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We show that highly spinning primordial black holes of mass M ~ 10'? kg, potentially born in
a matter-dominated era after inflation, can produce clouds of pions in their vicinity via the su-
perradiant instability, with densities up to that of nuclear matter. We discuss the electromagnetic
signatures of this process, via neutral pion decay and charged pion annihilation into photons, com-
puting in particular their contribution to the isotropic gamma-ray background. This allows us to
place upper bounds on the abundance of such primordial black holes that are comparable to the
ones obtained from Hawking evaporation. We also discuss the possibility of directly observing such
clouds in high-redshift superclusters.

I. INTRODUCTION

The superradiant instability of rotating black holes in general relativity has attracted a significant interest in the
recent literature, given its potential to yield an astrophysical laboratory for particle physics beyond the Standard
Model [1H22]. Superradiant amplification of low-frequency wave modes [23H27] results from the dissipative nature
of a black hole’s event horizon, combined with rotation in the Kerr case, and it is the trapping of such modes in
the black hole’s vicinity that leads to continuous amplification and a consequent instability (see e.g. [28] for a recent
review). In the case of massive fields, it is the black hole’s gravitational potential that provides an intrinsic trapping
mechanism [29439], yielding a natural realisation of Press and Teukolsky’s original “black hole bomb” idea [40, 41].
Since, to leading order, the gravitational potential falls as 1/r away from the black hole, massive fields can be trapped
in Hydrogen-like bound states with an effective “fine structure constant o, = uGM /hc, where p is the field’s mass
and M is the mass of the black hole:

2,2
Qs uc
_ ~ 2 S
E, = hw, ~ uc o2 (1)
which is valid in the non-relativistic regime o, < 1, with n = 1,2,... denoting the principal quantum number as

for the Hydrogen atom. Superradiance occurs for w,, < mf), where m is the azimuthal angular momentum quantum
number and €2 is the black hole’s angular velocity at the event horizon. As we detail below, this condition translates
into an upper bound on the dimensionless mass coupling, given the upper bound on the black hole’s spin:

ay ~0.1 (ﬁ) (J\Z/\é) <1/2. 2)

We thus see that astrophysical black holes, with masses larger than the Sun, can only suffer from superradiant
instabilities for ultra-light fields. Such fields must also carry an integer spin, given that superradiant amplification can
be seen as a stimulated emission process, and only bosonic fields can have large occupation numbers in a given bound
state. The literature has thus focused on ultra-light fields such as axions and axion-like particles, hidden photons or
massive gravitons, predicted in some extensions of the Standard Model ands general relativity.

Astrophysical black holes may, however, not be the only black holes in the Universe, and there has also been an
increasing interest in primordial black holes formed in the early Universe from the direct gravitational collapse of
large overdensities in the primeval plasma [42H44]. Small-scale overdensities may arise in a plethora of cosmological
scenarios, including certain inflationary models, curvaton models or cosmological phase transitions (through bubble
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collisions), and give rise to a broad mass spectrum for primordial black holes (see e.g. [45] and references therein).
It has been proposed that such black holes may constitute a significant fraction of the dark matter in the Universe
and also that the binary black hole mergers observed recently by LIGO and Virgo may have a primordial origin (see
e.g. [46] and references therein).

Given that primordial black holes may have much smaller masses than those formed through stellar collapse and
other astrophysical mechanisms, it is thus natural to investigate whether superradiant instabilities can occur for
heavier bosonic fields and have an astrophysical impact. This was considered, for instance, in [I3], where it was
shown that primordial black holes with M ~ (10~7 — 1075) M, can generate superradiant clouds of QCD axions in
the preferred mass range where the latter can account for dark matter, u ~ 107° eV, and that the stimulated axion
decay into photons could be responsible for some of the brightest radio explosions in the cosmos, akin to the observed
Fast Radio Bursts.

Here we will be interested in investigating whether the best-known pseudo-scalar particles in nature - pions - can
be produced through superradiance in the early Universe, and whether this has any observational impact. Since the
pion mass is around ~ 140 MeV, superradiance can only occur for primordial black holes with M < 10'2 kg. There
are already stringent constraints on the abundance of primordial black holes with mass around this upper bound,
since they should be evaporating today and thus emit photons that contribute to the isotropic gamma-ray background
(IGRB) [45] [47]. Pions potentially produced by superradiant instabilities around such black holes also contribute to
the IGRB through their decay or annihilation into photons. This may then allow us to place new constraints on the
abundance of such primordial black holes, depending not only on their mass but also on their spirﬂ We will show, in
particular, that an efficient pion production can only occur for highly spinning black holes, as the result of the pions’
short lifetime, so that the IGRB directly constrains particular primordial formation mechanisms potentially leading
to such large spins, such as an early matter-dominated epoch [48].

In addition to indirect constraints from the IGRB, we will also investigate the possibility of directly probing
superradiant pion production by looking at high-redshift sources containing a significant number of highly spinning
black holes.

This work is organized as follows. In the next section we review the spectrum of superradiant bound states for
massive scalar fields in the Kerr spacetime. In particular, we obtain a new analytical expression for the growth rate
of the leading superradiant mode by fitting the results obtained by numerical solutions of the Klein-Gordon equation.
In Sec. III, we discuss the development of superradiant instabilities for both neutral and charged pions, including in
the dynamics the effects of neutral pion decay and charged pion annihilation into photons, as well as discussing the
saturation of the pion clouds at around the nuclear density due to pion self-interactions. We then use these results to
compute the contribution of these processes to the IGRB and use available observational data to place upper bounds
on the primordial black hole abundance. In Sec. IV we discuss the potential for directly detecting gamma-rays from
neutral pion decay and charged pion annihilation in primordial superradiant clouds. We summarize our main results
and discuss future prospects in Sec. V. We consider the metric signature (—, +, 4, +) and, unless explicitly stated,
weset G=h=c=1.

