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- = Introduction of Black Hole Superradiance .~
"« Gravitational Atom Phenomena

+ Application on OJ287°

« Other Application...

Video Credit: NASA JPL



Standard Model?

[https://factmyth.com/the-standard-model-of-particle-physics-explained/]

FERMIONS BOSONS
MATTER FORCE CARRIERS

[lauarks || GAUGE BOSONS
) LEPTONS | | HIGGS BOSON

« Strong Interaction

* Electromagnetic Force
* Weak Interaction

* (Excluding Gravity)

Unsolved mysteries
Beyond Standard Model (BSM)

Galaxy rotation curves
Galaxy clusters
Gravitational lensing

Colliders?



=) BHis a good tool to test BSM Particles



Rotational superradiance. assomtive megium at rest

« Zel'dovich, 1971 Damping: >0
VA
p— ’ ,X
g " >
> Dissipatl . > . Absorptive medium boosted
g N >

U | Damping (>0) / amplifying: (<0)

A

(D—ﬂ/lzw(at+u0x)]~u2—l—--->\11:()

Lesson: “Slow” modes with —g—t ~vpn <u  are actually amplified instead of absorbed




Rotational superradiance

.. 0 ey
Lesson: “Slow” modes Wlth—a—t ~ vpn < u  are actually amplified instead of absorbed

r = R¢ “Slow” in the rotational context:

ol »~ 7 U ~ g i wt=me)

NN 8t W W
N LR Y Y u~ RO
U % O O(rg) m/R

Amplification criterion: ‘ mS) > w ‘

RN
\
vvyyvyy

vVvyyy




Water wave superradiance by a vortex drain [Torres etal, 2016]
(20% amplification)




Image credit: eventhorizontelescope.org

Same thing for a black hole and a boson ~ Tgrgy o

[Damour et al. 1976]



Superradiant Scattering

KG Equation in Kerr with tortoise coordinate:

.7.2 + (1‘2

A

dr, = dr ,

Asymptotic behavior:

(
e "W +Re™“™ | r— 00 ;

\ T e thure r—rg,

l{?]] — :l:((,u — ‘77’LQH) .



Wronskian Conservation

For Differential Equation
y'+px)y'+4q(x)y =0

Define Wronskian

W= yy,—ny SO W' =—-pW

For our EoM

d2
T2 T Vesr x(r.) =0

p=0 — W'=0 _, Wronskian Conserve



Superradiant Scattering

Wronskian conservation:

dx* Ldx

dr 7 dr’

v

W — "I'TLQ H

W =x

RI? + T =1

)

w

When mQ, > o, superradiant!



Superradiant Instability

[Press & Teukolsky, 1972]
[Damour et al. 1976]

.=~~~ Ergosphere
N

’ \
/ \
/ \
I LR \
|
| ‘ 1 T Cloud
\ / mQy > w
\ /
\ /
N\
~ Se__ - 7’
r
07y g Ro~p~1
. Superradiant instability I:> Kerr BH grows an ultralight bosonic

cloud



BH as a GA

* + — !

Kerr BH of mass M Bosonic field of mass u Gravitational Atom

ul>GM

Compton Black hole
wavelength radius



Standard !
particle collider Model '

Strong '
Energy (eV)

weak coupling

!

hlgh energy

Coupling to the SM

Gravity
gravitational cosmological [Baumann et al,

collider collider 2019]

ul>GM

Mp~[10M,, 10"°M ;]

Compton Black hole
wavelength radius




BH as a GA

KG in Kerr:

Gravitational fine structure constant

Hydrogen-like Schrodinger eq

[Press & Teukolsky, 1972]
[Damour et al., 1976]
[Detweiler, 1980]

[Baumann et al, 2019, 2020]

N

(9*° Vo Vg —p?) @ =0

Factoring out the rest mass

1
dP=——
V21

e~ M) + c.c.

Gravitational Atom

0 (t,T) = Hot(t,r) , Hy= _iag LV with V(r) =

(8

2+ O(a?)



GA in a nutshell

e With decaying B.C. at infinity

« Within-going B.C. at the BH

Solutions:

hljnlm> with Wnim = Liplm + ZFnlm

Determined by near far formalism :

outer horizon

By in-going B.C.

overlap far

\ 4

[Press & Teukolsky, 1972]
[Damour et al., 1976]
[Detweiler, 1980]

[Baumann et al, 2019, 2020]

A A

v




. [Press & Teukolsky, 1972]
GA In a n UtShe” [Damour et al., 1976]
[Detweiler, 1980]
[Baumann et al, 2019, 2020]

e With decaying B.C. at infinity
« With in-going B.C. at the BH outer horizon

Solutions: o)
n=3 1300) 1311)
W, WIth Wi = Enim H il pim] By in-going B.C.
o’ T 1211)
Enlm=ﬂ<1—2—nz+a4z‘1(”l,l)+a5ﬁm B(I’l,l)+) n=>2 |
| | | 11 I
Rest mass Bohr Fine

Tyt o (mQur — p)a s { > 0 Superradiance | o _— P H— s
<0 Absorption N N N
A
|

W ~ e i Ouimt | .

