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If the temperature of the hot thermal plasma in the early Universe was within a few orders of magnitude
of the Planck scale MPl, then the hoop conjecture predicts the formation of microscopic black holes from
particle collisions in the plasma. Although these evaporated instantly, they would have left behind a relic
abundance of all stable degrees of freedom which couple to gravity. Here we show that, upon minimal
assumptions of a high reheat temperature and semiclassical black hole dynamics, this process could have
produced the relic abundance of dark matter observed today for a particle mass anywhere in the range
of 100 keV ≲mdm < MPl, though it could be subdominant to graviton-mediated freeze-in above
mdm ∼MeV. The production mechanism does not rely on any additional assumptions about nongravita-
tional dark matter-Standard Model interaction.
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I. INTRODUCTION

Big bang cosmology describes an expanding universe
originating from an initially hot, dense state. Its modern
incarnation, the dark energy-cold dark matter (ΛCDM)
concordance model, accurately predicts nucleosynthesis
and recombination, and with only six free parameters, is
able to reproduce the observed power spectrum of the
cosmic microwave background (CMB) and large scale
structure [1]. However, ΛCDM remains agnostic about the
origins of these free parameters, and about the initial
temperature of the Universe, TRH—usually called the
reheating temperature—so long as it is a factor of a few
higher than what is necessary for nucleosynthesis.
Most attempts to explain the relic abundance of dark

matter, Ωdmh2, postulate some nongravitational portal
between the Standard Model and the dark sector, that
could lead to signatures in the laboratory from scattering,
annihilation or production at colliders (see Refs. [2,3] for
reviews). However, as the evidence for dark matter comes

via its gravitational effects alone, such a portal is not
required. For instance, superheavy dark matter could have
been produced from the vacuum fluctuations during or at
the end of inflation [4–6] or from Standard Model anni-
hilation via gravitons [7–9].
Here, we show that if the Universe started at a very high

temperature, within a few orders of magnitude of the Planck
mass MPl, the high-energy tail of the plasma’s phase space
distribution would lead to super-Planckian collisions which
produce microscopic black holes. Because Hawking radia-
tion produces all kinematically accessible particles that
couple to gravity, the subsequent rapid black hole evapora-
tion can yield the measured value of Ωdmh2 with minimal
assumptions, and without requiring the dark sector to
communicate nongravitationally with the Standard Model.
The production of dark matter from black hole evapo-

ration has been examined in Refs. [10–53]. Those scenarios
rely on a well-established but “beyond-ΛCDM” black hole
production mechanism, such as non-Gaussian field excur-
sions during inflation. Alternatively, the production and
evolution of primordial black holes from particle collisions
has been studied in scenarios with exotic assumptions
about the Planck scale [54–61].
In contrast to previous approaches, the scenario that we

examine here only makes minimal assumptions about
standard big bang cosmology, namely: 1) a high TRH;
and 2) semiclassical arguments about the formation and
evaporation of black holes remain valid near the Planck
scale. These TRH values are larger than allowed by the
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simplest slow-roll single field inflation models. However,
no model-independent constraints exist on such TRH
values. The first upper bounds on TRH ∼MPl should come
from next-generation CMB observatories [62].
While little is conclusively known about the breakdown

of semiclassical black hole physics, we will present results
for different assumptions on the impact of quantum gravity
on Planck-scale black holes including a demonstration that
the qualitative results in this work hold even if the formed
black holes are restricted to a regime where semiclassical
arguments are expected to be trustworthy.
We will show that dark matter can be produced gravi-

tationally in the early Universe without requiring any
nongravitational interactions or exotic cosmology beyond
the ΛCDM framework. While the absence of nongravita-
tional interactions would make direct detection challeng-
ing, there are observational signatures that arise from the
requirement of a hot big bang. Furthermore, black hole
evaporation yields a nonthermal dark matter velocity
distribution. We will briefly return to these ideas in the
final sections. Hereafter, we work in “particle physicist
units” where c ¼ ℏ ¼ kB ¼ 1, but MPl carries units of
energy.