II. SUPERRADIANT INSTABILITIES FOR MASSIVE SCALAR FIELDS IN THE KERR SPACETIME

A Kerr black hole is described by the line element, in Boyer-Lindquist coordinates (see e.g. [49]):

A_2-26 2 2_A 2 2\2 _ 2A-29 3
d32:—%dﬁ—2asin29%dtd¢+sin29(r +a7) 2“ o dg? + Sdr? + 26, (3)
where
A=7r*4a®> - 2Mr, ¥ =7r% 4 a%cos? 0 . 4)

This geometry has coordinate singularities at ro- = M + /M2 — a2, which correspond to the event horizon and the
Cauchy horizon, respectively, and a curvature singularity at r = 0, with an ergosurface at r. = M ++vM?2 — a? cos? ¢
The angular velocity of the black hole at the event horizon is given by:

a a
Q= —5—=— 5
r2 +a? 2y’ (5)

! Note that Hawking evaporation also exhibits a mild dependence on the black hole spin (see e.g. [47]), but superradiance is an intrinsic
feature of spinning black holes.



where @ = a/M.
In the Kerr spacetime, the Klein-Gordon equation for a scalar field with mass p, (V,V* — u?)¢ = 0, can be
separated into its angular and radial parts through a mode expansion of the form:

o(t,r, 0,0) = Z e iwttime g (0) R (1) - (6)

w,n,l,m

This yields the equations:

m2
sin? @
A (0,R) — A [u2r2 + a’w? — 2wmar + (w(r® + a®) — ) + )\] R=0, (8)

1 .
m%(sm&@gS) + {aQ(w2 — %) cos?  — + )\]S 0, (7)

where, for simplicity, we have dropped the labels (n,l,m). The separation constant A corresponds to the eigenvalue
of the angular spheroidal harmonic in Eq. and is given by the series expansion:

D+ crm(ag)™ (9)
k=1

with ¢ = y/p? — w?, where the coefficients ¢y, can be found e.g. in [50, 5I]. In the non-relativistic regime, o, < 1,
we have aq < 1 for the superradiant bound states, as we will see below, and thus we may approximate A ~ (I + 1).

Following the procedure described in [5], it is useful to write the radial equation in terms of the dimensionless
coordinate x = (r — ry)/r, resulting in:

2?(x +7)2PR+x(x+7)22+7)0,R+V(2)R=0, (10)
where
Viz) = [m(x +r)w+ (2—7)(w— mﬁ)]2 +ax(z+7) [(T — D)@ +2(2—-1)omQ — @i (z +1)% — )\] . (11)

In the above expression, barred quantities are dimensionless and are defined as @ = ry«, and 7 = (ry —r_)/r4, such
that 7 = 0 corresponds to an extremal Kerr black hole (& = 1) and 7 = 1 corresponds to a non-rotating Schwarzschild
black hole.

Although the radial equation does not have an exact analytical solution, in the non-relativistic regime o, < 1
(equivalently 7 < 1) we can use a procedure [24] that consists in separating the exterior of the black hole into two
overlapping regions: a near-horizon region, wx < [, and a far-region, = > 1. The radial equation can be solved
analytically in both regions, and we can match the two solutions in the overlapping region 1 < x <« [/w. Since for
quasi-bound states w ~ p to leading order, the validity of this procedure is justified in the small mass coupling limit.

In the near-region, we have:

22z +7)?PR+ x(x+7) 22 +7)0,R+V(2)R=0, Viz)~[(2 —T)(w—mﬁ)]2 —z(x+71)\, (12)

where we defined @ = (2—17)(w—m®). This has analytical solutions that can be expressed in terms of hypergeometric
functions, and the physical solution with ingoing boundary conditions at the horizon at x = 0 is of the form:

T

—iw /T
Rnear(2) = A( ) JFI(+1,—1,1 — 2iz /7, —x/7) . (13)

T+ T

Using the asymptotic properties of the hypergeometric function [50], taking the limit x >> 7 of the latter, we obtain:

~ = I2i+1) ! r(-20—1) 2y —l-1
Rnear(l') — Ar(l — QZW/T) |:F(l T 1)F(l +1— 225/7_) <;) + F(*l)r(*l — 215/7_) <;) :| . (14)

In the far-region, Eq. reduces to:
2202R + 220, R+ (—¢*x* + 2qgvz — \)R =0, (15)

() ).

where




The solutions can be expressed in terms of confluent hypergeometric functions, and the bound state solutions that
decay exponentially at infinity are of the form:

Ryar(x) = Bale U (1 + 1 — v, 21 +2,2qz) . (17)
Taking the limit gz < 1 [50], we then find:
l —1-1

m T o=\ —(2141)
(29) T(I+1— v)D(—2)

Rfar(2) = Pan@rom) [T - vr@+2)

(18)

As expected, the near-region and far-region solutions have the same behaviour in their common domain of validity
and one can obtain the spectrum of the quasi-bound states by matching the coefficients of z! and z=!~!, which gives
the condition:

D(—l—v)T(20+2) _ e )Zmr(fm — DI+ )T+ 1 — 2iw/7)

(I +1 - v)T(-2I) T(—0)I(2l + )0 (1 — 2i/7) (19)

For bound states in the small mass coupling (non-relativistic) limit, § < 1, and to leading order the right-hand side
of Eq. vanishes, yielding the condition:

1

- 0= 14+1-0O=—p, 20
Tl +1— ) tiov n (20)

where n,. is a non-negative integer, corresponding to the number of radial nodes. From the definition of v, we may solve
for the bound state frequency using the approximation @ = @®) 4 6@, which results in the Hydrogen-like spectrum
anticipated in Eq. :

2 2
—(0) PR (20 _ _(uM)
w =M, w /’L2(1+1+nr)2 =K 2"7,2 ’

(21)

where n = [ + 1 4+ n,. To determine whether a mode is superradiant and hence stable or not, we need to compute
the sub-leading imaginary part of the bound state frequency. To do so, we expand the left-hand side of the matching
condition with v = v(9) + §v and evaluate the right-hand side with the leading order result w(®). To cancel the poles
in the gamma functions, we use the following results:

I D(=20—1) (=D DU+1-2) 0 e o2
Jm Fy = GO Ty 2 @ m*(*”“’g(’f -, (2
where ¢ (z) =T"(2)/T'(z). After some algebra, we obtain:
M o 20+1
ordt = =g A (Z20) guanyies (20 ) (23)

with

I Y gy gme2 L wMA\2
An = ((21+1)!(2Z)!> (n—1— 1) p2ita (’“ +16(=7) ) : (24)

Hence, a mode is unstable for w; < 0, which yields the superradiance condition w < 0 or equivalently:
wr < mf) . (25)

Since, to leading order, wr ~ p, in the non-relativistic regime, this implies o, < m/2 for the dimensionless mass
coupling, and «,, < 1/2 for the fastest growing mode with [ = m =1 as anticipated above in Eq. .

Beyond the small mass coupling limit, numerical methods must be employed to compute the spectrum of quasi-
bound states. Different methods have been used in the literature (see e.g. [3, Bl [34]), and here we focus on a simple
but effective shooting method where one integrates the radial equation from the horizon up to a large distance, where
one then minimizes the solution in the complex frequency plain to look for quasi-bound states. Boundary conditions
at the horizon can be obtained by writing the ingoing solution as a series:

R(z) =2~ =/7 Z anz™ | (26)
n=0



where the a, coefficients can be computed by substituting this ansatz into Eq. and making use of a symbolic
algebraic package such as Mathematica to solve it order by order. One may set ay = 1 since the normalisation is not
relevant in computing the quasi-bound state spectrum.

In Fig. 1| we show the numerical results for the imaginary part of the leading superradiant mode, I =m =1, n = 2,
as a function of the dimensionless coupling uM and for different values of the black hole spin a.
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FIG. 1. Imaginary part of the bound state frequency for the fastest superradiant mode I = m = 1, n = 2, alongside the
approximate analytical prediction, as a function of the dimensionless mass coupling a,, = puM and for different values of the
black hole spin.

As one can easily see, the analytical expression derived in the non-relativistic limit deviates considerably from the
numerical results for a;, 2 0.1, and for large black hole spins this is the regime where the superradiant instability
develops faster. As we will discuss in the next section, this is, in fact, the regime where pions can be produced
efficiently in superradiant clouds, so it will be useful to find a better analytical description of the growth rate. Since
the deviations from the analytical result are more pronounced close to the endpoint of the superradiant instability, we
have looked for correction factors of the form 1+ f(a)(u/mS)P. We have found that factors of this form with p =6
yield a good approximation to the numerical results for the leading superradiant mode, and fitted the coefficient f(a)
to the numerical data for different black hole spins. In the end, we find a corrected expression of the form:

1 oM T—T_3 3&9/5 MG
M) correcte =—z4 T Mg - 1 92 Q 27
e (o () (L)

where Ay ; is given by Eq. for [ = 1 and n = 2. The corrected imaginary part of the frequency is depicted in
Fig.[2l where we clearly see the very good agreement with the numerical results. We find deviations of < 10% between
the numerical data and the corrected expression for most black hole spins (and S 50% close to the extremality), which
is sufficiently good for our purposes.

Since the superradiant quasi-bound state n = 2, [ = m = 1 is populated exponentially faster than all others, we
will focus on this state in our discussion henceforth. The occupation number in this “2p”-cloud in Hydrogen-like
notation grows as e's!, where I'y = 2w;. This cloud has approximately a toroidal shape with radii (r) = 5ry and

Ar = /(r2) — (r)2 = \/bry, where the “Bohr radius” is given by:

! o (28)
ro = = Ty
0 poy,  14+/1—a? *

Thus, in the non-relativistic regime, the cloud is localized far away from the horizon and gravitational effects may
be neglected in our subsequent study of particle decay and annihilation. Note also that the r.m.s. velocity of the
particles, \/(v?) ~ (a,/2), is non-relativistic for o, < 1. In the next section, we will then study the dynamics and
phenomenology associated with both neutral and charged pions produced by superradiant instabilities with these
assumptions.
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FIG. 2. Imaginary part of the bound state frequency for the fastest superradiant mode, compared to the corrected analytical
expression, as a function of the dimensionless mass coupling o, = puM for different values of the black hole spin.

ITIT. SUPERRADIANT PION CLOUDS
A. Neutral pions

Neutral pions are spin-0 particles with mass pg ~ 135 MeV and a mean lifetime F;ol ~ 8.4 x 1077 s, decaying
mostly into photon pairs 7% — v [52]. Neutral pion production around primordial black holes will thus be efficient
if the superradiant instability develops faster than the pions decay, which leads to the condition I'¢f¢ =I's —I'z, > 0.
This is illustrated in Fig. [3]in the black hole mass-spin Regge plot, where one can see that an efficient neutral pion
production is possible for highly spinning black holes in the mass range M ~ 10! — 102 kg.
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FIG. 3. Region in the black hole mass-spin Regge plot in which an efficient neutral pion production through superradiance is
possible.

