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Theories of large extra dimensions (LEDs) such as the Arkani-Hamed, Dimopoulos and Dvali scenario
predict a “true” Planck scale M⋆ near the TeV scale, while the observed Mpl is due to the geometric effect
of compact extra dimensions. These theories allow for the creation of primordial black holes (PBHs) in
the early Universe, from the collisional formation and subsequent accretion of black holes in the high-
temperature plasma, leading to a novel cold dark matter (sub)component. Because of their existence in a
higher-dimensional space, the usual relationship between mass, radius, and temperature is modified,
leading to distinct behavior with respect to their four-dimensional counterparts. Here, we derive the
cosmological creation and evolution of such PBH candidates, including the graybody factors describing
their evaporation, and obtain limits on LED PBHs from direct observation of evaporation products, effects
on big bang nucleosynthesis, and the cosmic microwave background angular power spectrum. Our limits
cover scenarios of two to six extra dimensions, and PBHmasses ranging from 10 to 1021 g. We find that for
two extra dimensions, LED PBHs represent a viable dark matter candidate with a range of possible black
hole masses between 1017 and 1023 g depending on the Planck scale and reheating temperature. For
M⋆ ¼ 10 TeV, this corresponds to PBH dark matter with a mass of M ≃ 1021 g, unconstrained by current
observations. We further refine and update constraints on “ordinary” four-dimensional black holes.
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I. INTRODUCTION

It has long been appreciated that black holes (BHs)
could constitute an ideal dark matter (DM) candidate.
Cosmological data tell us that 85% of the matter content
of the Universe must behave as a cold, pressureless fluid,
and that it must have been present in the early Universe [1].
When neither evaporating nor accreting, black holes exhibit
this behavior, with the obvious caveat that a new primordial
creation mechanism must be postulated, as stellar remnant
black holes are a product of the late Universe. Typical

creation scenarios invoke large inhomogeneities at small
scales created during inflation, leading to BH creation
during subsequent matter or radiation domination [2,3]. As
black holes evaporate via Hawking radiation, a minimum
BH mass of ∼1015 g (10−18 M⊙) is required for them to
survive until today [4]. At present, there exist strong
constraints on the fraction of DM that could be in the
form of these primordial (P)BHs over masses ranging from
this lifetime threshold all the way up to the “incredulity
limit” ≫ 1010 M⊙, the requirement that at least one PBH
exists per dynamical object. These constraints stem from a
variety of physical processes including milli-/micro-/
femto-/picolensing; disruption of binaries, globular clus-
ters, and galaxies; heating of stars; (non) observation of
accretion x rays, and the distortion of the cosmic micro-
wave background (CMB). The presence of lighter PBHs at
earlier epochs is constrained down to 1010 g by the imprint
of their Hawking evaporation on big bang nucleosynthesis
(BBN), the CMB, extragalactic background light, and
antimatter in the Milky Way. We point the reader to
Refs. [5,6] for reviews of current constraints.
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Most searches thus far have relied on PBHs behaving as
semiclassical, 4D BHs, as described by Hawking [7].
However, another tantalizing scenario exists, which does
not rely on the details of an earlier inflationary epoch. In the
presence of large extra dimensions (LEDs), as described
e.g., by [8,9], the “true” Planck scale M⋆ is lowered to the
∼TeV scale. This has the effect of vastly increasing the
horizon radius of BHs that are smaller than the scale of
these extra dimensions, such that collisions of high-energy
particles can produce microscopic black holes. In the late
Universe, these are short-lived, evaporating nearly immedi-
ately with a large Hawking temperature TH ≫ GeV.
Bounds on the length scale (or equivalently, M⋆) of
LEDs mainly come from collider searches for energetic,
high-multiplicity events, typical of isotropic black hole
evaporation to Standard Model products [10–13], which
indicatesM⋆ must be greater than a few TeV, depending on
the number of extra dimensions.
If LED black holes are produced in the high-temperature

plasma of the early Universe, their behavior can be
markedly different. As depicted in Fig. 1, because the
horizon radii—and thus surface areas—of these collision-
initiated BHs are much larger than in the 4D case for a
given BH mass, they are able to much more efficiently
accrete plasma in the radiation-dominated Universe, and
can grow to macroscopic masses. Depending on the
number of extra dimensions n, the Planck scale M⋆, and
the reheating temperature TRH, this process can occur very
rapidly, leading to a population of primordial black holes
that can survive until today [14]. In this sense, LED PBHs
not only offer an alternative production mechanism to
four-dimensional PBHs, but also present very different
phenomenology, and are therefore subject to different
constraints, as well as presenting intriguing new possibil-
ities for a role in the late Universe.
There has been some ambiguity about the mass function

expected of primordial black holes in standard scenarios.
Indeed, if the mass function of PBHs is not monochromatic,
constraints must be recomputed and reinterpreted [15–17].

Because PBHs from LEDs are produced in high-temper-
ature collisions and rapidly accrete in a predictable way, we
find that such scenarios actually predict a relic abundance
of BHs with nearly single mass that is set by n, M⋆, and
TRH, leading to much more straightforward interpretation
of results.
We limit our discussion here to the implications of

primordial black hole formation in the context of the LED
model proposed in Arkani-Hamed et al. [8] that allows for
two or more LEDs, which we refer to as the ADD model.
The Randall-Sundrum model [18,19] can also result in the
formation of microscopic black holes; their phenomeno-
logical implications have been discussed in other works
[20–24]. Like the PBHs produced in the ADDmodel, those
produced in a 5D Randall-Sundrum type II model can
accrete at early times, during the high-energy regime of the
braneworld cosmology. This allows the PBHs to have
longer lifetimes than 4D PBHs produced at the same era
and to produce evaporation radiation that can be con-
strained by observations at late times. However, the amount
of growth is dependent on the accretion efficiency. For
concreteness and simplicity we neglect these models here.
In this work, we therefore revisit the full cosmology of

primordial black holes in the presence of extra dimensions,
with three important results (1) we find a full set of
constraints on LED PBHs based on recent astrophysical
data, (2) we identify the region of parameter space in which
LED black holes from particle collisions in the Universe
could constitute a viable dark matter candidate, and (3) we
update constraints on low-mass (≲1017 g) “ordinary” four-
dimensional primordial black holes.
Black holes from LEDs are constrained by two important

effects: First, if they are overproduced in the early
Universe, they may lead to rapid absorption and loss of
the primordial plasma, leading to a matter-dominated
universe incompatible with Lambda cold dark matter
(ΛCDM). BHs that do survive into observable cosmologi-
cal epochs will be constrained by their evaporation prod-
ucts. We compute the so-called graybody factors that

FIG. 1. Evolution of large extra-dimensional black holes in the early Universe. Planck scale black holes are created in particle
collisions, which then accrete the surrounding plasma and grow into massive black holes, while evaporating to Standard Model products
and gravitons due to Hawking radiation.
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describe evaporation of these BHs, along with the spectra
of secondary particles, and use these to place limits on LED
PBHs from their effects on BBN, the CMB, and galactic
and extragalactic gamma rays. The new graybody factors
and constraints are packed in the CosmoLED code, which
will soon be made publicly available. In all cases, the BHs
produced in LED collisions are light enough that lensing
and dynamical constraints do not apply.
We find that, in the case of n ¼ 2 extra dimensions only,

PBHs can be produced which survive until today and
reproduce the observed cold dark matter abundance.
These dark matter candidates require a specific combina-
tion of the Planck scale M⋆ and reheating temperature.
For M⋆ ¼ 10 TeV, this leads to a population of PBH
dark matter with a monochromatic massM ≃ 1022 g, which
lie in the open window between evaporation and lensing
constraints.
Finally, we provide updated constraints in the low-mass

range on the evaporation of ordinary 4D primordial black
holes. Our inclusion of secondary particles and angular
information in the 511 keV flux from positron annihilation
leads to some of the strongest constraints yet from galactic
gamma rays. Our updated BBN and CMB constraints also
include more precise graybody and secondary particle
production than prior work, leading to similar, but modified
parameter space constraints.
This article is structured as follows. In Sec. II, we

describe the formation of PBHs in the LED scenario and
model their accretion and evaporation, including the gray-
body factors appropriate to (4þ n)-dimensional BHs, and
the hadronization and decay products from primary par-
ticles. In Sec. III, we present the observational constraints
we derive from PBH evaporation’s impact on high-energy
Galactic radiation (Sec. III A), isotropic photon back-
grounds (Sec. III B), the rescattering of CMB photons
(Sec. III C), and the relic abundances of primordial ele-
ments from big bang nucleosynthesis (Sec. III D). In
Sec. III E, we combine the above constraints—our full
results are summarized in Fig. 17. We present our con-
clusions and a discussion of future prospects in Sec. IV.
Throughout the text, we use units in which c ¼ ℏ ¼

kB ¼ 1 and Planck 2018 cosmological parameters of
H0 ¼ 67.36 km=s=Mpc, Ωm ¼ 0.3153, ΩΛ ¼ 0.6847,
and Ωb ¼ 0.0493 [1].

II. THEORY

In this section, we examine the production of micro-
scopic black holes in the early Universe and their sub-
sequent evolution. The initial number density will be set by
a brief period of BH production from high-energy colli-
sions in the plasma, which will rapidly shut off as the
Universe cools. At subsequent times, the density of black
holes will be determined by two competing effects:
accretion of radiation in the plasma and Hawking evapo-
ration. The cosmology of LED BHs was explored in

Ref. [14]. Here, we improve on that treatment by simulta-
neously solving the Friedmann equations governing the
evolution of the Universe, deriving and applying exact
graybody factors to account for the full Standard Model
particle content, and providing more exact numerical
solutions to the BH evolution equations. In Sec. II A we
summarize the properties of BHs in LEDs, and derive the
graybody spectra for the emission of Standard Model (SM)
particles on the brane, and gravitons in the bulk. In Sec. II B
we compute the production rate of LED BHs in the
primordial plasma. Following that, we describe the accre-
tion and decay of BHs in Sec. II C along with their mass
spectrum. Finally, in Sec. II D, we obtain the full spectra of
BH evaporation products after hadronization and decay,
relevant for cosmological observations.

A. Black holes in large extra dimensions

In the ADDmodel, gravity acts on a (4þ n)-dimensional
spacetime where the additional n spatial dimensions are
compactified to a submillimeter characteristic length, R.
While gravity can propagate through the bulk consisting of
all 3þ n spatial dimensions, all Standard Model contents
are confined to a three-dimensional brane. Despite the
fundamental bulk energy scale of quantum gravity M⋆
being comparable to the electroweak scale, gravity on the
brane feels much higher Planck scale Mpl—and thus a
much weaker gravitational coupling G ¼ 1=M2

pl. The
fundamental Planck scale in the bulk including extra
dimensions M⋆ is related to the Planck scale on the
three-dimensional brane by

M2
pl ∼M2þn⋆ Rn: ð1Þ

For n ≥ 2 and M⋆ ≳ 1 TeV, this implies the LEDs are of
submillimeter size. However, for n ¼ 1, for any M⋆
sufficiently small to produce PBHs, the size of the LED
would be on the scale of the Solar System and therefore
not viable. [8].
The exact relation between Mpl and M⋆ depends on the

compactification scheme, but has been studied with differ-
ent conventions. Setting M2

pl ¼ M2þn⋆ ð2πRÞn and the bulk
gravitational constant G⋆ ¼ 1=M2⋆ while matching the
Schwarzschild solution in higher-dimensional general rel-
ativity [25] yields the horizon radius of a bulk black hole
[26] in the Dimopoulos convention:

rh ¼
an
M⋆

�
M
M⋆

�
1=ðnþ1Þ

; ð2Þ

where

an ¼
�
8π−ðnþ1Þ=2 Γððnþ 3Þ=2Þ

nþ 2

�
1=ðnþ1Þ

: ð3Þ
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One could instead set M2
pl ¼ 8πM2þn⋆ Rn where M⋆ is

understood as the reduced Planck mass in the bulk, which
leads to the same relation as in Eq. (2), but replacing an
with kn as defined in the collider convention [27–29]

kn ¼
�
2nπðn−3Þ=2

Γððnþ 3Þ=2Þ
nþ 2

�
1=ðnþ1Þ

: ð4Þ

The bulk Planck scales in the two conventions are
related by

MDimopoulos⋆ ¼
�

8π

ð2πÞn
� 1

ðnþ2Þ
Mcollider⋆ : ð5Þ

In this article, we will exclusively use the Dimopoulos
convention since the horizon radius in Eq. (2) reduces to the
Schwarzschild radius of a (3þ 1)-dimensional black hole
when n ¼ 0 and M⋆ ¼ Mpl.
BHs remain spherically symmetric in all spatial dimen-

sions when the horizon radius is much smaller than the size
of extra dimensions, i.e., rh ≪ R. As BH mass increases,
the horizon approaches the boundary of extra dimensions.
Larger BHs saturate the bulk and the majority horizon area
will lie in the brane. For rh ≫ R, LED BHs will behave
identically to classical 4D BHs, i.e., will share the same
Hawking temperature, graybody spectra, and lifetime,
feeling the weak 4D gravitational constant rather than
the true fundamental scale M⋆. The exact mass above
which BHs behave like ordinary 4D BHs depends on the
compactification scheme. We estimate it with the mass of a
4D BH whose Schwarzschild radius matches the size of
extra dimensions,

M4D ¼ 1

4π

M2
pl

M⋆

�
Mpl

M⋆

�
2=n

: ð6Þ

As displayed in Table I, at M⋆ ¼ 10 TeV, the maximum
LED BH mass ranges from about 1024 to 1014 g as the
number of extra dimensions increase from n ¼ 2 to n ¼ 6.
As with ordinary four-dimensional BHs, LED BHs

also lose mass via Hawking evaporation. However,
since Hawking evaporation is geometric and the horizon
area of a black hole depends on the number of extra

dimensions, LED black holes will have a modified
Hawking temperature [26]

TH ¼ nþ 1

4πrh
: ð7Þ

The Hawking temperature of BHs in different dimensions
is depicted in the left panel of Fig. 2. LED BHs in fewer
extra dimensions typically radiate particles at a lower
temperature than high-n BHs. They also remain consid-
erably colder than 4D BHs, benefiting from the low bulk
Planck scale. It is also worth noting that a LED BH with
mass M4D may not share precisely the same Hawking
temperature with 4D BHs of the same mass; i.e., some
discontinuity might be observed during extra dimension-to-
4D transition. This is expected for two reasons: (1) The
radius of M4D LED BHs is not identical to the size of extra
dimensions due to the different mass-radius relations for
n > 0 and n ¼ 0. (2) The LED Hawking temperature given
in Eq. (7) explicitly contains n. This discontinuity is not
very large: It can be seen in Fig. 2 by observing that the
solid n ≠ 0 lines do not end exactly on the blue n ¼ 0
(4D) line.
BHs may evaporate into every degree of freedom that

couples to gravity so long as it is not too thermally
suppressed, i.e., the Hawking temperature is not too far
below the mass of the particle. Since SM particles are
confined to the brane, the emission of SM particles is
limited to our three-dimensional space. In contrast, grav-
itons are free to propagate in the bulk with significantly
larger emission phase space. The distribution of particles
from BH evaporation resembles a black body spectrum, up
to a correction due to the gravitational potential of the BH.
The emission of a SM particle degree of freedom j is
given by

−
dM•→j

dt
¼ σjðEÞ

E
expðE=THÞ ∓ 1

d3p
ð2πÞ3 ; ð8Þ

where σjðEÞ is the absorption cross section, or graybody
factor, which quantifies the correction. Here, the energy of

a single particle is E ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

j

q
. The graybody factor

can be computed via partial wave scattering theory. It is

TABLE I. M4D: mass above which BHs saturate the size of the extra dimensions, causing them to behave like
classical four-dimensional black holes [Eq. (6)].Msurvive: mass above which BHs do not fully evaporate before today
if created in the early Universe. The asterisk for n ¼ 6 indicates that Msurvive > M4D; therefore all BHs with n ¼ 6
that survive until today act like 4D BHs. All values in this table assume the fundamental Planck scale is
M⋆ ¼ 10 TeV.

n 2 3 4 5 6

M4D (g) 2.57 × 1024 2.41 × 1019 7.36 × 1016 2.28 × 1015 2.25 × 1014

Msurvive (g) 2.43 × 107 5.50 × 1010 1.79 × 1013 1.46 × 1015 4.96 × 1014*
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obtained by solving the wave equation of a particle near the
horizon and at infinity, and by summing up the contribution
from all emission modes. Because the black hole horizon
behaves as a black body, the ratio of ingoing radiation at the
horizon to the ingoing radiation at infinity yields the
absorption coefficient Al, which is related to the absorption
cross section through

σj ¼
X
l

π

E2
ð2lþ 1ÞjAj

lðEÞj2; ð9Þ

for brane-localized SM particles, where the sum runs over
all angular momentum modes. We follow the numerical
framework outlined in [30,31] and solve for the graybody
spectrum for scalars [32], fermions, and gauge bosons [33]
in the massless limit for nonrotating higher-dimensional
black holes. The effect of particlemass ismainly to introduce
a lower limit for the emission spectrum [34]. The graybody
factors σs for spin s ¼ 0, 1=2, and 1 are shown in Fig. 3. We
note thatM⋆ does not appear in thewave equations explicitly,
and the results remainvalid for an arbitrary bulkPlanck scale.
AtE → 0, the scalar graybody factor σ0 ¼ 4πr2 regardless of
the number of extra dimensions. In contrast to scalars and
fermions, the emission of gauge bosons is suppressed at low
energies. In the high-energy limit Erh ≫ 1, the graybody
factors for all three particle types have the asymptotic value
of σ=ðπr2hÞ → 4−1=ðnþ1Þðnþ 3Þðnþ3Þ=ðnþ1Þ=ðnþ 1Þ.
Unlike SM particles, gravitons may propagate in the bulk

and thus have access to larger phase space. The emission

spectrum of gravitons is more conveniently expressed by
the absorption probability jAlj2 after integrating the angular
distribution over the (3þ n)-dimensional sphere

−
dM•→G

dt
¼

X
l

NljAlj2
E

expðE=THÞ − 1

dp
2π

; ð10Þ

where the multiplicities of states Nl are given in Ref. [37].
Graviton emission in the bulk can be decomposed into a
traceless symmetric tensor, a vector, and a scalar mode.
We solve for the radial parts of these three com-
ponents separately and sum up their absorption probabil-
ities. The total graviton absorption probability is displayed
in the last panel of Fig. 3. Our numerical results agree
with the exact solutions in Refs. [37,38], but differ from
Ref. [39] by a constant factor. Similar to gauge bosons, the
absorption probability is suppressed in the low-energy
region Erh ≪ 1. At high energies, it scales asymptotically
as ðErhÞnþ2.
The full BH mass loss rate is obtained by integrating

the particle emission spectra in Eqs. (8) and (10) while
accounting for the particle degree of freedom gd:o:f:. For
convenience, we define ξ and α, which are related to the BH
evaporation rate by

−
dMevap

dt
≡X

j

1

2π

ξj
r2h

≡ αðn; THÞT2
H; ð11Þ

where for SM particles

FIG. 2. Left: Hawking temperature as a function of black hole mass. Right: lifetime of black holes as a function of their mass. In both
panels, vertical dotted lines indicate Mmax, the mass at which the horizon radius rh approximately saturates the size of the extra
dimensions. Above this mass, LED BHs behave the same as ordinary 4D BHs. The fundamental Planck scaleM⋆ ¼ 10 TeV is assumed
for n > 0 LED BHs.
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ξj ¼ gd:o:f:;j

Z
σj
πr2h

Er4h
expðE=THÞ ∓ 1

p2dp; ð12Þ

and for gravitons

ξG ¼
Z X

l

NljAlj2
Er2h

expðE=THÞ − 1
dp: ð13Þ

It is evident that the emission probability of a particle
depends on the ratio between particle mass and the
Hawking temperature. When mj > TH, the emission will
be exponentially suppressed. This is accounted for approx-
imately by fitting ξj with the functional shape

ξj ¼ ξj;0 exp ð−bjðmj=THÞcjÞ; ð14Þ

where ξj;0 is evaluated at mj ¼ 0. Numerically, we
obtain bj ≃ 0.3 and cj ≃ 1.3 for SM scalars, fermions,

and gauge bosons. The relevant parameters for different
number of extra dimensions are given in Table II. At high
temperatures TH ≫ mj, we may sum over all SM particles,
gravitons, and their helicity states to obtain an approx-
imately constant value for αðn; THÞ ≃ α0, which is also
listed in Table II. In this limit, the contribution from the
total emission power of gravitons in BH mass loss ranges
from 0.1% to 14.4% for four-dimensional (n ¼ 0) black
holes to (n ¼ 6)-dimensional black holes, as also obtained
in Ref. [38].
From Eqs. (2) and (7) we find the BH mass loss rate

dM=dt ∝ M−2=ðnþ1Þ. As the number of extra dimensions
increases, BHs tend to evaporate faster. However, they
remain substantially longer lived than 4D BHs, owing to
M⋆ ≪ Mpl. The right panel of Fig. 2 shows the lifetimes of
BHs and Table I lists the lightest BHs that do not entirely
evaporate before today. While an n ¼ 6 BH which does not
saturate the bulk does not survive until today, n ¼ 2 BHs
as light as 107 g may still exist now. This has striking

FIG. 3. Graybody spectra for the emission of scalars, fermions, and gauge bosons in the brane, and the emission of gravitons in the
bulk from the evaporation of higher-dimensional black holes. Different colors correspond to n ¼ 1 to n ¼ 6 extra dimensions. Scaled
absorption cross sections are depicted for scalar, fermions, and gauge bosons, and the absorption probabilities are shown for gravitons
where the contributions from scalar, vector, and tensor perturbations are aggregated. The n ¼ 0 graybody spectra for all particle types
are obtained from BlackHawk [35,36].

