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The evaporation of primordial black holes provides a promising dark matter production mechanism
without relying on any nongravitational interactions between the dark sector and the Standard Model. In
theories of “large” extra dimensions (LEDs), the true scale of quantum gravity,M�, could be well below the
Planck scale, thus allowing for energetic particle collisions to produce microscopic black holes in the
primordial plasma at temperatures as low as T ≳ 100 GeV. Additionally, LEDs modify the relationship
between black hole mass, radius, and temperature, allowing microscopic black holes to grow to
macroscopic sizes in the early Universe. In this work we study three scenarios for the production of
dark matter via LED black holes: (1) delayed evaporating black holes (DEBHs) which grow to macroscopic
sizes before ultimately evaporating, (2) instantly evaporating black holes (IEBHs) which immediately
evaporate, and (3) stable black hole relics with a mass M� known as Planckeons. For a given reheating
temperature, TRH, we show that DEBHs produce significantly less dark matter than both IEBHs and
Planckeons. IEBHs are able to produce the observed relic abundance of dark matter so long as the reheating
scale is in the range 10−2 ≤ TRH=M� ≤ 10−1. We calculate the average speed for the resulting dark matter
and show that it would be sufficiently cold for all dark matter massesmdm ≳ 10−4 GeV. This mechanism is
viable for any scale of quantum gravity in the range 104 GeV ≤ M� ≤ MPl and for any number of LEDs.
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I. INTRODUCTION

It is well established that 85% of the matter in the
Universe is in the form of cold dark matter which primarily
interacts gravitationally with the Standard Model [1]. The
traditional proposal for the nature and origin of dark matter
is a weakly interacting massive particle (WIMP) whose
self-annihilations freeze out leaving behind a relic abun-
dance (see Ref. [2] for a review). Due to the lack of
reproducible direct evidence of WIMP dark matter (see
Ref. [3] for a review), it has become increasingly important
to study new proposals for both the fundamental nature and
production method of dark matter.

As an alternative to thermal production via freeze-out, the
Hawking radiation of primordial black holes has often been
studied as an intriguing production mechanism for dark
matter [4–48]. Semiclassical arguments suggest that black
holes should evaporate to an approximately thermal distri-
bution of particles drawn from all degrees of freedom that
couple to gravity [49]. This allows primordial black holes to
produce dark matter even in the absence of any nongravita-
tional portals between dark matter and the Standard Model.
While primordial black holes can naturally produce dark

matter, the origin of these black holes needs to be explained.
The most commonly invoked scenario involves large fluc-
tuations in the primordial power spectrum seeded by infla-
tion,which collapse as they enter theHubble horizon [50,51].
The realization of such curvature fluctuations often involves
exotic inflationary scenario such as an “ultraslow roll” phase,
whose viability has been recently debated in the context of
single-field inflation models [52–59]. While promising, this
mechanism is certainly not the only potential source of
primordial black holes.
We have recently demonstrated that primordial black

holes can produce the observed dark matter abundance
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independent of inflationary dynamics during a hot big bang
[60]. This scenario requires that the adiabatic expansion of
the Universe began at a temperature within a few orders of
magnitude of the Planck scale, hotter than allowed in
single-field inflation models [61]. In this work we extend
this proposal to models of “large” extra dimensions (LEDs)
proposed by Arkani-Hamed, Dimopoulos, and Dvali
(ADD) [62]. This model, originally conceived to address
the hierarchy problem, postulates the existence of addi-
tional compactified spatial dimensions which would allow
the true scale of quantum gravity, M�, to be much lower
than the Planck scale.
The properties and hence the cosmological evolution of

LED black holes differ substantially from their 4D counter-
parts [63,64]. Energetic collisions produce microscopic
LED black holes at plasma temperatures close to the
reduced quantum gravity scale, which possess a much
larger event horizon area than 4D black holes of the same
mass, increasing the rate of accretion. The subsequent
evolution of LED black holes is subject to two competing
effects, accretion and evaporation. Smaller black holes
below a threshold mass evaporate immediately; larger ones
accrete efficiently and grow in size by many orders of
magnitude, surviving over cosmological timescales. Those
black holes that survive until today could comprise the dark
matter themselves and potentially be detected via astro-
physical observations. This was the focus of Refs. [65,66].
Here, we explore the dark matter production from the

Hawking radiation of short-lived instantly evaporating
black holes (IEBHs) and longer-lived delayed evaporating
black holes (DEBHs). For both scenarios we find the dark
matter mass and the reheating temperature that are com-
patible with the observed relic abundance of dark matter.
IEBHs are able to produce the observed relic abundance of
dark matter so long as the reheating scale is in the range
10−2 ≤ TRH=M� ≤ 10−1. Similar to warm dark matter, this
relativistically produced dark matter may suppress the
structure formation at late times. We calculate the average
speed for the resulting dark matter and show that with a
mass mdm ≳ 10−4 GeV, it would be sufficiently cold to
evade the warm dark matter constraint. In contrast, DEBHs
require a reheating scale of TRH=M� > 10−1 in order to
produce the relevant dark matter abundance and will
therefore be shown to be subdominant to IEBHs.
In addition, we also explore the possibility of black hole

relics being the cosmological dark matter. The semiclass-
ical treatment is expected to break down when the black
hole mass approaches the scale of quantum gravity. It is
therefore suggested that black holes cease to evaporate and
become stable relics in the last stage of evaporation, known
as Planckeons [67]. We compute the relic abundance of
Planckeons and contrast those with the dark matter pro-
duced via black hole evaporation. If Planckeons are stable
they can comprise the entirety of dark matter so long as
TRH ¼ 1.5 × 10−2M� regardless of the number of LEDs.

This article is structured as follows: In Sec. II we review
the physics of primordial black holes in theories of LEDs
including the properties of black holes, their formation, and
their evaporation. In Sec. III we describe the cosmological
evolution of the black holes and dark matter. Then in
Sec. IV we present our main results, showing for which
reheating temperatures LED black holes are able to produce
the observed abundance of dark matter. Lastly we discuss
our conclusions and summarize our results in Sec. V.
Except where otherwise stated, we use units where

ℏ ¼ c ¼ kB ¼ 1.

II. PRIMORDIAL BLACK HOLES
IN EXTRA DIMENSIONS

A. Black holes in extra dimensions

In the ADD model, n additional spatial dimensions are
compactified with a radius, R [62]. Over distances much
smaller than R, the gravitational potential scales more
quickly with distance than in 4D Newtonian gravity. The
change in scaling implies that the apparent macroscopic
strength of gravity,G ¼ M−2

Pl , is dependent on the true scale
of quantum gravity, M�, and the size of the extra dimen-
sions themselves:

M2
Pl ∼M2þn

⋆ Rn: ð1Þ

While the precise relationship between M� and MPl is
dependent on the compactification scheme of the extra
dimensions, the effect of the ADD model can be studied by
using the Dimopoulos convention [63] where the relation-
ship becomes

M2
Pl ¼ M2þn

⋆ ð2πRÞn: ð2Þ

One advantage of this convention is that the standard 4D
results for black hole radius, temperature, and lifetime can
be recovered with n ¼ 0 and M⋆ ¼ MPl. For n ≥ 2 LEDs,
the strongest direct constraints arise from collider searches
which require thatM� must be at least a few TeV depending
on the precise number of LEDs [68–71]. In the case of
n ¼ 1, the ADD model is most severely constrained by not
contradicting macroscopic Newtonian gravity. Torsion
balance experiments [72] set constraints on the compacti-
fication scale of a single LED such that R≲ 1 μm [73].
This corresponds to a constraint on the scale of quantum
gravity in the case of n ¼ 1 of M� ≳ 109 GeV.
The change in gravitational microphysics results in black

holes with larger radii rh at a given mass than their 4D
counterparts when rh ≪ R. In 4þ n dimensions, black
holes have a horizon radius of [63]

rh ¼
an
M�

�
M•

M�

�
1=ðnþ1Þ

; ð3Þ
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where M• is the black hole mass and

an ¼
1ffiffiffi
π

p
�
8Γðnþ3

2
Þ

nþ 2

�
1=ðnþ1Þ

: ð4Þ

Black holes evaporate via Hawking radiation with a
temperature, TH, producing all particles that are kinemat-
ically allowed, i.e. the particle mass m≲ TH [74]. When
rh ≪ R, the Hawking temperature is related to the horizon
radius by [63]

TH ¼ nþ 1

4πrh
: ð5Þ

B. Formation of LED black holes

Energetic particle collisions in the early Universe can
produce microscopic black holes when the center-of-mass
energy exceeds the quantum gravity scale, turning the
center-of-mass energy into the black hole massM•. During
radiation domination, the production rate for microscopic
black holes can be computed by convolving the black hole
production cross section with the particle distribution
functions in the plasma, resulting in [66]

dΓ
dM•

¼ g⋆ðTÞ2a2n
8π3

M•T2

�
M•

M⋆

�2nþ4
nþ1

×

�
M•

T
K1

�
M•

T

�
þ 2K2

�
M•

T

��
ΘðM• −M⋆Þ; ð6Þ

where g�ðTÞ is the number of effective degrees of freedom
in the plasma with a temperature T, KiðxÞ is the modified
Bessel function of the second kind, and ΘðxÞ is the
Heaviside step function. After formation, the black holes
undergo two competing processes: accretion of the sur-
rounding plasma and evaporation to Hawking radiation.
Accreting black holes grow at a rate of

dMacc
•

dt
¼ β

T4

T2
H
; ð7Þ

where

β ¼ πðnþ 1Þ2faccg�ðTÞ
120

; ð8Þ

and facc is an Oð1Þ constant that describes the accretion
efficiency. In this workwe assume facc ¼ 1. Simultaneously,
the M�-scale black holes evaporate at a rate of

dMevap
•

dt
¼ −α0T2

H; ð9Þ

where α0 is a constant that only depends on n and will be
further defined in Sec. II C.