Black holes in this mass range may be formed from the collapse of large overdensities in the early Universe after
inflation, when the corresponding modes re-enter the horizon. In conventional scenarios, the Universe is dominated by



radiation following reheating after inflation, and such black holes would form at temperatures in the range 108 — 10°
GeV. In this case, the gravitational collapse of large overdensities is mostly spherical and the resulting black holes
have been shown to have small spins at the percent level [53-55]. However, for lower values of the reheat temperature,
the Universe should still be dominated by the inflaton field at the time of black hole formation in the mass range
of interest. This corresponds to an early matter-dominated era, since the inflaton field behaves as non-relativistic
matter while oscillating about the minimum of its potentiaﬂ Since the background fluid is essentially pressureless,
anisotropies can develop during the collapse and generate angular momentum in the process. It has been argued
that the resulting centrifugal force may, in fact, prevent collapse, and that the few black holes that form have very
large spins, including near-extremal black holes [48]. Hence, in such a case it will be natural for neutral pion clouds
to develop through superradiance around such black holes, and potentially there may be other mechanisms to form
black holes with large natal spins.

One must take into account, however, that the superradiant instability cannot produce an arbitrarily large pion
occupation number in the cloud, since pions are strongly interacting. In the effective pion Lagrangian, the leading
self-interactions correspond to a quartic term in the pion potential \¢*/4!, where A\ = p2/2f2 ~ 1, where the pion
decay constant f, ~ 93 MeV. Such self-interactions should become important when the field value within the cloud
reaches a critical value ¢qo ~ 1/12u3 /X for which the quadratic and quartic terms in the pion scalar potential become
comparable. It has been shown that non-linear effects quench the superradiant instability, leading to the collapse of
the cloud in “bosenova”-like explosions [Il, 56, [57] similar to those observed in cold atom Bose-Einstein condensates
[58]. Despite the complex dynamics of this process, the leading effect is a reabsorption of particles in the cloud by the
black hole, as non-linearities transfer particle number from superradiant to non-superradiant states, although a small
fraction of the particles may escape the cloud. Once the cloud occupation numbers are depleted by the bosenova-
collapse and the field decreases below the critical value, the superradiant instability may restart, until a new bosenova
event is triggered. Since such processes are fast, we may to a first approximation consider that the pions remain, on
average, close to the critical occupation number once it is first reached. This may be computed by using the critical
pion number density n.o ~ po¢? within the toroidal 2p-cloud as described above, yielding:

Ny > 60071'204;5’ , (29)

which depends on the black hole mass. For instance, for a black hole mass M = 5.5 x 10! kg, we find Ny ~ 3 x 10°,
corresponding to a cloud density pg ~ 9 x 10'7 kgm > that is close to the nuclear density pn >~ 1.7 x 1018 kg m 3 (1
nucleon per 1fm3), as one would expect since pion self-interactions reflect the underlying strong nuclear force.

We are interested in computing the photon flux associated with neutral pion decay in such critical superradiant
clouds. First, let us note that the variation of the black hole’s mass and spin are AM = pgNp, and spin, AJ = Ny
for Ny neutral pions produced in the 2p-cloud, yielding the relation:

AM AJ

T Ol (30)

where M and J denote the black hole’s initial mass and spin. We may use this relation and the fact that the final
values of the black hole’s mass and spin must lie along the curve I'cy; = 0, corresponding to the boundary of the
blue region in Fig. [3| to determine how much mass and spin a given black hole loses due to superradiance. The rate
at which the cloud loses energy corresponds to the photon luminosity Ly ~ 2NoI'x, E,, where E., ~ /2 since the
pion’s are non-relativistic. Hence, the lifetime of a critical superradiant neutral pion cloud is tcoug = AM/Lg. For
instance, for a near-extremal black hole @ = 0.99 with mass M = 5.5 x 10!! kg, this yields t.jouq ~ 1.4 Gyr, i.e. pion
superradiance can be active on cosmological time scales.

Since black holes in the relevant mass range are evaporating today, te, ~ 10 Gyr, we conclude that superradiance
shuts down well before the black hole’s evaporate significantly, and we may, to a first approximation, neglect the
effects of Hawking evaporation on the black hole’s mass and spin evolutio

We can do a more accurate computation by taking into account that the critical neutral pion number depends on
the mass coupling 0, which decreases as the black hole loses mass through superradiant pion production. Since
the superradiant instability grows much faster than the cosmological time scale in which the black hole effectively
loses mass and spin, we may assume that the cloud is always, on average, close to criticality, with the critical number
varying adiabatically. While in the superradiant regime, the differential equations governing the dynamics of the black
hole’s mass and spin, as well as the number of photons emitted through neutral pion decay are then given by:

dM dJ dN.
— = —uol'soNeg, — = —T'soNgo , il
dt Mol s04Vco i 04Vco i

=92 Neo , (31)

2 Assuming the inflaton field has a non-vanishing mass at the minimum.
3 Note that a significant loss of mass and spin through Hawking evaporation only occurs towards the end of a black hole’s lifetime [47].



where Nyg = Ngo(M) and is thus time-dependent. Note that here we neglect stimulated decay and photon annihilation
as considered e.g. [13] in the axion case, since such processes are sub-leading for pions, which are not produced in
such large numbers as axions. Once the system leaves the superradiant regime, I'cfs < 0, all pions essentially decay
into photons. Solving these equations numerically for the initial black hole mass and spin given above, we obtain that
the production of neutral pions is effective over a period tcouq =~ 0.8 Gyr, slightly smaller than our earlier estimate
given the increase in the cloud’s luminosity over time as a result of the growth of the critical pion number with the
decrease in M. In Fig. [4] we show the time evolution of the black hole’s mass and spin, normalized to their initial
values, and we see that the black hole loses spin faster than it loses mass, as predicted above in Eq. .
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FIG. 4. Dynamics of the black hole’s mass and spin, normalized to their initial values M(t = 0) = 5.5 x 10! kg and
a(t = 0) = 0.99 under neutral pion superradiant instabilities.