~ e nlm



. [Press & Teukolsky, 1972]
GA In a n UtShe” [Damour et al., 1976]
[Detweiler, 1980]
[Baumann et al, 2019, 2020]

R
Lt o< (M — ) *? with a=GMup ~ )\—S <1
C
| 1322)
e FrommQ, — u n=3 1300) S
« To make sure it is bigger than zero, the spin
should high enough LT 211)
e Cloud saturated when spin is small enough.
« m < 0 mode always absorptive.
e From o**: n=1 |
e The lower I modes grow much quicker. | /=0 o 0 —1 o [ —9

« |211) mode will dominant first if spin is
enough.



GA phenomenology in isolation

 Near-monochromatic GW

1072~
107%

-7
10  LISA, 4 years LIGO Desig /
1 0—8 !_ esign (3 Jr

= 10—9 10°8ev 107"7evV  107'%V
3

/o S 4n-10
o P C} 10 ]
N ~11
, 107} /)

1072 [/
10—13“ :'I

10-14LL . » . . . . :
10™* 102 102 107" 10° 10" 10% 10°
f(Hz)

LIGO 02 + Ol |

h
fGWNwR/ﬂ'NE)kHZ( i )

10~ 1leV [Brito et al., 2017]



GA phenomenology in isolation

Spin cutoff by superradiance £/Hz
EOS 10* 10° 10% 10! 10° 1071107210 107" 107

I i
! I
. : P
‘ —_— ¢ 2,
wn
| | =
BH spin down ' SR 7 e R lel
ﬂ. i v 3 : R
R (14N | , o « LIGO
0.2 . .......l/, r“J“ ....... p o o * +\, l() L\ .LISAPOPIII
vy '\ ) 10°! ei/ ol < LISA, Q3
10 tey. 107 11 [Py - LISA Q3nod

?0 T 10° 10L 102 103 10 105 106 107 10® 109

im(Mw)  4a o BH mass [M ]
m2 + 4(Mw)?  m +0(e”) [Brito et al., 2017]

mQy|>w~u ¢ _
v »M

Spin at saturation



[Baumann et al, 2022]
[Thomaselli et al, 2024]

GA phenomenology in binaries

* Atomic resonant transitions idw(r,r) = Hy(t,r), with H = H, + @_%

V* = —Qaq Z Z gl*m* (L*7(p*))/'l*m*(9,¢)

122 |m, <L

\!/ \|/ x (%@(R*—T)Jr%@(r—&))
| :
: | Unbound states:
Resonant Continuous spectrum
transition

@ Backreaction: _

Sinking orbits

Figure adapted from [Baumann et al, 2020]



[Baumann et al, 2022]
[Thomaselli et al, 2024]

GA phenomenology in binaries

* Atomic resonant transitions idw(r,r) = Hy(t,r), with H = H, + @_%

Vi=—agq Z Z Elm (L ) Yium, (6, 0)
122 |m, <L
Ly

lonization or Dynamical Friction (o -0+ a0 - )

47‘(‘(]2M§H

Prim (R, %) COp Unbound states:
Continuous spectrum

Sinking orbits

Ppr =

Figure adapted from [Baumann et al, 2020]



= /| Combining Observation In Reality.
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. " [Vaktoneniand Lehto, 19971
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Video Credit: NASA JPL



Parameters

Value

Primary SMBH mass (10" M)
Secondary SMBH mass (10° M)
Eccentricity e
Precession angle per period A
Orbital period T' (yr)
Orbital period decay rate T'
Spin of the primary SMBH xp,
Spin of the primary SMBH x p,
Semi-major axis a (pc)
Inclination angle of orbit plane

1.8348 £ 0.0008

38.62° +0.01°
12.067 £+ 0.007
—0.00099 =+ 0.00006
0.381 £ 0.004
0.313 £0.01
0.056
90°

" [Valtonen.and Lehto, 1997 ]
. [Valtonen-and Pihajoki, 2013] ,* -~
_[M, J, Valtonen et al, 2016] ,

[L.Dey etal., 2018] -

Video Credit: NASA JPL



- “fchan; Lee;2024] -

s pob_ e fin. e (3 66+024) X 1041W .

| P = 5 - 5(5 m)f(e)_(262+002)><1041W
c'a

e

Video Credit: NASA JPL



e [Chan I;_fa.ie;z’20'2~4j'<' :
OJ 287 Ao i
GMm T

32 G4M2 2M+ Fone, B PRGN
BR e s 5(5 m)f(e)_(262+002)><1041W
c-a

-

Video Credit: NASA JPL



Video Credit: NASA JPL



= ) Is the cloud stably exist ?



