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Near-extremal primordial black holes stable over cosmological timescales may constitute a significant
fraction of the dark matter. Due to their charge, the coalescence rate of such black holes is enhanced inside
clusters, and the nonextremal merger remnants are prone to Hawking evaporation. We demonstrate that if
these clusters of near-extremal holes contain a sufficient number of members to survive up to low redshift,
the hard photons from continued evaporation begin to dominate the high energy diffuse background. We
find that the diffuse photon flux can be observed for a monochromatic mass spectrum of holes lighter than
about 1012 g. We place upper bounds on their abundance respecting the current bounds set by gamma ray
telescopes. Furthermore, the gravitational wave background induced at the epoch of primordial black hole
formation may be detectable by future planned and proposed ground-based and space-borne gravitational
wave observatories operating in the mHz to kHz frequency range and can be an important tool for studying
light charged primordial black holes over masses in the range of 1012–1019 g.
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I. INTRODUCTION

The nature of dark matter (DM) is an outstanding
mystery in modern cosmology. One possible explanation
is that DM is composed of massive compact halo objects,
and black holes serve as one of the candidates. These are
assumed to form in the early Universe and are more
appropriately termed primordial black holes (PBHs).
According to the standard scenario, PBHs form during
the radiation-dominated era by the gravitational collapse of
large overdensities in the density field shortly after the big
bang and have been hypothesized to account for the DM in
the Universe [1–5]. Interest in primordial black holes was
revived after the first gravitational wave events observed
by the LIGO and Virgo Collaborations [6] were found to
involve higher mass black holes than routinely observed in
x-ray binaries. Data analysis of these gravitational waves
indicate that they correspond to the coalescence of stellar-
mass black hole binaries. Some or even all of them could be
of primordial origin and might explain the merger rate of
the detected events [7–13].
Black holes are thought to be the simplest objects in the

Universe in the sense that they can be fully described in
terms of only three parameters, mass, spin angular momen-
tum, and electric charge, a proposition that is often referred

to as the no-hair theorem. The most general geometry
describing such a black hole is the Kerr-Newman metric
which reduces to the Reissner-Nordström metric for zero
spin and the Kerr metric for a neutral rotating black hole. So
far, most interest in PBHs has been devoted to the case of
uncharged black holes. Nevertheless, in principle, black
holes are physically allowed to carry an electric charge
[14], even though stellar mass black holes formed via some
astrophysical mechanism such as from core collapse of
massive stars are presumed to be electrically neutral.
Depending on the initial conditions in the early Universe
and the density perturbations that gave rise to primordial
black holes, it is possible that PBHs formed with some
residual electric charge. Since the total charge in the density
field averaged over some comoving volume is expected
to be zero, there is correspondingly an equal number of
positively and negatively charged primordial black holes
per unit comoving volume. More generally, depending on
the power spectrum of curvature perturbations that is
responsible for PBH formation, PBHs may have any mass
within a range spanning more than 20 orders of magnitude.
The abundance of PBHs is constrained by various obser-

vations, for instance, gravitational microlensing, cosmic
microwave background radiation, and dynamical consider-
ations, and it is generally concluded that PBHs do not
comprise the totality of DM in certain mass intervals [15].
For light neutral PBHs with masses below ∼1017 g, the
most stringent constraints come from evaporation arguments
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[16–20]. Black holes evaporate as thermal blackbodies [21],
and thosewith a mass smaller than≃5 × 1014 g are expected
to have evaporated on a timescale smaller than the age of the
Universe [22]. If primordial black holes are cosmologically
stable, then they can avoid evaporation and such a constraint
can be evaded.
An extremal black hole holds the largest possible charge,

has a vanishing Hawking temperature, and does not evapo-
rate. But extremal black holes promptly deviate from the
extremality condition due to Schwinger discharge [23]which
is a form of athermal emission by spontaneous electron-
positron pair production driven by the large electric field near
the event horizon. To consider extremal black holes that are
stable against Schwinger discharge, we assume the black
holes to be charged under dark electromagnetism with a
heavy dark electron as suggested in Ref. [24]. In particular,
theminimummass of an extremal black hole that survives for
a Hubble time can be very light provided that the mass
of the dark electron Me0 is correspondingly large. Hence,
according to the previous reference as long asMe0c2 > 2.6×
109 GeV · ð1015 g=mÞ1=2, then the black hole of mass m is
stable over the age of the Universe. Nevertheless, mergers of
these objects give rise to nonextremal black holeswhich have
a nonzero surface gravity and thus evaporate producing
highly energetic photons; therefore, some constraint on their
abundance is expected. Since not all of the extremal black
holes merge to supply evaporating objects, the constraint is
presumed to be stringent for very light PBHs.
Mergers of charged black hole binaries have not been

considered extensively in the literature. Head-on collisions
of charged black holes were studied in Refs. [25,26], and a
recent numerical relativity calculation of a binary com-
posed of charged black holes has been performed in
Ref. [27] for nonextremal black holes with charge-to-mass
ratios less than 0.3. The charge-to-mass ratios of stellar-
mass black holes charged under dark QED were also
bounded above relying on the LIGO events [28,29].
Moreover, Ref. [30] calculated the evolution of charged
binaries in the early inspiral phase within the Newtonian
framework and showed that the merger rate from charged
primordial black holes is enhanced. We utilize the coa-
lescence timescale approximation formulas from this paper
and demonstrate an enhanced late-time merger rate for
dynamical assembly within clusters.
We assess the possibility that maximally charged pri-

mordial black holes which are stable over the history of the
Universe may constitute a significant fraction of the dark
matter. Potential signals associated with their formation and
late-time evolution are evaluated. We are agnostic on the
formation of these extremal black holes and test the
possible signatures such a population would create if it
were present. For simplicity, we take a monochromatic
mass function. Clustering of these charged holes after the
epoch of recombination enables the dynamical formation of
black hole binaries and associated capture events that are a