II. FORMATION AND EVAPORATION OF BLACK
HOLES IN THE PRIMORDIAL PLASMA

A black hole of mass M• is characterized by its horizon
radius rhðM•Þ. The hoop conjecture posits that when two
particles with center-of-mass energy

ffiffiffi
s

p
come within an

impact parameter 2rhð
ffiffiffi
s

p Þ of each other, they will form a
black hole of mass M• ¼

ffiffiffi
s

p
[63,64]. If the collision is

head-on and has no net charge, then rh ¼ 2M•=M2
Pl and a

neutral, non-rotating Schwarszchild black hole is formed.
In reality, particle collisions will not be exactly head-on and
many would have nonzero net charge. However, the
majority of formed black holes would be nonextremal.
While charged and rotating black holes would have
altered evaporation rates leading to Oð1Þ changes in the
relic abundance, these are unlikely to affect our overall
conclusions.
Even if the plasma temperature is well below the

Planck scale, the high-energy tail of the phase space
distribution can extend to energies above MPl. During
radiation domination, the black hole collisional production
rate per unit mass per unit volume is [61,65]

dΓ
dM•

¼ g⋆ðTÞ2M5
•T2

2π3M4
Pl

�
M•

T
K1

�
M•

T

�
þ 2K2

�
M•

T

��
; ð1Þ

as long as M• is greater than Mmin, the minimum mass
energy required to form a black hole. Here, g�ðTÞ is the
effective number of relativistic degrees of freedom in
the plasma, which has a temperature T, and KiðxÞ is the
modified Bessel function of the second kind. Because

KiðxÞ ≈
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π=ð2xÞp

e−x for large x, in the limit of temperature
T ≪ M• the black hole production rate is approximately

dΓ
dM•

¼ g⋆ðTÞ2M11=2
• T3=2

2
ffiffiffi
2

p
π5=2M4

Pl

e−M•=T; ð2Þ

for M• > Mmin. A simple assumption is that Mmin ≃MPl.
However, in the absence of a theory of quantum gravity,
arguments can be made about the minimum black hole
mass being larger or smaller thanMPl. We will thus explore
a range of Mmin values, and will find that it does not
qualitatively affect our conclusions as long as it is within an
order of magnitude of the Planck mass.
The black holes thus formedwill evaporate nearly instanta-

neously. Hawking’s semiclassical arguments predict a dis-
torted thermal spectrum comprising all degrees of freedom
that couple to gravity. The evaporation rate is characterized by
a Hawking temperature TH ¼ M2

Pl=8πM• [66].
The rate of mass loss from evaporation to species i can be

compactly expressed as

−
dM•→i

dt
¼ gi

2π2

Z
EσiðrhEÞ

expðE=THÞ ∓ 1
p2dp; ð3Þ

where the (þ) sign applies to fermions and the (−) sign to
bosons. gi is the number of degrees of freedom in species i,
and E and p are respectively the energy and momentum of
the evaporation product. The graybody distortion factors σi
encode the probability of a particle escaping to “infinity”,
and are computed via partial wave scattering. Here, we use
values provided by BlackHawk [67,68] and compiled in
CosmoLED [61].
Going forward, we take the limit where the masses of the

evaporation products mi are much lower than TH, which
will hold for mi ≪ MPl. Equation (3) then integrates to a
constant times T2

H, and the total evaporation rate is a sum
over all evaporation species,

dM•

dt
¼

X
i

dM•→i

dt
¼ −

X
i

giαiT2
H ¼ −αtotT2

H; ð4Þ

where the αi are constants that depend only on the spin of
species i. These are provided in Table I for spin-0, spin-1=2
and spin-1 particles, along with αtot, which is simply a sum
of the αi weighted by the number of degrees of freedom
in each sector in the Standard Model. Graviton (spin-2)

TABLE I. Values of αi and βi for each particle spin. These values
describe how black holes evaporate in the high-temperature limit
as defined in Eqs. (4) and (5).

