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Primordial extremal black holes as dark matter
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We show that primordial (nearly) extremal black holes with a wide range of masses from the
Planck scale to around 10° g could be cosmologically stable and provide a viable explanation for
dark matter, given a dark electromagnetism and a heavy dark electron. Hawking radiation and
Schwinger discharge processes are suppressed by near extremality and the heaviness of the dark
electron, respectively. The merger events of binary systems with opposite charges generate
nonextremal black holes, whose subsequent Hawking evaporation produces transient neutrino and
gamma ray signals to be observed at telescopes like IceCube and HAWC. The relationship between
the near-extremal black hole and dark electron masses could also shed light on the weak gravity

conjecture.
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I. INTRODUCTION

Primordial black holes (PBHs) [1] are a compelling
and simple explanation for dark matter (DM) [2—4]. They
can take on a wide variety of masses, although several
experiments constrain the allowable mass range [3,5,6],
and there are proposals for future experiments to search
much of the remaining parameter space [7,8]. Perhaps the
most important constraint is that they survive today.
Because BHs can evaporate via Hawking radiation [9],
any Schwarzschild PBH with mass less than around 10" g
has a lifetime less than the age of the universe and cannot
account for DM. A possible exception is that evaporation
may cease when a BH reaches the Planck mass, leaving
behind a Planck-scale relic [10] that could explain DM
[11]. This is related to the information paradox [12],
and its status is still under debate [13]. Even so, it would
seem that PBHs cannot explain DM if they have mass
between the Planck scale and 10'3 g, a mass range we will
call “light.”

To stabilize such a light PBH against Hawking radi-
ation, one could consider a Reissner-Nordstrom (RN)
BH charged under an unbroken U(1) gauge symmetry.
When the magnitude of the U(1) charge |Q| times
the gauge coupling is equal to the BH mass in units
of the Planck mass, the BH temperature is zero and
the Hawking evaporation does not occur. Such a BH is
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called extremal' (or eBH) and can serve as a DM
candidate.

Accordingly, it may seem as if giving a PBH some large
Standard Model (SM) electric charge could allow it to survive
today with mass higher than the Planck scale. However, this is
spoiled by the Schwinger effect [15], which allows pair
production of electron-positron pairs in the strong electric
field outside of the eBH, leading to the eBH’s discharge and
subsequent evaporation [16—19]. In this paper, to evade
Schwinger discharge effects, we explore the possibility of
having a stable primordial (nearly) extremal black hole (PeBH)
charged under an unbroken “dark quantum electrodynamics”
(dQED) U(1)g4,4 gauge symmetry, with its lightest charged
state, or the “dark electron,” much heavier than the SM electron.

II. DARK QED AND EXTREMAL
RN BLACK HOLES

The Schwinger pair production rate per unit volume of
dark electrons with mass m, and dark gauge coupling ¢’
is [15,19,201°

'More generally, a Kerr-Newman BH can become extremal by a
combination of its charge and angular momentum, while a Kerr BH
is uncharged and can become extremal by its angular momentum
alone. We do not consider these cases here because a nonextremal
Kerr BH can lose angular momentum during its evaporation and
will not approach extremal [14].

This result is for a constant electric field. In later equations, we
use the result including the radial dependence and curved metric
derived in Refs. [19,20], which brings an extra O(1) factor in the
logarithm of (2) and (3). See Refs. [21,22] for further discussion of
Schwinger pair production in the presence of strong gravitational
fields. Because these corrections are logarithmic, they do not affect
our conclusions much.
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with E' as the dark electric field. For a RN eBH,
which has dark charge Q and mass M gy related by

€'Q = V4rMepu/My  with the Planck mass M, =
1//Gy = 1.22 x 10" GeV and Gy Newton’s constant,
the outer horizon radius is rp = (Mpy+
\/MgBH — 2Q°M /4n) /M2, = Mgy /M2 The corre-
sponding dark electric field just outside the horizon is
E' = Mgl/ (V4rnMgy). Note that E' increases as Mgy

decreases, so the discharge speeds up as the PeBH
discharges and evaporates. Requiring an evaporation time
longer than the age of the Universe, f,,i, =~ 4.35 x 10'7 s,
one has [19,20]

min ~
MeBH > MeBH ~

'ag3 3
€ Mpl In e Mpltuniv ) (2)
2732 m?, 3277/

For ¢ = e = ana, MTn ~ 6.3 x 105 GeV x
(10'® GeV/m,)?. Thus, for a heavy dark electron mass
or a small gauge coupling, the PeBH can be very light. Note
that if we apply the formula in (2) to SM QED with the
electron mass m, = 0.511 MeV, then MM} ~ 10% M,
which is already cosmologically stable without an extremal
charge.