FRIEDLANDER, MACK, SCHON, SONG, and VINCENT PHYS. REV. D 105, 103508 (2022)

103508-6



implications which will change the BH landscape we
expect: BHs in the Universe might be lighter with a larger
number density, and may thus escape gravitational lensing
searches but still affect astrophysical and cosmological
observations through evaporation or coalescence.

B. Black hole formation in the early Universe

The hoop conjecture [40,41] posits that a black hole will
be formed if the impact parameter b of two colliding
particles is smaller than twice the horizon radius rh.
Equivalently, a microscopic black hole of mass M ¼
ECM can be created if the center-of-mass energy ECM is
larger than M⋆.1 The BH production cross section can thus
be approximated by the geometric size of the scattering

σðMÞ ∼ πb2max ¼ 4πr2h: ð15Þ

The high-temperature primordial plasma consisted of
quarks, leptons, and Higgs and gauge bosons. The kinetic
energy of plasma particles is characterized by the reheating
temperature TRH. The plasma temperature then drops due
to expansion, and could also be affected by plasma loss
from accretion. Given the thermal distribution of particles,
TRH need not exceedM⋆ in order for BH production to take
place. During radiation domination, the BH formation rate
per unit volume per unit mass is given by [14]

dΓ
dM

¼ g⋆ðTRHÞ2
Z

d3k1
ð2πÞ3

d3k2
ð2πÞ3 e

−k1=Te−k2=TσðMÞvrelδ

×
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðkμ1 þ kμ2Þ2
q

−M
�
ΘðM −M⋆Þ; ð16Þ

where g⋆ðTRHÞ is the effective number of relativistic
particle species and we have approximated the phase
space distribution as a Maxwell-Boltzmann distribution.
The step function Θ is added to ensure ECM ≥ M⋆. If
TRH ≳ 200 GeV, then g⋆ðTRHÞ ¼ 106.75. To see the

asymptotic behavior, we approximate the relative velocity
vrel ¼ jv⃗1 − v⃗2j ≃ 1 in radiation domination and carry out
the integral explicitly. This yields

dΓ
dM

¼ g⋆ðTÞ2a2n
8π3

MT2

�
M
M⋆

�2nþ4
nþ1

�
M
T
K1

�
M
T

�
þ 2K2

�
M
T

��
ΘðM −M⋆Þ; ð17Þ

where KνðxÞ is the modified Bessel function of the second
kind. In the low-temperature limit T ≪ M⋆ ≲M, the
Bessel function KνðM=TÞ ∼ ffiffiffiffiffiffiffiffiffiffi

T=M
p

expð−M=TÞ. This
implies that there is a limited temperature window when
BHs could be copiously produced. As the plasma temper-
ature drops below M⋆, BH formation becomes exponen-
tially suppressed. Without the approximation vrel ≃ 1
Eq. (16) is evaluated to be

dΓ
dM

¼ g⋆ðTÞ2a2n
4π3

T

�
M
M⋆

�2nþ4
nþ1

Z
dke−k=T

×
�
Me−M2

4kT þ
ffiffiffiffiffiffiffiffi
πkT

p
Erfc

�
Mffiffiffiffiffiffiffiffi
2kT

p
��

ΘðM −M⋆Þ;

ð18Þ

The difference between Eqs. (17) and (18) when integrating
over M is only fractional. Considering the BH production
rate is extremely susceptible to the reheating temperature,
the results are rather insensitive to the choice of the
production formalism. To reduce computation cost, we
therefore use Eq. (17) in the numerical analysis.

C. Black hole accretion and decay
in an expanding universe

If BHs are produced at a plasma temperature T ≲M⋆,
most of them acquire a mass just above the Planck scale
since more massive BH production is severely limited by
kinematics. However, being immersed in the radiation bath
of the primordial plasma, BHs are capable of trapping any
particle that crosses the horizon and become progressively
more massive. The accretion rate is proportional to the

TABLE II. ξj’s are given per d.o.f. for scalars, fermions, and gauge bosons, while the emission accounting for all d.o.f. is included for
gravitons. If all particles are massless, the BH evaporation rate is proportional to α ¼ α0 defined in Eq. (11).

n

Scalar Fermion Gauge boson Graviton Total

ξj;0 bj cj ξj;0 bj cj ξj;0 bj cj ξj α0

0 0.00187 0.395 1.186 0.00103 0.337 1.221 0.000423 0.276 1.264 0.0000966 2.66
1 0.0167 0.333 1.236 0.0146 0.276 1.297 0.0115 0.220 1.361 0.00972 10.37
2 0.0675 0.283 1.291 0.0612 0.293 1.279 0.0611 0.264 1.311 0.0995 20.45
3 0.187 0.281 1.296 0.167 0.288 1.286 0.186 0.274 1.303 0.493 32.53
4 0.416 0.285 1.292 0.362 0.290 1.284 0.432 0.258 1.329 1.904 46.79
5 0.802 0.293 1.282 0.684 0.296 1.276 0.847 0.298 1.279 6.886 64.28
6 1.401 0.304 1.270 1.174 0.274 1.303 1.488 0.311 1.265 24.684 88.17

1We neglect the mass loss in the formation stage and assume
the minimum black hole mass Mmin ¼ M⋆. For discussions see
Ref. [42] and the reference therein.
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horizon area and the energy density of the plasma, with an
Oð1Þ accretion efficiency facc depending on the mean free
path of the plasma particles and the peculiar velocity of the
black holes [43–45]:

dMacc

dt
¼ facc4πr2hρr; ð19Þ

with the plasma radiation density

ρr ¼
π2

30
g⋆ðTÞT4: ð20Þ

Combining the evaporation in Eq. (11) and accretion, BH
mass evolves as

dM
dt

¼
�
−αðn; THÞ þ β

T4

T4
H

�
T2
H; ð21Þ

where β ¼ π
120

ðnþ 1Þ2faccg⋆ and αðn; THÞ is defined
implicitly in Eq. (11). Depending on the sign of the bracket
on the right-hand side of Eq. (21), newly born BHs may
either decay away or accrete and grow. Since α varies only
mildly with TH, dM=dt is susceptible to the ratio T=TH.
If initially dM=dt > 0, the Hawking temperature will
decrease as accretion persists, further escalating the accre-
tion rate. The accretion halts when the Universe becomes
sufficiently cold to match the Hawking temperature again,
at which time BHs may have accreted enough energy
to appear macroscopic. For a BH created at the mass
M ¼ M⋆, the watershed plasma temperature between decay
and accretion reads

T th ¼
�

15α0
32π5faccg⋆

�
1=4

a−1n ðnþ 1Þ1=2 M⋆; ð22Þ

which ranges from 0.17M⋆ to 0.62M⋆ for n ¼ 1 to 6 extra
dimensions assuming g⋆ ¼ 106.75. For concreteness
we have set facc ¼ 1. A different accretion efficiency will
slightly modify T th as T th ∝ f−1=4acc . However, the formation
of massive BHs is not shut down entirely at a temperature
T < T th, as BHs that are born with a mass sufficiently
higher than M⋆ may still have low enough Hawking
temperature to ensure dM=dt > 0. This amounts to the
production of a BH with initial mass Mi where

Mi > Mi;min ¼ max

	
M⋆;

�
nþ 1

4πan

�
α0
β

�
1=4M⋆

T

�
nþ1

M⋆


;

ð23Þ

i.e., BHs that are created at a mass aboveMi;min may accrete
rather than decay immediately after formation. On the other
hand, the production rate of Mi;min > M⋆ BHs is exponen-
tially suppressed by M=T as seen in Eq. (17).

The mass evolution can be solved in a straightforward
way assuming radiation dominates throughout. Relating the
plasma temperature to time using the Friedmann equations
in a radiation-dominated universe,

−
dT
dt

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
4π3

45
g⋆

r
T3

Mpl
; ð24Þ

Eq. (21) becomes

dM
dT

¼
ffiffiffiffiffiffiffiffiffiffiffiffi
45

4π3g⋆

s
Mpl

T2
H

T3

�
α − β

T4

T4
H

�
: ð25Þ

Some examples of the BH mass evolution are given in
the left panel of Fig. 4, obtained by numerically solving
Eq. (25). In cases where accretion wins out, the BH mass
shoots up by many orders of magnitude at the initial stage
of accretion. Because of this, the accreted matter contrib-
utes nearly all of the mass, and the final BH mass is
independent of the initial BH mass Mi. However, the
temperature dependence of the process means that the
process is very sensitive to the temperature of the plasma at
production, Ti. As the temperature falls TðtÞ ≪ Ti, the
black hole mass grows to its asymptotic value

Mas ¼
�
γn

MplT2
i

M3⋆

�nþ1
n−1

M⋆; ð26Þ

where γn ¼ facc
ffiffiffiffiffiffiffiffiffiffiffi
π3

160
g⋆

q
a2n

n−1
nþ1

. It is derived when the

evaporation is neglected and g⋆ is assumed to be constant.
The asymptotic BH masses are shown as a function of Ti in
the right panel of Fig. 4. A dotted gray line displaying T th
defined in Eq. (22) is also drawn in the middle of the panel.
Right of the line, BHs of any mass above M⋆ will accrete
and grow. To the left, Mi has to exceed Mi;min to avoid
immediate decay. The production of BHs at such temper-
atures is more kinematically suppressed. Special attention
should be paid to n ¼ 2 BHs. For M⋆ ¼ 10 TeV, if the
production temperature is above 6.7 TeV, BH accretion will
saturate the extra dimensions at some point. After that, they
behave as four-dimensional BHs and continue accreting
material. As the 4D Hawking temperature drops more
swiftly than that of LED BHs, Eq. (25) indicates that the
accretion will become much more efficient, and an asymp-
totic mass is missing in this scenario. These BHs may keep
accreting until the plasma density is almost exhausted,
indicated by the vertical line in Fig. 4.
Next, we proceed to solve for the mass and number

density of BHs produced in the primordial plasma. For
more precise solutions to BH evolution that do not assume
radiation domination [e.g., the BH density could be large
enough to affect the expansion rate of the Universe HðtÞ],
we must solve a set of coupled integro-differential equa-
tions detailed in the Appendix A. Numerical study of these
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equations shows that, if the BHs are able to accrete, their
mass distribution function will always be very close to a
monochromatic spectrum. This can be understood quali-
tatively, as the evolution follows two broad scenarios.
For high reheating temperatures (TRH ≳ T th), collisional

production of BHs is efficient, and the high plasma density
ensures rapid accretion. As seen in Fig. 4, BH masses
quickly approach Mas in a radiation-dominated universe
until they drain a significant fraction of energy density from
the radiation bath, and the rapid cooling of the plasma
suppresses the subsequent production of BHs. Here, the
first BHs are created approximately with an initial number
density ni ≃ ρrðTRHÞ=MasðTRHÞ. As they grow and domi-
nate the energy budget of the Universe, the collisional
production of lighter BHs is severely limited. The accreted
BHs eventually decay and dump energy into the plasma.
However, they must not imprint on any cosmological obser-
vations as the dominant component of the Universe. It
follows that these BHs will decay before BBN and lead to
an early matter-domination era.
In the second scenario, the BHs initially produced at a

mass Mi > Mi;min accrete but their energy density remains
inferior to radiation density until T ≲ eV. In a radiation-
dominated universe all BHs are able to accrete to a mass
close to Mas. The second scenario usually happens at
TRH < T th, otherwise BHs will be overpopulated. Similar
to the first scenario, as the expansion of the Universe cools
the plasma, BH production will also cease quickly since it
is kinematically suppressed by Mi;min=T. The initial BH

number density is therefore given by ni ¼
R tðTRHÞ
tðTfÞ dt×R

dMdΓ=dM. Because of the suppression, the choice of
final production temperature Tf does not change ni so long

as dΓ=dMðTfÞ ≪ dΓ=dMðTRHÞ. The transition between
these two scenarios happens at a reheating temperature Tc

RH
which satisfiesZ

Tc
RH

Tf

dT
Z

∞

Mi;min

dM
dΓ
dM

�
dT
dt

�
−1

≃
ρr;RH

MasðTc
RHÞ

: ð27Þ

Below Tc
RH, ni is given by the left-hand side of the equation,

and above that ni is determined by the right. In both
scenarios, the time or temperature window for BH pro-
duction is extremely limited, and BHs created during
that time always accrete to similar masses, leading to a
distribution that is very near to a delta function. Con-
sequently, the integro-differential equations in Appendix A
can be greatly simplified to

dn•
dt

¼ −3Hn•; ð28Þ

dT
dt

¼ −T
�
H þ n•

4ρr

dM
dt

�
; ð29Þ

H2 ¼ 8π

3M2
pl

ðρr þ ρ•Þ; ð30Þ

with dM=dt given by Eq. (21) and ρ• ¼ Mn•. To solve
the equations, we assume the instant production of BHs
with number density ni determined by the left and right
of Eq. (27), contingent on the reheating temperature. We
assume the all BHs are born with the minimum mass
Mi ¼ Mi;minðTRHÞ. We then evolve the BH mass and
number density as a function of time, including both
accretion and evaporation. Equations (28)–(30) reproduce

FIG. 4. Left: BHmass evolution as a function of the primordial plasma temperature, where time evolution proceeds from left to right as
the Universe cools. Examples are given for n ¼ 4 and n ¼ 6 BHs created at different initial masses and initial temperatures. Right:
asymptotic BH masses after accretion in the early Universe as a function of Ti, the BH production temperature, for n ¼ 2, 3, 4, 5, and 6
extra dimensions. Left of the dotted line, the minimum initial BH mass has to be greater than M⋆, otherwise evaporation will be faster
than accretion, and BHs will rapidly decay away. Right of the dotted black line, accretion is efficient and BHs grow to M ≃Mas,
regardless of their initial mass. For n ¼ 2 BHs may accrete to become 4D BHs and then keep growing. See text for details. In both panels
the Planck scale M⋆ ¼ 10 TeV is assumed.
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the BH mass and energy density quite precisely for low and
intermediate reheating temperatures, as can be seen from
Figs. 19 and 20 in the Appendix. At very high reheating
temperature, the production of microscopic BHs becomes
more efficient than BH accretion, and BHs may not reach
the asymptotic mass. The precise solution of BH spectrum
and mass evolution in this scenario is quite involved, which
we leave for future work. Two caveats remain for this
approach. First, the connection between the first and second
scenarios may not be entirely smooth as we have assumed
an abrupt transition. Second, Eq. (29) assumes the entropy
from BH evaporation is all dumped to the radiation plasma
and thermalizes instantaneously. A dedicated study, includ-
ing the effects of particle decoupling and nonthermal
injection, is left for future work.
Examples of the solutions are shown in Fig. 5, in the

presence of radiation and black holes only. For reference,
we include horizontal lines that indicate the density at
which BBN and matter-radiation equality occur in the
standard ΛCDM scenario. For n ¼ 2 extra dimensions, if
the reheating temperature TRH ¼ T th, BHs dominate the
Universe after a mere 10−15 s, then their number density
drops as the scale factor a−3 while radiation is washed
away, preventing standard big bang cosmology from
unfolding. However, if the TRH ¼ 0.375T th, the BH energy
density remains subdominant until 1012 s, when it becomes
close to the radiation density near matter-radiation equality,
behaving as cold dark matter should. We have not shown
evolution past this time, since these illustrative models do
not include a realistic treatment of baryons, dark energy, or
an additional CDM component.
For n ¼ 6 extra dimensions and TRH ¼ T th, we still

expect BHs to exhaust the radiation density promptly.

However, these BHs do not survive until matter-radiation
equality, their decay at about 10−3 s replenishes the thermal
bath, causing the temperature of the plasma to decrease less
efficiently. BH production and decay lead to an era of early
matter domination.
Early matter domination before BBN typically does not

leave any detectable features. However, the decay may
produce gravitational waves which do not thermalize but
still contribute to Neff , or to the stochastic gravitational
wave background to be discovered at more sensitive
gravitational wave observatories. Only gravitons that are
localized to the brane instead of propagating in the bulk will
contribute to the stochastic gravitational waves. The gray-
body factor of these gravitons can be obtained by solving
the wave equations of gravitons on the brane, which we
leave for future work.
Next, we vary the bulk Planck scale M⋆ and solve the

evolution of BHs under different reheating temperatures
TRH. We derive the constraints on TRH based on two condi-
tions: (1) As we will find more precisely in Sec. III D 2,
if BHs survive until BBN terminates, the fraction of BH
energy density must be less than 10−3 in the Universe at the
neutrino decoupling temperature Tdec ≃ 2.33 MeV. We
conservatively require these BHs not to have evaporated
significantly until 1 keV, far below the temperature when all
nucleosynthesis processes freeze out. In other words, if
BHs do not live long enough, they are not subject to this
BBN constraint. (2) If BHs survive until the plasma
temperature drops to about 0.75 eV, when matter-radiation
equality is expected in standard cosmology, BHs must
remain subdominant in order not to change the sound
horizon in a significant way, which would contradict
CMB observations. The results are shown in Fig. 6.

FIG. 5. Left: examples of BH and radiation energy density evolution over cosmological time. The orange and light orange lines
correspond to n ¼ 2 extra dimensions with the reheating temperature TRH ¼ T th ¼ 2.9 TeV and TRH ¼ 0.375T th ¼ 1.09 TeV
respectively. The blue lines represent six extra dimensions and TRH ¼ T th ¼ 6.2 TeV. Solid and dashed lines depict the energy
density of BHs and radiation, respectively. Horizontal lines show the expected radiation density of the plasma when BBN and matter-
radiation equality take place in the standard ΛCDM scenario. After matter-radiation equality, dark matter should dominate the expansion
of the Universe; this is not included in this plot. We assume the fundamental scale M⋆ ¼ 10 TeV. Right: evolution of BH mass as a
function of time for the same scenarios as in the left panel.
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The dash-dotted line corresponds to condition (1) and the
solid line stems from condition (2). The regions above the
lines are excluded. For n ¼ 2 these two conditions yield
very similar constraints, while the BBN constraint tends
to be stronger starting from n ¼ 3 when TRH ≳ 30 TeV.
This behavior can be understood intuitively from Fig. 2.
As n rises, BH lifetime decreases sharply. The reheating

temperature has to be high enough to produce massive BHs
that live until matter-radiation equality, rendering weaker
constraints. The same applies to the BBN condition where
the constraints on TRH are weaker for larger number of
extra dimensions. For n ¼ 2, the solid line produces the
right amount of BHs as 100% dark matter, which remain
until today. For n ≥ 3, no reheating temperature is found
such that BHs can dominate the dark matter density today
for M⋆ ≲ 10 TeV.
To investigate LED BHs as part of the dark matter

today, we therefore focus on n ¼ 2. We also add a flexible
non-BH dark matter component to Eqs. (28)–(30) and
evolve the energy density of dark matter over time. The
non-BH dark matter energy density is adjusted such that
the total cold dark matter density matches observations,
Ωch2 ¼ 0.120 while fixing the dark energy and baryon
density to the Planck 2018 best fit [46]. We then solve for
the fraction of dark matter today that is comprised of BHs,
f•;0 ≡Ω•=Ωc. We show the reheating temperature and BH
mass today in Fig. 7 that corresponds to a specific f•;0 by
varying M⋆. Since the BH production rate is exponentially
suppressed when TRH ≪ M⋆, a minuscule change in the
reheating temperature will alter f•;0 remarkably. The
required reheating temperature to produce BH dark matter
is roughly proportional to M⋆. As indicated in Eq. (26),
the asymptotic BH mass, and hence the BH mass today
M ∝ M−2⋆ with n ¼ 2. Indeed, the fit to Fig. 7 reveals

TRH ¼ 0.11M⋆; M ¼ 1023 g

�
M⋆
TeV

�
−2
: ð31Þ

For M⋆ ≳ 10 TeV, which evades collider constraints, the
primordial BH mass today ranges from 1017 g to 1021 g for
Planck scales below a PeV.

