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The photo of a black hole
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The sound of a black hole merger
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Sut have we observed an event horizon?

light cones near horizon

1 Tortoise coordinate
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The magic of quasi-normal modes?

QNMs of BH: characteristic oscillation modes of BH spacetime

Regge-Wheeler-Zerilli equation 20 Hm(2M @)
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ringdown dominated by QNMs

QNM spectrum determined by BH’s M and a (Kerr)

test of no-hair theorem

Ringdown: only conclusive test of BH(?)



Not necessarily!

This is based on assumption: Ringdown ~ QNMs

Ringdown simply determined by photosphere

frequency & damping time ~ circular photo orbit

QNMs are sensitive to boundary conditions

Black Hole fV (ZL’) Exotic :Compact Object fV (:Ij)
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Ringdown >~ QNMs Ringdown # QNMs!



—xotic compact object (ECO): an example

Featured in Physics Editors' Suggestion

s the Gravitational-Wave Ringdown a Probe of the Event Horizon?

Vitor Cardoso, Edgardo Franzin, and Paolo Pani
Phys. Rev. Lett. 116, 171101 — Published 27 April 2016; Erratum Phys. Rev. Lett. 117, 089902 (2016)
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GW waveform Effective potential
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Smoking gun for new physics: echoes
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What kind of new physics?

black hole mimickers: fuzzball, gravastar, boson stars, ...

guantum gravity effects: firewall
Planck length € ~ 1070 wp 7., ,(60M) ~ 50 ms



—choes from MVMG black hole Zhang & SYZ, 1700.07503
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How to characterize GW echoes”?

Mark, Zimmerman, Du & Chen, 1709.07503
Parametrize new physics with a reflective boundary

Exotic Compact Object
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The Fredholm approach to echoes

Huang, Xu & SYZ, 1908.00189
Regge-\Wheeler-Zerilli equation

¢"(w,z) + (w* = V(2))p(w, z) = Z(w, z)

Fredholm integral equation
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Separate kernel function
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Solution

A(N) = det(c)

Cij — (Sij — }\/ dmﬁz(x)a](w)

Observer at large x

K(z,y) = a(r)B(y)

(o) = f(z) + [doy
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—xample: BH boundary condition with potential V(x)
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Perturbation scheme

f separation is difficult, expand in K(x, y)
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Convergence and error estimate

- Approximate solution Huang, Xu & SYZ, 1908.00189

Dapp (@ / R 0 '"” "”’” Y) f(y)dy

n! n

- absolute convergent if V(x) is normalizable
For Schwarzschild potential
- estimated errors from truncating N

- estimated errors from neglecting (=L, a) U (b, + o)



1. Reflective “mirror”
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—choes In Fredholm formalism

Exotic Compact Object
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2. Extra potential barrier

V(z)=V(z)+ R(w)Vqo(x)

For either case
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GR kernel

echo kernel




Al (z,y) =

DS

1<11 << <n =1

> [T

1<ip<--<ij<n” i=1

n—+1
Ap(z,y) =) RIA)(x,y)
7=0

I_((xl,xl) Q(xy,x;,) Q(iBl,QSZJ) I_((:L‘l,:cn)

K (2, 1) Q(Zn, i) Q(zn, xi;) K (2n,xn)
K@y K@m) - Quay) - Q) - Kz,
K(x1,y) K(xq,21) Q(r1,74) - Qz1,74,) K(xqy,z,)
I_((xn y) K(xnaxl) Q(xmxh) Q(xmx%) I_((x’mxn)

Huang, Xu & SYZ, 1908.00189



Diagrammatica for perturbations Huang, Xu & SYZ, 1908.00189
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For echoes, add R(w)Q(z,y) = —e—.
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For n-th echo, collect all vacuum and 2-point diagrams
with 7 solid vertices



Diagrammatical rules

o K(z;,x;)is represented as a (2-point) circle vertex;

o R(w)Q(x;,x;) is represented as a (2-point) solid
vertex;

e Diagrams with n solid vertices contribute to the
n-th echo wavetorm:;

e [ dx is represented as a “propagator”;

e For each diagram with an odd number of loops,
assign a minus sign;

e D, includes all loop diagrams with n vertices;

e A, is obtained by cutting open one of the loops in
Dy.

Huang, Xu & SYZ, 1908.00189



Numerical results

Huang, Xu & SYZ, 1908.00189

Model Potential V (x) Left Boundary
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Numerical accuracy
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—choes from rotating (Kerr-like) ECOs

Teukolsky master equation Huang, Xu & SYZ, 1908.00189
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complex, frequency-dependent effective potential
but Fredholm formalism still applies



Unequal interval echoes”

Slowly pinch-off worm hole

Singularity
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Wang, Zhang, SYZ & Piao, 1802.02003




Wang, Zhang, SYZ & Piao, 1904.00212

Model selection: equal vs unequal

Equal interval echoes Unequal interval echoes
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Summary

We have not observed BH horizons. 1o

0.5

GW echoes encode new physics.
0.0 [{1ir

Massive graviton == EChoes 05

0 50 160 150
Possibility of unequal echo intervals time [ms]

GW strain

We use the Fredholm approach to re-process GW echoes.

This approach can be presented diagrammatically.

Numerically, the Fredholm formalism is very accurate.

Thank you



EM probes : spin distributions, shadows. accretion, tidal disruption
GWs : echoes, resonances, spin distributions, inspiral. merger
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