Having determined the cosmological period during which superradiant pion production is active and the correspond-
ing photon luminosity, we may now compute the contribution of this process to the isotropic gamma-ray background
(IGRB) as a function of the primordial black hole abundance in the relevant mass and spin range. This diffuse
background fills the intergalactic medium, corresponding to the photon flux remaining after subtracting the flux from
known sources, and has been measured by different experiments, in particular HEAO-1 [59], COMPTEL [60], EGRET
[61] and more recently FERMI-LAT [62].

Let us assume that the distribution of primordial black holes in the relevant mass-spin range is isotropic on large
scales, thus originating also an isotropic photon flux from the decay of the neutral pions produced through the
superradiant instability. The photon flux measured today will thus be a superposition of all the photons emitted at
different epochs. We note that, even though our primordial black holes could form before reheating and the onset
of radiation-domination, and that superradiant instabilities can thus be active from very early times, only photons
emitted after recombination, in the cold dark matter (CDM) epoch, contribute to the IGRB, since before that emitted
photons quickly thermalize with cosmic photons and other particles in the ambient plasma, and thus contribute instead
to the Cosmic Microwave Background.

The emission rate per unit volume for a given energy E at a cosmological time ¢ is then:

dny AN,

7 (E,t) =nppu(t) 7 (E,t) , (32)

where n., and nppy are the number density of photons and primordial black holes, respectively. Since the Universe is
expanding, both the number density of primordial black holes and the photons’ energy at cosmological time ¢ will be
observed today with redshift factors (1+2)73 and (1+ 2)~1, respectively. Writing the primordial black holes number
density as nppu(t) = Qppm.o(peo/M#))(1+ 2)%, where Pe,0 is the present value of the critical density, Qppm o is the
abundance of primordial black holes today and M (¢) is the black hole mass, and following the same procedure as in



[45] [47], we estimate that the present flux of photons of energy F is given by:

dl
I~—F
dE
1 teloud (1 + Z) dZN
=—pc0f2 E dt Y (Ey(1 33
AP0 PBH,0 o/tm M) dEdt( o(1+2)), (33)

where Ej is the photon energy measured today, t,c. ~ 4 x 10° yr is the time of recombination and t.ouq ~ 1 Gyr is the
time at which superradiant pion production becomes ineffective as computed above. It is then clear that all relevant
photons are emitted in the CDM-dominated era, for which (1 + z) = (t/tg)~2/3. Note that here we are assuming that
no late time mergers (see below) spin up the black holes and that only superradiance is active.

We will consider two approximations to the spectrum of photons from neutral pion decay. As a first approximation,
we consider a monochromatic spectrum with E., = ug/2, such that:

42N,
dEdt

= 2N.I,,0(E — E,) . (34)

This would be exact if the pions in the superradiant cloud were at rest, which is not truly realistic since they have a
small average velocity ~ «,,0/2 as mentioned earlier, such that photons are emitted with energies in a range bounded
by po/2(1 £ au0/2). A better approximation is then to consider a Gaussian spectrum centered at half the pion’s
mass and width o = E,a,,0/2. The monochromatic approximation has the advantage of allowing for an analytical
expression for the present photon flux:

3/2 N
M

3 E
I(Ey) = EPC,OQPBH,OFﬂ'OtO <0>

: (35)

£y

t=te (EO)

where the ratio N.o/M is evaluated at the time t,.. < t. < tcoud at which photons of energy Ey were emitted, such
that Eg(te/ to)_g/ 3= E,. The time interval from recombination until the neutral pion cloud decays away thus sets
the energy range of the present photon spectrum. For the Gaussian spectrum, the integral in Eq. has to be
computed numerically.

In Fig. [5| we show the prediction for the photon flux for both spectral approximations for a black hole with initial
mass M = 5.5 x 10! kg and initial spin @ = 0.99, alongside the measured IGRB flux. In this figure we have
selected the maximum value of the fraction of dark matter in the form of such primordial black holes, define via
Qppr = fQcpu, such that the photon flux from superradiant neutral pion clouds never exceeds the measured IGRB
flux. This representative example yields the upper bound on the primordial black hole abundance f < 1077 (7 x 10~%)
for a Gaussian (monochromatic) spectrum.

In Fig. [6] we show the upper bounds on the primordial black hole abundance in the mass-spin Regge plane, consid-
ering only the region where superradiant pion production is effective as previously shown in Fig. [3]

The obtained bounds are comparable to those coming from the contribution of Hawking evaporation of such
black holes to the IGRB [45] [47], for high spin values, being slightly more relaxed for the lowest allowed black
hole spins. This is not surprising, since for highly spinning black holes a non-negligible fraction of the black hole’s
mass is converted into gamma-rays via superradiant pion production and subsequent pion decay. Also the Hawking
temperature Ty ~ (8mM)~! ~ uo/(8may,) is comparable to the neutral pion’s mass since a9 ~ O(0.1) in the relevant
black hole mass range, so photons from evaporation and superradiant pion decay have comparable energies.

Even though the bounds on f from superradiance and Hawking evaporation are comparable, we note that the
photon spectrum is distinct in both cases, which in the future could be used to distinguish these processes in the
event of a detection of features in the IGRB spectrum in the few MeV energy range.

