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Standard Model?

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

FERMIONS BOSONS

MATTER FORCE CARRIERS
[Jauarks  [7] 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

Dark Matter!

Colliders?



= | BH s a good tool to test BSM particle



superradiant Instability

[Press & Teukolsky, 1972]
[Damour et al. 1976]
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BH as a GA

Kerr BH of mass M

® + =

Bosonic field of mass u

ut>aeMm

Compton Black hole
wavelength radius

Gravitational Atom



Standard | s
particle collider Model hlhh cnersy

Strong
EM
Neutrinos
Weak Energy (eV)

weak coupling

!

Coupling to the SM

Gravity
gravitational cosmological [Baumann et al, 2019]

collider collider

ult>aeMm
MB"’[lOM@» 1010M®] Compton Black hole

wavelength radius




BH as a GA

' : 2
KG In Kerr: (gaﬁvavﬁ—u)q):o
Gravitational fine structure constant Factoring out the rest mass +
Rg 1 :
a=GMpu~—<1 d=——e "M +cec.
a AC V21

v Gravitational Atom

Hydrogen-like Schrodinger eq

1 .
Press & Teukolsky, 1972] i@tw(t,r) — H(ﬂ,b(t,l‘) ’ HO — —2—83 4 V(’I“) with V(T) — _% 1 O(O&z)
v

Damour et al., 1976]
Detweiler, 1980]

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



GA | n a n U tS h e ‘ ‘ [Press & Teukolsky, 1972]
[Damour et al., 1976]
[Detweiler, 1980]
[Baumann et al, 2019, 2020]

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

Solutions:

wjnlm) With wnim = Enim Hil' il < Byin-going B.C.

Determined by near far formalism :

overlap far

a
v

A

v




GA I n a n U tS h e ‘ | [Press & Teukolsky, 1972]
[Damour et al., 1976]
[Detweiler, 1980]
[Baumann et al, 2019, 2020]

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

Solutions: 322)
n=3 1300) 1311)
[ Ynim) With wnim = Enim H il pim| < Byin-going BC
a’? T 1211)
Enim =1 (1 oz + a*A(n, ) + a’am B(n, 1) + > n =2
| | | | 1 |
Rest mass  Bohr Fine
n=1 I
Ty 0 (M — )+ {> 0 Superra@ance —
<0 Absorption
t

l/)nlm ~ e_iwnlmt ~ ernlmt
10



GA In a nutshell

Al+5 Rg

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

[Baumann et al, 2019, 2020]

P o (M — p)a™7 1 with a=GMp~ T <!
| 1322)
* FrommQy — u n=d 300) -
* Cloud saturated when spin is small enough. T N
* m < 0 mode always absorptive. n— 9 21D)
 Lower m modes need higher spin.
e From a**5
 The lower [ modes grow much quicker.
* |211) mode will dominant first if spin is n=1 |
enough. . le s
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= What phenomena does Gravitational Atom have?



GA phenomenology In 1solation

* Near-monochromatic GW

107p
107%t

-7
1 0 ELISA, 4 years
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10~ HeV [Brito et al., 2017]
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GA phenomenology In 1solation

Spin cutoff by superradiance f/Hz
1105 10* 10° 10% 10' 10° 107" 10721072107 107

| 1
| [
" ~ c L
Py P £ 0.6
: Ab s .
| BH spin down | @ 0 oy e
02p e
: QLISA,QB
10 1 eV 10 y ‘ ‘ . LISA, Q3n0d
90-1 10° 101 102 103 10° 10° 10° 107 10° 10°
BH mass [M ;]
a  4m(Mw) 4o 3 ©
rrl'Q'H l > W ~ U » M~ m2 —|—4(Mw)2 T m +0(a”) [Brito et al., 2017]

Spin at saturation y
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GA phenomenology In binaries

 Atomic resonant transitions

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

Figure adapted from [Baumann et al, 2020]

Sl J . 322)
! : | } 211)
Resonant n=2
transition
@ Backreaction: n=1]
Floating / sinking orbits o
t Fow () (=0 =1 (=2
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= A hidden assumption: there /s a boson cloud



Effect of a binary companion: State mixture

GA In isolation

‘ grow

¥322)

F322 ~ 3 X 10_13 S

6 decay

|lp300>
I

300 =~ —3 X 10_3 S

I
¢

|
o

() (

) (o)

