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Light axions (ma ≲ 10−10 eV) can form dense clouds around rapidly rotating astrophysical black holes
via a mechanism known as rotational superradiance. The coupling between axions and photons induces a
parametric resonance, arising from the stimulated decay of the axion cloud, which can rapidly convert
regions of large axion number densities into an enormous flux of low-energy photons. In this work we
consider the phenomenological implications of a superradiant axion cloud undergoing resonant decay. We
show that the low-energy photons produced from such events will be absorbed over cosmologically short
distances, potentially inducing massive shockwaves that heat and ionize the intergalactic medium over Mpc
scales. These shockwaves may leave observable imprints in the form of anisotropic spectral distortions or
inhomogeneous features in the optical depth.

DOI: 10.1103/PhysRevD.102.103018

I. INTRODUCTION

The evidence for the existence of dark matter is abundant
in both cosmology and astrophysics, however its under-
lying nature has evaded detection efforts for decades. The
axion, a pseudo-Goldstone boson arising from the breaking
of a global UPQð1Þ symmetry, has recently emerged as one
of the most favored dark matter candidates. Originally
introduced as a solution to the strong-CP problem [1–4], it
was soon realized that light axions ma ≲ 10−3 eV were
both cosmologically stable and could be abundantly pro-
duced in the early Universe via the misalignment mecha-
nism [5–8]. Ultralight bosonic fields have also been
predicted to naturally appear from moduli compactification
in string theory [9,10]; while these particles do not solve the
strong-CP problem, they behave in a comparable manner to
the QCD axion, and thus are frequently referred to as
axionlike particles. In what follows, we will use the word
“axion” interchangeably to refer to both.
Light axions with masses ma ≲ 10−10 eV are known to

trigger instabilities around rotating astrophysical black
holes, even if their initial abundance is negligibly small.
This process, known as black hole superradiance, produces
an exponentially growing boson cloud at the expense of the
black hole’s rotational energy [11–16] (see [17] for a recent
review on rotational superradiance and its application to
black hole physics). In the limit that the axion’s interactions
can be neglected (that is, the limit that the axion’s equation
of motion is governed by the Klein-Gordon equation), the

axion cloud will grow until either the superradiant con-
dition, given by ω < mΩ—with ω the energy of the mode,
m the azimuthal quantum number and Ω the rotational
frequency–is violated or a significant fraction of the black
hole’s rotational energy has been extracted1; this cloud will
then slowly decay via the emission of gravitational waves,
with amplitudes that may be detectable in future experi-
ments [20–25]. Observations of highly rotating black holes
have consequently been used to probe and constrain light
non-interacting bosons with masses in the range 10−21 ≲
mϕ ≲ 10−10 eV [9,20,21,24–28].
The existence of self-interactions or couplings to other

particles may complicate and quench the superradiant
growth; for example, in the case of the axion, self-
interactions become important when the field value a
approaches the axion decay constant fa, and may produce
an explosion known as a ‘bosenova’ [9,20]. Particle
production and scattering processes may dramatically
increase the characteristic timescale required to extract
the black hole’s angular momentum, and thus provide a
natural way for evading current superradiant constraints
[29–31]. More recently, it has been pointed out that the
parametric resonance arising from the repeated stimulated
decay of a superradiant axion cloud may quench the
growth, producing in the process an enormous flux of
low-energy photons [26,32–34]. While initial studies of
this phenomenon assumed adiabatic evolution in a flat
spacetime, recent work has demonstrated that axion fields
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1Current work suggests the appearance and growth of the
instability is robust against gravitational emission, backreaction
on the metric, and the presence of accretion disks [18,19].
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coupled to electromagnetism in Kerr background robustly
exhibit this phenomenon, so long as the axion-photon
coupling exceeds a threshold value [33,34].
In this work we investigate the phenomenological

