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Gravitational waves as probes of strong-gravity




The ringdown stage is dominated by the quasi-normal modes (QONMs) of the remnant
which describe the response of the compact object to a perturbation
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The ringdown stage is dominated by the quasi-normal modes (QONMs) of the remnant
which describe the response of the compact object to a perturbation.
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From the detection of the ringdown we can infer the QNMs of the remnant and
understand nature of the latter.
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However the characterization of the remnant is still
an open problem.

A precise modeling of the gravitational waveform in a variety of strong-gravity
processes is necessary, including the signal emitted by alternatives to black holes.
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1 QNM observed:
faw ~ 250 Hz

Tdamp 4 ms
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Exotic Compact Objects
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Exotic Compact Objects e

ECOs are theoretical compact objects without horizon which:

@ overcome paradoxes of BHs > curvature singularity
> thermodynamical instability
> huge €NLroOpPY [Mazur, Mottola, PNAS (2004)]

@ are formed in the presence of dark matter fields beyond Standard Model
[Liebling, Palenzuela, Liv. Rev. (2012)]

@ quantify the existence of horizons

Compact Object
Exotic Compact Object (ECO)

boson star, fluid star

neutron star

Ultracompact Object (UCO)
ClePhOs

fuzzball, gravastar, wormbhole, highly — spinning
2 — 2 hole, collapsed polymer, boson star, fluid star
quantum star/bounce/condensate, ....
|
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Planck scale clean photosphere  Buchdahl photosphere

Black hole limit

y

Cardoso, Pani, Nat. Astron. |, 586 (2017)
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_oasf RN DA D Btﬁmm‘;ﬁgj;gﬁ We can distinguish black holes from ECOs
through QNMs:
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_oasf RN DA D BLQW~-‘§$§;§-€. We can distinguish black holes from ECOs
through QNMs:

42

dz?

No 9 Trapped ! Different
horizon Modes QNMs

Cardoso, Pani, arXiV:1707.03021 (2017) =

> Same prompt ringdowin
due to excitation of light-ring

@ Echoes
due to trapped modes
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i Cardoso Pani, arXiV: | 7070302’1' (2017)
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___EM, Pani, Ferrari, PRD 96 (2017) 104047

We consider a geometry described by the Kerr metric when 7 > 19 and
o= Trilhe e e

is the location of the surface of the ECO with reflectivity coefficient

@ Perfectly reflecting surface ‘R‘Q —

@ Partially absorbing surface )R‘Q =l

cri
ECO surface /
BH event horizon —\ ™.
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Spinning compact objects with an ergoregion but without an event horizon might turn
unstable due to the ergoregion instability.

Event horizon

Ergoregion '-

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

In the absence of dissipation mechanisms, the instability has a crucial impact on the
dynamics of the ECO.
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Stability of
Kerr-like ECOs




In order to study the stability of ECOs, we consider a test spin-s perturbation
governed by Teukolsky’s equations
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Teukolsky,Ap.J. 185, 635 (1973)
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In order to study the stability of ECOs, we consider a test spin-s perturbation
governed by Teukolsky’s equations

Real Po&eh&ial

d dR s
A (ASH d;) ~ViR, =0 —F 52U, (rnw)X, =0
T*
Teukolsky Detweiler
Teukolsky, Ap.J. 185, 635 (1973) Detweiler, Proc. R. Soc. Lond.A. 352 (1977)

+ 2 boundary conditions: eigenvalue problem for the QNM frequencies
@ Atinfinity: outgoing waves

@ At 7p: perfectly reflecting surface
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® Scalar field {5=0)

Dirichlet Ro(rg) =0  inverted phase (R = —1)
Neumann 0, Rg(rg) =0 in phase (R = 1)

® Electromagnetic field {s=-1)

Perfect conductor: normal E and tangential B at the surface

= 1\* Dirichlet axial i) =0

Neumann polar 0, X _1(rp) =0

® Gravitational field {s=—2) ?

Elisa Maggio - Exotic Compact Objects 8 rpconjg o4



b, Pani; Ferrari, PRD 96 (2017) 104047
Scalar Dirichlek
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Ergoregion instabi

A 6 ____EM, Cardoso, Dolan, Pani, PRD in press (arXiv:1807.08840

Scalar Dirichlet Electromagnetic axial

l=m = e ., .

. - > ST Y 41

For @ > Qcrit ERGOREGION INSTABILITY

The timescale of instability is shorter for electromagnetic perturbations since
Tinst s l/wl.
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“Bounce-and-amplify” argument

ilenkin, Bliys: Lete (OHE SO0 ATE = SR,

The waves are reflected into the cavity and slowly leak
out through tunneling in the photon-sphere barrier.

WR X Width of cavity
Im&epev\d@m& on per&urba&ion

C Ol T ZwR

L.,p Superrmi&an& amptb‘f&ca&iam
factor of BHs

Low ‘fr@qw&“zsr\tv: / X 555

Starobinsky, Churilov, Zh. Eksp. Teor. Fiz. 65, 3 (1973)

Time scale of tnstability: Tinst X 1/Bsi

Su«f&ae LLkE
King
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Extension to gravitational perturbations

S EM Cardoso Dolan, Panl PRD in press (aer 1807. 08840)
® Boundary condition

We argue that the “bounce-and-amplify” description can be extended to s = — 2
perturbations:

Dirichlet axial X ol — OK\ Corrections to

Neumann Po]ar aTX—Q(TO) = O ‘DQEMQEA’QT,S ‘f()rmu,i-&&i@y\
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Extension to gravitational perturbations

EM, Cardoso, Dolan, Pani, PRD in press (arXiv: 1807.08840)
@ Boundary condition

We argue that the “bounce-and-amplify” description can be extended to s = — 2
perturbations:

Dirichlet axial X (7‘()) — OK\ Corrections to

Neumann Po]ar aTX——Q(rO) = O Debtweiler’s ‘fOrMMLQEEeOM

@ The dominant gravitational instability ([ = 2) is weaker than the dominant
electromagnetic instability ([ = 1).

However, the instability timescale is short
compared to astrophysical timescales:

M
Torav ~ oU S

10M5
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@ Partial absorption (‘R‘Q < 1) destroys the instability.

© The minimum absorption rate to quench the instability is the maximum
amplification factor of superradiance:

1
1 _I_ Zmax

RIF >

EM, Cardoso, Dolan, Pani, PRD in press (arXiv:1807.08840)

@ In order to have a stable ECO for any perturbation:
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Conclusion and future perspectives

@ In the newly-born era of gravitational waves we can understand the nature of
compact objects and look for new physics at the horizon scale.

@ We analyzed the stability of Kerr-like ECOs.We showed that for any kind of
perturbation

Perfectly reflecting surface ~——# Ergoregion instability

Partially absorbing surface -~ Stable

> Template for echoes from spinning objects [Testa, Pani, Phys. Rev. D98,044018 (2018)]
> Frequency-dependent abSOI"Ption [Burgess, Plestid, Rummel, M. J. High Energ. Phys. (2018)]

> Formation of ECOs
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