in previous sections; because dark matter’s velocity does not seem to be impacted

very much by scattering off of other dark matter particles (likely due to a low cross-section),
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or off of baryonic matter (due either to interactions being rare, or a large difference in dark

matter and baryonic matter mass, see Fig. 2.4 and Section 2.1.1), it should behave not

unlike a collisionless fluid.

There are three important corrections to this distribution that must be inserted by hand.

First, dark matter bound to a halo must, by definition, be moving less than a galaxy’s escape

velocity, veg = 503 km/s. Hence, a Heaviside function is typically multiplied by Eq. (2.28)

by hand to ensure v < veg always. Second, as a dark matter particle approaches a massive

body (say, for instance, the Earth) and falls into its gravitational potential well, it will reach

the surface of that body after having accelerated to at least that body’s escape velocity.

Finally, as Earth orbits about a galaxy, the dot product between dark matter’s velocity and

Earth’s velocity introduces a factor of cosφ, where φ is the Earth’s rotation angle about

the galaxy. These factors become extremely important in Chapter 4.
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Chapter 3

Planetary Heat Flow Limits on Dark Matter

This work is published as J. Bramante, A. Buchanan, A. Goodman, and E. Lodhi, “Terres-

trial and Martian Heat Flow Limits on Dark Matter”, Phys. Rev. D 101, 043001 (2020).

In this work, we find the symmetric dark matter masses and cross-sections (both spin-

independent and spin-dependent) which would result in an excess amount of heat being

emitted from the interiors of the Earth and Mars. To create this heat flux, dark mat-

ter must be sufficiently strongly-interacting to be gravitationally captured by one of these

planets by repeated scatterings off its comprising elements. It must also be sufficiently

weakly-interacting such that, one captured, it is able to drift to its thermally equilibrated

position, where it must annihilate frequently enough with other captured particles to create

an anomalous heat flux. We modeled the gravitational capture mechanism using Monte

Carlo simulations, and both drift and annihilation using analytical equations. All calcula-

tions and computations were done by myself, with many being verified by Andrew Buchanan

and Eesha Lodhi. I did most of the writing myself as well, although Joseph Bramante pro-

vided significant editing and feedback.

Abstract

If dark matter is efficiently captured by a planet, energy released in its annihilation

can exceed that planet’s total heat output. Building on prior work, we treat Earth’s

composition and dark matter capture in detail and present improved limits on dark
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matter-nucleon scattering cross sections for dark matter masses ranging from 0.1

to 1010 GeV. We also extend Earth limits by applying the same treatment to Mars.

The scope of dark matter models considered is expanded to include spin-dependent

nuclear interactions including isospin-independent, proton only, and neutron only

interactions. We find that Earth and Mars heating bounds are alleviated for dark

matter s-wave self-annihilation cross sections . 10−44 cm2.

3.1 Introduction

Despite a preponderance of evidence for the existence of dark matter (DM), its mass and

the nature of its non-gravitational interactions remain unknown. It may be the case that

DM couples to Standard Model fields through a non-gravitational force. Here we will study

DM’s interactions with itself and with nucleons in the Earth and Mars, and by precisely

modeling each, derive extended planetary heating bounds, first obtained in Ref. [17].

Many underground experiments have searched for DM that scatters with nucleons

through either predominantly spin-dependent or spin-independent interactions, including

DEAP [74], PICO [30,31], LUX [75], PandaX [76], and XENON1T [18]. These experiments

place detectors deep underground to reduce backgrounds and gain in sensitivity to weakly

interacting DM. However, such experiments situated kilometers underground are less sen-

sitive to more strongy-interacting DM, which has reduced kinetic energy after repeated

scattering against the Earth’s crust during its voyage underground. On the other hand,

near-surface direct detection experiments [19] are more sensitive to strongly-interacting

DM, along with repurposed high-altitude detectors like the XQC rocket [20]. Constraints

on strongly-interacting DM from these experiments are supplemented by numerous astro-

physical bounds, including analyses of the cosmic microwave background [22,23], interstel-

lar gas cooling [24, 25], neutrinos from DM annihilation [77–81], and a conspicuous lack of

tracks in ancient mica [26–28]. This article will reinforce and extend existing constraints on
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DM’s spin-independent interactions. Additionally, there are a number of simple models for

which DM’s non-relativistic interactions with nuclei depend sensitively on the spin of the

nucleus [82, 83]. For spin-dependent models, this work places bounds on some unexcluded

regions of DM parameter space; to achieve this we incorporate the terrestrial distribution

of nuclei with a substantial nuclear spin.

Strongly-interacting DM can appreciably raise the temperature of the Earth and Mars

through capture and subsequent annihilation. Simulations indicate that galaxies like the

Milky Way exist within a virialized and spherical DM halo [84, 85]. From this it follows

that so long as DM is a light particle (in this case lighter than a small asteroid), there will

be a constant flux of DM incident upon the Earth as it orbits the Galaxy. If DM interacts

sufficiently strongly with nucleons, it will scatter off elements within these planets, and if

it scatters enough times, its velocity will decrease below the given planet’s escape velocity,

which is approximately 11 km/s for Earth, and 5 km/s for Mars. If DM is sufficiently

slowed, it will stay bound to the planet and can annihilate with other similarly captured

DM. Such annihilations may result in a sizable heat output. Because we know from direct

measurements that no more than ∼44 TW of energy is emitted by the Earth [35, 86–91],

we are able to restrict DM candidates by requiring that they not yield more heat flow from

Earth than is observed. While the origin of heat emitted by Earth is still under investigation,

it is expected that around half of the observed heat emission is radiogenic [91]. Because

in-situ heat measurements are not available for Mars and other planets, it is not yet possible

to set a constraint using a planet other than the Earth. However, the InSight mission to

Mars may soon report the first direct Martian heat flow measurements [92]. Therefore, we

have also studied what constraint could be placed by observing no more than the expected

∼3.5 TW of radiogenic energy generated within Mars [93].

The most stringent limit on DM’s nucleon interactions is obtained from planetary heat-

ing when the DM annihilation rate equals the DM capture rate. This occurs for DM

with a sufficiently large self-annihilation cross section. This scenario is referred to as
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“total annihilation” [17]. Of course, a smaller DM annihilation cross section will result

in less annihilation. This “partial annihilation” scenario is addressed in this article and

we find that the heating bound effectively vanishes for σχ̄χ . 10−44 cm2, 10−30 cm2, and

10−38 cm2, for s-wave, p-wave, and impeded dark matter annihilation respectively. Intrigu-

ingly, these cross sections are around the canonical “weak” scale annihilation cross section

σweak
χ̄χ ≈ 10−36 cm2 [94]. Therefore, for DM with an approximately weak scale annihila-

tion cross section, planetary heating bounds can have a non-trivial dependence on DM’s

self-annihilation cross section.

This work primarily considers three DM parameters: (1) the DM mass mχ, (2) the

DM per-nucleon scattering cross section σχN , which determines the frequency with which

the DM particle will interact with terrestrial and Martian elements, and (3) DM’s self-

annihilation cross section σχ̄χ, which determines the extent to which captured DM will result

in increased heat flow out of the Earth and Mars. In Section 3.2 we treat the planetary

capture of strongly-interacting DM, incorporating a three zone nuclear abundance model of

the Earth’s core, mantle, and crust, and a two zone nuclear abundance model of Mars’ core

and mantle. Section 3.4 details limits on DM from planetary heating, including both total

and partial DM self-annihilation in the Earth. In Section 3.5 we conclude. Throughout this

work, we have used natural units with ~ = kB = c = 1.

3.2 Dark Matter Capture

As DM passes through a planet, it may scatter off its constituent particles, and will slow

slightly with each scatter. For certain DM masses and cross sections, this scattering results

in DM slowing below the planet’s escape velocity, at which point it is gravitationally bound

to the planet.

To simplify our DM capture computations, we ignore Earth and Mars’ gravitational

effects on the DM’s trajectory and velocity. This is a reasonable approximation, given
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that the speed of a typical DM particle is ∼300 km/s, compared to the ∼10 km/s escape

speeds in question. We also ignore the directional changes in the DM’s trajectory induced

by scattering. These are both conservative approximations, as both a random walk from

scattering and a gravitationally curved trajectory lead the DM through more material than

a straight trajectory.

For convenience, we define

β±
j = 4

mjmχ

(mj ±mχ)2
, (3.1)

where mχ is the mass of the DM particle and mj is the mass of the terrestrial constituent

j off of which it is scattering. The DM particle’s kinetic energy after a single scatter, Ef ,

can be defined as a function of its initial kinetic energy, Ei, as

Ef = (1− zβ+
j )Ei, (3.2)

where z ⊂ [0, 1] is a kinematic factor parameterizing the scattering angle of the DM-nuclear

interaction [95]. On average 〈z〉 ≈ 1
2 , and we set it to this value in our computations.

Making the substitution that kinetic energy is proportional to velocity (v) squared, and

now considering τj scatters off of each element j, the expression for DM’s final velocity is

vf = vi
∏
j

(1− zβ+
j )

τj/2. (3.3)

When vf < 11.2 km s−1 or 5.0 km s−1 for Earth or Mars respectively, the DM is gravi-

tationally captured, as it is no longer traveling fast enough to escape the planet’s gravity.

However, see later sections for discussion of DM evaporation.

To find an expression for τj , we must first find the average number of scatters off of each

element. When travelling a distance L through a medium of constant density, we define

this as 〈τj〉 = njσχjL [95], where σχj is the nuclear cross section of the DM with element

j. In a medium with non-constant elemental density like the Earth and Mars, we instead

31



3.2. DARK MATTER CAPTURE

must define 〈τj〉 as a function of θ, the angle between the DM particle’s trajectory and the

vector normal to the planet’s surface. To find the mean number of scatters, we integrate

along the DM’s path (l) from its entry point to a distance of 2Re cos(θ), at which point it

will exit the planet. A schematic diagram of the trajectory through the Earth is given in

Fig. 3.1. Explicitly, the expectation value for the number of scatters is given by the integral

〈τj〉 (θ) = σχj

∫ 2Re cos θ

0
nj(r) · dl. (3.4)

Re
θ

L=2
Re	co

s	θ

r	l
n(r)

Core

Mantle

Crust

Figure 3.1: A schematic representation of the Earth with geometric variables as labelled.

Because number density, nj , is a function of radius from the planet’s center, the sub-

stitution r =
√
l2 +R2

e − 2lRe cos θ must be made. Scattering events are independent and

discrete, so τj(θ) actually follows a Poisson distribution with a mean of 〈τj〉. In computations

we required the number of scatters off of element j to follow the probability distribution

p(τj ; 〈τj〉) =
e−〈τj〉 〈τj〉τj

τj !
. (3.5)

It is also important to distinguish between DM-nucleus cross section (σχj) and the DM-

nucleon cross section (σχN ). We follow the conventions of [17,95,96]. For a spin-independent
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cross section we used the conversion

σ
(SI)
χj = A2

j

(
µ(mj)

µ(mN )

)2

σ
(SI)
χN ∝ A4

jσ
SI
χN , (3.6)

where mN is the mass of a nucleon (∼1 GeV), µ(mj or mN ) is the reduced mass of the DM

particle and atom j or a single nucleon respectively, and Aj is the number of nucleons in

atom j. In the spin-dependent case,

σ
(SD)
χj =

(
µ(mj)

µ(mN )

)2 4(Jj + 1)

3Jj

[
ap 〈Sp〉j + an 〈Sn〉j

]2
σ
(SD)
χN ∝ A2

jσ
(SD)
χN . (3.7)

Here, we define Jj as nuclear spin of atom j, 〈Sp〉j and 〈Sn〉j as its average proton and

neutron spins, and ap and an as proton and neutron coupling constants. In this work, we

consider three cases: (1) isospin-independent scattering (ap = an = 1), (2) proton-only

scattering (ap = 1, an = 0), and (3) neutron only scattering (ap = 0, an = 1).

Finally, we note that in a number of recent publications [27,29,95], it has been pointed

out that the spin-independent DM-nucleon scattering cross section as presented in Eq. (3.6),

reaches a theoretical transition point at σχN ≈ 10−26 cm2. At larger cross sections, the

implied DM-nucleus cross section is larger than the physical area of nuclei, implying either

long-range forces (e.g. mediation by light dark photons [25, 29]) or composite dark matter

[68].

3.3 Elemental Makeup

The Earth’s material composition is divided into three parts: the crust, the mantle, and

the core. Taking the Earth’s center as r = 0, the crust begins at the Earth’s surface at

r = Re = 6371 km and ends at r = 6346 km [1]. From that radius until r = 3480 km is the

mantle, [3] and the remainder of the Earth is the core in our model [2]. The relative sizes of
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these regions are shown in Fig. 3.1, and the material composition of these regions is given

below in Table 3.1.

Also shown in Table 3.1 are the compositions of Mars’ mantle and core. We assume

Mars’ crust to have a thickness of 50 km [97]. Its composition is taken as the same as

that of the mantle for calculating DM drift times in section 3.4.4, and is conservatively

omitted for capture and annihilation computations in sections 3.4.1 and 3.4.3. We give the

core and mantle thicknesses of 2000 and 1340 km respectively, for a total Martian radius

of Rm = 3390 km. All radial thickness values given here have been chosen among values

presented in the above references, to minimize DM capture on Earth and Mars.

Table 3.1: Rounded weight percentages of elements of interest in the crust, mantle, and
core [1–5].

16O 28Si 27Al 56Fe 40Ca 23Na 39K 24Mg 48Ti 57Ni 59Co 31P 32S
EARTH

Crust wt% 46.7 27.7 8.1 5.1 3.7 2.8 2.6 2.1 0.6 - - - -
Mantle wt% 44.3 21.3 2.3 6.3 2.5 - - 22.3 - 0.2 - - -

Core wt% - - - 84.5 - - - - - 5.6 0.3 0.6 9.0
MARS

Mantle wt% 39.2 16.2 1.2 23.7 1.4 - - 18.3 - - - - -
Core wt% - - - 63.6 - - - - - - - - 36.4

The Earth’s density also varies as a function of distance from the center. The preliminary

reference Earth model [34] is a reasonable approximation of Earth’s mass density. To be

conservative, we used the minimum possible Martian density at all radii from the models

given in [5,97]. We henceforth reference these densities as ρ(r), which is plotted in Fig. 3.2.

To convert ρ(r) to nj(r), the number density of element j, we divide by the mass of that

element mj and multiply by the mass fraction of that element for either the core, mantle,

or crust, as given in Table 3.1.

It is also necessary to determine the planets’ temperature profiles. There have been

multiple Earth temperature models proposed; there is not strong consensus on the matter

[35–37]. To be conservative, we take the highest reasonable proposed temperature at all
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radii to construct a "maximum temperature profile" of the Earth. This is shown in Fig. 3.2.

The atmospheric temperatures used for Earth can be found in [98]. We use the highest

possible temperature profile in [5] as our model for Mars, and used the Martian atmospheric

temperatures given in [99].
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Figure 3.2: The mass density (left) and temperature (right) profiles of the Earth (top) and
Mars (bottom) used in this work.

Many geological studies and models have been performed that estimate the total heat

flux from within the Earth, all of which find the total heat flux to be around 44 TW. Some of

this flux has been attributed to known processes, such as emission from radiogenic sources

like uranium and thorium present in the Earth [35, 100]. However, to be conservative we

will attribute all of the observed 44 TW to DM annihilation, when setting bounds on DM

parameters. We similarly take a total heat flux of 3.5 TW for Mars, which is the maximum

value of the projected range given in [93].
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To calculate spin-dependent DM cross sections, we must determine the spin properties

of the various elements in the Earth. The natural abundances of several elements with

non-zero nuclear spins (J) have been tabulated in [101]. The values used in this work can

be found in Table 3.2, which gives the fraction of the corresponding element in Table 3.1

that exists as the non-zero nuclear spin isotope listed.

Table 3.2: Number percentages of elements of interest with non-zero nuclear spin in the
crust, mantle, and core.

17O 29Si 27Al 57Fe 43Ca 23Na 39K 25Mg 47Ti 49Ti 61Ni 31P 33S
Number % 0.4 4.7 100 2.12 0.135 100 100 10 7.44 5.41 1.14 100 0.75

Later references to number density, nj(r), will carry different meanings in the spin-

independent and spin-dependent cases. For the former, it will refer to the number density

of a given element. For the latter, it will refer to the number density of a given elemental

isotope with non-zero nuclear spin.

In general, a nucleus is able to have spin if one or more of its nucleons is unpaired. Paired

nucleons’ spins will cancel, leading to a net-zero nuclear spin. However, even if all nucleons of

a given kind are paired, the expectation value of the spin of paired protons or neutrons (〈Sp〉

and 〈Sn〉 respectively) may be non-zero, which can result in spin-spin interactions. These

terms are required to calculate spin-dependent per-nucleon cross sections (see Eq. (3.7)),

but their exact values remain unknown, and are slightly model dependent. The values used

in this work are tabulated for the elements of interest in Table 3.3.

Table 3.3: Spin parameters of elements of interest in the Earth and Mars [6].
17O 29Si 27Al 57Fe 43Ca 23Na 39K 25Mg 47Ti 49Ti 61Ni 59Co 31P 33S

J 5/2 1/2 5/2 1/2 7/2 3/2 3/2 5/2 5/2 7/2 3/2 7/2 1/2 3/2
〈Sp〉 -0.036 0.054 0.333 0 0 0.2477 -0.196 0.04 0 0 0 0.5 0.181 0
〈Sn〉 0.508 0.204 0.043 1/2 1/2 0.0199 0.055 0.376 0.21 0.29 -0.357 0 0.032 -0.3

For the purpose of this work, we have taken both the Earth and Mars to be modeled

as perfect spheres with isotropic densities, temperatures, and compositions. We also ignore
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atmospheric scattering of DM, as the bulk of atoms within these planets is far larger and

therefore dominates all scattering.

3.4 Planetary Heating Limits on Annihilating Dark Matter

With our planetary compositions and DM interaction models established, we will now bound

DM’s couplings using anomalous heating of the Earth and Mars. Results are given in terms

of mχ, σχN , and the DM-DM annihilation cross section σχχ̄. Full exclusion limits obtained

by requiring s-wave DM annihilations to not exceed the energy emitted from Earth’s surface

are shown in Figs. 3.3 to 3.6. A full set of plots for s-wave, p-wave, and impeded [102] dark

matter annihilation for both Earth and Mars can be found in Appendix A.

3.4.1 Total annihilation

To set a lower bound on the DM-nucleon cross section, we first consider the case that all

captured DM annihilates, so that the rate at which DM is captured by the Earth or Mars

is also the rate at which it annihilates. As we will see, this capture-annihilation equilibrium

is reached in all parameter space of interest for a DM s-wave annihilation cross section

σχχ̄ & 10−34 cm2.

To compute a limit for the case of DM capture-annihilation equilibrium, we began by

running one thousand Monte Carlo simulations for each point on a grid of mχ-σχN values.

We chose to run one thousand simulations, for the following reasons. The total potential

dark matter energy flux through the Earth, as described by equation 3.10, is around 3300

TW. Because our exclusion condition requires 44 TW of heating, only 44/3300 ≈ 0.01 of

the velocity normalized dark matter flux must be captured to set a bound. By running a

thousand simulations, we expect to have sampled ∼ 10 times more of the DM distribution

than is strictly necessary to set a bound. For each of the thousand simulations, the DM

particle in question was given a random initial velocity, distributed by a three dimensional
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Maxwell-Boltzmann distribution

f(v) =
v3i
Ne

exp

(
−
3v2

d

2σ2
v

)
, (3.8)

where this expression is the rate-normalized Maxwell-Boltzmann distribution [72]. We took

standard values of v0 = 220 km s−1, with σv = v0
√
3/2 as the velocity dispersion, and with

the velocity of DM in the planet’s rest frame defined as vd = vi + ve where |ve| ≈ 230

km s−1 is the Earth’s velocity in the galactic rest frame [72, 103]. We normalize Ne in this

Maxwell Boltzmann distribution to match a conservatively low background DM density of

ρχ = 0.3 GeV/cm3 [69,70,104] and truncate the distribution at a conservatively low galactic

escape velocity of vesc = 528 km s−1 [105].

For each simulated DM particle, an entry angle θ into the planet in question was ran-

domly chosen, distributed according to the probability density function

dP (θ)

dθ
= 2 sin(θ) cos(θ), (3.9)

which yields the average chord length traveled through the Earth, as described by Dirac’s

formula [106]. Using the generated θ and vi values in Eqs. (3.3), (3.4) and (3.6) or Eq. (3.7)

for the spin-independent or spin-dependent cases respectively, and using Poisson-distributed

τj (see Eq. (3.5)), we found vf for all angles generated.