implications that would arise from the resonant decay of
a superradiant axion cloud. We show that the low-energy
photons produced in the resonant decay have short cos-
mological mean free paths, and are typically absorbed over
∼OðpcÞ scales. This leads to enormous pressure gradients,
which can induce a shockwave thats heats and ionizes the
surrounding medium as the shock front pushes outward.
We show that these shockwaves leave anisotropic features
in the spectrum and optical depth of the cosmic microwave
background (CMB); individual features for a single black
hole may be detectable with near-future spectral distortion
experiments, while large-scale features arising from the
cumulative distribution of black holes may be near current
detection thresholds, however this latter point requires a
more dedicated study.
This manuscript is organized as follows. We review the

phenomenon of axion induced black hole superradiance in
Sec. II, including possible outcomes (specifically we focus
on the possibility of either a bosenova or photon production
via resonant decay). In Sec. III we discuss the propagation
of the low-energy photons in the intergalactic medium
(IGM), and the subsequent formation and properties of the
shockwave. Observable features arising from such shock-
waves are discussed in Sec. IV. We conclude in Sec. V.

II. AXION SUPERRADIANCE

Rotational superradiance is a phenomenon that occurs
when a low-energy boson with energy ω < mΩ scatters off
an absorbing surface rotating with frequency Ω (m here
being the azimuthal quantum number). In this scattering
process, the amplitude of the reflected boson field is
enhanced with respect to the incident amplitude. Should
there exist a confining mechanism for the reflected radi-
ation, this process will extract the rotational energy at an
exponential rate until the growth is quenched by additional
interactions or the superradiant condition is no longer
satisfied.
In the context of black hole superradiance, a nonzero

particle mass naturally acts to confine the light boson
around the black hole, and exponential growth can occur.
The timescale of the instability is directly related to the
mass of bosonma and the black holeM, and for the case of
scalar particles can be as large as (in the limitGmaM ≪ 1

2)
[20,35–37]

τsr ∼ 102
�

M
10 M⊙

��
0.2

GmaM

�
9

s: ð1Þ

The size of the generated axion cloud is approximately
given by

rcloud ∼
ðlþ nþ 1Þ2GM

ðGmaMÞ2 ; ð2Þ

which extends well beyond the horizon where rotational
effects can be neglected.
Assuming the axion potential is given by the conven-

tional

VðϕÞ ¼ m2
af2a

�
1 − cos

�
a
fa

��
; ð3Þ

nonlinear self-interactions of the axion may become
important when the mass contained in the axion cloud
Ma is [38–40]

Ma ∼ 1600ðGMÞf2a; ð4Þ

with mp the Planck mass; we emphasize that this relation
was computed for GmaM ∼ 0.4 only, and the scaling with
this parameter has not yet been rigorously tested. Should
the axion field grow to this point, a bosenova may ensue in
which axions are partially ejected and partially absorbed by
the black hole. Axions, however, generically couple to
electromagnetism via

L ⊃ −
gaγγ
2

aFμνF̃μν; ð5Þ

where F and F̃ are the electromagnetic field strength tensor
and its dual; this coupling generates a two-body decay to
photons, which in the case of nonrelativistic axions are
approximately monochromatic with energies Eγ ∼ma=2. If
the axion field is sufficiently dense and the energy
distribution sufficiently narrow, the production of photons
at this frequency via axion decays may stimulate the decay
of the other axions in the cloud [41–48].3 This process is
typically suppressed in conventional astrophysical and
cosmological environments, due to either the finite width
of the axion momentum distribution or gravitational detun-
ing (see e.g., [46,47]); superradiant axion fields naturally
evade these concerns, however, due to their enormous
densities. Should the resonant decay of a superradiant axion
cloud occur, an enormous burst of monochromatic

2We work here with ℏ ¼ c ¼ 1.

