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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.
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I. INTRODUCTION

The existence of dark matter (DM) has been established through its gravitational interactions
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 compelling 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 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 transit 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 temperature 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 im-
mediately 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 [IH3], in which the dark matter sector features a particle-anti-particle asym-
metry 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 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, [4-27] (for related thermal signatures of
dark matter in stars, see e.g. [28-442]). Previously, the possibility that heavy dark matter could
form a black hole in the Earth was mentioned in Ref. [43], 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 [44], 45].

The outline of the paper is as follows: we begin in Section [[I] with the computation of the dark
matter capture rates in the Sun and the Earth, followed in Section [[T]] by a discussion of the dark
matter thermalization process. In Section [[V] we then derive the conditions under which the dark
matter core collapses, and the evolution of the resulting black hole. In Section [V we elaborate
on neutrino signatures of evaporating black holes, before presenting and discussing our results in
Section [VIl We summarize and conclude in Section [VII

II. 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.



A. Dark matter models and energy loss in scattering

Before proceeding, it will be helpful to outline the classes of dark matter models considered
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 [2, [3, 46]. 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 [47], for which the dark matter scattering cross-section o,; on a nucleus of mass number
Aj is related to the DM-nucleon cross-section o, through the relation

2
p(my) my>m;
UXj = A?(M(mjv)> O'XN —)X J A?O’XN . (1)

Here, pu(mn) (pu(my)) 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 have used the fact
that m; < m, 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. for our subsequent
discussion is the scaling of the DM-nucleus cross-section with A?. 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 n; will lose energy at a rate given by

dE ]2

o = anaxjv (Wv2> . (isotope-dependent DM—nucleus scattering) (2)
: m;j
J

The term in parentheses gives the average energy loss the dark matter particle suffers in a single
DM-nucleus scattering process [22] [4§].

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. [49H51]. 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 o, 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. [43],[52H54]. The rate of kinetic energy loss experienced by a dark matter particle with isotope-
independent scattering cross-section moving through nuclei with number density n; will once again
be given by Eq. . In the limit m, > m;, this expression can now be further simplified to

dE >mj . . .
r I, peoe®, (isotope-independent DM-nucleus scattering) (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, p,, but not on its chemical composition.
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Figure 1. The solar and terrestrial density (black) and temperature (blue) profiles used in this work. These
are taken from Refs. [55] for the Sun, and from Refs. [57), 63H65] for the Earth. The Sun and Earth radii
are Ro ~ 6.96 x 10'° cm and Rg ~ 6.371 x 10% cm, respectively.

B. Density, chemical composition, and temperature profiles of the Sun and Earth

To accurately compute the dark matter energy loss rate via nuclear scattering, which determines
its capture and thermalization, we need as inputs the density, chemical composition, and tempera-
ture 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. [55], and take the Sun as made
of 27.8% 4He by number, with the rest being 'H [56]. Using this *He 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. [45], based on the density profile of the Preliminary Reference
Earth Model (PREM) from Ref. [57], the compositional profiles of Refs. [58-62], and a temperature
profile comprised of the maximum temperature of Refs. [63H65] for any given radius. We use the
maximum temperature because this 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. [1}

C. Calculation of the capture rate

The capture of dark matter particles in stars and planets has been an active research topic
since the 1980s [66H69], with a number of papers developing a detailed formalism for calculating



the capture rate, including both capture through single scattering and through multiple scattering
[70H72]. Here, we follow a slightly more modern semi-analytic approach (outlined in Ref. [45]),
which allows in particular for multiple scattering along different trajectories, with variable material
composition along the trajectory. In this approach, we assume the following:

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. |4} [70], [73-75].

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, m, > m;, 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 [47]

~3 ~92
ul0) = e (- ). (W
corresponding to a flux-weighted Maxwell-Boltzmann distribution. Here, ¥ denotes the velocity in
the rest-frame of the galaxy, and vg = 220km/s characterizes the dark matter velocity dispersion
[76H78]. We have set the normalization of fu(0) such that [° fo(0)dd = 1. For our purpose of
calculating heavy dark matter capture on the Earth and Sun, we must make a few improvements to
Eq. (). First, we use a Heaviside © function of the form ©(vey — o) to ensure that the dark matter
velocity is below the galactic escape velocity, vey = 528 km/s at the Sun’s location, ~ 8.3 kpc away
from the Galactic Center [79]. Second, to account for the velocity vy¢ of the solar system with
respect to the rest-frame of the galaxy, we need to shift the Boltzmann exponent in the standard
way [47] by replacing ¥ — |v 4+ vy¢|. 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 © function to enforce the galactic escape velocity cutoff [80]. Finally,
as dark matter particles approach a star or planet, they are accelerated in its gravitational field so
that, upon reaching the surface, they are moving at least at the escape velocity, ve ~ 42km/s for
the Sun and v, ~ 11.2km/s for the Earth [73]. To account for this, we must shift the modulus of the
dark matter velocity according to v? — v? — v2, and use a Heaviside © function to exclude speeds
less than v.. Consequently, the flux-weighted velocity distribution at the surface, now expressed in
the Sun’s or Earth’s rest frame, is

02 — p2)3/2 2
(]V:) exp < — ’U%) @(U — Ue) G(Ueg - @) > (5)

fe(v) =
with

62Ev2—v§+v3f+2vrf\/v2—v§ cos ¢ (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. (f]), N.



