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Superradiance-History

» Superradiance #:F-H1 Robert H. Dicke {E19545FE 14 18 U R4 H

PHYSICAL REVIEW VOLUME 93, NUMBER | JANUARY 1, 1954
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Coherence in Spontaneous Radiation Processes

R, H, Dicke
] x N Palmer Physical Laboratory, Princeton University, Princeton, New Jersey
(Received August 25, 1953)
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* ﬁﬁﬁ ﬁ%@?‘ EI:TJ‘ * H:I: ’ I}—I\IJ By considering a radiating gas as a single quantum-mechanical system, energy levels corresponding to

certain correlations between individual molecules are described. Spontaneous emission of radiation in a
transition between two such levels leads to the emission of coherent radiation. The discussion is limited first
] Nz to a gas of dimension small compared with a wavelength. Spontaneous radiation rates and natural line

breadths are calculated. For a gas of large extent th oton recoil momentum on coherence is

calculated. The effect of a radiation pulse in exciting {super-radiant)) states is discussed. The angular corre-
lation between successive photons spontaneously emitted-bya-gasnitially in thermal equilibrium is calcu-

lated.
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Superradiance-History

> Iﬁ%?ﬁﬁ%ﬁﬂ‘ Yakov Zel’dovich (1971)
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0<cw<mf2 GENERATION OF WAVES BY A ROTATING BODY
N B N : Ya.B. Zel'dovich
0 NPAIE, Q NIERe R L Institute of Applied Mathematics, USSR Academy of Sciences
Submitted 9 July 1971
A, EFF PRI ERET S Th{E, ZhETF Pis. Red. 14, No. 4, 270 - 272 (20 August 1971)

. . An axially-symmetrical body rotating inside a resonator cavity 1s capable
HedR R S s B AL TE 20 85T, of amplifying definite oscillation modes inside the resonator, transferring the

rotatlon energy to these oscillatlons.
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Superradiance-History
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M) Check for updates

Amplification of waves from a rotating body

Marion Cromb®', Graham M. Gibson', Ermes Toninelli’, Miles J. Padgett©'*, Ewan M. Wright? and
Daniele Faccio®"2%

In 1971, Zel'dovich predicted that quantum fluctuations and classical waves reflected from a rotating absorbing cylinder
will gain energy and be amplified. This concept, which is a key step towards the understanding that black holes may amplify
quantum fluctuations, has not been verified experimentally owing to the challenging experimental requirement that the cyl-
inder rotation rate must be larger than the incoming wave frequency. Here, we demonstrate experimentally that these condi-
tions can be satisfied with acoustic waves. We show that low-frequency acoustic modes with orbital angular momentum are
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In 1971, Zel'dovich predicted the amplification of electromagnetic (EM) waves
%) Check for updates scattered by a rotating metallic cylinder, gaining mechanical rotational energy
from the body. This phenomenon was believed to be unobservable with elec-
tromagnetic fields due to technological difficulties in meeting the condition of
amplification that is, the cylinder must rotate faster than the frequency of the
incoming radiation. Here, we measure the amplification of an electromagnetic
field, generated by a toroid LC-circuit, scattered by an aluminium cylinder
spinning in the toroid gap. We show that when the Zel’'dovich condition is met,
the resistance induced by the cylinder becomes negative implying amplifica-
tion of the incoming EM fields. These results reveal the connection between the
concept of induction generators and the physics of this fundamental physics
effect and open new prospects towards testing the Zel'dovich mechanism in
the quantum regime, as well as related quantum friction effects.




Superradiance-History

> Misner&5-%f superradiance 5| \ Kerr 2

Stability of Kerr black holes against scalar perturbations

BRI Kerr SR AT LUSCChRAE
) <m‘QH The author is introducing the notion of "superradiance'" for a phenomenon of ampilification of
. . . . s . . waves by a rotating (Kerr) black hole.
B R AR BUR: FHHIX—I R FR Nsuperradiance A
}:‘,‘lﬁilf_l:é Ej‘%{t[: H_j; %ﬁ%ﬁ y\j Zel'dOViCh—MiSIlel' Condition Explore content v About the journal v Publish with us v Subscribe

nature > letters > article

> BEN AR EME (Superradiant Instability) Leter | publshec: 28 Juy 1972

Floating Orbits, Superradiant Scattering and the
Black-hole Bomb
® BH Bomb: (Press&Teukolsky1972)The wave grows

exponentially with time, until the mirror breaks. VNV'LL'Ai:sF’;E1SS:ZS:::TCEUKO:SKYI
LSS b Sy NISkaw & LT F IR RGN BLACK HOLE BOMB
"superradiant scattering" 1\ 3 W P \;




Superradiance-History

» Penrose (1971)

* Penrose Process: Particle energy extraction

* Superradiance: wave analogue of the Penrose process

Output Particle (E;)

Parent Particle (E;)