Naively, one can drive down the Schwinger discharge
by arbitrarily decreasing e¢’. On the other hand, this is
constrained by the so-called “weak gravity conjecture”
(WGC) [23,24], which suggests that ¢’ > /4zm, /M, for
a particle with unit charge. Together with the WGC, the
constraint in (2) becomes

. M? m3t .
,WGC pl e/ “univ
M gy > MMRWOC o Py [ elumv ) 3
¢ eBH M, 47r2M§l (3)

Numerically, M55V9C~x5.5% 102 GeVx (10'°GeV/m, ).
So, in principle, we could experimentally measure both
M gy and m, to test the WGC.

While an exactly extremal BH has zero Hawking
temperature, a nonextremal BH would take an infinite
time to reach an extremal state. When the initial BH
mass MU > M.z, the BH takes a time of gy =
(1s)(Mit/10°¢)* to evaporate towards very nearly
extremal. After that, it asymptotically approaches extremal
with time #-dependent Hawking temperature given by (see

the Appendix A)
60M
Tepn(r) % [ =0, (4)
gt

Using the number of radiation degrees of freedom g, ~ 10

and 1="t,;,, the temperature is To.gy = 1.3 eV X /M p/8g.
Generically, the evaporation from Mt to nearly extremal
emits more Hawking radiation over a short period of time,
while the emission of the near-extremal BH is suppressed but
longer in duration. As we will see, both these evaporation
stages may provide observing opportunities.

III. SEARCHING FOR ISOLATED PeBHs

Assuming that PeBH’s contribute a majority of the
DM energy density, one could directly search for a
PeBH in a laboratory. Using the whole Earth as a detector,
the encounter rate of PeBH’s is PDMUDM”Ré/MeBHN
1/year x (10° g/Mgy) with ppy ~ 0.4 GeV/cm® and
vpm & 1073¢c. The geometric size of a light PeBH is
very small such that its interaction length for scattering
off nucleons in the Earth is very long: 2 x 10'' m x
(10° g/M_ gy)?. So, traditional DM direct detection meth-
ods like measuring nuclear recoil energy are not sensitive to
PeBHs. Instead, it may eventually be possible to measure
the gravitational effects of a PeBH passing by laser
interferometers, mechanical resonators, or free-falling
masses [25-27].

Rather than direct detection, near-extremal BHs could
appear as pointlike astrophysical sources via their Hawking
radiation. However, due to the small horizon radius for
a light PeBH, the electromagnetic radiation power has
~2x 10719 W x (Mg/10° g)*, which is too weak to be
observed as a single source. PeBHs can also contribute to
the diffuse photon flux. As detailed in Appendix B, present
limits constrain M gy < 10'? g assuming they are most or
all of DM.

Big bang nucleosynthesis (BBN) and the cosmic micro-
wave background (CMB) can also constrain both stages
of PeBH evaporation during the early Universe. For the
generic case with MU >> M gy, the evaporation of
PBHs towards PeBHs may generate enough radiation
energy to affect BBN or CMB observables. This is true
for Mt > 1.4 x10° g, or equivalently zgy = 1 s when
BBN starts. Because the PeBH is lighter than its initial BH
mass, the constraints on the fraction of PeBHs making up
DM today, f.gh, should be more stringent by a factor of
Mt /M gy compared to the existing constraints [5] on
ordinary PBHs. On the other hand, for Milit < 1.4 x 10° g,
the initial BH has already reached the near-extremal
state before BBN, and there is no bound from the initial
evaporation.

