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Some Background



Primordial Black Holes

Y.B.Zel’dovich and I.D.Novikov, Soviet Astronomy 10 
(1967) 
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)
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R.Allahverdi, JBD, J.Osinski, 1711.10511 
S. Nesseris, D. Sapone, S. Sypsas, 1907.05608 
N.Bernal, Y.F. Perez-Gonzalez, and Y.Xu 2205.11522 
J.March-Russell and J.G.Rosa, 2205.15277 

…

See talk by C. Tzerefos 
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Hawking Radiation

Black Hole Evolution

T =
1

4πM

1 − a2
*

(1 + 1 − a2
* )

Spin alters fate

MPBH ≃ 6.7 × 1013 g

MPBH ≃ 3 × 109 g

Survival to the Present
in 4D…see talk by  
I. Antoniadis 



A.Arbey & J.Auffinger, ICHEP2020 2012.14767, and Eur.Phys.J.C (2021) 2108.02737 

Hawking Radiation

Spin alters fate
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M.Visser, 0706.0622

Penrose process – 
energy and  
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R.Brito, V.Cardoso, and P.Pani, 1501.06570

W.H. Press and S.A. Teukolsky, Nature 238 (1972)s

Kerr geometry - 
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M.Visser, 0706.0622

Penrose process – 
energy and  
angular momentum extraction

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

Kerr geometry - 
ergoregion

R.Penrose, Riv.Nuovo Cim. (1969), Y.B. Zel’dovich, Pis’ma Zh. Eeksp. Teor. Fiz. 14 [JETP Lett. 14 (1971)], Misner, C. W., 
Phys. Rev. Lett., 28, 994 (1972), T. Damour, N. Deruelle, and R. Ruffini, Lett.Nuovo Cim. 15 (1976), S.L. Detweiler, PRD 
22 (1980), S.R.Dolan, PRD 76 (2007), A.Arvanitaki, S.Dimopoulos, S.Dubovsky, N.Kaloper, and J.March-Russell, 
0905.4720, R.Brito, V.Cardoso, and P.Pani, Lect.Notes Phys. (2015), 1501.06570 ……
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Superradiance - mechanism 

Superradiance 
Condition

ψnℓm(t, r, θ, ϕ) ≃ e−iωteimtRℓm(r)Sℓm(θ)

ω = ωR + iωI

ωI > 0

ωR ≃ ma (1 −
α2

2n2 ) α = rgma rg ≡ GNM

Growth occurs for de Broglie wavelengths roughly matched with the BH crossing 
radius. Opens a window for probing ultralight weakly interacting bosons

λa ≃ rg

Gravitational 
Fine Structure

Gravitational atom

r ≃
4
α2

rgΩH > ωR /m

Cloud Size

α ≲ 1/2



Superradiance - mechanism 

Unstable to exponential 
growth – energy and angular 

momentum extraction

ΓSR ∝ (mΩH − ωR)α4ℓ+2s+5
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ΔJ
J0 ( MPBH

1015 g )
2

n, ℓ, m



Superradiance - mechanism 

Spin-down of black holes until superradiance is cut off

Unstable to exponential 
growth – energy and angular 

momentum extraction

ΓSR ∝ (mΩH − ωR)α4ℓ+2s+5

a*f ≃ 4α ΔJ
J0

≃ 1 −
4α
a*i

NSR ≃ 2 × 1039a*i
ΔJ
J0 ( MPBH

1015 g )
2

n, ℓ, m



Superradiance - mechanism 

Spin-down of black holes until superradiance is cut off

Unstable to exponential 
growth – energy and angular 

momentum extraction

ΓSR ∝ (mΩH − ωR)α4ℓ+2s+5

a*f ≃ 4α ΔJ
J0

≃ 1 −
4α
a*i

NSR ≃ 2 × 1039a*i
ΔJ
J0 ( MPBH

1015 g )
2

Quasi-monochromatic 
GW emission 

fGW ≃
ma

π

n, ℓ, m



Early Matter Dominated Eras

M. Y. Khlopov and A. G. Polnarev, Phys. Lett. B 97 383 (1980), T. Harada, C.-M. Yoo, K. Kohri and K.-I. Nakao, 1707.03595.

Radiation Dominated Era - Typically produces 
a PBH population with low spin

T. Harada, C.-M. Yoo, K. Kohri, Y. Koga, and T. Monobe,  2011.00710
V. De Luca, V. Desjacques, G. Franciolini, A. Malhotra, A. Riotto, 1903.01179

PBH Formation with 
high spin ?