Letters to Editor Published: 08 February 1971

Extraction of Rotational Energy from a Black Hole

R. PENROSE & R. M. FLOYD

Nature Physical Science 229, 177-179 (1971) | Cite this article




Superradiance-History

> Teukolsky (1972):}& TJEi H:'; T’ %g //Z Teukolsky E quation ’ Rotating Black Holes: Separable Wave Equations for Gravitational and

s . o Electromagnetic Perturbations
4 —fiA: scalar. Dirac. Maxwell. gravitational wave Physical Review Letters 29, 1114 (1972)

E Kerr %%LH{J/@:EF%’ EPH T Kerr /ﬁU:E]/\] %.ﬂ] Wy Perturbations of a Rotating Black Hole. |. Fundamental Equations for

. Gravitational, Electromagnetic, and Neutrino-Field Perturbations
H N AN | NN
fgﬁﬁﬁ U‘ T 15 ;EE ° Astrophysical Journal 185, 635 (1973)

> Starobins ky (1973 ) H‘%ﬁT 1‘/]? %iﬁ] N EEEZLQ?B@’H] %I jj A. Starobinski, “Amplification of waves during reflection from a rotating black hole,”
. " Zh. Eksp. Teor. Fiz. 64 (1973) 48. (Sov. Phys. - JETP, 37, 28, 1973).
WSO R Bl 7R R A R, HA g
A. A. Starobinski and S. M. Churilov, “Amplification of electromagnetic and gravita-

jj El(j ﬁ&ﬁ% ’ E%ﬁf{jﬁ % Biﬁ% g ﬁﬁﬂﬁiﬁﬂ o tional waves scattered by a rotating black hole,” Zh. Eksp. Teor. Fiz. 65 (1973) 3. (Sov.
Phys. - JETP, 38, 1, 1973).

>Massive Scalar : T. Damour, N. Deruelle & R. Ruffini 1]
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Kerr Black Hole

> Kerr BH
ZE.r 4ar 2
5 _ =gty 2 __ =
ds* = (1 = )dr L sin“Odtde adrz

— Xd6?* - l(r2 + a?)sin?6 + Z%czzsin"‘ﬂ de?,

a=J/M,r, =GM __ ¢
’ / e 2 ré + a?
A = r?—2r,r + a?

G=h=c=1
> =7r?+a’cos’d

: _ 2 _ .2
Horizons: A —=0 mp T+=TgE4/rg—a

2
Ergosphere: 1 — LY ) gy =7+ \/rg — a? cos 0?

>
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Kerr Black Hole

 If a particle is at rest in Minkowski space
ds® = c*dt* > 0 Time-like

 If a particle is at rest in Kerr space

T > Toy ds® = goodt2 > 0 Time-like

L. r.inner evevt horizon
L. r-:outer evevt horizon
Bl ro.:static limit surface

r < Tot : ds® = goodt2 < 0 Space-like

The physical worldline can not be space-like.

® Superradiance 1s a process to extract energy from the BH in the ergoregion.

11



Scalar Superradiance

» Klein-Gordon Equation

2 2 — 1
(Ve +u“)p =0 V2¢ = = W= 9" 0¢)

» Separation of Variables
O = e im0 8, (0) Rum(r) + c.c.

nim Press &Teukolsky,(1973)
where

* Angular Part S: Spheroidal Harmonics
* Radial Part R(r): Schrodinger-like Equation

12



Angular Wave Function

1L« . ASim 2 (, 2 2 2 m?
o T Am m —
sin 6 dO (sm@ ) T [a, (w® = p%) cos” 0 — — 2 + A | Sim (0) =0

v2 = a?(w? — u?)

Whena = 0 (y = 0), Sy, = Vi, iIBAABRIE BRI EL
Ify « 1, wehave Ay, = I(1+ 1) + 0(y?) (see Seidel1989)

Numerically we can solve the eq with continued fraction

SpheroidalEigenvalue in Mathematica

13



Radial Wave Function

d ARy, 2 (,.2 22—4M 1 m2a2
(A Rl )—I_[w (7“ _|_a/) amuwr m-a . (w2a2+M2T2+Alm) le(f]") = ()

dr dr A

The Radial wave function is expressed as a Schrodinger-like equation

r2 + a2 d2R*
dr.=—p—dr R =vr?+a’R :> - V(@) R =0

d 7,2

,,«2 + a2 A (7.2 f (1,2)2 (7“2 € a2)3

Vo - dr marw — a*m? A o A+a*(w?—p?) W (r2+4a?) 3r2+4a?—dr,r 3Ar?
Im = T2 1 q2)2 Tig e LB

14



Superradiant Scattering

: - T+ r—r_ r—r
» Tortoise Coordinate p,o=p— & r_log — 7, log i
ry —1T_ 2M 2M
2 2 T, 1, — —O00;
=" > A=r2—2Mr+a?=(r—r)(r—7)
* A r — o, e 2T,
0.22
» Superradiance Condition 021 |
02 |
d2R* ) 0.19 |
1,2 - V(@) R"=0 > 018 |
x 0.17 |
0.16 |
ror, V—>—(a)—a)c)2; ky = w— w, 015 |
2 _ 2. 0.14 — % 4 1
r — 00, V- us — w*; koo =+ w2 — U2 -100 -50 0 50 100
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Superradiant Scattering

d*R*
_ V(r) R*=0 Wronskian
2(w — w)ITI? = 2k (I11? = |RI?)