3It is worth mentioning that the difference between the
resonant decay of the axion field (i.e., the focus of this work)
and the stimulated decay discussed in [49,50] is that the latter
does not assume photons produced from the decays of axions
contribute to the photon occupation number responsible for
stimulating the decay; rather, the photon occupation number is
assumed only to arise from CMB photons, galactic synchrotron
and free-free emission, etc. The approach of [49,50] thus
represents the conservative limit of the resonant decay process.
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low-energy photons will be emitted that will propagate
away from the black hole and into the IGM.
It has recently been shown numerically that an axion

field coupled to electromagnetism in a Kerr metric does
indeed induce this parametric resonant decay, but only if
the axion-photon coupling is sufficiently large. The con-
dition derived on axion-photons couplings for which this
occurs is given by [33,34]

gaγγ ≳ 10−19

ffiffiffiffiffiffiffi
M
Ma

s
1

ðGmaMÞ2 GeV−1: ð6Þ

One can compare the fractional mass in the axion cloud at
the time of a bosenova with that at the time of the
electromagnetic burst [i.e., Eq. (4) with Eq. (6)]; assuming
fa ∼ 1=gaγγ

4 one finds the axion decay occurs prior to the
bosenova if

2 × 103ðGmaMÞ4 ≳ 1: ð7Þ

This relation is only valid at ðGmaMÞ ∼ 0.4 (note for a
1 M⊙ black hole, this choice corresponds to an axion mass
of ma ∼ 6 × 10−11 eV) as Eq. (4) has only been derived at
this value—here, one finds the condition is, at least naively,
safely satisfied. The peak luminosity was estimated numeri-
cally, and was found [assuming ma ∼ 0.2=ðGMÞ and a
coupling gaγγ near the threshold value] to be roughly [34]

dE
dt

∼ 1066
�
Ma

M

�
eV=s: ð8Þ

This emission is expected to occur in bursts; while the
properties of the bursts are not known, we can approximate
the time between bursts as the timescale required to
replenish the axion cloud τb ∼ 102τsr, and the duration
of the bursts τΔ ∼OðmsÞ [26]. We caution the reader that
large uncertainties are associated with both of these
numbers. We can also estimate the average luminosity
over timescales t ≫ τb, which is roughly given by

L̄ ∼
�
τΔ
τb

�
L: ð9Þ

The size of the axion cloud when these bursts occur has
also not been robustly determined. We can, however,
determine an upper limit by requiring that this emission
does not significantly change the total black hole spin—in
this way, this axion candidate can evade current super-
radiant constraints. We do this by imposing that the

time-integrated luminosity does not exceed a fraction β
of the black hole’s rotational energy—for the results
presented here, we will fix β ¼ 0.5 in order to optimisti-
cally assess the detection thresholds. In general, axion
superradiance is expected to occur until the black hole mass
grows to a point where either the superradiant condition is
no longer valid or the timescale for superradiance is longer
than the age of the Universe. The most likely process for
changing the black hole mass is accretion. The minimum
timescale over which accretion is expected to change the
black hole mass is given by τedd, i.e., the characteristic
timescale for Eddington limited accretion, given by [17]

τedd ≃
M
_M
∼

ϵσT
4πGmp

∼ 1.4ϵ × 1015 s: ð10Þ

Here, ϵ is the radiative efficiency of the black hole, taken
here to be ∼0.3 [52]. The constraint on the mass of the
axion cloud is thus given by

�
Ma

M

�
≲ β

�
M
M⊙

��
τb
τΔ

��
s

τedd

�
: ð11Þ

This value is maximally saturated near 10−6, suggesting a
maximal peak luminosity near 1060 eV=s, although this
value may also be smaller.
It is worth mentioning that Ref. [26] argued for the

existence of a maximum black hole mass Mc ∼ 10−2 M⊙,
above which the parametric resonance would not occur.
This argument, however, was derived for the QCD axion,
and does not generically apply to axionlike particles. Here,
we focus on astrophysical (rather than primordial) black
holes, and thus the remainder of this discussion applies
only to axionlike particles.
Finally, a comment is in order regarding the environ-

mental dependence of these events. Photons acquire an
effective mass in the IGM due to their interactions with the
ambient plasma, given by the plasma frequency:

ωp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
4παne
me

s
; ð12Þ

where ne is the electron number density. The plasma
frequency in IGM at redshifts z≲ 20 has typical values
of the order ∼10−14 eV, and thus axions of mass ma ≲ 5 ×
10−13 eV are kinematically forbidden from decaying to
photons, unless they reside in a large under density. For this
reason, we choose to focus our attention on black holes
with masses M ≲ 5 × 103 M⊙. It is important to bear in
mind that black holes with masses near this threshold must
reside in regions of the Universe where the baryon over-
density, Δ≡ nb=n̄b, is not enormously different from one.
While black holes are of course expected to preferentially
be found in over dense regions, simulations of black hole

4In general there also exists an additional model-dependent
prefactor relating fa to gaγγ which may significantly alter this
relation. For the QCD axion, relation changes to fa ¼
α=ð4πÞ × ðE=NÞ, with E and N given by anomaly coefficients
(see e.g., [51]).
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mergers have suggested that remanent black holes may be
produced with velocities ∼Oð5000Þ km=s [53–60]—these
“superkicks” are expected to occur when the spins of the
merging black holes are antiparallel and lying in the orbital
plane. Even larger kicks, potentially reaching v ∼ 0.1, may
be generated should the merging black holes have hyper-
bolic encounters and the collision be ultrarelativistic [61].
Black holes formed with such superkicks may easily escape
their host galaxies, and if traveling at such speeds these
objects will have highly suppressed rate of accretion,
meaning it may be possible to escape their local environ-
ment before accumulating any additional matter. An alter-
native possibility is that the supernova responsible for the
creation of the black hole itself may be capable of ejecting
sufficient material to reduce the local plasma mass below
the kinematic threshold. Thus, the proposition of finding
massive black holes in regions of Δ ∼ 1 does not seem
unfathomable, although this problem presents an unavoid-
able uncertainty which may complicate an estimate of the
net rate at which shockwaves are formed.
Finally, the above concerns may be circumvented if the

electromagnetic fields near the black hole are large. In this
case, the photon dispersion relation can be modified, and
the effect of the plasma mass can be dramatically reduced
[62,63]. This was recently pointed out in the context of
photon superradiance [64].

III. SHOCKWAVES IN THE IGM

Axion clouds undergoing resonant decay can produce
photons with short mean free paths in the IGM. Such
low-energy photons efficiently heat the gas via free-free
absorption. The rate of absorption per unit volume is given
by [65]

Γff ¼ nγneσff; ð13Þ

with the free-free cross section in the limit Eγ ≪ T

σff ≃
4π2ασTffiffiffiffiffiffi

6π
p np

ffiffiffiffiffiffi
me

T

r
gffðEγ; TÞ

TE2
γ

: ð14Þ

Here, T is the temperature of the gas, xe ≡ ne=nH is the free
electron fraction with ne and nH the electron and hydrogen
number densities, np the proton number density, and gff
the gaunt factor, approximated here as [65]

gff ≃ 4.691

�
1 − 0.118 ln

�
νγ

1010ðT=104 KÞ3=2
��

: ð15Þ

For electron number densities and temperatures typical of
the IGM, the mean free path of these particles, given by
λmfp ¼ ðne × σffÞ−1, can be much smaller than parsec
scales. If one assumes ∼1057 eVs of energy (i.e., assuming