B. Charged pions 7™

Charged pions have a similar mass to the neutral pions, py ~ 139 MeV, as a result of the underlying approximate
isospin symmetry, but can only decay via weak processes, the dominant one being 7+ — p* v, for the positively charged
pion. This makes them live much longer than neutral pions, despite the loop-suppression of the electromagnetic neutral
pion decay, with a lifetime '} ~ 2.6 x 10=% s [52]. This implies that superradiant charged pion production can be
efficient for much smaller black hole spins, as illustrated in Fig. [7] Self-interactions of the charged pions are also
comparable in magnitude to the neutral pion quartic terms, which in principle would allow superradiant 7%+ clouds
to grow until they are close to the nuclear density.
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However, one must take into account that other relevant electromagnetic processes, namely charged pion annihilation
into photons, 777~ — 7y, may deplete the pion cloud in the charged case. The annihilation rate per pion pair,
computed in Appendix A, is given by I'y ~ (7a?)/(243 Viiouq) in the non-relativistic limit, where « is the fine-
structure constant, and Vijouq =~ 507273 is the superradiant cloud’s volume (i.e. the volume within which the majority
of pions are contained). We also take the number of positively charged pions to be the same as the number of
negatively charged pions, since the superradiant instability does not distinguish particles and anti—particlesﬁ Hence,

4 Superradiant clouds are presumably born from initial quantum fluctuations in the complex scalar field which may in principle be charged,
yielding a final charge asymmetry, but this will not significantly affect our estimates.
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possible (without taking annihilation into account).

the number of charged pion pairs in the cloud, Ny = N_, evolves according to

AN,

7 = Lo+ = Tr )Ny — LoNE (36)

where we discard self-interactions. There is only a net production of charged pions if dN, /dt > 0, yielding an upper
bound Ny < Ng4:

Tyy — Ty, Tap
Ny ="~ . 7
+ T T (37)

We plot this critical number in Fig. [8] and one can see that even for large black hole spins we have N.; < 50, such
that annihilation quenches the charged pion superradiant instability well below the nuclear density, i.e. even before
self-interactions become relevant for the dynamics. Maintaining a single charged pion pair in the 2p bound state
requires a significant black hole spin, @ 2 0.6, and for @ < 0.8 superradiance can sustain only a few 7% pairs in the
cloud. We note that for such small occupation numbers our classical treatment of the superradiant instability may
break down, but we may confidently conclude that neutral pions are produced in much larger numbers than charged
pions within the superradiant clouds.

Using the same approach as in Eq. , we can estimate how much mass and spin the black hole loses with the
condition that the black hole stops producing charged pions effectively when N., = 0, i.e. all pions have annihilated
into photons. We may approximate the luminosity of the superradiant cloud due to the photons from charged pion
annihilation as L, ~ 2N T',u4, where the photon energy is taken to be approximately E, = pi. For a black hole
with mass M = 5.5 x 10" kg and spin @ = 0.99, we estimate that the cloud’s lifetime is toouq ~ 10'2? yr, much
larger than for neutral pions due to the smaller pion number and luminosity. However, since black holes with such
mass evaporate in ~ 10'° yr, we expect Hawking evaporation to start spinning down the black hole significantly after
~ 1 Gyr, at which point superradiant charged pion production will also become inefficient compared to annihilation.
Hence, taking this into account we do not expect charged pion clouds to live longer than their neutral counterparts.

Given the much smaller occupation numbers and consequently the lower luminosity, the charged pion clouds will
have a much smaller impact on the black hole’s mass and spin depletion and on the IGRB flux. We have performed
a similar analysis to the one described earlier for the neutral pion clouds, and concluded that the constraints on the
primordial black hole abundance are much less stringent in the charged case. For instance, for our working example of
a black hole with M = 5.5 x 101! kg and a = 0.99, we obtain f < 6x 107° (3 x 10~°) for a Gaussian (monochromatic)
photon emission spectrum. Thus, if we take into account the effects of both neutral and charged pion production, it
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is the former that yields the most stringent bounds on a primordial population of highly spinning black holes. Even if
charged pion production can occur for much lower black hole spins, the number of charged pairs surviving annihilation
is only non-negligible for highly spinning black holes, so that in practice both types of superradiant clouds are only
generated for @ 2 0.8 — 0.9.

IV. DIRECT DETECTION OF SUPERRADIANT PION CLOUDS

In addition to considering the effects of a cosmological population of highly spinning primordial black holes on the
diffuse IGRB, we may ask whether one can directly detect the photons emitted by superradiant pion clouds within
a point-like source containing such primordial black holes. We have concluded earlier that such clouds may live for
up to ~ 1 Gyr, after which pion production becomes inefficient both in the neutral and charged cases. This implies
that we must search for high-redshift sources, z 2 7, which are of course intrinsically difficult to detect. Such sources
should also contain a large number of highly spinning primordial black holes so as to maximize the gamma-ray signal,
so that we may consider e.g. looking for super-clusters at high redshifts.