source of mergers. The two-body capture process between
oppositely charged objects or electromagnetic bremsstrah-
lung is the primary mechanism we consider that leads to
binary creation. We further show that the merger rate is
enhanced due to the charges of the black holes, and the
relaxation timescale of these clusters is smaller than that of
an equivalent cluster composed of neutral compact objects.
The remnants of these mergers will have a larger mass, and
since their progenitors are of opposite charge, they tend to
neutralize, so the remnants are nonextremal. As a conse-
quence, it is expected that they will evaporate by emitting
Hawking radiation and produce a signal potentially observ-
able by gamma ray telescopes. We employ the publicly
available BlackHawk software [31] to calculate photon
emission spectra from Hawking evaporation. Even though
we take the extremal primordial black holes to form with no
spin as is suggestive in recent literature [32,33], merger
remnants still inherit the orbital angular momentum of the
progenitor binary which leaves an imprint on the emission
spectrum. Another detectable signal that we calculate is the
gravitational wave background induced at the epoch of
primordial black hole formation in the early Universe. Such
a background could be detectable by current and future
proposed or planned gravitational wave observatories.
In the following sections, we develop and implement the

physical ideas. In Sec. II, we calculate the merger rate in
primordial black hole clusters and demonstrate that it is
enhanced for charged black holes. This merger rate plays
the role of the source for the production rate of evaporating
black hole remnants which contribute to the diffuse gamma
ray background. The gamma ray flux and induced gravi-
tational wave background are presented in Sec. III as well
as constraints on the abundance of such maximally charged
holes. Finally, we summarize and give our conclusions
in Sec. IV.

II. MERGER RATE OF EXTREMAL
BLACK HOLES

Assuming a Gaussian density field in the early Universe,
it has been demonstrated in Ref. [34] that the spatial
distribution of the PBHs is random and follows a Poisson
distribution. PBHs do not form in clusters and only Poisson
cluster in the late Universe when perturbations start to grow
after the epoch of recombination [35,36]. The clusters
eventually virialize, as in the noncharged case [37] and
form a neutral environment of light charged PBHs. If we
denote by m the mass of the cluster members and N the
number of charged black holes in the cluster, then accord-
ing to the virial theorem, we can relate the velocity
dispersion σ with the previously mentioned parameters,
σ2 ¼ ð6=5ÞGNm=R.1 Here, the symbol R denotes the size

1The electromagnetic potential energy is neglected as it is
subdominant to the gravitational potential due to screening
effects.
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of the system. As with clusters of neutral black holes, these
are expected to evaporate with time, and the cluster has a
finite lifetime. In Appendix A, we prove that the lifetime of
such a cluster depends on the number of members it
contains and is given by Eq. (A2). Therefore, such a
cluster survives for more than a Hubble time if it hosts at
least N ≃ 2000 members (see Appendix A). As we show in
Sec. III A, the lifetime of a cluster plays an important role in
determining whether the diffuse gamma ray background
produced by the evaporating merger remnants could be
detectable.
For simplicity, we take all black holes to be initially

isolated inside the clusters. The inclusion of protobinaries
only enhances the merger rate, and our assumptions should
be conservative. Moreover, a fraction of these would not
contribute to the merger rate since binary-single encounters
would disrupt them [11,38,39]. As a consequence of two-
body encounters, similar to Rutherford scattering, if two
oppositely charged black holes pass each other with a small
separation, capture can result in the formation of a compact
binary. The dissipative mechanism is electromagnetic in
nature and associated with the acceleration of charges
along a hyperbolic encounter. Simultaneously, such an
unbound two-body system also generates gravitational
waves due to an accelerating mass quadrupole moment.
We calculate the total electromagnetic radiation δEem
emitted during such an interaction in Appendix B, given
by Eq. (B7) within the dipole radiation approximation.
The total energy emitted in gravitational waves δEgw

during an unbound orbit was calculated in Ref. [40]
(see Eq. (B4) and also Ref. [41]). The corresponding
cross section for gravitational captures is well known in
the literature as a potential mechanism through which
black hole binaries are assembled [42,43].
To estimate the merger rate due to bremsstrahlung

events, we need to calculate the cross section for capture.
The condition for two oppositely charged black holes
to be captured is that the total energy released, the sum
of electromagnetic and gravitational bremsstrahlung
δE ¼ δEem þ δEgw, be larger than the energy of the two-
body system at infinity, which is the kinetic energy of the
reduced body T ¼ mσ2=2. The relative velocity between
two members of the cluster is

ffiffiffi
2

p
σ. This condition trans-

lates into a formula for the maximum allowed pericenter of
interaction for the capture to occur. A detailed calculation
of this pericenter radius in the gravitational (δEgw ≫ δEem)
and electromagnetic (δEgw ≪ δEem) regimes, respectively,
gives

rpmax
=rH ¼

(
4.9 · ðcσÞ4=7 gw regime

2.6 · ðcσÞ4=5 em regime
: ð1Þ

We have defined the symbol rH ≡Gm=c2 to be the event
horizon radius of an extremal black hole with mass m.

Typically, electromagnetic captures are expected to domi-
nate over gravitational captures, since the loss cone for an
em capture is effectively larger. In comparison to the mean
separation R=N1=3 between members of the cluster, we
remark that for nonrelativistic environments for which
σ ≪ c the pericenter for capture is a much smaller quantity.
Consequently, for capture events between black holes,
we can regard the close interaction occurring within the
focusing regime and neglect the geometric part of the cross
section.
Given the maximum allowed pericenter for efficient

bremsstrahlung [Eq. (1)], the cross section for capture
when the focusing term dominates in our case reduces to2

Σ ≃ 4πGmrpmax
=σ2. As we show in Appendix C, capture

events lead to the prompt merger of the compact black hole
pair since it tends to form highly eccentric binaries, and
energy dissipation is very efficient. So, binaries formed via
capture coalesce before they get disrupted by the inter-
action with a third object. Therefore, calculating the capture
rate gives us an estimate for the merger rate. Since we are
in the extremal case, only oppositely charged black holes
may form a bound pair [see Eq. (B1) and the discussion
following Eq. (C2)], and the capture rate density is given by
dΓcap=d3r ¼ nþn−hΣcapvreli. The symbols n� denote the
number densities of positively and negatively charged black
holes. Since the cluster is overall electrically neutral, we
take these to be equal, nþ ¼ n− ¼ 3N=ð8πR3Þ. Taking a
uniform mass profile,3 direct evaluation of the merger rates
assuming electromagnetic and gravitational captures gives

