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superradiance

[Press & Teukolsky, 1972]
[Damour et al. 1976]
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BH as a GA
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Kerr BH of mass M Bosonic field of mass u Gravitational Atom
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Press & Teukolsky, 1972]
Damour et al., 1976]
Detweiler, 1980]

Baumann et al, 2019, 2020]

BH as a GA

KG In Kerr: (gaﬁ Va Vs — MQ) H — 0

Gravitational fine structure constant

R
o = (;RAA[[L ~ ji:g- < 1
C

Hydrogen-like Schrodinger eq

N

Factoring out the rest mass |

1 .
d=——e " +c.c.

V2w
Gravitational Atom

i0p(t 1) = Hotb(t,r) | Hy = _iaf LV with V() = —2 + O(a?)
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GA In a nutshell

* Boson : Bose-Einstein condensate

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

Solutions:

|lpnlm> with Wnlm = Enlm +
2

2n2

a
Enim = 1 (1 ———+4+a*A(n, ) + a®’am B(n, 1) + )

iFnlm

<+—— By in-going B.C.

Rest mass Bohr

Loim < (MmQg — p)a* ™2 {

Fine

> (0 Superradiance
<0 Absorption

l/’nlm ~ e_iwnlmt ~ anlmt

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

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

[Baumann et al, 2019, 2020]
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Q: What phenomena does Gravitational Atom have?

For an isolated gravitational atom:
* Cloud extracts the BH spin.
* Boson cloud emits monochromatic GW via pair annihilations.

For binary systems:

* Resonant transition triggered by orbital motion (GCP resonance transition),
which can be detected by GW and Pulsar Timing.



GA phenomenology In 1solation

* Near-monochromatic GW
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GA phenomenology In 1solation

* Spin cutoff by superradiance f/Hz
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GA phenomenology In binaries

* Atomic transitions a.k.a. “Gravitational Collider Physics” (GCP)

:>.

Resonant

f 3 transition

Backreactlon
Floating / sinking orbits

[Baumann et al, 2019]
[Baumann et al, 2020]
[Baumann et al, 2022]
[Ding, Tong & Wang, 2020]
[Tong, Wang & Zhu, 2021]
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Figure adapted from [Baumann et al, 2020]
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A hidden assumption: there /s a boson cloud



Effect of a binary companion: State mixture

GA In isolation GA in a binary
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[¥300), © ’\7'\.\\{1

superradiance Termination (ST) g

1
« GAisolated: id;¢(t,r) = Ho(t,r) , Hy = —Zaf + V(r)

* GAinabinary: g (t,r) = HY(t,r),with H = H, .|_
Vi=—agq Z Z gl*m*(b*a‘;p*)ylﬂm(g:qj)
1,22 |m.| <L,
/ — X (% O(R, — 1)+ % O(r— R*)>

1) is superradiant with Ty > 0, (e.g., |322) ) Tidal p/erturbation

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

|2) is absorptive with I, < 0, (e.g., |300))
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superradiance termination

. o E, 4+ *
° N : — 1 1
Schrodinger eq:  id,|y) ( . i, +7I‘> 1Y)

e WKB solution (i|$) = Ciue /a4 0y _et/A-dt =1 9
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—— Al : Correction to the
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Eigenfrequencies: A4 = <

* Significant correction if the binary is close:

‘ , —1
F322 ~ 3 X 10_13 S_l (0%)13 (10];[[ )
At a binary separation R, = 10°M 2 M5 ;

3
AF;QQ ~ —7x 10 alU Rb

' : ,\ —10 2 Mo\t
0 | ~_ -13 1 (& e
20% reduction! ~—0.6x10""s (0.1) (0_2) (10]%)

14/23




superradiance termination

* More generally, considering multiple states and rotation effects

Corrected superradiance rate Ty =T + AT}

r,—T; ,
A 2 B B md e )

i=n'l'm

|
10—10_ (]. a1 ) .
with 7 = Vij = (1|Vil7)
10—15-

a 10-20 —

t— -25 [\ = . : .
1= = > [ drops to 0 at a finite binary separation,
103°L  Counter—rotating: ¢.<0 -~~~ terminating superradiance
107 (\/
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Mass ratio: q =

[ -
* The critical distance R, ¢ of |Yn) is l I logyo Res
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S 104 - 0
- 8| 8
Fnlm(R*,c) — Fnlm + Arnlm(R*,c) =0 0
,
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10%F 6
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o o [Tong, Wang & Zhu, 2022]
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)e

* Superradiance Is terminated below a critical binary distance

* What are the phenomenological consequences?



Consequences of ST: Impact on GCP
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Viable GCP transition requires
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[Tong, Wang & Zhu, 2022]
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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)}
| L, Cloud angular momentum

» |Inclination angle

—  _(ACR) 5
|AT322 |/Myr

S » Eccentricity
0. 0.1 02 03 04 0.5

» Semi-latus rectum

Reference
direction*
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ST backreaction: Orbital flow of EMRIs (¢ <'1)

 General binary orbits:  {p(t),e(t),c(t)} U {Sc(t)}

Fan, Tong, Wang & Zhu, 2023]

Cloud angular momentum

» |Inclination angle

» Eccentricity

» Semi-latus rectum

d

% [L(t) cos t«(t)] = Tc + Tobaw cOStx(t) ,

%[L(t) sin ¢4 (t)] = Thaw sin ¢ (t) .
dE(t)
TR P. + Poaw -

- (45, (50)..
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p/(10°M)

ST backreaction: Orbital flow of EMRIs

[Fan, Tong, Wang & Zhu, 2023]

Orbital evolution
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ST backreaction: Orbital flow of EMR

[Fan, Tong, Wang & Zhu, 2023]
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Conseqguences of ST: Observing backreaction

* Mixing of cloud states backreacts on the binary orbit

~ — 15|6322|2 (

Extra period derivative
due to the cloud

A

 Measuring the orbital derivative a la Hulse & Taylor

[Hulse & Taylor 1975]
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[Tong, Wang & Zhu, 2022]

(Pulsar-black hole binary)

B 7,ps = 1 month
B 7, = 1 year
B 7Typs = 1 decade

Tobs = 1 century
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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
v Orbital backreactions observable from pulsar timing

O Alleviate the boson mass bound (To what extent)?
O Fully relativistic treatment?
OSelf gravity? Self interaction?

Thank you for
listening!
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Backup slides



Appendix: Pulsar Timing Accuracy

Suppose we observe the pulsar for t,ps every day, and the pulse period 7.
We can measure t,ps/P periods every day.

The error for every single continuous measurement is 7/[min(t,ps, t)/P].
If we observe for 0 <t < T,ps, Where Typs IS the lOngest observation time.

Then the uncertainty for Periastron time shift Is
1 T

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




GCP channels

BH

(G-atom)

BH

GCP: The BH-BH-GW channel
[Baumann et al,2019,2020]

GCP
resonance

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
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