4

_’Lk:oo’r* Zkoo’r* % .
R* ~ Le | *+Re‘ S asTt =00, orT oo Superradiance |R|? > |I]?
Te Fur 1 Ogkur a5 r* - —o0, or r —

> Superradiance Condition |d 72

R 2
Amp factor Zp, = H —1>1

Aoutw Superradiance condition

. am
bhotizof \/\/\AT EALNS NS All’l w<w.=mdy = —rz pY
+
Te—i(w—wc)r* :]e—ikoor* + R eikoor*
Similar analysis of the fermion shows that the

reflection coefficient is always less than unity,

The energy flux direction is opposite to the phase velocity indicating that superradiance cannot occur.
16



Superradiant Scattering

2 1 2
)2 M? (w—mQ
2l (l) W — MALH
200 = —8Mr.(w—mQy)w? ™ (ro —r_ H 1+
" + ) (r+ ) )20+ 1] 2\ mr Ty
g o [U=9)l+s) 2
stm = Olm (l?)g 10%E R S
- a=0.99M Y

1 . Y, ]
. . . 10 E — numerical e E
» The maximum amplification factors are about 0.4%, 4.4% and 138% |- analytcal Y :
. . oL _
for scattering of massless scalar, EM and GWs, respectively _ 10

q i
£107F E
A. Starobinski, “Amplification of waves during reflection from a rotating black hole,” N”
Zh. Eksp. Teor. Fiz. 64 (1973) 48. (Sov. Phys. - JETP, 37, 28, 1973). 102k 4
A. A. Starobinski and S. M. Churilov, “Amplification of electromagnetic and gravita- 3 0.3; N

tional waves scattered by a rotating black hole,” Zh. Eksp. Teor. Fiz. 65 (1973) 3. (Sov.
Phys. - JETP, 38, 1, 1973). 10 I il

) 0
10 10
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Superradiance with bound state

* For massive scalar field, a potential (m>0) well locates near the horizon; o Quasi—Bloun:d St?lt:es in :rlegion —
* The field forms a bound state rotating BH and extract energy fromthe 5, | '
BH continuously Hydrogen-like state. Gravitational Atom 02 1
0.19 ¢
> 0.18 1
017
0.16 ¢
0.15 7
0.14 . -
-100 -50 0 50 100
he Mo 10-10eV “nim == Hopz ~Hga TR 1) TR+ 1720+ 1)
TE SO IRFAZ Baumann et al JCAP12(2019)006
T

=t a«l BREGRHERIAERAEEREN T, RE3NET ORRESER.

19



Superradiance with bound state

» Detweiler(1980)fF &L H14E R -

0.10 -
near i overlap i far i 0.08 —

. 0.06]

I | | r
1 | I r
—®—® | . OB Y
0 p. 7y ' A ' fo'e) I

" Ingoing wave

1/# 1/((1#) 0.02:-
W = wy + w04 000«/\

2,,2 2,,2
(V) rou -0.02 | \J
Wo = U (1 S ) , w1 = W 9 i

212 n3 -0.04

1 2 5 10 20 50

204+ DIIN2 o
N0 = —ip (4rb)>H! (n + 4p?
S 21+1 110+

Jj=1
20



Superradiance spectrum

df: (vR) + [wz — U2+ 2%“2 -~ Z(Z:zl)']m =0, Detweiler, 1980
'=1+¢ BSS, Xu and Zhang, PRD 106, 064016(2022);
» Regulator:
Y _97 _ _1\l+1py
: r?l—l) 2= o : r?l—l’) 2 37 ( (12)1)! - F(;?I_B 2 - (_(12)ll)+ !1“
2
- NLO: 62—82(;‘9_5)1 W = wy + w(e + 5AD)

Fine structure More accuracy

21



BH-Cloud Evolution

20— w,)

» Numerical: Continuous Fraction vs Shooting o=
_|,_ —_

. . > r—ri\n 2 2

— — —i0(4p — ioc+y—1,qr + — 2w
Rry=r—ry ) “(r—r_) e Za"(r— r_) : q = i\/#z — @) and y= M ; _
apa; + Boao =0, (Leaver1985, Dolan2007) T T T T

105k 3

a,a,+1 + Brpa, + yua,-1 =0, neN, msr\.m/\

A+l Yn+1 Cnt1Yn+2 n+2Vn+3 107f - T3 Pl

Qn Bni1— PBni2— Bni3z—
apY1 a17Y2 arY3
Bo — ...=0.
° Bi— By Bs— o
e The details can be found in Ref.[Dolan2007];

* The analytical result can be used as the 1nitial value for numerical calculation.

10°%

...........................