In each simulation, we found Pcap, the probability of capturing a single DM particle

entering the Earth, for a given DM mass and cross section. Defining 〈vi〉 as the average

initial velocity of a captured DM particle, the mass capture rate (Γm) was calculated using

the following equation for the total mass capture rate

Γm = 2πR2
e 〈vi〉 ρχPcap, (3.10)

where we note that this is half the total flux of DM expected through the Earth’s surface,
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Figure 3.3: Spin-independent DM-nucleon Earth heating limit assuming all DM annihilates
(blue) and for DM self-annihilation cross sections σχχ̄ given in cm2 as labelled, and the
prospective Mars heating exclusion limit for σχχ̄ = 10−36 cm2 (red). The edges of these
exclusion limits are determined as follows: the bottom edge is set by requiring a large
enough cross section that enough DM is captured and anomalously heats the planet, the
top edge is set by requiring that, despite having a large scattering cross section, DM can
drift to the center of the planet within a billion years, and the left edge requires that DM
is not so light that it evaporates out of the planet’s interior. While the right edge is fixed
at 1010 GeV by s-wave annihilation unitarity considerations, the bounds shown could be
consistently extended to higher masses. Juxtaposed are limits from [17–28]. Underlaid, the
dark grey line shows the Earth heating bound set by Mack et al. [17]. A number of recent
references [27, 29] have pointed out that only a few dark matter models will consistently
provide an effective DM-nucleon cross section in excess of σχN ≈ 10−26 cm2. For a brief
discussion of dark matter models which validly imply a DM-nucleon cross section greater
than σχN ≈ 10−26 cm2, see the last paragraph of Section 3.2.

since we are only interested in ingoing (and not outgoing) DM particles.

By simulating one thousand DM particles per parameter space point tested, we identified

the minimum nucleon scattering cross section for which more than ∼44 TW of DM would be

captured by the Earth. We continued simulation iterations, until the range of cross section

values converged upon varied by less than one percent, and among these values selected a
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cross section that implied slightly more than 44 TW of heating by DM. Assuming that all

captured DM annihilates, this amount of darkogenic Earth heating can be safely excluded,

since the total heat output of the Earth is 44 TW. This method was then repeated for

Mars, this time using a maximum heat flux of 3.5 TW. The masses and cross sections that

resulted in Ṁχ ≈ 44 TW in the Earth are shown as the lower solid blue limits in Figs. 3.3

to 3.6. The values generated for Mars are shown as solid red limits. The limit has been

truncated at mχ = 1010 GeV, a mass cutoff advocated in Ref. [17], chosen by requiring

that the non-relativistic DM s-wave self-annihilation cross section required for DM to reach

capture-annihilation equilibrium not exceed a unitarity limit [107]. The planetary heating

bounds in this paper can be trivially extended to higher masses, though for such large

masses and self-annihilation cross sections, it would be preferable to consider an explicit

model.

3.4.2 Thermal evaporation

A gravitationally bound DM particle will not necessarily stay captured. Thermally vibrat-

ing nuclei in the Earth or Mars may scatter with captured DM and increase the DM’s

kinetic energy. For a sufficiently low DM mass, this kinetic energy increase can result in

DM escaping its planet’s gravity. This process is known as evaporation (see e.g. [108]).

Evaporation implies a minimum mass for which Earth heating exclusions are valid, since

evaporated DM will not annihilate within the planet.

First we consider the thermal radius, which is the radius of containment for DM that has

reached thermal equilibrium with the planet - where DM’s average thermal energy will be

equal to its average potential energy in the Earth’s gravitational well. The thermal radius

is found using the virial theorem

1

2
mχ

(
v
(χ)
th (rth)

)2
=

3

2
T (rth) =

GM(rth)mχ

2rth
, (3.11)
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Figure 3.4: Spin-dependent DM-nucleon Earth heating limit (blue) for DM self-annihilation
cross sections σχχ̄ as labelled, and the Mars heating exclusion limit for σχχ̄ = 10−36 cm2

(red). Juxtaposed with limits given by [18, 23, 30–32]. This exclusion assumes equal spin-
dependent coupling to neutrons and protons, aka isospin-independent scattering with an =
ap = 1 in Eq. (3.7).

DM masses less than ∼100 MeV yield thermal radii greater than the radius of the Earth,

meaning that the sphere of containment for DM at this mass extends outside the Earth.

For Mars, this mass is ∼420 MeV. To be conservative, we end our limit at this mass, as the

upper exclusion limit loses its meaning when there is no defined thermal radius to which a

DM particle would drift.

A caveat to the evaporation process as detailed above is that, for moderately large cross

sections, low mass particles can be re-captured as they scatter against terrestrial or Martian

constituent particles along their exit trajectory. Using the root mean square thermal velocity

of a particle in equilibrium with the Earth or Mars, vth(r) =
√

3T (r)
m , one could determine

for what cross section light DM would be re-captured, and the new effective volume within

which DM annihilates. We discuss what future work might be done along these lines in
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Figure 3.5: Spin-dependent DM-proton Earth heating limit (blue) for DM self-annihilation
cross sections σχχ̄ as labelled, and the Mars heating exclusion limit for σχχ̄ = 10−36 cm2

(red). Juxtaposed with limits given by [23, 30, 31]. This exclusion assumes only spin-
dependent coupling to protons, with ap = 1 and an = 0 in Eq. (3.7).

Section 3.5.

3.4.3 Partial annihilation

For a small enough self-annihilation cross section, DM that is efficiently captured by the

Earth or Mars may not lead to anomalous heating. Including the effect of DM annihilation,

the differential equation describing the number of DM particles accumulated is

dNχ

dt
≈ Cχ −

N2
χ

〈
σχχ̄v

(χ)
th

〉
Vth

, (3.12)

where Cχ = Ṁχ/mχ is the number of DM particles captured per second and Vth = 4πr3th/3

is the thermalized volume. Note that Vth will decrease with increasing mχ. As is customary

in the literature, we define the s-wave, p-wave, and impeded [102] dark matter annihilation
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Figure 3.6: Spin-dependent DM-neutron Earth heating limit (blue) for DM self-annihilation
cross sections σχχ̄ as labelled, and the Mars heating exclusion limit for σχχ̄ = 10−36 cm2

(red). Juxtaposed with limits given by [18,23]. This exclusion assumes only spin-dependent
coupling to neutrons, with ap = 0 and an = 1 in Eq. (3.7).

rates such that the thermal velocity dependence of the DM annihilation rate in Eq. (3.12)

scales as
〈
σχχ̄v

(χ)
th

〉
=
{
σχχ̄, σχχ̄v

2
th, σχχ̄vth

}
, respectively. Solving Eq. (3.12) gives an

expression for the number of DM particles captured over a period of time. For convenience,

we define cann =
〈
σχχ̄v

(χ)
th

〉
/Vth, which gives a compact expression for the number of DM

particles in the planet, accounting for self-annihilation Nχ,

Nχ =

√
Cχ

cann
tanh

(√
Cχcann · t

)
. (3.13)

DM will have reached capture-annihilation equilibrium once t ∼ 1/
√

Cχcann.

The equation for the annihilation rate of DM is then Cann =
cannN2

χ

2 , and each DM-DM

annihilation will have an energy of approximately 2mχ. Thus, we define a new equation

for the heating rate induced by DM Q̇χ that accounts for the DM-DM annihilation cross
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section [109]:

Q̇χ = 2mχCann = mχCχ tanh
2
(√

Cχcann · t
)
. (3.14)

Again simulating many DM capture events as described in Section 3.4.1, but now also using

the self-annihilation cross section to determine the total heating rate as described above,

we determined values of mχ, σχχ̄, and σχN corresponding to a Cχ that yielded a heat flux

of ∼44 TW. By running simulations with multiple combinations of these three parameters,

we found exclusion limits for values of σχχ̄, shown as dashed lines in Figs. 3.3 to 3.6. Note

that for a sufficiently large DM-DM s-wave annihilation cross section, the white partial

annihilation lines converge on the total annihilation limit, at σχχ̄ & 10−44 cm2 for both

Earth Mars.

3.4.4 Drift time

DM with a large enough nuclear cross section will be captured efficiently by the Earth and

Mars. However, too large a nuclear cross section will result in DM stopping near the surface

of the planet. As a result, it would be contained in a larger volume than DM that is free to

descend to its thermalization radius. With its annihilation rate volumetrically suppressed,

the DM will not necessarily annihilate quickly enough to heat the planet in which it is

captured. Here we set an upper cross section limit by ensuring that the captured DM is

able to drift through the planet in question on a timescale less than the planet’s age.

To compute this upper limit on our cross section exclusion, we used a treatment similar

to [17,110,111]. Assuming DM-nuclear interactions are frequent enough, the planet’s gravi-

tational force will balance against viscous drag. We require DM to drift from the surface of

the planet to its thermal radius (described in section 3.4.2) within 4.5 Gyr, the approximate

age of both the Earth and Mars. Balancing these two forces yields
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GM(r)mχ

r2
= vdrift

∑
j

nj(r)mj 〈σχjvj(r)〉

 , (3.15)

where G is the gravitational constant, vj(r) =
√
3T (r)/mj is the thermal velocity of

molecule j, M(r) is the mass enclosed in radius r (equal to the volume integral over ρ(r)),

and vdrift = ∂r/∂t is the drift velocity of the DM [111]. Making these substitutions,

Eq. (3.15) becomes

t =
1

Gmχ

∑
j

{
σχj

∫ Re

rth

dr · r2nj(r)
√

3mjT (r)

[
4π

∫ r

0
dr′ · r′2ρ(r′)

]−1
}

(3.16)

where we conservatively set t = 1 Gyr in calculations. Our upper exclusion limits, shown

as the upper solid lines in Figs. 3.3 to 3.6, were found by solving Eq. (3.16) for σχN at a

given mχ. In the spin-independent case, we used Eq. (3.6) to convert from per-nucleon to

nuclear cross section. In the spin-dependent case, we used Eq. (3.7), and values given in

Table 3.3.

3.5 Discussion

We have derived Earth and Mars heating bounds on spin-dependent and spin-independent

DM scattering. Of course, these bounds will apply to DM which annihilates to Standard

Model particles. DM that does not annihilate, or which annihilates to particles which freely

stream out of the Earth or Mars are not excluded by this result. We have also determined

how Earth and Mars heating bounds change as DM’s self-annihilation cross section is varied.

The limits we have found on dark matter annihilation in the Earth are especially inter-

esting, considering that the canonical WIMP self-annihilation cross section is σχχ̄ ∼ 10−36
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cm2 [63]. While the Earth heating limit appears to exclude the canonical WIMP self-

annihilation cross section for s-wave dark matter annihilation, p-wave and impeded anni-

hilating dark matter are not entirely excluded. As such, a major result presented in this

work for the first time, is that DM planetary heating bounds do not necessarily constrain

p-wave and impeded DM models.

In future work, there are additional improvements that could be made to the treatment

of DM heating planets. For lighter DM, heating is limited by dark matter evaporation. The

treatment of DM evaporation presented here can be improved using Monte Carlo simulations

that account for incoming light DM scattering repeatedly not only during capture, but also

during evaporation. Captured DM that interacts strongly enough with nuclei, may avoid

evaporation by being trapped via back-scattering. Such a future analysis might result in

better limits on light DM.

The potential effectiveness of this analysis for other planets in our solar system should

also be considered. While the Earth and Martian interior compositions are known with

most certainty, based on seismic data and surface mineral sampling, relatively thermally

inactive bodies such as Earth’s moon, which has a maximum DM capture rate of ∼250 TW,

and a projected internal heat flow of ∼0.75 TW [112], could be studied to set additional

limits on DM. Analysis of lunar chemical composition indicates a significant presence of

heavier elements with non-zero nuclear spin [113], meaning that improved spin-dependent

DM scattering limits may be possible. On the other hand, temperatures very near the

Moon’s center are still largely unknown, and would require further study.

Finally, for the case of DM with predominantly spin-dependent nucleon interactions,

our results have shown that substantial parameter space exists for low dark matter masses,

where experiments like PICO might be able to set new limits on or discover strongly-

interacting DM by placing detectors above-ground. We leave a detailed study of the

prospects for above-ground spin-dependent dark matter searches to future work.
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Chapter 4

Dark Matter, Destroyer of Worlds

This work is published as J. F. Acevedo, J. Bramante, A. Goodman, J. Kopp, and T.

Opferkuch, “Dark Matter, Destroyer of Worlds: Neutrino, Thermal, and Existential Signa-

tures from Black Holes in the Sun and Earth”, JCAP04 (2021), p. 026. This work details

the asymmetric dark matter masses and cross-sections (both spin-independent and contact)

which would result in black holes forming inside the Earth and the Sun. This process begins

with gravitational capture and considers dark matter drift, as in Chapter 3, but also ac-

counts for other thermalization processes and the dark matter’s gravitational collapse into

a black hole. All these processes are described numerically. Dark matter models that would

form black holes that would have destroyed the Earth or Sun within their current lifetimes

are excluded. Dark matter models that would form evaporating black holes that would

result in anomalous heat flow in the Earth, or a detectable neutrino signature from the

Sun, are also excluded. All calculations of dark matter capture and drift time (Sections 4.2

and 4.3.3 and Appendix B) were done by me. The energy loss rate calculations detailed in

Appendix C, which are used in Sections 4.3.2 and 4.4 were also done by me, although Javier

Acevedo also independently found these results using a different method. Work detailed in

Section 4.4 was completed mostly by Javier Acevedo and Joseph Bramante, although much

of Section 4.4.3 is my own. Section 4.5 contains work done almost exclusively by Toby

Opferkuch and Joachim Kopp. All plots outside of Section 4.5 were made by me, although
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some incorporate others’ results. Most sections were written primarily by the people who

did the corresponding work, but heavy editing was done to all sections by all authors.

Abstract

Dark matter can be captured by celestial objects and accumulate at their centers,

forming a core of dark matter that can collapse to a small black hole, provided

that the annihilation rate is small or zero. If the nascent black hole is big enough,

it will grow to consume the star or planet. We calculate the rate of dark matter

accumulation in the Sun and Earth, and use their continued existence to place novel

constraints on high mass asymmetric dark matter interactions. We also identify

and detail less destructive signatures: a newly-formed black hole can be small

enough to evaporate via Hawking radiation, resulting in an anomalous heat flow

emanating from Earth, or in a flux of high-energy neutrinos from the Sun observable

at IceCube. The latter signature is entirely new, and we find that it may cover large

regions of parameter space that are not probed by any other method.

4.1 Introduction

The existence of dark matter (DM) has been established through its gravitational inter-

actions with visible matter, observed in the way galaxies rotate, through lensing of light

in galaxy clusters, and by its imprint on the structure of the early universe. However,

the mass of dark matter and its hypothesized non-gravitational interactions remain a com-

pelling mystery for physics and astronomy. One approach towards resolving this mystery

is to search for the potential impact of dark matter on astrophysical objects. In this work,

we study dark matter gravitationally captured by the Sun and the Earth, focusing on the

conditions under which dark matter can form black holes in their interiors. These black

holes could be detected through their Hawking radiation, or through the destruction of the

host body. As, evidently, neither the Sun nor the Earth has suffered this fate yet, we will
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be able to set limits on dark matter properties.

Dark matter particles passing through the Sun or Earth can lose some of their kinetic

energy by scattering off ordinary matter. Particles that lose enough energy during their tran-

sit are nudged into a closed gravitational orbit that intersects the star or planet. Through

subsequent and repeated scattering, the captured dark matter population can attain a tem-

perature in equilibrium with the surrounding ordinary matter, forming a “thermalized”

dark matter core deep inside the Sun or Earth. As more dark matter accumulates, this

dark matter core can grow so massive that it collapses under its own gravity and forms a

black hole, provided that repulsive forces such as thermal pressure and degeneracy pressure

are overcome. The black hole can then either grow by accretion of surrounding material,

or evaporate in the form of Hawking radiation. The formation of a black hole primarily

depends on three relevant physical conditions:

1. The dark matter core must have reached a critical mass to become self-gravitating and

collapse under its own weight, thus overcoming both the thermal pressure generated by

the surrounding ordinary matter, as well as quantum degeneracy pressure. To surpass

quantum degeneracy pressure, enough dark matter mass must be accumulated such

that it cannot be stabilized by this degeneracy pressure, much like the Chandresekhar

threshold for black hole formation in neutron stars and white dwarfs. This dark

Chandresekhar threshold will apply both to fermionic dark matter, as well as bosonic

dark matter with an O(1) quartic self-coupling.

Note that the requirement of reaching a critical total dark matter mass inside the star

immediately implies that the dark matter candidates to which our bounds apply must

be non-annihilating or very weakly annihilating. If the dark matter had a sizeable

annihilation cross-section, it would be depleted by annihilation long before reaching

the critical mass. The most natural scenarios in which dark matter annihilation is

avoided are so-called “asymmetric dark matter” models [60, 114, 115], in which the
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dark matter sector features a particle–anti-particle asymmetry similar to the baryon

asymmetry in the Standard Model (SM) sector. This asymmetry implies that only

dark particles are abundant in the Universe today, while dark anti-particles have

annihilated away shortly after the Big Bang.

2. In order for collapse to occur, the captured dark matter must have lost enough energy

via scattering to reach thermal equilibrium over timescales shorter than the age of

the solar system. Therefore, we require the scattering cross-section of dark matter on

ordinary matter to be sufficiently large such that this thermalization process occurs

quickly. At the same time, there is an upper limit to the cross-section since a very

large dark matter cross-section will cause the dark matter to be trapped in the outer

layers of the Sun or the Earth.

3. After it begins collapsing, the gravitationally unstable dark matter core must be able

to shed its gravitational potential energy in order to continue collapsing. Here we

will simply consider dark matter scattering with nuclei as a guaranteed and minimal

process to achieve this.

After a black hole forms from accumulated dark matter, it will either evaporate or destroy

its host. Less massive dark matter tends to form the bigger, host-consuming black holes

because lower-mass particles are more strongly affected by thermal and quantum pressure,

so that more dark matter needs to be accumulated before its gravitational potential is able

to overcome pressure forces to form a black hole. Such large back holes will grow rapidly

by accretion of host material and newly-captured dark matter. Therefore, for lower dark

matter masses, we can set bounds on the DM–nucleus scattering cross-section by requiring

that the formation of a destructive black hole takes longer than the age of the solar system,

approximately 5 billion years.

Heavier dark matter, on the other hand, will produce light black holes that evaporate

quickly via Hawking radiation. This radiation can in principle be detected, either directly
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or by the energy it deposits in the surrounding matter. The only component of Hawking

radiation that may be directly detectable are neutrinos. All other particle species get

absorbed before they are able to leave the dense environment in which the black hole was

formed. As they are absorbed, however, they heat up the surrounding matter, and this

extra heat may be detectable as it is radiated off into space. Obviously, this is only possible

in planets whose heat flux from standard sources is relatively low. Because Earth’s heat

emanations and interior composition are well studied, Earth’s heat flow will place leading

bounds on some high mass dark matter that forms evaporating black holes.

Dark matter that collapses to form black holes in astrophysical hosts has been studied

in some detail for the cases of neutron stars and white dwarfs, [111, 116–138] (for related

thermal signatures of dark matter in stars, see e.g. [139–153]). Previously, the possibility

that heavy dark matter could form a black hole in the Earth was mentioned in Ref. [110],

where the authors noted a dark matter mass threshold beyond which black holes might

form. Here, we treat the formation and evolution of black holes in the Sun and Earth for

the first time and use these calculations to obtain new bounds on dark matter. In particular,

we derive limits on dark matter interactions with nuclei based on the continuing existence

of the Sun and Earth, on the non-observation of excessive heat flow from the Earth, and

on the non-observation of the neutrino component of Hawking radiation from evaporating

black holes. The new Earth heat flow bounds we obtain on non-annihilating asymmetric

dark matter that forms evaporating black holes nicely complement prior Earth heat flow

bounds on symmetric dark matter that self-annihilates [9, 17].

The outline of the paper is as follows: we begin in Section 4.2 with the computation

of the dark matter capture rates in the Sun and the Earth, followed in Section 4.3 by a

discussion of the dark matter thermalization process. In Section 4.4, we then derive the

conditions under which the dark matter core collapses, and the evolution of the resulting

black hole. In Section 4.5, we elaborate on neutrino signatures of evaporating black holes,

before presenting and discussing our results in Section 4.6. We summarize and conclude in

52



4.2. DARK MATTER CAPTURE

Section 4.7.

4.2 Dark Matter Capture

As a dark matter particle traverses a star or planet, it can scatter against its constituent

elements, losing a fraction of its kinetic energy with each successive scatter. If the dark

matter particle’s velocity drops below the escape velocity of the stellar body, then it will

become gravitationally bound (or be “captured”). This is equivalent to saying that capture

occurs when the energy loss due to scattering is larger than the kinetic energy which the dark

matter particle had when it was far away from the object, before it fell into its gravitational

well.

4.2.1 Dark matter models and energy loss in scattering

Before proceeding, it will be helpful to outline the classes of dark matter models consid-

ered in this paper. First, as already mentioned in the introduction, dark matter that can

collect in large enough quantities to form black holes in stars and planets tends to be non-

annihilating or asymmetric [60,115,154]. For other types of dark matter, depletion through

self-annihilation is often efficient enough to prevent black hole formation. Therefore, for

simplicity, we will assume hereafter that dark matter is asymmetric.