Figure 2. A schematic representation of the trajectory of a dark matter particle entering the Sun or Earth
with an angle 6 as measured from the normal to the surface.

is a normalizing factor that enforces fooo f«(v)dvdcos¢ = 1, and ¢ 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 vy = |vy| = 230km/s [76, [77]. Using the shifted distribution from Eq. (5| instead of
the unshifted Maxwell-Boltzmann distribution is a departure from some analyses in the literature
(see for instance Ref. [81]). The local gravitational acceleration of the dark matter particles to
a velocity of at least v, 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 is efficient for all dark matter particles, the difference between v? and v? — v2 is on average
negligible, see Appendix [A] 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 6, 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. [2| the relation between L and 6 is
L = 2R, cosf, where R, is the radius of the star or planet. When travelling through a material of
constant number density, n;, a dark matter particle will scatter an average of

Tj = njoy; L (7)
times against an element of the species indexed by j. 7; is called the optical depth of the particle

through the medium. In the case of a radially symmetric density profile, n; = n;(r), this equation
becomes

L
Tj = / n;j(r)oy; dl, (8)
0

where r = \/ 12 + R2 — 2[R, cosf is the distance from the star’s or planet’s center at a given point
[ along the trajectory.

After a single scatter, the final state velocity vy of the dark matter particle as a function of its
initial velocity v; is

where



and z € [0,1] is a kinematic factor determined by the scattering angle. We set z = 1/2 in the
following [45, [82]. Combining Eqs. and @, we find that the final velocity of a dark matter
particle after traversing the whole star or planet is

vp=v [J@ = 285772 (11)

J

For the particle to be captured, we require vy < v.. The maximum initial velocity (upon entering
the star or planet) at which a dark matter particle will be captured is therefore

Ve

Umax = Hj(l _ Zﬁ;_)Tj/z ’

(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 v.), to vmax then yields the
percentage Pe,p of dark matter particles captured:

Peap = /vmaxdv /_lldcos¢f(v) . (13)

Finally, to find the total mass M, of all dark matter particles captured over the lifetime 7, ~
10° yrs of the stellar body, we multiply Peap by T, by the geometric cross-section 47 R?, by the
local dark matter density p, ~ 0.3 GeV/cm3 [83H85], and by the average velocity (v,) ~ 320km/s
of dark matter particles entering the stellar body. We then integrate over all possible angles 6 to
find

w/2
Meap = 47 R? (0,) p\ T / 25in(6) cos(6) Peap d6 . (14)
0

Here, the factor 2sinf cos accounts for the solid angle normalization of the entry velocities [45].
It takes into account the fraction of the solid angle covered by an angular interval df as well as the
fact that particles arriving under a shallow angle (6 ~ 7/2) are spread out over a larger surface
area. The integral in Eq. must be computed numerically due to the complicated dependence
of Peap on 0.

The capture rate, defined as the number of dark matter particles captured per unit time, is
finally given by

Meap
CX mxﬂ ( 5)

In Fig. |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 m, for various values of the scattering cross-section, o, for
isotope-dependent DM—nucleus scattering (left panel) and o, for isotope-independent dark matter
(right panel). We distinguish two qualitatively different regions in these plots: at low m,,, capture
is so efficient that almost all dark matter particles that enter the Sun or Earth are captured. At
large m,, 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. [3|in these two regimes. The resulting approximate expressions
for the capture rates using isotope-dependent (Cy ) and isotope-independent (C.) cross-sections



10% 0% Sy, Oc

106+ 106+

BN

Dark matter capture rate C, [s ~']

10714 10714
10734L ‘ i i i i 1 10734L ‘ ‘ ‘ ‘ i
1000 105 10 102 10" 10 1000 106 10° 102 10" 10'®
Dark matter mass m, [GeV] Dark matter mass m, [GeV]

Figure 3. Dark matter capture rates for the two scenarios introduced in Section [[TA] namely isotope-
dependent scattering as for standard spin-independent couplings (left panel) and isotope-independent scat-
tering 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 oy (0¢), as indicated in the plot. For the Sun, we have used the stellar 4He and 'H density profile
given in Ref. [55], while for the Earth’s density and composition we follow Ref. [45].
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An analytic derivation of the scaling behavior observed here is given in Appendix [A]

Comparing the capture rates for isotope-independent and isotope-dependent dark matter scat-
tering, we observe from Fig. [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. , 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.
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IIT. DARK MATTER THERMALIZATION

After being gravitationally captured, a dark matter particle follows a closed orbit that inter-
sects with the stellar object. The subsequent thermalization with the surrounding ordinary matter
proceeds in a two-stage process [80]: 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 con-
tinue 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 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 [ITCl

A. 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. , the average energy loss a dark matter particle
experiences when scattering off a nucleus of type j is [22] [86]
my>>m(r) Qmj (T) 2mj(r)
Eyin =
my my

AE

[E —myo(r)] . (20)

In the last equality, we have expressed the dark matter particle’s kinetic energy, Fyi,, in terms of
its total energy, F, and the gravitational potential,

GM. [T GM()
o(r) = ——p- +/R m(r)d’"- (21)

Here, M(r) = fg 47, (r') dr’ is the stellar or planetary mass enclosed in a sphere of radius r,
numerically computed from the profiles displayed in Fig. |1} and M, = M(R,) is the total mass. In
Eq. , we assume for simplicity that, at any given radius r < R, scattering occurs only on a single
species of nuclei, hence the dependence on 7 in m;(r). In the case of the Earth, this most abundant
element is °°Fe in the core and %0 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).