Primordial black holes formed via particle collisions can
be split into two categories based on whether evaporation or
accretion dominates the initial black hole evolution.
Instantly evaporating black holes (IEBHs) are produced
with masses below a threshold mass, Mth, such that they
evaporate faster than they accrete. Alternatively, delayed
evaporating black holes (DEBHs) form with a mass
M• > Mth, such that they grow before finally evaporating.
The threshold mass above which black holes grow from
their initial size is [66]

Mth ¼ max

�
M⋆;

�
nþ 1

4πan

�
α0
β

�
1=4M⋆

T

�
nþ1

M⋆

�
: ð10Þ

The total production rate of black holes per unit volume
can be expressed as

Γ• ¼ ΓI þ ΓD; ð11Þ

where ΓI and ΓD are the production rates of IEBHs and
DEBHs respectively. While the production of both types of
black holes could occur simultaneously, we will show that
the relevant temperatures at which IEBHs and DEBHs
would produce the observed abundance of dark matter does
not overlap. Therefore, we will study them independently
so that their impact can be easily compared.
The production rate for IEBHs is

ΓI ¼
Z

Mth

M�
dM•

dΓ
dM•

; ð12Þ

and for DEBHs

ΓD ¼
Z

∞

Mth

dM•
dΓ
dM•

: ð13Þ

In the limit of instantaneous black hole formation, the
initial number density of black holes is

n•ðTRHÞ ≈
Z

0

TRH

dT

�
dT
dt

�
−1
ΓDðTÞ; ð14Þ

where TRH is the initial temperature at which the adiabatic
expansion of the Universe begins, typically referred to as
the reheating temperature. Only DEBH production con-
tributes to the density of black holes because the IEBHs
evaporate before any significant density accumulates.

C. Evaporation of LED black holes

Black holes evaporate to all particle degrees of freedom
based on the horizon radius of the black hole and the phase
space available to the evaporation product. The rate of mass
loss from evaporation to species i can be compactly
expressed as
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dM•→i

dt
¼ −gi

2π

ξi
r2h

; ð15Þ

where gi is the number of degrees of freedom for species i.
If the particles are emitted on the 4D brane, ξi is the
dimensionless integral of the Bose-Einstein or Fermi-Dirac
distribution weighted by particle energy and a gray body
distortion factor σi, i.e.

ξi ¼
Z

σi
πr2h

Er4h
expðE=THÞ ∓ 1

p2dp; ð16Þ

where E and p are respectively the energy and momentum
of the evaporation product. While most Standard Model
particles are confined to the 4D brane, gravitons are able to
travel throughout the ð4þ nÞD bulk thus enlarging the
phase space of the graviton evaporation products.
Evaporation to gravitons is instead formulated by the
momentum integral

ξG ¼
Z X

l

NljAlj2
Er2h

expðE=THÞ − 1
dp; ð17Þ

where Al is the absorption coefficient which describes the
ratio of radiation in quantum state l at infinity to that at the
horizon and Nl is the multiplicity of state l. The integral in
Eq. (17) accounts for all degrees of freedom of gravitons so
for the purposes of computing the evaporation rate in
Eq. (15), we treat ggraviton ¼ 1. Semianalytic fits for ξi and
σi for LED black holes are provided in Ref. [66] along with
numerical results for

P
NljAlj2 in the case of gravitons.

The total evaporation rate for a black hole is found by
summing Eq. (15) over all particle species:

dMevap
•

dt
¼

X
i

dM•→i

dt
: ð18Þ

In the limit where the black holes are light enough such that
TH ≫ mi for all emitted particles, the evaporation rate
reduces to Eq. (9) with

TABLE I. Numerical values for ξi and ηi for each particle spin and number of LEDs in the limit where the mass of the emitted particle
m ≪ TH . The last column, α0, accounts for all Standard Model degrees of freedom and gravitons.

n ξ̃0 ξ̃1=2 ξ̃1 ξ̃G η̃0 η̃1=2 η̃1 α0

0 1.87 × 10−3 1.03 × 10−3 4.23 × 10−4 9.66 × 10−5 8.36 × 10−3 3.05 × 10−3 9.30 × 10−4 2.77
1 1.67 × 10−2 1.46 × 10−2 1.15 × 10−2 9.71 × 10−3 3.97 × 10−2 2.76 × 10−2 1.78 × 10−2 10.45
2 6.75 × 10−2 6.12 × 10−2 6.11 × 10−2 9.95 × 10−2 0.109 8.41 × 10−2 7.49 × 10−2 20.50
3 0.187 0.167 0.186 0.493 0.229 0.178 0.189 32.53
4 0.416 0.362 0.432 1.90 0.412 0.313 0.374 46.74
5 0.802 0.684 0.847 6.89 0.668 0.496 0.640 64.19
6 1.40 1.17 1.49 24.7 1.01 0.731 0.997 88.03

FIG. 1. Dependence of the evaporation and particle production rates on the ratio of the mass of the evaporation product, mi, to the
Hawking temperature of the black hole, TH . The different line colors represent different numbers of LEDs and the dotted, solid, and
dashed curves represent evaporation to a scalar, spinor, and vector respectively. In the limit of mi=TH ≪ 1, the values of ξi and ηi
approach the results presented in Table I. Left: the scaled evaporation rate to a given species as defined in Eqs. (15) and (16). Right: the
scaled rate of particle production as defined in Eqs. (20) and (21).
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α0 ≡ 8π

ðnþ 1Þ2 ðg0ξ̃0 þ g1=2ξ̃1=2 þ g1ξ̃1 þ ξGÞ; ð19Þ

where g0, g1=2, and g1 are the number of degrees of freedom
of scalars, spinors, and vectors respectively and ξ̃i is the
massless limit (E ¼ p) of the phase-space integral (16) for
a species with spin i. Numerical values for ξ̃i and α0 for all
n are provided in Table I.
The particle production rate from an evaporating black

hole can be found similarly to the mass-loss rate, except
without the energy weighting in the integrand of Eq. (16).
Therefore, the number of particles of species i produced by
a single black hole per unit time is

dNi

dt
¼ gi

2π

ηi
rh

; ð20Þ

where

ηi ¼
Z

σi
πr2h

r3h
expðE=THÞ ∓ 1

p2dp: ð21Þ

Figure 1 shows both ξi and ηi evaluated as a function of the
mass of the evaporation product, mi. When TH ≫ mi, the
phase-space integral in Eq. (21) approaches a constant, η̃i.
Numerical values for η̃i for different spin and numbers of
extra dimensions are shown in Table I.

III. COSMOLOGICAL EVOLUTION

After black holes form, their cosmological evolution
differs significantly depending on whether they are
DEBHs, growing to larger masses and surviving over
cosmological timescales, or IEBHs, which decay and dis-
appear instantly. We use different methodologies to analyze
the impact of each scenario. In the case of DEBHs we
numerically solve coupled differential equations tracking the
growth and evaporation of black holes simultaneously, while
in the case of IEBHs we are able to make simplifying
assumptions leading to analytic expressions for the relic
abundance of dark matter. In this section we present the
methodology for each scenario. In both scenarios we have
assumed that the evolution of the 3D spatial brane follows
from the Friedmann equations in the standard cosmology.
The cosmology in the presence of extra dimensions has been
explored in the context of the ADD model [75] where the
extra dimensions are compactified, and in the context of the
Randal-Sundrum (RS)model [76] where the infinite-volume
extra dimensions are warped [77–79]. In particular, it is
shown that the cosmology will be significantly modified in a
consistent study of the bulk evolution in the ADD model.
However, here we assume that the compactified dimensions
are stabilized by somemechanism similar to the one explored
in [79], so that the brane evolution is unaffected by the
presence of extra dimensions.