Emissions by BHs that have already reached near
extremal are also constrained, albeit more weakly, owing
to their reduced temperature. For example, if the Hawking
temperature is high enough to produce hadrons, it will
affect the light-element abundances. Rather than redo the
detailed analysis, we make use of previous results to
estimate the BBN bounds in the following way. For
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ordinary PBHs, the effects of hadron injection depend on
the hadron emission rate Byngy(E(t))~'dMpgy/dt with
B, = O(1) as the hadronic branching ratio and (E(¢)) ~
Tgy(t) [28]. The most stringent constraint comes from the
lithium-6/lithium-7 abundance ratio with fgy < 6.8 x 10~
for Mgy ~ 4 x 10! g or 7gy = 2.6 x 10* s, which we use
as a reference point to derive the constraints on PeBHs. The
constraint on f.gy can be derived as f.py <4.2 x 1073 x
[(4 x 10" g)/M_gy]>/?. In practice, this constraint is gen-
erally superseded by constraints on the earlier evaporation
from M,

Scaling the constraints for ordinary PBHs [5], we show
the constraints on the present fraction of PeBHs as DM in
Fig. 1 for several values of r = MMt /M gzy. The jumps in
the exclusion curves relate to different element abundance
ratios; the largest jump is where the CMB constraints
become important. The constraint from the Hawking
emission of the near-extremal BHs (as opposed to the
Hawking radiation from the initial BHs) is only important
in Fig. 1 in the leftmost portion of the » = 3 curve. One can
see from Fig. 1 that there is a wide range of open parameter
space (from the Planck scale to ~10° g) to have PeBHs
account for 100% of DM. We also show in the gray dot-
dashed lines the combined theoretical constraints from
Schwinger evaporation together with the WGC from
Eq. (3). If the WGC is not valid, one can relax the
Schwinger-evaporation constraints by choosing a tiny gauge
coupling ¢’ [see Eq. (2)]. If both m, and My can be
measured, one could test the WGC experimentally. While
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FIG. 1. The BBN and other BH evaporation-related constraints
on the present PeBH over dark matter energy density ratio f.gy as
a function of PeBH masses for various ratios of the initial BH
mass over the PeBH mass r = Milit /M .5y The purple dotted line
shows the constraints for one possible PeBH cosmological
formation scenario described around (9) with ¢’ = e. In the gray
dot-dashed lines, potential theoretical constraints from Schwinger
evaporation and the WGC via (3) are shown for different dark
electron masses.

not displayed on the plot, when r — 1 (meaning the BH was
born very near extremal), the BBN constraints are dramati-
cally relaxed by a factor of [(MIit — M gy)/Mgul*/?.

IV. SIGNATURES OF BINARY PeBH MERGERS

Other than signatures from isolated PeBHs, one could
also search for signatures from binary PeBH systems.
Although the merger of a light PeBH binary generates
gravitational waves, the signal flux is too small to be
detected. On the other hand, the PeBH binary system
typically contains both positively and negatively charged
PeBHs (like-charged PeBHs have no net force to bind
them). When they merge, the charges are neutralized such
that the final BH becomes nonextremal and can provide
striking Hawking radiation signatures.

Given the large uncertainties on estimating the BH
binary merging rate [29], which are most severe when
feeu = O(1) and come predominantly from binary dis-
ruption both immediately after binary formation and during
halo formation, we simply make a phenomenological
parametrization for the rate and discuss some bench-
mark-model estimation at the end of this section. For an
approximately monochromatic PeBH mass distribution
with mass M gy, the averaged binary merging rate can
be parametrized as

M, b/t \c¢
o =) (1) 0
Ie! univ

where the exponents a, b, ¢ depend on the binary formation
history. Ignoring the disruption effects in the galaxy
formation, the merging rate per volume in the current
Milky Way galaxy is

r M b
RO =i () @

with one factor of 1/2 to avoid overcounting, and the
second factor of 1/2 because only oppositely charged
PeBHs form binaries.

After two +Q and —Q PeBH’s merge, and ignoring
the angular momentum, they become approximately an
ordinary BH with a mass of Mgy = 2M_py. As the BH
evaporates, the Hawking temperature, Tpy = 53 TeV x
(10% g/M_gy), is much higher than that of an isolated
PeBH. The duration of the evaporation is very short:
7 ~ 1073 s X (Mg /10% g)3. So, the final BH evapora-
tion is a very transient event.