Γcapτcross ≃
rpmax

rH

�
σ

c

�
2

¼
�
4.9 · ðσcÞ10=7 gw regime

2.6 · ðσcÞ6=5 em regime
; ð2Þ

2The cross section for a process X, given that it occurs when
the maximum allowed pericenter of the interaction is rpmax

for this
process, is given by the following formula:

ΣX ¼ πr2pmax

�
1þ 2α=μ

rpmax
v2rel

�
;

as the sum of the geometrical (∝ r2pmax
) and focusing (∝ rpmax

)
terms. The symbol vrel is the relative velocity between the
two interacting species. Further, the interaction potential is
U ¼ −α=r, and μ is the reduced mass. For future reference,
the velocity-averaged cross section in the focusing dominated
regime is hΣXvreli ¼ 2

ffiffiffiffiffi
3π

p
αrpmax

=ðμσÞ. The angular brackets
h…i denote the average performed over the relative velocity vrel
taking the Maxwell-Boltzmann distribution.

3We have performed the same calculations under the
assumption of a Plummer model for the mass density [44].
However, the resulting merger rate differs from the one we show
here only by about 20%, and the exact profile has a small effect
on our results.
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where τcross ¼ R=σ is the crossing time in the cluster.
Utilizing Eq. (4) for the velocity dispersion from Ref. [11],
we find that

Γcap;em

Γcap;gw
≃ 0.5 ·

�
σ

c

�
− 8
35

≃ 601 · N− 2
105

�
m

1010g

�
− 8
105

: ð3Þ

That is, the ratio of the electromagnetic to the gravitational
capture rate depends very weakly on the number of
members and the mass scale of the black holes in the
cluster, with a value of order of a few hundred. This shows
that electromagnetic bremsstrahlung is expected to domi-
nate over gravitational bremsstrahlung, and therefore, we
can neglect gravitational captures in the following analysis.
To conclude this section, we evaluate the merger rate

density per unit comoving volume. For this, we need to
multiply the merger rate per cluster Γmrg ≃ Γcap;em by the
number density ncl of cluster environments in the Universe.
This number density can be related to other quantities
which we can control better, parameters such as the fraction
fePBH of the DM that is composed of extremal PBHs with
mass m and the number of members N in each cluster. In
particular, we have ncl ¼ ρePBH=ðNmÞ, where the mass
density of extremal PBHs is parametrized in terms of the
dark matter density parameter at the present epochΩDM and
the critical density ρcr ¼ 3H2

0=ð8πGÞ to close the Universe,
ρePBH ¼ fePBHΩDMρcr. The symbol G is the gravitational
constant and H0 ¼ 100h km=s=Mpc the Hubble constant
at the present epoch. For the sake of simplicity, we take all
clusters to have identical properties and be uniformly
distributed in space. Cosmological parameters we use
are motivated by the Planck 2018 results [45]. Provided
with the previous definitions, the comoving merger rate
density then becomes

γmrg ≃
630

yr · m3
· fePBHN−2

�
m

1010 g

�
−2
�
σ

c

�21
5

≃
48

Myr · pc3
· fePBHN−33

20

�
m

1010 g

�
−3
5

: ð4Þ

The second approximation above uses Eq. (4) from
Ref. [11]. Notable is the dependence of the merger rate
density on the mass of the PBHs. In particular, since
γmrg ∝ m−3=5, the smaller the mass scale we consider, the
larger the merger rate density even if we keep constant the
number of members per cluster and the abundance of
PBHs. This is a consequence of the fact that asm is reduced
the number density of clusters increases to compensate for
the decrease in cluster mass and keeps the PBH density
fixed relative to the DM.

III. PROSPECTIVE SIGNALS

Mergers of cosmologically stable extremal black holes
give rise to nonextremal black holes. These have a

nonvanishing Hawking temperature and therefore evapo-
rate. Over cosmic history, the merger rate supplies a source
of evaporating objects which give rise to a diffuse extra-
galactic background of high energy photons. In this section,
we calculate this flux as well as the gravitational wave
background induced from the era of PBH formation as an
alternative signal.

A. Gamma rays from the evaporation
of merger remnants

Electrically neutral black holes evaporate on a timescale
that depends on their mass scale. In the standard PBH
scenario, the light PBHs are neutral and promptly start to
evaporate after their formation. Constraints on their abun-
dance can then be placed based on this assumption in order
to respect observations of the diffuse extragalactic gamma
ray background. In this work, however, since we have made
the assumption that extremal PBHs are cosmologically
stable against Hawking emission, it is the merger remnants
that begin to evaporate after the progenitor binary has
coalesced to produce them. As such, the production of
evaporating holes persists over cosmic history and is
ongoing for as long as extremal PBHs participate in clusters
in order for the merger rate to be significant. Creation of
evaporating holes ceases after clusters dissolve. The evapo-
rating black holes then play the role of the source of gamma
rays produced throughout the Universe.
To calculate the cumulative flux of photons produced

over cosmic history, we need to solve the following
Boltzmann differential equations for the time evolution
of the number density of sources nsources, here the merger
remnants and the emitted particles nparticles, in this case
photons, in an expanding Friedmann-Robertson-Walker
cosmological Universe,

_nsourcesðtÞ þ 3HðtÞnsourcesðtÞ
¼ γmrgΘðt − tbeginÞΘðtend − tÞ − nsourcesðtÞτ−1Hawk; ð5aÞ