A. Delayed evaporating black holes

The evolution of DEBHs in the early Universe can be
connected with observations of the late Universe by
establishing a consistent system of differential equations
that tracks the black hole, radiation, and dark matter energy
densities over time. In doing so we closely follow the
methodology of previous work which has studied black
hole evaporation to dark matter [47], but with the modified
production, accretion, and evaporation due to the LEDs. We
will first justify treating the DEBHs as having a mono-
chromatic mass spectrum by deriving an analytic approxi-
mation of the maximum mass that DEBHs grow to before
describing the full evolution of DEBHs.
We treat all DEBHs as having the same mass. This is a

good approximation for n ≥ 2 because all DEBHs will
grow to a similar maximum mass,Mmax, regardless of their
size at formation and with only weak dependence on the
plasma temperature at formation, Ti [66]. An approxima-
tion for Mmax can be found by ignoring the black hole’s
evaporation and assuming only accretion is important for
the first stages of their evolution. If n ≥ 2 and DEBHs grow
only in a radiation dominated phase, then all DEBHs will
have a mass close to the asymptotic mass

Mas ¼
�
γn

MPlT2
i

M3
⋆

�nþ1
n−1
M⋆; ð22Þ

where

γn ¼ facca2n

ffiffiffiffiffiffiffiffiffiffi
π3g⋆
20

r
n − 1

nþ 1
: ð23Þ

If DEBHs accrete an Oð1Þ fraction of the radiation density
such that they come to dominate the Universe, the radiation
temperature will rapidly drop and accretion will shut off.
This results in a reduction of Mmax relative to Mas:

Mmax ¼
�
Mas; Masn•ðTRHÞ ≤ ρrðTRHÞ;
ρrðTRHÞ=n•ðTRHÞ; Masn•ðTRHÞ > ρrðTRHÞ;

ð24Þ

where ρr is the radiation energy density. This reflects a
somewhat different approach from what we previously took
in Ref. [66]. In Ref. [66] for cases where black holes would
accrete themajority of the radiation density, we assumed that
the number of formed black holes is reduced so that the
maximummass they grow to is alwaysMas. Both approaches
only approximate the full solution which includes simulta-
neous black hole formation and accretion. However, so long
as n•ðTRHÞMth ≪ ρrðTRHÞ, the timescale of black hole
formation is shorter than the timescale of accretion and
the number density of formed DEBHs would not be cut off.
The fact that all DEBHs can be treated with a single mass

can be understood from the fact that Eq. (22) is independent
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ofMi, the mass of the black hole before accretion, and only
has a polynomial dependence on the formation temper-
ature. This is not the case for n ¼ 1 where Mas can be
found to be

Mas ¼ Mie
γ1

MPlT
2
i

M3� ; ð25Þ

where

γ1 ¼ facca21

ffiffiffiffiffiffiffiffiffi
π3g�
20

r
: ð26Þ

Since Mas is proportional to Mi and depends exponentially
on the ratio MPlT2

i =M
3�, DEBHs with n ¼ 1 will either all

grow large enough to saturate the bulk and act as long-lived
macroscopic 4D black holes or they will have an extended
mass spectrum. In either case, the methodology presented in
this sectionwouldnot apply.We therefore focus onn ≥ 2 and
leave an analysis of DEBHs with n ¼ 1 to future work.
Figure 2 shows how the number density of the produced

DEBHs and the maximum mass they grow to depends on
the fundamental LED model parameters. The left panel
shows the fraction of the radiation density which initially
converts to DEBHs via particle collisions assuming that all
DEBHs form with a mass of M• ¼ Mth. With this
assumption the initial density of black holes is given by
ρ• ¼ n•Mth. When ρ• ∼ ρr, black hole formation will
deplete the available plasma resulting in a more compli-
cated temperature evolution when calculating n• with
Eq. (14). However, for scenarios where the observed relic
abundance of dark matter is produced, this is not an issue
because ρ• ≪ ρr. The right panel of Fig. 2 shows the
maximum mass that DEBHs grow to as a function of the

reheating scale. For smaller values of TRH the maximum
DEBH mass mostly depends on the features of the LED
model: n andM�. However, as more DEBHs form at larger
TRH, the maximum mass DEBHs reach sharply decreases
because they accrete the majority of the radiation in the
Universe creating an early matter dominated era before
evaporating back into radiation. While this figure was
produced by numerically solving the full system of
equations described below, this behavior exactly matches
the prediction for Mmax described in Eq. (24).
To produce analytic approximations for properties such

as Mmax it can be helpful to separate DEBH evolution into
two distinct phases where first accretion occurs followed by
evaporation. However, both processes do occur simulta-
neously. We account for this by numerically solving a
system of differential equations which consistently
accounts for the complete evolution of DEBHs and their
interaction with the plasma. Therefore, we use the full black
hole mass evolution which can be expressed as

dM•

dt
¼ dMevap

•

dt
þ dMacc

•

dt
: ð27Þ

The number density of black holes, n• is diluted by the
homogeneous expansion of the Universe:

dn•
dt

¼ −3Hn•; ð28Þ

where the Hubble rate is

H ¼ 1

MPl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8π

3
ðρr þ ρ• þ ρdm þ ρΛÞ

r
; ð29Þ

FIG. 2. Properties of DEBHs as a function of the reheating scale, TRH=M�. Different color curves depict different numbers of LEDs.
The solid curves have a scale of quantum gravity of M� ¼ 108 GeV whereas the dashed curves show M� ¼ 1012 GeV. Left: the
approximate fraction of the Universe which initially forms DEBHs assuming all black holes form withM• ¼ Mth. Right: the maximum
mass DEBHs grow to before fully evaporating.
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and ρi is the energy density of each component of the
Universe. In the case of black holes, this is simply
ρ• ¼ M•n•. For radiation, the energy density is

ρr ¼
π2

30
g�T4; ð30Þ

where T is the plasma’s temperature. The plasma temper-
ature evolves as

dT
dt

¼ −
T

1þ T
3

d lnðg�sÞ
dT

�
Hþ n•

4ρr

�
dM•

dt
−
dM•→dm

dt

��
; ð31Þ

where g�s is the number of effective degrees of freedom
which contribute to entropy. The first term in brackets
accounts for Hubble expansion while the second accounts
for interactions between DEBHs and the radiation bath.
Black hole accretion reduces the radiation density while
evaporation deposits energy back into the plasma.
Therefore, the change in temperature is dependent on
the change in the DEBHs’ mass excluding mass change
caused by evaporation to dark matter. Lastly, when rela-
tivistic Standard Model species freeze out, they deposit
their entropy into the radiation sector. This effect is
included in the denominator of the prefactor.
To study the evolution of darkmatter, assumptionsmust be

made about its fundamental nature. We focus on a minimal-
istic dark matter model where all of the dark matter is
comprised of a single species that is stable over cosmological
timescales and only interacts with the Standard Model via
gravity. In this case, the number density of dark matter, ndm,
is only affected by the expansion of the Universe and black
hole evaporation such that

dndm
dt

¼ −3Hndm þ n•
dNdm

dt
: ð32Þ

Since these dark matter particles are produced relativ-
istically, they may suppress the structure formation in a
similar manner to warm dark matter. Therefore, it is
important to examine whether the produced dark matter
is cold enough to evade the constraints on small-scale
structures. To compare the dark matter produced from
DEBHs with limits on its velocity it is important to have
information about the evolution of the momentum distri-
bution of dark matter. We do not track the full phase-space
distribution but rather determine the average momentum of
dark matter particles, hpdmi. Similar to the evolution of
ndm, in the absence of inelastic interactions or interactions
with the Standard Model, the momentum energy density of
dark matter, hpdmindm, is only impacted by the expansion
of the Universe and black hole evaporation:

dðhpdmindmÞ
dt

¼ −4Hhpdmindm þ dM•→dm

dt
n•: ð33Þ

A derivation of this relationship can be found in the
Appendix. The total dark matter energy density in

Eq. (29) is therefore tracked as ρdm≈ndm
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hpdmi2þm2

dm

q
.

However, dark matter which has the correct cosmological
abundance and is sufficiently cold today, will have a
negligible average momentum during any epoch where
ρdm comprises an Oð1Þ fraction of the Universe.
Therefore, the kinetic energy contribution to the energy
density can be safely ignored such that ρdm ≈ ndmmdm.
Equations (27), (28), and (31)–(33) form a system of

differential equations governing the evolution of DEBHs,
radiation, and dark matter in an expanding universe. To
connect a theory of extra dimensions with a cosmological
history, this system of equations can be solved with initial
conditions such that at a reheating temperature, TRH, the
Universe solely consists of radiation and a population of
black holes whose mass is the threshold mass (10) and have
a number density described by Eq. (14).
Figure 3 shows an example of a cosmological history

with DEBHs which evaporate to a 0.1 GeV mass Dirac
fermion dark matter particle (red). In this example, the
black holes (black) completely evaporate early in the
Universe without ever dominating over the radiation
density. While the dark matter is produced relativistically,
it cools well before matter-radiation (blue) equality; this
can be seen in the difference between the total dark matter

FIG. 3. The cosmological history of DEBHs in a universe with
six additional spatial dimensions, M� ¼ 104 GeV, and TRH ¼
0.369M� where the entirety of dark matter today is comprised of a
10−1 GeV mass Dirac fermion. Each line depicts the evolution of
a cosmological component’s density divided by the radiation
entropy. The blue line depicts the radiation density, the gray line
depicts the cosmological constant, the black curve depicts the
black hole energy density, and the red curve depicts the dark
matter (DM) energy density. The red dashed curve shows the dark
matter energy density ignoring any kinetic energy the particles
have at a given time.
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energy density (solid red) and the energy density in mass
alone (dashed red).