10Mg )

M

10Mo,

g

[Tong, Wang & Zhu, 2022]

GA in a binary
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4 P322)
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superradiance Termination (ST)

0 (t,v) = How(t,r) . Hy= ——02 + V(r)

 GA Isolated:

+ GAinabinary: id,(t,7) = Hp(t,r), with H = H, +

2p

» E.g., consider a two-state subspace {[1), [2)}

|1) is superradiant with I} > 0, (e.g., |322) )
|2) is absorptive with I, < 0, (e.g., |300))

-

“Free”cloud

Tidal perturbation

)

/
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[Tong, Wang & Zhu, 2022]

Vi=—agq Z Z gl*m* (L*a ‘P*) }/Z*m* (9, ¢)

122 |m.| <L,

— Rl*

rls "
X (—Rl*H O(R, —r)+ TaT O(r — R*)>

Vii = (VL))
E,=E +Vy
N = Vgl

18



superradiance termination

[Tong, Wang & Zhu, 2022]

. L Ey 440 n
. h : — 1 1 _
Schrodinger eq:  id,|y) ( . 7, iFg) 1Y)

, r
Bu+ g2+ [0 o it
Eigenfrequencies: Ay = <

] —— AI: Correction to the
Es + = '”' -+ = ﬁ!ﬂz] superradiance rate

Significant correction If the binary Is close:

13 -1
Tapy ~ 3 x 10713 57! (i) ( M )
. . . 0.1 10M,
At a binary separation R, = 10°M

3‘1 M>
Arggg_—7><10 10 Rb

_ PN
20% reduction! ~ 0.6 x 1071 s‘l(oal) v (%)2( M )

0.1 10M,
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superradiance termination

* More generally, considering multiple states and rotation effects

Corrected superradiance rate Ty =T + AT,

r, —T, ,
A 2 B B - b )

i=n'l'm’

[T
10—10 : . . .
with 1 = Vij = (1|Vil7)
10—15
i -20
= 10 f\ —
1072 g > [' drops to 0 at a finite binary separation,
109} Counter—rofating: ¢.<0 _om-nn- terminating superradiance
1075 (\/

102 104
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*

Mass ratio: g =

M
A CrltICa‘ dlStaﬂCe Fine structure const; &« = GM p
o 1211 ¥322)
* The critical distance R, ¢ of |Y,n) is ol . logo e
defined as
S 1074} - 0
- 8| 8
Fnlm(R*,c) — Fnlm + Arnlm(R*,c) =0 10
10-12} '
10%F 6
* R, . (nlm) is the distance below which Wias) N .
. 109+
no superradiance can happen §
= 1074} /
3
23/6 /3 M o [
Y e q
R..(322) ~ 10° k (—) (_)
<(322) 01 02) 10M, oM W
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4
o o [Tong, Wang & Zhu, 2022]
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* Superradiance Is terminated below a critical binary distance

* What are the phenomenological consequences?

22



Consequences of ST: Impact on resonance

104 | 211 21 -1
- M,
Mass ratio: ¢ = —
109} S M
544 - 542
10—4 L
10—8 L
Hyperfine Fine
10—]2 L
10%r Bohr (sinking) Bohr (floating)
oL
10 211> 3121
10—4 L
-8 |
5 m m
10_ ~E L L f L L L
0.0 0.1 0.2 0.3 04 0.0 0.1 0.2 0.3 0.4

(0

(04

e
T

&
=]

Resonant
transition

* Viable GCP transition requires

R, ,.(nlm — n'l'm") > R, .(nlm)

[Tong, Wang & Zhu, 2022]
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ST backreaction: Orbital flow of EMRIs (¢ <1)

* General binary orbits:

p(t),e(t), o(t) } U{Sc(t)}

Fan, Tong, Wang & Zhu, 2023]

Cloud angular momentum

» |Inclination angle

» Eccentricity

» Semi-latus rectum

:iit[L(t) cos L« (t)] = Tc + Thaw cOs L« (t) ,

d
dt
dE(t)

—==P.+ P )
at + Fbaw

S04, (40)..

[L(t) sin 4 (t)] = Toaw sin . (t) .