_nparticlesðt;EÞ þ 3HðtÞnparticlesðt;EÞ ¼ EDðEÞnsourcesðtÞ:
ð5bÞ

In Eq. (5a), the symbol Θ denotes the Heaviside function.
Moreover, the symbolHðtÞ denotes theHubble scale, and the
time moments tbegin and tend represent the epoch of cluster
formation and destruction, respectively, with the lifetime of
the cluster being the difference τlife ¼ tend − tbegin. Initial
conditions to the above differential systemarenaturally given
by nsourcesðt ¼ tbeginÞ ¼ nparticlesðt ¼ tbegin;EÞ ¼ 0.
During Hawking radiation, particles are emitted with

different energies E and form an energy spectrum. Hence,
the energy dependence of the particle number density on
energy above is explicitly written nparticlesðt;EÞ. For the
evolution of the number density of sources, there is one
source term which is the merger rate assumed to be constant
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in redshift over the lifetime of the cluster. There is also a
depletion term associated with the termination of the
Hawking emission and either the complete evaporation
of the hole or the formation of a Planck-mass relic [46]. The
Hawking timescale τHawk is calculated from Eq. (12) of
Ref. [47]. Particles are produced and emitted for as long as
there are sources, hence the form dependence of the source
term in the right-hand side of Eq. (5b). The particle
emission energy spectrum DðEÞ ¼ d2N=ðdEdtÞ is calcu-
lated implementing the BlackHawk numerical package, which
is publicly available [31]. When utilizing this package to
calculate the emission spectrum from a single evaporating
hole, we fix its mass and spin.
The hypothesis for the spin of the extremal black holes is

that it is presumed small at the percent level [32,33], and in
this work, we take it to be zero. Currently, numerical
relativity simulations of oppositely charged black hole
mergers have been performed. According to Ref. [27],
the difference in mass and spin of the remnant object
increases with the charge-to-mass ratio relative to the
uncharged case. The deviation in the remnant spin is only
a few percent for charge-to-mass ratio ≤ 0.3, and here, we
make the assumption that the merger remnant is a Kerr
black hole with spin parameter χrem ≃ 0.7. This choice is
motivated by numerical relativity simulations of neutral
equal-mass nonspinning black hole mergers [48,49]. The

mass of the remnant however seems to decrease signifi-
cantly (see Fig. 14 of Ref. [27]). However, we assume that
the mass scale of the remnant would still be mrem ∼m. We
stress again that these are reasonable assumptions, and a
more detailed calculation in this context is beyond the
scope of this work.
For photon emission from Hawking radiation, there are

two components to the energy spectrum. The primary
component is associated with photons directly emitted
by the black hole. The secondary component accounts
for photons being created by the subsequent hadronization
of quarks and gluon jets and the decays of other unstable
particles being emitted. Therefore, DðEÞ ¼ DprimaryðEÞþ
DsecondaryðEÞ. The secondary component becomes signifi-
cant and shows up only when the black hole is light and hot
enough for it to produce the heavy particles of the Standard
Model of particle physics. Here, we calculate both primary
and secondary components considering only Standard
Model degrees of freedom and take into account the
instantaneous emission spectra.
The diffuse particle flux observed today in units of

cm−2 sec−1 sr−1 is defined by I0ðE0Þ≡c ·nparticlesðt0;E0Þ=
ð4πÞ as in Ref. [18]. When plugging in the solutions of the
differential system (5),4 we get the final formula for the
photon flux,

I0ðE0Þ ¼
c

4πH2
0

γmrgE0

Z
zbegin

zmin¼0

dzDðð1þ zÞE0Þ
EðzÞ

Z
zbegin

z

dz0 exp
�
tðz0Þ−tðzÞ
τHawk

�
Θðz0 − zendÞ

Eðz0Þð1þ z0Þ4 : ð6Þ

We have defined the auxiliary function EðzÞ≡ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΩV þ ð1þ zÞ3ΩM

p
[50], neglecting the radiation density,

where ΩV ≃ 0.7 and ΩM ≃ 0.3 are the present energy
densities of vacuum and matter relative to the critical
density ρcr. Furthermore, the time difference that appears
in the exponential in Eq. (6) is calculated to be tðz0Þ − tðzÞ≃
ð0.8=H0Þ · ArcTanhð1.2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0.7þ 0.3ð1þ zÞ3

p
Þjz0z . Last but

not least, we take into account the fact that there is a
distribution of cluster sizes, and there is a different number
N of PBHs that populate each cluster. We implement the

halo mass function numerically verified in Ref. [36] in the
context of ΛCDM cosmologies.
According to Ref. [51] [their Table (VII)], the peak

photon flux has a D ∝ m−1.3 power law dependence on the
mass of the evaporating black hole. In the previous section,
we have shown that the merger rate density is proportional
tom−3=5 [cf. Eq. (4)]. When these two effects are taken into
account, the total photon flux has an I0 ∝ m−1.9 depend-
ence. This overall effect can be seen in Fig. 1 for
m > 109 g, and as the mass scale of the PBH population
is reduced, the photon flux increases and peaks into larger
and larger energies. However, form < 109 g, the flux starts
to decline, because D has a positive slope dependence on
mass in the frequency range of interest as the spectrum is
expected to become harder and harder.
In Figs. 1 and 2, we show the resulting photon flux from

evaporating remnants over cosmic time for ten mass scales
of interest in the unconstrained (fePBH ¼ 1) and con-
strained cases (that is, after placing the upper limit allowed
on fePBH). Furthermore, highly energetic photons with
energies above ∼250 GeV interact strongly with the

4The particular solution to the initial value problem of the form
_nðtÞ þ 3HðtÞnðtÞ ¼ SðtÞ for t ≥ t1 with nðt1Þ ¼ 0 and source
function SðtÞ is

nðtÞ ¼
Z

t

t1

�
1þ zðtÞ
1þ zðt0Þ

�
3

Sðt0Þdt0;

where z ¼ zðtÞ is the redshift-time relation. Usage of this result
leads to the solution for the number density evolution of the
species we need to evaluate for the photon flux.
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background radiation field, and the gamma rays get
absorbed with an optical depth of ≃900 Mpc [52].
Because of this attenuation effect, the hard component
gamma ray flux calculated should be considered for E0 <
250 GeV because flux is contributed by Hawking emission
which takes place at high redshifts. However, this is not an
issue for large-N clusters because the highest flux comes
from black hole remnants which form and evaporate at
small redshifts. In any case, we constrain the gamma ray
flux based on the bound set by Fermi-LAT in the high
energy part of the spectrum.
To respect the experimental bounds on the extragalactic

diffuse gamma ray flux observed by gamma ray telescopes
such as HEAO-1 [53], COMPTEL [54], EGRET [55], and