0.09988  0.09990 0.09992  0.09994 0.099%6 009998 0.10000

22



Superradiance spectrum

* Leading order

LsprTTTT _(0,1,1) mode — a=0.99
At small ¢ with a = 0.99, 5 ) — a=0.9
ana — a=0.8
Err. of original result ~ 150% ——1
num

Err. of corrected result ~ 30%

(D

nim a = Mu

02F — 32099 — a=09 — a=0.8 — a=0.7 |
0.0 ]

We confirm a mistake in the LO calculation of w

* Next-to-leading order

—-0.2}F

-0.4} n=0
ana

At smalla,err. < 5% ——-1 ~06

num 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45

BSS, Xu and Zhang, PRD (2022)
23




Superradiance Rate

* Superradiance condition
am

Re(w) < w, =

Tf_ + az 10-8

26Mp ~ 1
* Im(w) dependent on a (not) strongly .,

lo-ll L

MIm (w)

* (0,1,1) are the most important,
modes with m # [ can be ignored

10-—13 L

* In each [l-stage, (0,[,1) is the
fastest, followed by (1,1, 1)

10-14

10-15 E

* (n,[,1) modes with different [
have very different rates

00 02

24
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KN Superradiance spectrum

BIEFAIRE M ZRIMYIRED, H . .
EE%‘%E%% lgigfﬁi%gs HI R KN BH mass is normalized to 1, BH charge Q = 0.02

» Kerr-Newman BH: Charged and Rotating Dashed: LO (0,1,1) mode
Solid: NLO N —
Following Detweilc?r’s Mgtching scheme, .the superradiance  pote. Numerical s #=0.41
spectra for KNBH is obtained by Furuhashi & Nambu,2004; =02

1077~

*  We corrected the expression with the 2 factor and introduce

the improvement from ¢,
* and obtained expression is more consistent with the

numerical results.

_______
‘\

Im (w)

T
-

108~

109~

BSS, Xu and Zhang: Phys.Rev.D 107 (2023) 6, 064037
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K-AdS Superradiance spectrum

> Kerr-anti-de Sitter BH: A < 0

® In Ref.[Cardoso & Dias,2004], the space near Horizon is treated as pure Kerr background, while in far
region the space 1s pure AdS space.

4.1
4.0: o
< 3.9 ro=0.1, u=0 —
° . 3 t !
® We improve the expression: S 3.8: —NLO
3.7

v' The real part is BH spin-dependent; 0///
= 0.05 ‘

. a: _
v" The spectra is more accurate. Z 005

=

XChu,YChu,BSS and Zhang, PRD 111, 043039 (2025)
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Dirac

> Fermion

QBS

(¥, — igAy) + ] W =

nd— g

7% -
| | \/ _”8/2

0. IRF=

® The reflection coefficient is always less than unity, showing that superradiance cannot occur.

® Due to the well in the potential, there are long-lived quasi-bound-states

near
region

v (r)

dR_- . K R
— 1 .
dr Al/2
ARy | . K
1
dr AL/2
14
2<r< ?
= intermediate
% region
3 o ()

(overlap)

= ()\ -+ i}LT)R+,

Ry =(\—iur)R_.

¢
—<r
m

far

region

v (r)

ar T Q:I:(r))wi — 0&
1 1 1

(07 + Py(r)

P.(r)=— -
+(7) 2r+2(r—1) r—if/m’
2 4 m? =20 + L2
Q. (r)=-p? +__ =
r—1
n 2-1—10)/2 fw/m 1
(r=12 1-if/mr—if/m’

v The mixing between + and — prevent the matching
v’ Matrix-matching scheme is proposed in

P Chen, Yang, BSS, Tang and Wu, PRD111,125006(2026)

&
{/m
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(Superradiant) QBS

» Kerr-Proca: Baumann et al 2019; Guo, Jia, BSS, Hzhang and Xzhang, PRD 110 (2024) 8, 083029

l | near , overlap , intermediate | overlap , far
i—@—é) E i — : { @
0 r_ ry | | ™ N VR T 00
e o s[RI — |17 22 e <0
> FRS T B RRIR R R ST ot — 22 qPy
2 ) w — mQH 9 Q Q
> Kerr-dS |R|* = |I|* — IT)?, ms, < w < mQy.
w — mf),

» Higher dimension, Beyond Einstein... more discussion can be found in arXiv:1501.06570v8
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Strong CP and Axionlike Particle

» The SM is not CP invariant. g =
Lg=0 39,2 G, G*"
» The vacuum of QCD is non-trivial.
0) = e "n), (016) = / [DA, Dy, Dcle*>acp = / [ Jexp' ] #'eEaen+bart LantLa

» The theta-term can be induced by chiral transformation
Linass = —qrMqr — QRMTQL é = QQCD + arg det(M’uMd)

It’s natural to have the term in SM

31



Strong CP and Axionlike Particle

. . _ —_ i B .
» Hadron electric dipole momentum 0GL,GM = Lepm = —5dnio™ ysnF = —dn "

LQCD dn = —(1.5 4+ 0.7) x 10730e fm — (0.2 £ 0.1)d,, + (0.78 % 0.03)dy + (0.0027 £ 0.016)d.