B. Instantly evaporating black holes

In the case of IEBHs, the resulting energy density of dark
matter can be obtained analytically. In this section we
follow the approach of Ref. [60] in which we obtained
analytic expressions for IEBHs in a 4D universe, and
generalize the derivation to a universe with extra spatial
dimensions.
The total number density of IEBHs is well approximated

by assuming they form at a temperature T ≪ M⋆ and during
radiation domination. In this regime, the differential pro-
duction rate of black holes from Eq. (6) can be approximated
by using the fact that KiðxÞ ≈

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π=ð2xÞp

e−x for large x
resulting in

dΓ
dM•

¼ g⋆ðTÞ2a2n
8π3

ffiffiffi
π

2

r
ðM•TÞ3=2

�
M•

M⋆

�2nþ4
nþ1

× e−M•=TΘðM• −M⋆Þ: ð34Þ

Most black holes have mass M• ∼M� at formation,
corresponding to a Hawking temperature that is above the
mass of all fundamental particles. The total number of dark
matter particles produced per black hole formed, Ndm, can
be obtained analytically as

NdmðM•Þ ¼
Z

0

M•

dM0
•

�
dM0

•

dt

�
−1 dNdm

dt

¼ 8πangdmη̃i
ð1þ nÞð2þ nÞα0

�
M•

M�

�2þn
1þn

; ð35Þ

where dM•=dt only accounts for evaporation and is
approximated using the high-TH limit described by
Eq. (9) and dNdm=dt is found using the particle production
rate (20) in the massless product limit.
The number density of dark matter at production is found

by convolving the production of darkmatter fromblack holes
with the production of black holes over all temperatures

ndmðTRHÞ¼
Z

0

TRH

dT

�
dT
dt

�
−1Z ∞

M�
dM•NdmðM•Þ

dΓ
dM•

ð36Þ

¼
3

ffiffi
5
2

q
a3ng

3=2
� gdmη̃iMPlM2�

2ð2þnÞð8þ5nÞπ3α0
×

��
TRH

M�

�8þ5n
1þn

Γ
�
17þ11n
2þ2n

;
M�
TRH

�
−Γ

�
1

2
;
M�
TRH

��
;

ð37Þ

where the temperature evolution does not account for any
accretion so dT=dt ¼ −HT and Γðs; xÞ is the upper incom-
plete gamma function. While Eq. (37) is the analytic

expression used to obtain the results throughout this work,
it can be approximated to leading order in TRH=M⋆ as

ndmðTRHÞ ≈
3

ffiffi
5
2

q
ð16þ 10nÞa3ng3=2� gdmη̃iMPlM2�

4ð1þ nÞð2þ nÞð8þ 5nÞπ3α0
×

�
TRH

M�

�
3=2

e−M�=TRH ; ð38Þ

indicating that the number density of dark matter depends
exponentially on M⋆=TRH.
Assuming that after production the dark matter does not

significantly interact with the Standard Model contents of
the Universe, the ratio of dark matter number density to
entropy remains constant. Therefore the relic abundance
today is

Ωdm ¼ g�sðT0ÞT3
0mdmndmðTRHÞ

g�sðTRHÞT3
RHρc

; ð39Þ

where ρc is the critical density of the Universe today and T0

is the cosmic microwave background (CMB) temperature
today. For all the results presented in this work, we have
used the full analytic expression for ndmðTRHÞ shown in
Eq. (37) rather than the leading order approximation.
Figure 4 shows how the relic density of Dirac fermion

dark matter produced by IEBHs depends on TRH=M�
assuming that the initial plasma consists of only
Standard Model particles. The different color curves
represent different numbers of extra dimensions demon-
strating that for a fixedM�, TRH, and dark matter model the
number of extra dimensions has a minimal impact on the
resulting relic density. The left panel fixes the dark matter
mass at mdm ¼ 1 GeV while varying M�, showing that
when M� increases, TRH is required to be closer to M� to
achieve the same relic density. Alternatively, the right panel
fixes the scale of quantum gravity at M� ¼ 1012 GeV and
shows that heavier dark matter results in a larger relic
density for the same TRH. For small ratios of TRH=M� the
resulting relic density scales as

Ωdm ∼ ð0.08 − 0.3Þ
�
gdmmdm

10 GeV

��
MPl

M�

�

×
�

M�
20TRH

�
3=2

e20−M�=TRH ; ð40Þ

where the range in the prefactor accounts for variation
in 1 ≤ n ≤ 6.
The average momentum of dark matter at production is

given by

hpdmi ¼
ρdmðTRHÞ
ndmðTRHÞ

; ð41Þ
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where ρdm is obtained via the same method as ndm except
replacing Ndm in Eq. (36) with Edm, the amount of energy
produced by evaporation to dark matter from a single
IEBH. In the relevant regime where mdm ≪ TH,

EdmðM•Þ ¼
Z

0

M•

dM0
•

�
dM0

•

dt

�
−1 dM•→dm

dt

¼ 8πgdmξ̃i
ð1þ nÞ2α0

M•: ð42Þ

If after production, dark matter only loses energy due to the
adiabatic expansion of the Universe, the average particle
speed today would be

hv0i ¼
g�sðT0Þ1=3T0hpdmi
g�sðTRHÞ1=3TRHmdm

: ð43Þ

To leading order in TRH=M�, the average dark matter speed
today can be approximated as

hv0i ≈
�

g�sðT0Þ1=3M�T0ξ̃i
g�sðTRHÞ1=3mdmTRHη̃i

�� ð2þ nÞð8þ 5nÞ
anð1þ nÞð7þ 5nÞ

�
:

ð44Þ

The average momentum of dark matter produced by IEBHs
is independent of the dark matter mass. Therefore, heavier
dark matter will be slower and colder today. Similarly, dark
matter’s temperature at formation is independent of the
plasma temperature so for a constant scale of quantum
gravity, a larger reheating temperature provides more time
for dark matter to cool resulting in a lower average
speed today.

C. Planckeon dark matter

Inspired by the black hole information paradox it was
proposed that for black hole evaporation to maintain
unitarity, the end product of evaporationmust be quasistable
objects called Planckeons1 with M• ∼MPl and a lifetime
much longer than the age of the Universe [67]. This
argument is supported by studies of black holes in quantum
theories of gravity such as string theory which show that
quantum corrections to the Hawking temperature likely stop
evaporation when black holes approach the Planck scale
[80,81]. Reference [82] provides a review of the many
motivations for the existence of stable Planckeons as well as
the theoretical arguments against their existence. In theories
of LEDs,when the scale of quantumgravity is lower than the
Planck scale, the arguments supporting stable Planckeons
generalize so that they have a mass M• ∼M� [83].
The cosmological implications of stable Planckeons

have been studied in four dimensions. With a reheating
temperature close to the Planck scale, high-energy colli-
sions can produce the correct relic abundance of
Planckeons to account for all of the observed dark matter
[60,84]. Additionally, Planckeons generically have a non-
zero charge, which has been shown to have important
implications for direct detection prospects [85]. In this
section we extend the analysis of Refs. [60,84], by general-
izing it to theories of extra dimensions.
The abundance of Planckeons is insensitive to the exact

evolution of the black hole mass in the early Universe.
Therefore, an analytic expression for the relic abundance of
Planckeons can be found using the same method as

FIG. 4. Relic abundance of Dirac fermion dark matter produced by IEBHs. Curves of different colors represent different number of
extra dimensions. The black dot-dashed line shows the observed relic density of dark matter today. Left: dark matter mass is fixed at
mdm ¼ 1 GeV for all curves. The solid, dashed, and dotted curves show scales of quantum gravity of 104 GeV, 1012 GeV, and
M� ¼ MPl respectively. Right: the scale of quantum gravity is fixed at M� ¼ 1012 GeV for all curves. The solid, dashed, and dotted
curves show the relic abundance for dark matter with masses of 10−3, 1, and 103 GeV respectively.