Fermi-LAT [56], we need to constrain the abundance of
extremal black holes. Inspection of Figs. 1 and 2 provides
an estimate for the largest possible value of the abundance
of extremal black holes fePBH at mass scale m. In the mass
range of interest which contributes with high fluxes, it is the
secondary component of the emission which provides the
most stringent upper bound. Moreover, Fermi-LAT places
the tightest constraint because for light PBHs the emitted
spectrum becomes harder with decreasing mass. In Table I,
we summarize the constraints on the abundance of these
maximally charged black holes and give the upper bound
fmax
ePBH (Fig. 3). More specifically, if PBH clusters survive

until the present epoch, then the constraint can be evaded
form > 1013 g, and, in principle, it could be that fePBH ¼ 1
for these masses. For lower mass scales, the maximum
value of the abundance is constrained significantly, and
extremal PBHs can account for only a small fraction of the
DM. On the other hand, if clusters tend to dissolve early at
higher redshifts, the constraint on fmax

ePBH can be relaxed and,
for instance, in the case of Fig. 2 becomes stringent only for
m < 1011 g. To place constraints on this case, we only

FIG. 2. Same as Fig. 1 but with the constrained taken into
account. Bound from Fermi-LAT provides the most stringent
upper limit on fePBH.

TABLE I. Upper bound on the abundance of maximally
charged PBHs fePBH relative to the DM for various mass scales
m for the PBHs.

m (g) fmax
ePBH

≥ 1012 1
1011 4 × 10−3

1010 3 × 10−5

109 10−7

108 5 × 10−7

107 3 × 10−6

106 6 × 10−6

105 1.3 × 10−5

104 3 × 10−5

FIG. 3. Constraint on the abundance of extremal PBHs, fePBH.
We interpolate the values of Table I with a cubic fit. The shaded
region above the curve is excluded by extragalactic gamma ray
observations.

FIG. 1. The unconstrained photon fluxes in units of
cm−2 sec−1 sr−1 normalized to the abundance of the PBHs, for
ten values of the black hole mass scale (with color coding and line
style as in the legend of the plot). See Table I for the upper bounds
on the fePBH. All lines correspond to the total (secondary plus
primary component) of the emission spectra. Also shown are the
isotropic diffuse gamma ray emission spectra observed by Fermi-
LAT (pink data points), EGRET (olive data points), and COMP-
TEL (brown data points). Also, the vertical dashed line indicates
the high energy gamma ray attenuation point at ∼250 GeV.
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consider the piece of the flux below 250 GeV due to
attenuation effects at higher energies.

B. Induced gravitational wave background

We have seen that observational signatures exist for light
extremal PBHs. Constraints on the abundance of such black
holes are placed, and the fluxes induced from evaporating
merger remnants could be detected if well-modeled con-
tributions of other astrophysical origin are carefully sub-
tracted [57,58]. However, the photon flux created from a
population of extremal black holes heavier than about
1013 g is estimated to be very low. This enables the
possibility for accounting for the totality of dark matter.
Nevertheless, gravitational waves are induced to second
order by primordial curvature perturbations associated with
the formation of the PBHs in the early Universe, and the
stochastic background they create might be observed by
future gravitational wave detectors [59]. These gravita-
tional waves are an alternative signature associated with
PBHs and could be detected by current or future gravita-
tional wave experiments.
The stochastic gravitational wave background is char-

acterized in terms of its energy density per unit logarithmic
frequency interval relative to the critical density ρcr of the
Universe, ΩgwðfÞ ¼ dðρgw=ρcrÞ=d ln f, be it of astrophysi-
cal or cosmological origin [60]. To linear order, tensor and
scalar metric perturbation modes are decoupled but couple
at higher orders [61]. This coupling leads to generation of
gravitational waves induced at second order and by the
nature of their generation are stochastic.5 Probing the
induced gravitational wave (IGW) background enables
us to indirectly study the curvature perturbations respon-
sible for PBH formation. The ΩIGW quantity for IGWs is
related to the power spectrum of curvature perturbations,
PζðkÞ. A peak structure in PζðkÞ at k ¼ kp translates into a
peak in the IGW spectrum at k ≃ kp [63]. Nevertheless, we
stress that the IGW spectrum is continuous even if it is
sourced by a single mode in the scalar power spectrum.
Reference [63] calculates the relation of the peak frequency
of the second order IGWs to the mass of the primordial
black hole given by6 fIGW ∼ 10 Hz · ðm=1015 gÞ−1=2. We
remark that light PBHs with masses below 1013 g form
from curvature perturbations which induce gravitational
waves that today would have high peak frequencies far
from the optimal sensitivity of current and proposed third-
generation ground-based detectors. Thus, IGWs are well
suited to probe for PBHs with masses above 1013 g.

Semianalytic formulas for the GW spectrum induced
during the radiation-dominated era are provided in
Refs. [65,66] for the cases of monochromatic and log-
normal power spectra of curvature perturbations. We utilize
the fitting formula in Eq. (29) from Ref. [65] for the IGW
spectrum which agrees with numerical results. The spec-
trum of the IGWs at the present epoch is given by
ΩIGW;0ðfÞ ¼ 1.6 × 10−5 · ΩIGWðfÞ [67].
The fraction of the density of the Universe which

collapses into extremal PBHs at the moment of their
formation during the radiation dominated epoch is given
by βePBHðkÞ ¼ erfcð0.1507= ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Pζðk ¼ aHÞp Þ where the
power spectrum of curvature perturbations Pζ is evaluated
at horizon crossing (cf. (6.5) from Ref. [68]) and where erfc
is the complementary error function. This formula for βePBH
assumes that the density perturbations follow the Gaussian
probability distribution. Therefore, it is evident that the
largest abundance comes from those scales for which the
power spectrum becomes maximum at the peak wave-
number kp. Taking a monochromatic7 shape for Pζ, then a
good approximation is βePBH ≃ erfcð0.1507= ffiffiffiffiffi