FIG. 6. Constraints on the reheating temperature as a function
of the fundamental Planck scale M⋆. Above the solid lines, the
energy density of BHs ρ• exceeds that of radiation at a photon
temperature Teq ¼ 0.75 eV, when matter-radiation equality is
expected. Above the dash-dotted line, ρ• > 10−3ρr at the neutrino
decoupling temperature Tν;de ≃ 2.33 MeV. The regions above the
lines are excluded due to BH distortions to BBN or CMB. For the
Planck scales considered, n ¼ 2 BHs along the solid line will
always survive until today and make the correct relic abundance,
while n ¼ 3 BHs withM⋆ < 1.4 TeV still exist. The latter n ¼ 3
range has been excluded by collider searches.

FIG. 7. Left: the reheating temperature TRH as a function of the fundamental Planck scale M⋆, that produces primordial BHs as a
fraction f•;0 of dark matter today, for n ¼ 2 large extra dimensions. f•;0 corresponds to the observed relic density inferred by Planck,
Ωch2 ¼ 0.120. Right: same as left, but showing the BH mass today instead. There is a one-to-one correspondence between TRH in the
left panel and BH mass today in the right panel.
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D. Observable evaporation products

In Sec. II Awe have described the primary particles from
BH evaporation. If the only important observable effects of
BH evaporation are the change in BH mass and injection of
energy into the plasma of the early Universe, then Eqs. (8)
and (10) are sufficient. However, observable stable particles
(here, photons, electrons, and positrons) are also produced as
decay or hadronization products from heavy and colored
primary states. To correctly account for production of these
secondary observable particles, we consider the contribution
from several sources. As a first step, we use tabulated spectra
from PPPC4DMID [47] to compute the secondary particle
spectra generated from primary particles above EP ¼
5 GeV, which arises from the limitation of particle energy
in PYTHIA [48], used in PPPC4DMID for the production
of tabulated values. Below this energy, the unstable states
that we include are the τ� leptons, muons, and pions. We
extrapolate the τ decay spectra from PPPC4DMID down to
E ¼ mτ. The e� and γ spectra from π and μ decay are
computed and boosted to the lab frame in a similar way to
Ref. [49], taking care to include the electron mass where
appropriate; see Appendix B for details. These are added
to the primary electrons and photons below EP produced by
the evaporating BH. Overall, the secondary spectra are
computed as

d2N
dEidt

¼ d2N
dEidt

����
Ei<EP

þ
X
j

Z
∞

EP

dfj
dEi

d2N
dEjdt

dEj

þ
Z

∞

mτ

dfτ
dEi

d2N
dEτdt

dEτ þ
X
k

Z
EP

mk

dfk
dEi

d2N
dEkdt

dEk;

ð32Þ

where i¼ fe�; γg, j¼fe�;μ�;qq̄;W�;Z;g;γ;h;νe;νμ;ντg,
and k ¼ fμ�; π�; π0g. TheBHprimary emission spectrum is

d2N
dEjdt

¼ −
1

Ej

dM2
•→j

dEjdt
Qj: ð33Þ

To account for QCD confinement transition, we adopt the
same prescription as in Ref. [50] and include a factor

Qj ¼
�
1þ exp

�
� 1

σ
log10

TH

ΛQCD

��
−1
; ð34Þ

where the plus sign applies for π� and π0, and the minus
sign for quarks and gluons. For all other species,Qj ¼ 1. We
take the confinement scale ΛQCD ≃ 300 MeV and σ ¼ 0.1.
BelowΛQCD, the emissionof quarks and gluons fromBHwill
be exponentially suppressed and the emission of hadrons is
preferred.
For comparison with prior work, we show the emission

spectra of e� and γ in Fig. 8, for 4D (n ¼ 0, M⋆ ¼ Mpl)
black holes. Our code, CosmoLED, computes the spectra of
observable products from BHs, and the cosmological
constraints. The dashed lines are the primary spectra
obtained from Eqs. (33) and (8). The solid lines depict
the total spectra of e� and γ by considering the decay and
hadronization of more energetic particles. The CosmoLED

total spectra are computed using Eq. (32). For comparison,
we also show the spectra obtained directly from the
ExoCLASS package [50], and BlackHawk v2.1 [35,36]. Note
that the ExoCLASS BH module computes the secondaries
from muon and pion decay only, and BlackHawk cascades
down from 5 to 105 GeV primary particles with the
“PYTHIA” hadronization option at the present epoch. Our

FIG. 8. The emission spectra of electron/positrons (left) and gamma (right) from the evaporation of a 4D BH with mass M ¼ 1012 g.
The dashed lines show the primary particles obtained directly from the graybody spectrum. The solid red, gray, and blue lines show
the total emission of e� and γ including hadronization and decay, computed using CosmoLED (this work), ExoCLASS [50], and
BlackHawk v2.1 [35,36].
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results agree well with BLACKHAWK at almost all energies,
while ExoCLASS tends to underestimate the secondary
spectra. As BH mass increases, the difference between
CosmoLED and ExoCLASS spectra becomes less dramatic
as fewer primary particles are produced above 5 GeV.
However, the CosmoLED spectra remain to be larger in most
of the energy range. Throughout, we assume that BHs
evaporate only to Standard Model particles and gravitons.

III. OBSERVATIONAL CONSTRAINTS
ON LED BLACK HOLES

Once produced, primordial black holes born of micro-
scopic collisions in the early Universe will exhibit similar
phenomenology to their four-dimensional cousins. In
addition to affecting the energy budget of the Universe,
their evaporation products will affect cosmological evolu-
tion and can interfere with BBN and the CMB, as well as
produce a detectable flux of galactic and extragalactic
x rays. These constraints will not probe 4D BH masses
larger than ∼1018 g, and thus do not overlap with con-
straints from lensing and dynamical disruption of gravita-
tional systems. In this section, we compute the dominant
constraints from x rays (Secs. III A and III B), the CMB
(Sec. III C) and BBN (Sec. III D), first describing the
physics, and then producing constraints from observational
data. We then discuss the combined constraints (Sec. III E)
as well as previous PBH constraints not studied in this
work (Sec. III F).
In order to consistently compare constraints on PBHs

with differing lifetimes, we define the parameter f• as

f• ≡ ρ•ðziÞ
ρDM;0ð1þ ziÞ3

ð35Þ

where ρ• is the density of PBHs at an initial redshift zi before
the PBHs evaporate any significant fraction of their mass and
ρDM;0 is the observed dark matter density today. With this
definition, f• describes the fraction of dark matter in the
early Universe comprised of PBHs. For certain observable
constraints, other parameters are used to describe the
abundance of PBHs. When studying Galactic Center con-
straints we use f•;0, the fraction of dark matter comprised of
PBHs today and when studying the impact PBHs have on
the expansion history near BBN we use βdec, the fraction of
the total energy density comprised of PBHs at the time of
neutrino decoupling.

A. Galactic constraints

For PBHs that survive until the present, the Milky Way
halo is a promising source of evaporation products.
Detectable sub-GeV evaporation products can consist of
gamma rays, and cosmic ray electrons, positrons, protons,
and antiprotons. The “prompt” gamma-ray flux is given by

dΦγ

dEdΩ
¼ 1

4π

dN
dEdt

f•;0
M

1

ΔΩ
DðΩÞ; ð36Þ

where the D-factor is defined as an integral over the dark
matter density ρDMðx⃗Þ:

DðΩÞ≡
Z
LOSΔΩ

ρDMðx⃗ÞdΩdx; ð37Þ

where the integral in x is over the line of sight (LOS) and
ΔΩ is the solid angle of interest. ρDM is the DM density in
the Milky Way. We take it to follow a Navarro–Frenk–
White (NFW) profile

ρDMðrÞ ¼ ρs
23−γ

ð rrsÞγð1þ r
rs
Þ3−γ ; ð38Þ

where r is the galactocentric distance, rs is the DM halo
scale radius, and the conventional factor of 23−γ ensures
that ρs ≡ ρðrsÞ. We employ parameters consistent with
kinematic data [51],2 rs ¼ 9 kpc and γ ¼ 1.2. The DM
density at the Sun’s position is ρ0¼ρðR⊙Þ¼0.3GeV cm−3,
where we use recent measurements from GRAVITY [53]
for the distance to the Galactic Center R0 ¼ 8.127 kpc.
In addition to the gamma-ray flux from Eq. (36), low-

energy positrons produced by BH evaporation will lead to a
gamma-ray line signal at Eγ ¼ 511 keV from eþe− anni-
hilation in the interstellar medium. The flux of photons
from in situ eþe− annihilation is

dΦ511

dΩ
¼ 2ð1 − 0.75fPÞ

dNeþ

dt
1

4π

1

M
1

ΔΩ
DðΩÞ ð39Þ

where fP is the positronium formation fraction and
dNeþ=dt is the total positron production rate per BH
integrated over energy.
We employ data from INTEGRAL/SPI, the x-/gamma-

ray spectrometer onboard the ESA INTEGRAL satellite,
launched in 2003. A full analysis of SPI data requires a
template-based likelihood analysis, as there is no way to
reconstruct the direction of a single photon event. Rather,
SPI uses a coded mask, for which each individual photon
recorded on the detector corresponds to a number of
possible trajectories. This means that an image cannot be
reconstructed, and one must instead compare templates
using a maximum likelihood method. To sidestep this

2In Ref. [51], best fit values for the Milky Way halo profile for
two separate models of the baryonic component of the Galaxy are
provided. For this work we adopt the best fit values that correspond
to modeling the stellar disk, dust, and gas components as a double
exponential. It should also be noted that there is a large uncertainty
on the dark matter halo parameters, especially γ and rs. A complete
analysis should marginalize over the posterior likelihood of the
halo density distribution; however for the purpose of setting
constraints we have held all halo parameters fixed at their best
fit values. For an overview of the various determinations of ρ0, see
the review in Ref. [52].
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cumbersome process, we use previously processed data
reported in Ref. [54]. Although this is based on only six
years (∼108 s) of data, it is the only published reference to
include a binned reconstruction of the diffuse flux as a
function of energy and galactic latitude and longitude. We
follow a similar method to Ref. [55], who used this data to
constrain 4D primordial black holes in the Milky Way. We
employ the five energy bins in Fig. 5 of Ref. [54] (digitized
from [56]), corresponding to 27–49, 49–90, 100–200,
200–600, and 600–1800 keV. These each consist of 21
latitude bins within −90° < b < 90°, integrated over lon-
gitudes −23.1 < l < 23.1°, with the exception of the
800–1800 keV range, which is presented in 15 bins, within
−60° < l < 60°. We do not employ the results from Fig. 4,
as they are drawn from the same data, but binned over
latitude instead. We construct a one-sided chi-squared
statistic, and obtain 95%confidence limits assuming 1 degree
of freedom. Our limits agree with those presented by Laha
et al. [55] in the n ¼ 0 case, who instead ask that the
predicted flux in every bin does not exceed the measurement
by more than 2 times the reported error in that bin; using
both methods, we have checked that our chi-squared
approach yields identical results to the Laha et al. method,
except above M ∼ 1.2 × 1017, where our constraints are
stronger by a factor of a few. At lower masses, small
differences with respect to the Laha et al. results can be
attributed to a different choice of dark matter halo param-
eters. Our results are also similar to the very recent [57].
While their addition of Fermi and EGRET data may
strengthen bounds at lower masses, they may still be
superseded by the 511 keV bounds that we discuss next.
For the 511 keV signal, we may use more recent data. We

have taken the binned 511 keV flux shown in Fig. 5(a) of

Ref. [58] (black crosses). These correspond to the total
511 keV flux within galactic latitudes −10.5° < b < 10.5°,
in five equally spaced longitude bins within−30°< l< 30°.
We again produce a one-sided chi-squared, in order to
establish 2σ limits on the BH fraction via Wilks’s theorem.
As in Ref. [59], we conservatively only consider positrons
with energies less than 1 MeV, as high-energy particles may
not annihilate in situ.
Since our method slightly improves on previous results,

we first show the resulting limits for the n ¼ 0, ordinary
4D PBH case in blue, in Fig. 9. Continuum gamma-ray
constraints are presented as solid lines, dash-dotted
lines show the 511 keV limits from positron annihilation,
and the dashed lines present the same limits, but without the
Eeþ < 1 MeV requirement. We also show the aforemen-
tioned gamma-ray limits of Laha et al. [55] (solid yellow),
as well limits based on evaporation to positrons obtained by
Laha [60] and DeRocco and Graham [59]. When using the
full range of positron energies, we attribute the slight
improvement over DeRocco and Graham to the use of more
recent data and angular information from [58]. The stronger
improvement comes when comparing the Eeþ < MeV
cases: Here, our inclusion of secondary particles leads to
a sizeable flux of low-energy positrons not present when
only primary thermal particles are accounted for—as can be
read e.g., from the left-hand panel of Fig. 8.
Constraints for n ≥ 0 are shown in Fig. 10. We arbitrarily

cut the mass range to include BHs that would survive
for at least ten years, the approximate duration of the
INTEGRAL mission (hence the large difference Fig. 9,
which corresponds to BHs that would live for approxi-
mately the age of the Universe or longer). Masses in the
lower range are obviously “tuned” to end their lifetimes

FIG. 9. Updated constraints on ordinary four-dimensional primordial black holes from INTEGRAL/SPI gamma-ray data. Solid blue:
using gamma-ray continuum data from [54]; dashed blue, 511 keV line from eþe− annihilation, using data reported in [58]; dot-dashed
blue, 511 keV constraints, but omitting the flux from positrons with energies higher than 1 MeV which may not annihilate in situ. Prior
results are shown from Laha et al. 2020 [55], Laha 2019 [60], and DeRocco and Graham 2019 [59].
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around the present day and correspond to a small sliver of
initial BH masses. We will translate these constraints into
cosmologically consistent bounds in Sec. III E.
Depending on whether the Hawking temperature is high

enough to produce positrons, and where the gamma-ray
spectrum peaks, gamma-ray (left panel) and positron (right
panel) constraints dominate for different values of M for
different n. The sharp vertical jump at the right-hand side of
some constraints corresponds to the transition from (4þ n)-
dimensional to four-dimensional behavior of the PBHs
as they saturate the extra dimensions—i.e., masses above
M ¼ M4D (6). We indicate with dashed lines the constraints
that would be attainable in the absence of such a transition.

B. Isotropic background light

The isotropic photon spectrum can be split into two
observationally indistinguishable components. One compo-
nent is the extragalactic background light (EBL) produced by
extragalactic PBHs homogeneously distributed throughout
the Universe. The EBL component has previously been used
to constrain the abundance of extra-dimensional PBHs [39].
The other component is the isotropic part of the galactic
signal, produced by PBHs within the galactic halo. Despite
the galactic halo being anisotropic (as discussed in the
previous section), there is a nonzero flux in all directions.
Therefore, there appears to be an isotropic component
equivalent to the flux in the direction with the smallest
contribution from galactic PBHs. This isotropic galactic
signal has recently been used to constrain the abundance of
long-lived four-dimensional PBHs [61,62].

1. Extragalactic photon flux

The sum of the evaporation products from all extra-
galactic PBHs could produce a significant isotropic flux of

x rays or gamma rays. This signal depends on the primary
spectrum of photons, electrons, and positrons described in
Eq. (8) as well as the secondary spectrum described in
Sec. II D. As the evaporation products travel from the point
of evaporation to Earth, the flux changes due to the photons
redshifting, being absorbed, and scattering with IGM
material. By taking into account all of these processes,
whose relative importance is a function of energy and
redshift, we will obtain a predicted EBL flux that may be
constrained by observations.
The EBL contribution to the isotropic photon flux can be

found by evolving the photon spectrum over time starting at
recombination. At any given redshift z, the change in the
flux of photons of energy E can be parametrized by

dΦγ;EBL

dEdz
ðE; zÞ ¼

X
i

dΦγ;i

dEdz
ðE; zÞ; ð40Þ

whereΦγ;EBL is the extragalactic isotropic photon flux and i
denotes the four different channels for energy injection
and loss: Universe expansion, photon absorption, Compton
scattering, and photon injection.
The expansion of the Universe redshifts photon energy

and dilutes their number density. As shown in Appendix C,
these effects may be combined into

dΦγ;exp

dEdz
ðE;zÞ¼ 2

1þ z

dΦγ;EBL

dE
ðE;zÞ− E

1þ z

d2Φγ;EBL

dE2
ðE;zÞ:

ð41Þ

This results in the flux per unit energy being diluted
as ð1þ zÞ2, as the photon number density is diluted as
ð1þ zÞ3 while the spectral density removes a factor of
(1þ z). Although Eq. (41) depends on the derivative of

FIG. 10. Constraints on the fraction of LED primordial black holes today in LED scenarios as a function of their mass, based on data
from INTEGRAL/SPI as discussed in Sec. III A, where n is the number of extra dimensions, and n ¼ 0 corresponds to classical 4D
black holes. The dashed lines indicate what the constraints would be if large black holes did not act like 4D black holes. Left: constraints
from continuum emission of primary and secondary photons. Right: constraints from the 511 keV line flux produced from annihilation
of positrons produced by decaying BHs.
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dΦ=dE, the discretized method that we use (Appendix D)
does not actually require numerical differentiation.
The processes that cause the absorption of photons are

photoionization of neutral gas, pair production from atoms
and ions, photon-photon scattering, and pair production off
the CMB. All of these processes either absorb a photon or
remove almost all of a photon’s energy. The change in
photon flux due to these absorption processes is

dΦγ;abs

dEdz
ðE; zÞ ¼ dτ

dz
ðE; zÞ dΦγ;EBL

dE
ðE; zÞ; ð42Þ

where dτ
dz ðE; zÞ, as determined in [63], is the optical depth

of a photon of energy E over a differential redshift step at
redshift 1þ z.
Absorption of photons causes an initial flux of photons

starting at redshift zi and traveling to a final redshift zf with
final energy E to be suppressed by an exponential factor
of e−τðE;zi;zfÞ where

τðE; zi; zfÞ ¼
Z

zf

zi

dz
dτ
dz

�
E

1þ z
1þ zf

; z

�
: ð43Þ

For photons with energies between ∼1 keV and
∼10 GeV the Universe is transparent (τ < 1) up to redshifts
of order z ∼ 100. However, for photon fluxes that originate
at higher redshifts, a large fraction of the photons may be
absorbed.
High-energy photons can also Compton scatter with

electrons, losing some amount of energy, without being
entirely absorbed. The instantaneous change in photon flux
due to Compton scattering is calculated as the sum of a
negative loss term that accounts for the attenuation of
photons of a given energy and a positive source term that
accounts for all the higher-energy photons downscattered to
that energy. This is given as

dΦγ;comp

dEdz
ðE;zÞ ¼ 1

ð1þ zÞHðzÞ
�
neσcðEÞ

dΦγ;EBL

dE
ðE;zÞ

− ne

Z
dẼ

dσcðẼÞ
dE

dΦγ;EBL

dẼ
ðẼ; zÞ

�
; ð44Þ

whereHðzÞ is the Hubble parameter, ne is the total electron
density, which includes electrons bound in hydrogen and
helium as the small ionization potentials do not distinguish
those from free electrons (see e.g., [64,65] for more
discussion), σc is the total Compton cross section, and
dσcðẼÞ
dE is the differential cross section of an incoming photon

with energy Ẽ scattering and losing energy so that it ends
up with an outgoing energy E.
Solving this integro-differential equation is computa-

tionally slow, and the effect of Compton scattering is often
approximated either as an absorption process which con-
tributes to Eq. (42) or as a process that causes all photons to

continuously lose some fraction of their energy in a
similar way to the expansion of the Universe. For scenarios
where Compton scattering is important we utilize the full
integro-differential equation. A discussion of the different
computation schemes and more details on how Compton
scattering was numerically calculated in this work can be
found in Appendix D.
The differential Compton cross section is typically given

in the rest frame of the electron in terms of the scattering
angle θ by the Klein-Nishina equation

dσcðẼÞ
d cos θ

¼ πα2

m2
e

E

Ẽ

�
E

Ẽ
þ Ẽ
E
− sin2 θ

�
; ð45Þ

whereas dσc=dE is required to solve Eq. (44). Here, α is the
fine-structure constant, me is the electron mass, and the
outgoing photon energy E is related to the incoming energy
Ẽ and θ via