1They are also sometimes referred to as “Planck relics” or
“black hole remnants.”
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described above for IEBHs. In the case of Planckeons, each
formed black hole produces one Planckeon so thatNdm ¼ 1.
This results in a number density of Planckeons, nPl, at
formation of

nPlðTRHÞ¼
3

ffiffi
5
2

q
a2ng

3=2
� MPlM�ð1þnÞ

32ð3þ2nÞπ4

×

��
TRH

M�

�5þ3n
1þn

Γ
�
13þ9n
2þ2n

;
M�
TRH

�
−Γ

�
1

2
;
M�
TRH

��
:

ð45Þ

Similarly, the density of Planckeons evolves in the sameway
as dark matter after formation. So the relic abundance of
Planckeons today, ΩPl, can be obtained with Eq. (39) by
assuming that all Planckeons have masses near the scale of
quantum gravity, i.e. mdm ¼ M�. Assuming that at the time
of Planckeon formation, the plasma consists entirely of
Standard Model particles, to leading order in TRH=M�, the
relic density of Planckeons scales as

ΩPl ∼ ð0.04 − 0.2Þ
�

M�
70TRH

�
3=2

e70−M�=TRH ; ð46Þ

where the range in the prefactor accounts for all LEDmodels
with 0 ≤ n ≤ 6 and the 70 in the exponent denotes a
benchmark ratio ofM�=TRH for which Planckeons comprise
anOð1Þ fraction of the dark matter. One noteworthy feature
of Planckeon production is that the dependence of the relic
density today onM� and TRH is only in factors ofM�=TRH.
Therefore, the relic density today does not depend on the

absolute scale of quantum gravity but only how large the
reheating temperature is relative to it.
Figure 5 shows the predicted density of Planckeons

today as a function of the ratio TRH=M� enlarged on the
parameter space where Planckeons comprise the entirety of
dark matter. The blue n ¼ 0 curve shows the case of 4D
Planckeons studied in Ref. [60]. The abundance of
Planckeons has a very strong dependence on TRH and is
similar for all n. For a specificM⋆, changing the number of
extra dimensions in the range of 0 ≤ n ≤ 6 shifts the
expected TRH value only by about 3%.

IV. PARAMETER SPACE AND
OBSERVATIONAL CONSTRAINTS

In this section we connect observational constraints on
dark matter with early Universe cosmology in the presence
of LEDs. We focus on Dirac fermion dark matter so that the
parameter space of our model is described entirely by four
parameters: n, M�, TRH=M�, and mdm. Models of dark
matter that have a different spin or number of degrees of
freedom will have similar results to the case of Dirac
fermion dark matter. Changes in the results stemming from
different dark matter models can be accounted for through
the values of gdm, ξi, and ηi. We will present the results for
the scenario of DEBHs and IEBHs separately, taking into
account observational constraints, before directly compar-
ing the two scenarios and demonstrating that IEBHs are
dominant for the realistic production of dark matter.

A. General considerations on dark matter constraints

In determining the viability of black hole evaporation in
the presence of LEDs as a dark matter production
mechanism, we use three criteria: (1) the correct relic
abundance of dark matter is produced, (2) the black holes
evaporate before neutrino decoupling, and (3) the dark
matter today is cold. For the relic abundance of dark
matter, we use the Planck observation of Ωdmh2 ¼ 0.12
[1]. While models which produce a smaller relic abun-
dance are allowed, we are able to rule out parameter space
which overproduces dark matter. For these excluded
models, additional mechanisms would have to be intro-
duced such as dark matter self-annihilation in order to
wash out the produced abundance.
Limiting our scope to black holes which completely

evaporate before neutrinos decouple from the plasma is not
restrictive of IEBHs as they by definition immediately
evaporate at T ∼ TRH. In principle, DEBHs could survive
beyond neutrino decoupling and produce a cold dark matter
candidate before the time of matter-radiation equality.
However, LED black hole evaporation in this later epoch
is severely constrained by its impact on big bang nucleo-
synthesis (BBN) [66]. Therefore, our results will focus on
black holes that evaporate before neutrino decoupling
which do not contradict any cosmological observations.

FIG. 5. The relic abundance of Planckeons today if black holes
with mass M• ¼ M� are stable. The black horizontal line shows
the observed relic abundance of dark matter while the different
color curves show the abundance of Planckeons with different
numbers of LEDs. The relic abundance is independent of the
scale of quantum gravity so this figure applies for all values
of M�.
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Measurements of the matter power spectrum via obser-
vations of the Lyman-α forest set constraints on the
properties of warm dark matter (WDM). WDM washes
out small-scale structure, producing a deficit of power on
those scales. An approximate lower bound on mdm can be
found by ensuring that the average speed of dark matter is
at most the maximum average speed of thermal WDM
allowed by Lyman-α observations [16]. The maximum
average speed of thermal WDM today is [16,86]

hv0imax ≈ 3.9 × 10−8
�
1 keV
mwdm

min

�
4=3

; ð47Þ

where mwdm
min ¼ 4.65 keV [87] is the minimum mass

allowed for thermal WDM. We then set a lower bound
on mdm by computing the average speed using Eq. (33) in
the case of DEBHs and Eq. (44) in the case of IEBHs and
ensuring hv0i ≤ hv0imax. The impact of dark matter on the
matter power spectrum depends on the full velocity dis-
tribution of dark matter so this comparison to thermal
WDM relies on an assumption that the nonthermal features
of Hawking radiation do not have a large impact.

B. Dark matter from delayed evaporating black holes

The relationships required between the scale of quantum
gravity and the reheating scale for DEBHs to produce the
correct relic abundance of Dirac fermion dark matter are
shown in Fig. 6 for a variety of mdm and n values. Each
panel depicts a different number of LEDs and the different
color curves each depict a different value of mdm. The
shaded regions depict parameter space where there exists an
era of early matter domination either during accretion (dark
gray) or after accretion stops but before the DEBHs fully
evaporate (light gray). The shaded regions are not to be
interpreted as exclusion regions. The hatched region shows
when DEBHs survive until after neutrino decoupling. In
this region, black hole evaporation is constrained by the
impact on BBN and the CMB [66]. However, previous
work has not set constraints for black hole evaporation for
all values of M� so DEBH evaporation to dark matter may
remain viable for some portion of this parameter space.
The reheating scale for producing the observed relic

abundance of dark matter from DEBHs is in the range
0.1 ≤ TRH=M� ≤ 0.4 depending on the number of LEDs. If
more LEDs exist, a larger TRH is required for the same scale
of quantum gravity because DEBH production is heavily
suppressed relative to models with fewer LEDs as seen in
the left panel of Fig. 2. Models with fewer LEDs also
produce larger DEBHs which have longer lifetimes. This
means that for the produced DEBHs to entirely evaporate
before neutrino decoupling, larger scales of quantum
gravity are required. For example, in models with n ¼ 2
LEDs, for DEBHs to produce cold dark matter and entirely
evaporate before neutrino decoupling, the LEDs must be
small enough so that M� > 5 × 1010 GeV. Alternatively

for n ¼ 6, all DEBHs withM� ≥ 104 GeV evaporate early,
evading all BBN and CMB constraints.
The TRH=M� ratios needed to produce the observed relic

abundance of dark matter differ qualitatively for heavy and
light dark matter. The trend for light dark matter can be seen
for n ¼ 3 andmdm ¼ 10−3 GeV. WhenM⋆ ≳ 108 GeV, as
M⋆ decreases the TRH=M� ratio also decreases. This can be
understood from the left panel of Fig. 2, where a smaller
M� requires a lower TRH=M� ratio for the same fraction of
the Universe to convert into DEBHs. There is a jump in the
TRH=M� ratio as M� drops below M� ≈ 108 GeV with the
curve entering the light gray shaded region. There, DEBHs
grow to their maximum size during radiation domination
but survive long enough so that they come to dominate the
Universe before evaporating. In this regime, the black hole
evaporation dumps a significant amount of energy into the
plasma thus partially reheating it. This energy dump
depletes the density of dark matter produced. Therefore,
increases in TRH will cause more dark matter to be
produced, but will also provide a larger radiation entropy
dump which conversely dilutes the dark matter. This
ultimately results in little change to the final relic abun-
dance of dark matter. This trend stops in the dark gray
region for large TRH values, when DEBHs are so abundant
that they dominate the Universe during accretion. In this
regime, the maximum mass that DEBHs grow to is cut off
as accretion depletes the available radiation density. Dark
matter is overproduced at smallM⋆, and hence the TRH=M�
ratio decreases.
The behavior for heavier dark matter models can be

illustrated by the mdm ¼ 103 GeV curve in the bottom
(n ¼ 6) panel. Two differences can be spotted as compared
with light dark matter, one being the uptick at M� ≲
105 GeV before the jump and the other being the increase
in TRH=M� ratio in the dark gray region. The former is best
explained by the right panel of Fig. 2. So long as DEBHs do
not dominate the Universe, models with smaller M� values
produce larger and colder DEBHs. If TH ≲mdm, evapora-
tion to dark matter is Boltzmann suppressed. Therefore,
these large DEBHs produced in models with a lower scale
of quantum gravity produce very little dark matter, thus
requiring more DEBHs to form and a larger TRH. This
scenario changes in the dark gray region when the
maximum black hole mass after accretion is reduced. A
larger reheating temperature is also necessary to produce
more and hence smaller and hotter black holes, so that dark
matter production is not Boltzmann suppressed, yielding
the correct relic abundance today.
Generally, dark matter models with a lower mass require

a larger TRH=M� ratio to maintain the same relic abun-
dance. This is because whenmdm ≪ TH for DEBHs at their
maximum mass, the energy density of dark matter pro-
duced is independent ofmdm but lighter dark matter is more
energetic implying a smaller number density. Additionally,
since the relic abundance today is proportional to ndmmdm,
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FIG. 6. Reheating scale needed for DEBHs to produce the observed relic abundance of Dirac fermion dark matter as a function of the
quantum gravity scale,M�. Each panel depicts a different number of LEDs in the range 2 ≤ n ≤ 6 and each curve depicts a different dark
matter mass. The dashed portions of the curve show the parameter space where dark matter would be too warm in violation of
observations of the Lyman-α forest. The gray hatched region shows parameter space where black holes survive until after neutrino
decoupling. In the dark gray region, black hole growth is cut off because DEBHs come to dominate the Universe before reaching their
maximum mass. In the light gray region, DEBHs remain subdominant while growing but there exists a period of DEBH domination
before they fully evaporate.
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a lower dark matter mass requires an even larger number
density for the same relic abundance.