1060 eV=s imparted over a burst width of 1 ms5) are
instantaneously deposited in a parsec-sized volume, one
expects the ambient particles to be heated to temperatures
as high as ∼1012 K (in this estimation we have taken z ¼
15 and xe ∼ 10−4). The large pressure gradient induced
from this heating will induce an outward driven shockwave
that sweeps through the IGM, heating and ionizing large
regions of space; we attempt to quantify the effects of such
a process here.
Before continuing, we identify the regions of parameter

space for which a shockwave may develop. First, we are
interested in considering astrophysical black holes, and
thus we restrict attention to M ≳M⊙. For a given black
hole mass, there will exist upper and lower limit on the
axion mass, the former of which is set by requiring the
superradiant condition is valid, and the latter by requiring
the superradiance timescale is sufficiently small so as to
extract energy. If the black hole mass is too large, axion
decay may also be forbidden, and if the black hole is too
small, the mean free path may be so large that energy
deposition is not efficient enough to drive a shock wave (we
set this limit to be the point where the total energy injection
over the Eddington accretion timescale only amounts to
102 eV=baryon, however observable effects likely require a
much greater energy injection). We plot in Fig. 1 the mean
free paths of the photons produced as a function of black
hole mass (for a fixed axion mass), assuming the event
occurs either prior to reionization at z ¼ 15 or postreioni-
zation at z ¼ 6. The regimes in which the superradiant
decay will be impossible or inefficient are identified
heuristically. Using Fig. 1, we identify the range of masses
most likely to induce shock waves as: 4 × 10−14 ≲ma ≲
6 × 10−11 eV. Using the condition on the axion-photon
coupling given in Eq. (6), we can identify the parameter
space in mass and axion-photon coupling potentially
capable of generating large shockwaves—this parameter
space is highlighted in Fig. 2, where we show for
comparison current constraints from helioscopes [66],
SN1987a [67], and haloscopes (light blue) [68–70], as
well as the parameter space favored by the QCD axion
[71] (green).
In order to address the potential implications of a

shockwave induced from the absorption of escaping
radiation, we adopt a formalism that has been developed
to trace the evolution of spherically symmetric explosions
in the IGM, initially intended to treat supernovae winds
from massive stars [72] (see e.g., also [73–78] for early
work on the subject). This treatment relies on the simple
assumption that there exists a three phase medium, con-
sisting of: (1) a dense shell of radius R and thickness δR
containing a fraction ð1 − fmÞ of the enclosed baryonic

5The luminosity is estimated here for a 10 M⊙ black hole
with Ma=M ∼ 10−7, and taking a duration given by twice the
de Broglie wavelength of the axion cloud.
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matter (assumed fm ≪ 1), (2) a uniform medium outside
the shell with mean IGM density, and (3) a hot isothermal
plasma inside the shell. The shell will be driven outward by
the pressure induced from the absorption and subsequent
heating of the radiation escaping the black hole. As the
shell expands, the plasma cools, ionizing the newly
encountered neutral hydrogen and dissipating energy via
Compton scattering with the CMB and bremsstrahlung
emission. The medium may also undergo heating via
collisions with the surrounding IGM. Eventually, the shell
velocity will asymptote to match the rate of expansion of
the Universe, and the internal temperature of the bubble
will dissipate and asymptote to the background value.
Following [72], the total mass in the shell at a time t is

given bymðtÞ ¼ 4
3
πRðtÞ3ð1 − fmÞρb, and the rate of change

is simply

_m
m

¼ 1

R3ρb

d
dt

ðR3ρbÞ ¼ 3

�
_R
R
−H

�
ð16Þ

if _R=R > H, otherwise 0 (implying the shell simply expands
outwards with the Hubble flow). The shell will experience
(1) a net braking force proportional to ð _R −H _RÞ _m asso-
ciated with the acceleration of the material encountered,
(2) an outward pressure force 4πR2p induced from the
hot interior, and (3) a gravitational deceleration force
4
3
πGRðρcdm þ ρb=2Þ þ GMBH=R2. One can show the result-

ant equation for the radial motion of the blast wave is
given by

_v¼ 8πGp
Ω2

bH
2Rγ3

−
3

R
ðv−HRÞ2−

�
ΩcdmþΩb

2

�
H2R
2

; ð17Þ

where the Lorentz factor γ3 accounting for the relativistic
suppression must be included to suppress the outward
force, since the initial wave travels very near the speed of
light. The equation of state for the interior of the plasma is
given by

