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Black hole physics: on-going breakthroughs
- Gravitational wave

- Imaging

- Origin: 100 Mg? Supermassive? PBH?

- Black hole entropy & information

- Tests of GR, dark matter, ...



Introduction

l Penrose Process and BH Superradiance
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How does the Penrose Process work? A Newtonian analog
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How does the Penrose

Process work?

A bit more math

of a rotating (Kerr) BH
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The Kerr background
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Kerr: has Killing vector t = 9,

Killing energy E = —p#t, = —-m——t, = —mvk,

is conserved along geodesic

Exterior region Ergo-region
t: timelike t: spacelike

E = —mv“tﬂ >0 E = —mv”tﬂ

Can be +
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Incoming wave
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From the Penrose Process

to superradiance:

How to re-use the

out-going wave energy?
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ORIGINAL MOTION PICTURE SOUNDTRACK
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P25t Superradiance
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Faster with Super-Radiant Modes
companion

Decaying Modes

Gravitons

Rotating Black Hole

JAccretion

“String Axiverse”, Arvanitaki, Dimopoulos, Dubovsky, Kaloper, March-Russell, 2010
See also “Superradiance”, Brito, Cardoso, Pani, 2020



What happens
for a superradiant BH

with a companion star?
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“Gravitational Collider Physics” (GCP), Baumann, Chia, Porto, Stout, 2019



Qianhang Ding, Xi Tong, YW, 2020
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“Gravitational Collider Physics” (GCP), Baumann, Chia, Porto, Stout, 2019



Xi Tong, YW, Hui-Yu Zhu, 2020

Hyper-fine structures

“Gravitational Collider Physics” (GCP), Baumann, Chia, Porto, Stout, 2019



Outline

1. Introduction (V')

Ref of 2 and 3:

Brito, Cardoso, Pani, 2020
2' Scalar ClOUd over Kerr ((_) Baumann, Chia, Porto 2018

Baumann, Chia, Stout, Haar 2019
3 GCP BOhr tra nSitionS Baumann, Chia, Porto, Stout, 2019

4. Termination of superradiance

. . . Ref: Tong, YW, Zhu, 2022
5. Pulsar timing, hyperfine — 7% 7"

Ref:
Ding, Tong, YW, 2020
Tong, YW, Zhu, 2021
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The Kerr background
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Scalar EoM in the Kerr background

(gaﬁvavg ~ NQ) O(t,r) = 0
Ansatz:

O(t,r) = NGTT [(t,r) et 4 (1, r)et ]

Non-relativistic approximation: Schrodinger-like eq
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zaw(t,r) = (—ﬂv - + AV) Y(t,r)
_ GMp M [

R <3M@> (10—12 eV)

AV : higher orderin



Separation of variables:

wném (t7 r) — Rne(r)nm(ej ¢) e_i(wnEm—M)t

w=F-+1I

After solving the Schrodinger-like equation:
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Note the sign of I’

Angular velocity of wave

from e—iwt+imq5

- Negative: decay

- Positive ( % < Qg ) : superradiance



Scalar energy spectrum
Solid blue: growing modes

Dashed red: decaying modes




For initially extremal Kerr,

the mass and angular momentum for leading states

m =1 m = 2 m =3
Scalar: |nfm) 1211) 1322) 1433)
Vector: [nfjm) || |1011) 12122) 13233)
Mco/M a—40* | o? 20% /9
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Outline

1. Introduction (V)

2. Scalar cloud over Kerr (V)

3. GCP Bohr transitions (<)

4. Termination of superradiance

5. Pulsar timing, hyperfine



Selection rules

£, m: old axion state
(S1) —m' +ms+m =0,

(S2) £+ 4, +¢ =2p, forpeZ,
(S3) |-V |<t, <+ 1. £., m,: perturbation

', m': new axion state

(no dipole £, = 1)
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Two-state transitions

small gravitational
perturbation

Landau-Zener
transition happens
when this vanishes




Period of the perturbation for Landau-Zener transition:
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Q/Q,