C. Dark matter and Planckeons from
instantly evaporating black holes

Figure 7 shows the reheating scale needed for IEBHs to
produce the observed relic abundance of darkmatter today as
a function ofmdm for variousM� values. The different color
curves in the left panel represent different numbers of LEDs,
demonstrating that varying n in the range 1 ≤ n ≤ 6 has very
little impact on dark matter production. The solid, dashed,
and dotted curves show M� ¼ 104 GeV, M� ¼ 1012 GeV,
andM� ¼ MPl respectively. The results in this figure use the
analytic derivation of the relic abundance discussed in
Sec. III B. This includes the assumption that TH ≫ mdm
for most of the IEBHs which form. If instead, the abundance
was obtained numerically without that assumption, the sharp
cutoff atM� ¼ mdm would instead be a smooth cutoff due to
the Boltzmann suppression of dark matter production. The
dot-dashed curves represent the lowest allowed mdm, below
which dark matter would have an average speed that is too
fast today and therefore be inconsistent with observations of
the Lyman-α forest. By comparing the predicted average
speed of dark matter produced by IEBHs Eq. (44) with the
maximumaverage speed allowed for thermalWDMEq. (47),
we find the constraint on the mass of fermionic dark matter
produced by IEBHs to be

mdm ≳ ð1 − 3Þ × 10−4 GeV
�
0.1M�
TRH

��
mwdm

min

4 keV

�
4=3

; ð48Þ

where the range in the prefactor accounts for all LEDmodels
with 1 ≤ n ≤ 6.
For n ≥ 2, all scales of quantum gravity in the range

104 GeV ≤ M� ≤ MPl are unconstrained. Therefore a
region of the mdm − TRH parameter space can be defined
where the entire relic abundance of dark matter could be
produced via IEBHs when varying M⋆. The right panel of
Fig. 7 shows this parameter space in blue. As the reheating
temperature required to produce the correct relic abundance
is very weakly dependent on n, we only show the region for
n ¼ 6. The black region shows when the dark matter would
be too light and warm, thus being excluded by observations
of the Lyman-α forest. This figure demonstrates that in
order to produce all of the dark matter, the ratio TRH=M�
must be between 10−2 and 10−1. For heavier dark matter
models, the range of TRH values which are able to produce
dark matter is smaller due to the implied constraint on
quantum gravity such that M� > mdm.
Figure 8 shows the required reheating scale for IEBHs to

produce the relic abundance of dark matter as a function of
M� and compares this to the case of stable Planckeons.
Only the case of n ¼ 6 is shown due to the weak
dependence on n for both IEBH production of dark matter
and the production of stable Planckeons. Higher scales of
quantum gravity require a TRH closer to M� because, as
shown in Eq. (40), the relic abundance of dark matter is
enhanced by a factor of MPl=M�. This enhancement arises
from the fact that the Universe is assumed to obey the 4D
Friedman equations so that the rate of the expansion of the
Universe is suppressed by a factor of M−1

Pl . For MPl > M�,
the Universe expands on a slower scale than IEBH

FIG. 7. The reheating scale, TRH=M�, required for IEBHs to produce the observed relic abundance of dark matter as a function of dark
matter mass, mdm. Left: each color curve shows a different number of LEDs. The dark blue n ¼ 0 curve is the same as Ref. [60]. The
solid, dashed, and dotted curves depict quantum gravity scales of 104 GeV, 1012 GeV, and M� ¼ MPl respectively. The dot-dashed
curves show the minimum allowed dark matter mass, below which the produced dark matter would be in violation of Lyman-α forest
constraints on warm dark matter. Right: the blue region shows the parameter space for which the entire relic abundance of dark matter
can be produced by IEBHs with n ¼ 6 LEDs and M� ≥ 104 GeV. The black region is excluded by Lyman-α observations.
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production. This allows for more dark matter to be produced
before the plasma cools sufficiently. The pink line shows that
if black holes with mass M• ¼ M� are stable, the reheating
scale required for Planckeons to comprise the entirety of dark
matter is TRH ¼ 1.5 × 10−2M�. The other curves show
different masses of Dirac fermion dark matter. The light
blue curve, depicting mdm ¼ 105 GeV, is cut off at
M� ¼ mdm. For all mdm ≤ M�, the relic abundance of
Planckeons is larger than that of Dirac fermion dark matter
produced via IEBHs.

D. Comparing IEBH and DEBH production

By comparing Figs. 6 and 8, it is clear that the reheating
scale required for DEBHs to produce the relic abundance of
dark matter is higher than that for IEBHs. Figure 9 makes
this comparison explicit. The top five curves show the
TRH=M� scale required for DEBHs to produce the observed
relic abundance of Dirac fermion dark matter with
mdm ¼ 10−1 GeV. Alternatively, the black line shows for
the same dark matter model, the reheating scale required for
IEBHs to produce the same relic abundance. Lastly, the
horizontal pink line shows the case of stable Planckeons.
Throughout this work we have treated IEBHs and

DEBHs as two separate scenarios. In principle, both
DEBHs and IEBHs can form and each produce a portion
of the dark matter density. However, Fig. 9 demonstrates
that for any cosmological model where TRH is large enough
that DEBHs produce a significant portion of the dark

matter, dark matter would be overabundant due to the much
more efficient production via IEBHs. Conversely, at the
temperatures where IEBHs do not overproduce dark matter,
very few if any black holes form at masses large enough to
be DEBHs. This is true for all scales of quantum gravity
and dark matter models we have studied. Therefore, it is
unlikely that DEBH evaporation is the source of the
observed dark matter abundance.
Our calculation of the dark matter production via IEBHs

relies on a semiclassical treatment of the formation and
evaporation of M�-scale black holes. These results are
therefore sensitive to quantum gravitational effects. DEBHs
on the other hand typically form and produce dark matter in
a regime where the semiclassical treatment is trustworthy.
Therefore, studying DEBHs provides an upper limit on the
required reheating scale for dark matter production via LED
black holes which is robust to UV effects in quantum
gravity.

V. CONCLUSIONS

In this work we have demonstrated that in the presence of
LEDs and a reheating temperature within a factor of
10−2–10−1 of the reduced scale of quantum gravity,
energetic collisions in the early Universe would produce
microscopic black holes that evaporate, leaving behind a
relic abundance of dark matter. This scenario does not rely
on any nongravitational interactions between dark matter

FIG. 8. The reheating scale, TRH=M�, required to produce
the observed relic abundance of dark matter as a function of the
quantum gravity scale, M�. The top five curves depict the
scenario of IEBHs producing Dirac fermion dark matter with
each curve showing a different dark matter mass. The dashed
portion of the curves shows the parameter space where dark
matter would be too warm today in violation of Lyman-α
constraints on warm dark matter. The horizontal pink line shows
the reheating scale required for Planckeons to comprise the
entirety of dark matter today if black holes with mass M• ¼ M�
are stable.