We will consider two types of dark matter–nucleon couplings. The first are spin-

independent couplings [67], for which the dark matter scattering cross-section σχj on a

nucleus of mass number Aj is related to the DM–nucleon cross-section σχN through the

relation

σχj = A2
j

(
µ(mj)

µ(mN )

)2

σχN
mχ�mj−−−−−→ A4

jσχN . (4.1)

Here, µ(mN ) (µ(mj)) is the reduced mass of the DM–nucleon (DM–nucleus) system, and

the index j labels the different nuclear scattering targets. In the rightmost expression, we
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have used the fact that mj � mχ for the dark matter masses of interest to us. We do

not need to explicitly include nuclear form factors here as the typical momentum exchange

during dark matter capture is much smaller than the inverse of a nuclear radius. The salient

feature of Eq. (4.1) for our subsequent discussion is the scaling of the DM–nucleus cross-

section with A4
j . Because of this scaling with the nuclear mass we will in the following refer

to this class of models as “isotope-dependent”. Dark matter moving at velocity v through

a medium in which the number density of the j-th species of nuclei is nj will lose energy at

a rate given by

dE

dt
'
∑
j

njσχjv

(
[µ(mj)]

2

mj
v2
)
. (isotope-dependent DM–nucleus scattering) (4.2)

The term in parentheses gives the average energy loss the dark matter particle suffers in a

single DM–nucleus scattering process [80,133].

Besides an isotope-dependent DM–nucleus coupling, we also consider the possibility

that the dark matter scattering cross-section is independent of the nuclear properties. An

important example for this scenario is dark matter in the form of large composite states

that scatter elastically with all nuclei they encounters. The formation and subsequent

cosmological evolution of large asymmetric composite dark matter states has received a

great deal of attention in the recent literature, see for instance Refs. [155–157]. If the

composite dark matter particles are physically much larger than the nuclei on which they

scatter, and assuming all scattering is elastic, the contact scattering cross-section σc is the

same for all nuclei. We will refer to this type of dark matter as “isotope-independent”. This

contact interaction for large composite dark matter was also explored in, e.g., Refs. [28,

41, 42, 110]. The rate of kinetic energy loss experienced by a dark matter particle with

isotope-independent scattering cross-section moving through nuclei with number density nj

will once again be given by Eq. (4.2). In the limit mχ � mj , this expression can now be
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further simplified to

dE

dt

mχ�mj−−−−−→ ρ∗σcv
3 , (isotope-independent DM–nucleus scattering) (4.3)

a result which highlights the fact that the energy loss in isotope-independent DM–nucleus

scattering will depend only on the density of baryonic matter, ρ∗, but not on its chemical

composition.

4.2.2 Density, chemical composition, and temperature profiles of the Sun and

Earth

To accurately compute the dark matter energy loss rate via nuclear scattering, which deter-

mines its capture and thermalization, we need as inputs the density, chemical composition,

and temperature profiles of the Sun and Earth. The density and composition determine

the number density of scattering targets and the reduced mass of the DM–nucleus system,

while the temperature profile controls the relative velocity of the DM–nucleus system and

also the final dark matter distribution after thermalization is complete. We can neglect

atomic thermal velocities as long as the dark matter is moving considerably faster than any

terrestrial or solar constituent, but not when the dark matter and atomic velocities become

comparable.

We use the solar density and temperature profiles from Ref. [33], and take the Sun

as made of 27.8% 4He by number, with the rest being 1H [158]. Using this 4He fraction,

which corresponds to the initial helium abundance when the solar system was formed, is

justified because we are considering dark matter capture starting at the earliest stages of

stellar evolution. For the Earth, we use the same model as in Ref. [9], based on the density

profile of the Preliminary Reference Earth Model (PREM) from Ref. [34], the compositional

profiles of Refs. [1–5], and a temperature profile comprised of the maximum temperature

of Refs. [35–37] for any given radius. We use the maximum temperature because this
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Figure 4.1: The solar and terrestrial density (black) and temperature (blue) profiles used in
this work. These are taken from Refs. [33] for the Sun, and from Refs. [34–37] for the Earth.
The Sun and Earth radii are R� ≈ 6.96× 1010 cm and R⊕ ≈ 6.371× 108 cm, respectively.

will yield conservative bounds. More precisely, for higher temperatures dark matter will

thermalize at larger radii, meaning more dark matter will need to be captured to form a

black hole. Finally, for simplicity, we assume both the Sun and Earth to be perfect spheres

with isotropic distributions of density, chemical composition, and temperature. The solar

and terrestrial density and temperature profiles that enter our calculations are shown in

Fig. 4.1.

4.2.3 Calculation of the capture rate

The capture of dark matter particles in stars and planets has been an active research topic

since the 1980s [77, 159–161], with a number of papers developing a detailed formalism for

calculating the capture rate, including both capture through single scattering and through

multiple scattering [79,162,163]. Here, we follow a slightly more modern semi-analytic ap-

proach (outlined in Ref. [9]), which allows in particular for multiple scattering along different

trajectories, with variable material composition along the trajectory. In this approach, we

assume the following:
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1. Gravitational effects on dark matter trajectories are negligible prior to capture. This

is a conservative assumption because gravity will pull dark matter particles closer

towards the center of the star or planet, increasing its path length inside and causing

it to traverse a denser medium. This phenomenon, sometimes called dark matter

focusing, is discussed for instance in Refs. [79, 116,164–166].

2. Scattering of dark matter on nuclei does not affect its trajectory. This means that, if

the dark matter particle scatters multiple times on its way through the star or planet,

these scatters occurs along a straight line. This is also a conservative assumption

because a trajectory that more closely resembles a random walk will almost certainly

result in a longer path length in matter than a straight trajectory, increasing the

capture rate. The straight line approximation is also justified by the fact that we

consider very heavy dark matter, mχ � mj , implying that the momentum transfer in

each individual scattering process is small.

Far away from the stellar body, we assume the dark matter particles to have a flux-

normalized distribution [67]

f∞(ṽ) =
2ṽ3

v40
exp

(
− ṽ2

v20

)
, (4.4)

corresponding to a flux-weighted Maxwell–Boltzmann distribution. Here, ṽ denotes the ve-

locity in the rest-frame of the galaxy, and v0 = 220 km/s characterizes the dark matter veloc-

ity dispersion [167–169]. We have set the normalization of f∞(ṽ) such that
∫∞
0 f∞(ṽ) dṽ = 1.

For our purpose of calculating heavy dark matter capture on the Earth and Sun, we must

make a few improvements to Eq. (4.4). First, we use a Heaviside Θ function of the form

Θ(veg − ṽ) to ensure that the dark matter velocity is below the galactic escape velocity,

veg = 528 km/s at the Sun’s location, ∼ 8.3 kpc away from the Galactic Center [170]. Sec-

ond, to account for the velocity vrf of the solar system with respect to the rest-frame of
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the galaxy, we need to shift the Boltzmann exponent in the standard way [67] by replacing

ṽ → |v+ vrf|. Here, v is the dark matter velocity in the Earth rest frame, and as usual we

use bold face to denote 3-vectors and italics for their moduli, e.g. v = |v|. There is also a

corresponding shift for the Θ function to enforce the galactic escape velocity cutoff [103].

Finally, as dark matter particles approach a star or planet, they are accelerated in its grav-

itational field so that, upon reaching the surface, they are moving at least at the escape

velocity, ve ≈ 42 km/s for the Sun and ve ≈ 11.2 km/s for the Earth [164]. To account for

this, we must shift the modulus of the dark matter velocity according to v2 → v2 − v2e , and

use a Heaviside Θ function to exclude speeds less than ve. Consequently, the flux-weighted

velocity distribution at the surface, now expressed in the Sun’s or Earth’s rest frame, is

f∗(v) =
(v2 − v2e)

3/2

N∗
exp

(
− ṽ2

v20

)
Θ(v − ve)Θ(veg − ṽ) , (4.5)

with

ṽ2 ≡ v2 − v2e + v2rf + 2vrf
√
v2 − v2e cosφ (4.6)

denoting the initial velocity (in the galactic rest frame) of a dark matter particle that

reaches the surface of the Sun or Earth with a velocity v (in the Sun’s or Earth’s rest

frame). In Eq. (4.5), N∗ is a normalizing factor that enforces
∫∞
0 f∗(v)dv d cosφ = 1,

and φ is the angle between the dark matter velocity vector v and the velocity of the solar

system relative to the galactic rest frame, where we take vrf = |vrf| = 230 km/s [167, 168].

Using the shifted distribution from Eq. (4.5) instead of the unshifted Maxwell–Boltzmann

distribution is a departure from some analyses in the literature (see for instance Ref. [171]).

The local gravitational acceleration of the dark matter particles to a velocity of at least ve

has a dramatic effect on the dark matter capture rate when only a small fraction of dark

matter (namely the particles with the lowest velocities) are efficiently captured. If capture
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Figure 4.2: A schematic representation of the trajectory of a dark matter particle entering
the Sun or Earth with an angle θ as measured from the normal to the surface.

is efficient for all dark matter particles, the difference between v2 and v2 − v2e is on average

negligible, see Appendix B for a more detailed discussion.

The distance L a dark matter particle travels through the Sun or Earth is determined

by its angle of entry θ, defined as the angle between the dark matter’s velocity and the

vector normal to the surface. As can be easily deduced from the sketch in Fig. 4.2, the

relation between L and θ is L = 2R∗ cos θ, where R∗ is the radius of the star or planet.

When travelling through a material of constant number density, nj , a dark matter particle

will scatter an average of

τj = njσχjL (4.7)

times against an element of the species indexed by j. τj is called the optical depth of the

particle through the medium. In the case of a radially symmetric density profile, nj ≡ nj(r),

this equation becomes

τj =

∫ L

0
nj(r)σχj dl , (4.8)

where r =
√
l2 +R2

∗ − 2lR∗ cos θ is the distance from the star’s or planet’s center at a given

point l along the trajectory.
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After a single scatter, the final state velocity vf of the dark matter particle as a function

of its initial velocity vi is

vsingle
f = vi

√
1− zβ+

j , (4.9)

where

β+
j ≡ 4mjmχ

(mj +mχ)2
, (4.10)

and z ∈ [0, 1] is a kinematic factor determined by the scattering angle. We set z ≡ 1/2 in

the following [9, 95]. Combining Eqs. (4.8) and (4.9), we find that the final velocity of a

dark matter particle after traversing the whole star or planet is

vf = vi
∏
j

(1− zβ+
j )

τj/2 . (4.11)

For the particle to be captured, we require vf < ve. The maximum initial velocity (upon

entering the star or planet) at which a dark matter particle will be captured is therefore

vmax =
ve∏

j(1− zβ+
j )

τj/2
. (4.12)

Integrating the dark matter velocity distribution f∗(v) from the minimum dark matter

velocity at the stellar body’s surface (which is, of course, its escape velocity ve), to vmax

then yields the percentage Pcap of dark matter particles captured:

Pcap =

∫ vmax

ve

dv
∫ 1

−1
dcosφ f(v) . (4.13)

Finally, to find the total mass Mcap of all dark matter particles captured over the lifetime

T∗ ' 109 yrs of the stellar body, we multiply Pcap by T∗, by the geometric cross-section 4πR2
∗,
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by the local dark matter density ρχ ' 0.3GeV/cm3 [69,70,104], and by the average velocity

〈vχ〉 ' 320 km/s of dark matter particles entering the stellar body. We then integrate over

all possible angles θ to find

Mcap = 4πR2
∗ 〈vχ〉ρχT∗

∫ π/2

0
2 sin(θ) cos(θ)Pcap dθ . (4.14)

Here, the factor 2 sin θ cos θ accounts for the solid angle normalization of the entry velocities

[9]. It takes into account the fraction of the solid angle covered by an angular interval dθ

as well as the fact that particles arriving under a shallow angle (θ ∼ π/2) are spread out

over a larger surface area. The integral in Eq. (4.14) must be computed numerically due to

the complicated dependence of Pcap on θ.

The capture rate, defined as the number of dark matter particles captured per unit time,

is finally given by

Cχ =
Mcap
mχT∗

. (4.15)

In Fig. 4.3, we plot the dark matter capture rate in the Sun (yellow) and in the Earth

(blue) as a function of the dark matter mass mχ for various values of the scattering cross-

section, σχN for isotope-dependent DM–nucleus scattering (left panel) and σc for isotope-

independent dark matter (right panel). We distinguish two qualitatively different regions

in these plots: at low mχ, capture is so efficient that almost all dark matter particles that

enter the Sun or Earth are captured. At large mχ, on the other hand, only a small fraction

of the total dark matter flux is swept up. We can approximately fit the curves in Fig. 4.3

in these two regimes. The resulting approximate expressions for the capture rates using

isotope-dependent (CχN ) and isotope-independent (Cc) cross-sections in the Earth (⊕) and
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Figure 4.3: Dark matter capture rates for the two scenarios introduced in Section 4.2.1,
namely isotope-dependent scattering as for standard spin-independent couplings (left panel)
and isotope-independent scattering as for some composite asymmetric dark matter models
(right panel). Blue lines are for capture in the Earth, while yellow lines correspond to
capture in the Sun. In each case, we show results for three different values of σχN (σc),
as indicated in the plot. For the Sun, we have used the stellar 4He and 1H density profile
given in Ref. [33], while for the Earth’s density and composition we follow Ref. [9].
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C⊕
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)−1

(
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)
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)5/2 (
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>
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C⊕
c '


2.45× 1022 s−1

( mχ

103 GeV
)−1

(
mχ
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)
<
(
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10−26 cm2

)
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)
>
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) (4.17)
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C�
c '


3.45× 1026 s−1

( mχ

103 GeV
)−1

(
mχ

1.93×108 GeV

)
<
(

σc
10−26 cm2

)
5.66× 1018 s−1

( mχ

109 GeV
)−7/2 ( σc

10−26 cm2

)5/2 (
mχ

1.93×108 GeV

)
>
(

σc
10−26 cm2

)
(4.19)

An analytic derivation of the scaling behavior observed here is given in Appendix B.

Comparing the capture rates for isotope-independent and isotope-dependent dark matter

scattering, we observe from Fig. 4.3 that the two scenarios lead to similar capture rates

in the Sun, while in the Earth, capture becomes inefficient at much higher masses for

isotope-dependent dark matter (left panel). This can be understood from Eq. (4.1), which

shows that the cross-section for isotope-dependent dark matter is significantly enhanced for

scattering on heavy nuclei, which are abundant in the Earth, but not in the Sun.

4.3 Dark Matter Thermalization

After being gravitationally captured, a dark matter particle follows a closed orbit that

intersects with the stellar object. The subsequent thermalization with the surrounding

ordinary matter proceeds in a two-stage process [172]: initially, dark matter orbits are

larger than the size of the stellar object (first thermalization). After enough energy is

lost through repeated crossings, the orbits become completely contained within the stellar

object and the dark matter particles continue to lose energy as their trajectories shrink to

a final thermal radius (second thermalization). This description is only valid if the DM–

nucleus cross-section is not too large. Otherwise, the dark matter particles will rapidly
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thermalize with the outer layers of the stellar object immediately after being captured, and

then drift inefficiently towards the core over a very long timescale, a scenario on which we

will comment in Section 4.3.3.

4.3.1 First thermalization

At the start of the thermalization process, the recently-captured dark matter particles have

orbits larger than the size of the stellar object, crossing it multiple times and depositing a

fraction of their kinetic energy in each crossing. As in Eq. (4.2), the average energy loss a

dark matter particle experiences when scattering off a nucleus of type j is [133,172]

∆E
mχ�mj(r)−−−−−−−→ 2mj(r)

mχ
Ekin =

2mj(r)

mχ

[
E −mχφ(r)

]
. (4.20)

In the last equality, we have expressed the dark matter particle’s kinetic energy, Ekin, in

terms of its total energy, E, and the gravitational potential,

φ(r) = −GM∗
R∗

+

∫ r

R∗

GM(r′)

r′2
dr′ . (4.21)

Here, M(r) =
∫ r
0 4πr

′2ρ∗(r
′) dr′ is the stellar or planetary mass enclosed in a sphere of

radius r, numerically computed from the profiles displayed in Fig. 4.1, and M∗ ≡ M(R∗)

is the total mass. In Eq. (4.20), we assume for simplicity that, at any given radius r < R∗,

scattering occurs only on a single species of nuclei, hence the dependence on r in mj(r). In

the case of the Earth, this most abundant element is Fe56 in the core and O16 in the mantle

and crust. We have verified that corrections from scattering on subdominant elements

are negligible. They become even less important after taking into account that the cross-

section required to complete this first thermalization stage within a given time is completely

negligible compared to the requirements coming from the second thermalization stage (see

below).
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We compute the average energy loss per scatter by integrating Eq. (4.20) over the size

of the stellar body:

〈∆E〉∗ =
1

R∗

∫ R∗

0
2mj(r)

(
E

mχ
− φ(r)

)
dr . (4.22)

The right-hand side of this equation is based on the assumption that the dark matter

particle’s trajectory carries it along a straight line through the very core of the star or

planet. This is consistent with the fact that a significant fraction of captured dark matter

particles did indeed travel through the core (i.e. the region with the highest optical depth)

when being captured, so the closed orbit they are scattered into will intersect the core

as well. For other dark matter particles, we expect the approximations in Eq. (4.22) to

introduce an O(1) error.

To compute the timescale over which first thermalization happens, we need to take into

account the orbital period of the captured dark matter particles. Treating the star or planet

as a point-mass for this purpose, the orbital period for a particle with energy E < 0 is

∆t = 2π

√
[rp(E)]3

GM∗
, (4.23)

with the periapsis distance (i.e. the minimum distance to the center of gravity along the

orbit) given by

rp(E) = −GM∗mχ

E
. (4.24)

The average energy loss rate during the first thermalization phase is obtained by taking the

ratio of Eqs. (4.22) and (4.23), and multiplying by the optical depth τ to account for the
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average number of scatters in a single crossing of the star or planet:

dE
dt ' −τ〈∆E〉∗

∆t
(4.25)

It is convenient to express this energy loss rate in terms of the dimensionless variable

ε ≡ E

mχ

R∗
GM∗

, (4.26)

so that the periapsis distance becomes rp(ε) = −R∗/ε, and the orbital period turns into

∆t = 2π
R

3/2
∗√
GM∗

|ε|−3/2 . (4.27)

For the energy loss rate, we arrive at

dε
dt = −τ〈∆ε〉∗

∆t
, (4.28)

with

〈∆ε〉∗ =
1

R∗

∫ R∗

0

2mj(r)

mχ

(
ε− R∗φ(r)

GM∗

)
dr . (4.29)

Equation (4.25) or Eq. (4.28) must be numerically integrated from an initial energy

Ei = −2mj

mχ
Ekin(R∗) ≈ −2mj

GM∗
R∗

. 0 (4.30)

(εi = −2mj/mχ), corresponding to the dark matter scattering once at the surface after

being captured, to a final energy Ef = −GM∗mχ/R∗ (εf = −1) given by the binding

energy at the surface. For energies smaller than Ef , the dark matter will be completely

contained inside the stellar object, and its subsequent evolution is described by the second

thermalization stage, discussed in the next section.
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We now compute the duration of the first thermalization stage in the case of capture in

the Sun. In this case, mj(r) ≡ mj ≈ 0.93GeV throughout the star. We find

t
(I)
th =

πR
3/2
� mχ

τ�mj
√
GM�

∫ 1

2mj
mχ

dε
ε3/2(2.38− ε)

' 4.9× 107 yrs×
(

mχ

107GeV

)3/2(10−54 cm2

σχN

)
, (4.31)

where the second equality holds in the limit mχ � mp. We have expressed the optical

depth in terms of the DM–nucleon scattering cross-section as τ� ≈ σχN/(10−34 cm2). The

numerical factor in the integrand corresponds to the radial average of the gravitational

potential φ(r), i.e. the second term in Eq. (4.29). If we had assumed a homogeneous density

profile, this numerical factor would have evaluated exactly to 4/3, see e.g. [133,172].

Within the parameter ranges considered here, we find the DM–nucleon scattering cross-

section required for the first stage of thermalization to occur within a given time to be much

smaller than the one required to form a self-gravitating sphere, as we will see shortly. In

other words, first thermalization is not the limiting factor in the formation of asymmetric

dark matter black holes in the Earth and in the Sun. The minimum DM–nucleon cross-

sections required for the dark matter to complete the first thermalization stage within 1 yr

for the Sun and the Earth are, respectively,

σ�
χN & 10−47 cm2

(
mχ

107GeV

) 3
2

, (Sun) (4.32)

σ⊕
χN & 10−52 cm2

(
mχ

107GeV

) 3
2

. (Earth) (4.33)

We will see below that these cross-sections are much smaller than even the ones required

to form a self-gravitating dark matter core within 1Gyr (cf. Fig. 4.10 below). The esti-

mates from Eqs. (4.32) and (4.33) hold for isotope-dependent dark matter–nucleus cross-

sections. For isotopes-independent cross-sections, the constraint on σ�
χN remains essentially
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unchanged, while the one on σ⊕
χN is larger by about seven orders of magnitude. Even in

this case, it is still negligible compared to the self-gravitation requirement derived below,

though.

4.3.2 Second thermalization

Once dark matter particles have lost sufficient energy from successive star or planet crossings

for their orbits to become completely contained within the stellar object, they enter the

second stage of thermalization. They continue to lose energy through repeated scatterings

against nuclei, but the theoretical treatment of this energy loss needs to be somewhat

different from the discussion in Section 4.3.1. A dark matter particle entering the second

thermalization stage still moves on average much faster than the nuclei it scatters against.

However, its final thermal velocity will be much smaller compared to the thermal velocity of

the nuclei, i.e.
√
3T/mχ �

√
3T/mj since mχ � mj . In other words, dark matter particles

start the second thermalization stage in an “inertial” regime where vχ � vj , but complete

it in a “viscous” regime where vχ � vj [133,134].