Both high-energy neutrinos and gamma rays are good
signatures to search for the final evaporation of the merged

*We regard the possibility that the PBHs are born in an already
near-extremal state as less likely based on the formation mecha-
nism presented later. However, if a formation model allowing r
near unity is realized, its evaporation would be less constraining.
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binary system. Under several assumptions detailed in
Appendix B, the neutrino flux is estimated as @, =
5x 107 em=2sr7 s (Mg /108 ) 2 (f954T0/10730s71),

The lack of an observation of neutrinos above the
PeV scale by IceCube [30] along with constraints from
ANITA [31] and NuMoon [32,33] limit @, < (2.7 x
1075 em™2 st sr7!)(E, /107 GeV)™/3  for 107 GeV <
E, <10'% GeV. Further, the observation of cosmic neu-
trinos by IceCube with energies 10* GeV < E, < 107 GeV
[34] can be used to set an upper limit @, <
(5.9 x 10716 cm™2 s~ sr7!)(E, /107 GeV)~¥5. This leads
to a constraint on the merging rate and present PeBH
abundance of roughly*

_ _ 8 iy ~

Lo pett < { (10725 1)(%)# ’ Mg € (1073,10°) g
0/ eBH ~

e (5x107 S_l)(&)b_g’ Mgy € (10°,10%) g.

()

Comparing against Fig. 1, this bound extends down in mass
to the lower limits on M gy coming from the WGC, and up
in mass to PeBHs that are generally constrained by the
evaporation from M. In principle, one could search for
still higher-energy neutrinos to get down to Mgy ~ M, or
use lower-energy gamma ray bounds from HAWC [36,37]
and CTA [38] to extend to higher M gy.

Other than searching for only high-energy neutrinos or
only gamma rays, one could also use the multimessenger
approach to search for coincident cosmic ray events by
several telescopes: IceCube, ANITA, NuMoon, HAWC,
CTA, Fermi-LAT [39,40], Pierre Auger [41], and others
[42,43]. This would be a particularly powerful discovery
channel that can discriminate against other high-energy
backgrounds and allow us to directly detect Hawking
radiation.

An estimate for the merger rate is derived in Appendix C,
which has a =1/3, b=1/9, ¢ =-8/9, and ') = 1.5 x
10723 s7! for M,; = 108 g (with a monochromatic mass
distribution) and numerical factors « = f# = 1 as defined in
Appendix C. This estimate assumes that the PeBHs in the
to-be-formed binary decouple from Hubble expansion
shortly before matter-radiation equality and form long-
lived binaries due to the tidal force of neighboring PeBHs.
Naively, it seems to be very constrained by (7). However, as
argued in Ref. [29], these binaries may be disrupted in the
early Universe when f.gy = O(1), resulting in a length-
ened merger time and a dramatically decreased merger
rate—by their estimate, a decrease of up to but not larger

‘As a cross-check, this bound is fairly similar to the lifetime
constraint on decaying DM made by IceCube [35], though the
latter included both halo and extragalactic components as well as
a fuller accounting of all neutrino production channels.

than a factor of 10!7 for M.z = 108 .° Further disruptions
are likely during halo formation. Thus, we expect that
our estimation for I'y may severely overestimate the
merger rate.

V. PeBH FORMATION

So far, we have remained agnostic to how the population
of PeBHs is formed and focused instead on the phenom-
enology. Here, we highlight one possibility for their
formation relying on the statistical distribution of charges
in the early Universe.

Assume that the PBHs are initially produced during
radiation domination following reheating. PBHs form as a
result of primordial energy overdensities that collapse
almost immediately after reentering the horizon. These
overdensities could be seeded as the result of any number of
already or as-yet proposed inflationary or postinflationary
models including, e.g., running mass inflation [44-46],
parametric resonance [47-49], or curvatons [50,51] (see
[3,4,52] for reviews). Then, the initial PBH mass is related
to the scale (and thus temperature T%,.,) at which the
overdensities reenter the horizon by [3]

init z“_”@
BH™ 3 p3

1011 GeV) 2 g -1/2
) () ()
802\ 1o 100 ®)

with H = [(8z/3)p,/M}]'/* the Hubble parameter, p, the

radiation energy density, g, the effective radiation degrees
of freedom, and y ~ 0.2 a numerical factor depending on
the details of the collapse [53]. Note that Tj, < Try <
10'6 GeV (with Tgy the reheating temperature) is required
by nonobservation of tensor perturbations in the CMB [54].

We further assume that the dark electrons are still
relativistic when the PBHs form, having temperature
Tt.,.m > my. Note that the dark sector temperature 7’
may not be equal to the visible sector temperature 7.
Since the dark photon is massless, the constraints on
additional radiation degrees of freedom from CMB meas-
urement require 7'/T < 0.46 [55].