Let us then estimate the expected flux from such a source, namely from neutral pion decay in superradiant clouds,
which as we have seen is the dominant process. First, the absolute luminosity of a single primordial black hole that
develops a critical superradiant cloud at the nuclear density is, as we have seen before:

M -3
Lo = 2T, Neopto =~ 9 x 10" [ ———— W . 38
0 o4Veo o x <5 < 1011 kg) (38)
An astrophysical object of mass Mg, which we assume to be dominated by cold dark matter with a fraction f of
highly spinning primordial black holes, will then shine due to neutral pion decay as:

Mg B f Mg M —
LG = f—Ln~1 4 —_— _— L
fog to=10 (107> (M®> (5 x 1011 kg) @ (39)

where Mg and L are the Sun’s mass and total luminosity, respectively. The gamma-ray luminosity of an astrophysical
system due to the superradiant pion clouds can thus be quite large, but as we have discussed the objects must be quite
far away for superradiant clouds to still be active, so we need to estimate the observable photon flux. The luminosity
distance is related to the cosmological redshift via:

dr(z) :cHgl(z—i—%(l —q0)2*+...) , (40)
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where Hy ~ 70 kms~'Mpc ™! is the present Hubble constant and gy ~ —0.54 is the present value of the deceleration
parameter. This yields dr,(z = 7) ~ 190 Gpc. From this we may compute the flux F§' = L§ /(47d?), obtaining:

—4 _9

FG BT Mg M dy Y
~3.5x10 _ar hotors = i

X (107) (10152\[@) (5 % 1011 kg) (200 Gpc) photons cm s (41)

This is, unfortunately, too low a flux to be observed with current technology, even maximizing the primordial black
hole dark matter fraction allowed by the IGRB data and considering very large superclusters, such as the protocluster
of galaxies observed a redshift z ~ 5.7 with mass 4 x 10 M, [63]. For comparison, COMPTEL’s narrow line sensitivity
in the few MeV range is ~ 107° — 10~* photons cm ™ 2s™!, with the proposed AMEGO survey improving this by only
one order of magnitude [64]. The estimate above suggests roughly that one would need a detector with an effective
area ~ 10 m? operating over a few years to have at least a few photon counts.

If such technology becomes available at some stage in the future, observing a neutral pion decay line may not
be sufficient to claim a detection of primordial superradiant clouds. However, a ‘smoking gun’ for primordial pion
superradiance could come from observing simultaneously the lines corresponding to neutral pion decay and charged
pion annihilation, with a redshift-independent frequency ratio ug/2p ~ 0.486, and an intensity ratio given by:

&N Ho FTro NcO

~ ~10* - 10° . 42)
Ly 2py Ty N2y (

Of course the spectral line from charged pion annihilation is much more difficult to detect, requiring even better
sensitivity, so this would be extremely hard to probe, but if possible it would provide definite evidence for dense pion
clouds in an astrophysical environment, requiring a continuous pion production that compensates for their decay and
annihilation, which would strongly suggest primordial black hole superradiance.

One may also speculate about the possibility of keeping superradiance active at later times, for instance if primordial
black hole mergers can keep the black holes’ spin high, counteracting the effects of both superradiance and evaporation,
at least for a fraction of the original population. This would then allow for looking at much closer sources, potentially
within the reach of planned detectors such as AMEGO.

V. CONCLUSION

In this work, we have analyzed the generation of superradiant pion clouds around primordial black holes in the
10'* — 10'2 kg mass range. We have concluded that an efficient pion production is only possible for very high black
hole spins, @ 2 0.8 — 0.9, in order to overcome both the neutral pion decay and charged pion annihilation. In addition,
our results show that while neutral pion clouds can reach close to the nuclear density before self-interactions quench
superradiance, charged pion clouds have much smaller occupation numbers due to their efficient annihilation into
photons.

Photons from neutral pion decays in such superradiant clouds can contribute to the diffuse IGRB. We have computed
the resulting photon spectrum, taking into account all the photons emitted from superradiant clouds from the epoch
of recombination until superradiance is quenched at t.,q ~ 1 Gyr after the Big Bang. We then used the measured
IGRB flux in the MeV range to obtain an upper bound f < 1077 on the fraction of dark matter in primordial
black holes in the relevant mass and spin range. This bound is comparable to the IGRB bound from Hawking
evaporation in the same mass range, although the latter exhibits only a mild dependence on the black hole spin,
while superradiant pion production places bounds exclusively on highly-spinning black holes. Although photons from
charged pion annihilation also contribute to the IGRB, the lower density of charged pion clouds makes the resulting
flux considerably smaller, yielding much less stringent bounds on the primordial black hole abundance.

Finally, we have considered the possibility of directly detecting both spectral lines associated with superradiant
pion clouds, showing that their specific frequency and intensity ratio could constitute a smoking-gun for primordial
superradiance. However, since superradiant clouds decay away before the present day, this requires looking at high-
redshift sources, resulting in a very small photon flux beyond the reach of current technology. More optimistic direct
detection prospects may nevertheless be envisaged in case there is some mechanism to counteract the decrease of the
black hole spin due to both superradiance and evaporation beyond the cloud’s lifetime estimated in this work, for
instance through efficient black hole mergers. This may potentially be significant for primordial black holes living in
dense regions, where single or even multiple mergers may increase both the mass and spin of the black holes, possibly
bringing some of them into the pion superradiance regime. If this is the case, the corresponding pion gamma-ray lines
with the properties estimated in this work could be observable at lower redshifts, and would constitute a smoking-gun
for primordial black hole superradiance.
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We note that in our analysis we have included the basic processes shaping the dynamics of superradiant pion
clouds, namely superradiant pion production and their subsequent electromagnetic decay and/or annihilation. Our
conclusions thus rely on these constituting the dominant processes up until pion self-interactions become relevant
close to the nuclear density, or equivalently until the pion condensate reaches values near the pion’s decay constant
within the cloud. Numerical simulations for axion-like fields, which are qualitatively similar to neutral pions, support
an onset of field non-linearities and consequent quenching of superradiance when ¢ S f [56, 57], while some analyses
argue for an earlier saturation of the number density [2] [65]. The latter do not, however, take into account the effect
of self-interactions on the mass of the scalar field, as we argue in Appendix B, so we are confident that our estimates
constitute a realistic approximation. It should nevertheless be acknowledged that, near the critical density, other
nuclear processes may come into play and that these may potentially have some effect on the dynamics of pion clouds
and their associated luminosity. Such an analysis is, however, beyond the scope of the present work, where our main
goal was to describe the essential dynamical features of these clouds and show that already quite stringent bounds on
the abundance of highly spinning primordial black holes can be derived in this context. We nevertheless hope that
this work motivates further exploration of this topic.
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Appendix A: Charged pion annihilation rate