In the inertial regime, energy is lost at a rate that is completely dominated by the dark

matter velocity,

dE
dt

∣∣∣∣
inertial

' −ρjσχjv
3
χ , (inertial regime) (4.34)

In the viscous regime, in contrast, energy is lost at a much lower rate given by

dE
dt

∣∣∣∣
viscous

' −ρjσχjv
(j)
th v2χ . (viscous regime) (4.35)

More details on the derivation of these equations are given in Appendix C. The hierarchy

between these two rates can be appreciated by considering that vχ for a particle just entering
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the second thermalization stage is comparable to the escape velocity at the surface, so that

v3χ ∼ (2GM�/R�)
3/2 ∼ 10−8 for the Sun. Close to completion of thermalization in the

viscous regime, on the other hand, the average dark matter speed is vχ ∼
√
3T/mχ, and

v
(j)
th v2χ ∼ 10−15×(107GeV/mχ). A similar hierarchy is obtained in the case of the Earth. In

view of this hierarchy, we conservatively compute the second thermalization time using the

energy loss rate in the viscous regime. We make the replacement v2χ = (2/mχ)(E−φ(0)) in

Eq. (4.35), where E is the total energy of the dark matter particle and we have approximated

its potential energy by the value of the gravitational potential at its minimum (at r = 0),

which is of order ∼ −0.2GM∗mχ/R∗. We thus have to solve

dE
dt ' −Γtherm × (E − φ(0)) , (4.36)

with the characteristic thermalization rate

Γtherm ≡
2ρjσχjv

(j)
th

mχ
. (4.37)

The general solution to Eq. (4.36) is

E(t) = φ(0) + (Ei − φ(0)) e−Γthermt , (4.38)

where the initial energy of the dark matter particle is Ei = φ(0)+(mχ/2mj)T , corresponding

to a dark matter particle moving as fast as the surrounding nuclei. The final energy when

thermalization is complete will be Ef = φ(0) + 3T/2. This sets the timescale for second

thermalization,

t
(II)
th = Γ−1

therm log

[
Ei − φ(0)

Ef − φ(0)

]
=

mχ

2ρjσχjv
(j)
th

log

[
mχ

3mj

]
. (4.39)

As we will see below in Section 4.4.2, a very similar expression also sets an upper bound on
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the timescale for the dark matter sphere to collapse after it has amassed enough particles

to be self-gravitating (unless quantum degeneracy pressure hinders the collapse, in which

case the collapse timescale will be longer, see Section 4.4.2).

For completeness, we note that the preceding treatment has not considered the possibil-

ity of dark matter losing energy by exciting collective oscillation modes in nuclear material,

either in the solar plasma or in the Earth’s solid inner core. This is because the smallest

momentum transfer scale involved in thermalization is much larger than the inverse nu-

clear separation in both cases. For instance, in the Sun, the smallest momentum exchange

is set by q ≈ mjv
(j)
th ∼ 1MeV, which is much larger than the inverse particle separation

n
1/3
j . 5× 108 cm−1 ∼ 10 keV at the core. Therefore, elastic DM–nucleus scattering is the

main energy loss channel.

4.3.3 Viscous drag force

We have discussed in the previous sections the capture and thermalization rates for dark

matter particles as a function of their cross-section and mass. For the first and second

thermalization descriptions to be valid, however, we required the DM–nucleus cross-section

to be sufficiently low for the mean free path of captured dark matter particles to be sizeable.

This is necessary for the dark matter to settle down in a thermalized and virialized state

near the core of the stellar object. If, on the other hand, the dark matter scattering cross-

section on nuclei is very large, all captured dark matter particles will slow down rapidly

already in the outer shells of the Earth or Sun and only drift slowly towards the core

under the influence of a viscous drag force. Such high cross-section dark matter will not

necessarily form black holes faster than dark matter with a lower scattering cross-section

because the time it takes them to drift towards the core can be much longer [9,17,110,111].

By computing this drift time and requiring that it be sufficiently short, we determine the

maximum DM–nucleus cross-section that can result in black hole formation in the Sun or

Earth today.
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Following refs. [9, 17, 110, 111], we start from the equilibrium condition between the

gravitational and viscous drag forces,

GM(r)mχ

r2
= vχ

[∑
j

nj(r)mj

〈
σχjv

(j)
th (r)

〉]
, (4.40)

where M(r) is once again the mass contained within a shell of radius r. Note that the viscous

drag force can be directly obtained by taking the derivative of Eq. (4.35) with respect to

vχ. Using vχ = ∂r/∂t as well as vth '
√
3T/mj , we integrate Eq. (4.40) to estimate the

drift time as a function of the cross-section:

tdrift =
1

Gmχ

[∑
j

σχj

∫ R∗

0

nj(r)
√
3mjT (r)

M(r)
r2dr

]
. (4.41)

Setting tdrift ' 109 yrs, we can solve for the maximum cross-sections at which the captured

dark matter could collapse into black holes:

σ�
χN . 10−16 cm2

( mχ

107GeV

)
for the Sun, and (4.42)

σ⊕
χN . 10−21 cm2

( mχ

107GeV

)
for the Earth. (4.43)

Analogous estimates for isotope-independent dark matter scattering are trivially obtained

by replacing σχj → σc.

4.4 Gravitational Collapse and Black Hole Formation

After the dark matter particles have completely thermalized at the core of the stellar object,

they settle in a small thermal sphere, with a radius which can be estimated according to the

virial theorem, 2 〈Ekin〉 = −〈V 〉, where we set 〈Ekin〉 = 3
2T∗ and 〈V 〉 = −4

3πr
2
thρ∗Gmχ. For

the purpose of this estimate, we assume the dark matter density ρχ to be smaller than the

density ρ∗ of the host, so that the contribution of the dark matter to the total gravitational
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potential is negligible. This leads to

rth =

√
9T∗

4πGρ∗mχ
≈ 30 km×

(
107GeV

mχ

) 1
2
(

T�

1.5× 107K

) 1
2
(
156 g/cm3

ρ�

) 1
2

≈ 2 km×
(
107GeV

mχ

) 1
2
(

T⊕

5× 103K

) 1
2
(
10 g/cm3

ρ⊕

) 1
2

. (4.44)

The two expressions on the right-hand side have been normalized to the densities and

temperatures corresponding to the solar and terrestrial core, respectively. In both cases,

the thermal radius is much smaller than the respective inner core size.

The small dark matter sphere grows rapidly in mass as more and more non-annihilating

dark matter is captured and thermalizes, eventually becoming gravitationally unstable.

Once this gravitational instability is reached, it collapses and forms a black hole at the

center which, depending on its initial mass, can either evaporate or grow through accretion

of stellar or planetary material and captured dark matter. In the following we discuss the

specific conditions that must be met for the dark matter sphere to collapse, and we calculate

the time evolution of the resulting black hole.

4.4.1 Conditions for dark matter collapse

The dark matter sphere will become unstable and collapse provided the following two con-

ditions are met:

1. Jeans instability: the sound crossing time (ts) must be greater than the dark matter

free-fall time (tff). The sound crossing time depends on the sound speed, which we

take to be cs ≈
√
T/mχ (neglecting dark matter self-interactions), so that

ts =
rth
cs

=
3√

4πGρ∗
≈ 260 s×

(
156 g/cm3

ρ�

) 1
2

≈ 1030 s×
(
10 g/cm3

ρ⊕

) 1
2

. (4.45)
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Here, we have used rth from Eq. (4.44), and the two scaling laws on the right row

correspond once again to dark matter captured in the Sun and in the Earth, respec-

tively. The dark matter free-fall time is most easily computed by considering the

free-fall of a test mass onto an object of mass 4
3πρχr

3
th. This free-fall can be viewed

as the limiting case of an orbital motion with eccentricity e → 1 and semi-major axis

rth/2. By invoking Kepler’s third law to compare to a circular orbit with the same

semi-major axis, the free-fall time is readily obtained as

tff =

√
3π

32Gρχ
≈ 167 s×

(
156 g/cm3

ρχ

) 1
2

≈ 659 s×
(
10 g/cm3

ρχ

) 1
2

. (4.46)

Comparing Eqs. (4.45) and (4.46), we see that the Jeans instability condition tff . ts

is therefore satisfied when the dark matter sphere reaches a density larger than the

solar or terrestrial core density.

It is also instructive to consider the DM–nucleus and DM–DM interaction timescales:

they will determine the processes by which dark matter sheds energy and angular

momentum while collapsing. The DM–nucleus interaction time is

tχj = (njσχjv
(j)
th )−1 ≈ 300 s×

(
10−36 cm2

σχj

)(
1.5× 107K

T

) 1
2

≈ 1.2× 105 s×
(
10−36 cm2

σχj

)(
5× 103K

T

) 1
2

, (4.47)

whereas the DM–DM interaction time is

tχχ = (nχσχχvχ)
−1 ≈ 100 s×

(
10−25 cm2

σχχ

)(
mχ

107GeV

) 3
2
(
156 g/cm3

ρχ

)(
1.5× 107K

T

) 1
2

≈ 8.5× 104 s×
(
10−25 cm2

σχχ

)(
mχ

107GeV

) 3
2
(
10 g/cm3

ρχ

)(
5× 103K

T

) 1
2

.

(4.48)
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Note that tχχ has a dependence on mχ (stemming from the rewriting of nχ in terms

of ρχ and from vχ ∼
√

3T/mχ), while tχj does not.

In future work, it may be interesting to consider scenarios in which dark matter emits

light dark sector particles while collapsing, and to investigate whether these dark

sector particles themselves can be detected. We discuss a few aspects of this here,

although this will not affect our main analysis, in which DM–nuclear interactions

account for dark matter energy loss during collapse. In the case that dark matter

energy loss also occurred from the emission of light dark sector particles, if tχχ is

small enough compared to tff, the collapsing dark matter will form an isothermal

sphere that would radiate like a blackbody. Comparing tχχ to tff, we see that a self-

interaction cross-section � 10−25 cm2 is required for dark matter to self-thermalize as

it collapses.

2. Critical mass: We have determined that prior to collapse the dark matter particles

are in thermal equilibrium at temperature T∗ (the internal temperature of the star

or planet) and form a virialized sphere of radius rth, see Eq. (4.44). The condition

leading to Eq. (4.44), however, needs to be refined when the mass density ρχ of dark

matter within radius rth becomes comparable to the density ρ∗ of ordinary matter. In

this case, when invoking the virial theorem, we can no longer neglect the gravitational

potential generated by the dark matter particles. Instead, we have to solve

3

2
T∗ =

1

2
G

(
4

3
πρ∗mχr

2
th +

Mcapmχ

rth

)
. (4.49)

This equation has a real solution for rth only if the total mass of captured dark matter,
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Mcap, is below a critical value, which we call the self-gravitating mass Msg.

Msg =

√
3T 3

∗
πG3m3

χρ∗
≈ 3× 1045GeV ×

(
107GeV

mχ

) 3
2
(

T�

1.5× 107K

) 3
2
(
156 g/cm3

ρ�

) 1
2

≈ 8× 1040GeV ×
(
107GeV

mχ

) 3
2
(

T⊕

5× 103K

) 3
2
(
10 g/cm3

ρ⊕

) 1
2

,

(4.50)

If Mcap > Msg, Eq. (4.49) indicates that the dark matter core can no longer be

stabilized by thermal pressure and will collapse.

In addition to satisfying Mcap > Msg, the dark matter sphere must also be sufficiently

massive so that it cannot be stabilized at a smaller radius than rth by dark matter

self-interactions or degeneracy pressure. Here, we consider the maximum mass that

can be stabilized by Fermi degeneracy pressure for non-interacting fermions,

Mf ∼
M3

Pl
m2

χ

≈ 2× 1043GeV ×
(
107GeV

mχ

)2

, (4.51)

where MPl = G−1/2 is the Planck mass. This estimate aligns well with more detailed

modeling of quantum degeneracy pressure in spheres composed of fermionic dark

matter [173]. If the dark matter consists of composite objects of mass mχ, made up of

constituent fermions of mass mf , then mχ in Eq. (4.51) needs to be replaced by mf .

The estimate from Eq. (4.51) applies also in the case of bosonic dark matter with an

order-unity quartic self-coupling [174].

We therefore define the critical mass required for collapse as the maximum between

the self-gravitating mass and the maximum stable mass,

Mcrit = max [Msg,Mf] . (4.52)

Comparing the Jeans instability condition and the critical mass condition, we find that
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the latter condition is the more stringent one. The reason is that the collapse condition

Mcap > Msg is roughly equivalent to the requirement that mass density of dark matter, ρχ,

be larger than the mass density of ordinary matter, ρ∗ (up to O(1) factors). In parameter

regions where Mcrit = Msg (i.e. where degeneracy pressure is irrelevant), the Jeans instability

and critical mass conditions are therefore equivalent. If Mcrit = Mf (collapse inhibited by

degeneracy pressure), the critical mass condition is more stringent. Therefore, we will in

the following only consider the condition that a total dark matter mass larger than Mcrit is

collected as the necessary condition for collapse and black hole formation.

4.4.2 Collapse timescale

Once the critical amount of dark matter mass has been collected, collapse of the now

unstable dark matter sphere proceeds and dark matter particles shed their gravitational

energy by repeated scattering on nuclei. As discussed above, the dark matter particles

are, at the time of collapse, moving much slower than the nuclei, so their energy loss

during collapse is initially described by the viscous regime, in particular by Eq. (4.35) (see

also Appendix C). The total transferred energy corresponds to the gravitational energy

released during collapse. The initial kinetic energy of a dark matter particle in the thermal

sphere is of order 〈Ei〉 = GMcritmχ/(2rth) by virtue of the virial theorem. The dark

matter particle exits the viscous regime when vχ ∼
√
3T/mj , or in terms of kinetic energy,

〈Ef 〉 = 3mχT/(2mj). Due to the virial theorem its gain in kinetic energy, 〈Ef 〉 − 〈Ei〉,

corresponds to an equal loss in total energy. Therefore, we can obtain the time the particle

spends in the viscous regime, tcol, by integrating Eq. (4.35) between 〈Ei〉 and 〈Ef 〉. We

obtain:

tcol =
mχ

2ρjσχjv
(j)
th

log

[[
v
(j)
th

]2 rth
2GMcrit

]
. (4.53)
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This timescale is close to the total collapse time, since in the subsequent ‘inertial’ regime

(vχ �
√

3T/mj), dark matter particles lose energy at a much faster rate. In other words,

the collapse timescale is determined by the early stage of collapse in which the DM–nucleus

relative velocity is dominated by the thermal motion of the nuclei.

Note also that Eq. (4.53) is nearly identical to the timescale of second thermalization,

Eq. (4.39) when Mcrit = Msg, that is when quantum degeneracy pressure is unimportant.

This is not surprising given that both equations are based on integrating the same expression

for dE/dt, and only differ slightly in the choice of one of the integration boundaries, which

affects the argument of the log by an O(1) factor.

Before proceeding, we comment on potential quantum mechanical corrections to the

purely classical estimates presented so far. Quantum mechanics is relevant when the

de Broglie wavelength λdb = (mχvχ)
−1 of the dark matter particles becomes compara-

ble to their mean separation. However, this is never the case: the dark matter particles

contained in a radius r in the Solar core have a de Broglie wavelength λdb ∼ 10−14 cm ×

(r/rth)
1/2×(mχ/10

7GeV)−1/2, whereas their mean separation is of order n−1/3
χ ∼ 10−7 cm×

(r/rth) × (mχ/10
7GeV)5/2. Comparing both scales, we verify that λdb � n

−1/3
χ for any

radius r & 2GMcrit and any value of mχ we consider. We arrive at a similar conclusion in

the case of the Earth, although the scaling with r is different since the critical mass can be

larger than the self-gravitating mass in some portions of the parameter space. We conclude

that quantum mechanical effects need not be accounted for in this analysis.

4.4.3 Black hole evolution

Once a black hole has formed, its time evolution is determined by the competing effects of

accretion [175] and Hawking radiation [176], and the rate at which its mass, MBH, changes
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is given by [133]

dMBH
dt =

4πρ∗(GMBH)
2

c3s∗
+ eχmχCχ − f(MBH)

(GMBH)2
. (4.54)

The first term on the right hand side of this equation describes Bondi accretion of ordinary

matter, with cs∗ being the sound speed at the core of the stellar object, c� ≈
√
T/mp ≈

350 km/s for the Sun and c⊕ ≈ 10 km/s [34] for the Earth. Simple estimates indicate

that Bondi accretion should accurately describe the accumulation of baryonic matter in the

Earth and Sun onto the black hole. In general, spherical accretion can depend on the angular

momentum of the infalling material, which in principle could establish an orbital trajectory,

if its initial angular momentum is sizable. However, we find that the angular momentum of

the baryonic matter in the Earth and Sun is small enough that it should not affect spherical

Bondi accretion onto black holes formed from collapsed dark matter. Earth’s specific angular

momentum, h∗, at the black hole’s Bondi radius, rB = 2GMcrit/c
2
s∗ [175, 177], can be

estimated using the rotational frequency of the host’s material at the Bondi radius, F∗. For

F� = 1667 nHz and F⊕ = 12 µHz for the Sun [178] and Earth [179] respectively,

h∗ ≈ 2πr2BF∗ ≈ 1.3× 10−16 cm×
(

F�
1667 nHz

)(
107GeV

mχ

)3( T�

1.5× 107K

)3(156 g/cm3

ρ�

)
≈ 1× 10−18 cm×

(
F⊕

12 µHz

)(
107GeV

mχ

)3( T⊕

5× 103K

)3(10 g/cm3

ρ⊕

)
(4.55)

when Mcrit is set by the self-gravitation condition. This should be compared to a relativistic

specific angular momentum at the black hole’s Schwarzschild radius, hbh = rschc = 2GMcritc
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[180], which evaluates to

hbh ≈ 8× 10−8 cm×
(
107GeV

mχ

) 3
2
(

T�

1.5× 107K

) 3
2
(
156 g/cm3

ρ�

) 1
2

≈ 2× 10−11 cm×
(
107GeV

mχ

) 3
2
(

T⊕

5× 103K

) 3
2
(
10 g/cm3

ρ⊕

) 1
2

. (4.56)

Comparing Eq. (4.55) to (4.56), we find that in both the Earth and the Sun h∗ � hbh for all

mχ considered, which supports the use of spherical Bondi accretion in this work. Of course,

a more accurate treatment of baryonic accumulation on a small black hole can be obtained

using numerical computations. Such a treatment has recently been completed for baryonic

accumulation onto a small black hole inside a neutron star [135], which found that despite

the neutron star being composed of a very stiff fluid in which hydrodynamic instabilities

are prone to forming, even a near maximally-spinning neutron star accreted baryons with

a rate matching Bondi accretion. Hence, in slower-spinning, less hydrodynamically active

systems with lower baryonic sound speeds, such as the Earth and Sun, the Bondi accretion

regime is probably accurate.

The second term in Eq. (4.54) corresponds to black hole growth from the infall of addi-

tional dark matter. The dynamics of this process will depend on whether the dark matter

is self-thermalized (see above), in which case the Bondi accretion rate applies (with the

sound speed of the dark matter sphere inserted), or whether individual particle trajectories

must be considered [181]. The details of dark matter accretion are encoded in the efficiency

factor eχ, which we will for simplicity set to unity. Changing eχ to smaller values would

shift the boundary between the parameter regions in which black holes consume their hosts

and the ones in which they evaporate.

The third term on the right-hand side of Eq. (4.54) is finally the Hawking evaporation

rate. In this term, f(MBH) is often called the Page factor [182–184]. It depends on the

number of Standard Model degrees of freedom radiating from the black hole, which increases

79



4.4. GRAVITATIONAL COLLAPSE AND BLACK HOLE FORMATION

with the black hole temperature, and on so-called grey-body corrections that describe the

modifications that the initial black-body spectrum suffers as particles propagate out of the

black hole’s gravitational field. More precisely, the Page factor is given by

f(MBH) =
∑
i

∫ ∞

0
dE E

2π

giΓsi(MBH, E)

eE/TBH ± 1
, (4.57)

where the plus (minus) sign in the denominator is for fermions (bosons), the sum runs

over all particles with mass mi < TBH, and gi is the number of internal degrees of freedom

corresponding to particle species i. We consider only SM degrees of freedom (as well as the

small contribution fro graviton emission) in the sum as additional heavy BSM states will

not drastically modify the evolution in the regimes considered here. The factor Γsi is the

aforementioned grey-body factor, which can be expressed as follows:

Γsα(MBH, E) ≡ E2σsα(MBH, E)

π
, (4.58)

where σsα is the absorption cross-section encoding a particle’s probability for escaping the

gravitational potential of the black hole. This cross-section depends on the particle’s spin

s. It has been calculated in Ref. [184], and extended to massive fermions in Ref. [181].1

We evaluate Eqs. (4.57) and (4.58) utilizing the publicly available code BlackHawk [186].

In BlackHawk, the grey-body factors are described by fitting functions that reproduce the

known results in the limits of Schwarzschild and Kerr black holes [182,184]. When running

BlackHawk, we include graviton emission, and we assume a spin-zero black hole.