Aζ

p Þ. The
value of β can be related to the abundance of PBHs in
the late Universe at the present epoch fePBH via βPBH ≃
ðaform=aeqÞfPBH ≃ ðm=MeqÞ1=2fPBH where aeq is the scale
factor at matter equality and aform at the formation epoch
of the PBHs. This relation follows from the realization that
after matter-radiation equality the abundance of PBHs
does not vary relative to the total energy density since it
is dominated by matter. The mass at equality is Meq ≃
2.8×1017M⊙ [64]. Therefore, in order to achieve fPBH¼1,
the abundance of the PBHs at the era of their formation
should have been βePBH ≃ 4.1 × 10−21 · ðm=1010 gÞ1=2.
Finally, the amplitude of the power spectrum of curvature
perturbations becomes

Aζ ≃
0.023�

erfc−1
�
4.1 × 10−21

�
m

1010 g

	
1=2

�

2
; ð7Þ

with fePBH ¼ 1. The function erfc−1 is the inverse of the
complementary error function.
In Fig. 4, we present our results for the monochromatic

spectrum of curvature perturbations. One feature of the
shape of IGWs is the ∝ f2 dependence on the infrared part
of the spectrum which could be used to discriminate spectra
from other stochastic gravitational wave backgrounds

5For a recent review on scalar induced gravitational waves,
see Ref. [62].

6We have not included factors associated with the relativistic
degrees of freedom and the parametrization of the deviation of
PBH mass from horizon mass, as these would be order unity
factors modifying the peak frequency of IGWs [64].

7The monochromatic function peaked at k ¼ kp is parame-
trized as follows:

PζðkÞ ¼ Aζδ½ln2ðk=kpÞ�;

where Aζ is the dimensionless amplitude, and δð Þ is the Dirac
delta.
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associated with different physical processes. This power
law dependence is associated with the choice of the log-
normal form of the power spectrum of curvature perturba-
tions. Another feature of the spectra which stems from the
formula in Eq. (7) is that it does not depend strongly on the
mass scale of the PBH. In particular, in the mass range from
1010 to 1020 g, the relative variation in the value of Aζ is at
most on the order of 30%. This is the reason why in Fig. 4
the amplitude of the IGW spectra which is proportional to
A2
ζ is almost the same for each value of m.
There are various gravitational wave experiments and

detectors, some ofwhich are operational and others proposed
and/or planned to probe stochastic backgrounds among other
resolvable sources. In theLIGOband, for high frequencies in
the range of∼10 − 1 kHz, there is the ground-based network
of LIGO [73], Virgo [74], and KAGRA [75] as well as the
proposed third-generation Cosmic Explorer (CE) [71] and
Einstein Telescope (ET) [76] detectors. In the deci-Hz band,
frequencies in the range of ∼10−1–10 Hz, the Decihertz
Gravitational wave Observatory (DECIGO) [77] and Big
Bang Observer (BBO) [78] space-based detectors as well as
atomic interferometer observatories such as AEDGE [79],
MAGIS [80], and AION [81], have been proposed. In this
interval, the IGWs associate with PBHs of mass scale of
∼1017 g. In the mHz frequency range, the Laser
Interferometer Space Antenna (LISA) [82], TianQin [83],
and Taiji [84] are planned/proposed missions. These space-
borne observatories would probe the stochastic IGW back-
ground associated with the formation of PBHs with masses
of the order of 1020 g. In Fig. 4, we also include the
sensitivity curves of LISA, DECIGO, BBO, ET, CE, and
Aþ which is the upgraded version of Advanced LIGO [85].

IV. CONCLUSIONS

To summarize, in this work, we have studied the
possibility that a population of light extremal black holes
can comprise the dark matter as well as a few prospective
signatures associated with them. Constraints on this model
were placed from the Hawking evaporation of the non-
extremal merger remnants, and the gamma ray flux was
calculated.
We have demonstrated that if clusters of near-extremal

holes contain a sufficient number of members to survive up
to low redshift, the hard photons from continued evapo-
ration begin to dominate the high energy diffuse back-
ground. We find that the diffuse photon flux can be
observed for holes lighter than about 3 × 1011 g. We note
that the conservative bound was placed considering that
the formation of late-type ePBH-ePBH binaries as the
gamma ray flux from early mergers would be redshifted to
undetectable levels.
Such a flux might be detected by current gamma ray

telescopes like Fermi-LAT and the atmospheric Cherenkov
telescopes such as the HAWC [86], VERITAS [87], and
H.E.S.S. [88] Collaborations which can probe high energy
gamma rays. For simplicity, we have focused on a mono-
chromatic mass spectrum at mass m and probed the
phenomenological consequences the clustering effect
would have on the formation of PBH clusters after the
epoch of recombination. We demonstrated that the electro-
magnetic bremsstrahlung is a more efficient process via
which a binary of oppositely charged black holes is
assembled inside such a PBH cluster compared to gravi-
tational captures. As a consequence, the merger rate is
enhanced by a factor of ∼250 [see Eq. (3)]. We found that a
model with extremal PBHs of mass smaller than ≃1013 g is
significantly constrained from the extragalactic diffuse
gamma ray background measured by various gamma ray
telescopes if PBH clusters survive until today. This con-
straint could be relaxed if the clusters of PBHs had a
smaller lifetime (see Fig. 2 for an example with clusters of
N ¼ 200 members). For instance, in that case, the model is
constrained only for m < 1011 g. After clusters dissolve,
the extremal PBHs would then be released in the field, and
the merger rate from dynamically assembled pairs would
drop. The gamma ray flux produced by extremal PBHs
with masses larger than ≃1013 g is not large and does not
come in conflict with the observations. To probe these
masses, the stochastic gravitational wave background
induced by primordial curvature perturbations at the epoch
of PBH is an alternative signal and could be detected by
future proposed and planned gravitational wave observa-
tories like the space-born DECIGO, BBO, and atomic
interferometers for m ¼ 1015–1020 g and the ground-based
CE and ET for m ¼ 1013–1015 g. The detection of a
multimessenger signal from such a population of charged
black holes would be of high significance, and the

FIG. 4. The second order scalar-induced gravitational wave
stochastic background assuming specific values of the PBH mass
as a function of frequency. We also include a second x axis for the
wavenumber. Also shown are the sensitivity curves of a few
future proposed/planned gravitational wave detectors [69–72],
along with the Aþ design curve https://dcc.ligo.org/LIGO-
T1800042/public.
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properties of initial conditions of the early Universe and the
nature of DM would be probed.
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APPENDIX A: LIFETIME OF BLACK
HOLE PLASMAS