E ¼ Ẽ

1þ Ẽ
me
ð1 − cos θÞ : ð46Þ

The differential Compton cross section with respect to
outgoing photon energy is thus

dσcðẼÞ
dE

¼ me

E2

dσcðẼÞ
d cos θ

: ð47Þ

The integration bounds in Eq. (44) are found by noting
−1 ≤ cos θ ≤ 1 and translating that to a range of Ẽ
using Eq. (46).
The total Compton cross section at a given energy E

is [66]

σcðEÞ ¼ σT
3

4

�
1þ x
x3

�
2xð1þ xÞ
1þ 2x

− lnð1þ 2xÞ
�

þ lnð1þ 2xÞ
2x

−
1þ 3x

ð1þ 2xÞ2
�
; ð48Þ

where σT is the Thomson cross section and x ¼ E=me.
Finally, photon injection from BH decay yields

dΦγ;inj

dEdz
ðE; zÞ ¼ −

d2Nγ

dEdt
ðE;MðzÞ; zÞ n•ðzÞ

HðzÞð1þ zÞ ; ð49Þ

where n• is the black hole number density and d2Nγ

dEdt is the
spectrum of produced photons from a single black hole
of mass M.
The photons are produced as primaries and secondaries

directly from black hole evaporation, annihilation of
positrons, and inverse Compton scattering (ICS) of high-
energy electrons and positrons. Therefore, the rate of
photon production per black hole can be split into
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d2Nγ

dEdt
ðE;MÞ ¼ d2Nγ;evap

dEdt
ðE;MÞ þ d2Nγ;pos

dEdt
ðE;MÞ

þ d2Nγ;ics

dEdt
ðE;MÞ: ð50Þ

The photon production rate due to evaporation
d2Nγ;evap=dEdt is calculated as the sum of the photon
graybody spectrum as expressed in Eq. (8) and the
secondary photons produced by the annihilation of unstable
massive particles as discussed in Sec. II D.
Sufficiently hot black holes also produce high-energy

electrons and positrons. As these cool down, they yield
additional x rays by upscattering CMB photons via ICS.
The production rate of photons due to ICS is given by the
convolution of the electron and positron evaporation
spectrum with the secondary photon spectrum produced
by the cooling of a single electron or positron with a given
energy. This can be expressed as

d2Nγ;ics

dEdt
ðE;MÞ ¼ 2

Z
∞

0

dEe
d2Ne−

dEdt
ðEe;MÞ dÑγ;ics

dE

× ðE;Ee; TCMBÞ; ð51Þ

where E is the photon energy, Ee is the electron energy,

TCMB is the CMB temperature, d
2Ne−

dEdt is the production rate

of electrons from black hole evaporation, and dÑγ;ics

dE is the
secondary photon spectrum from a single electron or
positron cooling down. The factor of 2 accounts for the
fact that both electrons and positrons contribute to the ICS
signal. The secondary photon spectrum from electron
cooling was determined by interpolating a table calculated
using DarkHistory [67].
After an energetic positron quickly loses most of its

energy via ICS and other cooling processes, it will find a
partner and annihilate to photons. First, positronium is
formed in either the singlet or triplet state. One quarter of
the positrons form positronium in the singlet (paraposi-
tronium, j ¼ 0) state, which annihilates to two photons
with Eγ ¼ me. The remaining three quarters of the posi-
trons form the triplet (orthopositronium, j ¼ 1) state, which
produces three photons with a spectrum first calculated
in [68] and expressed in [67] as

dÑann
γ

dE

����
triplet

¼ 6

ðπ2 − 9Þme

�
2 − x
x

þ xð1 − xÞ
ð2 − xÞ2

þ 2 logð1 − xÞ
�
1 − x
x2

−
ð1 − xÞ2
ð2 − xÞ3

��
; ð52Þ

where x ¼ E=me and 0 ≤ x ≤ 1.
Assuming 100% positronium formation, the photon

yield per positron is thus

dÑann
γ

dE
ðEÞ ¼ 1

2
δðE −meÞ þ

3

4

dNann
γ

dE

����
triplet

: ð53Þ

Numerically, the Dirac delta function is modeled as a
Gaussian with a width of 1 keV, which is a realistic
approximation for the peak shape from galactic positro-
nium annihilations [69]. Although Ref. [69] does not
address extragalactic positron annihilation, cosmic expan-
sion causes the integrated signal from all extragalactic
annihilations to form a continuum below 511 keV. The
resulting observed EBL flux is therefore insensitive to how
the initial annihilation peak is parametrized.
The production rate of photons due to positron

annihilation can be found by multiplying Eq. (53) by the
positron production rate dNeþ=dt, including primaries and
secondaries:

d2Nγ;pos

dEdt
ðE;MÞ ¼ dNeþ

dt
ðMÞ dÑ

ann
γ

dE
ðEÞ: ð54Þ

Starting from recombination, the photon flux can be
evolved forward in time using Eq. (40) to calculate
the extragalactic contribution to the isotropic x-ray and
gamma-ray spectrum today. Further details on how this
equation was solved numerically are in Appendix D.

2. Galactic contribution

While the flux of evaporating black holes within the
Milky Way halo would be highly anisotropic, because there
is a nonzero flux in all directions, the flux in the direction
that produces the smallest flux contributes an irreducible
isotropic component on top of the extragalactic flux [61].
This flux can be calculated by evaluating Eq. (36) in the
direction with the minimum flux, directly away from the
Galactic Center. Then, Eq. (36) simplifies to

dΦγ;gal

dE
¼ f•;0

4πM

d2Nγ

dEdt
ðE;MÞDmin; ð55Þ

where f•;0 is the fraction of dark matter comprised of PBHs
today, d2Nγ=dEdt is calculated in the same way as in
the EBL case except only accounting for evaporation to
photons and positronium annihilation (the flux from ICS
was not included in the galactic calculation), andDmin is the
integral of the dark matter density along the line of sight
opposite the Galactic Center

Dmin ¼
Z

∞

R0

drρDMðrÞ: ð56Þ

3. Observational constraints

The total expected isotropic photon flux can be calcu-
lated by adding together the extragalactic contribution
found by solving Eq. (40) and the galactic contribution
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from Eq. (55). That calculated photon flux was compared to
measurements of the isotropic x-ray and gamma-ray signal
compiled in [70]. The experiments included are, from
lowest to highest energy: ASCA [71], RXTE [72],
HEAO-1 [73], HEAO-A4 [74], Swift/BAT [70], Nagoya
[75], SMM [76], CGRO/COMPTEL [77], and CGRO/
EGRET [78]. When the widths of the energy bins were not
provided, it was assumed that bin widths extended to the
midpoint with neighboring bins. Although measurements
from the instruments on INTEGRAL (JEM-X, IBIS, SPI)
are available [79] we do not include them, as they are less
precise, and overlap with other data used here. The
observed fluxes as well as a sample calculated spectrum
are shown in Fig. 11.
To account for sharp features such as the 511 keV peak

from Milky Way positronium annihilations, the calculated
flux was averaged over each bin width to determine the
expected flux for each experiment. Constraints were then
set by ensuring that the expected flux does not exceed the
observed flux by more than 2σ in any energy bin. This
approach leads to conservative constraints on the PBH
abundance because no assumptions are made about other
astrophysical sources of x rays and gamma rays. Including
models of astrophysical x-ray and gamma-ray sources
can currently strengthen PBH constraints by more than
an order of magnitude [61,62] and have an even larger
effect when projecting the discovery potential of future
x-ray telescopes [80].
Constraints from isotropic background light are shown in

Fig. 12. The shapes of the n ¼ 0 and n ¼ 2 − 6 constraints
are generally similar. The low-mass cutoff of the constraints
is given by the black hole mass that leads to evaporation
before the time of recombination (taken to be z ¼ 1100), as
photons from these BHs cannot propagate freely until

today. At slightly higher masses, BHs evaporate completely
between recombination and today. The largest signal comes
from the high-temperature emission at the end of their lives;
more massive black holes evaporate closer to today such
that their emitted photon spectrum has redshifted less, and
the observed spectrum has a higher energy, where observed
fluxes are lower. This leads to constraints strengthening
with increasing initial BH mass. This trend continues until
the black holes are massive enough to survive until today.
Beyond this point, more massive black holes have lower
temperatures and there are fewer black holes for a given
energy density, causing the trend to reverse.
For n ¼ 4, 5, and 6, as the mass increases, limits weaken

sharply as the BHs Schwarzschild radius exceeds the size
of the extra dimensions [as in Eq. (6)], leading them to
mimic the n ¼ 0 limits. Since this transition depends on the
details of the compactification, the true behavior would not
be as sharp.
We found that there are no BHmasses where the inclusion

of photons produced by inverse Compton scattering
improves the constraints. As shown in Fig. 13, the galactic
isotropic flux strengthens the constraints set on black holes
that survive until today and including the flux from positron
annihilations increases the strength of the constraints for
black holes with temperatures close to 511 keV.

C. Cosmic microwave background

Evaporation of primordial black holes during and after
recombination can lead to high-energy electrons and
photons producing heating and ionization—an effect first
discussed in the context of decaying heavy neutrinos [81]

FIG. 11. The observed fluxes from various x-ray and gamma-
ray telescopes compared to the maximum allowed calculated flux
from black holes with a mass of 2 × 1015 g in n ¼ 5 extra
dimensions and a scale of quantum gravity M⋆ ¼ 10 TeV. The
experiments in the legend are ordered from lowest energy to
highest energy. See main text for references.

FIG. 12. Constraints on the fraction of dark matter comprised of
LED black holes in the early Universe f• from ensuring that the
isotropic x-ray and gamma-ray flux produced by evaporation
does not exceed the observed flux in any energy bin by 2 standard
deviations. The constraints keep the scale of quantum gravityM⋆
fixed at 10 TeV (except for n ¼ 0 where M⋆ ¼ Mpl) while
varying the initial black hole masses, M, and numbers of extra
dimensions, n. The dashed lines indicate what the constraints
would be if large black holes did not act like 4D black holes.
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and later adapted to annihilating dark matter [64]. A higher
ionization floor will rescatter CMB photons. During the
dark ages, this has the effect of “blurring” the last scattering
surface, suppressing the angular power spectrum on small
scales (large l). For ionization at lower redshifts, this
rescattering additionally enhances power at lower multi-
poles in the EE (E-mode angular power spectrum) polari-
zation power spectrum, because Thomson scattering is
polarized [82].
As part of the CosmoLED package, we modify the

public ExoCLASS code [50], a branch of the CLASS linear
anisotropy solver [83] which deals with the energy injec-
tion from weakly interacting massive particles or primor-
dial black holes. To be specific, we change the DarkAges

module to incorporate LED BHs with n ¼ 1–6 and a
flexible Planck scale M⋆. A four-dimensional BH remains
a choice when n is set to 0. The electron and gamma
spectrum required for the module is now computed as
described in Sec. II D. We improve ExoCLASS in the
following aspects: (1) We implement the complete gray-
body spectrum for all particles, instead of cutting the
spectrum at E ¼ 3TH and approximate the absorption cross
section as σs ¼ 27πG2M2

• . (2) We include the secondary
particles from primary particles at energies above 5 GeV
using the PPPC4DMID tables. (3) At low energies, we use
HAZMA and our own code to calculate the decay of pions
and muons as a function of particle energy, instead of
using the fixed decay table in ExoCLASS. A comparison of
secondary particle spectra from CosmoLED and ExoCLASS

can be found in Fig. 8. We have also altered the black hole
mass evolution of a function of time in the DARKAGES

module and CLASS main code. Apart from these changes,
we follow the approaches in ExoCLASS to compute the
energy deposition from LED BHs, which we briefly
summarize below.

The injection of energy from decaying black holes with
initial mass Mi and initial fraction f•, relevant for CMB
observation is given by

d2E
dVdt

����
inj

¼ f•fe:m:ρcΩCDMð1þ zÞ3
Mi

dM
dt

; ð57Þ

where fe:m: is the fraction of BH evaporation that ends up
with e� and γ, and ρcΩCDM is the cold dark matter energy
density today. In CosmoLED, this is computed from

fe:m:
dM
dt

¼
Z

dEe:m:
d2N

dEe:m:dt
; ð58Þ

with the right-hand side given by Eq. (33). The injected
energy is then deposited at different redshift z, in the form
of ionization, excitation of the Lyman-α transition, and
heating of the intergalactic medium. The energy deposition
is therefore connected to the energy injection by

d2E
dVdt

����
dep;c

ðzÞ ¼ hcðzÞ
d2E
dVdt

����
inj
ðzÞ; ð59Þ

and the energy deposition functions in the three channels
denoted by hc can be obtained by convolving the injected
electromagetic particle spectra with a transfer function that
models streaming and absorption of electromagnetic prod-
ucts in the high-redshift IGM. We follow the treatment in
ExoCLASS and employ the transfer functions precomputed
in Refs. [84,85].
To constrain the initial fraction of BHs in dark matter,

we use MONTEPYTHON [86,87] to run a Markov chain
Monte Carlo, which interfaces with the modified version of
ExoCLASS in CosmoLED. For each PBH initial mass and n, we
impose flat prior on the initial fraction of BHs, and six

FIG. 13. A comparison of the isotropic background light constraints on the initial fraction of dark matter comprised of LED black
holes with or without different components. In both plots the black line is the full constraint as seen in Fig. 12. The various lines in each
plot represent different numbers of extra dimensions (two to six going left to right) and the scale of quantum gravity M⋆ is fixed at
10 TeV. Left: the dashed red lines show the strength of the constraints without the isotropic component coming from the MilkyWay halo
so that only the extragalactic background light is included. Right: the red line shows the strength of constraints ignoring the effect of
positron annihilation described in Eq. (54).
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ΛCDM parameters fωb;ωcdm; θs; lnð1010AsÞ; ns; τreiog. We
adopt the Planck high-l TT;TE;EEþ low l TT, EEþ
Planck lensing 2018 [1] likelihoods, with standard Planck
nuisance parameters marginalized over. Figure 14 shows
the boundary of each 95% one-dimensional credible
interval on the initial fraction of PBHs as DM, f•, as a
function of the initial black hole mass M. For each n, the
excluded region cuts off abruptly at low mass, where BH
evaporation occurs before recombination and thus does not
affect the ionization floor. The cutoff of n ¼ 6 BHs
coincides with that of 4D BHs, as from Fig. 2 M ≃
1014 g BHs disappear at CMB in both cases. As the mass
increases, sensitivity is gradually reduced as the Hawking
temperature of the PBH population falls with mass.
Even though our inclusion of secondary particles leads to

a larger γ and e� flux than in the default ExoCLASS scenario,
our constraints for n ¼ 0 are slightly weaker than those
presented in Ref. [50]. These differences may be due to
their implementation of a prior on τreio, with which f• is
degenerate, or the use of different Planck datasets.

D. Big bang nucleosynthesis

BBN presents a critical evolutionary epoch of the early
Universe. The expansion-driven cooling of the Universe
leads to the formation of the first light elements as the
temperature of the background photons drops below the
binding energy of said light nuclei. The final abundances of
light elements synthesized during this era (in conjunction
with the relevant nuclear cross sections and cosmological

framework) therefore also provide a fruitful testing ground
for physics beyond the Standard Model. Constraints on
mechanisms that modify either the expansion rate or
balance of the synthesis processes during this era have
been explored previously in, for example Refs. [88–96].
In a similar spirit, the presence and evaporation of black

holes leading up to, during, and beyond BBN, can impact
the resulting relic abundances in a number of ways. Weak
interactions freeze out around temperatures of∼1 MeV, just
before the onset of BBN, setting the neutron-to-proton ratio
which is critical to the eventual formation of helium.
An additional black hole density component may alter the
expansion history of the Universe and the subsequent freeze-
out of this ratio. More specifically, an increase in the
expansion rate will lead to an earlier weak interaction
freeze-out, an enhanced neutron-proton ratio, and eventually,
a greater helium-4 abundance (see Sec. III D 2 for further
discussion). Black hole evaporation products, namely pions,
may also alter the neutron-proton fraction after freeze-out
via direct conversion. In addition, if the temperature of the
black holes is sufficiently high, the resulting evaporation
products will be able to directly contribute to the dissociation
of the forming nuclei.
In order to incorporate black holes and their evaporation

products correctly into the relic calculation, a complex
system of reactions needs to be solved self-consistently. As
most public codes do not allow for nonthermal energy
injection, we will deal with these two effects separately.3 In
Sec. III D 1 we recast prior results following the method of
Ref. [100]; in Sec. III D 2 we adapt the AlterBBN code to
produce the light abundances from the appropriately
modified expansion histories.

1. Photo- and hadrodissociation

If the bulk of BH evaporation occurs during or shortly
after BBN, the production of high-energy particles can lead
to dissociation of nuclei, affecting the relic abundance of
D, He, and Li. The addition of a nonthermal component to
existing BBN codes is nontrivial. Kawasaki et al. [96]
performed a detailed numerical analysis, deriving con-
straints on the lifetime of decaying dark matter during the
BBN epoch as a function of its mass and density. They
utilized updated reaction rates, newly implemented inter-
conversion of energetic protons and neutrons by inelastic
scattering off background nuclei, as well as the incorpo-
ration of energetic antiprotons and antineutrons. Their
results use the observed relic abundance of light elements,
including the primordialmass fraction of 4He,Yp ≡ ρð4HeÞ=
ρb ¼ 0.2449� 0.0040 [101], the primordial deuterium-to-
hydrogen ratio ðD=HÞp ¼ ð2.53� 0.04Þ × 10−5 [102], and

FIG. 14. Constraints on the fraction of dark matter comprised of
LED black holes in the early Universe f• based on their impact on
the CMB angular power spectrum, computed using ExoCLASS,
modified to include LED BHs, with updated graybody factors,
secondary spectra, and precise evaporation rates. Each color
corresponds to a different number of extra dimensions, n. The
constraints for PBHs with n ≥ 2 keeps the scale of quantum
gravity M⋆ fixed at 10 TeV while the case of 4D (n ¼ 0) PBHs
maintains M⋆ ¼ Mpl. The dashed lines indicate what the con-
straints would be if large black holes did not act like 4D
black holes.