While our final numerical results will include the full Page factor from BlackHawk, it

is instructive to set f(MBH) = 1/(15 360π) for a moment, corresponding to a black hole

radiating only photons, wit no grey-body corrections. This will allow us to analytically

understand the interplay of accretion and evaporation in Eq. (4.54). The balance between
1See also Ref. [185] which explores applications of different neutrino mass mechanisms and the effects on

the diffuse backgrounds from a population of evaporating primordial black holes.
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the three contributions to dMBH/dt determines the range of dark matter masses and scat-

tering cross-sections for which the black hole evaporates rather than consuming its host.

To compute the evaporation time, it is convenient to shorten our notation by introducing

the abbreviations

` ≡ 4πρ∗G
2

c3∗
, a1 ≡ eχmχCχ , a2 ≡

√
ρ∗

960c3∗
+ a21 , b± ≡

√
a2 ± a1

2`
. (4.59)

With these definitions, we can write the evaporation time in the relatively simple form

tBH =
b+

a2
arctan

(
M init

BH
b+

)
− b−

a2
arctanh

(
M init

BH
b−

)
. (4.60)

Relative to the Hawking evaporation rate, the Bondi accretion rate is negligible for initial

black hole masses M init
BH ≡ MBH(t = 0) . 1014 g, which is determined by Mcrit in Eq. (4.52).

However, the maximum solar dark matter accretion rate is greater than the black hole

radiation rate for black hole masses greater than M init
BH ≈ 1010 g. With this in mind, the

evaporation time for a black hole including dark matter accretion (but neglecting Bondi

accretion), is

tBH =
M init

BH
mχCχ

− a2

(mχCχ)3/2
arctanh

(√
mχCχM

init
BH

a2

)
, (4.61)

where a2 = (G
√
15360π)−1. It can be shown that

√
mχCχM

init
BH � a2 implies rapid black

hole evaporation. In this limit, Eq. (4.61) reduces to usual solution obtained when Hawking

radiation term dominates alone,

tBH = 5120πG2(M init
BH )3 ≈ 1012 yrs×

(
1012GeV

mχ

) 9
2
(
156 g/cm3

ρ�

) 3
2
(

T�

1.5× 107K

) 9
2

.

(4.62)

Although for mχ ∼ 1012GeV the evaporation time will be much larger than the solar
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Figure 4.4: Formation (grey) and evaporation (red) times for the Earth (top panels) and Sun
(bottom panels), calculated either with isotope-dependent DM–nucleus cross-sections as for
conventional spin-independent couplings (left panels), or with isotope-independent contact
cross-sections relevant for instance to some asymmetric composite dark matter models (right
panels). The condition that the drift time be . 1 Gyr (Eqs. (4.42) and (4.43)) is violated
inside the shaded regions at the top-left corner of all plots. The black dashed lines describe
stable black holes, in which accretion and evaporation are equal, resulting in a black hole
that neither grows nor shrinks. Note that, to make the relevant features more visible, the
scale on the vertical axis is not the same in these four panels.

lifetime, the strong scaling with mχ implies much shorter evaporation times for heavier

dark matter.

In Fig. 4.4 we compare the time scales for black hole formation (including capture,

thermalization, and collapse) and evaporation in the Sun and in the Earth. We moreover

compare these time scales in the two scenarios introduced in Section 4.2.1: spin-independent

DM–nucleus scattering with a scattering cross-section that kinematically depends on the

mass of the nuclear scattering targets, and isotope-independent DM–nucleus scattering.
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We observe that the red evaporation contours in Fig. 4.4 converge at mχ ' 1016GeV

for the Sun (' 1011GeV for the Earth) for evaporation times . 1 hour (. 1 kyr). At dark

matter masses larger than this boundary, the black holes that form are light enough to

evaporate, even when O(100%) of the dark matter flux is accreted. In other words, the

Hawking radiation rate dominates over both accretion rates in Eq. (4.54), and the black

hole lifetime is simply given by Eq. (4.62). For lighter dark matter, on the other hand,

accretion is faster and the black hole lifetime becomes formally infinite, as can be derived

from the full expression for tBH, Eq. (4.60). Note that the exact value of mχ at which the

red contours converge depends on the dark matter scattering cross-section. This is because

for the large cross-sections considered here, accretion of additional dark matter is more

important than accretion of ordinary matter, so that the accretion rate is essentially given

by the dark matter capture rate. The latter, of course, depends on σχN or σc. Note that

this dependence disappears above a certain critical value of σχN or σc above which all dark

matter particles entering the Sun or Earth are captured. This explains why the boundary

between the Hawking radiation regime and the accretion regime becomes independent of

the cross-section in the upper regions of the plots in Fig. 4.4. Note that the red contours

are obviously independent of the capture cross-section for parameter regions in which the

black hole lifetime is set by the Hawking evaporation rate.

Regarding the grey contours of constant black hole formation rate in Fig. 4.4, we observe

a characteristic wedge shape. This shape is essentially determined by the dark matter

capture rate, which is the bottleneck for black hole formation in most of the parameter

space. The slope of the bottom edge of the wedges can be understood from the scaling

behavior of the self-gravitating mass Msg and the dark matter capture rate Cχ with the

dark matter mass mχ and its scattering cross-section σ = σχN or σc. Indeed, given that

Msg ∝ m
3/2
χ (see Eq. (4.50)), Cχ ∝ σ5/2m

−7/2
χ (see Eqs. (4.16) to (4.19)), and the total mass

of captured dark matter particles is given by Mcap = Cχmχ, we readily find that the gray

contours in Fig. 4.4 should scale according to σ ∝ m
2/5
χ in the large-mχ limit, where only a
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small fraction of dark matter particles crossing the Sun or Earth is captured. This scaling is

readily confirmed by Fig. 4.4. The slope changes towards lower dark matter masses, where

also dark matter particles with velocities significantly above the escape velocity can be

successfully captured and, consequently, the scaling behavior of the capture rate changes.

In addition, for dark matter capture in the Earth (upper plots in Fig. 4.4) the critical

mass condition for collapse changes at mχ . 1012GeV from being determined by Msg

(requirement of sufficient self-gravity to overcome thermal pressure) to being given by Mf

(requirement of sufficient mass to overcome degeneracy pressure). This transition from Mf

to Msg is also the cause of the uneven spacing of the red evaporation contours for the Earth.

Once mχ is so low that all dark matter is captured, the contours turn sharply upwards and

become independent of σ, explaining the left edge of the wedges in Fig. 4.4.

Besides this general behavior, we observe a number of interesting features in the gray

contours in Fig. 4.4. First, note that the shape of the uppermost contours for capture in

Sun is somewhat different from the rest of the contours. This is particularly visible in the

bottom left panel of Fig. 4.4. The reason is that here the process that limits the black hole

formation rate is no longer dark matter capture, but thermalization.

Second, note the unusual structure that is visible in the upper panels of Fig. 4.4 (capture

in the Earth) at the low-mχ cutoffs of the grey contours. The reason for this structure is

that the Earth is denser at its 56Fe-rich core than in its mantle. Hence, the point where

all dark matter particles crossing the core can be captured is reached at larger mχ and

lower σ than the point where this is the case for mantle-crossing trajectories. Effectively,

the grey contours can be viewed as a superposition of two contours: one for capture by the

core, one for capture by the mantle. This feature is particularly pronounced in the case of

isotope-dependent cross-sections (top left panel), as in this case the capture rate in the core

benefits both from a higher density and from the A4 enhancement due to the presence of

heavier elements in the core.
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In general, we observe that black hole formation proceeds faster in the case of isotope-

dependent cross-sections than for isotope-independent cross-sections due to the enhanced

capture rate on heavy nuclei. To see this for the Earth, note that the ranges of the vertical

axes in the top left and top right panels of Fig. 4.4 are very different. For the Sun, we

observe an appreciable effect even though the only relevant heavy isotope there is He4 with

a mass fraction of about 25%.

Finally, we note that, upon comparing the black hole evaporation and formation contours

in Figure 4.4, it is evident that evaporation is always quicker than formation. Therefore,

for essentially all parameter space, we need not consider the implications of forming more

than one black hole at a time in the Sun or Earth. One possible exception to this is an

unobservably small sliver of parameter space just to the right of the line labeled “Stable

BHs”, which marks where the dark matter accretion matches the black hole evaporation

rate. In this small region, in principle it is also possible to form a black hole that neither

grows nor evaporates away.

4.5 Neutrinos from Evaporating Black Holes

When a population of dark matter particles collapses into a black hole at the center of

the Sun or the Earth and the black hole subsequently evaporates, the Hawking radiation

emitted in the process offers an interesting target for detection. The main experimental

signatures are anomalous heating of the Earth, which we will discuss in Section 4.6, and

neutrinos, which is the topic of this section. As both the formation and the evaporation

of the black hole take place deep inside the Sun or Earth, the other components of the

Hawking radiation cannot reach a detector. To the best of our knowledge, this is the first

time neutrinos are discussed as a signature of black holes formed from dark matter. The

neutrino energy spectrum is an almost perfect thermal spectrum peaked at the temperature
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of the black hole, that is [176,182],

TBH =
1

8πGMBH(t)
, (4.63)

where we emphasize that the black hole mass MBH(t) decreases with time t. Hence, the

neutrino radiation starts out at a low, often undetectable, temperature, but once the black

hole mass drops below ∼ 10−23M�, it becomes hot enough (& 500GeV) to be of interest

to neutrino telescopes like IceCube. We do not consider lower energy neutrinos because of

the overwhelming background of atmospheric neutrinos. Neglecting black hole accretion for

the moment, the expression given in Eq. (4.62) for the black hole lifetime shows that the

neutrino flux is detectable for the last ∼ 4 days of the black hole’s life. We will see below

that an actual experimental search will have far better reach using the high-energy tail of

the Hawking radiation spectrum.

The expected neutrino spectrum has the following characteristics:

1. The spectral shape is close to a black-body spectrum, superimposed with a spectrum

of secondary neutrinos from the decays of heavier components of the Hawking radi-

ation. The signal thus has a very different energy dependence than the atmospheric

neutrino background, which is a falling power law.

2. Obviously, the signal is strongly directional, originating from the center of the

Sun. At the high neutrino energies that we are most interested in, the correlation

between the a priori unknown primary neutrino direction and the observed direction

of the secondary lepton is very strong, and moreover the angular resolution of the

detector is quite good. Directionality is therefore crucial in discriminating against the

essentially isotropic atmospheric neutrino background.

Note that Directionality is not useful to suppress the background of so-called “solar

atmospheric neutrinos”, that is neutrinos produced by cosmic ray interactions in the
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outer layers of the Sun [187–194]. However, it turns out that the solar atmospheric

background exceeds the terrestrial atmospheric background only at neutrino energies

in excess of several TeV. We will see that neutrinos with such high-energies are not of

interest to us because, after being produced in the core of the Sun, they are efficiently

absorbed on their way out and would therefore not reach a detector on Earth. For

this reason, we will neglect solar atmospheric neutrinos in what follows. They are in

particular irrelevant for the limits we will derive based on IceCube data from Ref. [38]

as the data in this reference is only presented in energy-integrated form and is therefore

entirely dominated by low-energy terrestrial atmospheric neutrinos.

3. The signal is transient: we expect neutrinos from black hole evaporation to come

in bursts whose duration is much shorter than the typical duration of an observation

run in a neutrino telescope. We will, however, find below that the transient nature of

the black hole evaporation signal is a useful tool only in a limited region of parameter

space, spanning about an order of magnitude in dark matter mass around mχ ∼

1017GeV. For other dark matter masses, black hole formation and evaporation is

either too rare to be observable, or the sensitivity is so good that a time-integrated

analysis is sufficient, or black holes evaporate so frequently that the neutrino is quasi-

continuous.

4. The signal is flavor-universal, as Hawking radiation populates all available degrees of

freedom equally. We do not expect this feature to be particularly relevant or useful,

though, because IceCube’s sensitivity to the flavor composition of the high-energy

neutrino flux is rather poor.

In what follows we describe the ingredients and assumptions made in determining the

total event rate in IceCube:

Instantaneous primary neutrino spectrum We begin by considering the instantaneous
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Figure 4.5: Instantaneous muon-neutrino spectrum for black holes of different masses, as
indicated by the color code. The dashed lines contain only the primary contribution from the
Hawking radiation while the solid lines contain both the primary and secondary spectrum
of neutrinos, where the secondaries arise from decays and hadronization of heavier non-
neutrino states in the primary spectrum.

primary neutrino flux from an evaporating black hole, which is given by

d3Nprim
α

dE dt dA =
1

4πr2
Γs=1/2(MBH, E)

2π

gα

eE/TBH + 1
. (4.64)

Here, dNα/(dE dtdA) denotes the flux of neutrinos of flavor α, E is the neutrino energy, r

is the Earth–Sun distance, and gα = 2 denotes the number of internal degrees of freedom

(left-handed neutrino and right-handed anti-neutrino). Of course, if neutrinos are Dirac

particles, also right-handed neutrino and left-handed anti-neutrino states would be produced

by evaporating black holes, but as these are undetectable, we ignore them here. We also

do not distinguish between neutrinos and anti-neutrinos as IceCube does not have this

capability (except for weak discrimination power on a statistical basis, see Ref. [195]). The

dimensionless factor Γsα in Eq. (4.64) is once again the grey-body correction introduced in

Eq. (4.58) and evaluated in BlackHawk [186].

Instantaneous secondary neutrino spectrum Many of the particles generated at the
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event horizon through Hawking radiation are unstable, and their decays produce a secondary

flux of neutrinos. For instance, high-energy quarks will undergo parton showering and

hadronization, followed by the decays of unstable hadrons. Secondary neutrinos typically

dominate the low energy part of the neutrino spectrum. Their flux is given by

d3N sec
α

dE dtdA =

∫
dE′

∑
i

d3Nprim
i

dE′ dtdA
dN i

α

dE , (4.65)

where the sum runs over all primary particles whose decay or hadronization leads to the

production of a neutrino state να. As before, d3Nprim
i /(dE′ dt dA) are the primary particle

fluxes, and the coefficients dN i
α/dE describe the contribution to the να flux from primary

particles of type i. These coefficients are implemented in BlackHawk through the inclusion

of decay and hadronization tables, which have been generated in PYTHIA [196]. The details

of these table can be found in Appendix B.3 of Ref. [186]. The key limitations of this

procedure are the limited energy domain of the hadronization tables, [0.1, 105] GeV, and

the missing electroweak effects for highly energetic primary particles. We mitigate this

problem by extrapolation, using the fact that, far away from any kinematic thresholds, the

ratio of the total neutrino flux (primary plus secondary) to the primary-only flux scales as a

simple power law when plotted as a function of neutrino energy times black hole mass (i.e.

EνMBH). This allows for an estimate of the neutrino flux for regions where the majority of

the black hole’s lifetime is spent at temperatures above 105GeV, that is for M init
BH . 108 g.

In Fig. 4.5 we show the instantaneous primary and secondary neutrino spectra for different

black hole masses. We focus here on the muon neutrino flux only as this is the flavor that

is most easily detectable in neutrino telescopes like IceCube and SuperKamiokande. As

expected the temperature of the black hole, inversely proportional to its mass, sets the

energy at which the primary spectrum is peaked. The secondaries serve to increase the

flux by several orders of magnitude at energies below this peak, largely due to decays of

other energetic species. A key observation is that for black hole masses below 109 g the
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spectrum is peaked at energies in excess of 105GeV. This is the region where BlackHawk

is no longer able to make fully reliable predictions for the secondary spectrum of neutrinos

as the dominant component of the primary flux is outside of the range of the hard-coded

decay and hadronization tables. Instead, the conservative extrapolation procedure described

above needs to be invoked.

Time-integrated neutrino spectrum To compare to time-integrated experimental data,

we need to track the mass-evolution of the black hole and integrate the neutrino spectrum

over time. In doing so, we will assume that accretion is subdominant compared to the

Hawking evaporation rate, that is we will neglect the first two terms on the right-hand side

of Eq. (4.54). In other words, we will describe the time-evolution of the black hole mass

using the differential equation [184,186]

dMBH
dt = − f(MBH)

(GMBH)2
, (4.66)
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with the Page factor f(MBH) from Eq. (4.57) taking into account the number of de-

grees of freedom in the Hawking radiation as well as grey-body corrections. We integrate

Eq. (4.66) over the entire black hole evolution from its initial mass M init
BH until the point

where TBH = 105GeV, beyond which we make use of the extrapolation for the secondary

spectrum detailed above. At each time-step in the black hole evolution, we calculate the in-

stantaneous neutrino spectrum. This allows for a simple integration over time to determine

the total neutrino spectrum. For the analysis performed here, we integrate the neutrino flux

over a time interval corresponding to either the black hole lifetime, or 0.25 yrs, whichever

is shorter. This limit of 0.25 yrs is largely for illustration purposes because, as we will see

later, such long-lived black holes are not able to evaporate in the Sun. The reason for this

is that the dark matter accretion rate required to form at least one black hole over the

duration of the IceCube data taking period would imply that the accretion rate onto the

black hole is larger than its evaporation rate.

Fig. 4.6 shows the resulting time-integrated neutrino spectra on Earth for different values

of the initial black hole mass as well as the expected background of atmospheric neutrinos

using the South Pole winter results from Ref. [197] (assuming a fixed energy independent

angular resolution of 7°). Let us for the moment focus on the dashed lines in the figure,

which neglect the effects of neutrino propagation in the Sun and later in vacuum. There are

two key features of these spectra. Firstly, for initial black hole masses where the evaporation

happens in less than 0.25 yrs, i.e. MBH . 1011 g, we observe the final high-energy tail of the

neutrino spectrum. In this regime, for decreasing values of the initial black hole mass the

amplitude of the spectrum decreases largely due to the smaller lifetime of the black hole.

However, at sufficiently high neutrino energies there is convergence of the spectra even for

different initial black hole masses. This follows as the high-energy tail of the spectrum

is mostly populated during the very final stages of evaporation, which leads to identical

spectra in this region for all black holes that completely evaporate within the observation
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Figure 4.7: Differential event rate in IceCube as a function of the muon neutrino energy.
For comparison we also show the event rate for the case of a 1TeV WIMP annihilating to
W+W− in the Sun from Ref. [38].

period. For black holes that are longer lived than 0.25 yrs, the resulting neutrino spectrum

is radically different. For the cases depicted, M init
BH = {5× 1011, 1012} g, the black hole mass

does not evolve appreciably over the 0.25 yrs time interval. The spectrum therefore bears

resemblance to the instantaneous spectra from the left-hand panel, including the absence

of the high-energy tail.

Solar neutrino propagation With the primary and secondary neutrino spectra at hand,

the final step to determine the flux on Earth is the propagation of the neutrinos from the

center of the Sun. There are three main effects that must be captured to describe the prop-

agation accurately: (i) neutrino trapping through scattering off the stellar medium, (ii)

neutrino oscillations, and (iii) tau neutrino regeneration, that is the production of tertiary

neutrinos from the decays of τ leptons created in ντ interactions inside the Sun. The effects

of neutrino trapping can be approximated through the use of an exponential cut-off depend-

ing on the number of scattering targets and the energy dependent scattering cross-section of

the specific neutrino species in question. The effects of tau neutrino regeneration, however,
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soften this exponential cut-off (see for example Ref. [171]), i.e. production and decay of tau

leptons shift the neutrino spectrum to lower energies, allowing for a larger fraction to escape

from the Sun. To better model these effects as well as to include neutrino oscillations in

matter, we have utilized the public code nuSQuIDS [198–200]. The time integrated neutrino

spectrum for each flavor of neutrino is used as an input, whereby nuSQuIDS propagates

the flux utilizing the standard solar model BS05(AGS,OP) of Ref. [33]. The results of this

procedure are shown as solid lines in Fig. 4.6. The key feature is of course the opacity of

the Sun to high-energy neutrinos due to which the flux of TeV energy neutrinos is strongly

suppressed. This highlights the importance of the secondary neutrino flux that dominates

at sub-TeV energies. Secondly, we see a mismatch between the curves with and without

solar propagation at lower neutrino energies, which arises from neutrino oscillation effects.

More precisely, as the initial flux of tau flavored neutrinos (not shown here) is subdominant

compared to electron and muon flavors, neutrino oscillations lead to a net depletion of the

νµ flux and thus to the observed mismatch.
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IceCube event rate To place limits on the final muon neutrino flux, we have recast an

IceCube search for neutrinos from dark matter annihilation, presented in Ref. [38]. Using

the effective area given in Fig. 4 of that reference, the spectra from our Fig. 4.6 can be used

to determine a differential event rate with respect to truth level neutrino energy. We restrict

our analysis to detection at IceCube rather than lower-threshold detectors like Super-K [201]

because, as shown in Fig. 4.6, atmospheric neutrino backgrounds dominate at lower energies,

and thus we do not expect a significant improvement over the results presented here. This

event rate is shown in Fig. 4.7 for the relevant energy domain, and compared to the predicted

neutrino spectrum from WIMP annihilation to W+W−, the example used as a benchmark

in Ref. [38]. While IceCube themselves have utilized an unbinned likelihood analysis to

set limits on this benchmark model, they only present their data binned as a function of

the angle Ψ between the reconstructed neutrino arrival direction and the location of the

Sun in the sky. To determine the differential event rate with respect to Ψ for neutrinos

from black hole evaporation, we use IceCube’s energy-dependent median angular resolution

(right-hand panel of Fig. 4 in Ref. [38]) to build Gaussian distributions centred around zero,

i.e. the exact position of the Sun, for every value of the truth level neutrino energy. We have

verified that, using the WIMP annihilation spectrum, this method faithfully reproduces the

resulting angular distribution shown in Fig. 6 of Ref. [38].