- - Normal orbit
— Sinking orbit

+: floating orbit, AE < 0, cloud releases energy

2,
2 -
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S L
0.5 - - Normal orbit ||
— Floating orbit
=05 0 05 1 15 2 0
Vt/8
- : sinking orbit , AE > 0, cloud gets energy
: 96
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Outline

1. Introduction (V)

2. Scalar cloud over Kerr (V)

3. GCP Bohr transitions (V)

4. Termination of superradiance (<)

5. Pulsar timing, fine & hyperfine



ways to Super-Radiant Modes

Decaying Modes

Gravitons

Rotating Black Hole

Accretion



GCP requires a companion:
Tidal perturbation not only
(1) Trigger GCP resonance, but also

(2) Trigger off-resonance decay
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Mixed by M... How to solve the mixing?
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Mixed by M,.. How to solve the mixing?

Simple estimate: adiabatic approximation

g (witVi Vi _(FEi+ilh 7t
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More careful calculation: the same thing in co-rotating frame
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Implication to GCP: Cloud can decay before resonance
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Off-resonance GCP signals:
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Outline

1. Introduction (V)

2. Scalar cloud over Kerr (V)

3. GCP Bohr transitions (V)

4. Termination of superradiance (V)

5. Pulsar timing, hyperfine (<)



(® Binary pulsars
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“Binary and Millisecond Pulsars”, Lorimer, 2008



Pulsar—black hole binaries in the Galactic Centre

Claude-André Faucher-Giguere ™, Abraham Loeb

Monthly Notices of the Royal Astronomical Society, Volume 415, Issue 4, August 2011,
Pages 3951-3961, https://doi.org/10.1111/j.1365-2966.2011.19019.x

therefore important. We show that if the central parsec around Sgr A* harbours
a cluster of ~25 000 stellar BHs (as predicted by mass-segregation arguments)
and if it is also rich in recycled pulsar binaries (by analogy with globular
clusters), then three-body exchange interactions should produce PSR—BHs in
the Galactic Centre. Simple estimates of the formation rate and survival time of

While theoretical considerations suggest that a certain fraction of pulsars should
have black hole (BH) companions (e.g. Narayan, Piran & Shemi 1991; Phinney 1991,
Portegies Zwart & Yungelson 1998; Bethe & Brown 1999; Belczynski, Kalogera &
Bulik 2002; Sipior & Sigurdsson 2002; Pfahl, Podsiadlowski & Rappaport zoos)m
been found to date. The discovery of such a system would represent a major step
forward both from the astrophysical point of view and for the unique gravity tests
that it might allow. It is therefore important to develop an understanding of where



Black hole/pulsar binaries in the Galaxy

Yong Shao ™, Xiang-Dong Li

Monthly Notices of the Royal Astronomical Society: Letters, Volume 477, Issue 1, June 2018,
Pages L128-1L132, https://doi.org/10.1093/mnrasl/sly063
Published: 18 April 2018 Article history v
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ABSTRACT

We have performed population synthesis calculation on the formation of
binaries containing a black hole (BH) and a neutron star (NS) in the Galactic
disc. Some of important input parameters, especially for the treatment of
common envelope evolution, are updated in the calculation. We have discussed
the uncertainties from the star formation rate of the Galaxy and the velocity
distribution of NS kicks on the birthrate (~0.6--13 M yr*1 ) of BH/NS binaries.
From incident BH/NS binaries, by modelling the orbital evolution due to
gravitational wave radiation and the NS evolution as radio pulsars, we obtain
the distributions of the observable parameters such as the orbital period,
eccentricity -and-putse-peried.of the BH/pulsar binaries. We estimate that there
may bé

Telescope.
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Conclusion & outlook:

GCP Bohr resonance: only 211 remains

R, ~ (cloud size), focus on 211 & more careful
GCP fine structure resonance: not good

GCP hyperfine structure resonance : good

But cloud back reaction is big

Thank youl!

Off resonance GCP: good

Off resonance signal should be Ackn OWIedgment:
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