One may then ask what the dark charge of these to-be-
collapsed regions is as they reenter. We take the ansatz that
reheating occurs in such a way that the dark electrons and
positrons each follow independent Poisson distributions in
superhorizon volumes. Thus, the average number of each
within a volume that is just reentering the horizon is

(Neot) ®*EnyH3. Using (8), the average number of a

>Their analysis only considered gravitation. Besides account-
ing for the change in merger time, properly adding dQED would
require a completely separate N-body simulation because same-
charged PeBHs do not interact.
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particular species (either dark electron or positron) within
the collapsed volume is

Minit 3/2 7\ 3
3100 (1) (T

If the dark electron and positron distributions are indeed
Poisson and independent, the resulting charge distribution
of the PBHs is a Skellam distribution [56] with mean
(0) =0 and standard deviation o6¢ o = 1/2(Nc)-
Moreover, if there are multiple dark-charged fermions with
g; relativistic degrees of freedom (at 7} ) and charge ¢;,

then the typical charge is Q ~0g el = \/(Neot) D_; 9ii-
Additionally, if there is some correlation between the
energy density perturbation and charge asymmetry fluc-
tuation, the typical charge could scale as Q ~ n(N), with
n a model-dependent number to quantify the charge
asymmetry.

After the formation of the initial nonextremal BHs, the
ambient dark electrons and positrons can be further
absorbed and change the charge distribution. Assuming
that the PBH absorbs both charges in equal numbers, no
discharge occurs. This can be arranged, e.g., if the dark
electrons efficiently annihilate between when the PBH
forms and when it evaporates to near extremal (see
Appendix E for details). Then, the number of dark electrons
and positrons absorbed is

Mmlt 3/2 T/ g -3/4
N ~4x 1018 —BH ) 10
s H ¢ <109 o) \7) \100 (10)

This results in a one-dimensional random walk for the
charge accumulation with N, steps, which is characterized
by a standard deviation of 6 ybs = \/Nans 2 ;(9:/2)g;. It is
subdominant to the charge from the initial collapse in (9)
and provides an additional small contribution to Q.

In the case without too much discharge, we may expect a
typical PeBH mass of M gy ~ ¢’ OM,; if it is above M, min in
Eq. (2); otherwise, if it is below the evaporation bound,
the surviving PeBH masses will be peaked just slightly
above MM Constraints assuming negligible discharge are
shown in Fig. 1 for ¢/ = e. The PeBH abundance is directly
related to the probability to form the initial PBHs, which
scales exponentially with the density perturbation ampli-
tude [4,52] and can account for part or all of DM.

form

VI. DISCUSSION AND CONCLUSIONS

In the model considered here to stabilize light PeBHs
against discharge, the dark electron is assumed to be the
lightest dQED-charged particle and hence stable. However,
if the very heavy dark electron has a thermal relic abundance
set by its annihilation into dark photons, it will overclose
the universe. This issue can be resolved by introducing

additional non-Abelian low-scale confining gauge charges
for the dark electrons (see, e.g., Refs. [57,58]).

So far, we have only considered the gravitational
interaction between the visible and dark sectors.
Additional interactions like kinetic mixing between the
photon (F) and dark photon (F") of the form eF,, F'** [59]
can make dark electrons and PeBHs millicharged under
ordinary electromagnetism. However, in order for
Schwinger pair production of SM electrons to be ineffi-
cient, the mixing parameter is required from Eq. (2) to be
€ < 1.6 x 107 (independent of the small M gy considered
here). Such a small mixing parameter can be realized in
certain models (see, e.g., Ref. [60]). So far, no experiments
probe dark photons with this range of € [61]. Because the
PeBH’s SM electromagnetic charge is ev/4zM gy /(eM pl)>
it is millicharged and difficult to detect experimentally.

In summary, we have studied the possibility of having
PeBHs as a DM candidate based on a dQED model with a
heavy dark electron. A wide range of PeBH masses from
the Planck scale to around 10° g are still allowed by the
experimental constraints. The merger event of two equal-
mass PeBHs with opposite charges can generate a neutral
and light Schwarzschild BH whose fast Hawking evapo-
ration can provide transient signatures to be detected by
various telescopes. While a simple early-universe forma-
tion story for PeBHs has been discussed in this paper, other
formation mechanisms based on different histories are
worthy of future studies.
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APPENDIX A: PeBH TEMPERATURE
The Hawking temperature for a RN BH is

M2 V My — My
2” (Mpy + /Mgy — MZ,BH)

Using the blackbody radiation formula, the BH mass loss
rate is (see Refs. [62,63] for spin- and charge-dependent
corrections)

T(Mgy, Mpy) = (A1)

dM 2
de ~ mg*“””i [T(Mgy. Megp)]*.

