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Primordial Black Hole

M⊙ ≃ 2 × 1033g
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Hypothetical light BHs from  
primordial epoch

Massive astrophysical BHs 
from the collapse of stars, 
heavier than solar mass

1015g M⊙ = 2 × 1033g109g 106M⊙
stellar mass supermassive 

black hole
asteroid mass

S.Hawking, Mon.Not.Roy.Astron.Soc. 152 (1971) 
B.J.Carr and S.W.Hawking, Mon.Not.Roy.Soc. 168 (1974), 
B.J.Carr, Astrophys.J. 201 (1975)

still stable today

Black holes can have a wide mass range

evaporate before BBN



Carr, Kuhnel, 2006.02838 

A/B/C/D: windows for large BH abundance

evaporation, lensing, gravitational waves, dynamical effects,  
accretion, CMB distortion, large scale structure

fPBH ≡
ΩPBH

ΩDM

fraction of DM 
made of PBHs

PBH mass range
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Carr, Kuhnel, 2006.02838 

A/B/C/D: windows for large BH abundance

evaporation, lensing, gravitational waves, dynamical effects,  
accretion, CMB distortion, large scale structure

fPBH ≡
ΩPBH

ΩDM

fraction of DM 
made of PBHs

PBH mass range

2

this talk
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BH Hawking temperature:

smaller BH mass, higher temperature, faster evaporation

Hawking radiation
Asteroid-mass PBHs are evaporating at  energy 𝒪(MeV)

TPBH =
1

8πGMPBH
≃ 10.5 ( 1015 g

MPBH ) MeV
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A. Coogan, L. Morrison, S. Profumo, 2010.04797

PBH

primary γ

radiation

 decayπ0

indirect detection constraints



Superradiance

BH can produce massive bosons with BH angular momentum when

ma ≲ Ω

So far we only talked about BH mass, BH spin is also involved for particle production
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particle mass BH angular frequency



Superradiance

 amplified   

confined 

 amplified again  

massive 
confined by gravitational  

potential of the BH

boson 
large occupation number  

in the cloud
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ergosurface

Penrose process: energy extraction from rotating BHs

Growth of superradiance cloud:

R. Brito, V.Cardoso, P. Pani, 1501.06570



Superradiance rate
• Gravitational coupling between BH and axion: α = GN M ma

• Frequency of axion mode bounded by BH:  ω = ωR + iωI

Na(t) ≃ N0 e4 ωI t
ωI

ma
≃ α4l+4 (mΩ − ωR) 2 r+ 𝒞nlm

superradiance condition
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match BH mass and axion mass

Ω < ωR

superradiance too slow

≃ ma

axion cloud

BH lost spin

{n, l, m} = {2,1,1}

determines superradiance rate

exponential cloud growth



Self-interactions

M. Baryakhtar, et al 2011.11646
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quenched spindown

If there are axion self-interactions,

fast spindown

bounded cloud mostly ionized axions



axion population

ma=2 keV,MPBH=6×1016g, a⋆,i=0.99

ma=2 keV,MPBH=6×1016g, a⋆,i=0.1

ma=1 eV,MPBH=2×1021g, a⋆,i=0.99

ma=1 eV,MPBH=2×1021g, a⋆,i=0.1
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• axion number suppressed in the existence  
of self-interactions. Ionized state dominates  
when coupling to photon is large. 

• Heavier BHs produce more axions for  
the maximal available angular momentum 
 
 
 
 

• Hawking radiation production (dotted) 
is smaller than superradiance in most 
regions.
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larger axion decay signal :D  
stronger axion self-interaction :(

total axion number per PBH

Nmax
a = GN M2

PBH Δa*/m

≃ 2 × 1039 a⋆,i
ΔJ
Ji ( MPBH

1015 g )
2



Signal: Hawking radiation

no superradiance

gaγγ≂10-15 GeV-1 , fPBH=2×10-3

gaγγ=10-12 GeV-1 , fPBH=2×10-3

gaγγ≂10-10 GeV-1 , fPBH=8×10-5
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tail amplitude tells BH spin at high redshift

Galactic Center Extra-galactic

• The rotational energy of a PBH is depleted into the axion cloud,

non-rotating PBHsuperradiance
rotating PBH

• Hawking radiation spectrum is a direct method to track BH spin.



Signal: superradiance cloud decay

gaγγ=10-15 GeV-1

gaγγ≂10-12 GeV-1

gaγγ≂10-10 GeV-1
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keV axions from superradiance cloud contribute to X-ray line signal at half axion mass

10

THESEUS SXI

X-ray



gaγγ=10-10 GeV-1, fPBH=1

gaγγ≂10-11 GeV-1, fPBH=1
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JWST’s sensitivity at IR frequency 
allows for indirect detection searches 

with low energy photons
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JWST

Signal: superradiance cloud decay



Result: axion parameters
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The decay of axion cloud can probe open parameter space, 
with additional current spin  information of PBHs.a⋆, f
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MPBH = 2 × 1021 g

MPBH = 6 × 1016 g

fPBH = 8 × 10−5

fPBH = 2 × 10−3

quenched spindown

complete spindown



Result: PBH parameters

Multi-messenger probe of Hawking radiation, decay line and  
gravitational lensing sensitive to PBHs in the unexplored mass gap. 
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ma = 1 eV

ma = 2 keV

• left: Gamma-ray (AMEGO-X) 
constraints on Hawking radiation altered 
due to PBH spin loss. 

• middle: X-ray line signal (SXI) sensitive 
to the decay of superradiance axion. 

• right: eV photon searches (JWST) 
complementary to microlensing 
observations (HSC, Roman).



Summary

• PBHs can produce particles gravitationally via superradiance and  
Hawking radiation. 

• For asteroid-mass PBHs, superradiance can be used to probe the eV-
keV mass axions with the axion decay signal, while the PBH Hawking 
radiation also show features of the spin-down process.

Thank you!

• Future eV-MeV telescopes and microlensing observations will be 
used for multi-messenger probes of PBHs and axions.
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back up slides
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• If exists an Axion-Like-Particle in the particle spectrum

∂Nγ,tot

∂Eγ∂t
=

∂Nγ,primary

∂Eγ∂t
primary photon

final-state radiation

pion decay

+ ∑
i=π0

∫ dEi2
∂Ni,primary

∂Ei∂t

dNi,decay

dEγ

add ALP decay

+∫ dEa2
∂Na,primary

∂Ea∂t

dNa,decay

dEγ

• Gamma-ray spectrum is modified by ALPs: double peak

+ ∑
i=e±,μ±,π± ∫ dEi

∂Ni,primary

∂Ei∂t
dNi,FSR

dEγ

PBH

primary

FSR

ALP

decay

ALP from Hawking radiation arXiv: 2212.11980



ALP parameter space that can be probed with BHs.

able to probe with lighter BHs



ma=1 keV

ma=2 keV

ma=3 keV

1016 1017 1018 1019

10-8

10-6

10-4

0.01

1

MPBH [g]

f PB
H

AMEGO-X

CO
MP
TE
L,
a *,i

=0

a *,i
=0.
99

a⋆,i= 0.99

a⋆,i= 0.9

a⋆,i= 0.7

1016 1017 1018 1019

10-8

10-6

10-4

0.01

1

MPBH [g]

f PB
H

AMEGO-X

CO
MP
TE
L,
a ⋆,i

=0

a ⋆,i
=0.
99

Hawking radiation