The resulting number of IceCube events as a function of this angular variable is shown in

Fig. 4.8. We also overlay both the IceCube data (black points) as well as the atmospheric

neutrino background prediction (the red-dotted line is the central value, while the grey

band shows the 2σ statistical uncertainties). As expected, harder neutrino spectra lead

to distributions that are more sharply peaked at cosΨ = 1, while the softer spectra for

heavy initial mass black holes lead to flatter distributions. Performing a binned likelihood

analysis, all illustrated spectra are excluded at 95% CL except for the M init
BH = 108 g (black)

spectrum. For such small values of the initial black hole mass, however, we typically expect
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This is based on a recast of the IceCube analysis from Ref. [38], see text for details.

a number of these black holes to both form and completely evaporate within the exposure

time of the IceCube data taking (see Fig. 4.4 above). We therefore also determine limits for

lighter initial mass black holes as a function of the number of evaporated black holes with a

given initial formation mass. The blue shaded region in Fig. 4.9 violates the derived limit.

In addition shown in grey are contours of constant black hole lifetime for a given initial

black hole mass. We see that between approximately M init
BH ∈ [108, 4× 1010] g a single black

hole evaporating is excluded by IceCube, while for lighter initial black hole masses a larger

number must evaporate over the 1.5 yr exposure period to be detectable. We do not exclude

black holes with M init
BH > 4× 1010 g (vertical dashed blue line). These heavier black holes

cannot evaporate in the Sun as the dark matter accretion rate onto the black hole is too

large for DM–nucleon cross-sections σχN ≥ 7× 10−24 cm2. This cross-section corresponds

to the minimum cross-section such that at least one black hole per year is formed in the

Sun.
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4.6 Results and Discussion

Having discussed the evolution of dark matter captured in the Sun or Earth, the dynamics

of black hole formation and evaporation, and the constraints arising from the neutrino

component of the Hawking radiation, we are now ready to put all of these results together.

We do so in Fig. 4.10, where we show bounds on the DM–nucleon scattering cross section in

the case of conventional isotope-dependent DM–nucleus scattering (left panel), and on the

universal dark matter scattering cross section in models with isotope-independent couplings

such as certain asymmetric composite dark matter models (right panel).

We first discuss the constraints arising from the fact that the Sun and Earth have not

yet been consumed by a black hole (yellow and blue shaded regions in Fig. 4.10). The

parameter region excluded by these bounds satisfies the following criteria:

1. At least one black hole must have formed within the age of the solar system, ∼ O(Gyr).

This means that dark matter capture, thermalization, and collapse must terminate

after at most ∼ 1Gyr. In most of the parameter space, the limiting process is capture,

which therefore defines the lower and left edges of the yellow and blue exclusion regions

in Fig. 4.10, as can be read off directly from Fig. 4.4.

2. The DM–nucleus scattering cross section must be small enough for dark matter ther-

malization to be efficient. As discussed in Section 4.3.3 – see in particular Eq. (4.41)

– if the time it takes the dark matter to drift to the center of the Sun or Earth exceed

∼ 1Gyr, a black hole will never form. This condition defines the upper boundary of

the yellow and blue exclusion regions in Fig. 4.10.

3. The black hole evaporation time should be longer than the age of the solar system,

∼ Gyr. This condition sets the right boundary of the shaded yellow and blue exclusion

regions in Fig. 4.10. Note that there is a tiny sliver of parameter space between the

blue and red shaded regions in which a black hole will form, but accretion will be too
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inefficient for it to consume the Earth within 1Gyr. We ignore this small region here.

It is gratifying to note that the dark matter–nucleus interaction parameter space for which

a small black hole would be growing inside the Earth at present can be ruled out by under-

ground searches for dark matter and the continued survival of the Sun.

More benign black holes can be formed by dark matter with masses larger than 1011GeV

in the Earth or 1015GeV in the Sun. These benign black holes are small enough that

they evaporate faster than they accrete their host’s material. Nevertheless, part of their

parameter space can be excluded because the energy released by their evaporation would

significantly increase the heat flow emanating from the Earth. As noted in Refs. [9, 17],

the maximum heat flux observed in the Earth is about 44TW [35, 86–88, 88–91] (although

some works find a lower value, see e.g. Ref. [36]). While much of this heat flux has been

attributed to radiogenic elements in the Earth such as 235U, we conservatively exclude only

dark matter models which would form evaporating black holes that would release & 44TW

of heat into the Earth. In practice, this requires a capture rate Cχ & 44TW/mχ. We

furthermore impose the restriction that these black holes must form and evaporate within

∼ 1 kyr. These timescales are short enough that, due to the Earth’s heat capacity and the

fact that it radiates heat as a black body, we expect the observed heat flux today would be

steady [36].

The dark green region in Fig. 4.10 represents the IceCube constraint on the neutrino flux

from black hole evaporation derived in Section 4.5. To obtain this curve, we determined for

each parameter point (mχ, σχN ) the number of black holes that form within the 0.25 yrs of

IceCube data taking based on the formation timescales given in Fig. 4.4. We then calculated

the initial mass of these black holes, based on Eq. (4.52), and read off from Fig. 4.9 whether

or not that parameter point’s corresponding black hole evaporation time allows it to be

excluded.
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Figure 4.10: (left) Solar and terrestrial bounds on the DM–nucleon scattering cross-section
for non-annihilating dark matter with conventional spin-independent (and therefore isotope-
dependent) couplings. The blue and yellow regions are excluded by the formation of a black
hole in the Earth or Sun that would grow and consume these bodies within a billion years.
The red region is excluded by the formation of evaporating black holes in the Earth that
would result in more than the observed 44TW of heat emanating from the Earth’s surface.
Finally, the dark green region is excluded by the null observation of a high-energy flux
of neutrinos that would be produced by black holes evaporating in the Sun. The edges
of the exclusion regions can be understood as follows: for mχ . 107GeV, black holes
will not form, given the amount of dark matter collected in a Gyr. The upper cutoff in
mχ is given by the Planck scale, 1019GeV. The lower edges of the exclusion regions are
determined by requiring that dark matter collects, cools, and collapses to a black hole in
a Gyr. Their upper edges are determined by requiring that dark matter can drift to the
center of the Earth or Sun against the viscous drag of nuclei in less than a Gyr. Previous
limits from underground direct detection experiments are shaded in gray [19,39–41], as are
CMB bounds [22,23], bounds from the heating of interstellar gas clouds [25,42], and bounds
from searches for DM tracks in ancient mica minerals [26,27]. (right) Same as left, but for
a dark matter–nucleus scattering via isotope-independent contact interactions, as discussed
around Eq. (4.3). We assume here that, even though dark matter may consist of composite
objects, the constituent masses are large enough for Pauli blocking to be irrelevant during
collapse.

In the right-hand panel of Fig. 4.10, we show the analogous bounds for an isotope-

independent DM–nucleus contact cross-section, as would be appropriate for large composite

dark matter, see Eq. (4.3) and the surrounding discussion. In this case, there is no coher-

ent enhancement for scattering on large nuclei. As a consequence, for a fixed DM–nucleus

scattering cross-section, the solar bounds on black hole formation are more restrictive since

for a fixed nuclear scattering cross-section, the Sun is more massive and has a greater stop-

ping power than the Earth. Note that in Fig. 4.10 (right), we assume that the constituent
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masses of the composite dark matter objects are large, so that the critical mass for collapse,

Eq. (4.51), is given by the self-gravitating mass Msg, not by the maximal mass Mf at which

Fermi degeneracy pressure can stabilize the dark matter core and prevent collapse.

Next we relax this assumption and consider how solar and terrestrial black hole forma-

tion bounds change if we assume dark matter consists of composite objects of mass mχ, but

composed of fermions with smaller fundamental mass mf . Lowering this constituent mass

mf increases the minimum mass of the black holes formed in the Sun and Earth since the

dark matter’s Chandrasekhar mass given by Eq. (4.51) then depends on mf .

In Fig. 4.11 we show bounds on composite dark matter with either conventional isotope-

dependent couplings to nuclei (left panels) or with fixed contact DM–nuclear interaction

(right). We consider three illustrative values for the constituent mass, mf = 109, 2× 1011,

and 1012GeV. For the case that mf = 109GeV, the minimum black hole mass is large

enough that all black holes formed in the Earth and Sun will consume and destroy their

host (top panels in Fig. 4.11). For mf = 2× 1011GeV (middle panels), whether the black

holes formed evaporate or grow to consume their hosts depends on how quickly they accrete

additional dark matter, which in turn depends on the composite–nuclear cross-section. For

the case that mf = 1012GeV, the black holes formed evaporate over most parameter space,

leading to Earth heating and neutrino flux bounds extending to dark matter composite

masses up to mχ = 1033GeV.

The high-mχ cutoffs in these exclusions are set by the Chandrasekhar critical mass

condition, this time applied to the composite itself. If mχ ≥ M3
pl/m

2
f , then the composites in

question will collapse into black holes. In theory, there could also be a flux-limitation to such

plots, wherein the total dark matter flux through the stellar body within the appropriate

timescale would become less than 2mχ, but for the chosen values of mf , this is never the

limiting factor.
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Figure 4.11: Same as Figure 4.10, except here we consider composite asymmetric dark
matter with a mass mχ, composed of fermions with masses mf , where mf fixes a minimum
black hole mass through Eq. (4.51). This allows us to extend the plots to much larger
dark matter masses than in Fig. 4.10, which we cut off at the Planck scale. Panels on the
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black hole. For mf = 1012GeV (bottom row), black holes formed in the Earth and Sun
tend to evaporate.
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4.7 Conclusions

To conclude, we have derived a suite of novel bounds on heavy (> 107GeV), non-annihilating

dark matter based on the fact that such dark matter particles, when captured by the Sun or

Earth, could accumulate in the solar or terrestrial core in sufficient quantity to form black

holes. These black holes can either grow by consuming their host, or they can evaporate. In

the former case, the continued existence of the Sun and the Earth can be used to set limits

on the dark matter mass and capture cross section. In the latter case, limits can be derived

based on the observed heat flux from the Earth, and from the non-observation of neutrinos

from black hole evaporation in IceCube. For the latter constraint, we have recast an existing

IceCube search for dark matter annihilation in the Sun [38], but we have also demonstrated

that a dedicated search for evaporating black holes can improve the sensitivity significantly.

Our main results are summarized in Fig. 4.11 above, which shows that the new con-

straints derived in this paper complement the existing ones from direct searches for dark

matter–nucleus scattering in underground detectors and cover significant unexplored pa-

rameter space. Our results are also complementary to prior work utilizing the Earth’s heat

flow to set limits on annihilating dark matter [9, 17]

In the future, it would be interesting to consider similar signatures of non-annihilating

dark matter in exoplanets [202] and in stars other than the Sun. In particular, observations

of Red Giants and Brown Dwarfs might enlarge the bounds we have obtained here, although

they will depend in some detail on the internal isotopic composition of these stars. We leave

this and other applications of benign and malignant black holes formed from dark matter

to future work.
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Chapter 5

Old Rocks, New Limits on Dark Matter

This work has been submitted to Phys. Rev. D. for publication as “Old Rocks, New

Limits: Excavated Ancient Mica Searches for Dark Matter", J. F. Acevdeo, J. Bramante,

and A. Goodman (2021), but has not yet been accepted or reviewed. It can be found as

a preprint at arXiv:2105.06473. In this work, we study how heavy, strongly-interacting

dark matter particles scattering against elements in muscovite mica (a type of mineral)

might leave detectable deformities. Two different research groups analyzed two different

muscovite mica (a type of mineral) samples looking for two different kinds of signals. In

1986, P.B. Price et al. analyzed a 1200 cm2, looking for long tracks created by Earthly

elements captured by dark monopoles passing through the mica. In 1990, Snowden-Ifft et

al. found no evidence of recoil tracks in a 80,720 µm2 slab of mica, which would have been

caused by single dark matter-nucleus scattering events in the mica. In both cases, no tracks

were found. In this work, we revisit both of these analyses. In the case of the 1200 cm2 mica

sample, we consider dark matter particles’ energy deposition rates when passing through

this slab, and exclude any particles for which these rates exceed a threshold. In the case of

the 80,720 µm2 sample, we run similar analyses to the original paper, now considering higher

dark matter masses and the so-called “overburden line,” which describes the highest cross-

sections that can be excluded before the dark matter loses too much energy before reaching

the mica to leave a signal. This involves comparing dark matter’s kinetic energy spectrum
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at the mica to an energy threshold required to leave a track. For both mica samples, we

consider standard spin-independent and spin-dependent cross-sections, as well as contact

cross-sections described in previous sections. In this work, all analysis was completed by

me, with frequent consultation of my co-authors. I wrote the first draft of the paper, except

the Discussion section, which was written by Joseph Bramante. All authors reviewed and

edited the paper in its entirety.

Abstract

Minerals excavated from the Earth’s crust contain gigayear-long astroparticle records,

which can be read out using acid etching and microscopy, providing unmatched sen-

sitivity to high mass dark matter. A roughly millimetre size slab of 500 million year

old muscovite mica, calibrated and analyzed by Snowden-Ifft et al. in 1990, revealed

no signs of dark matter recoils and placed competitive limits on the nuclear inter-

actions for sub-TeV mass dark matter. A different analysis of larger mica slabs

in 1986 by Price and Salamon searched for strongly interacting monopoles. After

implementing a detailed treatment of Earth’s overburden, we utilize these ancient

etched mica data to obtain new bounds on high mass dark matter interactions with

nuclei.

5.1 Introduction

There is an abundance of gravitational evidence for the existence of dark matter, including

galactic rotation curves, dark matter’s lensing of light in galactic clusters, and the influence

of dark matter on primordial perturbations measured in the cosmic microwave background

and large scale structure. While there are extensive direct searches for dark matter at low-

background detectors located deep underground, we have yet to observe dark matter’s non-

gravitational interactions. Many direct searches for dark matter have endeavoured to detect

dark matter particles scattering against nuclei and electrons, constructing extremely large
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target volumes and filtering out background processes by operating in ultraclean conditions a

few kilometres underground. Such experiments have attained exquisite sensitivity to weakly

interacting dark matter. On the other hand, these experiments are at present insensitive

to dark matter particles with masses & 1018 GeV, since for this mass the number of dark

matter particles traveling through a metre-scale detector over the course of a year is order

one [27, 203]. To gain sensitivity to higher masses, detectors must increase either area or

exposure time.

A few decades ago a sequence of papers [26, 44] determined that monopoles and dark

matter scattering against a nucleus would result in a swathe of damage in old, cleaved

slabs of mica, which is detectable when the mica is etched with hydrofluoric acid. First, a

relatively large area (∼metre2) of muscovite mica was etched and inspected with an optical

microscope to search for monopoles [26], which would deposit a large amount of energy

through repeated nuclear scattering. A decade later, after extensive calibration using low

energy proton and neutron sources, Ref. [44] was able to exclude single dark matter-nuclear

interactions based on the absence of short tracks observed in a 80,720 µm2 slab of 0.5 Gyr-

old muscovite mica. This analysis restricted its scope to dark matter masses . 103 GeV, and

the results were complementary to spin-dependent dark matter searches in 1995. However

as we will see here, despite being smaller than presently-running metre-scale underground

experiments, the extremely long exposure time of these mica samples render them sensitive

to high mass dark matter beyond the reach of modern dark matter detectors. Recently,

some new proposals for mineralogical detection of dark matter and neutrinos have also

been discussed in [204–208]. In particular, preliminary bounds on high mass dark matter

scattering with nuclei using data from [26] were first obtained in [28]. This work extends

results from Refs. [26, 27, 44] by considering the largest dark matter masses and cross-

sections that can be excluded using lack of crystal damage observed in ancient mica. To do

so, we will undertake a detailed computation of the energy lost by a dark matter particle

as it travels through the Earth’s interior before reaching ancient mica, and carefully revisit
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certain facets of the [26, 44] analyses, including a determination of the maximum depth at

which the mica could have been situated, the mica orientation, the dark matter entry angle

that optimizes detection for low and high cross-sections, and the effect of different dark

matter nuclear scattering models.

The remainder of the paper is organized as follows; In Section 5.2 we present our analysis

of overburden material and multiple dark matter scattering off nuclei, adapted for the

location, geometry, and composition of ancient mica studied in [26,44]. In Sections 5.3 and

5.4 we find limits on high mass dark matter’s nuclear interactions using mica data from

References [26] and [44], respectively. In Section 5.5 we conclude.

5.2 Overburden for Ancient Mica Dark Matter Search

In order to obtain bounds on high mass dark matter from the non-observation of crystal

damage in ancient minerals, we must first study how much heavy dark matter is slowed by

scattering with nuclei as it traverses the Earth’s interior, on its way to interacting with the

mica. This will determine what amount of the dark matter is moving fast enough through

the mica to leave a detectable swathe of molecular damage. First we address the geometry,

orientation, and depth of the mica studied in References [26, 44]. In Reference [26], three

mica slabs selected from the British Museum, the Smithsonian Institution, and the Stanford

University collection with a combined surface area of 1200 cm2 were analyzed. These were

reportedly thin slabs and we assume hereafter that their length and width greatly exceeded

their depth Ly = Lz � Lx. Similarly, Reference [44] studied a cleaved mica slab with length

and width Ly = Lz = 284 µm and probed the faces of the cleaved mica to a depth Lx ' 5

nm when searching for weakly interacting massive particles (WIMPs). We will assume

in both cases that the mica was buried d = 20 km underground (this depth is discussed

shortly), and comprised of 58% oxygen, 12% aluminum, 16% silicon, and 5% potassium by

number. The remainder of the elements comprising the mica were ignored in [44], as they
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were either too light or too scarce to appreciably affect the search for nuclear tracks left by

dark matter collisions.

As a consequence of convective forces and tectonic movement of the Earth’s crust over

an archaeological timescale, the depth at which the mica was buried over its ∼5×108 years

in the Earth may have shifted. Since in our study we will be considering heavy dark matter

with large scattering cross-sections, we are concerned with the amount of Earth’s crust above

the mineral. Thus we are interested in addressing the question, what is the maximum depth

the mica could have been buried, given its observed properties? When analyzing their mica

slabs, Refs. [26, 44] both determined that the mica samples they selected had a low degree

of thermal annealing. Specifically, these studies determined this low rate of annealing using

the ratio of tracks left by the alpha decay of 238U and the alpha decay of 212Po, which

produced a less destructive alpha that would inelastically bind to aluminum and silicon.

Reference [44] found that the ratio of these Po versus U alpha tracks dropped to 0.1± 0.02

from 0.24 after being annealed at 200 ◦C for one hour, from which the authors concluded

that the minerals were unlikely to have been exposed to temperatures in excess of 200 ◦C

during their habitation underground.

Using this maximum temperature, 200 ◦C, we can estimate the maximum depth at

which the mica was buried. Below the surface of the Earth, the Earth’s crust temperature

rises from a temperature ∼ 0◦ C with a gradient ∼ 15 − 30◦C/km [35–37], although there

are some models which predict temperatures as low as 250◦ C at a depth of 20 km [209].

Therefore, to remain conservative in this study (by taking the maximum overburden allowed

by observed mica properties), we will assume the mica was buried at a depth of ∼20 km.

We now turn to the flux of dark matter through the mica. We are interested in the dark

matter flux through the widest face of the mica, which has surface area A⊕ = 2LyLz. We

ignore any flux that enters from the other faces of the mica, as they are negligibly small.

Taking the local dark matter density to be ρχ = 0.3 GeV/cm3 [69, 70,104] and the average

velocity of a dark matter particle to be 〈vχ〉 = 320 km/s [43], we find the number flux of
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dark matter over a timescale of t⊕ = 5× 108 years to be

Φχ =
1

2
A⊕〈vχ〉t⊕

ρχ
mχ

' 1.22× 1010
(
1010 GeV

mχ

)(
A⊕

2× 80720 µm2

)
' 9.08× 1015

(
1010 GeV

mχ

)(
A⊕

1200 cm2

)
, (5.1)

for the mica studied in [26, 44] respectively. The factor of 1/2 is a geometric acceptance

factor which is appropriate for a planar detector.

Before encountering the mica, each dark matter particle must first travel at least a

distance d through the Earth. The actual distance that it travels depends on where the

dark matter particle enters the Earth. We will be interested in the probability distribution

of lengths travelled by the dark matter before encountering the mica slab. A schematic

describing the relevant geometry is given in Figure 5.1. Note that in our study we orient

the mica such that the vectors normal to its broadest faces point in the direction with the

largest overburden, to be conservative, since any other orientation will tend to decrease the

effective overburden for incoming dark matter particles. The geometry shown in Figure 5.1

is detailed in Appendix D.

As it travels to the mica, when a dark matter particle with kinetic energy Ei scatters

off of an atom A in the Earth’s interior, it will have a final kinetic energy

Ef = Ei

[
1− 2

mχmA

(mχ +mA)2
(1− cos θcm)

]
, (5.2)

where θcm is the center of momentum scattering angle, which has a flat probability density.