Y.N. Eroshenko, JCAP (2021) 2111.03403

S. Bird et al. Snowmass 2021: PBH DM, 2203.08967

PBHs formed from collapsing domain walls have been shown to 
possibly have large, O(1) spins 

E.Cotner, A.Kusensko, M.Sasaki, V.Takhistov, JCAP (2019) 1907.10613

Spin and Formation Mechanisms



Ciaran O’Hare - https://cajohare.github.io/AxionLimits/
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Constraints from Hawking Radiation



PBH – MeV Sky - including the effects of spin

A.Coogan, L.Morrison, and S.Profumo, 2010.04797 A. Ray, R. Laha, J.B. Muñoz, and R. Caputo, PRD (2021) 2102.06714

See also: D. Ghosh, D. Sachdeva, and P. Singh, PRD (2022) 2110.03333, D. Malyshev, E. Moulin, and A. Santangelo, PRD (2022) 
2208.05705 for XMM-Newton, THESEUS, +



Constraints from Hawking Radiation 
with Superradiance

with collaborators Bhaskar Dutta and Tao Xu - to appear
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{ma, fa, a*, MPBH, fPBH}
The parameter set

Constraints from Hawking Radiation 
with Superradiance



Reproduction of Numerical Results

Incorporated the SuperRad code: N. Siemonsen, T. May, and W.E. East, PRD (2023) 2211.03845 into Mathematica

Matching to S. Dolan, PRD (2007) 0705.02880

a⋆=0.999
a⋆=0.8
a⋆=0.6
a⋆=0.4
a⋆=0
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Emission rate of vector particle

Checks and Software

Interpolate BlackHawk output for 
dynamical spin



Γ211 = (tz=1100)-1

Γ211 = (tz=100)-1

Γ211 = (tz=0)-1
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JBD, B. Dutta, T. Xu



a*

MPBH /M⊙

τSR > τuni

Example Regge plot in the asteroid mass range

a*,min ∼ 10−3 JBD, B. Dutta, T. Xu



M. Baryakhtar, M. Galanis, R. Lazenby, and O. Simon, PRD (2021) 2011.11646 
H. Omiya, T. Takahashi, T. Tanaka, and H. Yoshino, JCAP (2023) 2211.01949 
N.P.Branco, R.Z.Ferreira, and J.G.Rosa, JCAP (2023) 2301.01780

gaγγ =
αEM

2π fa Γaγγ =
g2

aγγm3
a

64π

ΓD = 4 × 10−7α7λ2ma (1 + 1 − a2
* ) ΓR = 1 × 10−8α4λ2ma

λ =
m2

a

f 2
a

a
γ

γ

ΓRΓD

Population dynamics of the super radiant states

Strong enough self-
coupling can quench 
the superradiant growthAxion decay to photons

The effects of spin and self-interactions on superradiance

Also enhances decay to 
photons



ã = 0.01

fa = 1011 GeV

ã = 0.01

fa = 1015 GeV

J.B.Dent, B.Dutta, and T.Xu, Following the work of: N.P.Branco, R.Z.Ferreira, and J.G.Rosa, JCAP (2023) 2301.01780

fa = 1015 GeV

ã = 0.9
fa = 1011 GeV

ã = 0.9

MPBH = 1015 g ma = 10 MeV

The effects of spin and self-interactions on superradiance



AMEGO continuum sensitivity 3σ

no superradiance

superradiance at z=10
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AMEGO continuum sensitivity 3σ
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The effects of superradiance and axion decay on Hawking radiation - spin and superradiance

BH will spin down, reducing the 
Hawking radiation signal

Combination of spin and 
superradiance

Caputo et al., AMEGO-X, 2208.04990

JBD, B. Dutta, T. Xu
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The effects of superradiance and axion decay on Hawking radiation - spin and superradiance

Mass, z,  
and superradiance

z = 100 z = 10

Decrease the 
PBH mass

JBD, B. Dutta, T. Xu



fa=1012 GeV
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X-ray line search constraints

Using the Theseus-SXI sensitivity: C. Thorpe-Morgan, D. Malyshev, A. Santangelo, J. Jochum, B. Jäger, M. Sasaki, and S. Saeedi, PRD (2020) 
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JBD, B. Dutta, T. Xu
in preparationgaγγ − ma
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JBD, B. Dutta, T. Xu



PBH constraints

Given axion mass 
and self-coupling 
Different spins

95% C.L.

JBD, B. Dutta, T. Xu

a⋆i = 0.99

a⋆i = 0.9

a⋆i = 0.7

no superradiance

1× 1016 5× 1016 1× 1017 5× 1017 1× 1018 5× 1018

10-8

10-6

10-4

0.01

1

MPBH [g]

f PB
H

ma= 1 keV, fa= 1012 GeV

Excluded



fGW ∼ 5 × 1013 Hz − 5 × 1020 Hz}

K.Agashe, J.H.Chang, S.J.Clark, B.Dutta, Y.Tsai, and T.Xu, 2202.04653 D.Marfatia, P.-Y. Seng, JHEP (2022) 2112.14588

GW Signals?

Scalar Induced Gravitational Waves FOPT - spin?

Monochromatic signal from the axion cloud 

                   Binary signal



Direct Flux on Earth?