(A2)

with g, the radiation degrees of freedom. When the initial
BH mass Mt > M gy and ignoring the change of g,, the
BH will evaporate to very nearly extremal with a lifetime
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tpn ~ 5120n(M)* / (9.M5)) = (1 s)(Mgi/10° g). After
that, the BH mass evolves with time as

1202M5 4

Mpgy(t) % Mgy +
BH( ) eBH g*Mglt

(A3)
Using this in Eq. (A1) leads to the result in Eq. (4).

APPENDIX B: COSMIC RAY
FLUX CALCULATIONS

First, consider the emission of photons by near-extremal
PeBHs. For a Boltzmann energy spectrum with a temper-
ature 7T gy, the averaged energy of the radiated photons has
(E,) % 2.7T ;gy. The photon spectral emission rate from
one PeBH has

dN, = PEEPTI. z0.54MgBH
dE,dt = 60 " PUEN T Mty

(B1)

which has a higher rate for a heavier BH mass.

Within our Galaxy and similar to a decaying DM model,
one can adopt the normalized “J”-factor after integrating
along the line of sight to calculate the PeBH radiated flux

J

/ cos bdbd¢dsppym[r(s, £, b)), (B2)

MG
with MS& = 4z [ drr’ppy(r). Here, —/2 < b < 7/2 and
0 < ¢ < 2x are galactic latitude and longitudinal angles; s
is the line-of-sight distance with r*> = s’cos’h + R% —
2sRycosfcosb and the distance of the Sun to the
Galactic center Ry ~ 8.5 kpc. Using the Einasto profile
with = 0.17 [64], the solid-angle-averaged J-factor has
Jr1/ (33 kpc)? sr~!. Combining with (B1), the contribu-
tion to the sky-averaged diffuse photon spectral flux is
estimated by

Mtotal ~ dN
¢y ~ DM J Y
My~ dE,dr

M 2
~9x 107" ecm™2sr ' s7 ' MeV~! x ‘;BH ,
10° g

for the averaged photon energy of (E,)~ 0.4 MeV x

Mg/ (10° 2)]'/2. Comparing to the spectra of the iso-
tropic diffuse gamma ray measured by the COMPTEL
Collaboration [65] and the EGRET data [66,67], the PeBH
mass is constrained to be Mgy < 10'> g assuming that
they compose all or nearly all of DM.

A similar calculation gives the high-energy neutrino
(and gamma ray) flux from ordinary uncharged BHs,
which we use to estimate bounds on PeBH mergers. The
number of neutrinos from one evaporation event is esti-
mated to be #,(2M.zy)/(E,) with the averaged neutrino
energy (E,) ~4.22Tgy ~ 220 TeV x (108 g/Mgy) [5]

and 7, = 0.06 the fraction of energy into primary three-
flavor neutrinos after taking into account the different
thermally averaged cross sections [62]. Including the
averaged binary merger rate, the neutrino emission rate
is estimated to be

dN, M?
~l4—BHp .
d t Ml%] merge

(B3)

This only accounts for the primary neutrinos, ignoring
secondary neutrinos produced in the cascade decays of
other Hawking-emitted particles. Using the normalized
J-factor of the Einasto profile, the predicted high-energy
neutrino flux originating from the Milky Way halo is

M an,
YU AM gy dt
M 1+b fa+lr
~5x 10_15 -2 =1 =1 eBH eBH' 0 ]
cm s s 10° g 1030 &1
(B4)

o

The extragalactic flux may be comparable to or a couple of
orders of magnitude smaller than the galactic flux—see,
e.g., [68]. Note this treatment makes the important but
unqualified assumption that the binary merger distribution
identically follows the DM distribution. This is less likely
to be true within DM halos, where disruptions during halo
formation may suppress the merger rate in the Milky Way
halo. Since the extragalactic binary population is more
stable against these disruptions, their mergers may provide
more robust constraints on PeBHs if the extragalactic flux
is similar to or within a couple of orders of magnitude of the
undisrupted galactic flux [68]. Further work is needed to
understand the halo disruptions. On the other hand, a
merger occurring nearby in the Milky Way halo or one of its
dwarf galaxies may be more likely to be detected with
several instruments observing different messengers. Thus,
nearby mergers may offer better discovery prospects.