We compute the average energy loss per scatter by integrating Eq. over the size of the
stellar body:

(AE), = };* ; 2my;(r) <ni - gb(r)) dr. (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. to introduce an O(1) error.
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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

At =27 [7"2;(]\52]3 , (23)

with the periapsis distance (i.e. the minimum distance to the center of gravity along the orbit)
given by
GM,m,
T
The average energy loss rate during the first thermalization phase is obtained by taking the ratio

of Eqgs. and , and multiplying by the optical depth 7 to account for the average number of
scatters in a single crossing of the star or planet:

rp(E) = (24)

dE T(AE),
D ORI St ol 25
dt At (25)
It is convenient to express this energy loss rate in terms of the dimensionless variable
E R*
= —— 26
¢ my GM,.’ (26)
so that the periapsis distance becomes rp(e) = —R, /e, and the orbital period turns into
3/2
Ry _3
At = 2w |73/ 27
o 27)
For the energy loss rate, we arrive at
de T(A€),
- 28
dt At (28)
with
1 [f2m;(r) R.¢(r)
Ae), = — 2 - dr. 29
(A R*Omx<6 o, )" (29)
Equation (25) or Eq. must be numerically integrated from an initial energy
2m; G M,
(6 = —2mj/m,), corresponding to the dark matter scattering once at the surface after being

captured, to a final energy Ey = —GM,m, /R, (e = —1) given by the binding energy at the
surface. For energies smaller than E, 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.

We now compute the duration of the first thermalization stage in the case of capture in the Sun.
In this case, m;(r) = m; ~ 0.93 GeV throughout the star. We find

A0 _ ﬂRé/QmX ! de
T romi /G My 2 €3/2(2.38 — €)
mx
3/2 —54 2
m 107°%* cm
~ 4.9 x 107 X _ e 31
8 yrsx<107GeV> < TN ) 3y
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where the second equality holds in the limit m, > m,. We have expressed the optical depth in
terms of the DM-nucleon scattering cross-section as 7 & oy /(10734 cm?). The numerical factor
in the integrand corresponds to the radial average of the gravitational potential ¢(r), i.e. the second
term in Eq. . If we had assumed a homogeneous density profile, this numerical factor would
have evaluated exactly to 4/3, see e.g. |22, [86].

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,

3
_ m 2
USN Z ].0 47 Cm2 <107(§e\/> s (Sun) (32)
3
2
O';?N > 1072 cm? <10;n(§e\/> . (Earth) (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 1 Gyr (cf. Fig. [10| below). The estimates from Egs.
and hold for isotope-dependent dark matter—nucleus cross-sections. For isotopes-independent
cross-sections, the constraint on O';DN remains essentially unchanged, while the one on afN 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.

B. 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[[ITA] 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/mx < \/3T/mj since my > m;.
In other words, dark matter particles start the second thermalization stage in an “inertial” regime
where v, > vj, but complete it in a “viscous” regime where v, < v; [22, 23].

In the inertial regime, energy is lost at a rate that is completely dominated by the dark matter
velocity,

dE
o ~ —pjaxjvi , (inertial regime) (34)
inertial

In the viscous regime, in contrast, energy is lost at a much lower rate given by

dE ;
r ~ —pjaxjvt(fl)vi . (viscous regime) (35)
viscous

More details on the derivation of these equations are given in Appendix [B] The hierarchy between
these two rates can be appreciated by considering that v, for a particle just entering the second ther-
malization stage is comparable to the escape velocity at the surface, so that ”?c ~ (2GMy/Re)3/% ~
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1078 for the Sun. Close to completion of thermalization in the viscous regime, on the other hand,
the average dark matter speed is vy, ~ /3T/m,, and vt(fl)vf( ~ 1071 x (10" GeV/m,). 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 vi = (2/my)(E — ¢(0)) in Eq. , 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 » = 0), which is of order ~ —0.2GM,m, /R,. We thus have to solve

dE
7 = —Ttherm X (E — ¢(0)), (36)

with the characteristic thermalization rate

)
2p504,4v
I‘therm = M . (37)
My
The general solution to Eq. is
E(t) = $(0) + (B; — $(0)) e Tibermt (38)

where the initial energy of the dark matter particle is E; = ¢(0) + (m,/2m;)T, corresponding to a
dark matter particle moving as fast as the surrounding nuclei. The final energy when thermalization
is complete will be Ef = ¢(0) 4 37'/2. This sets the timescale for second thermalization,

(II) 1 E; — ¢(0)} My [ my ]
tn = Uiperm log[ = ~ log . 39
o o Ey —¢(0) 2pj0xjvt(1]1) 3m; (#9)

As we will see below in Section [VB] a very similar expression also sets an upper bound on 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 .

For completeness, we note that the preceding treatment has not considered the possibility 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 nuclear separation in both cases.

For instance, in the Sun, the smallest momentum exchange is set by ¢ =~ mjvéﬁ) ~ 1MeV, which

is much larger than the inverse particle separation njl./ 3 < 5x108%ecm™! ~ 10keV at the core.
Therefore, elastic DM—nucleus scattering is the main energy loss channel.

C. 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
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cross-section because the time it takes them to drift towards the core can be much longer [5, 43-45].
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.

Following refs. [5, 43H45], we start from the equilibrium condition between the gravitational and
viscous drag forces,

GM(r)my _UX[ZHJ r)ymy (oo >>}, (40)

T

where M (r) is once again the mass contained within a shell of radius 7. Note that the viscous
drag force can be directly obtained by taking the derlvatlve of Eq. . ) with respect to v,. Using
vy, = Or/0t as well as vy, ~ /3T /m;, we integrate Eq. to estimate the drift time as a function
of the cross-section:

tarift = Gf

R n;\r m4; LT
So [ AT 2] -

Setting tamg ~ 10” yrs, we can solve for the maximum cross-sections at which the captured dark
matter could collapse into black holes:

SN < 10716 cm? (ﬁﬁ) for the Sun, and (42)
m
XN <1072 cm? (W) for the Earth. (43)

Analogous estimates for isotope-independent dark matter scattering are trivially obtained by re-
placing oy; — 0.