3Recently, photodisintegration of light elements due to dis-
torted photon phase space distribution from exotic entropy injec-
tion has been implemented in the ACROPOLIS code [97–99],
which is yet to be employed to study LED BHs. A dedicated
analysis with ACROPOLIS is left for future work.
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the upper limit on the primordial 3He-to-deuterium ratio
ð3He=DÞp < 0.83þ 0.27 [103]. Keith et al. [100] pointed
out that evaporating black holes modify BBN abundances in
a similar manner to decaying massive particles and recast the
results of Kawasaki et al. to derive equivalent constraints for
black holes. Wewill mostly follow the procedure outlined in
Ref. [100] to recast the results in Ref. [96] for the LED BHs
described in this article. The method, assumptions, limita-
tions, and results are presented below.
Reference [100] broadly distinguishes between two

phases of nuclear dissociation due to BH evaporation
products: the hadrodissociation era at high plasma temper-
atures, and the photodissociation era at later times. Both of
them lead to the dissociation of 4He and the production of D
and 3He. We follow the same approach as Ref. [100] to
account for the photodissociation of 4He caused by BH
evaporation, while for hadrodissociation, we adopt a differ-
ent procedure which better captures the total number of
hadrons injected by BHs. In both cases, we use the precise
graybody spectrum to compute the average quark energy,
instead of assuming a thermal Fermi-Dirac distribution.
If decays happen at late enough times, when the plasma

temperature is lower than T ≲ 0.4 keV, all electromagnetic
final states contribute to dissociation. Because a majority of
SM degrees of freedom—and thus evaporation products—
are in the hadronic sector, this can be mapped to previous
bounds on dark matter decay to quark-antiquark pairs.
Neglecting the quark masses and averaging over the
quark graybody spectrum, the mean energy hEqiM for a
given BH mass is

hEqiM ¼
R
E d2N

dEdt dER
d2N
dEdt dE

; ð60Þ

where d2N=dEdt is the radiated quark energy distribution
given by Eq. (33). Since quarks are typically produced
above the QCD transition scale, the mean quark energy is
obtained by averaging the emission over the lifetime of a
BH when the Hawking temperature is high enough, i.e.,

hEqi ¼
R
0
Mi
hEqiM dN

dMΘðTH − ΛQCDÞdMR
0
Mi

dN
dMΘðTH − ΛQCDÞdM

¼ kq maxðTH;i;ΛQCDÞ; ð61Þ

where dN=dM is the number of quarks produced per
change in BHmass, and can be inferred from Eq. (33) (after
integrating over E) and Eq. (11) considering quarks and
gluons. TH;i is the initial BH Hawking temperature.
The total energy injection, which is relevant for photo-

dissociation of 4He, of a BH with initial mass Mi, should
thus yield a similar effect to the decay of DM particles with
mass MX ≃ 2hEqi into quark pairs. The step function in
Eq. (61) ensures that quarks are not produced below the

QCD scale. This approach is conservative, in that it
ignores evaporation for Hawking temperatures below
ΛQCD to other states.
At higher temperatures (T ≳ 0.4 keV), eþe− pair pro-

duction from photons is efficient, and the dissociation of 4He
is primarily expected to be from hadrons produced from
quark and gluon jets, which builds up with the injection of
more hadrons. The number of hadrons in a quark jet scales
as E0.3

q , and therefore on average, the number of quarks
produced from the graybody spectrum is approximated by
quarks with a single energy hEhiM which satisfies

hEhi0.3M ¼
R
E0.3 d2N

dEdt dER
d2N
dEdt dE

: ð62Þ

Again averaging over the evaporation lifetime of a BH, the
number of hadrons per unit energy, proportional to E0.3

q =Eq,
is computed as

hEhi−0.7 ¼
R
0
Mi
hEhi0.3M dN

dMΘðTH − ΛQCDÞdMR
0
Mi
hEqiM dN

dMΘðTH − ΛQCDÞdM
: ð63Þ

The numerator gives the total number of hadrons emitted
during the lifetime of a BH, and the denominator shows the
total hadronic energy. This can again be mapped to dark
matter which decays to quark-antiquark pairs, with the
number of hadrons per unit energy given by ðMX=2Þ−0.7.
Therefore, we have the relation

hEhi ¼ kh maxðTH;i;ΛQCDÞ ¼
MX

2
: ð64Þ

The values of hEqiM and hEhiM, as well as the kq and kh
coefficients are computed and listed in Table III. Note that
these differ from values presented in Ref. [100] as we use
the full graybody spectra to model the quark phase space
distributions, and a different method for hadrodissociation.
To obtain the constraints on the energy density of BHs,

we find the correspondence between BHs and decaying
dark matter that causes the same amount of dissociation
to light elements. Conservatively we only consider the
hadrons and photons produced from quarks and gluons,
not other particles. If BHs initially have a Hawking
temperature above the QCD transition scale, i.e., Mi <
MQCDðTH ¼ ΛQCDÞ, the entire mass of BHs is injected to
the plasma in the form of quarks (and gluons), up to an
order 1 number fq which quantifies the fraction of hadronic
injection. Therefore, roughly the same amount of quarks
are produced in BH evaporation and dark matter decay,
provided that they start from the same energy density.
However, ifMi > MQCD, quarks are only emitted when BH
mass reduces to MQCD, and the early stage of the BH mass
dump does not dissociate any nuclei. To match the number
of quarks injected, the initial fraction of BHs f• that we
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constrain is related to the fraction of dark matter made of
decaying particles fX constrained by Kawasaki by

f• ¼
	
fX=fq; Mi < MQCD;

fXMi=ðfqMQCDÞ; Mi ≥ MQCD:
ð65Þ

Four-dimensional BHs always have Mi < MQCD in the
relevant mapping mass range. However, LED BHs can have
longer lifetimes and lower Hawking temperatures, render-
ing the Mi=MQCD factor important. The fraction of had-
ronic energy injection fq mildly depends on BH mass,
running from 76% for 4D BHs, to 65% for n ¼ 6 BHs, due
to differences in the graybody spectra, as well as a growing
fraction of graviton emission.
To complete the translation of constraints from decay-

ing dark matter to BH evaporation, we must determine
the appropriate correspondence between the lifetime of
BHs τ• and dark matter decay time τX. While we expect
that τX ≃ τ•, these processes are fundamentally different in
that DM decay represents a steady injection of energetic
particles, while BH evaporation products increase in energy
until a dramatic spike at τ•, after which no BHs remain. As
done by Keith et al. in Ref. [100], we match BHs and
decaying dark matter at a time when half of the energy is
injected. For decaying dark matter, this happens at a time
t ¼ τX ln 2. For BHs with initial mass Mi < MQCD, inject-
ing half of the total energy takes the time t ¼ ftτ•, and
ft ≃ 0.5. This yields the relation τX ¼ ftτ•=ln 2. If however
Mi ≫ MQCD, the lifetime of the MQCD BH is negligibly
small, and we have τX ¼ τ•=ln 2 instead.
Our constraints are presented in Fig. 15. For BH with

mass M, we find the dark matter lifetime that matches the
BH lifetime, and the dark matter mass MX that reproduces
the dissociation effects of a BH, using the method outlined
above. We then interpolate the constraint lines in Ref. [96]
according to MX, using the X → uū decay channel. The
interpolation works well for 4D BHs. However, for LED
BHs, the corresponding dark matter mass is below the
smallest mass considered of 0.03 TeV in most of the
parameter space due to the low Hawking temperature.
Noting that the constraints on the energy density of dark
matter get stronger for lighter dark matter mass, as
hadrodissociation depends on the number of emitted

hadrons proportional to M0.3
X , and photodissociation is

roughly determined by the total energy injection. We
therefore use the MX ¼ 0.03 TeV constraint line for any
mapped dark matter mass below 0.03 TeV to produce a
conservative bound on the energy density of BHs. We
present results in terms of the initial fraction of dark matter
made up of black holes, f•. This can be equated to β≡
ρ•=ρtot and MY, the decaying particle mass times their
number density per unit entropy, used in Refs. [100,96]
respectively, via

f• ¼ β
Ωr

ΩDM

Tform

T0

¼ 4

3

Ωr

ΩDM

MY
T0

ð66Þ

where T0 and Tform are the CMB temperatures today and
the plasma temperature at black hole formation respec-
tively. As in previous figures, red, yellow, purple, green,
and light blue curves correspond to the n ¼ 2–6 extra-
dimensional cases respectively. The rightmost dark blue
curve shows the 4D results, which are well matched to
those derived in Ref. [100], though the inclusion of the

TABLE III. The factors relevant for BBN constraints assuming M⋆ ¼ 10 TeV for LED BHs, and M⋆ ¼ Mpl for
4D BHs, as defined in Eqs. (60)–(64). The last row shows the BH mass at which the Hawking temperature matches
the QCD transition scale ΛQCD ≃ 300 MeV.

n 0 2 3 4 5 6

hEqiM=TH 4.23 3.05 2.95 2.90 2.89 2.88
hEhiM=TH 3.97 2.74 2.62 2.56 2.54 2.53
kq 8.46 4.04 3.68 3.48 3.36 3.29
kh 9.27 4.27 3.90 3.68 3.56 3.49
MQCDðgÞ 3.53 × 1013 1.88 × 10−8 6.96 × 10−4 28.8 1.31 × 106 6.40 × 1010

FIG. 15. Constraints on the initial fraction of dark matter f•
comprised of LED black holes in the early Universe, due to
dissociation of primordial nuclei from the products of BH
evaporation during BBN. These are recast from the decaying
dark matter constraints of Ref. [96], using the method of [100].
The constraints keep the scale of quantum gravity M⋆ fixed at
10 TeV (except for n ¼ 0 where M⋆ ¼ Mpl) while varying the
initial black hole masses, M and numbers of extra dimensions, n.
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relevant graybody factors and the updated method leads to
some small differences at lower masses. The different mass
range covered by the LED BHs also leads to a number
of qualitative modifications of the 4D results. As seen in
Table III, the maximum 4D BH mass translated from
decaying dark matter is below MQCD. However, for any
n ≥ 2 and M⋆ ¼ 10 TeV, in some part of the mass ranges
BHs have initial Hawking temperatures that fall below the
QCD transition scale. The correction due to M > MQCD is
more pronounced for lower number of extra dimensions,
and starts to severely restrict the parameter space that can
be constrained above about 1011 g for n ¼ 6 BHs. For all
n ≥ 2, this accounts for the f• ∝ M loss of sensitivity at
higher masses.
There are a number of assumptions underwriting the

validity of this methodology. They mostly pertain to being
able to match both the spectral and the temporal distribu-
tion of the injected energy from an evaporating BH to that
of a decaying particle.
First, it is assumed that the spectral shape does not

significantly vary the impact on BBN, provided the average
energy of the injected particles is the same. Similarly, the
temporal spread of injected energy from BHs can be treated
as equivalent to that of a decaying particle, as long as the
averaged energy is injected at approximately the same time.
Keith et al. note that the spread of particle energy around
the mean for the 4D case could lead to an error of around
30% for BHs evaporating after ≈107 s. The effect is larger
for BHs with shorter lifetimes where errors of up to a factor
of 2 are possible.

2. Altered expansion history

The method described above accounts for the cata-
strophic injection of nonthermal energy during or after
nucleosynthesis leading to nuclear dissociation. In addition
to this effect, the presence of extra matter in the form of
black holes during BBN, as well as the smooth injection of
entropy leads to an altered expansion history, baryon-to-
photon ratio, and ratio of neutrino-to-plasma temperatures,
which all contribute to altering the freeze-out abundances
of the primordial elements. It will turn out that only the
former effect has an impact on nucleosynthesis. We treat
these effects separately from the dissociation discussed
above, as it pertains to a slightly earlier epoch—and
publicly available software allows for a more exact treat-
ment. We modify AlterBBN [104,105] to include BHs as
additional species. In the code, BHs alter BBN in twoways:
(1) The energy density of BHs contributes to the expansion
of the Universe, and (2) BHs dump entropy to the plasma,
increasing the temperature of photons and neutrinos. As
described above, only effect (1) will turn out to be
constraining, though these constraints will be subdomi-
nant to those presented in Sec. III D 1. Details of the
implementation in the code, and resulting constraints, are
described below.

With BHs, the energy density of the Universe during
BBN is given by

ρtot ¼ ργ þ ρν þ ρe þ ρb þ ρ•; ð67Þ

where we include the energy density of photons, neutrinos,
electron and positrons, baryons, and BHs. The energy den-
sity of e� is connected to the photon temperature para-
metrized with a series of Bessel functions [105]. The
baryon density is fixed by the baryon to photon today,
and we assume η0 ¼ 6.1 × 10−10. We start evolving the
code from the neutrino decoupling temperature Tdec ¼
2.33 MeV. We assume neutrinos and photons are in
thermal equilibrium separately with the temperature Tγ

and Tν after neutrino decoupling. The neutrino energy
density ρν ¼ 7π2

120
NνT4

ν, where we fix Nν ¼ 3.046, and the

photon energy density ργ ¼ π2

15
T4
γ. For each decoupled

species, the continuity equation implies

d ln a3

dT
¼ −

dρ=dT

ρþ P − T
3H ð∂s∂t þ 3HsÞ ; ð68Þ

where ρ, P, and s are the energy density, pressure, and
entropy of the species. BH evaporation will dump entropy
to the plasma containing photon, baryons, and electrons, as
well as the neutrino sector. We assume the two sectors
keep thermal equilibrium efficiently and separately. The net
effect of the entropy dump is to raise the temperature of the
plasma and neutrinos, which in turn increases the energy
density of photons and neutrinos through the expressions
given above. Considering BH evaporation, the neutrino
entropy follows

∂sν
∂t ¼ −3Hsν þ

n•
Tν

dM•→ν

dt
; ð69Þ

and the plasma entropy

∂sp
∂t ¼ −3Hsp þ

n•
Tγ

dM•→ðSM−νÞ
dt

; ð70Þ

which are employed in Eq. (68) to determine the evolution
of the plasma and neutrino temperatures. With AlterBBN,
we compute the abundances of He and deuterium and
confront them with observations. We use the most updated
primordial deuterium-to-hydrogen abundance ratio in
PDG 2020 [106] where ðD=HÞp¼ð2.547�0.025Þ×10−5,
which reflects the weighted average of the most precise
measurements. Similarly, the primordial 4He abundance is
determined to be Yp ≡ ρð4HeÞ=ρb ¼ 0.245� 0.003. The
numbers are slightly different from the abundances quoted
in Ref. [96], but the results remain robust regardless of the
subtleties. To have a sizeable effect, the BH abundance
must be ∼10−3 or larger at BBN, which is significantly
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larger than the matter density expected during BBN, i.e.,
f• ≫ 1. We thus present the constraints on the fraction of
BH energy density in the Universe at the neutrino decou-
pling temperature,

βdec ¼
ρdec•

ρdectot
; ð71Þ

and show the 2σ limits on βdec Fig. 16. To the left of the
lines BHs evaporate significantly before the plasma temper-
ature drops below Tde. If BHs survive through BBN, a BH
fraction as low as 10−3 will modify the expansion of the
Universe substantially, resulting in He and D abundances
that are inconsistent with observation. The same bound
holds for higher-mass BHs which barely evaporate during
BBN, but becomes weaker for lighter BHs that disappear
before BBN ends.

E. Combined constraints

The combined constraints on the initial fraction of
dark matter in the form of PBHs are shown in Fig. 17
for M⋆ ¼ 10 TeV, and n ¼ 2, 3, 4, 5, and 6 extra
dimensions as well as for the regular 4D scenario, where
M⋆ ≡Mpl, denoted n ¼ 0. Features are qualitatively sim-
ilar for different n.
At low masses, rapid evaporation leads to excessive

injection of high-energy hadrons and photons during
and after BBN. At higher masses (≳108 − 1014 g), longer
lifetimes allow BH decay to take place after recombination,
leading to strong constraints from the rescattering of CMB

photons on the higher ionization floor. BHs that survive
longer still produce an isotropic extragalactic signal, as well
as a flux of gamma rays from the Milky Way halo. As n
rises from 2 to 6, the Galactic flux of gamma rays
moves into, and then out of, the INTEGRAL/SPI energy
window, explaining how the isotropic background light and
Galactic constraints trade places as the dominant limits
with varying n.
For n ≥ 5 and the 4D case of n ¼ 0, there is a small gap

in the combined constraints between the BBN constraints
on low-mass PBHs and the constraints on PBHs that
survive until after recombination. This gap is due to the
limited range over which decaying DM BBN bounds can
be recast as PBH constraints. It is expected that the BBN
constraints could be extended to higher masses, closing the
gap, by directly calculating the primordial nuclei abundan-
ces in the presence of LED PBHs.
Similarly, for 2 ≤ n ≤ 4, the BBN bounds weaken

significantly for black holes which evaporate completely
between the time of BBN and recombination. This creates a
window of PBH masses for which the constraints allow
f• ≫ 1 corresponding to a scenario where in the early
Universe dark matter is dominated by PBHs but those
PBHs completely evaporate leaving the stable dark matter
density observed today. This window of weak constraints is
due in part to our conservative approach to estimating the
photodissociation of light nuclei expected from PBHs with
temperatures greater than the QCD scale as discussed in
Sec. III D 1. A dedicated calculation of the effect of PBHs
on primordial abundances may be able to set stronger
constraints in this mass range and to some extent close this
weakly constrained window.
The Galactic Center constraints in Fig. 17 have a

somewhat different shape and cover a smaller mass range
compared to those presented in Fig. 10. This is because
Fig. 10 shows the constraints in terms of the PBH mass and
abundance today, whereas Fig. 17 shows the constraints in
terms of the PBH properties before evaporation occurred.
For massive PBHs that have only evaporated a negligible
fraction of their mass since their formation, their relative
abundance is unchanged since the early Universe so
f•;0 ≈ f•. Therefore, for larger masses, the Galactic
Center constraints in Figs. 10 and 17 look the same.
However, the smaller masses presented in Fig. 10 corre-
spond to a very narrow range of initial PBH masses in
Fig. 17 for which the PBHs just happen to be in the final
stages of evaporation today. This leads to the leftmost end
of the galactic constraints being “compressed” in Fig. 17.
The highest mass PBHs in the range presented in Fig. 17

are constrained by microlensing of stars in the M31 galaxy
[107]. These constraints shown in gray are the same for all
values of n and therefore were not recalculated in this work
because the presence of LEDs would not affect micro-
lensing. The mass range between the gray microlensing
constraints and the colored evaporation constraints is
completely unconstrained so long as PBHs are not more

FIG. 16. 2σ limits on the energy density fraction of BHs in the
Universe βdec ¼ ρdec• =ρdectot at the temperature Tdec ¼ 2.33 MeV
where neutrino decoupling is expected in standard cosmology, as
described in Sec. III D 2. The limits are obtained with modified
AlterBBN [104,105], accounting for the BH contribution to the
expansion of the Universe, and the BH entropy dump to the
plasma. The Planck scale M⋆ ¼ 10 TeV is assumed for LED
BHs. Because BBN occurs deep in radiation domination, these
constraints all correspond to a fraction of the matter content
f• ≫ 1, and are thus subleading.
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FIG. 17. Combined constraints on the fraction of dark matter comprised of LED black holes in the early Universe, f•. The solid
colored lines show the isotropic background light constraints from Fig. 12, the dotted lines show the CMB constraints from Fig. 14,
the dashed colored lines show the Galactic Center gamma-ray constraints from Fig. 10, and the dot-dashed lines show the BBN
constraints from Fig. 15. The gray area at the far right shows the constraints on macroscopic PBHs from microlensing of
M31 [107]. The gray hatched region in the top right of each plot corresponds to the parameter space for which PBHs would survive
until today with an energy density greater than the observed dark matter density. The shaded region covers the parameter space
which is ruled out by at least one of the constraints. The first plot shows our updated constraints for 4D PBHs while each of the
other five plots shows the constraints for a different number of extra dimensions n while keeping the scale of quantum gravity M⋆
fixed at 10 TeV. The black solid lines in the plots with n > 0 show the different masses and abundances of PBHs produced by high-
energy collisions in the early Universe assuming M⋆ ¼ 10 TeV and allowing the reheating temperature to vary. The black lines are
very steep because for a given value of M⋆ only a small range of M can be produced. The vertical gray dashed line shows the
cutoff point for a given number of extra dimensions where PBHs heavier than that line survive until today and PBHs lighter would
have entirely evaporated at some point in the past.
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abundant than dark matter, corresponding to f• ≤ 1. The
region of parameter space where PBHs survive until today
and would be more abundant than the observed dark matter
abundance is shown in Fig. 17 by the gray hatched region.