M. Baryakhtar, M. Galanis, R. Lasenby, and O. Simon, PRD (2021) 2011.11646.

The energy of the ionized axion is 

Eion = 2ω322 − ω211 ≃
α2μ
72

Leading to a non-rel velocity

v ≃
α
6

J.Dent, B. Dutta, and T. Xu in progress

The maximum flux from these axions is roughly

Φa = nava Φa,max ≃
10
cm3

MPBH

1017 g
α
6

c

Which leads to a flux on Earth of about

7.5 × 108 1
cm2 s

For a 10 keV axion with a 1017g PBH

This is ~102 that of the solar axion flux at 1 keV from the 
Primakoff process

J. Redondo, JCAP (2013) 1310.0823



Discussion



Superradiance and Hawking radiation combined create interesting search opportunities 
for PBHs in the asteroid mass range

Extra-galactic and galactic searches across the MeV sky along with X-ray line 
searches provide correlations in the PBH and axion parameter spaces

There are a variety of possible additional correlative signals such as gravitational 
waves and direct detection of ionized axons

Vector superradiance can also be considered



Superradiance and Hawking radiation combined create interesting search opportunities 
for PBHs in the asteroid mass range

Extra-galactic and galactic searches across the MeV sky along with X-ray line 
searches provide correlations in the PBH and axion parameter spaces

There are a variety of possible additional correlative signals such as gravitational 
waves and direct detection of ionized axons

Vector superradiance can also be considered

Thank you



Back-up 
Slides





L. Di Lucio, M. Giannotti, E. Nardi, and L. Visinelli, Phys.Rept. (2020) 2003.01100

Axion Models - Parameter Space Coverage



X-ray Line searches current and future 

P. Panic, D. Redigolo, T. Schwetz, and R. Ziegler, PLB (2023) 2209.03371



PBH constraints - BBN

J. Auffinger, Prog.Part.Nucl.Phys. (2023) 2206.02672



PBH constraints - CMB

J. Auffinger, Prog.Part.Nucl.Phys. (2023) 2206.02672



Spin distributions as a function of EoS
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B.Carr, S.Clesse, J.Garcia-Bellido, and F.Kühnel, 1906.08217

Mass

Spin

Figure produced by: Phuc Duc Loc Ngo using the approach of D. Saito, T. Harada, Y. Koga, and C.-M. Yoo, JCAP (2023) 2305.13830 



Effects of accretion - negligible for sub-solar masses

V. De Luca, G. Franciolini, P. Pani, and A. Rito, JCAP (2020) 2003.02778



BH Temperature

BH lifetimes

Survival to the present 

A.Arbey & J.Auffenger, 2108.02737

Hawking Radiation

(no spin)



Minimal spins for Superradiance

C. Ünal 2301.08267



Regge Plots spin-0, 1, 2

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



Formation

P.Villanueva-Domingo, O.Mena, S.Palomares-Ruiz, 2103.12087

B.Carr, K.Kohri, Y.Sendouda, and J.Yokoyama, Rept.Prog.Phys. (2021), 2002.12778

β(M ) ≡
ρPBH

ρ(ti)

β′ (M ) ≡ γ1/2 ( g*i

106.75 )
−1/4

( h
0.67 )

−2

β(M )

f (M ) ≡
ΩPBH

ΩCDM
≈ 3.81 × 108β′ (M )( M

M⊙ )
−1/2



Formation mechanisms and mass distributions

G.Ballesteros and M.Taoso, 1709.05565

B.Carr, S.Clesse, J.Garcia-Bellido, and F.Kühnel, 1906.08217

J.-P.Hong, S.Jung, and K.-P. Xie, 2008.04430 
K.Kawana, K.-P. Xie, 2106.00111

Etc…many 
others



PBH – sub-solar mass merger

A.H.Nitz and Y.-F.Wang, 2202.11024



Superradiance – GW Searches  

All-sky for quasi-monochromatic, long-duration from scalar boson clouds

LIGO Scientific, Virgo, and KAGRA, R.Abbott et al.,  
2111.15507

R.Brito, V.Cardoso, and P.Pani,  
Lect.Notes Phys. (2015), 1501.06570 τS

GW ≈ 1.3 × 105 yr ( M
10M⊙ ) ( 0.1

MμS )
15

( 0.5
χi − χf )

h0 ≈ 6 × 10−24 yr ( M
10M⊙ ) ( α

0.1 )
7

( 1 kpc
D )( χi − χf )



Superradiance – SGWB search 

SGWB search with O3 including all higher modes

C.Yuan, Y.Jiang, Q.-G.Huang, 2204.03482 – O3 search 

C.Yuan, R. Brito, and V.Cardoso, 2106.00021 – SGWB predictions



Superradiance – further issues

Environmental effects (binaries) 
Resonances, multipole 
moments, etc.

D.Baumann, H.S.Chia, and R.A.Porto, 1804.03208

Self-interactions         can saturate the superradiant growth
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