EXp |d,| <107%%¢ - cm. ‘ |§| < 10~10,
» Strong CP problem: 6 is dimensionless but why is so small?

BESIII arXiv: 2506.19180v2 |dp| < 6.5x 107" ecm. 3 Ultralight ALP as DM candidate
> PQ symmetry and Axion 1022 1= 14 102

a

— 305'}' — 5 Subdominan . i
q ¢ e fa fa ta dark mattert Bxetielignts irs The QCD axion E\T_C;,SC heavy
1 qg° . a . Axion
L = L:SM -+ 5(8&)2 -+ 2 (9 + —) GG | mass (eV)

“Fuzzy"

dark matter

Black hole spins

ﬁ
Supernov

Spontaneous <9+ a> —0
Symmetry Breaking

1987A



Energy Density Distribution

Guo, Zhou, BSS and Zhang, Phys.Lett.A 572 (2026) 131316

600, 600 Fm e ———————————————— prt
400+ 400+ W o b
200 200
» 2.0%10-10
oo R
~ 0 Fi -~ 0
= ™ 1.5x10-10
-200+ -200-
' 1.0x10-1°
~400 -400+
5.0x 1071
_600 1 1 el " 1 _600'| PR A el A ' - 1 " PO ]
-600 =400 =200 0 200 400 600 -600 =400 =200 0 200 400 600 .
x/ rg x/ r
(8) t=0,z=0 b) t=0,y=0

The energy density reaches its maximum
at r, =21y, on the equatorial plane.

Assuming a BH with mass M = 10Mg
and a condensate with the particle number
N 011 = 10777, the maximum energy
density is approximately 1.17 x 10%°
GeV/em”3, which i1s many orders of
magnitude larger than the local dark
matter halo density of 0.39 GeV/.tm”3 in
the Milky Way.
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Energy Density Distribution

Time evolution of the cloud Sp(t,7,0,0) =p—<p>

All components rotate together ..
P 5 Key insight: Ny
\ :\‘\;”7_/_,.— j’zi

T=7n/w . : : ‘
: .. NOT rigid rotation (would be superluminal) B
8 region divided by §p=0 ) : : L— N
. : Apparent rotation = collective local motion \ |
Resembles rigid body rotation . : ] \ |
L, Local velocity: radial + polar + azimuthal \|
U, = U, ~ (rgu) =10>1
Guo, Zhou, BSS and Zhang, Phys.Lett.A 572 (2026) 131316
600Ft T T I gy —A 600F : T 600F : e : 600F : . 3 pri
400+ ’ 400+ 4007 400+ : [ 9 21012
200+ - 200+ 1 200¢ - 200+ : ,
. :. ' . . . 1.x10.712
~ O - - I- i 0t . ’ 1 = o -'- { < of ‘ - -
= . i ‘ . : ~ ‘ ~ - - y ‘ 0.
-200F ' -200 -200 -200 -
—400F ‘;‘:' ~400+ ~400F ~400F 1 S
T ﬁh“,:‘{-iil.-“:,"”f'A’_E)"}“fl‘ }“jﬁi};'¥‘1 00 L —— p— 00 [ ——— 0 | —— : i—z.xlo. -
-600 -400 =200 0 200 400 600 -600 =400 =200 0 200 400 600 -600 -400 =200 0 200 400 600 =600 -400 =200 0 200 400 600
x/re x/rg X/ rg x/rg
) 6p:t=T/4,z=0 (g 6p:t=T/2,z=0 (h) 6p:t=3T/4,z=0 34

(e) dp:t=0,z=0



Local Velocity Distribution

Apparent rotation % Local Velocity
(:i) DMEMERNESR - EFEMO -

3 vl = WA 5RAE TR A= =
S, R IR BREFAEAS TSR BEH
! - TTYe ERNNFTAFEEEES,
Apparent Velocity Local Velocity
& _ ~ . pi ;. .
v wr = ur pt = ?, Pl = TY (et)a(el)v
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Local Velocity Distribution

Asymptotic Expressions ($r\gg r g$) This demonstrates that the condensate’s apparent rotation arises
from a collective effect of local motions.
Values: The velocities decrease proportionally to 1/7-
1 =r/r,
Ur ~ S111 (2(:0011t - 2@), Uy = Typ/2sin2(wt — @)
r
ﬂ Ug’(p -0
UB ~ cot 6 sin (2 wo11f — ) (D) : r > 1, Uy > Vg 4 Energy-flux oscillate along radial direction.
Hr Direction: The radial velocity v, changes sign at r = r,,
0P ~ : SlIl2 ( woi1t — (D) , enegy fly into/outfrom 7, gives the peak of p.
HF SN The v, reverses across the equatorial plane;
The v, keeps its direction in the entire space,
N J

aligned with the BH spin.
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Local Velocity Distribution

\
Asymptotic Expressions ($r \gg r g$)

600F

400+

200

)’/r_g
o

=200+

-400

600} , - : A 600} ‘ : . ]
600 -400 -200 0 200 400 600 600 -400 -200 0 200 400 600

X/ r X/ r

@ t=0,z=0 b) t=0,y=0

L Y

This demonstrates that the condensate’s apparent rotation arises
from a collective effect of local motions.
Values: The velocities decrease proportionally to 1/7-
v o yu/2sin2(wt — @)
Vggp — 0
r > 1, U > vy 4 Energy-flux oscillate along radial direction.