FIG. 9. A comparison of the relevant reheating scale for each of
the three production mechanisms discussed in this work: DEBH
evaporation, IEBH evaporation, and Planckeon production. The
top five curves show the reheating scale required for DEBHs to
produce the observed relic abundance of Dirac fermion dark
matter with a mass ofmdm ¼ 10−1 GeV for 2 ≤ n ≤ 6 LEDs. For
the dashed segments of these curves, the produced dark matter
would be too warm based on observations of the Lyman-α forest.
The black curve shows the reheating scale for the scenario of
IEBHs producing a 10−1 GeV mass Dirac fermion and the pink
line shows the scenario where dark matter is comprised of stable
Planckeons with mass M• ¼ M�.
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and the Standard Model. We have compared three mech-
anisms for dark matter production via black holes:
(1) DEBHs where black holes grow via accretion before
ultimately evaporating, (2) IEBHs where M�-scale black
holes immediately evaporate, and (3) Planckeons where
dark matter is comprised of stable black hole relics with
M• ¼ M�. For any TRH where DEBHs are relevant, dark
matter would be vastly overproduced by IEBHs or as
Planckeons. Therefore, IEBHs and Planckeons are the two
viable mechanisms for producing the observed relic abun-
dance of dark matter depending on whetherM� mass black
holes are stable or not. The production of dark matter via
IEBHs and Planckeons is very similar to previous work
which studied these mechanisms in a standard 4D cosmol-
ogy [60,84]. However, in a 4D cosmology a reheating
temperature of TRH ≳ 1017 GeV is required which is not
allowed in single-field inflation models [61]. In this work
the requirement of a hot big bang is removed by postulating
the existence of additional compactified spatial dimensions.
Strong yet model-dependent constraints have been set on

TRH in LED models based on the production of Kaluza-
Klein (KK) modes [88]. These constraints would exclude
all TRH where black holes are produced via energetic
collisions. However, these constraints were determined
assuming that the LEDs are compactified to a toroidal
geometry such that there exist light and long-lived KK
modes. If the LEDs have a different geometry, such as a
compact hyperbolic manifold, these cosmological bounds
are entirely evaded. Furthermore, the presence of additional
branes [88] or couplings with matter [89] would cause the
KK modes to have a short lifetime, removing the cosmo-
logical constraints. Another caveat that has recently been
pointed out regarding black hole formation in the presence
of LEDs is that if the Compton wavelength is altered
similarly to the black hole horizon radius, the true scale of
quantum gravity may remain at the Planck scale [90,91].
As we consider LED models with scales of quantum

gravity far out of the reach of colliders and with compac-
tification length scales much smaller than can be tested in
the lab, it is important to consider potential observational
signatures that can discover this production mechanism. If
there was a period of black hole domination in the early
Universe the gravitational potential of the black holes could
have sourced a stochastic gravitational wave background
[92,93]. In the case of IEBHs which do not dominate the
Universe, searching for a signal from their evaporation is
more promising. As shown in Table I, evaporation to
gravitons is significantly enhanced in the presence of
LEDs. This enhancement is caused by gravitons being
able to travel in the bulk. Therefore, the majority of this
radiation will be in the form of KK modes rather than
massless gravitational waves. The impact of evaporation to
KK modes is dependent on their mass, lifetime, and
couplings which in turn depend on the compactification
scheme of the LEDs. Studying the impact of the

evaporation to KK modes and gravitational waves may
provide unique observational signals. An intriguing pos-
sibility is that long-lived KK modes could be a cold dark
matter candidate, removing the need to postulate the
existence of an additional species (see Refs. [94,95] in
the context of a different extra-dimension model). Even if
evaporation to KK modes is suppressed by the LED
compactification, evaporation to gravitational waves on
the brane may produce a detectable signal of gravitational
microwaves. The energy density of gravitational waves is
depleted quicker than that of dark matter making obser-
vations of gravitational waves from dark matter evaporation
sensitive to smaller M� values. We leave a study of the
observational signatures of IEBHs in specific LED com-
pactification models to future work.
We have demonstrated a novel impact of LED models

independent of the specific geometry. In doing so, we have
expanded the scope of connections between primordial
black holes and dark matter and have illustrated a rich
phenomenology of LED models that has not yet been
explored.
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APPENDIX: DARK MATTER MOMENTUM
EVOLUTION DERIVATION

Using ρmom ≡ nhpdmi. In an isolated collisionless
system:

a−4
dða4ρmomÞ

dt
¼ a−4

�
ahpdmi

dða3nÞ
dt

þ a3n
dðahpdmiÞ

dt

�

ðA1Þ

¼ 0: ðA2Þ

Now introducing a “collision term” which accounts for
black hole evaporation to dark matter with the assumption
that the dark matter mass is a negligible contribution to its
total energy at the time of evaporation
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a−4
dða4ρmomÞ

dt
¼ C•→dm ðA3Þ

¼ n•

				 dM•→dm

dt

				; ðA4Þ

dðρmomÞ
dt

¼ n•

				 dM•→dm

dt

				 − 4a−1ρmomȧ; ðA5Þ

dðnhpdmiÞ
dt

¼ −4Hnhpdmi þ n•

				 dM•→dm

dt

				: ðA6Þ
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[31] Marco Calzà, John March-Russell, and João G. Rosa,
Evaporating primordial black holes, the string axiverse,
and hot dark radiation, arXiv:2110.13602.

[32] Nolan Smyth, Lillian Santos-Olmsted, and Stefano
Profumo, Gravitational baryogenesis and dark matter from
light black holes, J. Cosmol. Astropart. Phys. 03 (2022)
013.

[33] Basabendu Barman, Debasish Borah, Suruj Jyoti Das, and
Rishav Roshan, Non-thermal origin of asymmetric dark
matter from inflaton and primordial black holes, J. Cosmol.
Astropart. Phys. 03 (2022) 031.

[34] Rome Samanta and Federico R. Urban, Testing super heavy
dark matter from primordial black holes with gravitational
waves, J. Cosmol. Astropart. Phys. 06 (2022) 017.

[35] Teruyuki Kitabayashi, Primordial black holes and dark
matter mass spectra, Prog. Theor. Exp. Phys. 2022, 123B01
(2022).

[36] Basabendu Barman, Debasish Borah, Suruj Das Jyoti, and
Rishav Roshan, Cogenesis of baryon asymmetry and
gravitational dark matter from primordial black holes,
J. Cosmol. Astropart. Phys. 08 (2022) 068.

[37] Andrew Cheek, Lucien Heurtier, Yuber F. Perez-Gonzalez,
and Jessica Turner, Redshift effects in particle production
from Kerr primordial black holes, Phys. Rev. D 106, 103012
(2022).

[38] Teruyuki Kitabayashi, Primordial black holes and mirror
dark matter, Int. J. Mod. Phys. A 37, 2250181 (2022).

[39] Kratika Mazde and Luca Visinelli, The interplay between
the dark matter axion and primordial black holes, J. Cosmol.
Astropart. Phys. 01 (2023) 021.

[40] Basabendu Barman, Debasish Borah, Suruj Jyoti Das, and
Rishav Roshan, Gravitational wave signatures of PBH-
generated baryon-dark matter coincidence, Phys. Rev. D
107, 095002 (2023).

[41] Nilanjandev Bhaumik, Anish Ghoshal, Rajeev Kumar Jain,
and Marek Lewicki, Distinct signatures of spinning PBH
domination and evaporation: Doubly peaked gravitational
waves, dark relics and CMB complementarity, J. High
Energy Phys. 05 (2023) 169.

[42] Andrew Cheek, Lucien Heurtier, Yuber F. Perez-Gonzalez,
and Jessica Turner, Evaporation of primordial black holes in
the early Universe: Mass and spin distributions, Phys. Rev.
D 108, 015005 (2023).

[43] Kaustubh Agashe, Jae Hyeok Chang, Steven J. Clark,
Bhaskar Dutta, Yuhsin Tsai, and Tao Xu, Detecting ax-
ion-like particles with primordial black holes, Phys. Rev. D
108, 023014 (2023).

[44] Danny Marfatia and Po-Yan Tseng, Boosted dark matter
from primordial black holes produced in a first-order phase
transition, J. High Energy Phys. 04 (2023) 006.

[45] Arnab Chaudhuri, Baradhwaj Coleppa, and Kousik Loho,
Dark matter production from two evaporating PBH distri-
butions, arXiv:2301.08588.

[46] Andrew Cheek, Lucien Heurtier, Yuber F. Perez-Gonzalez,
and Jessica Turner, Primordial black hole evaporation and
dark matter production. II. Interplay with the freeze-in or
freeze-out mechanism, Phys. Rev. D 105, 015023 (2022).

[47] Andrew Cheek, Lucien Heurtier, Yuber F. Perez-Gonzalez,
and Jessica Turner, Primordial black hole evaporation and
dark matter production. I. Solely Hawking radiation, Phys.
Rev. D 105, 015022 (2022).

[48] Thomas C. Gehrman, Barmak Shams Es Haghi, Kuver
Sinha, and Tao Xu, The primordial black holes that
disappeared: Connections to dark matter and MHz-GHz
gravitational waves, arXiv:2304.09194.

[49] S.W. Hawking, Particle creation by black holes, Commun.
Math. Phys. 43, 199 (1975); 46, 206(E) (1976).

[50] P. Ivanov, P. Naselsky, and I. Novikov, Inflation and
primordial black holes as dark matter, Phys. Rev. D 50,
7173 (1994).

[51] Juan Garcia-Bellido, Andrei D. Linde, and David Wands,
Density perturbations and black hole formation in hybrid
inflation, Phys. Rev. D 54, 6040 (1996).

[52] Antonio Riotto, The primordial black hole formation from
single-field inflation is not ruled out, arXiv:2301.00599.