E ¼ 3

2
pVsw; ð18Þ

where Vsw is the volume contained in the shock bubble
and p the pressure. Energy conservation mandates

dE
dt

¼ L − p
dVsw

dt
¼ L − p4πR2v: ð19Þ

The luminosity has contributions coming from: (1) the
interior luminosity contributed by the superradiant event
LSR, (2) Compton cooling off CMB photons Lcomp,
(3) Lbrem thermal bremsstrahlung emission, (4) Ld heating
from collisions between the shell and the IGM, and (5) Lion

FIG. 2. Axion parameter space identified as capable of inducing
shockwaves in the IGM. Shown for comparison are constraints
from helioscopes [66] and SN1987a [67] (red), and haloscopes
[68–70] (light blue). The edge of the QCD axion band is
highlighted in green in lower right corner [71].

FIG. 1. Mean free path of photons produced from the resonant decay of superradiant axions of mass ma near a black hole of massM,
assumed to occur at z ¼ 15 (left) or z ¼ 6 (right). Interesting regions of parameter space are identified in color, while regions where
energy injection is inefficient or impossible are heuristically identified.
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ionization of the surrounding medium. That is to say the net
luminosity is given by

L ¼ LSR þ Ld − Lcomp − Lbrem − Lion: ð20Þ
We account for the superradiant luminosity using the time-
averaged luminosity given in Eq. (9) and evolve the above
equations from t ¼ 0 to t ¼ τedd; after the superradiant
energy injection has stopped, we convert the differential
equations to redshift and use the final output of the time-
based solutions as initial conditions for the cosmological
evolution. We do not find significant changes to our results
if the equivalent total energy is injected on over timescales
t ≪ τedd. Notice that within these cosmological timescales,
the heating of ions and of neutral hydrogen can indeed be
treated as instantaneous, see e.g., [31].
The luminosity of Compton cooling of relativistic

electrons off CMB photons is given by

Lcomp ¼
4

3
β2γ2σT

π2

15
T4
γneVsw ð21Þ

where Tγ is the temperature of the CMB, and that of
bremsstrahlung cooling is

Lbrem ¼ 1.422 × 10−25
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tg=104 K

q
npnegðTÞVsw; ð22Þ

where Tg is the temperature of the gas and gðTÞ is the gaunt
factor. Next, we need to address the fate of the energy
created in the inelastic collisions between the shell and the
IGM. This energy could be either radiated away in a shock
cooling process or by heating the shell (and subsequently
the interior plasma). We adopt a conservative approach to
deal with this by parametrizing the uncertainty in how
much energy gets radiated/reabsorbed via a constant
fd ∈ ½0; 1�, with the limit that fd → 1 representing the
limit of total energy retention. The net luminosity for this
process is then given by

Ld ¼ fd
3m
2R

ðv −HRÞ3: ð23Þ

Lastly, the ionization luminosity simply accounts for the
energy required to ionize the neutral hydrogen absorbed by
the expanding wave, and is given by

Lion ¼ fmfxenbIH4πR
2ðv −HRÞ; ð24Þ

where IH ¼ 13.6 eV is the ionization threshold of hydro-
gen, and fxe is the fraction of neutral hydrogen. We assume
fxe is the conventional tanh function used to describe
reionization, with a central reionization redshift taken to be
zre ¼ 7 and width Δz ¼ 0.5. Finally, the evolution of the
internal pressure can be related to the net luminosity and the
expansion of the shell via

dp
dt

¼ L
2πR3

− 5
v
R
p: ð25Þ

With this formalism in hand, we restrict our attention
to two scenarios: a 103 M⊙ black hole at z ¼ 15, and a
30 M⊙ black hole at z ¼ 6, both with an axion mass
ma ∼ 0.2=ðGMÞ. In our fiducial model, we take fd ¼ 1 and
fm ¼ 0.1, however we also consider fd ¼ 0.5 and fm ¼
10−2 to illustrate the effect of changing these parameters.
The results, showing the comoving radius Rc ¼ ð1þ zÞR,
velocity, pressure, and temperature evolution of each
shockwave are shown in Fig. 3. We evolve the system
until the temperature of the bubble falls below that of the
IGM. In the prereionization scenario, we assume the
temperature of the external medium is given by that of
Lambda cold dark matter (ΛCDM), while at lower redshifts
we model the IGM temperature as [79]