Reference
direction*
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ST backreaction: Orbital flow of EMRIs

Orbital evolution

[Fan, Tong, Wang & Zhu, 2023]

lol—lz

108

107
t/Myr

10°

0.7} <+
0.6} 3 T
0.5 a4 |
0.4} )
] __;)c- 5
03}
02} .
4 —-— -
0. B 0 L
10* 10712 1078 1074 10° 10* 10712 1078 1074 10° 104
t/Myr t/Myr
1322) M =103 Mg Co-rotating

q=14X 1073 a=0.2
2a

1+ a?

a=

Counter—rorating
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ST backreaction: Orbital flow of EMRIs

0.8

0.6

0.4

0.2

Flow of orbital parameters
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[Fan, Tong, Wang & Zhu, 2023]
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How significantly does ST influence the BBH systems in reality
from a statistical standpoint?
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* Stellar Evolution for N-body (SEVN) for 8 x 10° BBH systems

ST Statistic: Survival Rate of GA

List of

Mass Mg and M,
Semi-major axis a
Eccentricity e

Consider

Inclination t =0
BH spin a

[Zhu, Tong, Manzoni & Ma, 2024]
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count

ST Statistic: Survival Rate of GA

« Stellar Evolution for N-body (SEVN) for 8 x 10 BBH systems

Initial Condition : Mass distribution, orbital period distribution, metallicity of

[Zhu, Tong, Manzoni & Ma, 2024]

stellar binary systems in the milky way, with uniform spin distribution.

* Output:
M=
M
10 20 30 40 50
Remnant Mass/M ¢

count

kel

4 6
logl0(a/Ro)

8

10

count

101

10”1

0.0 0.2 0.4

0.6

0.8

29
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ST Statistic: Survival Rate of GA

« Stellar Evolution for N-body (SEVN) for 8 x 10 BBH systems

* [nitial Condition : Mass distribution, orbital period distribution, metallicity of
stellar binary systems in the milky way, with uniform spin distribution.

10°

* Spin Model of BBH : Wolf-Rayet (WR) Spin Model

02
* Primary BH has small spin. l

* Secondary BH has spin :

>
<
o
[ tale2 (P 81 P 1< <1 R
f loglo (dTLy) +f Oglo (d_ay) ’ 0- — d_ay = 10
~ P
a = ¢ 0 g m > 1 10_
&"PZD.Iday ’ I <0.1

\




ST Statistic: Survival Rate of GA

* Spin Model of BBH : Plateau (PT) Spin Model

wp=0.25 wp=1
0.8
06

__1 . (WP/Pc\ . (Mc—M
a = —eric —F— ] €riC —_— 0.4
4 V2uwp V2w

02
50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 o0

M/Mo M/[Mo M/Mo

f\[('=15;"\[@ ll{\/=1 ug\/=4

0.8
0.6
0.4
0.2
0 10 20 30 40 50 o0

M|/ Mo

P : Cut off of orbital period

wp : Width parameter of period
M. : Cut off of parameter of BH
mass

wy - Width parameter of BH mass

50
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[Zhu, Tong, Manzoni & Ma, 2024]

ST Statistic: Survival Rate of GA

* Stellar Evolution for N-body (SEVN) for 8 x 10° BBH systems
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counts

ST Statistic: Survival Rate of GA

* Stellar Evolution for N-body (SEVN) for 8 x 10°® BBH systems
with WR spin model

1 M2z 1 D
1400 |AT322| 200 |AT211]
1200 175
1000 150
= 125
800 :
S 100
600
751
400
50 1
200
I'I-----..r--l1_|_,.._r 251
“ |
0 | | | | I ! ! ! - T
-8 -1l6 -14 -12 -10 S - S R S

log(rate/s ™) log10(rate/Myr—1)
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ST Statistic: Survival Rate of GA

[Zhu, Tong, Manzoni & Ma, 2024]

* Stellar Evolution for N-body (SEVN) for 8 x 10°® BBH systems

1400

1200

1000

800

counts

600

400

200

with WR spin model

1 M2z
|AT322|
-18 -16 ~14 -12 -10

log(rate/s 1)

0.01
—12.6

~12.4

122 =120 -11.8
log10(u/eV)

-11.6

-11.4
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ST Statistic: Survival Rate of GA

* Stellar Evolution for N-body (SEVN) for 8 x 10°® BBH systems

with PT spin model

 Common behavior :

* The survival rate is approximately
an increasing function of the
boson mass.

* For small boson masses (typically
around p < 0.5 X 10712 eV), the

survival rate can drop below 10%.