1. Relic abundance of LED black holes
as dark matter

For n ≥ 2, the solid black lines in Fig. 17 show the
predicted abundance and mass of PBHs produced by
energetic collisions in the early Universe assuming that
M⋆ ¼ 10 TeV. These lines appear vertical because they
have an extremely steep slope, where each point along the
line corresponds to the expected mass and fraction obtained
by varying the reheating temperature, TRH. As shown in
Fig. 7, a small change in TRH corresponds to a very large
change in the abundance of PBHs. We solve for the energy
density of BHs as described in Sec. II C, and define the
initial fraction f• in Eq. (35) at the time when BH mass is
largest under accretion and evaporation. Due to the strong
dependence of abundance on TRH, and a comparatively
weak dependence of PBH mass on TRH, the predicted
abundance lines are very steep. Therefore, for a given
number of LEDs, there is a narrow predicted mass range for
PBHs that would be produced with a fixed M⋆.
In the case of n ¼ 2, the PBHs produced are sufficiently

heavy that they would only have evaporated a negligible
fraction of their mass. These surviving PBHs can comprise
all of the dark matter. This scenario where n ¼ 2 and the
fraction of dark matter made up of PBHs, f• ¼ 1, would
correspond to BHs with a mass of ∼1021 g. These BHs are
too heavy to be constrained by evaporation bounds and
lighter than any lensing constraints, making them a viable
unconstrained dark matter candidate.
PBHs produced in theories with n > 2 and M⋆ ¼

10 TeV would have entirely evaporated before today and
are therefore not dark matter candidates. However, the
narrow mass window does make specific predictions
about when they finish evaporating, pointing at their
most promising paths to discovery. For n ¼ 3, the PBHs
finish evaporating after recombination, so that the most
likely cosmological method of discovering them is from
their impact on CMB anisotropies or through the iso-
tropic x-ray and gamma-ray signal they produce. PBHs
with n ¼ 4 or 5 complete their evaporation earlier, before
recombination such that their most apparent cosmological
imprint would stem from the destruction of primordial
nuclei formed during BBN. For scenarios with n ¼ 6, the
PBHs complete evaporating so early that they would be
entirely gone before BBN begins. This makes it very
difficult to constrain the existence of n ¼ 6 PBHs with
M⋆ ¼ 10 TeV. However, the possibility of a very large
abundance of PBHs forming and evaporating to all
particle types in the very early Universe raises the
intriguing scenario that the PBHs may have evaporated
to stable dark matter particles, yielding a nonthermal

(in the cosmological sense) relic abundance production
mechanism. Evaporation to dark matter particles can be
incorporated into any of the scenarios with n ≥ 3, but
the short hot lifespan of n ¼ 6 makes them especially
interesting scenarios to explore in future work.

2. Comparison with prior four-dimensional results

Many previous studies of 4D PBHs (see Ref. [5] for a
review) set constraints on the abundance of PBHs not in
terms of f•, but instead in terms of β0 which is defined as

β0 ≈ 7.06 × 10−18ΩPBH

�
M

1015 g

�
1=2

¼ 7.06 × 10−18f•ΩDM

�
M

1015 g

�
1=2

: ð72Þ

To make comparisons between the PBH constraints com-
puted in this and previous work simpler, the 4D PBH
constraints are shown in terms of β0 in Fig. 18. The
combined constraints in Fig. 18 also include the BBN
constraints due to changes in the expansion of the Universe
as shown in Fig. 16, converted from βdec using Eq. (66).
The gray shaded region in Fig. 18 shows a selection of

the strongest constraints on low-mass 4D PBHs from
previous work. This region combines constraints set with

FIG. 18. Updated constraints on 4D PBHs in terms of the BH
abundance parameter β0 used in previous studies of 4D PBHs,
defined in Eq. (72). The isotropic background light, Galactic
Center, CMB, and BBN nonthermal injection constraints are the
same as those in Fig. 17 except converted from f• to β0. The
weaker “density at BBN” constraint is from ensuring that PBHs
are not overabundant at the time of neutrino decoupling as shown
in Fig. 16. The dashed black line indicates the value of β0 that
corresponds to the energy density of PBHs equaling that of dark
matter. The vertical gray dashed line shows the cutoff point where
PBHs heavier than that line survive until today. The gray shaded
region shows the constraints on 4D PBHs set in previous work.
These include BBN [100], CMB anisotropies [50], isotropic
background light [62], Galactic Center photons [57], and positron
annihilations in the Galactic Center [59].
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BBN [100], CMB anisotropies [50], isotropic photons [62],
Galactic Center photons [57], and Galactic Center positron
annihilation [59]. These are generally very similar to the
strongest constraints set in this work, although there are a
few differences worth noting. As discussed in Sec. III A,
the 4D constraints we have set using positron annihilation
in the Galactic Center are stronger than those previously
set in Ref. [59]. It should also be noted that Refs. [61,62]
have set stronger constraints using the isotropic x-ray
and gamma-ray flux by modeling astrophysical sources.
However, these are dependent on the astrophysical source
model used, though our results are stronger than the con-
servative background-agnostic constraints of Ref. [62]. The
isotropic background light bounds set here are stronger
than those in Ref. [62] for lower-mass PBHs and weaker
for higher-mass PBHs. For lighter PBHs that would have
completely evaporated, this difference is driven by different
approaches in calculating the secondary spectrum of pho-
tons from unstable evaporation products. For PBHs that
survive until today, the difference is driven by differing
assumptions for the parametrization of the Milky Way halo.
Finally, the CMB constraints due to energy injection during
the dark ages are a factor of ∼6weaker than those presented
by the authors of ExoCLASS in Ref. [50]. However, even
with a fresh installation of ExoCLASS we were unable to
exactly reproduce their results; our inclusion of more
precise secondary spectra yields a factor of 2 improvement
over constraints found using the public code as is. This
discrepancy is possibly attributable to the updates to
ExoCLASS since Ref. [50] was published, or a different
choice of priors or nuisance parameters.

F. Other constraints

Previous analyses have set constraints on the existence of
light 4D PBHs using more methods than we have employed
in this article. In this section we discuss some of those
constraints and whether they are expected to be important
for the study of LED black holes.
Positrons directly injected into the interstellar medium

(ISM) from BH evaporation can contribute to the local
cosmic ray flux. Since these are predominantly at sub-GeV
energies, they are strongly affected by solar modulation and
associated uncertainties. Reference [108] placed constraints
on 4D PBH evaporation for M ∼ 1014 − 1017 g, using data
from the Voyager I spacecraft, which has recently crossed
the heliopause. These are subdominant to the more recent
constraints from gamma-ray emission using INTEGRAL
data derived by Ref. [55]. Since our INTEGRAL/SPI
galactic constraints use the same dataset as Ref. [55], we
anticipate that the Voyager I constraints would be similarly
subdominant in the LED scenario.
Dwarf spheroidal galaxies are a prime target for

gamma-ray searches for dark matter decay or annihilation
signatures thanks to their high mass-to-light ratio, which
implies a low Standard Model background and a large

prospective signal. Reference [109] recently analyzed ∼1
Ms of observations of the galaxy Reticulum II with
INTEGRAL/SPI over energies 25–8000 keV. Though this
leads to improved limits on DM annihilation, the resulting
limits on PBH decay are weaker than Galactic Center
analyses.
Radio data from the inner Galactic Center have been

used to constrain 4D PBHs [110]. Large magnetic fields
cause ultrarelativistic electrons and positrons to cool via
synchrotron radiation thus producing an observable radio
signal. In the case of LED PBHs this is most likely to be a
viable observational channel for n ¼ 5 where PBHs that
survive until today can be hot enough to produce ultra-
relativistic electrons. However, constraints on 4D PBHs
from radio data are always weaker than constraints based
on x-ray and gamma-ray observations and therefore includ-
ing radio data in this analysis is unlikely to improve the
constraints we have set on LED PBHs.
Ultralight PBHs could dominate the very early Universe

and entirely evaporate before BBN evading all bounds
presented in this work. However, these PBHs and asso-
ciated curvature perturbations could source a measurable
stochastic gravitational wave background (SGWB) [111].
Recently, that SGWB has been used to produce constraint
forecasts for future space-based gravitational wave inter-
ferometers [112]. Due to the different lifetime and pro-
duction mechanism of LED PBHs, these forecasts must be
recomputed for the case of LEDs. Some of these constraints
would apply to PBHs with masses lower than the BBN
constraints presented here.
The evaporation of PBHs during the epoch of star

formation and reionization could leave imprints in the
high-redshift 21 cm signal by heating and ionizing inter-
galactic gas. Several studies have presented current or future
limits, considering the evaporation of four-dimensional
PBHs, either motivated by the recent detection of a deep
21 cm absorption trough by the EDGES [113] experiment
[114–119] or looking ahead to large-scale experiments such
as the Square Kilometer Array [120]. Many other studies
have examined the impact of matter accretion onto macro-
scopic PBHs that might seed early structure formation or
produce x-ray backgrounds [121–125]. These studies and
others highlight the potential for future high-redshift 21 cm
observations to be highly constraining of exotic energy
injection sources during the dark ages and the epoch of
cosmic dawn. We expect LED PBHs may similarly have a
strong impact on future 21 cm observables.
A bound on PBH evaporation in the Galaxy was recently

placed based on measurements of the ISM temperature
in the Leo T dwarf galaxy. [126]. These require careful
accounting of heating and cooling effects in the ISM;
based on the results of [126], which are stronger than the
INTEGRAL constraints of [55] between 1 and 3 × 1017 g,
they could lead to improved limits in a small portion of the
parameters space for LED BHs.
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Finally, if the compactified extra dimensions have a
toroidal geometry, the production and subsequent decay of
Kaluza-Klein (KK) modes during reheating sets constraints
such that any reheating temperature that would result in
PBHs forming would already be severely constrained
[127]. However, constraints based on the production and
decay of KK modes are highly dependent on the compac-
tification geometry, the decay products, and the existence
of additional branes [127]. Conversely, the PBH results in
this work are only sensitive to the precise compactification
geometry when rh ∼ R (or alternatively stated asM ∼M4D)
and the results for all other values of M are insensitive to
such details. This makes observational constraints based on
KK mode production and PBH production complementary
to each other.

IV. CONCLUSIONS

In this article we have derived the full cosmological
evolution of PBHs in the presence of LEDs including their
production, accretion, and evaporation history. We have
then derived bounds on the existence of those low-mass
PBHs using BBN, CMB, isotropic photon flux, and
Galactic Center x rays. In doing so, we have also recom-
puted or updated the constraints on 4D PBHs from each
of those sources. The constraints on heavier PBHs from
gravitational lensing, mergers, and accretion rely on phys-
ics at scales larger than the size of the LEDs and therefore
will be unchanged from previous analysis.
The abundance and mass of the PBHs for a given number

of extra dimensions depend on M⋆ and TRH. We have set
conservative constraints on the M⋆-TRH parameter space
by ensuring that the PBHs are not overabundant. Stricter
constraints could be set on the properties of the extra
dimensions by ensuring the produced PBHs are not ruled
out by the astrophysical constraints derived here. To do so
would require recomputing the astrophysical constraints
over a full range of M⋆ values and has been left to
future work.
We have also found that in the case of two LEDs, the

PBHs produced in the early Universe would survive until
today and could, with the appropriate reheating temper-
ature, comprise the entirety of the dark matter abundance
observed today. In the cases of n > 2, PBHs would still
be created in the early Universe; however they would be
light enough such that they would have evaporated before
today. In those cases the PBHs could still have interesting
cosmological impacts even if they are not a dark matter
candidate.
In addition to their prospect as dark matter candidates,

black holes can produce all gravity-coupled degrees of
freedom as they evaporate, as long as the BH temperature
is high enough, and the particle mass is kinematically
accessible. In the case of BHs produced at colliders, this
provides a potential window into the dark sector [128].
PBHs produced in the early Universe could also evaporate

to yield the relic abundance of dark matter [129–135]; this
behavior would change in the presence of extra dimensions.
The possibility of large extra dimensions opens a new

direction in the search for primordial black holes, including
the alluring possibility of producing PBH dark matter
without relying on large or non-Gaussian primordial
fluctuations. The distinctive evaporation rate and spectra
of these BHs mean that any positive detection would point
directly at the existence of higher spatial dimensions and
provide tantalizing clues about the origin of the Planck
scale, bringing together two of the deepest mysteries of
the cosmos: dark matter, and the unification of gravity with
particle physics.
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APPENDIX A: DETAILED SOLUTIONS
OF BH MASS SPECTRUM

1. Approximate solutions assuming radiation
domination and nonevaporating BHs

We start from an approximate yet more intuitive
approach to solve for the BH mass spectrum. Since BH
accretion appears to be instantaneous and the asymptotic
mass Mas is independent of the initial BH mass, we can
assume all BHs created at a temperature Ti (and a time ti)
obtain the massMas. Neglecting BH evaporation during the
accretion process, their mass spectrum follows

1

a3
d
dt

ða3hMÞ ¼ ΓMδðM −MasðTiÞÞ; ðA1Þ

where hM¼dn•=dM and ΓM ¼ R
dMdΓ=dM with dΓ=dM

given in Eq. (17). The Dirac delta function on the right-
hand side of the equation indicates that a BH of a specific
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mass M after accretion can only be produced at a temper-
ature Ti which satisfies the condition M ¼ MasðTiÞ. Since
the temperature is also a function of time t, Eq. (A1)
translates into

∂hM
∂t þ 3HhM ¼ ΓM

jdMas=dtj
δðt − tiÞ

¼ ΓM

���� dMas

dTi

dTi

dt

����−1δðt − tiÞ; ðA2Þ

where dMas=dT can be derived from Eq. (26). Integrating
Eq. (A2) over an infinitesimal time step around ti, we find

hMðMasÞ ¼ ΓM

���� dMas

dTi

dTi

dt

����−1: ðA3Þ

If radiation dominates, dT=dt is given in Eq. (24) and

hMðMasðTiÞÞ ¼ ΓM

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
16π3

45
g⋆

r
nþ 1

n − 1

Mas

Mpl
T2
i

�−1

: ðA4Þ

After ti the right-hand side of Eq. (A2) is vanishes and the
mass spectrum drops as a−3 ∝ T3 in a radiation-dominated
universe.

2. Exact solutions

Now we turn to a more rigorous treatment without
assuming instantaneous accretion. At time ti, the number
of microscopic BHs produced is ht ≡ dn•

dt jt¼ti . Since the
accreted BH mass is fairly insensitive to the initial masses,
we assume all BHs are created at a minimum mass required
for efficient accretionMi ¼ Mi;minðTiÞ defined in Eq. (23),
and they evolve collectively afterward. We use Mðti; tÞ to
denote the mass of BHs that evolve from ti to t, and htðti; tÞ
to show the evolution of the BH mass spectrum. The latter
is described by

1

a3
d
dt

ða3htÞ ¼ ΓMδðt − tiÞ: ðA5Þ

Equation (A5) can be further split into two equations, one
for BH production at ti,

htðti; t ¼ tiÞ ¼ ΓMðtiÞ; ðA6Þ

and the other for the redshift of the spectrum at t > ti,

∂ht
∂t þ 3Hht ¼ 0: ðA7Þ

The evolution of BH mass follows Eq. (21), which reads

∂Mðti; tÞ
∂t ¼

�
−αþ β

T4

T4
H

�
T2
H: ðA8Þ

At time t, the BH energy density is given by

ρBHðtÞ ¼
Z

t

tRH

htðti; tÞMðti; tÞdti; ðA9Þ

where tRH is the time of reheating, and the radiation density
evolves as

dρr
dt

þ 4Hρr ¼ −
Z

t

tRH

htðti; tÞ
∂Mðti; tÞ

∂t dti − ΓMMðti; tiÞ;

ðA10Þ

where the loss or gain of radiation is caused by the change
in BH mass. The second term on the right-hand side of
the equation can usually be neglected since the accretion
energy loss is supposed to be much more efficient than
Planckian mass BH productions. Combining BH and
radiation, the expansion of the Universe is governed by
the Friedmann equation

H2 ¼ 8π

3M2
pl

ðρr þ ρ•Þ; ðA11Þ

where ρr is given in Eq. (20). Equations (A6)–(A11)
provide a complete set of integro-differential equations
to solve for the BH mass Mðti; tÞ and mass spectrum
htðti; tÞ.
Instead of solving the above equations directly, we can

reduce the number of equations by switching to the
temperature basis, where we find

hTðTi; T ¼ TiÞ ¼ ΓMðTiÞ
����� dTdt

����
T¼Ti

�
−1
; ðA12Þ

∂hT
∂T

dT
dt

þ 3HhT ¼ 0; ðA13Þ

∂MðTi; TÞ
∂T ¼

�
−αþ β

T4

T4
H

�
T2
H

�
dT
dt

�
−1
; ðA14Þ

ρ•ðTÞ ¼
Z

TRH

T
hTðTi; TÞMðTi; TÞdTi; ðA15Þ

dρr
dT

dT
dt

þ4Hρr¼−
Z

TRH

T
hTðTi;TÞ

∂MðTi;TÞ
∂t dTi; ðA16Þ

where hTðTi; TÞ≡ dn
dT jT¼Ti

and Eq. (A11) stays the same.
We can substitute Eqs. (20) and (A15) into Eq. (A16) to
find dT=dt,
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dT
dt

¼ −T
�

1

Mpl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8π

3
ðρr þ ρBHÞ

r
þ 1

4ρr

Z
TRH

T
hTðTi; TÞ

×

�
−αþ β

T4

T4
H

�
THðMðTi; TÞÞ2dTi

�
: ðA17Þ

Since the variation of g⋆ is mild during accretion, we set
dg⋆=dt ¼ 0. Equation (A17) can further be plugged into
Eqs. (A12)–(A14) to obtain the equations for hT and M,
where Eq. (A6) and MðTi; T ¼ TiÞ ¼ Mi;minðTiÞ serve as
initial conditions. However, this formalism may not work
if BHs dominate the energy density of the Universe after
accretion and reheat the plasma significantly when they
decay. It is crucial to solving the equations on the time basis
to keep track of BH evolution in this scenario.
In the above integro-differential equations, T and t

always appear in the differentials while Ti and ti appear
in integrals. After we obtain hT andM, we can map it to the
mass spectrum using the relation

hMðM;TÞ≡ dn
dM

����
M¼MðTi;TÞ

¼ hTðTi; TÞ
�∂MðTi; TÞ

∂Ti

�
−1
:

ðA18Þ

We solve the full integro-differential equations on time
basis, and show the evolution of BH energy density in
Fig. 19, as well as the mass spectrum at 10−10 s in Fig. 20.
We choose two typical scenarios. In the first scenario,
n ¼ 2, TRH ¼ 1.45 TeV, the BH energy density remains
subdominant until the plasma temperature drops below
0.75 eV. In the other scenario, BHs dominate the energy
budget of the Universe at about 10−15 s, and then evaporate

away before BBN. In both cases, we find good agreement
with the energy density evolution obtained from the single
mass approximation described in Sec. II C. The mass
distribution spreads more in the full solution. However,
the peak mass of the distribution agrees with single mass
approximation, up to a close to 1 factor.

FIG. 20. BH mass spectrum at t ¼ 10−10 s. The orange and
blue lines show the BH mass distribution for n ¼ 2, TRH ¼
0.375T th ¼ 1.09 TeV and n ¼ 6, TRH ¼ 0.605T th ¼ 3.77 TeV,
respectively. The lighter colored lines depict the solutions to the
full integro-differential equations, and the darker vertical lines are
obtained from single mass approximation. BH mass in n ¼ 2 is
rescaled to fit into the plot range of the figure. The Planck scale
M⋆ ¼ 10 TeV is assumed.