[53] Sayantan Choudhury, Mayukh R. Gangopadhyay, and M.
Sami, No-go for the formation of heavy mass primordial
black holes in single field inflation, arXiv:2301.10000.

[54] Sayantan Choudhury, Sudhakar Panda, and M. Sami, No-go
for PBH formation in EFT of single field inflation, arXiv:
2302.05655.

[55] Jason Kristiano and Jun’ichi Yokoyama, Response to
criticism on “Ruling Out Primordial Black Hole Formation
From Single-Field Inflation”: A note on bispectrum and
one-loop correction in single-field inflation with primordial
black hole formation, arXiv:2303.00341.

[56] A. Riotto, The primordial black hole formation from single-
field inflation is still not ruled out, arXiv:2303.01727.

[57] Sayantan Choudhury, Sudhakar Panda, and M. Sami,
Quantum loop effects on the power spectrum and constraints
on primordial black holes, arXiv:2303.06066.

[58] Hassan Firouzjahi and Antonio Riotto, Primordial black
holes and loops in single-field inflation, arXiv:2304.07801.

[59] Gabriele Franciolini, Antonio Iovino, Jr., Marco Taoso, and
Alfredo Urbano, One loop to rule them all: Perturbativity in
the presence of ultra slow-roll dynamics, arXiv:2305.03491.

[60] AviFriedlander,NingqiangSong, andAaronC.Vincent,Dark
matter from hot big bang black holes, arXiv:2303.07372.

[61] Y. Akrami et al. (Planck Collaboration), Planck 2018
results. X. Constraints on inflation, Astron. Astrophys.
641, A10 (2020).

[62] Nima Arkani-Hamed, Savas Dimopoulos, and G. R. Dvali,
The hierarchy problem and new dimensions at a millimeter,
Phys. Lett. B 429, 263 (1998).

[63] Philip C. Argyres, Savas Dimopoulos, and John March-
Russell, Black holes and submillimeter dimensions, Phys.
Lett. B 441, 96 (1998).

[64] John A. Conley and Tommer Wizansky, Microscopic
primordial black holes and extra dimensions, Phys. Rev.
D 75, 044006 (2007).

[65] George Johnson, Primordial black hole constraints with
large extra dimensions, J. Cosmol. Astropart. Phys. 09
(2020) 046.

DARK MATTER FROM HIGHER-DIMENSIONAL PRIMORDIAL … PHYS. REV. D 108, 043523 (2023)

043523-17

https://doi.org/10.1088/1475-7516/2021/08/063
https://doi.org/10.1103/PhysRevD.104.083523
https://doi.org/10.1103/PhysRevD.104.083523
https://arXiv.org/abs/2110.13602
https://doi.org/10.1088/1475-7516/2022/03/013
https://doi.org/10.1088/1475-7516/2022/03/013
https://doi.org/10.1088/1475-7516/2022/03/031
https://doi.org/10.1088/1475-7516/2022/03/031
https://doi.org/10.1088/1475-7516/2022/06/017
https://doi.org/10.1093/ptep/ptac151
https://doi.org/10.1093/ptep/ptac151
https://doi.org/10.1088/1475-7516/2022/08/068
https://doi.org/10.1103/PhysRevD.106.103012
https://doi.org/10.1103/PhysRevD.106.103012
https://doi.org/10.1142/S0217751X22501810
https://doi.org/10.1088/1475-7516/2023/01/021
https://doi.org/10.1088/1475-7516/2023/01/021
https://doi.org/10.1103/PhysRevD.107.095002
https://doi.org/10.1103/PhysRevD.107.095002
https://doi.org/10.1007/JHEP05(2023)169
https://doi.org/10.1007/JHEP05(2023)169
https://doi.org/10.1103/PhysRevD.108.015005
https://doi.org/10.1103/PhysRevD.108.015005
https://doi.org/10.1103/PhysRevD.108.023014
https://doi.org/10.1103/PhysRevD.108.023014
https://doi.org/10.1007/JHEP04(2023)006
https://arXiv.org/abs/2301.08588
https://doi.org/10.1103/PhysRevD.105.015023
https://doi.org/10.1103/PhysRevD.105.015022
https://doi.org/10.1103/PhysRevD.105.015022
https://arXiv.org/abs/2304.09194
https://doi.org/10.1007/BF02345020
https://doi.org/10.1007/BF02345020
https://doi.org/10.1007/BF01608497
https://doi.org/10.1103/PhysRevD.50.7173
https://doi.org/10.1103/PhysRevD.50.7173
https://doi.org/10.1103/PhysRevD.54.6040
https://arXiv.org/abs/2301.00599
https://arXiv.org/abs/2301.10000
https://arXiv.org/abs/2302.05655
https://arXiv.org/abs/2302.05655
https://arXiv.org/abs/2303.00341
https://arXiv.org/abs/2303.01727
https://arXiv.org/abs/2303.06066
https://arXiv.org/abs/2304.07801
https://arXiv.org/abs/2305.03491
https://arXiv.org/abs/2303.07372
https://doi.org/10.1051/0004-6361/201833887
https://doi.org/10.1051/0004-6361/201833887
https://doi.org/10.1016/S0370-2693(98)00466-3
https://doi.org/10.1016/S0370-2693(98)01184-8
https://doi.org/10.1016/S0370-2693(98)01184-8
https://doi.org/10.1103/PhysRevD.75.044006
https://doi.org/10.1103/PhysRevD.75.044006
https://doi.org/10.1088/1475-7516/2020/09/046
https://doi.org/10.1088/1475-7516/2020/09/046


[66] Avi Friedlander, Katherine J. Mack, Sarah Schon,
Ningqiang Song, and Aaron C. Vincent, Primordial black
hole dark matter in the context of extra dimensions, Phys.
Rev. D 105, 103508 (2022).

[67] Y. Aharonov, A. Casher, and S. Nussinov, The unitarity
puzzle and Planck mass stable particles, Phys. Lett. B 191,
51 (1987).

[68] Savas Dimopoulos and Greg L. Landsberg, Black Holes at
the LHC, Phys. Rev. Lett. 87, 161602 (2001).

[69] Steven B. Giddings and Scott D. Thomas, High-energy
colliders as black hole factories: The end of short distance
physics, Phys. Rev. D 65, 056010 (2002).

[70] Albert M Sirunyan et al. (CMS Collaboration), Search for
new physics in dijet angular distributions using proton–
proton collisions at

ffiffiffi
s

p ¼ 13 TeV and constraints on dark
matter and other models, Eur. Phys. J. C 78, 789 (2018).

[71] Albert M Sirunyan et al. (CMS Collaboration), Search for
black holes and sphalerons in high-multiplicity final states
in proton-proton collisions at

ffiffiffi
s

p ¼ 13 TeV, J. High Energy
Phys. 11 (2018) 042.

[72] D. J. Kapner, T. S. Cook, E. G. Adelberger, J. H. Gundlach,
Blayne R. Heckel, C. D. Hoyle, and H. E. Swanson, Tests of
the Gravitational Inverse-Square Law Below the Dark-
Energy Length Scale, Phys. Rev. Lett. 98, 021101 (2007).

[73] Jiro Murata and Saki Tanaka, A review of short-range
gravity experiments in the LHC era, Classical Quantum
Gravity 32, 033001 (2015).

[74] S. W. Hawking, Black hole explosions, Nature (London)
248, 30 (1974).

[75] Pierre Binetruy, Cedric Deffayet, and David Langlois,
Nonconventional cosmology from a brane universe, Nucl.
Phys. B565, 269 (2000).

[76] Lisa Randall and Raman Sundrum, A Large Mass Hierarchy
from a Small Extra Dimension, Phys. Rev. Lett. 83, 3370
(1999).

[77] G. R. Dvali, Gregory Gabadadze, and Massimo Porrati, 4-D
gravity on a brane in 5-D Minkowski space, Phys. Lett. B
485, 208 (2000).

[78] G. R. Dvali and Gregory Gabadadze, Gravity on a brane in
infinite volume extra space, Phys. Rev. D 63, 065007 (2001).

[79] Florian Niedermann and Robert Schneider, Cosmology on a
cosmic ring, J. Cosmol. Astropart. Phys. 03 (2015) 050.

[80] Curtis G. Callan, Jr., Robert C. Myers, and M. J. Perry,
Black holes in string theory, Nucl. Phys. B311, 673 (1989).

[81] S. Alexeyev, A. Barrau, G. Boudoul, O. Khovanskaya, and
M. Sazhin, Black hole relics in string gravity: Last stages of
Hawking evaporation, Classical Quantum Gravity 19, 4431
(2002).

[82] Pisin Chen, Yen Chin Ong, and Dong-han Yeom, Black hole
remnants and the information loss paradox, Phys. Rep. 603,
1 (2015).

[83] Sabine Hossenfelder, Marcus Bleicher, Stefan Hofmann,
Horst Stoecker, and Ashutosh V. Kotwal, Black hole relics
in large extra dimensions, Phys. Lett. B 566, 233 (2003).
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