Direction: The radial velocity v, changes sign at r = r,,
enegy fly into/outfrom 7, gives the peak of p.
The v, reverses across the equatorial plane;
The v, keeps its direction in the entire space,

aligned with the BH spin.
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Local Velocity Distribution

1.07 Agreement

Behavior in far region 7 > 1 1s consistent
with non-relative approximation

0.8

0.6 |v| - (ryp/2) sin 2(wt — @) forr »

0.4l Disagreement
In the near region, the cloud is relative;

0.2/ *|v| < 1 in the entire region;

|v| = 0 close to the horizon.

0.0 !
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BH-Cloud Evolution

Guo, BSS&Zhang, PRD107,075009(2023) o
M = Z 2 (nhm) ) |
nlm § 1072
nlm 16 S —— S S " A v e
[(nlm) _ o g (ntm) (lm) _ fo(nim) T e
Ms — 2M3 wI — EGW (a) (b)
1.0 ' : S ' g ’ T e
JErim) = amM ™ fugt o
— TraE(nlm)/ (nim > 0,45- i
» The evolution of BH : :z R s B
BH mass decreases slightly(a few percent) L A
BH spin decreases significantly(~100%) (©) M2 N M2
In each [ stage, the BH spin and mass are almost constants AJ ~ Aa—=* 1076 C—) ( )
Mpl 1 M52un



Regge Trajectory

The region above each curve is the
corresponding exclusion region.

The BHs favor the trajectory.

Regge Plot can be used to constrain the ALP:
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Regge Trajectory

> BiE-H 24K Regge Gap

f/Hz

HBERARE R RS N T BRI b (0100107 10° 107100 107 107 1077 107 10

E (o<mQy ) « WNTHREER=Ep ey, A ' -

5 A 1 e, 2 0 S A 2 i AR o8t ilh

o AR S IGE SRR A3 E, FH B iEKIE T g | S (111

%, BRI SR N 1L 2

il 7 113 = = s 99— | 04 S ¥ L : : y l :

R e B R e — A5l TR ma

(Regge Plane) F, RIS E R EX AN = 0.2} J .LISAPOPHI

i E eI CRNEBLERD , RAREIR R TR E R A L UGl e N

it & I R B AT AR AE 00-T 107 107 107 10° 10° 10° 10° 107 10° 10°

BH mass [M ;]
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Regge Trajectory

» Favor Region for ALP

101 yr

— 12}
= High
— 10
> - e Flat
CO:
= Low

6 :
b% [ Prior
g 4
R,

e S S S S W G —"

0

M

~13.0 ~12.5 '—1|2.o-
log,, (1/€eV)

—-13.5

-11.5

-11.0

—11.83 < log,o(p/eV) < —11.72

BF ~ 16.54

p (logyy (u/eV) |{d'})

Cheng, Zhang and BSS,PRD 107, 063021(2023)

-11.0

4
ol 10%yr
it High
wf PSS Flat
[ e LO\V
6r
i Prior
4r
2L
O e g ‘ o e 1 (Y7
-13.5 -13.0 -12.5 -12.0 -11.5
log (u/eV)

—12.16 < logyy(p/eV) < —12.05
BF N1645 43



Regge Trajectory

10} lof
= o S 0]
> O
\3 10-° 5 10 i
= =
& o & 014
2, i Sy _
10- 19 [ i 10 19 [ ]
-13.5 -13.0 -12.5 -12.0 -11.5 -11.0 -13.5 -13.0 -12.5 -12.0 -11.5 -11.0
log,, (0/€V) log,, (0/€eV)

» Disfavored region but can not Excluded: -12.89<log10(u/ev)-12.57,

Ng et al, Phys. Rev. Lett. 126, 151102 (2021)
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Regge Trajectory

» Massive vector superradiance
Guo, Jia, BSS, Hzhang and Xzhang:PRD 110, 083029(2024)

1 =
. il i \ |
, W h \ - For each mass, the darker and lighter curves correspond
/" ) Il ]  to 10%and 10'%years evolution time, respectively
- ' nE
.\2 ‘I —ﬂ: ;g__.‘.‘_
2 = ; 5x10—15 eV<u<9x10—12 eV
T =
:_§ 7 I e 7
—— Tl - @ Large uncertainty make the conclusion crude;
02f HHAEH - ® More data could help to improve the constraint.
\ 5x1075 eV
0.0. — — J ' P ‘
5 10 50 100

Black Hole Mass (M)
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Gravitational Waves from Superradiance