Scalar Spinor Vector Standard model

αi 4.67 × 10−2 2.58 × 10−2 1.06 × 10−2 αtot ¼ 2.77
βi 1.67 × 10−2 6.10 × 10−3 1.86 × 10−3 � � �
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production is suppressed, and does not affect the value of
αtot to the precision that we quote.
The number of particles produced is found in a near-

identical way to Eqs. (3) and (4), but dropping the factor of
E in the integrand of Eq. (3). At high TH, this yields a
production rate of particles of species i per black hole,

dNi

dt
¼ giβiTH; ð5Þ

where the βi are factors that again depend only on the spin;
these are given in Table I. The total number of particles of
each species produced by a black hole of initial massM• is
thus

Ni ¼
Z

0

M•

dM̃•
dNi

dt

�
dM̃•

dt

�
−1

¼ 4πgiβiM2
•

αtotM2
Pl

: ð6Þ

The majority of particle production occurs while the black
hole is within anOð1Þ factor of its starting mass. Therefore,
we can take the integral’s lower mass limit to zero without
concern for how quantum gravity impacts the evaporation
of black holes with M• ≪ MPl. Our results with a larger
Mmin value act as a conservative estimate if only evapo-
ration above the Planck scale is trusted.

III. RELIC ABUNDANCE OF DARK MATTER

We now specialize to the case of interest, the production
of a stable dark matter species with gdm degrees of freedom
and mass mdm ≪ MPl that is thermally decoupled from the
primordial plasma.
Dark matter production shuts off exponentially as the

Universe cools, so the number density of dark matter
particles at T ¼ TRH is found, to good accuracy, by
convolving the black hole production rate with Ndm over
all temperatures,

ndmðTRHÞ ≈
Z

0

TRH

dT

�
dT
dt

�
−1 Z ∞

Mmin

dM•Ndm
dΓ
dM•

: ð7Þ

During radiation domination, dT=dt ¼ −HT and the
Hubble parameter is given by the Friedmann equation,
H2 ¼ 8πρr=ð3M2

PlÞ, where the radiation density is ρr ¼
π2g�T4=30. The integral in Eq. (7) can be performed
analytically, yielding

ndmðTRHÞ≈
3

ffiffi
5
2

q
g�ðTRHÞ3=2gdmβdm

π3αtot

M8
min

M5
Pl

fdm

�
TRH

Mmin

�
; ð8Þ

where the dependence on TRH is encoded by the function
fdmðxÞ. To lowest order in TRH=Mmin, this is

fdm

�
TRH

Mmin

�
≃
�
TRH

Mmin

�
3=2

e−Mmin=TRH : ð9Þ

Going forward, we will nonetheless use the full (but less
intuitive) analytic result of the integral in Eq. (7) [65].
Finally, if the dark sector is fully decoupled, it only

redshifts due to adiabatic expansion, and the conservation
of entropy yields a present-day dark matter density,

Ωdm ¼ g�sðT0ÞT3
0ndmðTRHÞmdm

g�sðTRHÞT3
RHρc

; ð10Þ

where g�s is the effective number of degrees of freedom
contributing to entropy, T0 is the CMB radiation temper-
ature today, and ρc is the present-day critical density. The
abundance of DM thus scales as

Ωdmh2 ∼ 0.1
gdmmdm

10 keV

�
Mmin

MPl

�
5
�

Mmin

10TRH

�
3=2

e−
Mmin
10TRH ; ð11Þ

as long as gdm is significantly smaller than the total number
of Standard Model degrees of freedom.
Figure 1 shows the relic abundance of dark matter with

different masses as a function of the reheating temperature.
Because the Hawking temperature is much higher than the
dark matter masses we are considering, production is
relativistic and the process leads to a fixed number density
for a given Mmin and TRH. It is thus insensitive to the dark
matter mass except for the linear scaling in Eq. (10).
A larger TRH=Mmin predictably yields more black hole

FIG. 1. Dark matter relic abundance per degree of freedom
produced from microscopic black hole evaporation. Line colors
depict fermionic dark matter with different masses mdm or a
Planckeon with mass Mmin. For each dark matter we show three
production scenarios. The standard assumption on the minimum
black hole mass Mmin ¼ MPl, an optimistic Mmin ¼ 0.1MPl
where microscopic black holes are more efficiently produced,
and the conservative assumption Mmin ¼ 4MPl. The dot-dashed
horizontal line shows the observed abundance of dark matter
Ωdmh2 ¼ 0.12 with gdm ¼ 1 [1]. For all scenarios, microscopic
black holes are produced by collisions in the Standard Model
plasma with g�ðTRHÞ ¼ g�sðTRHÞ ¼ 106.75.