APPENDIX C: BINARY MERGER RATE

The PeBHs may attract each other via gravitational and
dQED forces to form binaries in the early universe. Let us
take the simplifying assumption that PeBHs form during
radiation domination, and the first period of matter domi-
nation is the ordinary one occurring at redshift z., ~ 3400
[55]. In order to decouple from Hubble expansion, a pair of
PeBHs must dominate their local energy density. Thus, such
binaries only form when z > zeq.6 They may subsequently
merge, and their merger rate can be estimated.

®The merger rate of binaries formed in galactic halos is
subdominant. For example, using the estimate in Ref. [69] for
the purely gravitational case, the halo-formed binary merger rate
is about 5 orders of magnitude smaller for M gy = 108 g.
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To calculate the merger rate, we update the treatment in
[70,71] (although see further refinements in [29,69]) to
account for radiation due to dQED, which dominates the
gravitational radiation. First, the average separation at
matter-radiation equality is

_ ( M gy >1/ 3
X=|——F——
pPeBH(Zeq)

_ fe_BlI{l3 < 87M pu >1/3 (C1)
(1 + zeq) \3M}HFQpy

A pair of nearest-neighbor PeBHs form into a binary if

x<f éﬁ{)‘c depending on the distance to the next-nearest-
neighbor PeBH y (which provides a tidal force to prevent
the other two PeBHs from immediately merging). The
resulting orbital parameters are [70]
b\ 2
I-(—) . C2
(). e

a x* (x>3
a= =, b=p(-] a,
feBHx3 y

indicating the semimajor axis, semiminor axis, and eccen-
tricity, respectively, with @ and f# = O(1) numbers that
should be determined through numerical simulations.
Then, the merger time for two PeBHs with masses M gy =
M, , is [see the detailed derivation in the next section
leading to (D6)]

4
= L Mpl a? (1 — 62)5/2 = ff3 E ’ <1 — 62 i
16M M, 2+¢é° BH\x) (2+¢?)/3

T 27 y -15
i) (2)

where in the last line we approximate e ~ 1, which is
valid for mergers occurring today. Here, the timescale
1= My % /(48f M M,). This can be compared to the
merger time for ordinary, uncharged PBHs emitting only
gravitational radiation for e &~ 1 [72],

(C3)

3 M;
tgrav iy P 04(1 - 62)7/2' <C4)
85 M\ My(M, + M,)
Taking M| = M, = M, their ratio is
lorav 72M 2+e?
£ a(l—ez) te
r 8 M 3
10°¢g a 1—e*\2+e?
z2x1014< m >( " ><1o 14) 3 (©5)

where fiducial values of a (with X evaluated using
M =10’ g) and 1 —e? are chosen so that ¢~ .y, (the
full probability distribution for these is considered below).

As expected, the dQED radiation makes the binary merge
more quickly than gravity alone.
The normalized probability distribution is given by [70]

9x2y2

dP = — e~/ dxdy.
X

(Co)

After changing variables from x to ¢ using (C3) and
properly taking care of the integration region of y, we

integrate 0 < x < f é]/gil)"c, X <y < co to arrive at the merg-
ing rate as

AP _1( 1 1/91
e qr 9\a’pt) ot

14 o\ /4 14 t N\ g
XHE’(az—m) }—r{g,(m) feBH]}’

(€7)
with T'[7, z] the incomplete gamma function.
The merger rate per unit volume is then
npegn dP
— — (= Tyniv ) C8
4 dt ( l]l’llV) ( )

where one factor of 1/2 is to avoid overcounting, and the
second factor is to account for the fact that only oppositely
charged PeBHs form binaries. It is often sufficient to
approximate the I" function as a constant, in which case

13/9 ) =8/9
R o fopy Mgty 175/°.

(C9)

Note that this equation matches the general structure of (7).

By contrast, for uncharged PBHs, R o f il M~32/3732/37,
While the exponents are numerically similar, the overall
normalization has a merger rate for charged PeBHs about 2
orders of magnitude larger than that of ordinary PBHs for
the lighter masses of interest here [note that the lifetime
only enters as 71/% in I'yerge in (C7), and a similarly small
exponent for the gravitational case, which explains the
relationship to (C5)].

