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Introduction



QCD axion

String axion

Strong CP problem in QCD
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Peccei-Quinn theory
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Axion field (Sine-Gordon field)



QCD axion

String axion

In string theory, many moduli appear when the extra dimensions get 
compactified.

Some of them (10-100) are expected to behave like scalar fields with 
very tiny mass, which are called string axions.

Arvanitaki, Dimopoulos, Dubvosky, Kaloper, March-Russel, 
PRD81 (2010), 123530.

r2'� µ2 sin' = 0

Axion field (Sine-Gordon field)



Axion field (Sine-Gordon field)
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String axion field forms an axion 
cloud around a rotating 
astrophysical BH by extracting 
BH’s rotation energy.

Issues to be explored

Superradiant instability

Nonlinear self-interaction

GW emission

Long-term evolution of 
BH parameters
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Kerr BH

Ergo region

BH

Metric
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Penrose process Blandford-Znajek process

BH’s rotational energy

Various methods of energy extraction

Superradiance (Next slide)

BH

Energy extraction



Superradiant condition:

Massless Klein-Gordon field Zel’dovich (1971)

Superradiance



Superradiant 
condition

Quantum numbers:Unstable if positive

Gravitational Atom
Massive Klein-Gordon field

<latexit sha1_base64="NwQHgPnL/bRmjp0SMICQlVZJ3p4="></latexit>
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Bound State
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Time scale:Wave functions and growth rate



String axion field forms an axion 
cloud around a rotating 
astrophysical BH by extracting 
BH’s rotation energy.

Issues to be explored

Superradiant instability

Nonlinear self-interaction

GW emission

Long-term evolution of 
BH parameters
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Final state??

time

amplitude
Bosenova???

(A)

Saturation???

Arvanitaki, Dimopoulos, Dubvosky, Kaloper, March-Russel, 
PRD81 (2010), 123530.

Wieman et al., Nature 412 (2001), 295



Final state??

HY and Kodama, PTP128, 153 (2012)
HY and Kodama, CQG32,  214001 (2015)

The outer boundary condition

Mode interactions

3D simulation

time

amplitude
Bosenova???

(A)

Saturation???



Final state??

The outer boundary condition

Mode interactions

Previously, I imposed the fixed boundary 
condition at the outer boundary.

A few years ago, I have improved 
the outer boundary condition

time

amplitude
Bosenova???

(A)

Saturation???



Final state??

The outer boundary condition

Mode interactions

However, it was pointed out that 
interaction between l=m=1 and 2 modes 
are very important

Gruzinov, arXiv:1604.06422

m=3

m=2

m=1

time

amplitude
Bosenova???

(A)

Saturation???

Previously, I killed l=m=2, 4, 6,… modes,
in order to save the computation time.



Final state??

The outer boundary condition

Mode interactions

However, it was pointed out that 
interaction between l=m=1 and 2 modes 
are very important

Baryakhtar et al., PRD103 
(2021) 095019

time

amplitude
Bosenova???

(A)

Saturation???

Previously, I killed l=m=2, 4, 6,… modes,
in order to save the computation time.



Final state??
Determining the final state by numerical simulation is very difficult
because the time scale is very long.

Development of the new effective method is necessary.

JCAP06 (2023) 016.The method of the adiabatic approximation

time

amplitude
Bosenova???

(A)

Saturation???



Adiabatic evolution
of axion cloud



Perturbative method

Nonlinear method

Adiabative evolution
<latexit sha1_base64="+2HTJtxsFEl++wWBKOaI/9TeVuw="></latexit>

r2'� µ2' = �µ2

3!
'3

<latexit sha1_base64="ZPqP5XriLZyERvGsvP+Y3FesQCo="></latexit>

' = '(0) + '(1) + · · ·
<latexit sha1_base64="RUpYAgseadsnErpuA1HwGg2tK14="></latexit>

r2'(0) � µ2'(0) = 0
<latexit sha1_base64="PO98SPJUlQn+cGQe+6Lhd4qR9Jo="></latexit>

r2'(1) � µ2'(1) = �µ2

3!

⇣
�(0)

⌘3 <latexit sha1_base64="K5EWqfkKyHokhwiSz/X5qiRdxzg="></latexit>

+
p
E2 e

�i!2t e2i� �322(r, ✓)

<latexit sha1_base64="UkiQuFG7V/1jz+izkM+nrKnNyJI="></latexit>

'(0) =
p
E1 e

�i!1t ei� �211(r, ✓)

<latexit sha1_base64="M95s2odR24gWYPZf2hhvmADoMlM="></latexit>

3E1

p
E2 �

2
211�

⇤
322e

�i(2!1�!2)t

<latexit sha1_base64="be8bIGE3Clhon7qEB6k67vYs7YE="></latexit>

+3E2

p
E1 �

⇤
211�

2
322e

�i(2!2�!1)t e3i�

<latexit sha1_base64="rO0EWj3cOuTFqCKIQuv49vZRDbk="></latexit>

+c.c.

<latexit sha1_base64="rO0EWj3cOuTFqCKIQuv49vZRDbk="></latexit>

+c.c.
<latexit sha1_base64="lysO0CPC+YHwo/pAvF3EsizMdf8="></latexit>

+ · · ·
falls into the BH

escapes to infinity

Energy flux and angular momentum flux to infinity 
and to the horizon can be calculated

Evolution of           and           can be calculated
assuming the conservation of energy and angular momentum
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Perturbative method

Nonlinear method

Adiabative evolution
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Perturbative method

Nonlinear method

Adiabative evolution



Adiabative evolution
Perturbative method

Nonlinear method
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Calculate energy and angular momentum flux to infinity and horizon 

Determine             and              so that conservation of 
energy and angular momentum is satisfied
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Perturbative method

Nonlinear method

Adiabative evolution



Brief discussion
on gravitational waves



String axion field forms an axion 
cloud around a rotating 
astrophysical BH by extracting 
BH’s rotation energy.

Issues to be explored

Superradiant instability

Nonlinear self-interaction

GW emission

Long-term evolution of 
BH parameters
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Teukolsky equation
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2 axion annihilation 

Level transition

squared term of m=1 mode 

cross term of m=1 and 2 modes 



Superradiant phase
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Preliminary

level transition

2 axion annihilation



Possible constraints from Cygnus X-1
M ⇡ 15M�

McClintock, et al., arXiv:1106.3688-3690{astro-ph}

d ⇡ 1.86 kpc

In the case of µ = 2.4⇥ 10�12eV

(Mµ = 0.3)

a⇤ & 0.983

Constraint from GW observation

fa . 1015 GeV

Constraint from BH parameter evolution

�a⇤ ⌧ 1 fa . 1011 GeV Preliminary



Summary



String axion field forms an axion 
cloud around a rotating 
astrophysical BH by extracting 
BH’s rotation energy.

The most difficult part has been solved by Omiya-kun

Superradiant instability

Nonlinear self-interaction

GW emission

Long-term evolution of 
BH parameters
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Thank you!