> ES 5| 773 (Continuous Gravitational Waves, CWs)

o RIEHERS BRSSO T B PR ZE L A ST B ELE S| T
© BWOETER: sPHIBADBEE TR —DE0T . K EIG] 7o g S 5 R U
© BBRERE: RUTAE T RO, WO T NSRRI BIRBE R RS T

o WIFHE: 15 S HEFFA OTEZEEERIE G TE) , SRAEERE, HilT 2B 8RO R, MRS/ WM&
AR (Spin-down) . HEJLIGOIEFEFIH & M R MR EFEHH FHREXME S,

> BENLE| /135 B¢ (Stochastic Gravitational Wave Background, SGWB)

o T AR RN R . WO A, R RIS L PO AR T emit SELLET] 1. IXEETCIEAR RO P
HI{E 5B IE i, IG5

© WMFHME: BARERRIETIR (BXEIFEERNEFARD o ARk TSRS (PTA) FI73[E 5] RN A
AR E BRI 21X — 1 5
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GW radiation

» The oscillatory monochromatic cloud will emit GWs

Due to the separation of scales between the size of the cloud and the BH size for uM «< 1, the GW
emission can be analyzed taking the source to lie in a nonrotating/flat background

plon) _ 484+ 9z (M 2(M y1a R. Brito, V. Cardoso and P. Pani, Class. Quantum Grav. 32 (2015) 134001
GW T 723040 \ M e
H. Yoshino and H. Kodama, PTEP 2014 043E02
() _ 128(484+92%) (M2 Mu)4
GW =" 53014845 v ) MK Guo, BSS and Zhang, PRD107,075009(2023)
(o) _ 1024 + 4977 (M§022)> (M) Multi-Modes:
OW " 5423886846 \ M ’
(011) dominated
(122) 1024 + 4977 M\ 2(M )18
GV~ 15032385536 \ M s (111) sub-dominated
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GW radiation

» Numerically solve the Teukolsky formalism for T (i ;) = 1 la $:0,; — (a . — 2.
i - i g ¢zap¢ K qblqb
the gravitational perturbations. 2 2 Al R W 2 y

Guo, BSS&Zhang, PRD107,075009(2023) + (i < j)} : (47)
(@ (@3),2
dEcw _ 1 Z{ Nou 1Up | n Nty |U | 14 NoiiNi U, |
ET 87 £ w02 G2 o(111)2 5)% (011 o (111) ~% &, = 2 0l
@)1 77(@3) ~
+4 N(3)11N111 |U 1 HU . | . [ (t— ” ) ¢ 603) ¢£@1):| Wy = 2 0t
O30 & &, )
o) By = w011 111
NouNi U3 ! % . (@) | (@)
+ 2 01, (11) 16, + COS [2a)4(t —~ Tl — ¢72 ¢ l } &, = w11l _ 4,011
@) (@3)
N011N111 IU ’ ||U | w) (6)) W 7
4 [ 2 U ] . Wy K Wq23
" \/a)(on)a,(m) 0,3 1008 [B(t = r.) - o Ty
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GW radiation

Monochromatic Polychromatic
1.5¢
10_8 - = Numerical
- == Mu<l :“E
= . 55=10 S ot N,
L S B
o —
Lﬂ S
> e N
Ng 10_]2 % ...............
o EX 0.5} — No11/N111=2
= S
10-14 = — Non/Nin=10
""""" No11/N111=100
OO . ] . L } X I . . 1 . . |
0 2x10* 4x10* 6x10* 8x10* 10°

GW Beatlike Pattern: Observable

_16
~ 6.0 x 10* sec(lo eV) (£>2,
Iz Mpy 50

Guo, BSS and Zhang, PRD107,075009(2023)




GW observation

MMM,

s | ]ﬂ—lf.‘l -
— M
5
-18 |
10
_ 111
].0 2, — MS 0
-
JES— M|22 m—?ﬂ -
5

1022

-3
10 w ! ‘ s | I.U—24

10* 108 1h_‘12/_h()16 10° 10 107 ' ' ' ' ' ' ' ' '
PIM 102 104 103 10?2 107! 1 10 102 108
f)

determined by Mu fiHz

* Parameters: My = 0.17 (soa, = 0.6), M;/M = 0.1, N;;1/Ny;1 = 0.1
* The red shift ranges from 0.001 to 10

* The current and future GW telescope can cover a large range of scalar mass.
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GW radiation from vector superradiance

J=m=1 stage GMu = 0.1 J=m=2 stage GMu = 0.25
o LISA == === TanQin —— Tai | o oo LISA - o= - TinQin ——— Taiji |
- . eeaaa DECIGO —— aLIGO 1 P —— DECIGO ——— aLIGO

10-13

10—16 - 4
10—18 - 4
£
10—20 - 4
10—22 - 4
_ 10-24 | ]
10_25 I [ I ] | | | I * : 5 4 3 2 1 1 10 2 3
10—5 10—4 10—3 10—2 10—1 1 10 102 103 10 10 10 10 10 10 10
f/Hz f/Hz