Because the dark matter flux through the Earth is non-relativistic, we simply say that Ei =

mχv
2
i /2, where vi is the initial dark matter velocity, which is governed by the distribution

given in Ref. [43] as
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Figure 5.1: A schematic defining the trajectories for dark matter traversing Earth’s over-
burden in this work, where the blue circle is the Earth and the rectangle is the mica slab.
Details and geometric expressions can be found in Appendix D. Diagram not to scale.

f(v) =

∫ 1

−1
d cosφ

(
v2 − v2e

)3/2
N∗

exp

(
− ṽ2

v20

)
Θ(v − ve)Θ(veg − ṽ). (5.3)

Here, φ is the angle between the velocity of the Earth relative to the Milky Way rest frame

and the dark matter velocity, v0 = 220 km/s is the velocity dispersion [167–169], veg = 503

km/s is the escape velocity of the galaxy, and ve = 11.2 km/s is the escape velocity of the

Earth. Taking vrf = 230 km/s [167, 168] as the velocity of the solar system relative to the

galactic rest frame, we define

ṽ2 ≡ v2 − v2e + v2rf + 2vrf
√

v2 − v2e cosφ. (5.4)

Note that this distribution has been shifted by ve to account for dark matter accelerating

into the Earth’s gravitational potential [43, 67]. Finally, we choose N∗ numerically such

that
∫∞
0 f(v) dv = 1. All of these quantities are chosen conservatively at their 1σ lowered
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values. We have not accounted for Earth’s orbit about the Sun, or its axial rotation, in

this distribution, but both of these contributions are negligible. When considering a large

number of scatterings (say, 〈τ〉 > 108), we will not be able to simulate each scattering, and

will use an averaged expression for the dark matter’s energy loss when scattering in this

overburden. Because θcm is uniformly distributed, when computing the effect of a large

number of scatterings it is accurate to fix cos θcm ' 〈cos θcm〉 = 0. Hence, the dark matter

kinetic energy when reaching the mica will be given by

Eχ = Ei

∏
A

[
1− 2

mχmA

(mχ +mA)2

]τA
. (5.5)

Having defined the mica and Earth geometry, along with the energy loss of dark matter

as it travels to the mica, we now turn to the trajectories dark matter will take as it travels

to the mica. We want to find the fraction of trajectories that each entry point on the Earth

contribute to the total dark matter flux through the mica slab, while accurately accounting

for the fraction of dark matter particles that will be undetectable after being slowed by

scattering with the intervening Earth material. The relative fraction of flux contributed at

a given angle, θe, is given by the weighting f(θe),

f(θe) ∝
∫ θ2(θe)

θ1(θe)
sin θ′ cos θ′ dθ′, (5.6)

where this expression approximates the mica slab as a planar disk of diameter Ly for sim-

plicity. This distribution is normalized such that
∫ π
0 f(θ′e) dθ′e = 1. In our Monte Carlo of

dark matter flux, we will randomly select θe values between 0 and π, and weight the relative

flux coming from the resulting trajectories using Eq. (5.6). With θe determined, we draw

a straight line from P0 to the center of the mica slab, which will make an angle with `1

which, as defined, is the normal vector the the Earth’s surface. This angle is given by θ as

defined in Eq. (D.3) in Appendix D. In defining our trajectories as straight lines, we are

making two approximations about the dark matter’s trajectory: (1) that it does not change
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as it scatters off of the elements in the Earth, and (2) it is not appreciably impacted by

Earth’s gravity. The former is a reasonable assumption, because we are considering models

in which a dark matter particle is significantly heavier than any atom in the Earth [27,95].

The latter assumption is valid since the Earth’s escape velocity is a small fraction of dark

matter’s halo velocity.

Next we must consider dark matter scattering off a variety of atomic elements in the

Earth, which requires us to define the density profile and elemental composition of the

Earth. In this work, we use the same model as Refs. [9, 43], which is the Earth density

profile in Ref. [34] with a composition profile given in Refs. [1–3, 5, 7]. Specifically, we use

the composition profile given in Table 5.1, and the density profile shown in Fig. 5.2.

Table 5.1: Rounded weight percentages of elements of interest in the crust, mantle, and core
[1–3,5,7]. We approximate Earth’s crust as a monolithic shell extending from r = R⊕ = 6371
to r = 6346 km [1]. Beneath the crust the mantle extends to r = 3480 km [3], below this is
the core [2].

16O 28Si 27Al 56Fe 40Ca 23Na 39K 24Mg 48Ti 57Ni 59Co 31P 32S
Crust wt% 46.7 27.7 8.1 5.1 3.7 2.8 2.6 2.1 0.6 - - - -

Mantle wt% 44.3 21.3 2.3 6.3 2.5 - - 22.3 - 0.2 - - -
Core wt% - - - 84.5 - - - - - 5.6 0.3 0.6 9.0
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Figure 5.2: The Earth density used in this work, as a function of radius from the Earth’s
centre [9, 34,43].
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The mean number of scatterings against a given element A along this particle’s trajectory

is given by

〈τA〉 = σχA

∫ L

0
nA(r) dl, (5.7)

where nA(r) is the number density of atom A at a distance r =
√
l2 +R2

⊕ − 2lR⊕ cos θ

away from the Earth’s center, σχA is the DM-nucleus cross-section, and

L =
R⊕ sin θe

sin(π − θ − θe)
(5.8)

is the length from P0 to the mica slab along this trajectory. Because scatterings are inde-

pendent and discrete, they are governed by Poisson statistics, meaning that the probability

of scattering exactly τA times against element A is given by

P (τA; 〈τA〉) =
e−〈τA〉〈τA〉τA

τA!
. (5.9)

Finally, the energy loss and nuclear scattering for dark matter traversing the Earth

will be model dependent. In general, the sort of dark matter that has a large mass and

large cross-section with nuclei, is likely to be dark matter composed of constituents, i.e. a

composite dark matter model, see e.g. [27–29, 40, 42, 68, 82, 95, 155–157, 203, 210–229]. In

this work, we consider three dark matter interactions with nuclei.

1. For some spin-independent dark matter models (see e.g. Ref. [230]), σχA is converted

to a DM-nucleon cross-section, σ
(SI)
χN . For the heavy dark matter we consider here

(mχ � mA), this conversion is given by

σχA ' A4σ
(SI)
χN , (5.10)

note here that in the regime we consider, nuclear form factors are set to unity.
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2. For large composite dark matter models (see e.g. Refs. [28, 29, 41, 43, 47, 203]), the

nuclear cross-section is constant for all nuclei, σχA = σc. This is appropriate if dark

matter is a composite state larger than a nucleus, which scatters elastically with all

nuclei it intercepts. In particular, we have recently identified a new class of composite

dark matter models very large masses and physical sizes, including a detailed cos-

mology for their formation in [203]. These large composites are coupled to nucleons

through the same light mediator that binds their constituents together, and for large

enough couplings would scatter elastically with all incoming nuclei.

3. Finally, dark matter could have a spin-dependent cross-section with protons and/or

neutrons [230], although in this work we consider proton and neutron cross-sections

(σ(SD)
χp and σ

(SD)
χn respectively) separately. In this case, for heavy dark matter, the

conversion becomes

σχA ' A2 4(JA + 1)

3JA
[ap〈Sp〉A]2 σ(SD)

χp (DM-proton SD cross-sections) (5.11)

σχA ' A2 4(JA + 1)

3JA
[an〈Sn〉A]2 σ(SD)

χn (DM-neutron SD cross-sections) (5.12)

Here JA is the nuclear spin of atom A, 〈Sp〉A and 〈Sn〉A are its average proton and

neutron spins, and ap = an = 1 being proton and neutron coupling constants respec-

tively. Values of J , 〈Sp〉, and 〈Sn〉 used in this work, as well as relative abundances

of isotopes of elements in Table 5.1 for which J 6= 0, are given in Table 5.2.
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Table 5.2: Percent (by number) of isotopes with substantial spin for each element of interest,
as well as their nuclear spins, J , and their average proton and neutron spins, 〈Sp〉 and
〈Sn〉 [8, 9].

17O 29Si 27Al 57Fe 43Ca 23Na 39K 25Mg 47Ti 49Ti 61Ni 31P 33S
% (number) 0.4 4.7 100 2.12 0.135 100 100 10 7.44 5.41 1.14 100 0.75

J 5/2 1/2 5/2 1/2 7/2 3/2 3/2 5/2 5/2 7/2 3/2 1/2 3/2
〈Sp〉 -0.036 0.054 0.333 0 0 0.2477 -0.196 0.04 0 0 0 0.181 0
〈Sn〉 0.508 0.204 0.043 1/2 1/2 0.0199 0.055 0.376 0.21 0.29 -0.357 0.032 -0.3

5.3 High Mass Dark Matter Sensitivity from the Mica WIMP Search

This section derives high mass dark matter nuclear scattering bounds using the ancient mica

data in Ref. [44]. In that work, 80,720 µm2 of mica was cleaved, etched with acid, and then

scanned with an atomic force microscope. Using low energy proton and neutron sources

for calibration, the study was able to differentiate between nuclear recoil events and alpha

and beta particles produced in the decay of heavy radioactive elements. The primary dis-

criminant was the summed etch depth of sites exhibiting mica crystal damage. Specifically,

the track etch model for dark matter developed in [231] determined through extensive cali-

bration that ∼keV/amu nuclear recoils would produce damage sites with etched pit depths

∼ 4 − 6.4 nm, whereas alpha and beta events produce deeper etched pits. Reference [44]

found no signal events in the 4 − 6.4 nm etched pit signal region, and with this result set

limits on dark matter scattering with nuclei.

Here we will analyze the case of heavy dark matter, and determine 90% exclusion regions

using data from [44]. Because the region of mica probed using an atomic microscope in [44]

is very thin, we make the approximation that for the purposes of detection, dark matter

travels a distance of Lx = 5 nm through the mica. Mica-transiting dark matter will scatter

off of a nucleus A an average of

〈τA〉 = nAσχALx (5.13)

times, and each scatter will result in energy being deposited on a nucleus according to
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Edep = 2Eχ
mχmA

(mχ +mA)2
(1− cos θcm). (5.14)

When a single dark matter particle traverses the mica slab, it will undergo ∼ τ scatterings,

with a Poisson distribution defined by Eq. (5.9) and (5.13).

Now that our dark matter models, Earth geometry, and scattering lengths are defined,

we are ready to detail the procedure used to set 90% confidence exclusions on high mass dark

matter scattering. Our method utilizes a Monte Carlo sampling of dark matter trajectories

through the mica and Earth overburden. Using one of the dark matter cross-section models

listed in Eqs. (5.10)-(5.12), we fix the dark matter cross-section, and using Eq. (5.9) and

(5.13), we sample events to find whether a candidate dark matter traversal scatters against

some nucleus A in the mica. In the event of a dark matter recoil over the Lx = 5 nm

traversal length, we randomly choose θcm and find the dark matter particle’s kinetic energy

Eχ after moving through the Earth overburden, using the process described in Sec. 5.2. We

then obtain the energy deposited into the nucleus as a result of this scatter using Eq. (5.14).

If this energy exceeds the threshold energy, E(A)
th , then this particle has deposited enough

energy to leave a track in the mica. Ref. [44] found that E
(A)
th ∼ keV/amu, which we use

as the threshold energy for mica nuclear scattering for the mica elements studied (O, Al,

Si, K). Using this method, we can determine what fraction of incident heavy dark matter

particles would have left a nuclear recoil track in the mica. More specifically, after sampling

enough events, we can determine for what cross-section, detectable track would have been

left in the [44] mica data more than 90% of the time. However when setting bounds,

we must pay attention to the fact that if the dark matter scattered more than once and

left damage resulting in a & 6 nm etched pit, this would not have been detected by [44],

which only searched for single-recoil dark matter events. Also, it should be noted that the

nuclear scattering damage model developed in Ref. [231] indicates that scattering energies

of ∼keV/amu should have a O(1%) chance of creating a detectable track in all elements of
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interest, which is the value we use in this work. From the preceding discussion is it clear

that the bound on high mass dark matter depends on a number of probabilities, listed in

Table 5.3.

Table 5.3: A list of definitions of the probabilities used to set the lower mass exclusion in
this work.

PND Probability that a given dark matter model is not detected (in this work set to 0.1)
P

(A)
E Probability that a single scatter deposits E > E

(A)
th into atom A

P
(n)
χA Probability that dark matter scatters n times with element A

P
(n)
t Probability that exactly one of n scattering events all with E > EA

th leaves a track

We note that in this high mass analysis, we are assuming that if dark matter scatters

multiple times within the mica, it suffers negligible kinetic energy loss. This is a reasonable

assumption because the fraction of the dark matter’s initial kinetic energy lost in each

scatter is ∼ mχ/mA, so after at most a few scatters along the mica detection length Lx,

its kinetic energy should not change appreciably. With our probabilities laid out, we can

explicitly define the probability that traversing heavy dark matter particles are not detected,

P low mass
ND =

[
1−

∑
A

P
(A)
E

( ∞∑
n=1

P
(n)
χA P

(n)
t

)]Φχ

, (5.15)

where Eq. (5.1) tells us Φχ, and we will set PND = 0.1 for a 90% confidence exclusion. We

truncate the second sum in this equation at n = 103 – the regions we analyze do not predict

more than this number of scatters in the 5 nm mica detection region. PχA is obtained using

Eqs. (5.9) and (5.13):

P
(n)
χA =

e−〈τA〉〈τA〉n

n!
. (5.16)

As already mentioned, the track etching model presented in Ref. [231] predicts that P
(1)
t ≈

0.01, and so the probability of leaving a single (and no more than a single) track inside the
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Lx lengeth detection region after multiple nuclear recoils n is given by

P
(n)
t = n

(
P

(1)
t

)(
1− P

(1)
t

)n−1
. (5.17)

It remains to determine the probability that the dark matter has enough energy to

exceed the mica damage threshold, P (A)
E . We calculate this numerically. First we generate

a large number (N = 104) of initial dark matter entry angles, θe, and initial velocities, vi,

distributed according to Eqs. (5.6) and (5.3), respectively. Then following the procedure

laid out in Section 5.2, we calculate the corresponding kinetic energies of these dark matter

particles when they reach the mica slab as given by Eq. (5.5). For each of these energies, we

calculate their prospective deposited energy from Eq. (5.14). The fraction of these energies

that is greater than E
(A)
th defines P

(A)
E .

At sufficiently large mχ, we must also account for statistical variation in the expected

dark matter flux. Specifically, we must ensure that there is a 90% chance of a single track-

creating scattering event as before, while now accounting for the not-insignificant chance of

zero dark matter particles passing through the mica slab as Φχ → 1. To calculate this limit,

we modify Eq. (5.15) to account for statistical variation in Φχ, which will also be Poisson

distributed. Specifically, by recognizing that Φχ is actually the average dark matter number

flux, we can write the probability of having ϕχ dark matter particles go through the mica

over 0.5 Gyr as

P (ϕχ; Φχ) =
e−ΦχΦ

ϕχ
χ

ϕχ!
. (5.18)

With this, PND becomes

P high mass
ND =

∞∑
ϕχ=0

P (ϕχ; Φχ)

[
1−

∑
A

P
(A)
E

( ∞∑
n=1

P
(n)
χA P

(n)
t

)]ϕχ

. (5.19)
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We truncate this sum at ϕχ = 10Φχ, rounded up to the nearest integer. Due to computa-

tional limitations, we used Eq. (5.15) for mχ < 1017.5 GeV, and Eq. (5.19) for mχ ≥ 1017.5

GeV. With these equations, we find the values of σχN or σc for which PND = 0.1 for each

given mχ, and exclude all parameter space bounded by these values.

The blue limits in Figure 5.3 describe the regions in which mχ > 106 GeV and dark

matter scattering with the indicated cross-section can be excluded at 90% confidence level,

i.e. PND ≤ 0.1. We consider a spin-independent nucleon cross-section σ
(SI)
χN , a contact

cross-section σc, and spin-dependent proton and neutron cross-sections σ
(SD)
χp and σ

(SD)
χn

respectively. There are four primary factors that determine this exclusion’s boundaries:

1. The lowest cross-sections that we exclude are limited by likelihood of leaving one

track in the ∼ 5 nm readout region of the mica slab. For smaller cross-sections, the

expected number scattering events is small, and thus the likelihood of a detectable

track being created is small as well. To some extent, this limit is already implied by

extending the lower cross-section limit of Ref. [44] to high masses, but we note that

our reproduction of this bound validates our adaptation of the track etching model

from Ref. [231].

2. Most of the high cross-section limit is set by the maximum cross-section at which

the dark matter still has enough energy to leave a track when scattering against an

atom in the mica. At larger cross-sections, it will have lost too much energy from

scattering in the overburden before reaching the mica (as described in Sec. 5.2), to

leave a detectable track.

3. At the highest dark matter masses and cross-sections (upper right of the plot), the

exclusion region is limited by multi-scatter events. If dark matter scatters too much in

the Lx = 5 nm readout region, these events would have been discarded as background

in the analysis of [44].
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4. The highest dark matter masses in our exclusion region are flux limited. At sufficiently

high mχ, fewer than one dark matter particle is expected to have entered the mica

slab in its half gigayear lifetime.

5.4 High Mass Dark Matter Sensitivity from the Mica Monopole Search

Next, we revisit high mass dark matter exclusions using the mica monopole search laid out

in Ref. [26]. Some of the details of this exclusion will be different from those in Section

5.3, since in the monopole search [26] the energy threshold to create a track in the mica

was set not by single scattering events, but by multiple scattering events parameterized by

an energy deposition rate. Specifically, the energy deposition threshold, calibrated using

nuclear recoil data in [26] is given by

dE
dx

∣∣∣∣
th

' 7 GeV/cm
cos θm

. (5.20)

Here, θm is the zenith angle that a dark matter particle makes with the surface of the mica

slab. In terms of the Earth geometry already introduced, θm = π/2− θe − θ, which can be

verified by inspecting Figure 5.1. The total rate at which the dark matter with energy Eχ

deposits energy into the mica is [47]

dE
dx =

2Eχ

mχ

∑
A

µ2
χA

mA
nAσχA

' 1.5 GeV/cm
( σc
10−18 cm2

)( vχ
0.001

)2
, (5.21)

where µχA = mχmA/(mχ + mA) is the reduced mass of the dark matter and atom A.

If dE/dx > dE/dx|th for a given dark matter particle, a detection event is said to have

occurred. Since zero detection events were observed in the monopole mica search, as in

Section 5.3 we exclude dark matter models for which PND ≤ 0.1.

High mass dark matter. We start by considering dark matter masses high enough to
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Figure 5.3: High mass dark matter cross-section exclusions are shown, from new analyses
of mica monopole data [26] (red) and an etched mica WIMP search [44] (blue). Other
relevant exclusions are shown in grey. Top Left: Spin-independent DM-nucleon cross-
section exclusions. Juxtaposed limits include those from XENON1T [40] (see also LUX [45]
and PandaX-II [46]), DAMA [39], the CMB [22, 23], interstellar gas cloud measurements
[25, 42], and exclusions from detectors at the Skylab Space Station and the Ohya quarry
near Tokyo [47]. The dashed region is a prior estimate of the monopole mica exclusion [27].
Top Right: Contact cross-section exclusions. Juxtaposed limits include a new experiment
labelled Chicago [41], DAMA [39], detectors at the Skylab Space Station and the Ohya
quarry near Tokyo [47], and an interstellar gas cloud heating exclusion [42]. The latter
of these bounds reports re-scaled exclusions (from DM-nucleon to contact exclusions) for
XENON1T [18, 48], [26], and CDMS-I [49, 50]. The dashed region is a previous exclusion
estimate obtained in Ref. [28, 42]. Bottom Left: The spin-dependent DM-proton cross-
section exclusions, alongside DAMA [39] and CMB [22, 23] exclusions. Bottom Right:
The spin-dependent DM-neutron cross-section exclusions, alongside CMB exclusions [22,23].
Additional high mass spin-dependent bounds from underground experiments should be
obtainable using, e.g., existing XENON1T and PICO [51] data.

permit explicit simulation of the entire dark matter flux expected through the mica. Specif-

ically, for Φχ � 104, we can directly simulate these scenarios using less than 104 events for
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a given dark matter mass and cross-section, generated using the same method laid out in

Section 5.3. As can be verified by inspecting the total integrated flux at the mica monopole

search, cf. Eq. (5.1), this corresponds to masses mχ & 1023 GeV.

For each dark matter particle trajectory simulated (holding mass and cross-section con-

stant), we randomly selected an initial dark matter velocity from Eq. (5.3), as well as a

random trajectory θe from 104 events simulated as described in Section 5.3. Then, using

Eq. (5.5), we calculated the kinetic energy at the mica slab, to determine whether the par-

ticle would have been detected. We sampled a single trial flux by repeating this process

ϕχ times, where ϕχ is determined from Eq. (5.18). After generating 1000 trial fluxes for a

given dark matter cross-section and mass, we excluded a mass and cross-section pairing if

>90% of the trials generated any detection events at the monopole mica. The red excluded

region in Fig. 5.3 shows the region for which this criteria was met.
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Figure 5.4: The Earth entry angle along which dark matter most easily exceeds the mica
damage threshold, θexcl is plotted as a function of mχ for the case of dark matter with a
contact nuclear cross-section (σc) and a spin-independent nucleon cross-section (σ(SI)

χN ). The
(upper) yellow lines correspond to a low cross-section bound, where longer paths through
the overburden permit a more perpendicular impact with the mica. A more perpendicular
impact with the mica allows for etching to become evident at a lower threshold scattering
energy, Eq. (5.21). The (lower) blue lines correspond to a high cross-section bound, which
requires a shorter path through the Earth overburden. Both lines show moving averages of
10 actual (mχ, θexcl) pairs.