IV. 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 (Eyin) = — (V), where we set (Eyin) = 3T, and (V) = —%ﬂrfhp*GmX. For the purpose
of this estimate, we assume the dark matter density p, to be smaller than the density p, of the
host, so that the contribution of the dark matter to the total gravitational potential is negligible.
This leads to

7 3 3 3\ 3
o = 97T, ~ 30k x 10" GeV T 156 g/cm
4 Gpamy, my 1.5 x 107K 06

1 1 1
107 2 T 2/1 3\ 2
~ 2km x (G o Og/em?) 2 (44)
My 5x10°K P&

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 grav-
itational 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.
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A. Conditions for Dark Matter Collapse

The dark matter sphere will become unstable and collapse provided the following two conditions
are met:

1. Jeans instability: the sound crossing time (t5) must be greater than the dark matter free-
fall time (tg). The sound crossing time depends on the sound speed, which we take to be
cs = /T /m, (neglecting dark matter self-interactions), so that

1
Tth 3 (156 g/cm3> 2
b=t % 9608 x [ ol

s Cs VATGpy Po

1

10 3\ 2

~ 1030s X (g/cm ) . (45)

Po

Here, we have used 7, from Eq. , and the two scaling laws on the right row correspond
once again to dark matter captured in the Sun and in the Earth, respectively. The dark
matter free-fall time is most easily computed by considering the free-fall of a test mass onto
an object of mass %TFpXTtSh. This free-fall can be viewed as the limiting case of an orbital
motion with eccentricity e — 1 and semi-major axis r¢,/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
3 156 g /cm®\ 2 10g/cm?\ 2
2 2
tg = T A~ 1675 x <m> ~ 6595 x <g/6m) . (46)
32Gpy Px Px

Comparing Eqgs. and , we see that the Jeans instability condition tg < ¢ 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

Q

Gt 1036 cm? (1.5 x 107K\ 2
ty; = (njoyvgy)) 300s x - T

10-36 ¢m2 13K\ 2
1.2x105sx<00§m><5XT0 > , (47)
XJ

Q

whereas the DM-DM interaction time is

o 102 cm? my  \? (156g/cm®\ (1.5 x 107K 2
tyxy = (Ny Oy vy) "~ 100s X o 107 oV o T

5 % 10's x (10‘25cm2> ( My >3<10g/cm3> <5 x 103K>%
' UXX 107G€V pX T .

(48)

Q

Note that ¢y, has a dependence on m, (stemming from the rewriting of n, in terms of p,
and from v, ~ \/W), while ¢,; 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
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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 t,, is small enough compared to tg, the collapsing dark
matter will form an isothermal sphere that would radiate like a blackbody. Comparing ,.
to tg, we see that a self-interaction cross-section > 1072% cm? 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 7, see Eq. . The condition leading to Eq. ,
however, needs to be refined when the mass density p, of dark matter within radius 7,
becomes comparable to the density p, 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 M
5 G( TpsMy T o, + pmx> . (49)

Tth

This equation has a real solution for r;, only if the total mass of captured dark matter, Mcap,
is below a critical value, which we call the self-gravitating mass M.

3
373 107 GeV ) 2 156
Myg = || =g —5— ~ 3 x 10% GeV x ° - g/Cm
TG3m3 My 1.5 x 10 K
3
2

3
8% 100 Gev x (10GVY (T 10g/cm? (50)
My 5 x 103K Pe ’

If Mcap > Mg, Eq. indicates that the dark matter core can no longer be stabilized by
thermal pressure and will collapse.

In addition to satisfying Mcap > Mg, the dark matter sphere must also be sufficiently massive
so that it cannot be stabilized at a smaller radius than 7, 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,

M} 107 ?
Mi~ =t~ 2% 10" GeV x <OGGV> , (51)
mX my

where Mp; = 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 [87]. If the
dark matter consists of composite objects of mass m,, made up of constituent fermions of
mass my, then m, in Eq. needs to be replaced by my. The estimate from Eq.
applies also in the case of bosonic dark matter with an order-unity quartic self-coupling [8§)].

We therefore define the critical mass required for collapse as the maximum between the
self-gravitating mass and the maximum stable mass,

Meriy = max [Myg, My] . (52)

Comparing the Jeans instability condition and the critical mass condition, we find that the latter
condition is the more stringent one. The reason is that the collapse condition Mc,p, > Mg is roughly
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equivalent to the requirement that mass density of dark matter, p,, be larger than the mass density
of ordinary matter, p, (up to O(1) factors). In parameter regions where My = Mg (i.e. where
degeneracy pressure is irrelevant), the Jeans instability and critical mass conditions are therefore
equivalent. If Mg = My (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 M. is collected as the necessary condition for collapse and black hole
formation.

B. 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. (see also Appendix . 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 (E;) = GMcitm,/(2r¢n) by virtue of the
virial theorem. The dark matter particle exits the viscous regime when v, ~ /37/mj, or in
terms of kinetic energy, (Ef) = 3m,T/(2m;). Due to the virial theorem its gain in kinetic energy,
(E¢) — (E;), corresponds to an equal loss in total energy. Therefore, we can obtain the time the
particle spends in the viscous regime, t.,, by integrating Eq. between (E;) and (Ef). We
obtain:

m (j)72_ Tth
ool = —X_log [[vth] } . (53)
2pjo-vat(ljl) 2G crit

This timescale is close to the total collapse time, since in the subsequent ‘inertial’” regime (v, >
/3T /myj), 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. is nearly identical to the timescale of second thermalization, Eq.
when Mt = 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 clas-
sical estimates presented so far. Quantum mechanics is relevant when the de Broglie wavelength
Adb = (mxvx)_1 of the dark matter particles becomes comparable to their mean separation. How-
ever, this is never the case: the dark matter particles contained in a radius r in the Solar core
have a de Broglie wavelength Aqp, ~ 107 cm x (r/r,) /2 X (m,, /107 GeV) /2, whereas their mean
separation is of order n;1/3 ~ 1077 cm x (r/rg) x (my /107 GeV)®/2. Comparing both scales, we
verify that A\gp < ny 1/3 for any radius r 2 2G M and any value of m, 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.
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C. Black hole evolution