FIG. 19. Evolution of BH and radiation energy density. Left: the lighter orange lines describe the solutions to the full integro-differential
equations, and the darker orange lines represent the solutions of single mass approximation at production (see text in Sec. II C).
Solid and dashed lines depict the energy density of BHs and radiation respectively. Horizontal lines show the expected radiation density of
the plasma when BBN and matter-radiation equality take place in standard cosmology. We assume the fundamental scaleM⋆ ¼ 10 TeV
and n ¼ 2 extra dimensions with the reheating temperature TRH ¼ 0.375T th ¼ 1.09 TeV. Right: same as the left panel but for six extra
dimensions and TRH ¼ 0.605T th ¼ 3.77 TeV.
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APPENDIX B: SECONDARY PARTICLE
PRODUCTION FROM PION AND MUON DECAY

We use the HAZMA [49] code to compute the secondary
gamma from π0 decay π0 → γγ, and from radiative muon
and charged pion decay through the processes μ− →
e−ν̄eνμγ and π− → l−ν̄lγ where l ¼ μ, e. For the emission
of electrons from muon decay, the radiative process is
subdominant and we consider the tree-level differential
decay spectrum in the rest frame of a muon

dΓμ

dEe
¼ GF

12π3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
e −m2

e

q
ðEeðm2

μ þm2
e − 2mμEeÞ

þ 2ðEemμ −m2
eÞðmμ − EeÞÞ: ðB1Þ

Given muon energy E0
μ in the lab frame, the energy and

momentum of an electron in the lab frame is related to their
muon rest frame values via the Lorentz boost

Ee ¼ γμE0
e

�
1þ βμ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −m2

e=E02
e

q
cos θ0

�
; ðB2Þ

pk ¼ γμE0
e

�
βμ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −m2

e=E02
e

q
cos θ0

�
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
e −m2

e

q
cos θ;

ðB3Þ

where γμ ¼ E0
μ=mμ, βμ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 1=γ2μ

q
, and θð0Þ is the angle

between the rest (lab) frame electron momentum and muon
momentum. The decay spectrum is also boosted via a
Jacobian

dΓ2
μ

dE0
ed cos θ0

¼
�����

dEe
dE0

e

dEe
d cos θ0

d cos θ
dE0

e

d cos θ
d cos θ0

����� dΓ2
μ

dEed cos θ
¼ 1

2
Jlab

dΓμ

dEe
:

ðB4Þ

The last equality holds as the rest frame spectrum is
independent of cos θ. The Jacobian can be evaluated using
Eqs. (B2) and (B3). Explicitly,

Jlab ¼
βeγeffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

γ2μγ
2
eð1þ βμβe cos θ0Þ2 − 1

q ; ðB5Þ

where βe and γe are defined accordingly with E0
e. The lab

frame electron spectrum is then obtained by integrating
over the angular distribution,

dΓμ

dE0
e
¼

Z
d cos θ0Jlab

dΓμ

dEe
ðE0

e; cos θ0Þ: ðB6Þ

The normalized differential decay spectrum in Eq. (32) is
therefore

dfμ
dE0

e
¼ 1

Nμ

dΓμ

dEe
ðE0

e; cos θ0Þ; ðB7Þ

and the normalization

Nμ ¼
GF

24π3
m5

e

�
3zarccoshðzÞ − ðz2 þ 2Þ

ffiffiffiffiffiffiffiffiffiffiffiffi
z2 − 1

p �
; ðB8Þ

where z≡mμ=me. In the rest frame, assuming neutrinos
are massless with energy E1;2 and momentum p⃗1;2, we have

E1 ¼ mμ − Ee − E2 ¼ jp⃗e þ p⃗2j ≥ jpe − E2j: ðB9Þ

This sets kinematically limits on the electron energy in the
rest frame

me ≤ Ee ≤
m2

μ þm2
e

2mμ
≃
mμ

2
: ðB10Þ

After boost we find the cutoff of electron energy at
cos θ ¼ �1, i.e.,

E0
e;min ¼ γμme; ðB11Þ

E0
e;max ≃

γμmμ

2

�
1þ βμ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4=z2

q �
: ðB12Þ

Imposing the condition Eq. (B10) on the right-hand side of
Eq. (B2) we can also find the limits of the angular integral
in Eq. (B6),

ðcos θ0Þmin ¼ max

	
1

βμβe

�
me

γμE0
e − 1

�
;−1



; ðB13Þ

ðcos θ0Þmax ≃min

	
1

βμβe

�
mμ

2γμE0
e − 1

�
; 1



: ðB14Þ

Next we consider charged pion decay. Since π− → μ−ν̄μ
dominates electron production, we will only consider this
decay channel. The kinematics in two-body decay is rather
simplified and in the pion rest frame the muon obtains a
single energy

ECM
μ ¼ m2

π þm2
μ

2mπ
; ðB15Þ

and the normalized decay spectrum

df2π
dEμd cos θ

¼ 1

2
δðEμ − Eμ;CMÞ: ðB16Þ

Boost this into the lab frame and integrate over cos θ0
we find
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dfπ
dE0

μ
¼ 1

2βπγπ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
μ;CM −m2

μ

q ; ðB17Þ

where βπ and γπ are similarly defined as before. The limits
of muon energy in the lab frame are reached at

E0
μ;min=max ¼ γπ

�
Eμ;CM ∓ βπ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
μ;CM −m2

μ

q �
: ðB18Þ

The electron spectrum from π� decay can be attained
directly after integrating over the intermediate muon
energy,

dfπ
dE0

e
¼

Z
dE0

μ
dfπ
dE0

μ

dfμ
dE0

e
; ðB19Þ

with dfμ=dE0
e given in Eq. (B7).

The secondary electrons from muon and pion decay are
compared with ExoCLASS [50] spectra in Fig. 21. For direct
comparison we define x≡ Ek;e=Eprim, the ratio between the
kinetic energy of the electron and the energy of primary
particles. We do not include e� from π0 decay, which is
considered to be subdominant. The ExoCLASS spectra
computed from PYTHIA v8.219 [48] are independent of
energy. We show the spectra at Eprim ¼ 5 and 0.2 GeV.
The high-energy spectra are close to that of ExoCLASS, but
the difference is more pronounced as the primary particle
energy is close to their mass.
For secondary photons, ExoCLASS does not consider

the contribution from muon and charmed pion decay.

The ExoCLASS secondary photon spectrum π0 decay agrees
with that in HAZMA at high π0 energies.

APPENDIX C: DERIVATION OF PHOTON FLUX
CHANGE FROM THE UNIVERSE EXPANSION

In this Appendix, we derive the rate of change of a
differential flux of photons due to the expansion of the
Universe as expressed in Eq. (C2). This is done by studying
the change in flux over a redshift step of size dz, and taking
the limit of dz → 0.
A flux of photons evolving over a differential redshift

step will change due to the Universe expanding in two
ways: The number density decreases proportionally to the
volume of the Universe and photons lose energy. Due to
the change in photon energy, the differential flux changes
from dΦ

dE → dΦ
dE0 where

E0 ¼ 1þ zþ dz
1þ z

E ¼
�
1þ dz

1þ z

�
E≡ Eþ δE: ðC1Þ

The change in flux over a differential redshift step is
therefore

δ
dΦ
dE

ðE; zÞ≡ dΦ
dE0 ðE; zþ dzÞ − dΦ

dE
ðE; zÞ

¼
�
1þ zþ dz

1þ z

�
3 dΦ
dE0 ðE − δE; zÞ − dΦ

dE
ðE; zÞ

ðC2Þ

where changing the flux dΦ
dE0 from redshift zþ dz to redshift

z requires accounting for the changing in volume and the
fact that photons ending at energy Emust have originated at
energy E − δE.
Ignoring any terms that are higher than first order in dz

Eq. (C2) becomes

δ
dΦ
dE

ðE; zÞ ¼
�
1þ 3

dz
1þ z

�
dE
dE0

dΦ
dE

ðE − δE; zÞ

−
dΦ
dE

ðE; zÞ: ðC3Þ

Using

dE0

dE
¼ 1þ dz

1þ z
; ðC4Þ

dE
dE0 ¼ 1 −

dz
1þ z

; ðC5Þ

and

dΦ
dE

ðE − δE; zÞ ¼ dΦ
dE

ðE; zÞ − δE
d2Φ
dE2

ðE; zÞ ðC6Þ

FIG. 21. Secondary electron spectrum from pion and muon
decay. The solid, dashed, and dotted lines show the decay
spectrum from π�, μ�, and π0 respectively. The red and pink
lines are obtained from CosmoLED (this work) at the primary
particle energy E ¼ 5 and 0.2 GeV. The blue lines depict the
secondary electron spectra computed with ExoCLASS, which are
independent of primary particle energy.
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the change in flux becomes

δ
dΦ
dE

ðE; zÞ ¼
�
1þ 3

dz
1þ z

��
1 −

dz
1þ z

�

×

�
dΦ
dE

ðE; zÞ − δE
d2Φ
dE2

ðE; zÞ
�
−
dΦ
dE

ðE; zÞ:

ðC7Þ

Again removing terms higher order in dz,

δ
dΦ
dE

ðE; zÞ ¼ 2
dz

1þ z
dΦ
dE

ðE; zÞ − δE
d2Φ
dE2

ðE; zÞ; ðC8Þ

and therefore

dΦexp

dEdz
ðE; zÞ ¼ 2

1þ z
dΦ
dE

ðE; zÞ − E
1þ z

d2Φ
dE2

ðE; zÞ: ðC9Þ

This can be related to the cosmological continuity
equation by integrating Eq. (C9) over all energies

dΦexp

dz
ðzÞ ¼

Z
∞

0

dE

�
2

1þ z
dΦ
dE

ðE; zÞ − E
1þ z

d2Φ
dE2

ðE; zÞ
�
:

ðC10Þ

By integrating the second term by parts this leads to

dΦexp

dz
ðzÞ ¼ 2

1þ z
ΦðzÞ − 1

1þ z

��
E
dΦ
dE

ðE; zÞ
�
∞

E¼0

−
Z

∞

0

dE
dΦ
dE

ðE; zÞ
�
: ðC11Þ

The boundary term goes to zero for all physical
spectra so that the number density continuity equation is
recovered

dΦexp

dz
ðzÞ ¼ 3

1þ z
ΦðzÞ: ðC12Þ

APPENDIX D: NUMERICAL EVALUATION
OF EBL FLUX

1. Discrete differential equation

Section III B 1 describes how the EBL x-ray and gamma-
ray spectrum instantaneously changes as a function of
energy and redshift. This results in an integro-differential
equation that cannot be simply integrated to determine
the resulting EBL spectrum today. In this Appendix, we
describe the numerical methods used to solve that system.
The EBL contribution was calculated by tracking the

evolution of the photon spectrum over discretized redshift
steps starting at z ¼ 1100. The photon flux at the ith
redshift step zi is given by

dΦγ;EBL

dEi
ðEi;ziÞ ¼

Vi−1

Vi

dEi−1

dEi

dΦγ;EBL

dEi−1
ðEi;zi−1Þe−τðEi;zi−1;ziÞ

þdΦγ;comp

dEidzi
ðEi;ziÞΔzþ

dΦγ;inj

dEidzi
ðEi;ziÞΔz

ðD1Þ

whereΦγ;EBL is the extragalactic isotropic photon flux, Ei−1
and Ei are the photon energies at redshifts zi−1 and zi
respectively, Vi is the Universe volume at redshift zi, τ is
the absorption probability of a photon with energy Ei
traveling between redshift zi−1 and zi, and Δz ¼ zi − zi−1.
The second and third terms of Eq. (D1) which

describe the change in flux due to Compton scattering
and photon injection are determined from Eqs. (44) and
(49) respectively. Calculating the change in flux due to
Compton scattering in this way requires performing an
integral for each energy bin in the discretized spectrum.
That is computationally slow so often approximations
are used to simplify this step. A more in-depth dis-
cussion about Compton scattering can be found in the
next subsection.
The first term in Eq. (D1) accounts for the change of flux

due to the expansion of the Universe and the absorption
of photons. While the instantaneous changes in flux due to
these processes are described by Eqs. (41) and (42)
separately, it is convenient to combine them into one term
that accounts for the total effect.
Evolving the EBL spectrum with the total effect of the

Universe expanding between two redshifts also has the
advantage of not needing to calculate derivatives as in
Eq. (41). This is done by directly taking into account
the two effects that the expansion of the Universe has on
the photon flux. First, the increasing volume decreases the
number density of photons. This is accounted for in the Vi−1

Vi

factor that contributes

Vi−1

Vi
¼

�
1þ zi
1þ zi−1

�
3

: ðD2Þ

Second, the expansion causes photons to lose energy via
redshifting so that

Ei ¼
1þ zi
1þ zi−1

Ei−1: ðD3Þ

As discussed in the next subsection, Compton scattering
can sometimes be approximated as causing a fractional
energy loss rate for all photons which would be treated
as an additional term to Eq. (D3). When the fractional
energy loss approximation is not used so the only differ-
ence between Ei and Ei−1 in Eq. (D3) comes from adiabatic
expansion, the first term of Eq. (D1) can be written
explicitly so that
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dΦγ;EBL

dEi
ðEi; ziÞ ¼

�
1þ zi
1þ zi−1

�
2 dΦγ;EBL

dEi−1

×

�
1þ zi
1þ zi−1

Ei−1; zi−1

�
e−τ

þ dΦγ;comp

dEidzi
ðEi; ziÞΔz

þ dΦγ;inj

dEidzi
ðEi; ziÞΔz: ðD4Þ

The exponent τ in the first term of Eq. (40) comes from
integrating the instantaneous change due to absorption
as described in Eq. (42). This exponential suppression
accounts for the absorption probability over the time step
due to photoionization of neutral gas, pair production from
atoms and ions, photon-photon scattering, and pair pro-
duction off the CMB. Depending on the treatment of
Compton scattering, it may also be included in the τ
calculation. Assuming that the discretized redshift steps
are sufficiently small, τ can be calculated using

τðE; zi−1; ziÞ ≈ Δz
dτ
dz

ðE; ziÞ; ðD5Þ

where dτ
dz is determined as in Ref. [63].

With these numerical methods, Eq. (D4) can be used to
evolve the EBL spectrum and determine the expected
observed flux today. The two computational bottlenecks
in this method are the integrals required in solving the
upscattered photon flux from ICS and the change in
photons flux from Compton scattering. As discussed in
Sec. III B, accounting for photons from ICS does not
improve the constraints set from the isotropic x-ray and
gamma-ray spectrum so ICS can be safely ignored to
improve computational speed. On the other hand, the
treatment of Compton scattering can have an impact on
the strength of the constraints so understanding which
approximations can be used requires further discussion.

2. Compton scattering approximation

The instantaneous rate of change to the EBL flux due
to Compton scattering is fully described by Eq. (44).
However, when using this method for incorporating the
effect of Compton scattering into the discretized evolution
of the x-ray background as done in Eq. (D1) there are two
potential issues that need to be addressed.
One potential issue is that by assuming the total change

in flux due to Compton scattering is equal to dΦγ;comp

dEdz Δz as
done in Eq. (D1) there is an implicit assumption that during
a redshift step photons either do not scatter or scatter once.
It does not allow for multiple Compton scatters of a single
photon within a single step. This is valid as long as the
redshift steps are sufficiently short. The maximum scatter-
ing rate is for low-energy photons in the Thomson limit

where σc ≈ σT . Therefore, the condition that must be true
for this treatment of Compton scattering to be valid is

σTneðzÞΔt ≪ 1 ðD6Þ
where Δt is the absolute time of the redshift step.
The other issue with this treatment of Compton scatter-

ing is that using Eq. (44) to determine the effect of
Compton scattering during a redshift step requires comput-
ing an integral to determine the change for each energy bin.
This can be computationally intensive. Therefore, there are
different approximations that can be used depending on the
regime of interest and the accuracy needed. They are

(i) Attenuation—A simple approximation is to ignore
the downscattered photons and assume that all
photons that Compton scatter are fully absorbed.
This would be implemented by treating Compton
scattering as an additional component of dτ

dz ðE; zÞ in
Eq. (D5) where the Compton component is given by

dτ
dt

ðE; zÞjcompton ¼ neðzÞσcðEÞ: ðD7Þ

This is generally a conservative and computation-
ally simple approximation to make. This approxi-
mation is able to do a good job of estimating how
much the flux of high-energy photons is attenuated
but it breaks down with low-energy photons because
while they may scatter frequently, they only lose a
small fraction of their energy on each scatter.
Additionally, if the calculation needs to accurately
calculate the shape of the low-energy flux this
approximation cannot be used. By ignoring the
downscattered photons, the predicted flux of low-
energy photons will be too small.

(ii) Fractional energy loss—The opposite limit of at-
tenuation is where all photons scatter; however they
only lose a small fraction of their energy on each
scatter. That is true in the case of photons with
E ≪ me. With the additional assumption that all
photons of a given energy lose energy at the same
rate which again is valid in the limit of each photon
scattering many times, Compton scattering can be
included as an additional form of energy loss similar
to redshifting. Equation (D3), which describes
how the photon energy changes of a redshift step
becomes

Ei ¼
1þ zi
1þ zi−1

Ei−1− ðzi−1− ziÞ
dECompton

dz
ðEi−1; zi−1Þ

ðD8Þ
with dE

dz determined as in Ref. [63]. This does make

determining the derivative dEi−1
dEi

in Eq. (D1) more
challenging. Therefore, when using this appro-
ximation Compton scattering and redshifting were
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treated sequentially. The photon spectrum was first
changed accounting for redshifting and then the
effect of Compton scattering was accounted for.
Instead of calculating dEi−1

dEi
directly, we integrated the

differential flux dΦγ

dE to determine the total flux
ΦγðEÞ, and then took the derivative with respect
to the shifted energy bins E0. While Ref. [63]
provides an expression for dE

dz for all energies, the
assumptions underlying this approximation are not
valid for high-energy photons or when only some
photons scatter during a single step. The constraints
found using this approximation do match the com-
plete calculation more closely than the attenuation
approximation; however due to the assumptions
breaking down some accuracy is sacrificed in
comparison to using Eq. (44).

(iii) The last approximation is to use Eq. (44) to
determine the proper Compton scattering effect
only for black holes that have fully evaporated
before today. The Universe is transparent to Comp-
ton scattering for photons originating at z < 100 and
if the black holes still exist today, the signal will
be dominated by photons produced recently. This
is the approximation that was used to produce the
final constraints in this work. For black holes
evaporated before today we perform the full com-
putationally intensive calculation and for black holes

that are still around we use the fractional energy loss
approximation.

A comparison of the effect the different Compton scattering
approximations have on the constraints on PBH abundance
with n ¼ 2 can be seen in Fig. 22. For more massive PBHs
that finish evaporating at later times Compton scattering
stops being important and all approximations converge. For
n > 2 the pattern is similar except the effect of Compton
scattering is less and therefore the differences between the
various approximations are less important.
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[57] Jérémy Auffinger, Limits on primordial black holes de-
tectability with ISATIS: A BlackHawk tool, arXiv:2201.01265
[Eur. Phys. J. C (to be published)].

[58] Thomas Siegert, Roland M. Crocker, Roland Diehl, Martin
G. H. Krause, Fiona H. Panther, Moritz M. M. Pleintinger,
and Christoph Weinberger, Constraints on positron anni-
hilation kinematics in the inner Galaxy, Astron. Astrophys.
627, A126 (2019).

[59] William DeRocco and Peter W. Graham, Constraining
Primordial Black Hole Abundance with the Galactic
511 keV Line, Phys. Rev. Lett. 123, 251102 (2019).

[60] Ranjan Laha, Primordial Black Holes as a Dark Matter
Candidate Are Severely Constrained by the Galactic Center
511 keV γ-Ray Line, Phys. Rev. Lett. 123, 251101 (2019).

[61] J. Iguaz, P. D. Serpico, and T. Siegert, Isotropic x-ray
bound on primordial black hole dark matter, Phys. Rev. D
103, 103025 (2021).

[62] Siyu Chen, Hong-Hao Zhang, and Guangbo Long, Re-
visiting the constraints on primordial black hole abundance
with the isotropic gamma ray background, Phys. Rev. D
105, 063008 (2022).

[63] Andrzej A. Zdziarski and Roland Svensson, Absorption
of x-rays and gamma rays at cosmological distances,
Astrophys. J. 344, 551 (1989).

[64] Xue-Lei Chen and Marc Kamionkowski, Particle decays
during the cosmic dark ages, Phys. Rev. D 70, 043502
(2004).

[65] R. A. Sunyaev and E.M. Churazov, Scattering of x-ray
emission lines by neutral and molecular hydrogen in the
solar atmosphere and in the vicinity of active galactic nuclei
and compact x-ray sources, Astron. Lett. 22, 648 (1996).

[66] G. B. Rybicki and A. P. Lightman, Radiative Processes in
Astrophysics (Wiley, New York, 2008).

[67] Hongwan Liu, Gregory W. Ridgway, and Tracy R. Slatyer,
Code package for calculating modified cosmic ionization

and thermal histories with dark matter and other exotic
energy injections, Phys. Rev. D 101, 023530 (2020).

[68] A. Ore and J. L. Powell, Three-photon annihilation of an
electron-positron pair, Phys. Rev. 75, 1696 (1949).

[69] N. Guessoum, Pierre Jean, and W. Gillard, The lives and
deaths of positrons in the interstellar medium, Astron.
Astrophys. 436, 171 (2005).

[70] M. Ajello et al., Cosmic x-ray background and Earth
albedo spectra with Swift BAT, Astrophys. J. 689, 666
(2008).

[71] Yasuo Tanaka, Hajime Inoue, and Stephen S. Holt, The
x-ray astronomy satellite ASCA, Publ. Astron. Soc. Jpn.
46, L37 (1994).

[72] Mikhail Revnivtsev, M. Gilfanov, R. Sunyaev, K. Jahoda,
and C. Markwardt, The spectrum of the cosmic x-ray
background observed by RTXE/PCA, Astron. Astrophys.
411, 329 (2003).

[73] R. L. Kinzer, G. V. Jung, D. E. Gruber, J. L. Matteson, and
L. E. Peterson, Diffuse cosmic gamma radiation measured
by HEAO 1, Astrophys. J. 475, 361 (1997).

[74] D. E. Gruber, J. L. Matteson, L. E. Peterson, and G. V.
Jung, The spectrum of diffuse cosmic hard x-rays mea-
sured with HEAO 1, Astrophys. J. 520, 124 (1999).