T ¼
�
104 K z > 3

106=ð1þ zÞ3.3 K z ≤ 3:
ð26Þ

Under reasonable assumptions, these expanding pressure
bubbles seem to be capable of expanding to comoving
distances as large as ∼Oð1Þ Mpc, and thus may leave
observable signatures in the form of heating and ionization.

IV. OBSERVABLE FEATURES

Finally, let us turn our attention to the observational
consequences of these shockwaves. The dominant impact is
a heating, and ionization in the case of the z ¼ 15 super-
radiance, of the IGM over distance scales potentially as
large as Oð1Þ Mpc. While this may leave strong signatures
e.g., in the Ly-α forest and the evolution of structure, these
signatures often rely on averaging over some set of
statistics. Given the large uncertainties in the rate and
distribution of black holes undergoing superradiance, we
would prefer to focus our attention on probes that may
identify individual superradiant events, with the under-
standing that prospects may improve should the rate be
larger. We believe the strongest of such signatures arises
from angular features in the optical depth and spectral
distortions in the CMB spectrum.
After recombination, heated gas can induce y-type

spectral distortions in the CMB, arising from the effect
of Compton scattering. This effect is often parametrized via
the so-called y parameter, given by [79]

yc ¼
Z

dz
ðT − TcmbÞ

me

σTne
HðzÞð1þ zÞ : ð27Þ

It is well known that the hot IGM after reionization is
expected to imprint a spectral distortion at the level of
yc ∼ 3 × 10−7 [80,81]. The distortions introduced by
hot gas in clusters may be larger, closer to 2 × 10−6, which
may further complicate the identification of such effects
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(see e.g., [82]). Thus, if the generated shockwave can heat
the IGM to a sufficiently high level (and over a sufficiently
large angle in the sky), it may be possible to produce strong
signals on top of the astrophysical background.
We analyze the potential signal by looking at the relative

difference between the spectral distortion induced from the
shockwave and that expected from astrophysical sources.
The ΛCDM contribution is modeled assuming the second
ionization of helium occurred at z ¼ 3.5 with a width
δz ¼ 0.5, and the temperature of the IGM is described in
the previous section. This resultant difference in spectral
distortions is given by δyc ¼ ySRc − yΛCDMc , and is shown in
the left panel Fig. 4 as a function of angular degree on the
sky. The leading constraints to date come from FIRAS,
having measured the y parameter to the level of yc ≲ 10−5;
FIRAS [83], however, had an angular resolution of ∼10°,
and thus would not have been capable of observing the
induced heating from axion superradiance (unless the rate
of events is quite large). Proposed spectral distortion
experiments such as PIXIE [84], PRISM [85,86], or
Voyage 2050 [82,87,88] have angular resolutions as low
as Oð5Þ arc seconds, and have estimated sensitivities near

the level of yc ∼ 10−7; consequently Fig. 4 shows that
photon superradiance has the potential to induce strong
signals observable in these experiments.
The ionization induced by superradiant events that are

triggered prior to reionization can also leave an imprint in
the optical depth. Inhomogeneous features in the optical
depth alter the statistical features in the CMB via the
(i) screening of anisotropies (i.e., temperature and polari-
zation anisotropies are multiplied by a factor of e−τðn̂Þ),
(ii) generation of polarization via Compton scattering, and
(iii) the kinetic Sunyaev-Zel’dovich effect. The shockwaves
identified here may naturally appear as strong anomalies in
future efforts to detect the signatures from patchy reioni-
zation (see e.g., [89–93] for detection of patchy reioniza-
tion in the CMB). The line of sight contribution to the
optical depth from a single superradiant event is given by