To compute the annihilation rate of charged pions into photons, 77~ — ~v, we consider the effective QED
Lagrangian for charged pions, which is given by the Lagrangian density:

1
L =—0,00"¢" — pppt — ZF’“’FW +eA,Jt — 2 A, AP ppT (A1)

where J,, = ie(qf)@P@T — ¢78M¢). The corresponding vertices involving charged pions are

v v

Tt -

k1 ko
\ / + (k1 — ko) + 1:1\

VNN
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™

This results in the matrix element M = —ie?e,, (k1 )e, (k2) MM, with
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where we used the fact that the Ward-Takashi identities are satisfied, i.e. k1, M*" = ko, M* = 0 and that e(k;)-k; = 0.
After averaging over the photon polarizations and some algebra, we obtain

5M8 — 4w+ t)ub + pt(u? + %) + ut?

M%) por = A3
(l ‘ )pol = (u2 —1)2(p2 — u)? (A3)

In the non-relativistic regime, s ~ 4u2. Using the equality s 4+ ¢ + u = 2u? and ¢t ~ —p?, it leads to
(M) por = 2¢* = 321202, (A4)

where « is the fine structure constant.
For such a configuration of particle scattering, 7~ (p1) + 7+ (p2) — (k1) + v(k2), the cross section takes the form:

d3ky d®ks

2
kb | N
AE, Ezlvl vz\/ 2m)52Ey, (2m)P2E,, O Wt T2 k= k)Ml (A5)

0i =

which in the center-of-mass frame can be simplified to

WM MaP »
! 167s |p1|  32my/s(s — 4u2)

The annihilation rate is computed by multiplying the incident flux and the cross section. Considering that we have
the same number density for each species of incident particles, then the flux is given by f = n +|v; — va], resulting in
the annihilation rate per particle:

2 321202
I, = A7
¢ V::loud 327s ( )
2
yiyes
~ A8
2,U/2Vcloud ( )

Appendix B: On the effects of non-linear scalar field interactions

It has been claimed in the literature [2, 65] that scalar self-interactions for pseudo-scalar fields such as axions or
axion-like fields like pions become relevant for field values within the cloud below the corresponding decay constant.
Such a claim is based on a non-relativistic approach to the problem, which we argue here must include the effects of
self-interactions on the field’s mass, being otherwise inconsistent.

Let us consider the Klein-Gordon equation for a real scalar field with quartic self-interactions, representing the
leading non-linear effect in the scalar potential:

A
7guyvuvu¢ + ,LL2¢ - g¢3 =0. (Bl)

Let us consider the non-relativistic/weak gravity limit of this equation in a Schwarzschild background (rotation is
irrelevant for this discussion). For this, we consider an ansatz for the field:

(z) — (we—iwt + w*eiwt) , (Bz)

where we assume that the spatial and temporal variation of v occurs on scales much larger than w=!. For r > 2M
(justified in the non-relativistic limit «,, < 1), the equation for ¢ is given by:

A o .
——qpPe3 | coc. (B3)

{1& — 2wy — <1 + 2M) wp — V2 + e — A@z;w} e L ce =
T 4w 12w

Averaging over the rapidly oscillating terms and taking 1/) < 2iw§/} in the non-relativistic approximation where
varies slowly compared to e*™?, we obtain the Schrédinger-like equation:

2
i¢:—M+i [— <1+2i\/l>w + 1 |1/)2} (B4)
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Now, to leading order we can neglect the spatial and temporal gradients of ¢ (and consistently the gravitational
effects), yielding:

P == (B5)

Hence, in the absence of the non-linear potential term we may consistently set w = p as standard in the literature.
However, we see that the non-linear term contributes to the effective mass of the scalar field, and for constant v this
would be the leading non-linear effect. Field gradients prevent us from absorbing all the non-linear effects into the
effective mass, but we may use e.g. a mean-field approach and split the non-linear potential term as follows:

. 2 M A
=== M (ol = o) ¥+ o (= el v (B6)

2w r

where the average particle number density is given by:
ol = () = 5 [ dalult, (B7)

with N = [ d3x||? denoting the total particle number within the scalar cloud. This then consistently allows for
the inclusion of the mean-field effects into the field’s effective mass w? = p? — A1bg|? /4w, leaving the non-relativistic
Schrodinger equation:

2
e A (P o) v (B3)

2w r

i = —

Now, if we take the non-linear term as a perturbation to the gravitational problem, we see that:

Al
(V) = TIEN (|9 =[P =0, (B9)
so that this term does not modify the spectrum of gravitationally bound states to leading order in perturbation theory,
independently of the average particle number density, and effects arise only at O(\?). Note also that the scattering
cross-section for ¢¢ — @¢ is also an O(A\?) effect.

Thus, considering simply the non-linear self-interactions obtained in the non-relativistic regime discarding the mean-
field contribution to the effective scalar mass in the presence of a non-trivial field condensate is, as shown above, an
inconsistent procedure. The non-relativistic effects of the self-interactions are much smaller than their contribution
to the field’s mass, and in fact when ¢ ~ fr (i.e. [tpg|? ~ u3/A) the effective mass w becomes too small for the
non-relativistic approximation to hold.
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