Once a black hole has formed, its time evolution is determined by the competing effects of
accretion [89] and Hawking radiation [90], and the rate at which its mass, Mpy, changes is given
by [22]

dMBH 47Tp*(GMBH)2 f(MBH)

dt = 03 + emeCX — m . (54)

The first term on the right hand side of this equation describes Bondi accretion of ordinary
matter, with cg, being the sound speed at the core of the stellar object, ¢ ~ \/T/m, =~ 350km/s
for the Sun and cg ~ 10km/s [57] 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,
rp = 2G My /c?, [89, O1], can be estimated using the rotational frequency of the host’s material
at the Bondi radius, F.. For F = 1667 nHz and Fg = 12 pHz for the Sun [92] and Earth [93]
respectively,

107 GeV' \ ? T, 3 /156 3
he = 205 F, ~ 1.3 x 1070 cm x Fo © ©_ g/cm
1667 nHz My 1.5 x 107K 06

~1x10"®cm x Fo 107GV’ To (10 g/cm3 (55)
12 pHz my 5x 103K s

when Mt is set by the self-gravitation condition. This should be compared to a relativistic specific
angular momentum at the black hole’s Schwarzschild radius, hpy = rsenc = 2G Meice [94], which
evaluates to

3 3 1
]‘ 7 2 T 2 1 3 3
B ~ 8 x 1078 em x ( 0 GeV) < o > ( 56g/cm>

my 1.5 x 10" K 6
9 5 10~ em x 107 GeV \ 2 Ts 2 /10 g/cm? 2 (56)
=~ cm .
my 5 x 100 K P

Comparing Eq. to , we find that in both the Earth and the Sun h, < hyy for all m,
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 [24], 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. corresponds to black hole growth from the infall of additional 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 [95]. The details
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of dark matter accretion are encoded in the efficiency factor e,, which we will for simplicity set to
unity. Changing e, 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. is finally the Hawking evaporation rate. In this
term, f(Mpn) is often called the Page factor [96H98]. It depends on the number of Standard Model
degrees of freedom radiating from the black hole, which increases 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

o0 E giFS.(MBH,E)
M = E dFf ———FF————= 57
f( BH) : /0 ot eE/TBHzl:l ) ( )

where the plus (minus) sign in the denominator is for fermions (bosons), the sum runs over all
particles with mass m; < Ty, and g; 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 Iy, is the aforementioned grey-body factor,
which can be expressed as follows:
2
T, (M, E) = 2 %5, (Mo, E). (58)

s

where o, is the absorption cross-section encoding a particle’s probability for escaping the grav-
itational potential of the black hole. This cross-section depends on the particle’s spin s. It has
been calculated in Ref. [98], and extended to massive fermions in Ref. [95]E| We evaluate Eqgs.
and utilizing the publicly available code BlackHawk [I00]. 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 [96, [98]. 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(Mpn) = 1/(153607) 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. . The balance between the three contributions to d Mgy /dt determines
the range of dark matter masses and scattering 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
as taq
. 59
V"o (59)

A, G? P +
_— a1 = eym, C, , as = +a?, b
3 1= S X 2T\ 9602 !

With these definitions, we can write the evaporation time in the relatively simple form

bt M/init b~ M/init
tH = - arctan ( b]iH ) “w arctanh < b]iH > : (60)

14

Relative to the Hawking evaporation rate, the Bondi accretion rate is negligible for initial black
hole masses M]isnli{t = Mpu(t=0) < 10" g, which is determined by M in Eq. . However, the
maximum solar dark matter accretion rate is greater than the black hole radiation rate for black

1 See also Ref. [99] which explores applications of different neutrino mass mechanisms and the effects on the diffuse
backgrounds from a population of evaporating primordial black holes.



20

hole masses greater than M]igng ~ 10'%g. With this in mind, the evaporation time for a black hole

including dark matter accretion (but neglecting Bondi accretion), is

o — Ménﬁlt a? \/meleisn}iIt
BH = — arctanh ——s | (61)
my Cy (mxcx)3/2 a

where a? = (Gv/153607)~1. It can be shown that \/m,C, MR < a? implies rapid black hole
evaporation. In this limit, Eq. reduces to usual solution obtained when Hawking radiation
term dominates alone,

9 3
s 1012 GeV \ 2 /156 3\ 2 T,
tn = 5120mG2(MR ~ 102 yrs x ( ¢ ) < g/cm ) < o > . (62)
My 6 1.5 x 10K

o

Although for m, ~ 102 GeV the evaporation time will be much larger than the solar lifetime, the
strong scaling with m, implies much shorter evaporation times for heavier dark matter.

In Fig. 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 [[TA} 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.