GA phenomenology in binaries

 Atomic resonant transitions

[Baumann et al, 2019]
[Baumann et al, 2020]
[Baumann et al, 2022]

e G | 322
* * n—3 300) 1311)
! : | | 1211)
Resonant n=2
transition
@ Backreaction: n=1]
Floating / sinking orbits o
+ fow() (=0 (=1 (=2

Figure adapted from [Baumann et al, 2020]



GA phenomenology in binaries

GA in isolation

‘ grow

' |W322>

300 ~ 3 x 1071 ¢71

‘ decay

T30 ~ —3 x 1073 571

GAin a binary

| 1/1300> °

I1I (

o
M

II

| l//322>

[Tong, Wang & Zhu, 2022]



OJ 287

The state |211) has saturated.
The cloud can be survived from bound-to-

bound with survival rate bigger than 97 . 5%.

(Ppr) = %

p,11 by solving KG equation

/O " Por(Re(4), 0s (1, 0))

dt

de

%

dy.,

22x 10721
2.0x10721f

1.8x 10721F

1.5x 10721}

>
)
3

8.0x 107

2x10°

1.2x 10721

1.0x 1072k

[Ding, He, Takhistov, Zhu, 2025]

1211) > 99.5%

|<211Jy>

—0.995

—0.975

—0.955
; 0.935
0.915
0.895

0.875



(Ppr) [W]

[Ding, He, Takhistov, Zhu, 2025]

OJ 287 Constraint on Ultralight Boson

u [10721eV]
0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
1042:- 1 1 1 | 1 ] ] ]
E)(sat<)(P1 Xsat<XP, TU
1041 5
5 Chan & Lee 2024
1040 """""""""""""""""""""" 1
1039 ./ <PDF>/<PGW> < 001 4
S - (Ppp)/{(PGw) < 0.05
""" (Ppp)/{Pgw) < 0.10
1038 ........ . 1 . L . ] . . . L . ;
0.08 0.10 0.12 0.14 0.16

Dissipative Energy from Boson Cloud
Porb:PGW+PDF

p = (8.89.3) x 10722V

A Null Detection Result
Ppr

Paow

1 (8.5—22) x107%* eV

< 1%



(Ppr) [W]

[Ding, He, Takhistov, Zhu, 2025]

OJ 287 Constraint on Ultralight Boson

w[1072teV]

05 06 07 08 09 1 1.1 1.2
Gssipative Energy from Boson CIOLD

1042
Porv = Pow + Ppr

1041

p = (8.8-9.3) x 107%? ¢V

\ /
1040
A Null Detection Result
Ppr

10%° P < 1%

1 (8.5—22) x107%* eV
1038

0.08 0.10 0.12 0.14 0.16



(Ppr) [W]

[Ding, He, Takhistov, Zhu, 2025]

OJ 287 Constraint on Ultralight Boson

0.5

0.6

0.08

0.7

0.10

w[1072teV]
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1

1.1
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Dissipative Energy from Boson Cloud

Pory = Pow + Ppr

p = (8.8-9.3) x 107%? ¢V

-

-

A Null Detection Result
Ppr

Paow

1 (8.5—22) x107%* eV

< 1%




=~ What can we do other than OJ287 ?



Final Parsec Problem

Supemassive
black hole (SMBH)
SMBH

1. Two galaxies start

>

2. SMBH binary shrinks via

merging flunging away star and gas.
" . *
3 . 1 parsec . % .
' v
3. No surrounding stars cause 4. SMBH binary is driven by
SMBH binary stalling at final parsec GW at last 0.01parsec until
more than the age of universe. merger.

Image Credit: NASA, Roen Kelly



[Ding, He, Takhistov, Zhu, 2025]

Stochastic Gravitational Wave Background

« After crossing final parsec, GW emission

ot ® Nanogray ™ EPTA ® ppTA | NOBC ] dominates and sources nanohertz.
— u=[0.9,3.01x102" eV
— dEgw m2/3 M]gg) q (Paw)
dfe 3 g (1+9)' (Paw) + (Por)
3 ]
= } 4 d3n dEaw
. | — h2(f) = — | dzdgdM
< L wf/ S dadgd My df
I £ (0.9x1072eV, 9x10°M ) X |
1 o w\\\ " 3 MBH 9
- x10721 «10° TN ~ 3.2 nHz <—> (—)
f5,(3.0x1072eV, 3x10°M ) Jo 10-21v) \1010 M

0.05 0.10 0.20 0.50
f Iyt



[Ding, He, Zhu, 2025]

Gravitational Wave Waveform

ts]

o
=
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A the BH environment?