* BHs that survive come from the
highly superradiant tail of the
participant sample.

/ﬁ
il N

Pr-=0.4 day
—— P-=0.8 day
Pco=1.6 day

0.
-126 -124 -122 -120 -11.8 -11.6 -114

log10( p/eV)
1.0 |
0.8
2 0.6
=
")
o
04
0.2 Mc=5Mo
— Mc=10Mo
Mc=15Mo
0.0
-12.6 -124 -122 -120 -11.8 -11.6 -114
log10( p/eV')

[Zhu, Tong, Manzoni & Ma, 2024]

0.2
‘/-\/L wp=1
0.0

wp= 0.25
wp= 0.5

126 -124 -122 -120 -118 -11.6 -114

log10( p/eV')
1.0 —_— L
0.8 |
2 0.6
2
At
0.4
0.2 ‘ wy =1
—_— wy=2
/ wy =4

0.0 :
-12.6 -124 -122 -12.0 -11.8 -l11.6
loglO( pu/eV) 35
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Ssummary and outlook

v BH superradiance instability

v GA enjoys a rich phenomenology

v" Yet a binary companion can destabilize the cloud
v" This leads to ST at a critical distance

v" ST poses tight constraints on possible GCP transitions and have
backreaction

v For small boson masses (typically around u < 0.5 x 10712 gV), the
survival rate can drop below 10%.

Thank you for
listening!



Backup slides
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=  What is our world made of?



Starting From The Very Beginning

Everything is Atoms are Nucleus are
composed composed composed

of indestructible of electrons and of Protons and
atoms nucleus Neutrons

Standard
Model

Democritus Thomson Chadwick
(460 - 370 BC) (1856—1940) (1891-1974)
& Rutherford
(1871—1937)
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Why Not Particle Collider

Standard Model Particle Dark Sector

/ *—

Interaction described by three * Interact mostly by gravity

fundamental forces
* Can not ‘collide’” with test particle

Test particle ‘collide” with SM particle
* Can not be observed by the detector

Can be observed by detector

40




Why Not Particle Collider

Standard Model Particle Dark Sector
s
0

o—

- .
Interaction described by three * Dark sector couple with rotational BH
fundamental forces

* Gravitational wave signal carry the

Test particle ‘collide’ with SM particle fingerprints of the properties of new

particles

Can be observed by detector

* Gravitational Collider
[Baumann et al, 2019]
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Kerr Spacetime

Kerr spacetime in Boyer-Lindquist coordinates:

B .23-_2 3 ‘ 1 - _22_& QL,' 29 1
ds? = — (& @ S 9) dt? + =dr? + 2de? + (<T +a’) @ S ) sin? Odo?

) A )Y
9 a2 A2 1 a2
~ 2asin 9(f2+ a A)dtdd} |

with
Y =1r? 4 a’cos? b A= 2 —2Mr + a® .

Two horizons are

ry =M+ /M2 — a2
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Superradiant Scattering

KG Equation in Kerr with tortoise coordinate:

r? 4 g2
dr, = ———dr ,

A
Asymptotic behavior:

e W - Re™ | r— 00 ;

T e thHT~ LT =Ty

\

ky = +£(w—mQy) .
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Wronskian Conservation

For Differential Equation
y'+px)y +qx)y=0
Define Wronskian
W =y1y, — Y291 SO W' =—pW

For our EoM

dZ
[drz + Veff])((r*) =0

p=0 — W' =0 — Wronskian Conserve

44



Superradiant Scattering

Wronskian conservation:

d}{ dy
V= X = .
v X dr dr ~
5 W — mf
R+ ———=[T* =1

When w > mQy, superradiant!
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Selection Rules

* From angular integral

G = [ AV ()i ()i ()

[ e

T

/ﬁ:ﬂ /@20 Y Y dQ = b Sy /mmﬁdﬂ = 1.
we obtain selection rules

—m'+my+m=0,

|+ 1, +1U' =2k, forkeZ,

-V <L <I+T
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General Orbit Calculation Detall

ST torgue comes from

dSe(t) _ (dSe(t)) , (dSe()
dt At Jgrp dt ) .cw ‘

dS.(t ——(ACR) _, S.(t
( ol )) = AT M s,(1) | (‘“'(”) = 1 (S0)Su(t) .
ST dt cGW

Power from ST and GW reads

o

1 2w (dS.(t
P. = —/dt:,b*fﬂcnsr,* ~ ( el )) COS L,
ST

T T dt

73 , 37

32 M°q*(1+ q)'/?
Poow = — — -

5 po 24 96"