We observe that the red evaporation contours in Fig. 4f converge at m, ~ 10'6 GeV for the Sun
(=~ 10* GeV for the Earth) for evaporation times < 1hour (< 1kyr). 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. , and the black hole lifetime is simply given by Eq. . 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 tgy, Eq. . Note that the exact value of
m, 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 o,y or o.. Note that this dependence
disappears above a certain critical value of o,y or 0. 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. [ 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. [d] 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
Mss and the dark matter capture rate C, with the dark matter mass m, and its scattering cross-
section o = o, or o.. Indeed, given that M, o mi/z (see Eq. ), Cy x 05/2m;7/2 (see Egs.
to (19)), and the total mass of captured dark matter particles is given by Mcap = Cym,,, we readily
find that the gray contours in Fig. || should scale according to o mi/ ® in the large-m,, limit,
where only a small fraction of dark matter particles crossing the Sun or Earth is captured. This
scaling is readily confirmed by Fig.[d] 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
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Figure 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
(Egs. and ) 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.

dark matter capture in the Earth (upper plots in Fig. [4)) the critical mass condition for collapse
changes at m, < 1012GeV from being determined by Mg, (requirement of sufficient self-gravity
to overcome thermal pressure) to being given by My (requirement of sufficient mass to overcome
degeneracy pressure). This transition from M; to M, is also the cause of the uneven spacing of
the red evaporation contours for the Earth. Once m, is so low that all dark matter is captured,
the contours turn sharply upwards and become independent of o, explaining the left edge of the
wedges in Fig. [

Besides this general behavior, we observe a number of interesting features in the gray contours
in Fig. 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
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| (capture in
the Earth) at the low-m,, cutoffs of the grey contours. The reason for this structure is that the
Earth is denser at its ®SFe-rich core than in its mantle. Hence, the point where all dark matter
particles crossing the core can be captured is reached at larger m, and lower o than the point where
this is the case for mantle-crossing trajectories. Effectively, the grey contours can be viewed as a
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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 A*
enhancement due to the presence of heavier elements in the core.

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. [] are very different. For the Sun, we observe an appreciable effect even though
the only relevant heavy isotope there is “He with a mass fraction of about 25%.

Finally, we note that, upon comparing the black hole evaporation and formation contours in
Figure[d] 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.

V. 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 [VI} 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 of the black hole, that is [90, [96],

1

= S CMpn(®) (63)

Tsn
where we emphasize that the black hole mass Mpy(t) decreases with time ¢. Hence, the neutrino
radiation starts out at a low, often undetectable, temperature, but once the black hole mass drops
below ~ 10723 Mg, it becomes hot enough (2 500 GeV) 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. 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 radiation. 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
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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 atmo-
spheric neutrinos”, that is neutrinos produced by cosmic ray interactions in the outer layers
of the Sun [I0IHI08]. 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. [I09] 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 m, ~ 10'" GeV. 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 free-
dom 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 pri-
mary neutrino flux from an evaporating black hole, which is given by

dgNgrim . 1 Fs:l/Q(MBHvE) Ja
dEdtdA  4mr2 2 el/Ter 4 1°

(64)

Here, dN,/(dE dt dA) denotes the flux of neutrinos of flavor o, E is the neutrino energy, r is the
Earth—Sun distance, and g, = 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. [I10]). The dimensionless factor I's in Eq. is once again the
grey-body correction introduced in Eq. and evaluated in BlackHawk [100].

Instantaneous secondary neutrino spectrum: Many of the particles generated at the 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,
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Figure 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.

followed by the decays of unstable hadrons. Secondary neutrinos typically dominate the low energy
part of the neutrino spectrum. Their flux is given by

dEdtdA dE'dtdA dE (65)

d3 Nsec / d3 Nprlm d Nz
"2 apaiaa

where the sum runs over all primary particles whose decay or hadronization leads to the production
of a neutrino state v,. As before, dSNip "M /(dE'dtdA) are the primary particle fluxes, and the
coefficients dN! /dE describe the contribution to the v, flux from primary particles of type i.
These coeflicients are implemented in BlackHawk through the inclusion of decay and hadronization
tables, which have been generated in PYTHIA [III]. The details of these table can be found in
Appendix B.3 of Ref. [I00]. The key limitations of this procedure are the limited energy domain
of the hadronization tables, [0.1,10°] 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. E, Mpp). 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 10° GeV, that is for Mg init ns 10%¢g

In Fig. [f] 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 10? g the spectrum is peaked at energies in excess of 10° GeV. 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
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Figure 6. Flux of muon-neutrinos at Earth, time-integrated over the minimum of either the entire lifetime
of the black hole or the first 0.25 yrs of its life, i.e. min(¢ggy, 0.25 yrs). This is a conservative estimate of the
neutrino flux from a single black hole contributing to the IceCube analysis in [I09]. Solid (dashed) lines are
with (without) the effects of neutrino propagation through the Sun and oscillation in vacuum (see text for
details).

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. . In other words,

we will describe the time-evolution of the black hole mass using the differential equation [98], [100]
dMgy  f(Mpn)

dt — (GMgn)?’ (66)

with the Page factor f(Mpp) from Eq. taking into account the number of degrees of freedom in
the Hawking radiation as well as grey-body corrections. We integrate Eq. over the entire black
hole evolution from its initial mass Mlgnlif until the point where Ty = 10° GeV, 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 instantaneous 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 0.25yrs, whichever is shorter. This limit of 0.25yrs 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. [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. [112] (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,
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Figure 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 1 TeV WIMP annihilating to W*W ™ in the Sun from Ref. [109].

for initial black hole masses where the evaporation happens in less than 0.25yrs, i.e. My < 10! 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 period. For
black holes that are longer lived than 0.25 yrs, the resulting neutrino spectrum is radically different.
For the cases depicted, ]\J]iBHIi{t = {5 x 10,102} g, the black hole mass does not evolve appreciably
over the 0.25yrs 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 propagation accurately:
() neutrino trapping through scattering off the stellar medium, (i7) neutrino oscillations, and (%)
tau neutrino regeneration, that is the production of tertiary neutrinos from the decays of 7 leptons
created in v, interactions inside the Sun. The effects of neutrino trapping can be approximated
through the use of an exponential cut-off depending 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, soften this exponential cut-off (see for example Ref. [81]), 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 [II3-I15]. 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. [55]. The results of this procedure
are shown as solid lines in Fig.[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
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Figure 8. Event rate as a function of the cosine of the opening angle towards the Sun for the same spectra as
in Fig.[7] The black dots are the observed event numbers in three years of IceCube data from Ref. [109], while
the grey shaded band is the expected background from atmospheric neutrinos including its 20 statistical
uncertainty.