Gravitational Wave Waveform

(10724

h[107%4

lllllllllllllllllllll
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llllll

[Ding, He, Zhu, 2025]

By GW Emission

v

df (96 [GM. (1+z)] 5/378/3 £11/3
TR
N (1G)2/3[M (1 + 2)]° /3|PDF|

By DF extra power loss



[Ding, He, Zhu, 2025]
Gravitational Wave Waveform

TV

ts]
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Gravitational Wave Waveform
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0
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[Ding, He, Zhu, 2025]
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[Ding, He, Zhu, 2025]

Gravitational Wave Waveform
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2]\[2
PDF=—47TG ~ppCha
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f [Hz]

Gravitational Wave Waveform
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Conclusion

Thank you!

Gjperradiance boson cloud around OJ 287\

Reconcile potential tension with
p = (8.8-9.3) x 107%?¢eV

If no such a tension

\_ 1 (8.5—22)x107*eV

~

Superradiance boson cloud around SMBH

Partially solve final parsec problem and
leave unique imprint on SGWB and GW

\_ waveform )




Backup slides



Resonance

-
i 131-1)
>AE
3
i 1211)
AFE 1010 M@ «
U= Am| “HZ< M )(0._1
. l . [Baumann et al, 2018]
=0 (=1 (=2



Resonance and Transition Rate

R=1—¢2%"%
2
7 — [l
-
dQ2

n(t) 21(2|Vi|1) Y dt

[Baumann et al, 2019]




= )/ How about GA with a binary companion?



[Baumann et al, 2019]
[Baumann et al, 2020]

GA phenomenOlogy in binaries [Baumann et al, 2022]

* Atomic resonant transitions idw(r,r) = Hy(t,r), with H = H, + @_%

e 4
| |
Resonant
transition

@ Backreaction:

Floating / Sinking orbits

Figure adapted from [Baumann et al, 2020]

n=3

V*:—ozqz Z Etom (s 04) Yim, (0, )

122 |m, <L

rl Ri*
Rixt Ty
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1211)
(=0 (=1 (=2



Ionization as Dynamic Friction

[Tomaselli et al, 2023]




22x 10721}
2.0x 10721 F
1.8x 1072 F
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8.0x 10722

Cloud State in OJ 287
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Cloud Density Profile around OJ 287

Pnlm = nlm |¢nlm |2

¢n£m — Rnﬁ (7’) ng(e’ ¢) e_i(wnﬁm—,ul)t

Upper bound from OJ 287 flare timing

/ OnimdV < 3%
r<507,

0.01 0.05 0.10 0.50 1
r [pc]



Dynamic Friction Power

®
A q® M2
PDF — qv BHpnlm(w*a‘g*)CA
M
p211(z, 0) Gir rng2e_m sin® 6
a(l — e?
Ru(p2) 1)

- 14+ ecos(1l—)ps

dt
do.,

(Ppr) = —/0 WPDF(R*(SO*%@*(SO*»L)) de,

T



OJ 287 Parameters

Parameters Value Ref.

Primary SMBH mass (10"°Mg) | 1.8348 +0.0008 | [41
Secondary SMBH mass (10°Mg)| 1.5013 40.0025 | [41]
Eccentricity e 0.657 £ 0.001 41]
Precession angle per period Av 38.62° £0.01° 41]
Orbital period T (yr) 12.067 £0.007 | [41
Orbital period decay rate T | —0.00099 & 0.00006 | [41
Spin of the primary SMBH xp, 0.381 + 0.004 41]
Spin of the primary SMBH xp, 0.313 £ 0.01 54]
Semi-major axis a (pc) 0.056 42]
Inclination angle of orbit plane 90° 43|

TABLE S1. Parameters characterizing OJ287 BH system.



Other Imprints?



=== Hellings—Downs spectrum
Power-law posterior

== == Median power-law amplitude; y=13/3

log;y(Excess timing delay [s])

-8.75 -850 825 —-8.00 7.5
log,o(Frequency [Hz])

90 120 150 180
Separation Angle Between Pulsars, &, [degrees]

Image Credit: Shanika Galaudage




Boson Cloud Transition in Final Parsec

2.2%1072! |31 — 1) > 99.8%
2.0x 102!
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1.5x1072! — 09 —0.998
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8.0x 10722 0.986
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u[107%1eV]

Final Parsec Problem

O(1)pc
/ ﬁda < 1Gyr
0 da

.0lpc



Stochastic Gravitational Wave Background

2F ® Nanograv ™ EPTA ® PPTA — NOBC i dEqcw  72/3 Mgg’ q (Paw)

— u=[0.9,3.01x10*' eV df, 3 f31/3 (1+ q)'/3 (Paw) + (Ppr)

d3n dEGW

4
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