Low mass dark matter. For dark matter masses mχ ≤ 1023 GeV it was untenable to

simulate the entire dark matter flux explicitly. To obtain a bound in this regime, we used
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an expression for for the energy deposition rate of dark matter into the mica detector (D)

after traversing an overburden (O) [47]

dE
dx =

2Ei

mχ

(∑
A⊂D

µ2
χA

mA
nAσχA

)
exp

(
− 2

mχ

∑
A⊂O

µ2
χA

mA
τA

)
. (5.22)

This formula relies on a single dark matter energy at Earth’s surface, Ei, and a single dark

matter trajectory, parameterized by τA, which in turn depends depends on θe in Figure 5.1.

When Φχ is relatively large (as it is for lower dark matter masses), the limiting cross-section

will be determined by the cross-section for which a small number of dark matter particles

travel along optimal trajectories that result in an etched track at the monopole mica search.

Specifically, there will be a certain angle θe, that minimizes scattering in the overburden,

while still allowing for the dark matter to trigger the etched mica search, given that θe also

affects the threshold cross-section for creating etchable damage in mica, cf. Eq. (5.21).

To set our lower mass exclusions we fixed mχ, and then scanned over cross-section

values σtest, comparing dE/dx to dE/dx|th for all values of θe. If, for example for all θe,

dE/dx < dE/dx|th, this σtest could not be excluded. On the other hand, if there existed

even a very narrow range of θe for which dE/dx > dE/dx|th (but still wide enough such

that more than one heavy dark matter particle satisfying this condition would intercept the

mica over 500 Myr), then σtest was excluded. The σtest for which dE/dx = dE/dx|th over a

small range of θe is the cross-section that defines the border to the excluded region. We call

the smaller angle bounding this range θexcl. To illustrate this method, we show this angle as

a function of mχ in Figure 5.4, for spin-independent and contact cross-sections with nuclei.

There are two sets of solutions. One set of solutions minimizes overburden scattering at

high cross-section, corresponding to small θe. The second set of solutions tends towards a

wider angle that gives a more perpendicular dark matter impact with the mica, to allow

for etchable damage to occur at lower scattering cross-sections (note in Eq. (5.21) that the

mica threshold is a function of entry angle). We note that the exclusions set using this
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method, agree with the Monte Carlo method used for high mass dark matter. Both are

shown in Figure 5.3, where bounds set using the two methods join at mχ = 1023 GeV. The

union of these exclusions is shown in red in Figure 5.3.

5.5 Discussion

Using ancient mica data laid out in [26, 44], we have obtained new bounds on heavy dark

matter for masses up to 1025 GeV for spin-independent, spin-dependent, and contact inter-

actions. To obtain accurate limits we undertook detailed calculations of Earth’s overburden,

and recalibrated ancient mica data for use with simplified models of superheavy dark matter

interactions with nuclei. Our findings provide some interesting insights into the behaviour

of ancient mineral exclusions in multiscatter and flux-limited regimes, especially using data

from the mica search for monopoles [26]. Furthermore, we found that the finer-grained

ancient etched mica data in [44] can place bounds on rather heavy dark matter that only

scatters once inside a thin mica slab.

It is striking that ancient etched mica data collected decades ago still places world-

leading bounds on models of large composite dark matter interactions with nuclei. In

future, it would be interesting to study how sensitive these mica searches are for models

of large composite states that couple very weakly to the Standard Model through a light

mediator [203]. This work has particularly shown the utility of minerals with archaeological-

scale exposures, as a detection bed for very rare interactions of high mass dark matter. As

such, a dedicated effort to use minerals and other long-lived materials as low-background

dark matter detectors will be a fruitful and useful endeavour in exploring the high mass,

high cross-section, and composite dark matter frontiers.
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Chapter 6

Summary and Conclusions

6.1 Summary

Despite copious gravitational evidence for dark matter, and despite its apparent abundance

in the universe, its mass and the nature of its interactions with the standard model remain

a mystery, despite broad theoretical and experimental efforts to detect it. Chapter 1 offers

a brief introduction to dark matter, followed by a more technical discussion of various dark

matter models, concepts, and relevant physical phenomena in Chapter 2.

Because the amount of dark matter that traverses an object is proportional to its surface

area, significant amounts of dark matter is expected to have passed through large astrophys-

ical bodies such as planets and stars over their lifetime. Weakly interacting dark matter

passing through these bodies would be largely inconsequential, but more strongly interact-

ing dark matter could lead to various signatures as a result of these transits. If there exist

equal parts dark matter and anti-dark matter in the universe, heats signatures from dark

matter annihilations could be created inside of the Earth and Mars. The absence of these

anomalous signatures therefor allows for the exclusion of dark matter models that would

have created them, as described in Chapter 3. Modelling these signatures involves Monte-

Carlo simulations of the gravitational capture of dark matter by these planets through

repeated scattering events against their constituents, as well as analytical calculations of
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their self-annihilation rates.

Chapter 4 uses an analytical method to calculate gravitational capture of dark matter

in the Earth and Sun, which allows for even extremely low capture rates to be calculated

effectively. This is important because, if there is negligible anti-dark matter in the uni-

verse (as there is anti-baryonic matter), then captured dark matter could accumulate inside

these bodies, thermalize, and collapse into a black hole, processes which are all modelled

analytically. Dark matter models that would have formed a black hole within the Earth or

Sun that would have destroyed its host body can be excluded, although some black holes

evaporate through Hawking radiation faster than they grow. These black holes could create

the same anomalous heat flow in the Earth as Chapter 3, which can be excluded, but could

also create neutrinos in the Sun that can be detected by neutrino detectors on Earth, such

as IceCube.

Finally, Chapter 5 describes how dark matter models can be excluded based on the lack

of tracks in half-a-billion year-old mica. These limits are set using standard calculations

of dark matter scattering within the mica, but also employ extremely detailed modelling

of dark matter’s energy loss inside the Earth’s crust and mantle as it travels to the mica.

Cumulatively, these exclusions are on the cutting edge of the high-mass, strongly-interacting

dark matter parameter space, and have employed numerical and analytical methods that

can be used by future generations of physicists to yield more accurate results.

6.2 Suggestions for Future Work

The work detailed in Chapter 3 leaves room for some minor updates, as well as some major

ones. I will first detail the less significant updates. One easy improvement to make on this

work would be employing the capture rate calculation from Chapter 4 would be a slight

improvement, but would likely not result in any deviation from the current results, since

the fraction of dark matter particles that must be captured to heat the Earth is reasonably
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large (O(1%)) and thus can be easily modelled using a Monte-Carlo approach. It would also

be worthwhile to recreate these results using a contact cross-section model as described in

Section 2.4.3 and studied in Chapter 4 and Chapter 5. Furthermore, as new measurements

of Mars’ heat flow are taken, the bounds set can be modified (and likely improved, as this

work used extremely conservative heat flow estimates).

More significantly, the bounds in Chapter 3 are cutoff at mχ ∼ 0.1 GeV, as this is

when particles are light enough to evaporate. However, for higher scattering cross-sections,

most of the would-be evaporated dark matter would most likely be re-captured by repeated

scattering events as it exited the Earth. Furthermore, because these particles are extremely

light, the scattering angles would often redirect them back into their host planet, making

re-capture a near certainty. This, in conjunction with the fact that the thermalized dark

matter sphere would have some density profile which was not accounted for, leaves room

for future numerical work finding the low-mχ parameter space in which dark matter can be

excluded with this more detailed treatment.

Chapter 4 is more rigorous in its calculations, and thus there are very few improvements

to be made on the work that is already done. The capture rate could be modified slightly

by accounting for gravitational focussing (see Refs. [79,116,164–166]), as well as statistical

variations in scattering angles and number of scattering events, although these will likely be

minor changes. More interesting are the possibilities for using these results to study dark

matter in different ways. For one, a dedicated search for neutrinos created by evaporating

black holes in the Earth and Sun formed from dark matter would probe new parameter

space. Furthermore, these black holes could alter the composition or fusion rate of the Sun

that may be significant, or they could cause changes in the Sun’s oscillation that could

be detected by helioseismologists. This allows experimentalists new tools in searching for

high-mass, strongly-interacting dark matter.

Chapter 5 does not itself offer much novelty, but it does show that ancient minerals are

able to set competitive bounds on high-mass dark matter by virtue of their extremely long
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exposure times. It is possible that other minerals are even better dark matter detectors,

and their future analysis could offer new dark matter exclusions. These exclusions would

be useful in particular because they would be less model-dependent than the other works

discussed in this thesis, since they would apply to both symmetric and asymmetric dark

matter.
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Appendix A

Full Exclusion Limits

Below we detail Earth heat flow bounds, and prospective Mars bounds, for s-wave, p-wave,

and impeded DM self-annihilation cross sections, σχχ̄, as labelled. For ease of comparison

and consistency we have truncated all bounds at mχ = 1010 GeV, which is an s-wave

unitarity limit on the equilibration annihilation cross section as first advocated in [17].

Subject to DM model building considerations, all bounds could be consistently extended to

higher masses.
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A.1. S-WAVE ANNIHILATION

A.1 S-wave annihilation
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Figure A.1: Spin-independent DM-nucleon Earth (left) and prospective Mars (right) heating
exclusion limits for DM s-wave self-annihilation cross sections σχχ̄ as labelled.
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Figure A.2: Spin-dependent DM-nucleon Earth (left) and prospective Mars (right) heating
exclusion limits for DM s-wave self-annihilation cross sections σχχ̄ as labelled, assuming
equal spin-dependent coupling to neutrons and protons, aka isospin-independent scattering
with an = ap = 1 in Eq. (3.7).
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Figure A.3: Spin-dependent DM-nucleon Earth (left) and prospective Mars (right) heating
exclusion limits for DM s-wave self-annihilation cross sections σχχ̄ as labelled, assuming
spin-dependent coupling to protons, with ap = 1 and an = 0 in Eq. (3.7).
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A.2. P-WAVE ANNIHILATION
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Figure A.4: Spin-dependent DM-nucleon Earth (left) and prospective Mars (right) heating
exclusion limits for DM s-wave self-annihilation cross sections σχχ̄ as labelled, assuming
spin-dependent coupling to neutrons, with ap = 0 and an = 1 in Eq. (3.7).

A.2 P-wave annihilation
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Figure A.5: Spin-independent DM-nucleon Earth (left) and prospective Mars (right) heating
exclusion limits for DM p-wave self-annihilation cross sections σχχ̄ as labelled.
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Figure A.6: Spin-dependent DM-nucleon Earth (left) and prospective Mars (right) heating
exclusion limits for DM p-wave self-annihilation cross sections σχχ̄ as labelled, assuming
equal spin-dependent coupling to neutrons and protons, aka isospin-independent scattering
with an = ap = 1 in Eq. (3.7).
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Figure A.7: Spin-dependent DM-nucleon Earth (left) and prospective Mars (right) heating
exclusion limits for DM p-wave self-annihilation cross sections σχχ̄ as labelled, assuming
spin-dependent coupling to protons, with ap = 1 and an = 0 in Eq. (3.7).
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Figure A.8: Spin-dependent DM-nucleon Earth (left) and prospective Mars (right) heating
exclusion limits for DM p-wave self-annihilation cross sections σχχ̄ as labelled, assuming
spin-dependent coupling to neutrons, with ap = 0 and an = 1 in Eq. (3.7).
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Figure A.10: Spin-dependent DM-nucleon Earth (left) and prospective Mars (right) heating
exclusion limits for DM impeded self-annihilation cross sections σχχ̄ as labelled, assuming
equal spin-dependent coupling to neutrons and protons, aka isospin-independent scattering
with an = ap = 1 in Eq. (3.7).
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Figure A.11: Spin-dependent DM-nucleon Earth (left) and prospective Mars (right) heating
exclusion limits for DM impeded self-annihilation cross sections σχχ̄ as labelled, assuming
spin-dependent coupling to protons, with ap = 1 and an = 0 in Eq. (3.7).
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Figure A.12: Spin-dependent DM-nucleon Earth (left) and prospective Mars (right) heating
exclusion limits for DM impeded self-annihilation cross sections σχχ̄ as labelled, assuming
spin-dependent coupling to neutrons, with ap = 0 and an = 1 in Eq. (3.7).
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Appendix B

Capture rate scaling

In this appendix, we give more details on the way in which our estimate of the dark matter

capture rate differs from past work in Ref. [171]. The main addition we have implemented

in Eq. (4.5) compared to Ref. [171] is the boost that dark matter particles obtain as they

fall into the gravitational potential of the Sun or Earth.

To understand the impact of this correction, let us contrast the uncorrected flux-

normalized dark matter velocity distribution, f(v), to the corrected one, f(
√
v2 − v2e) ≡

f(u). For clarity, in this appendix we treat these distributions as function of v = |v| only, ne-

glecting the angular dependence arising from the solar system’s motion relative to the Milky

Way’s dark matter halo. When σχN is large so that an O(1) fraction of all dark matter parti-

cles crossing the Sun or Earth is being captured, the number of captured dark matter parti-

cles is nearly independent of the gravitational boost, that is
∫ vmax
ve

d3v f(u) '
∫ vmax
ve

d3v f(v).

The reason is that in this case, v � ve over most of the integration region, and thus√
v2 − v2e ' v. However, when σχN is small, and therefore the only the slowest dark mat-

ter particles can be captured, we see a significant difference. This can be understood by

considering the limit u → 0 (and therefore v → ve), where we find that

f(u)|v→ve ∼ v3/2e u3/2 , f(v)|v→ve ∼ v3. (B.1)
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We can see the results of this difference when comparing our capture rates plotted in Fig. 4.3

to Fig. 1 of Albuquerque et al. [171]. The number of dark matter particles captured per

second (Cχ) is the same between these two results at high σχN , but differs at lower σχN as

slopes converge to their asymptotic values from Eq. (B.1).

As for the exclusion limits on σχN as a function of mχ, Eqs. (4.12) and (B.1) together

tell us that

u(v→ve)
max ∝

σχN
mχ

, (B.2)

where we work in the limit mχ � mj and we use the notation from Section 4.2.3, with

L the distance traveled inside the Sun or Earth, mj the mass of the target nuclei, and nj

their number density. Integrating over the dark matter velocity distribution to obtain the

capture probability as in Eqs. (4.13) and (4.14), but using our new definitions, we find that

if we use f(u), the captured dark matter mass after a given time interval obeys the scaling

M (f(u))
cap ∝

(
σχN
mχ

)5/2

, (B.3)

and if we use f(v), it scales as

M (f(v))
cap ∝

(
σχN
mχ

)4

. (B.4)

The scaling behavior of M (f(u))
cap is consistent with the scaling observed in Fig. 4.3 and the

corresponding fitting functions, Eqs. (4.16) to (4.19), in the high-mass limit once we take

into account the fact that the captured mass is proportional to the capture rate times the

DM masse, Mcap ∝ Cχmχ.

Recalling from Section 4.4.1 that the critical mass for collapse scales as Mcrit ∝ m
−3/2
χ

(in the absence of Pauli blocking), and equating Mcap to Mcrit, we can find the minimum

excluded cross-section at large mχ (and therefore low capture probability). It turns out to
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scale as

σ
(f(u))
χN ∝ m2/5

χ (B.5)

when using f(u) and thus taking into account dark matter acceleration in the Sun’s or

Earth’s gravitational field, and as

σ
(f(v))
χN ∼ m5/8

χ (B.6)

when this extra acceleration is neglected and we simply work with the uncorrected f(v).
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Appendix C

Velocity scaling of the energy loss rate

In this appendix, we justify how the velocity scaling of the energy loss rate in the inertial

and viscous regime is obtained, cf. Eqs. (4.34) and (4.35), respectively. For simplicity, we

consider one-dimensional motion and non-relativistic kinematics. The full three-dimensional

treatment using a Maxwell velocity distribution for the nuclei yields the same velocity

scalings in the energy transfer rate, modulo an ∼ O(1) factor from the angular integration.

It is convenient to introduce two different frames: the star or planetary rest frame, and

the dark matter rest frame. Depending on the relative motion of the dark matter particle

with respect to nuclei, it can either forward-scatter (increasing its velocity) or back-scatter

(decreasing or reversing its velocity), as illustrated in Fig. C.1. The energy transfer in each

process is computed assuming the scattering is elastic. Forward scattering occurs only when

the dark matter particle is moving slower than the thermal motion of the nuclei. As we

show below, this leads to the velocity scaling ∼ v2χvj in the viscous regime, cf. Eq. (4.35).

In the dark matter rest frame, conservation of the total kinetic energy dictates

p2j
2mj

=
p′2j
2mj

+
p′2χ
2mχ

, , (C.1)

where mj , pj = mjvj , and p′j = mjv
′
j are, respectively, the mass, initial momentum, and

final momentum of the target nucleus, mχ is the dark matter mass, and p′χ = mχv
′
χ is the
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Figure C.1: A schematic describing the one-dimensional kinematics of DM–nucleus scatter-
ing used in this appendix, which details the velocity scalings for DM energy loss in viscous
and inertial regimes. All diagrams depict the initial state of the scattering process, both in
the stellar or planetary rest frame (left) and in the dark matter particle’s rest frame (right).

dark matter’s final momentum. On the other hand, conservation of momentum imposes

pj = p′j + p′χ . (C.2)

Combining Eqs. (C.1) and (C.2) yields

p2j
2mj

=
(pj − p′χ)

2

2mj
+

p′2χ
2mχ

, (C.3)

from which we solve for the dark matter’s final velocity,

2vj = mχv
′
χ

(
1

mj
+

1

mχ

)
→ v′χ =

2vj
mχ

µ(mj) . (C.4)

Here, the quantity µ(mj) is the reduced mass of the dark matter–nucleus system.
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Boosting Eq. (C.4) back to the stellar or planetary rest frame gives

v′χ = vχ +
2(vj − vχ)

mχ
µ(mj), , (C.5)

and from this expression, we can compute the energy transfer in a single scatter in the

stellar or planetary rest frame:

∆E =
mχ

2
(v′2χ − v2χ) =

mχ

2

(
4vχ(vj − vχ)

mχ
µ(mj) +

4(vj − vχ)
2

m2
χ

[µ(mj)]
2

)
= 2(vj − vχ)

(
vχ +

vj − vχ
mχ

µ(mj)

)
µ(mj) . (C.6)

The energy loss rate is approximately given by the product of the scattering frequency

njσχj |vrel| multiplied by the energy loss per scatter, i.e. Ė = njσχj |vrel|∆E. Here, |vrel| =

|vj − vχ| is the relative velocity in the DM–nucleus system. Since the dark matter enters

the viscous regime in the final stages of thermalization, nj and T are the number density

and temperature at the core of the stellar object. We obtain

dE

dt
= 2njσχj |vj − vχ|(vj − vχ)

(
vχ +

vj − vχ
mχ

µ(mj)

)
µ(mj) . (C.7)

In the case that vj � vχ (inertial regime), we can drop vj from this expression. Assuming

moreover mχ � mj , this leads to

dE

dt
∼ −mjnjσχjv

3
χ , (C.8)

justifying Eq. (4.34).

In contrast, when the dark matter is moving slowly compared to the thermal speed of

the nuclei, Eq. (C.7) can be simplified by using |vj | � vχ, but also noting that the average

over all target nuclei, 〈vj〉, vanishes. As we are really interested in the average energy loss

rate, we can therefore drop all terms that change sign under the replacement vj → −vj ,
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and replace vj by its average thermal value v
(j)
th =

√
3T/mj in all other terms. The result

is

〈
dE

dt

〉
∼ −mjnjσχjv

(j)
th v2χ , (C.9)

reproducing Eq. (4.35). In Eq. (4.35), we have not explicitly indicated the thermal average

〈·〉 to simplify the notation.
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Appendix D

Earth and Mica Slab Geometry

This appendix details the geometry shown in Figure 5.1. With R⊕ = 6371 km defined as

the radius of the Earth and θe as the polar angle defined clockwise from the y-axis about

the Earth, P0 = R⊕(sin θe, cos θe) is the point where the dark matter enters the Earth,

P1 = (0, 0) is the center of the Earth, P2 = (0, R⊕ − d−Ly) is the bottom end of the mica,

and P3 = (0, R⊕ − d) is the top end of the mica. We connect P0 to P1, P2, and P3 with

`1, `2, and `3 respectively (i.e. `n = Pi − P0 for i ∈ {1, 2, 3}). The angles θ1 and θ2 defined

between `1 and `2, `2 and `3 respectively are

θ1(θe) = arccos

[
`1 · `2
|`1||`2|

]
= arccos

 R⊕ + (d+ Ly −R⊕) cos θe√
(d+ Ly −R⊕ cos θe)2 +R2

⊕ sin2 θe

 , (D.1)

θ2(θe) = arccos

[
`1 · `3
|`1||`3|

]
= arccos

 R⊕ + (d−R⊕) cos θe√
(d−R⊕ cos θe)2 +R2

⊕ sin2 θe

 . (D.2)

The angle between a straight line drawn from P0 to the center of the mica slab is

θ = arcsin

 R⊕ − d− Ly/2√
R2

⊕ sin2 θe + (R⊕ − d− Ly/2−R⊕ cos θe)2
sin θe

 . (D.3)
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