To calculate the two-body relaxation of such clusters
with oppositely charged black holes, we may apply a theory
similar to the one used to find corresponding formulas in
the context of clusters with neutral objects. The novel
feature here would just be the inclusion of the electromag-
netic force involved during two-body encounters.
In the following, we proceed to calculate the relaxation

timescale in the context of extremal black hole clusters.
Following closely the discussion in Ch. 1 of [89], the
perpendicular force acted on a subject black hole by a field
black hole traveling at a relative velocity v and encounter-
ing the subject hole at an impact parameter of b would be
F⊥ ¼ ðα=b2Þ½1þ ðvt=bÞ2�−3=2. This force may be repul-
sive or attractive depending on the signs of the charges.
Ideally, during a two-body encounter, time t runs from −∞
toþ∞, and the point of closest approach would correspond
to the t ¼ 0 time. The assumption made here would be that
the trajectory of the reduced mass is not deviating from that
of a straight line. In other words, the interaction is not
strong, and the deflection can be neglected. We remind the
reader that the parameter α is defined to be Gm1m2 −
KQ1Q2 as a combination of the masses and charges of the
interacting objects. On average, since the mean charge per
unit volume is zero, a black hole of a given charge would
encounter an equal amount of positive and negative charges
per unit time. The magnitude of the velocity change is then
found by integrating the impulse over time and dividing it
by the reduced mass of the system m=2 and is given by
δv ¼ 4α=ðbmvÞ. If σ ¼ v=

ffiffiffi
2

p
is the typical velocity

dispersion in the cluster, and R is the radius of that cluster,
then τcross ¼ R=σ would be the crossing time. The mean-
square velocity change per crossing time is Δv2 ¼
32Nα2 lnΛ=ðmvRÞ2, where lnΛ is the Coulomb logarithm.
The Coulomb logarithm would be given to a good approxi-
mation by lnΛ≃ lnðR=b90Þ where b90¼ 4α=ðmv2Þ is the
impact parameter for which the deflection of the field hole
would be large on the order of 90o either away or toward the
subject hole. We define the relaxation timescale as follows
(as defined in [89]):

τrelax ≡ v2

Δv2

ffiffiffi
2

p
R

v
≃
0.05N
lnN

τcross; ðA1Þ

wherewehave used σ2 ¼ ð6=5ÞðGNm=RÞ thevirial theorem
(see footnote 1). This would be the timescale after which
the initial conditions of a subject black hole is lost via the
cumulative effect of two-body encounters perturbing the
velocity. The lifetime of the cluster would correspond to
the timescale after which it completely dissolves as it
slowly evaporates due to the high velocity tail of the
Maxwell-Boltzmann distribution, and it is given by τlife ≃
140τrelax ≃ 6.3 · τcrossN= lnN [90]. Therefore, clusters of
charged black holes evolve faster and have a smaller
lifetime than the corresponding clusters of neutral objects,
by a factor of about 2. Using the cluster parameters from
Ref. [11], the lifetime of the cluster then becomes

τlife ≃ 0.15 Myr ·
N7=4

lnN
; ðA2Þ

which only depends on the number of the members in the
cluster, N. The cluster survives for longer than a Hubble
time if it contains at least N ≃ 2000 members.

APPENDIX B: ELECTROMAGNETIC
BREMSSTRAHLUNG

In this appendix, we calculate the total electromagnetic
energy radiated during the close encounter of two charged
black holes. The calculation we perform below bears
similarity with the one followed in [40].
Consider two point charged particles with masses mi,

electric charges Qi, and position vectors ri, respectively,
with i ¼ 1, 2. The symbolm12 denotes the total mass of the
two-body system m1 þm2. We work in the center of mass
system so that m1r1 þm2r2 ¼ 0 and consider the relative
motion of the reduced mass μ ¼ m1m2=m12. We also define
the symbol r ¼ r1 − r2 to denote the relative position of
the two bodies. The electric dipole of the two particles is
then written as d ¼ Q1r1 þQ2r2 ¼ qr, in which q≡
ðQ1m2 −Q2m1Þ=m12 is the effective charge of the system.
The two particles are assumed to move initially on unbound
orbits. During the two-body approach, we neglect the
influence of third bodies which is unimportant when the
interaction is close and occurs on a timescale much shorter
than two-body relaxation.
Two useful integrals of the motion of the system are the

total energy E and angular momentum J . The total energy
of the two-body system is parametrized in terms of the
orbital eccentricity e and the pericenter rp of the encounter
as follows:

E ¼ α

2rp
ðe − 1Þ; ðB1Þ

where we have defined the parameter α≡ GMμ − KQ1Q2,
and the symbol G is the Newton gravitational constant and
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K the Coulomb force constant. For future reference, the
symbol c is devoted for the speed of light. The angular
momentum is correspondingly given by

J ¼ ðαμrpð1þ eÞÞ1=2: ðB2Þ

It becomes evident that if the two interacting particles have
opposite electric charges, then the encounter as an unbound
system is well defined. However, when they are like
charges, the theory would still work as long as α ≥ 0.
In the case of extremal black holes of like charges, the
charge Qi and mass mi of each black hole are related viaffiffiffiffi
K

p
Qi ¼ � ffiffiffiffi

G
p

mi, and the system has zero total energy
and angular momentum. The black holes then necessarily
approach along a parabolic orbit. On the other hand, if the
two extremal black holes have opposite charges, then the
parameter α obtains its maximum value of 2Gm1m2.
In the following analysis, we approximate the hyperbolic

encounter by a parabolic one. This approximation is similar
to the one made in [42]. The reasoning behind this one is
the fact that the relative acceleration maximizes when the
two particles are at the closest approach point. In this
regime, when r ∼ rp, the electromagnetic and gravitational
radiation becomes the largest, and a hyperbola can be
approximated by a parabola. For this reason, we set the
orbital eccentricity equal to unity, e ¼ 1. This greatly
simplifies our analysis when we calculate the total energy
radiated in electromagnetic waves during the encounter.
Furthermore, the equations of the relative motion are
determined by the following equations relating the relative
position r and true anomaly ϕ:

r ¼ 2rp
1þ cosðϕÞ ; ðB3aÞ

μr2 _ϕ ¼ J : ðB3bÞ

The overdot in the expression above denotes the time
derivative.
The amount of gravitational wave energy emitted along

an unbound orbit was calculated in [40]. Under the
approximation of parabolic approach and with a mild
modification accounting for the charge of the black holes,
we have

