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Why Axion?

Search string theory through axion

B

77 Axion carries information
about higher dimensions.
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Axiverse (Arvanitaki et. al., 2010)

Plentitude of ultra-light and weakly interacting
axions. 1S 10710V F ~ 10'°GeV

(See for example, 2103.06812)




More on axion

. Other Iinterests on axion

- Solve strong CP problem
- Candidate of the dark matter
-Can be observed by the astrophysical phenomena

Axion mass (eV)
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~ 10733 ~ 10—26 ~ 1020 ~ 1010

Superradiance and

Large scale structure : :
Gravitational waves
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~ Hy! ~ lkpe ~ 1010 ~ M ~ km

Compton wavelength



Supperradiance and axion

Highly spinning black holes + axion

— Spontaneous formation of the
Superradiance macroscopic condensate of the axion

=D

1.Energy and angular
momentum extraction

2.Gravitational wave
emission



Supperradiance and axion

D —

2.GW emission

1.Energy and angular
momentum extraction

. TO give a precise constraint on axion from observation,
precise understanding on the evolution of cloud is necessary.

Important effects

. Self-interaction
. Tidal effect from the companion
. Coupling to other fields



Main message of the talk
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Self-interaction
Q. How does the cloud evolve under
the self-interaction?
A. Higher multipole modes would excite.
No Bosenova.
Emit gravitational waves at several
frequencies.
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Self-interaction

1 :
Vg) = u2(1 = cos ) ~ = 2+ -

Attractive

As cloud grows, self-interaction starts to work

1. Dissipation of the cloud due to scattering

2. Deformation and collapse of the cloud

1.is more important, and dominates the evolution.



Dissipation by mode coupling

(Baryakhtar+, 2020)
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Deformation of the cloud

(HO+, 2022)

Real and imaginary part of the frequency is modified.
a/M =0.39,uM=0.3
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Deformation of the cloud

(HO+, 2022)

Real and imaginary part of the frequency is also modified.
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Deformation of the cloud

(HO+, 2022)
Axions attract each other to make the configuration more

compact. uM=0.3,a/M=0.99
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Fvolution with self-interaction

Taking into account both effects: -+ RO+, 2023)
a/M=0.99,uM=0.3
ftededadecaaleeeababladadada chebedadadeamalna '--\--I--J.-J--#
Dissipation wins.
1000: . |
500" ' Deformation of the profile

also assists the dissipation.

B s
"l
i A "y,
100: AL _
- O NS NN AN R NN R e R A R RN R _

My /(F,*M)

- Nonperturbative I=m=1 |
5 NPT Perturbative 1=m=1 _
I S Nonperturbative I=m=2 _
I - Perturbative l=m=2 |
1 T T T T T[T T T T (Y S SO SO S EY S
0 1 2 3 4 S
a)(o) 1, ]t



Long term evolution

For observation, long term evolution is needed
—Higher harmonics and spin-down

Cloud Transfer energy to higher multipole
mass by self-interaction.

@ X BN S 10

BH Time
Spin

Slows down spin-down due to the
suppression of growth by self-interaction.

Time



Evolution equations

. : HO+, 2024
Include up to / =m =4, and evolve adiabatically. (O )
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Example of time evolution

(HO+, 2024)
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Change decay constant

(HO+, 2024
MBHml_IOM Xml—o 99, alm—02 F,=107"! )
1 x10%— — — —— :
py : Speed up of the spin-down.
10
= - Growth saturate before the self-
x A '
S S e A O | interaction works efficiently.
g i )
T 1.x107°F
§m — [=m=1
~ l.x10% / ;| J=m=2 -
; s P TPITE I=m=3 |
. 1.x 10711} J=m=4 |
T 01 100 1x10° 1><1081 " Mpy ini=10M, xini=0.99, @ni=0.2, F,=107’
X : : ‘ ‘ ‘ | ‘ ‘ ‘ ‘ : ‘ ‘
tlyr] -
> 10l
=3 :
S 0.01}
Z 1.x107%
Em 8: — l=m=1 |
. . ~ [.x107°¢ -- [=m=2 -
Suppression of the spin-down. § 3 I=m=3 |
. . —-11 I=m=4 |
Cloud remains for long time. bxtoip ¢ T
0.1 100 1x10° 1x10°

tlyr]



