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Some Background




Primordial Black Holes
e

Y.B.Zel’dovich and 1.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)
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PBH —DM mass fraction
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GENERATION OF WAVES BY A ROTATING BODY

Ya.B. Zel'dovich

Institute of Applied Mathematics, USSR Academy of Sciences
Submitted 9 July 1971 E’1 > EO
ZhETF Pis. Red. 14, No. 4, 270 - 272 (20 August 1971)

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

In this case the additional term in the wave equation inside the rotating
body (under its surface) is equal to

iBnc

Vayliow + (w- via o + nn)

e g

Consequently, the additional term reverses sign at nf < -w, where n < 0 and
fn] > w/Q. The medium operates effectively as an amplifier and not as an ab-
sorber with respect to waves with such values of n.

LETTERS TO NATURE

PHYSICAL SCIENCES We now consider a 1

hole. Normally, a part

potential barrier W(r*),

Floating Orbits, Superradiant acs o

Scattering and the Black-hole Bomb range 0< © < MWnarizons ¢

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



Superradiance - mechanism
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< Gravitational atom

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

Unstable to exponential
growth — energy and angular
momentum extraction
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Superradiance - mechanism

Unstable to exponential
growth — energy and angular
momentum extraction
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PBH Formation with
high spin ?

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

(a2

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 i
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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.



Spin and Formation Mechanisms

Formation mechanism Mass range PBH spin
Inflationary perturbations [106] DM, LIGO, supermassive | small
Inhomogeneous baryogenesis [51-53, 98| LIGO, supermassive small
Yukawa “fifth force” [89, 226] DM, LIGO, supermassive | small
Supersymmetry, Q-balls, no long-range [79, 80, 82] | DM (10~ — 107%M,) large
Supersymmetry, long-range scalar forces [90] DM (1071 — 1075My,) small
Light scalar Q-balls (not SUSY) [80] DM, LIGO, supermassive | large
Oscillons from the inflaton [81] DM, LIGO, supermassive | large
Multiverse bubbles [55-57] DM, LIGO, supermassive | small

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

PBH Production Scenario

Inflationary Perturbations Field Fragmentation
(common mechanism) (our mechanism,)
Source and type of large inflaton fluctuations, inflaton fluctuations,
(CMB-scale) perturbations curvature curvature
Source and type of small inflaton fluctuations, stochastic field fragmentation,
(PBH-scale) perturbations curvature isocurvature (fragment-lumps)
PBH source field inflaton inflaton or spectator field
no new restrictions on inflaton
potential, scalar field potential
Required potential condition inflaton potential fine tuning shallower than quadratic
(attractive self-interactions)
PBH formation era (tppm) tBBN 2 tPBH X treh, tBBN 2 tPBH 2 tint,
and type after reheating, before or after reheating,
radiation-dominated era temporary matter-dominated era
PBH size (rgn) vs. horizon (rg) 1 1
at formation re ~ T~ H ren i~ H
PBH spin (as) as ~0 as ~ O(1) possible

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

Y.N. Eroshenko, JCAP (2021) 2111.03403
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GW frequency from superradiance

fGW ~ 5 X 1013 Hz
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Constraints from Hawking Radiation



PBH — MeV Sky - including the effects of spin
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Constraints from Hawking Radiation
with Superradiance

with collaborators Bhaskar Dutta and Tao Xu - to appear



Constraints from Hawking Radiation
with Superradiance

The parameter set
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with collaborators Bhaskar Dutta and Tao Xu - to appear



Reproduction of Numerical Results
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CAXiOIl mass vs. PBH mass with time for superradiance)

Superradiance after

CMB
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(Example Regge plot in the asteroid mass range)

mqe = 10 keV mg = 1 keV
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| The effects of spin and self-interactions on superradiance | m

211 322 322 211
X
211 BH 322 o0

(Population dynamics of the super radiant states)

Ip=4x10"a’2%m, (1 +./1- ag) Iy =1x%x10"8%a*%m

Strong enough self-
coupling can quench

Axion decay to photons) y the superradiant growth

)

_ OgMm

> EayyMa Also enhances decay to
7fa Loy = photons

ar 64r

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



| The effects of spin and self-interactions on superradiance |
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CF he effects of superradiance and axion decay on Hawking radiation - spin and superradiance)

Mppu=10"g, fpgu=107%, extra—galactic, all sky, primary photon only
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The effects of superradiance and axion decay on Hawking radiation - spin and superradiance

Mpgy=10" g, fpBH= 107°, extra— galactic, all sky, primary photon only Mpgy=10" g, prH=10’6, extra—galactic, all sky, primary photon only
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(X-ray line search constraints) g C%ng
D
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Using the Theseus-SXI sensitivity: C. Thorpe-Morgan, D. Malyshev, A. Santangelo, J. Jochum, B. Jager, M. Sasaki, and S. Saeedi, PRD (2020)
2008.08306



(X-ray line search constraints) g C%ng
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PBH constraints
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GW Signals?

Binary signal

Monochromatic signal from the axion cloud

Scalar Induced Gravitational Waves
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( Direct Flux on Earth? )

The energy of the ionized axion is Leading to a non-rel velocity

211 =y a
E =203, — Wy ~—— V=—=
322 } 00 ion 3227 @211 = Ty 6

322

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

The maximum flux from these axions is roughly Which leads to a flux on Earth of about

10 M 8
cDa = NV, (I)a max = 1o EC 7.5x 10 2

For a 10 keV axion with a 1017g PBH
J.Dent, B. Dutta, and T. Xu in progress

This 1s ~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 1n 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 1onized axons

Vector superradiance can also be considered



Superradiance and Hawking radiation combined create interesting search opportunities
for PBHs 1n 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 1onized axons

Vector superradiance can also be considered
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Axion Models - Parameter Space Coverage
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X-ray Line searches current and future
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PBH constraints - BBN
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PBH constraints - CMB
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Effects of accretion - negligible for sub-solar masses
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Figure 5. Same as in Fig. 4 but for Model II, i.e. assuming a sustained accretion also when z < 10.
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C. Unal 2301.08267

Minimal spins for Superradiance
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‘ Regge Plots spin-0, 1, 2 ‘
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Formation
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Formation mechanisms and mass distributions
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PBH — sub-solar mass merger

Delta Mass Distribution Two-point Delta Mass Distribution
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Superradiance — GW Searches

All-sky for quasi-monochromatic, long-duration from scalar boson clouds
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Superradiance — SGWB search
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C.Yuan, Y.Jiang, Q.-G.Huang, 2204.03482 — O3 search

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



Superradiance — further 1ssues

Environmental effects (binaries) TN

Resonances, multipole é \ lv
moments, etc. A ' I -> e = « = ° - .

D.Baumann, H.S.Chia, and R.A.Porto, 1804.03208
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Self-interactions a1 @ + 1 " can saturate the superradiant growth
o " v v
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PBH — LVK GWTC-3 PBH merger constraints

LVK GW results constrain PBH fractions and merger rates for different mass functions
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L.Liu, Z.-Q.You, Y.Wu, and Z.-C.Chen, 2210.16094



Formation mechanisms and mass distributions
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Superradiance — SGWB search
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Observation
in laboratory
vortex flow

Theo Torres, Sam Patrick, Antonin Coutant, Mauricio Richartz, Edmund W. Tedford et al. (Dec 19, 2016)
Published in: Nature Phys. 13 (2017) 833-836 « e-Print: 1612.06180 [gr-qc]