δEgw ¼ 85π

12
ffiffiffi
2

p G
c5

α5=2

μ1=2r7=2p

: ðB4Þ

To obtain the electromagnetic energy released during the
unbound encounter, we need to integrate the electromag-
netic power loss over the orbit of the reduced body. The
total power is given by the relativistic generalization of
Larmor’s formula, and assuming small black hole velocities
relative to the speed of light, v ¼ kvk ≪ c, we approximate
this by the dipole radiation term ð2=3ÞKd̈2=c3,

Pem ¼ 2

3

Kq2

c3

�
1 −

v2

c2

�−3�
k_vk2 − 1

c2
kv × _vk2




≃
2

3

Kq2

c3
̈r2: ðB5Þ

The total energy radiated is obtained by integrating the
Eq. (B5) over all time or over the true anomaly when
changing the variable of integration,

Eem ¼
Z þ∞

−∞
Pemdt ¼

Z þπ

−π
Pem

dϕ
_ϕ
: ðB6Þ

Utilizing Eq. (B3a) and (B3b), the detailed calculation of
the previous integral yields the final formula for the
electromagnetic energy dissipated away,

δEem ≃
7π

24
ffiffiffi
2

p Kq2α3=2

c3μ3=2
1

r5=2p

: ðB7Þ

APPENDIX C: PROPERTIES
OF CAPTURED PAIRS

The angular momentum lost due to electromagnetic
bremsstrahlung is _Jem ¼ −ð2Kq2=ð3c3ÞÞð_r × ̈rÞ. The total
variation of the angular momentum δJ is of the order of
v2=c3. The initial angular momentum of the two-body
system is J ¼ bμvrel where the square of the impact
parameter would be b2 ¼ 2rpα=ðμv2relÞ in the focusing
regime. Thus, δJ=J ∼Oðv=cÞ3, and therefore, we may
neglect δJ relative to J itself altogether. Following the
closely related discussion considered in [91] which treats
gravitational bremsstrahlung, it is a good approximation to
analogously set jEfinj ≃ δEem for electromagnetic captures.
Combining this approximation with the fact that the final
energy after the close encounter becomes Efin ¼ ð1=2Þmσ2−
δEem < 0, the semimajor axis a0 and eccentricity e0 of the
newly formed pair of oppositely charged extremal black
holes will be given by the following two expressions:

a0 ¼
α

2jEfinj
¼ 3

ffiffiffi
2

p

7π
rp

�
rp
rH

�
3=2

< 2.1 ·

�
c
σ

�
2

rH; ðC1aÞ

e0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

2jEfinjJ2
μα2

s

⇔ 1 − e20 ¼
14π

3
ffiffiffi
2

p
�
rH
rp

�
3=2

> 2.5 ·
�
σ

c

�
6=5

: ðC1bÞ

The inequalities come from setting the pericenter to its
maximum allowed value for capture to occur in the em
regime (since electromagnetic captures are dominating).
We observe that since the pericenter for capture is a large
multiple of the horizon size of the black holes [cf. Eq. (1)],
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the eccentricity of a captured pair is expected to be very
close to unity. Furthermore, it is exceptionally rare for two
objects to interact with a very small pericenter value;
therefore, the semimajor axis tends to be closer to its
maximum.
According to Ref. [30], the merger timescale of a binary

composed of charged black holes in the high eccentricity
approximation, e0 ≃ 1, is given by

τmrg ¼ min

�
3

85

c5a40ð1 − e20Þ7=2μ
Gα2

;
c3a30ð1 − e20Þ5=2μ2

Kαq2



:

ðC2Þ
In the near-extremal case, if the charges of the black holes
in the binary have the same sign, then the evolution is
prolonged, and the timescale becomes even larger than the
binary-single interaction time. Then, the binary tends to
ionize as a consequence of these encounters because it is
marginally soft.8 In particular, the hard-soft boundary is at
∼mσ2, and the binding energy of the captured pair would
be ∼mσ2 as well to within Oð1Þ prefactors.
The merger timescale in Eq. (C2) has to be compared

with the typical timescale for interaction of the newly
formed binary with a third black hole. Such a binary-single
encounter would perturb the structural parameters of the

binary and could lead to its ionization, reducing signifi-
cantly the merger rate [11]. The binary-single interaction
timescale would be given by τinter ¼ ðnhΣintervreliÞ−1 which
when evaluated with typical cluster parameters gives

τinter ≃ 0.12 ·

�
R
a0

�
τcross > 0.06 ·

�
R
rH

��
σ

c

�
2

τcross: ðC3Þ

The lower bound arises because we have considered that a
binary with the largest semimajor axis could have formed
via electromagnetic bremsstrahlung. Above in Eq. (C3), we
have only included the focusing term for the interaction
cross section Σinter, because the encounter is assumed to
be strong and for that we used the binary-single pericenter
distance to be on the order of the binary’s semimajor axis.
From Eq. (C2) in the em regime, we have

τmrg < 11 · ðrH=cÞðc=σÞ3. When compared with the mean
binary-single timescale from Eq. (C3), we obtain that
τmrg=τinter < ð12=NÞ2. Thus, we have demonstrated that
electromagnetic captures lead to a merger on a timescale
much shorter than the binary-single interaction timescale
required to perturb the pair given that the cluster contains
more than a dozen members. Extremal black holes which
capture themselves electromagnetically may be wide;
however, their eccentricity is so close to unity and electro-
magnetic dipole emission so efficient that the binaries are
thought to merge quickly upon capture. For this reason,
the calculation of the capture rate provides an estimate for
the merger rate, since every captured pair essentially
promptly merges.
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