Change axion mass

MBH,iniZIOMga Xini:()-99a a’ini:O-4, Fa:10_3 (HO_I—’ 2024)
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Higher multipole modes do not
excite for the small axion mass.
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Gravitational waves

How about gravitational wave signals ?
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Oscillates with sum and difference of the frequencies



Gravitational waves

Gravitational wave

Pair Annihilation
(0)292) ’

| Wann = 2601
@ .) Level Transition f
(0,,2) ®
(wq,1) @

Wirans = Wy — W
Co-existence of many modes
—Rich level transition signal



Gravitational wave frequency
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Gravitational wave amplitude
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Gravitational wave amplitude

Suppression of the Pair annihilation signal
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Difference between the Level transition signal

Quadrpole transition or not
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Gravitational wave amplitude
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Gravitational wave amplitude
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summary

* Investigated the evolution of the axion around the black
hole, taking into account the relativistic correction,
higher multipoles, and spin down.

» Self-interaction excites higher multipole moments,
leading to a rich gravitational wave signal.
- Level transition gravitational wave with Am =2 can

provide larger signal around GUT scale decay constant.
- For stellar mass black holes, frequency is around Hz.

* [gnored tidal effect from the environment, coupling to the
photon,-:--- . Maybe spoiled by these effects.



Back up



| ower Frequency?

Can we observe with Pulsar Timing Array?
—Seems to be No. Higher multipole modes do not excite
within the age of the universe.

(Frequency«Mg;, Excitation timeoMyy)
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Non-relativistic VS relativistic
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Non-relativistic VS relativistic
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Non-linear calculation scheme

(HO et. al.,2022)
. Evolution is adiabatic(wg > ;). For short time(Ar < w;!),

configuration Is approximately stationary.

HA,) Time
. /I
Approximately Growth by
stationary B(A) instability
S I&
Determine consistent long dE(Ao) dAg E(A):Energy ofg(A))

term evolution by energy A, @ —Fi0t(Ao)
conservation

Main ldea
Find one-parameter family of stationary configuration

F, (Ay:total energy flux

{9(Ap}4, » @and join them by conservation law.



Non-linear calculation scheme
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Axion from string theory

Compactify ten dimensional space-time

M2l 4 1 4 1 ~ ~
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AXIOn wave emission

N
X
[—
-
(')
N

1 x10%:
5x 103"

1x10%:
5x 1032

1 x 103

5% 1031F

MBH: | OMQ, )(2099

(HO+, 2024)

- (DDMN

UDMPDM

7

PDM

~ 1.2 x 10*®[cm? /5] <

< (375 (

0.4GeV /cm?
10—12eV)
. .

UDM
10—3

)

I [ I I I I
7

* * -
A e s s Y YT T T T T I T O Y N O

0.10  0.15

020 025 030 035 040 045

uM



AXIOn wave emission
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AXIONn wave
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L ImIt on axio
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Spin evolution
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Spin evolution

Mg ini=10M , xini=0.99, aini=0.1

1.0 =

:-.4..[__;_4.__,-_,1_.\. PP p— o

L |‘|
0.87
0.6
O°4__—Fa/Mp1:10_1 ............ - e U Ft
IEEEPE Fo/My=10" \ M
0.2 o Fo/My=10"
: Fa/Mp1:10_7
0.0 T an 1 o1ns 1o1n8
1.x 10 0.1 100 1 x10 1 x10

tlyr]




Spin evolution
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Superradiance
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Possible effects on axion cloud
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Coupling with EM
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Gravitational wave emission
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Im-

Self-interaction vs GW emission
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