DARK MATTER FROM HOT BIG BANG BLACK HOLES PHYS. REV. D 108, L081301 (2023)

L081301-3



production, and more transfer of energy into the dark
sector.
In the absence of a theory of quantum gravity, there is

significant uncertainty about Planck scale black hole
production and evaporation. Figures 1 and 2 therefore
present results for a range of values of Mmin from 0.1 to 4
times the Planck mass, covering optimistic to conservative
scenarios. At the higher end of this range, we have
demanded that the evaporation timescale be much longer
than the horizon formation rate, which amounts to a
condition on the black hole entropy, and ensures that
semiclassical assumptions remain valid [69]. However,
sub-Planckian black holes have been discussed in the
context of certain quantum gravity frameworks [70,71],
and it is furthermore not clear that horizon formation is
even necessary for this mechanism to have produced our
dark matter, as pre-Hawking radiation which prevents total
collapse could have very similar consequences as seen by
an observer at “infinity” [72–74].
Figure 2 shows the locations in the TRH–mdm plane that

yield the observed abundance of dark matter today.
Different line styles correspond to different assumptions
for the minimum allowed black hole mass, while colors
correspond to dark matter spin. Because of the exponential
scaling with TRH, dark matter with masses from a few keV
to ≳1018 GeV can be produced in the observed amount
within only a comparatively small window of reheating
temperatures 10−3 ≲ TRH=MPl ≲ 0.1. A higher minimum

mass for black hole formation predictably raises the
required TRH.
For completeness we also consider the possibility that

the evaporating black hole ends up as a stable remnant with
M• ∼Mmin, the so called Planckeon

1 [76], which would act
as cold dark matter, an alternative channel to evaporative
production. Planckeon production by particle collisions
during a hot big bang has been previously proposed [77];
we improve on their estimates by making use of the full
differential black hole production rate, discussed above
[65]. We show in Figures 1 and 2 the Planckeon relic
abundance and the corresponding reheating temperatures.
In Fig. 2, the Planckeon lines are horizontal because their
mass is held fixed at mdm ¼ Mmin. These figures demon-
strate that if Planckeons are stable, their abundance will
always dominate over dark matter species produced from
evaporation. Since there is no exact prediction for the
Planckeon mass (it should be near the Planck mass, but not
necessarily equal to it due to quantum gravity effects), we
show a range ofMmin values. In addition, black holes could
be sub-Planckian in certain models [70,71]. We note that if
a significant fraction of Planckeons retains some electric
charge their presence as the dominant dark matter compo-
nent may be discovered or severely constrained in the near
future [78].

IV. WARM DARK MATTER CONSTRAINTS

The matter power spectrum is measured via the Lyman-α
forest and places strong constraints on warm dark matter
(WDM). This can be translated to a lower limit on the mass
of dark matter from black hole evaporation. Because
evaporation produces a distorted thermal spectrum, we
follow the method of Ref. [22], and demand that the
average dark matter velocity is at most the average velocity
ofWDM [79] with the minimummass allowed by Lyman-α
observations, mwdm

min .
We obtained the average dark matter momentum at

production by reproducing the procedure from previous
sections, finding the total energy density of dark matter
produced, ρdm, and noting that for relativistic particles the
average momentum is simply ρdm=ndm. If the dark matter
momentum redshifts only due to Universe expansion, this
yields a limit on mdm,

mdm ≳ 10−5 GeV
αdm
βdm

�
0.1MPl

TRH

��
mwdm

min

4 keV

�
4=3

; ð12Þ

where we take the WDM mass limit of mwdm
min ¼ 4.65 keV

[80]. These limits are shown as a shaded region in Fig. 2,
and constrain dark matter produced in black hole evapo-
ration to be heavier than ∼100 keV.

FIG. 2. Required reheating temperature to produce the ob-
served relic abundance of dark matter today. Blue, red, and
yellow curves show reheating temperature required to produce
scalar, spinor, or vector dark matter respectively with gdm ¼ 1.
Horizontal purple lines show the required reheating temperature
to produce Planckeon dark matter if Mmin mass black holes are
stable. Different line styles show different assumptions of the
minimum black hole mass, Mmin. The shaded region is excluded
from warm dark matter constraints, and the gray horizontal dot-
dashed line depicts shows TRH above which Neff is modified
beyond its theoretical uncertainty.