(1— Ez)(l + —e + —FJ).

dS.(t)
di

)ST
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[
-

Gravitational wave observation is enough?
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GA phenomenology In binaries

 Atomic resonant transitions

MZSM@
M,=14M
a=0.12

1020}
106}
10"}
S
2
ED 108-
&
e~
104-
100-
10—4_

[Tong, Wang & Zhu, 2021]

iy
3 %
“ i
e Bohr . %g
A Fine E.‘.go ..
m Hyperfine . .":‘.‘

©) 107 10 10 102 107 10° 10

rn/Rr



Transition P, (hr) At (yr) Ate (yr) rn/ Ry T(erowth) (yyy p(deplete) (yyp)  plmerge) (yr)
322) —[200) 6.4 x107% |28 x107% 22x1073 0.96 9600 1013 7.9 x 1073
Bohr 322) = [100)  9.9x107° | 1.9x 107° 2.8 x 1075 3.3 9570 1013 5.5 x 1077
311) = [21—-1) 7.0x107% |36x 1073 1.4 x 102 0.89 4.7 x 1072 105 1.0 x 1072
211) = (31 —1) 7.1x107% | 3.6x 1073 —1.4x 102 0.89 1.7 x 102 10° 1.0 x 102
Fine 322) — |300) 1.9 x 1072 25 6.3 9.8 x 102 9600 1013 72
322) — |320) 12 7.5 x 108 22x 107 | 1.3x 1073 9600 1013 2.1 x 107
Hyperfine [321) = [32—1) 6.4 13x10°  24x107 | 20x1073 6.4 x 10° 10°-10"° 3.8 x 10°
311) — 31— 1) 1.3 1.8 x 106 56 x 10° ) 6.0x 1073 4.7 x 1072 10° 5.1 x 106
211) — [21 — 1) 0.38 7.0 x 10* 33x10* / 6.0x107%  1.7x 1072 10° 2.0 x 10°

Table. A comparison between Bohr transitions and fine/hyperfine transitions




New Approach: Pulsar Timing Method

* Mixing of cloud states backreacts on the binary orbit

[Ding, Tong & Wang, 2020]
[Tong, Wang & Zhu, 2021]

Extra period derivative
due to the resonance

A

* Measuring the orbital derivative a la Hulse & Taylor

[Hulse & Taylor 1975]

(P) o\ 9 q
~ — 15|e 2( )
(P GR |C322| 0.1 (1+Q)7/3

M 5/3 i —5/3
10Mg, 1 hr

108t

(Pulsar-black hole binary)

322) - [320)

ol



Backreaction of ST Trough Pulsar Timing

108} _ 10%r
|Cl |2 =10 2
§ 104+ § 104+
S S
109 M 7, = 1 month 1004
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ST backreaction: Orbital flow of EMRIs (¢ <1)

Fan, Tong, Wang & Zhu, 2023]

 General binary orbits:  {p(t),e(t),c(t)} U {Sc(t)}
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Statistical Test of ST
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Pulsar Timing Accuracy

* Suppose we observe the pulsar for t,,s every day, and the pulse period .
* We can measure t,ps/P periods every day.
* The error for every single continuous measurement is t/[min(t,s, t)/P].

* If we observe for 0 <t < T,ps, Where Typs 1S the lOngest observation time.
Then the uncertainty for Periastron time shift Is

1 T

oap = [ t ]min(tobs,t)/P
lday
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GCP channels

BH

(G-atom)

BH

GCP: The BH-BH-GW channel
[Baumann et al,2019,2020]
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GCP: The BH-PSR-Radio channel
[Tong et al, 2021]
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The GA spectrum
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Going to the co-rotating frame

H_<0)1‘|‘V11 Vi )_(El—}—il“l n* )
Vai 0, +Vy/) n E,+il, )

Hp = U(t)"(H(t) — i0,)U(1),
with U(l‘) = e"'%(?‘)Lzﬂ
D — _ . . .
|’7| E2 + IFQ — MH@,
1
[E, — E; — (my — m;)@.(R,)]?
“Wick Rotation” 1
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