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Outline

e Gravitational waves as probes of strong gravity
e Exotic compact objects
e Ergoregion instability

e Gravitational wave echoes
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Compact binary coalescence
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Ringdown stage

The ringdown stage is dominated by the quasi-normal modes of the remnant
which describe the response of the compact object to a perturbation.

W= Wpgr + 1wy

The signal is a sum of exponentially damped sinusoids:
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Gravitational wave detections
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Exotic compact objects

ECOs are theoretical compact objects without horizon which

e can mimic black holes in terms of electromagnetic observations
Abramowicz+, A&A 396, L31-L34 (2002)

e can overcome paradoxes of BHS mazu, Motiola, PNAS (2004)
- thermodynamical instability

- huge entropy
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Rotating exotic compact object

EM, Pani, Ferrari, PRD 96 (2017) 104047

We analyze a compact object described by the Kerr metric with radius
ro = ra(l+ €), e <1
whose surface is parametrized by a complex reflectivity coefficient X:

e Perfectly reflecting surface ’R’Q =1

e Partially absorbing surface \R\z <1

Surface of exotic /

compact object

Black hole horizon
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Ergoregion instability

Friedman, Commun. Math. Phys. 63 (1978) 243

Spinning compact objects with an ergoregion but without an event horizon
might be unstable due to the ergoregion instability.

Ey >0 ___ Event horizon
Q\ — Infinite redshift surface
\ .
q Ergoregion
Ei > E)

Brito, Cardoso, Pani, Lect. Notes Phys. 906 (2016)
Penrose, Nuovo Cimento.). Serie 1 (1969) 252

The only way to prevent the instability is by absorbing negative-energy states
through dissipation mechanisms at the surface of the object.
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Ringdown of exotic compact objects
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Ringdown of exotic compact objects
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Quasi-normal mode spectrum

EM, Pani, Ferrari, PRD 96 (2017) 104047I
Exotic compact objects with a perfectly reflecting surface turn unstable above

a critical value of the spin due to the ergoregion instability.
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Quasi-normal mode spectrum

EM, Pani, Ferrari, PRD 96 (2017) 104047I
Exotic compact objects with a perfectly reflecting surface turn unstable above

a critical value of the spin due to the ergoregion instability.
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How to quench ergoregion instability

Partial absorption at the surface |R|* < 1 destroys the instability.

The minimum absorption rate to quench the instability is the maximum
amplification factor of superradiance of black holes.

A

surface/interior
photon sphere

“‘e‘.%%?._...,._.,,

Techo

\/

z

Cardoso, Pani, LRR (2019) 22:4
Vilenkin, Phys. Lett. 78B (1978) 301

Spin Absorption

0.7 0.3%
0.9 6%
any ~60%

EM, Cardoso, Dolan, Pani, PRD 99 (2019) 064007

Elisa Maggio - Exotic Compact Objects

Cortona Young 2020

10/14



Template for echoes

The signal emitted by an ECO at infinity can be written in terms of the signal
emitted by a BH: Mark+, PrD 96 (2017) 084002

Zico(w) = Zgu(w) + KZgy(w)

!

Transfer function

Parameters: e Standard BH ringdown: M, x, A+ «, ¢+ x, %0
e 2 of the ECO: €, R
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Template for echoes

The signal emitted by an ECO at infinity can be written in terms of the signal
emitted by a BH: Mark+, PrD 96 (2017) 084002

> > =~ — Analytical
Zicow) = Zgy(w) + KZgy (w) tzsnz;l;ct:

l EM, Testa, Bhagwat, Pani,
Transfer function PRD 100 (2019) 064056
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Ringdown+echo waveforms

EM, Testa, Bhagwat, Pani, PRD 100 (2019) O64056|
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Ringdown+echo waveforms

EM, Testa, Bhagwat, Pani, PRD 100 (2019) O64056|
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Ringdown+echo waveforms
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Detection of exotic compact objects?

* Debate on the evidence of echoes in LIGO/Virgo data

Abedi+, PRD 96 (2017) 082004, Conklin+, PRD 98 (2018) 044021
Westerweck+, PRD 97 (2018) 124037, Tsang+, PRD 101 (2020) 064012

e Third generation and space based detectors will allow us to detect or
exclude exotic compact objects with a partially absorbing surface.
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Conclusions and future prospects

e We can understand the nature of compact objects and look for new
physics at the horizon scale through gravitational waves.

e We analyzed the stability of a rotating exotic compact object:

Perfectly reflecting surface — Ergoregion instability
Partially absorbing surface —p Stability

e We derived an analytical gravitational-wave template for the postmerger
ringdown and the echo signal.

e Accurate matched-filter searches for gravitational wave echoes
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