1Also called “Planck relics” or “black hole remnants”, see
Ref. [75] for a review.
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V. LARGE REHEATING TEMPERATURE

In single-field slow-roll inflationary models, CMB
meaasurements of the scalar power spectrum amplitude
As and limits on the tensor-to-scalar ratio r set an upper
limit on the energy density at the end of inflation of ρRH ≲
ð1.6 × 1016 GeVÞ4 [81]. However, these do not directly
apply to some multifield inflation models [82] or to
noninflationary theories of the early Universe such as a
cyclic universe [83] or string gas cosmology [84].
Because the mechanism discussed here can in principle

produce a relic abundance of completely sterile dark matter,
the high TRH required is one of the few model-independent
observational targets. A large reheating temperature would
enhance the normallyM−2

Pl -suppressed background of gravi-
tational waves with frequencies Oð100 GHzÞ [62,85–87].
These would contribute to the effective number of relativistic
degrees of freedom at recombination,Neff .While currentNeff
measurements donot constrain sub-PlanckianTRH values, the
next generation ofCMBexperiments could probeTRH ≲MPl
[62]. Ultimately, if CMB experiments are able to constrain
Neff down to the theoretical uncertainty limit δNeff ∼ 10−3,
then TRH < 2 × 1017 GeV could be within reach [86],
conclusively testing the microscopic black hole production
of dark matter with Mmin ≥ MPl and mdm ≲ 1016 GeV as
seen by thegray dot-dashed line in Fig. 2. The high-frequency
gravitational waves from TRH and from black hole evapora-
tion could be converted to microwaves in a strong magnetic
field via the inverse Gertsenshtein effect [88]. However, even
optimistic predictions lead to similar sensitivities [62] asNeff ,
and the technology remains largely undeveloped.

VI. FREEZE-IN VIA GRAVITONS

During a hot big bang, purely gravitational dark matter
may also be produced by StandardModel paticles annihilat-
ing via a graviton portal [7–9]. If this portal exists and, if the
tree-level graviton exchange diagram is reliable, then dark
matterwith amass ofmdm ∼ 1012 GeVcanbe producedwith
a reheating scale as low as TRH ≲ 10−6MPl [7]. In this case,
black hole production remains dominant for masses mdm ≲
1 MeV assuming instantaneous reheating. These twomech-
anisms rely on different assumptions about quantumgravity;
a reliable tree-level nonrenormalizable low-energy effective
quantum theory for freeze-in, described by the Lagrangian
L ¼ − 1

MPl
hμνTμν with hμν promoted to be the graviton

propagator, versus the robustness of the semiclassical regime
at high energies for black hole production. The dependence
on the inflation model may also differ (see e.g., [9]). Taken
together, these two scenarios point at a dominant gravita-
tional portal for dark matter production in the case of a high
reheating scale that is robust against assumptions about the
fundamental nature of quantum gravity.

VII. CONCLUSIONS

We have presented a novel mechanism which allows for
the gravitational production of dark matter that does not
rely on any nongravitational interactions with the Standard
Model or specific inflationary physics. The only nonstand-
ard assumption required to achieve the observed relic
abundance is a large TRH ≳ 1017 GeV. While the curves
presented in Figs. 1 and 2 rely on only the existence of
Standard Model particles and one dark matter species,
additional stable or unstable particle species between the
weak and Planck scales do not affect our conclusions, and
are only a matter of bookkeeping in the values of gdm, αtot,
g⋆, and g⋆S at TRH.
A more detailed treatment including the effects of black

hole rotation and charge will yield a more accurate
prediction of the values of TRH and Mmin required to
produce the dark matter observed today. As such graybody
factors differ only by ∼Oð1–10Þ, we do not expect a
qualitative change in the overall conclusions.
Observational handles on such a secluded sector pro-

duced at such early times remain few and far between.
However, discovery of a large near-Planck scale TRH will
set a model-independent upper bound on the mass of any
new stable particle which does not reach chemical equi-
librium with the Standard Model. Subtle gravitational wave
observables may hint at such high reheating temperatures,
and quantifying the impact of this nonthermal dark matter
distribution on large-scale structure may provide additional
clues. Ultimately, the question of dark matter’s true nature
may be tied to the very early Universe and quantum gravity,
and if we can pull on a single thread, it may reveal far more
than expected.
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public code for calculating the Hawking evaporation spectra
of any black hole distribution, Eur. Phys. J. C 79, 693
(2019).
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