[75] Y. Fukada, S. Hayakawa, I. Kasahara, F. Makino, Y.
Tanaka, and B. V. Sreekantan, Energy spectrum of diffuse
component of cosmic soft gamma rays, Nature (London)
254, 398 (1975).

[76] K Watanabe, D. H. Hartmann, M. D. Leising, L. S. The,
G. H. Share, and R. L. Kinzer, in Proceedings of the
Fourth Compton Symposium (American Institute of Phys-
ics Conference Series, Williamsburg, Virginia, 1997).

[77] G. Weidenspointner, M. Varendorff, S. C. Kappadath, K.
Bennett, H. Bloemen, R. Diehl, W. Hermsen, G. G. Lichti,
J. Ryan, and V. Schönfelder, The cosmic diffuse gamma-
ray background measured with COMPTEL, AIP Conf.
Proc. 510, 467 (2000).

[78] A. W. Strong, I. V. Moskalenko, and O. Reimer, A new
determination of the extragalactic diffuse gamma-ray
background from EGRET data, Astrophys. J. 613, 956
(2004).

[79] E. Churazov et al., INTEGRAL observations of the cosmic
x-ray background in the 5–100 keV range via occultation
by the Earth, Astron. Astrophys. 467, 529 (2007).

[80] Diptimoy Ghosh, Divya Sachdeva, and Praniti Singh,
Future constraints on primordial black holes from
XGIS-THESEUS, arXiv:2110.03333.

[81] Jennifer A. Adams, Subir Sarkar, and D.W. Sciama, CMB
anisotropy in the decaying neutrino cosmology, Mon. Not.
R. Astron. Soc. 301, 210 (1998).

[82] Tracy R. Slatyer, Nikhil Padmanabhan, and Douglas P.
Finkbeiner, CMB constraints on WIMP annihilation:
Energy absorption during the recombination epoch, Phys.
Rev. D 80, 043526 (2009).

[83] Diego Blas, Julien Lesgourgues, and Thomas Tram, The
cosmic linear anisotropy solving system (CLASS) II:
Approximation schemes, J. Cosmol. Astropart. Phys. 07
(2011) 034.

[84] Tracy R. Slatyer, Indirect dark matter signatures in the
cosmic dark ages. I. Generalizing the bound on s-wave

PRIMORDIAL BLACK HOLE DARK MATTER IN THE CONTEXT … PHYS. REV. D 105, 103508 (2022)

103508-37

https://doi.org/10.1088/1475-7516/2018/03/018
https://doi.org/10.1088/1475-7516/2019/10/037
https://doi.org/10.1088/1475-7516/2019/10/037
https://doi.org/10.1088/1361-6633/ac24e7
https://doi.org/10.1051/0004-6361/201833718
https://doi.org/10.1051/0004-6361/201833718
https://doi.org/10.1088/0004-637X/739/1/29
https://doi.org/10.1103/PhysRevD.101.123514
https://doi.org/10.1103/PhysRevD.103.063022
https://arXiv.org/abs/2201.01265
https://doi.org/10.1051/0004-6361/201833856
https://doi.org/10.1051/0004-6361/201833856
https://doi.org/10.1103/PhysRevLett.123.251102
https://doi.org/10.1103/PhysRevLett.123.251101
https://doi.org/10.1103/PhysRevD.103.103025
https://doi.org/10.1103/PhysRevD.103.103025
https://doi.org/10.1103/PhysRevD.105.063008
https://doi.org/10.1103/PhysRevD.105.063008
https://doi.org/10.1086/167826
https://doi.org/10.1103/PhysRevD.70.043502
https://doi.org/10.1103/PhysRevD.70.043502
https://doi.org/10.1103/PhysRevD.101.023530
https://doi.org/10.1103/PhysRev.75.1696
https://doi.org/10.1051/0004-6361:20042454
https://doi.org/10.1051/0004-6361:20042454
https://doi.org/10.1086/592595
https://doi.org/10.1086/592595
https://doi.org/10.1051/0004-6361:20031386
https://doi.org/10.1051/0004-6361:20031386
https://doi.org/10.1086/303507
https://doi.org/10.1086/307450
https://doi.org/10.1038/254398a0
https://doi.org/10.1038/254398a0
https://doi.org/10.1063/1.1307028
https://doi.org/10.1063/1.1307028
https://doi.org/10.1086/423196
https://doi.org/10.1086/423196
https://doi.org/10.1051/0004-6361:20066230
https://arXiv.org/abs/2110.03333
https://doi.org/10.1046/j.1365-8711.1998.02017.x
https://doi.org/10.1046/j.1365-8711.1998.02017.x
https://doi.org/10.1103/PhysRevD.80.043526
https://doi.org/10.1103/PhysRevD.80.043526
https://doi.org/10.1088/1475-7516/2011/07/034
https://doi.org/10.1088/1475-7516/2011/07/034


dark matter annihilation from Planck results, Phys. Rev. D
93, 023527 (2016).

[85] Tracy R. Slatyer, Indirect dark matter signatures in the
cosmic dark ages II. Ionization, heating and photon
production from arbitrary energy injections, Phys. Rev.
D 93, 023521 (2016).

[86] Benjamin Audren, Julien Lesgourgues, Karim Benabed,
and Simon Prunet, Conservative constraints on early
cosmology: An illustration of the MONTE PYTHON cosmo-
logical parameter inference code, J. Cosmol. Astropart.
Phys. 02 (2013) 001.

[87] Thejs Brinckmann and Julien Lesgourgues, MONTEPY-

THON3: Boosted MCMC sampler and other features, Phys.
Dark Universe 24, 100260 (2019).

[88] B. J. Carr, Kazunori Kohri, Yuuiti Sendouda, and
Junichi Yokoyama, New cosmological constraints on
primordial black holes, Phys. Rev. D 81, 104019 (2010).

[89] Subir Sarkar, Big bang nucleosynthesis and physics beyond
the standard model, Rep. Prog. Phys. 59, 1493 (1996).

[90] Karsten Jedamzik and Maxim Pospelov, Big bang nucleo-
synthesis and particle dark matter, New J. Phys. 11,
105028 (2009).

[91] Maxim Pospelov and Josef Pradler, Big bang nucleosyn-
thesis as a probe of new physics, Annu. Rev. Nucl. Part.
Sci. 60, 539 (2010).

[92] Marco Hufnagel, Kai Schmidt-Hoberg, and Sebastian
Wild, BBN constraints on MeV-scale dark sectors. Part I.
Sterile decays, J. Cosmol. Astropart. Phys. 02 (2018) 044.

[93] Guo-yuan Huang, Tommy Ohlsson, and Shun Zhou,
Observational constraints on secret neutrino interactions
from big bang nucleosynthesis, Phys. Rev. D 97, 075009
(2018).

[94] Lindsay Forestell, David E. Morrissey, and GrahamWhite,
Limits from BBN on light electromagnetic decays, J. High
Energy Phys. 01 (2019) 074.

[95] Paul Frederik Depta, Marco Hufnagel, Kai Schmidt-
Hoberg, and Sebastian Wild, BBN constraints on the
annihilation of MeV-scale dark matter, J. Cosmol. Astro-
part. Phys. 04 (2019) 029.

[96] Masahiro Kawasaki, Kazunori Kohri, Takeo Moroi, and
Yoshitaro Takaesu, Revisiting big-bang nucleosynthesis
constraints on long-lived decaying particles, Phys. Rev. D
97, 023502 (2018).

[97] Paul Frederik Depta, Marco Hufnagel, and Kai Schmidt-
Hoberg, ACROPOLIS: A generiC fRamework fOr Photo-
disintegration Of LIght elementS, J. Cosmol. Astropart.
Phys. 03 (2021) 061.

[98] Paul Frederik Depta, Marco Hufnagel, and Kai Schmidt-
Hoberg, Updated BBN constraints on electromagnetic
decays of MeV-scale particles, J. Cosmol. Astropart. Phys.
04 (2021) 011.

[99] Marco Hufnagel, Kai Schmidt-Hoberg, and Sebastian
Wild, BBN constraints on MeV-scale dark sectors. Part II.
Electromagnetic decays, J. Cosmol. Astropart. Phys. 11
(2018) 032.

[100] Celeste Keith, Dan Hooper, Nikita Blinov, and Samuel D.
McDermott, Constraints on primordial black holes from
big bang nucleosynthesis revisited, Phys. Rev. D 102,
103512 (2020).

[101] Erik Aver, Keith A. Olive, and Evan D. Skillman, The
effects of He I λ10830 on helium abundance determina-
tions, J. Cosmol. Astropart. Phys. 07 (2015) 011.

[102] Ryan Cooke, Max Pettini, Regina A. Jorgenson, Michael
T. Murphy, and Charles C. Steidel, Precision measures of
the primordial abundance of deuterium, Astrophys. J. 781,
31 (2014).

[103] Johannes Geiss and George Gloeckler, in Solar System
History from Isotopic Signatures of Volatile Elements,
Space Sciences Series of ISSI Vol. 16, edited by R.
Kallenbach, T. Encrenaz, J. Geiss, K. Mauersberger,
T. C. Owen, and F. Robert (Springer, Dordrecht, 2003),
pp. 3–18.

[104] Alexandre Arbey, AlterBBN: A program for calculating the
BBN abundances of the elements in alternative cosmolo-
gies, Comput. Phys. Commun. 183, 1822 (2012).

[105] A. Arbey, J. Auffinger, K. P. Hickerson, and E. S. Jenssen,
AlterBBN v2: A public code for calculating big-bang
nucleosynthesis constraints in alternative cosmologies,
Comput. Phys. Commun. 248, 106982 (2020).

[106] George Fitzgerald Smoot et al. (Particle Data Group),
Review of particle physics, Prog. Theor. Exp. Phys. 2020,
1 (2020).

[107] Nolan Smyth, Stefano Profumo, Samuel English, Tesla
Jeltema, Kevin McKinnon, and Puragra Guhathakurta,
Updated constraints on asteroid-mass primordial black
holes as dark matter, Phys. Rev. D 101, 063005 (2020).

[108] Mathieu Boudaud and Marco Cirelli, Voyager 1 e� Further
Constrain Primordial Black Holes as Dark Matter, Phys.
Rev. Lett. 122, 041104 (2019).

[109] Thomas Siegert, Celine Boehm, Francesca Calore, Roland
Diehl, Martin G. H. Krause, Pasquale D. Serpico, and
Aaron C. Vincent, Reticulum II: Particle dark matter and
primordial black holes limits, Mon. Not. R. Astron. Soc.
511, 914 (2022).

[110] Man Ho Chan and Chak Man Lee, Constraining primordial
black hole fraction at the galactic centre using radio
observational data, Mon. Not. R. Astron. Soc. 497,
1212 (2020).

[111] Theodoros Papanikolaou, Vincent Vennin, and David
Langlois, Gravitational waves from a universe filled with
primordial black holes, J. Cosmol. Astropart. Phys. 03
(2021) 053.

[112] Jonathan Kozaczuk, Tongyan Lin, and Ethan Villarama,
Signals of primordial black holes at gravitational wave
interferometers, arXiv:2108.12475.

[113] Judd D. Bowman, Alan E. E. Rogers, Raul A. Monsalve,
Thomas J. Mozdzen, and Nivedita Mahesh, An absorption
profile centred at 78 megahertz in the sky-averaged
spectrum, Nature (London) 555, 67 (2018).

[114] Shikhar Mittal, Anupam Ray, Girish Kulkarni, and Basu-
deb Dasgupta, Constraining primordial black holes as dark
matter using the global 21-cm signal with x-ray heating
and excess radio background, J. Cosmol. Astropart. Phys.
03 (2022) 030.

[115] Steven Clark, Bhaskar Dutta, Yu Gao, Yin-Zhe Ma, and
Louis E. Strigari, 21 cm limits on decaying dark matter
and primordial black holes, Phys. Rev. D 98, 043006
(2018).

FRIEDLANDER, MACK, SCHON, SONG, and VINCENT PHYS. REV. D 105, 103508 (2022)

103508-38

https://doi.org/10.1103/PhysRevD.93.023527
https://doi.org/10.1103/PhysRevD.93.023527
https://doi.org/10.1103/PhysRevD.93.023521
https://doi.org/10.1103/PhysRevD.93.023521
https://doi.org/10.1088/1475-7516/2013/02/001
https://doi.org/10.1088/1475-7516/2013/02/001
https://doi.org/10.1016/j.dark.2018.100260
https://doi.org/10.1016/j.dark.2018.100260
https://doi.org/10.1103/PhysRevD.81.104019
https://doi.org/10.1088/0034-4885/59/12/001
https://doi.org/10.1088/1367-2630/11/10/105028
https://doi.org/10.1088/1367-2630/11/10/105028
https://doi.org/10.1146/annurev.nucl.012809.104521
https://doi.org/10.1146/annurev.nucl.012809.104521
https://doi.org/10.1088/1475-7516/2018/02/044
https://doi.org/10.1103/PhysRevD.97.075009
https://doi.org/10.1103/PhysRevD.97.075009
https://doi.org/10.1007/JHEP01(2019)074
https://doi.org/10.1007/JHEP01(2019)074
https://doi.org/10.1088/1475-7516/2019/04/029
https://doi.org/10.1088/1475-7516/2019/04/029
https://doi.org/10.1103/PhysRevD.97.023502
https://doi.org/10.1103/PhysRevD.97.023502
https://doi.org/10.1088/1475-7516/2021/03/061
https://doi.org/10.1088/1475-7516/2021/03/061
https://doi.org/10.1088/1475-7516/2021/04/011
https://doi.org/10.1088/1475-7516/2021/04/011
https://doi.org/10.1088/1475-7516/2018/11/032
https://doi.org/10.1088/1475-7516/2018/11/032
https://doi.org/10.1103/PhysRevD.102.103512
https://doi.org/10.1103/PhysRevD.102.103512
https://doi.org/10.1088/1475-7516/2015/07/011
https://doi.org/10.1088/0004-637X/781/1/31
https://doi.org/10.1088/0004-637X/781/1/31
https://doi.org/10.1016/j.cpc.2012.03.018
https://doi.org/10.1016/j.cpc.2019.106982
https://doi.org/10.1103/PhysRevD.101.063005
https://doi.org/10.1103/PhysRevLett.122.041104
https://doi.org/10.1103/PhysRevLett.122.041104
https://doi.org/10.1093/mnras/stac008
https://doi.org/10.1093/mnras/stac008
https://doi.org/10.1093/mnras/staa1966
https://doi.org/10.1093/mnras/staa1966
https://doi.org/10.1088/1475-7516/2021/03/053
https://doi.org/10.1088/1475-7516/2021/03/053
https://arXiv.org/abs/2108.12475
https://doi.org/10.1038/nature25792
https://doi.org/10.1088/1475-7516/2022/03/030
https://doi.org/10.1088/1475-7516/2022/03/030
https://doi.org/10.1103/PhysRevD.98.043006
https://doi.org/10.1103/PhysRevD.98.043006


[116] Junsong Cang, Yu Gao, and Yin-Zhe Ma, 21-cm con-
straints on spinning primordial black holes, J. Cosmol.
Astropart. Phys. 03 (2022) 012.

[117] Ashadul Halder and Shibaji Banerjee, Bounds on abun-
dance of primordial black hole and dark matter from
EDGES 21-cm signal, Phys. Rev. D 103, 063044 (2021).

[118] Hiroyuki Tashiro and Kenji Kadota, CMB and 21-cm
bounds on early structure formation boosted by primordial
black hole entropy fluctuations, Phys. Rev. D 104, 063522
(2021).

[119] Hiroyuki Tashiro and Kenji Kadota, Constraining mixed
dark-matter scenarios of WIMPs and primordial black
holes from CMB and 21-cm observations, Phys. Rev. D
103, 123532 (2021).

[120] Katherine J. Mack and Daniel H. Wesley, Primordial black
holes in the Dark Ages: Observational prospects for future
21 cm surveys, arXiv:0805.1531.

[121] Takamitsu L. Tanaka, Ryan M. O’Leary, and Rosalba
Perna, The imprint of the cosmic supermassive black hole
growth history on the 21 cm background radiation, Mon.
Not. R. Astron. Soc. 455, 2619 (2016).

[122] Yupeng Yang, The abundance of primordial black holes
from the global 21 cm signal and extragalactic gamma-ray
background, Eur. Phys. J. Plus 135, 690 (2020).

[123] Andi Hektor, Gert Hütsi, Luca Marzola, Martti Raidal,
Ville Vaskonen, and Hardi Veermäe, Constraining primor-
dial black holes with the EDGES 21-cm absorption signal,
Phys. Rev. D 98, 023503 (2018).

[124] Olga Mena, Sergio Palomares-Ruiz, Pablo Villanueva-
Domingo, and Samuel J. Witte, Constraining the primor-
dial black hole abundance with 21-cm cosmology, Phys.
Rev. D 100, 043540 (2019).

[125] Pablo Villanueva-Domingo and Kiyotomo Ichiki, 21 cm
forest constraints on primordial black holes, arXiv:2104
.10695.

[126] Hyungjin Kim, A constraint on light primordial black
holes from the interstellar medium temperature, Mon. Not.
R. Astron. Soc. 504, 5475 (2021).

[127] Steen Hannestad, Strong constraint on large extra
dimensions from cosmology, Phys. Rev. D 64, 023515
(2001).

[128] Ningqiang Song and Aaron C. Vincent, Discovery and
Spectroscopy of Dark Matter and Dark Sectors with
Microscopic Black Holes at Next Generation Colliders,
Phys. Rev. Lett. 124, 051801 (2020).

[129] Nicolás Bernal and Óscar Zapata, Dark matter in the time
of primordial black holes, J. Cosmol. Astropart. Phys. 03
(2021) 015.

[130] Paolo Gondolo, Pearl Sandick, and Barmak Shams Es
Haghi, Effects of primordial black holes on dark matter
models, Phys. Rev. D 102, 095018 (2020).

[131] Nicolás Bernal, Yuber F. Perez-Gonzalez, Yong Xu, and
Óscar Zapata, ALP dark matter in a primordial black hole
dominated universe, Phys. Rev. D 104, 123536 (2021).

[132] 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.

[133] Pearl Sandick, Barmak Shams Es Haghi, and Kuver Sinha,
Asymmetric reheating by primordial black holes, Phys.
Rev. D 104, 083523 (2021).

[134] 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).

[135] 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).

PRIMORDIAL BLACK HOLE DARK MATTER IN THE CONTEXT … PHYS. REV. D 105, 103508 (2022)

103508-39

https://doi.org/10.1088/1475-7516/2022/03/012
https://doi.org/10.1088/1475-7516/2022/03/012
https://doi.org/10.1103/PhysRevD.103.063044
https://doi.org/10.1103/PhysRevD.104.063522
https://doi.org/10.1103/PhysRevD.104.063522
https://doi.org/10.1103/PhysRevD.103.123532
https://doi.org/10.1103/PhysRevD.103.123532
https://arXiv.org/abs/0805.1531
https://doi.org/10.1093/mnras/stv2451
https://doi.org/10.1093/mnras/stv2451
https://doi.org/10.1140/epjp/s13360-020-00710-3
https://doi.org/10.1103/PhysRevD.98.023503
https://doi.org/10.1103/PhysRevD.100.043540
https://doi.org/10.1103/PhysRevD.100.043540
https://arXiv.org/abs/2104.10695
https://arXiv.org/abs/2104.10695
https://doi.org/10.1093/mnras/stab1222
https://doi.org/10.1093/mnras/stab1222
https://doi.org/10.1103/PhysRevD.64.023515
https://doi.org/10.1103/PhysRevD.64.023515
https://doi.org/10.1103/PhysRevLett.124.051801
https://doi.org/10.1088/1475-7516/2021/03/015
https://doi.org/10.1088/1475-7516/2021/03/015
https://doi.org/10.1103/PhysRevD.102.095018
https://doi.org/10.1103/PhysRevD.104.123536
https://doi.org/10.1088/1475-7516/2022/03/031
https://doi.org/10.1088/1475-7516/2022/03/031
https://doi.org/10.1103/PhysRevD.104.083523
https://doi.org/10.1103/PhysRevD.104.083523
https://doi.org/10.1103/PhysRevD.105.015022
https://doi.org/10.1103/PhysRevD.105.015022
https://doi.org/10.1103/PhysRevD.105.015023
https://doi.org/10.1103/PhysRevD.105.015023