APPENDIX D: dQED RADIATION

To calculate the merger time for PeBH binaries, consider
a central inverse-square force acting on a body with mass
M, and charge Q; due to another body with mass M, and
opposite charge Q, satisfying

221010

Fp, = 25
12 4z r?

(D1)
where r = |x; — x;,| is the distance between the two PeBHs.
The factor of 2 comes from the fact that we have assumed
these BHs are extremal and oppositely charged, so the force
of gravity and of dQED are equal and add constructively.
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These charges form a time-varying dark electric dipole
p = €' 0,x; + €' Q,x, that emits radiation as

dE 21 ,

B 2721
drt 347"~

344

where y = 2¢7(|Qy|/M, + 02|/ M) |0, 0>/ (47).

Using the standard expression for the separation between
two orbiting bodies as a function of the semimajor axis a,
eccentricity e, and angle that r makes with the periapsis 6,

(D2)

a(l—e?)

=7 D3
14 ecos@ (D3)

as well as the eccentric anomaly to parametrize the motion
as a function of time,

t= T( siny)
7271_ l// e l// ’
(1 —ecosy)(1+ecos) =1—e2,

the average energy loss over an orbital period T is

dE\ _ 2;/21/T1dt
di/ "~ 34xT )y r*

34n a* 2n
1y2 1 2+ ¢?
=—="—— . D4
34mat (1 —e?)’? (D4
This can be related to the total energy
?010| _ _ ¥
E=-2—7"T"%"=—-— D5
(4r7)(2a) 2a’ (D3)

by the expression

dE

)~
Then, one can integrate F from some initial £(a;) to —oo to
calculate the merger time as

16142 , 2+

oAl G

tz14m/’ e (1- 62)5/2
2 2 2+ é?
4 2.3 1— 2\5/2
=i ~e 2( 6)2 . (Do)
010 [(101/My + Q5| /M3)* 2+ e

where we have dropped the subscript i in a;. Finally, one
can substitute e'|Q| = v/4zM /M, to obtain (C3).

APPENDIX E: ABSORPTION OF CHARGES

To estimate how much charge is absorbed by the PBH
after it has formed, starting from the time that the BH is
formed with mass ML the nonrelativisic PBH will
encounter and absorb relativistic dark electrons or positrons
at a rate nyov. Compared to the Hubble scale, the
absorption rate is efficient as long as

nyov

T'\3 (TM?
~0.82—2 (—) (—3> >1. (Bl
H Vi \T) \Mf},

where ¢ is the number of degrees of freedom for ¢’ and
we have approximated ¢ ~ 712 ~ 7(2GyM)* when M >
Mgy (When M =~ Mgy, r. = GyM). Here, we use the
geometric cross section, which is valid when the wave-
length of ¢’ is shorter than the BH radius [1], i.e., T" >
M/ (2M) = 10° GeV x (10° g/M) assuming T’ > m,.

In the early stage before the PBHs have evaporated to
near extremal, the gravitational interaction can be assumed
under suitable model parameters to be stronger than the
dark electromagnetic interaction, so one can approximately
ignore the rate difference for dark electron and positron
absorption. The net effects would be an increase of the
variance o and a slight change of the charge distribution.
This absorption process may freeze out in a few different
ways: (i) the number density of dark electrons and positrons
decreases (e.g., after 7" < m,), (ii) the PBH evaporates to a
PeBH and its geometric cross section shrinks, or (iii) the
dark electromagnetic force becomes important in repelling
like-charged particles and attracting unlike-charged par-
ticles. Note that (iii) occurs automatically once the PBH
evaporates to a PeBH if both n, and the geometric cross
section are not too small and if the WGC holds. Since
(iii) can lead to discharge, we will generally prefer that
freeze-out occurs in a different way. This can be arranged,
e.g., by having 7" drop below m, and allowing the dark
electrons or positrons to annihilate away before the PBH
has time to evaporate, satisfying (i). Then, after the BH
evaporates to (nearly) extremal, the charge neutralization
rate can remain smaller than the Hubble rate, so the PeBH
with a charge Q can survive until the current universe.

Proceeding with these assumptions, it turns out that if the
PBH formation temperature is much greater than the freeze-
out temperature, then most of the absorption occurs near the
formation temperature. Still assuming that the PBH formed
during radiation domination, the number of dark electrons
and positrons absorbed can then be estimated by integrating
nyov, resulting in (10).
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