δτ ¼
Z

dz
1

HðzÞð1þ zÞ ½neðzÞ − ne;0ðzÞ�σT; ð28Þ

where ne is the free electron fraction in the superradiant
model and ne;0 is that from the default cosmological model;

FIG. 3. Shockwave solutions generated for M ¼ 103 M⊙ and 30 M⊙, initiated at z ¼ 15 and 6, respectively. Results are shown
for fiducial model of fd ¼ 1 and fm ¼ 0.1, and the effect of varying these parameters to fd ¼ 0.5 and fm ¼ 10−2. All curves assume
GmaM ¼ 0.2.
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we take the default reionization history to be given by the
conventional tanh reionization history, centered at z ¼ 7
with width Δz ¼ 0.5. The 3σ upper limit from [94] is
shown for comparison. Telescopes measuring small scale
features in the optical depth may be capable of identifying
such features.
Thus far our discussion has been focused on the effects

arising from axion superradiance around a single black
hole. Needless to say, realistic population models predict
many black holes capable of efficiently inducing axion
superradiance, and thus one may expect large-scale features
to appear; if the number of events is sufficiently large, it
may be possible that FIRAS and Planck have even already
begun to probe interesting regions of parameter space.
We can estimate the approximate number of events required
to produce all-sky features simply by looking at the ratio
of the fractional sky coverage of a single event; for
∼1 arc-minute scales, this fraction amounts to a factor of
∼10−9. Cosmologically, the existence of a population of
109 rapidly rotating black holes in the mass range identified
in Fig. 1 is not unreasonable, and thus a dedicated study of
the resonant decay of superradiant axion clouds using black
hole populations would be of great interest. We leave this to
future work.

V. CONCLUSIONS

Light axions can generate enormous clouds around
rapidly spinning black holes via a phenomenon known
as superradiance. For sufficiently large axion-photon cou-
plings (gaγγ ≳ 10−15 GeV−1), these clouds may undergo
resonant decay into low-energy monochromatic photons
that propagate into the IGM. In this work we have
investigated the observable signatures that may arise in
the CMB from the superradiant production and subsequent
resonant decay of axions.

The photons produced in such processes must have very
low energies, no more than a few orders of magnitude
above the plasma frequency of the surrounding medium.
Consequently, these photons are efficiently absorbed via
inverse bremsstrahlung scattering off ambient electrons and
ions, with typical mean free paths capable of being much
below the parsec scale. The medium is immediately heated
to ultrahigh temperatures, producing a huge pressure
gradient that can drive shockwaves to Mpc scales. This
process heats and ionizes the IGM, and can leave an imprint
on both the optical depth and y-type spectral distortions.
For a single event, this is expected to produce an aniso-
tropic feature on arc-minute scales, below the observable
limit but potentially detectable with future experiments. For
couplings gaγγ ≳ 10−13 GeV−1, spectral distortions may
also arise from the conversion of CMB photons to axions,
potentially providing a complementary probe [95–97].
Accounting for realistic populations of black holes may

dramatically enhance the observability of this signature,
however the uncertainty in the distribution of black holes at
high redshifts is large—we leave a more thorough inves-
tigation of the effects of black hole populations to future
work. Finally, we emphasize that if a putative detection of
either feature is observed, it may be possible to gain direct
insight into the axion mass, the distributions of highly
spinning black holes, and the properties of the IGM.
Resonant decay of axion superradiance thus offers an
interesting and novel probe with importance to particle
physics, astrophysics, and cosmology alike.
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FIG. 4. Relative contribution to Compton y parameter (left), defined as δyc ≡ yc − yc;ΛCDM, and optical depth (right) as a function of
angular scale. The 3σ upper limit on the optical depth from Planck, based on the sky-average value, is shown as a reference. For
comparison, the angular resolution of PRISM [85,86] spans between 10−1 and 17 arc minutes, depending on the frequency.
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