Guo, Jia, BSS, HZhang and XZhang, Phys.Rev.D 110 (2024) 8, 083029

Scalar (n,l,m) ‘ Vecor (n,j,1,m)
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Detection and Signal

> 1S HIE TSI BNL: st 20 8 B R AR 3] SRz J S, 2o R AR S AL

o B NKRAE SR G T S, 2255 5

JISEBERE, S B SR L SRR T T R,

C DM WO T EEEA R LN, B,

i 2 S R IR RN 2 g AL

o BN B 5] R 2 OB EMRIK B AR Rr  1k. RK ®
1972 )31 J7 R 26 EMRI B AT R LU, A5 SR

% i 0 R I A 5«

o4



Detection and Signal

> “TETFHE” (Bosenova) SRR

o WERBO T AAEBGRIARLME B EAFH Gl 5 RIEESEE) , A E KB e Er,
SRR CGEBE” BIPHRRER -

o NUIAFAE: CEARE I [R] YRS TBCGR XL TE A5 ] bk, Bl S 2= B o B R E b I B AR, T R B
HER 31 SRR e
amplitude .

*. H'L jJJ . Saturation???

axions

gravitons C_A\_N\u

.
"’
-
-
-

(A)

.
-
-
o

Yoshino & Kodama, PTP 128 (2012), 153-190 e
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Detection and Signal

> BB S SR S
Wt 12 ] LUE 5 SRR 2 558 B S AR BAE R = A S 5
1. Axion-Photon Interaction
o JF PR R By ambg g b, Bl A LB PrimakoffA N 3540 A 1, 1X ] GEAE SE IR W Bl kS J= A e AR
e A 1 B A £
o STl Axion =B AN & AEARAL, B LUES IR R (EHT) Wll[Yifan Chen et al, PRL.130,111401]
o HBEHNSPIAREES “WEFHAE” Bk FEMBER Ot i, nlae g B i
(FRBs) AR R LB AR YR AT YR
2. WEAR A 5 WAL AR AL 1) 18 il
o WARTEHIAFAE S0 38 IR P R SHE L [Guo, BSS, Li and Zhang, JCAP09(2025)066]
o R = BIAFAE 2 OB R AR AL
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Summary

W A brief review BH Superradiance: w < W,

B The QBS for mass field around BHs: w = w,- + i w;

» Gravitational Atom: w, = u(1 — a’ / 21—12)

» Superradiant instability: w; > 0
» Longlived QBS for Dirac Fields: —w; < w,

B Ultralight ALP can be detected through BH superradiance:
> Regge Plot: BH spin-mass plane. '
» GWs: SGWB, beat, DF. T h a n k YO u @)
B There are many unclear questions: Accretion, Non-linear effect, effect on BBHs.
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Superradiant Scattering

® Superradiance 1s a process to extract energy from the BH.

AR = A s e AR BT s
dA ~ dM — Q,,dJ

Hrp dM 2 EFAFRE A, df S RIAAsIERA;  QH 2 BRI .
UNER— N5 2 0<o<mQUP) T 4 2B 3R W i,

dM ~ w, d/ ~m

T HARRE i, 3 e e
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Outlook and Open Issues

—. JEZesh 1 S5 APLH (BRSSO N

H B B R ST F0 R 22 T 2 A i B e LR%%LK%%K@%%T%%KW& U EMEREREER

INF, AEZRMERNLRE R T, AHIX S B EUE AT AN T

o ELMHEFRHLEATDE;
ﬁgfﬁﬁﬁﬁﬁfiﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ%,W%ﬁ@ﬁﬁ%%@ﬁ%ﬁo

BERA S (8] RS _ BRI oR AR SetE 7 R4l . R 3+ 10 R L i 4 mT g bl SRR A R T LN = 2

F]HT FHHLA M E R = R, & Z e vt 5 .

« ZHHE (80 2D o BB RFNERK Z 878 (Lm) PEXEGE Y, XL H EE 2 R0
AR ? HArsh = se B AR Le it 2 A B 5

o IS EE R R IR CRARYEHR D

UL BB ‘R E-Eie” 404 (Regge Plot) SRG-#EHFEI -7, (EIX [H I ] 14 n) 22 .

o HIEMER R IREB K. RARMEARSG AR, T UHHRRW “Hr e 07 A EE.

o SR RIARIAE A RIRR, iR e & R
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Outlook and Open Issues

=. HRREYEAEN TN DRAAE T
L TP ) BRI AR L O, I BRI RGN AR B MR R AR S 2 R R e A AL

A%

WU SR TR BRI 2 TR £ TR (BT, AR
BT HRIT I MM EE TR | RRAHIRAN, B T R W A RE I
C RURRGPR “HE T S R R TRUR RS, RS YRR A ART
—bE, R 2P 96 TR (Cloud lonization) . # IR UFF7E 2 & HMIHAMEAT, 36 2 At SRR
P 27

DU, ARV S &1 = T AE
o BT IR VE R AR
- EEBENSETIIIRA
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