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 v, flux and thus to the observed mismatch.

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. [I09]. Using the effective
area given in Fig. 4 of that reference, the spectra from our Fig. [f] 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 [I16] because, as shown in
Fig. [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. [7]
for the relevant energy domain, and compared to the predicted neutrino spectrum from WIMP
annihilation to WTW ™ the example used as a benchmark in Ref. [I09]. 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 ¥ between the reconstructed neutrino arrival
direction and the location of the Sun in the sky. To determine the differential event rate with
respect to W for neutrinos from black hole evaporation, we use IceCube’s energy-dependent median
angular resolution (right-hand panel of Fig. 4 in Ref. [109]) 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. [109].

The resulting number of IceCube events as a function of this angular variable is shown in Fig.[§] 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 20 statistical
uncertainties). As expected, harder neutrino spectra lead to distributions that are more sharply
peaked at cos W = 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]gnli{t = 108 g (black) spectrum. For such small values of the initial black hole mass,
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Figure 9. Excluded values (blue shaded region) of initial mass black holes formed in the Sun as a function
of the total number that evaporate over the 1.5 yrs of IceCube exposure. This is based on a recast of the
IceCube analysis from Ref. [I09], see text for details.

however, we typically expect a number of these black holes to both form and completely evaporate
within the exposure time of the IceCube data taking (see Fig.[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. [ 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]igng € [10%,4 x 10'9] g a single black hole evaporating is excluded by
IceCube, while for lighter initial black hole masses a larger number must evaporate over the 1.5yr
exposure period to be detectable. We do not exclude black holes with M]gng > 4 x 101%¢ (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 o,y > 7 x 1024 cm?.
This cross-section corresponds to the minimum cross-section such that at least one black hole per
year is formed in the Sun.

VI. 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. [I0]
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. . 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
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defines the lower and left edges of the yellow and blue exclusion regions in Fig. [I0] as can be
read off directly from Fig. [4

2. The DM—-nucleus scattering cross section must be small enough for dark matter thermalization
to be efficient. As discussed in Section f see in particular Eq. — 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. [I0}

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.[I0] 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 inefficient for it to consume
the Earth within 1 Gyr. 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 underground 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 10! GeV in
the Earth or 10'° GeV 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. [44] [45], the maximum heat flux observed in the
Earth is about 44 TW [63] 117-122] (although some works find a lower value, see e.g. Ref. [123]).
While much of this heat flux has been attributed to radiogenic elements in the Earth such as
2351, 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
Cy 2 44TW/m,. 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 [123].

The dark green region in Fig. represents the IceCube constraint on the neutrino flux from
black hole evaporation derived in Section [V} To obtain this curve, we determined for each parameter
point (my, oyn) the number of black holes that form within the 0.25yrs of IceCube data taking
based on the formation timescales given in Fig. @l We then calculated the initial mass of these
black holes, based on Eq. , and read off from Fig. |§| whether or not that parameter point’s
corresponding black hole evaporation time allows it to be excluded.

In the right-hand panel of Fig. [I0] 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. and the surrounding discussion. In this case, there is no coherent 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 stopping power than the Earth. Note that in Fig.
(right), we assume that the constituent masses of the composite dark matter objects are large,
so that the critical mass for collapse, Eq. , is given by the self-gravitating mass Mgs, not by
the maximal mass My 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 formation bounds
change if we assume dark matter consists of composite objects of mass m,, but composed of fermions
with smaller fundamental mass m . Lowering this constituent mass my increases the minimum mass
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Figure 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 44 TW 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 m, < 107 GeV, black holes will not form, given the amount of
dark matter collected in a Gyr. The upper cutoff in m, is given by the Planck scale, 10'9 GeV. 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 [53], [124H126], as are CMB bounds [127} [128], bounds from
the heating of interstellar gas clouds [54], [129], and bounds from searches for DM tracks in ancient mica
minerals [I30} [I31]. (right) Same as left, but for a dark matter—nucleus scattering via isotope-independent
contact interactions, as discussed around Eq. . 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.

of the black holes formed in the Sun and Earth since the dark matter’s Chandrasekhar mass given
by Eq. then depends on my.

In Fig. [IT] 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, my = 10°, 2 x 10", and 10'2 GeV. For the case
that m; = 10° GeV, 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. . For my = 2 x 10 GeV
(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 mj; = 102 GeV, 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 m, = 1033 GeV.

The high-m, cutoffs in these exclusions are set by the Chandrasekhar critical mass condition,
this time applied to the composite itself. If m, > Mg’l /m%, 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 2m,,, but for the chosen values of my, this is never the limiting factor.
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Figure 11. Same as Figure m except here we consider composite asymmetric dark matter with a mass m,,
composed of fermions with masses my, where my fixes a minimum black hole mass through Eq. . This
allows us to extend the plots to much larger dark matter masses than in Fig. [I0} which we cut off at the
Planck scale. Panels on the left are for conventional spin-independent (and isotope-dependent) DM-nucleus
scattering, while panels on the right are for isotope-independent scattering. For m; = 10° GeV (top row), all
black holes formed are large enough to consume the Earth and Sun within a Gyr. For m; = 2 x 10 GeV
(middle row), black holes formed in the Earth and Sun will either evaporate or grow depending on how
much additionally captured dark matter falls into the black hole. For my = 102 GeV (bottom row), black
holes formed in the Earth and Sun tend to evaporate.

VII. CONCLUSIONS

To conclude, we have derived a suite of novel bounds on heavy (> 107 GeV), 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
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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 [109], 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. [l1]above, which shows that the new constraints derived
in this paper complement the existing ones from direct searches for dark matter—nucleus scattering
in underground detectors and cover significant unexplored parameter space. Our results are also
complementary to prior work utilizing the Earth’s heat flow to set limits on annihilating dark
matter [44] 45]

In the future, it would be interesting to consider similar signatures of non-annihilating dark
matter in exoplanets [I32] 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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Appendix A: 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. [81]. The main addition we have implemented in Eq.
compared to Ref. [81] 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(y/v? —v2) = f(u). For clarity, in this
appendix we treat these distributions as function of v = |v| only, neglecting the angular dependence
arising from the solar system’s motion relative to the Milky Way’s dark matter halo. When o,y
is large so that an O(1) fraction of all dark matter particles crossing the Sun or Earth is being
captured, the number of captured dark matter particles is nearly independent of the gravitational
boost, that is f;;maxd‘gv f(u) ~ ["™>*d3v f(v). The reason is that in this case, v > v, over most

Ve

of the integration region, and thus \/v? — v2 ~ v. However, when o,y is small, and therefore the
only the slowest dark matter particles can be captured, we see a significant difference. This can be
understood by considering the limit v — 0 (and therefore v — v.), where we find that

fu)]o—v, ~ Ug/2u3/2 ) F() v ~ v’ (A1)

We can see the results of this difference when comparing our capture rates plotted in Fig. [3| to
Fig. 1 of Albuquerque et al. [8I]. The number of dark matter particles captured per second (Cly)
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is the same between these two results at high o, x, but differs at lower o, x as slopes converge to
their asymptotic values from Eq. (Al).
As for the exclusion limits on o, as a function of m,, Egs. and (Al]) together tell us that

(v—ve) M
Uy o m, (A2)
where we work in the limit m, > m; and we use the notation from Section I@ with L the
distance traveled inside the Sun or Earth, m; the mass of the target nuclei, and n; their number
density. Integrating over the dark matter velocity distribution to obtain the capture probability as
in Egs. and (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

5/2
MU@W) o [ DN (A3)
cap my ’
and if we use f(v), it scales as
(f(©)) oo\
f(v X
Mep’ x < m, > . (A4)

The scaling behavior of Mgéu)) is consistent with the scaling observed in Fig.|3|and the correspond-

ing fitting functions, Egs. to , 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 o< Cymy.

Recalling from Section that the critical mass for collapse scales as Mgt m;3/ 2 (in
the absence of Pauli blocking), and equating Mcap to Meit, we can find the minimum excluded
cross-section at large m,, (and therefore low capture probability). It turns out to scale as

03((};\(,“)) o mi/5 (Ab)

when using f(u) and thus taking into account dark matter acceleration in the Sun’s or Earth’s
gravitational field, and as

ag\(]v)) ~ mi’/s (A6)

when this extra acceleration is neglected and we simply work with the uncorrected f(v).

Appendix B: 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. Egs. and , 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. 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

~ fuivj in the viscous regime, cf. Eq. .
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DM Rest Frame
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Figure 12. A schematic describing the one-dimensional kinematics of DM-nucleus scattering 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).

In the dark matter rest frame, conservation of the total kinetic energy dictates

2 /2 /2
P _ P

2m; 2m; 2m,,

. (B1)

_ . . / _ 3 / . . . .
where m;, p;j = m;v;j, and p; = mjv; are, respectively, the mass, initial momentum, and final

momentum of the target nucleus, m, is the dark matter mass, and p;( = mxv;( is the dark matter’s
final momentum. On the other hand, conservation of momentum imposes

pj = 1; + P - (B2)

Combining Egs. (B1)) and (B2)) yields

i (pj -1 pf
= +5-, (B3)
2m; 2m; 2m,y
from which we solve for the dark matter’s final velocity,
1 1 20;
2 s == ! —_— —_— % ! = 7‘7 ) . B4
w=md (o) = tmy (B4)
Here, the quantity p(m;) is the reduced mass of the dark matter nucleus system.
Boosting Eq. (B4)) back to the stellar or planetary rest frame gives
2(v; —w
=y 4 20 (85)
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and from this expression, we can compute the energy transfer in a single scatter in the stellar or
planetary rest frame:

m m Uy\U; — U Vj; v 2
AP = Tt = o) = T (= ) M )
= 200, = 0) (1 + o) )G (136)

The energy loss rate is approximately given by the product of the scattering frequency n;oy;|vrel|
multiplied by the energy loss per scatter, i.e. E = njoyj|va|AE. Here, |v,a| = |vj — v,| is the
relative velocity in the DM—nucleus system. Since the dark matter enters the viscous regime in the
final stages of thermalization, n; and 7" are the number density and temperature at the core of the
stellar object. We obtain

dE

v — U
i 2n0yjlv; — vy l(vj — vy) (vx + -

;) ) ). (B7)
My

In the case that v; < v, (inertial regime), we can drop v; from this expression. Assuming moreover
my > myj, this leads to

dE
E ~ —mjnjaxjvi, (BS)

justifying Eq. .

In contrast, when the dark matter is moving slowly compared to the thermal speed of the nuclei,
Eq. can be simplified by using |vj| > vy, but also noting that the average over all target
nuclei, (v;), vanishes. As we are really interested in the average energy loss rate, we can therefore
drop all terms that change sign under the replacement v; — —wvj;, and replace v; by its average

thermal value vt(fl) = /3T'/m; in all other terms. The result is

dE ~
<dt> ~ —mynjoov? | (B9)

reproducing Eq. . In Eq. , we have not explicitly indicated the thermal average (-) to
simplify the notation.
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