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Einstein’s spacetime
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Gμν =
8πG
c4

Tμν

Curvature tensor Stress-energy tensor

μ, ν = 1,2,3,4

time

space coordinates



Black holes
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M ∼ 1030kg
r ∼ 700 000 km

M ∼ MSun
r ∼ 10 km

M ∼ 10 ÷ 106MSun

• Stellar black holes

are the endpoint of the 
evolution of a star.


• Supermassive black holes 
are at the centre of 
galaxies.

C = M/r ∼ 0.1

C = 0.5



Black holes in General Relativity

3/15Elisa Maggio - Testing the horizon of black holes with gravitational waves                    PhD Seminars

Event horizon

r =
2GM

c2

Curvature singularity
r = 0

Light ring

r =
3GM

c2

Innermost stable 
circular orbit

r =
6GM

c2



Black holes in General Relativity
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Event horizon

It can escape

For an observer at infinity it 
will take an infinite time to 
cross the event horizon

It cannot escape!



Compact binary coalescences

Abbott+, PRL 116, 061102 (2016)

The signal emitted by the 
coalescence of compact binaries 
is characterized by 3 stages:


•  Inspiral


•  Merger


•  Ringdown
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Are we really observing

black holes?



Ringdown stage

! = !R + i!I
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The ringdown is modeled as a sum of exponentially damped sinusoids:

fGW|ringdown =
!R

2⇡
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⌧damping = � 1

!I
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Buonanno, CQG 19, 1267-1278 (2002)

The ringdown stage is dominated by the characteristic frequencies of the 
remnant, the so-called quasi-normal modes:
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Ringdown detections

The fundamental quasi-normal mode has been observed in several 
gravitational-wave events and is compatible with black hole remnants.

A test of the black hole paradigm requires the identification of at least two 
quasi-normal mode frequencies in the ringdown.
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Abbott+, PRL 116, 221101 (2016)

Dreyer+, CQG 21, 787 (2004)

GW150914



Alternatives to black holes

There are several models of horizonless compact objects which:


are solutions to modified gravity and can overcome the 
paradoxes of black holes


are solutions to general relativity with dark matter or exotic fields

Mazur, Mottola, PNAS 101, 9545-9550 (2004); Mathur, Fortsch. Phys. 53, 793-827 (2005)
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Liebling, Palenzuela, LRR 20, 5 (2017); Brito+, Phys. Lett. B 752, 291-295 (2016)
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• can mimic black holes in terms of

electromagnetic observations


• are not excluded by current gravitational

wave observations

EHT, ApJ 875, L5 (2019)

Abbott+, ApJ 896: L44 (2020); Calderón Bustillo+, PRL 126, 081101 (2021)
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EHT, ApJL 910, L12 (2021)



Exotic compact objects

✏
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• Compactness


since the radius of

the object is at


     


• Reflectivity

Black hole

gravastar,

wormhole

boson star,

neutron star

Ultracompact

objects

Compact

objects

✏
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tight fuzzball diffuse fuzzball

r0 = r+(1 + ✏)
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We analyze a generic model that deviates from a black hole for its:

Light ring

|R(!)|2
<latexit sha1_base64="xt6ROHnPGXPWzXNY5jZUuLikNMg=">AAACC3icbVC7TgJBFJ3FF+ILtbCwmUhMsCG7xKgliY0lGnkkgOTucMEJs4/M3DUhC5/gV9hqZWds/QgL/8VdpFDwVCfn3Jt77nFDJQ3Z9qeVWVpeWV3Lruc2Nre2d/K7e3UTRFpgTQQq0E0XDCrpY40kKWyGGsFzFTbc4WXqNx5QGxn4tzQKsePBwJd9KYASqZs/GLc9oHsBKr6ZFNuBhwM4Gd+Vu/mCXbKn4IvEmZECm6HazX+1e4GIPPRJKDCm5dghdWLQJIXCSa4dGQxBDGGArYT64KHpxNMHJvw4MkABD1FzqfhUxN8bMXjGjDw3mUzTmnkvFf/zWhH1Lzqx9MOI0BfpIZIKp4eM0DJpBnlPaiSCNDly6XMBGohQSw5CJGKUVJVL+nDmv18k9XLJsUvO9WmhcjZrJssO2RErMoedswq7YlVWY4JN2BN7Zi/Wo/VqvVnvP6MZa7azz/7A+vgGdo2ayA==</latexit><latexit sha1_base64="xt6ROHnPGXPWzXNY5jZUuLikNMg=">AAACC3icbVC7TgJBFJ3FF+ILtbCwmUhMsCG7xKgliY0lGnkkgOTucMEJs4/M3DUhC5/gV9hqZWds/QgL/8VdpFDwVCfn3Jt77nFDJQ3Z9qeVWVpeWV3Lruc2Nre2d/K7e3UTRFpgTQQq0E0XDCrpY40kKWyGGsFzFTbc4WXqNx5QGxn4tzQKsePBwJd9KYASqZs/GLc9oHsBKr6ZFNuBhwM4Gd+Vu/mCXbKn4IvEmZECm6HazX+1e4GIPPRJKDCm5dghdWLQJIXCSa4dGQxBDGGArYT64KHpxNMHJvw4MkABD1FzqfhUxN8bMXjGjDw3mUzTmnkvFf/zWhH1Lzqx9MOI0BfpIZIKp4eM0DJpBnlPaiSCNDly6XMBGohQSw5CJGKUVJVL+nDmv18k9XLJsUvO9WmhcjZrJssO2RErMoedswq7YlVWY4JN2BN7Zi/Wo/VqvVnvP6MZa7azz/7A+vgGdo2ayA==</latexit><latexit sha1_base64="xt6ROHnPGXPWzXNY5jZUuLikNMg=">AAACC3icbVC7TgJBFJ3FF+ILtbCwmUhMsCG7xKgliY0lGnkkgOTucMEJs4/M3DUhC5/gV9hqZWds/QgL/8VdpFDwVCfn3Jt77nFDJQ3Z9qeVWVpeWV3Lruc2Nre2d/K7e3UTRFpgTQQq0E0XDCrpY40kKWyGGsFzFTbc4WXqNx5QGxn4tzQKsePBwJd9KYASqZs/GLc9oHsBKr6ZFNuBhwM4Gd+Vu/mCXbKn4IvEmZECm6HazX+1e4GIPPRJKDCm5dghdWLQJIXCSa4dGQxBDGGArYT64KHpxNMHJvw4MkABD1FzqfhUxN8bMXjGjDw3mUzTmnkvFf/zWhH1Lzqx9MOI0BfpIZIKp4eM0DJpBnlPaiSCNDly6XMBGohQSw5CJGKUVJVL+nDmv18k9XLJsUvO9WmhcjZrJssO2RErMoedswq7YlVWY4JN2BN7Zi/Wo/VqvVnvP6MZa7azz/7A+vgGdo2ayA==</latexit><latexit sha1_base64="xt6ROHnPGXPWzXNY5jZUuLikNMg=">AAACC3icbVC7TgJBFJ3FF+ILtbCwmUhMsCG7xKgliY0lGnkkgOTucMEJs4/M3DUhC5/gV9hqZWds/QgL/8VdpFDwVCfn3Jt77nFDJQ3Z9qeVWVpeWV3Lruc2Nre2d/K7e3UTRFpgTQQq0E0XDCrpY40kKWyGGsFzFTbc4WXqNx5QGxn4tzQKsePBwJd9KYASqZs/GLc9oHsBKr6ZFNuBhwM4Gd+Vu/mCXbKn4IvEmZECm6HazX+1e4GIPPRJKDCm5dghdWLQJIXCSa4dGQxBDGGArYT64KHpxNMHJvw4MkABD1FzqfhUxN8bMXjGjDw3mUzTmnkvFf/zWhH1Lzqx9MOI0BfpIZIKp4eM0DJpBnlPaiSCNDly6XMBGohQSw5CJGKUVJVL+nDmv18k9XLJsUvO9WmhcjZrJssO2RErMoedswq7YlVWY4JN2BN7Zi/Wo/VqvVnvP6MZa7azz/7A+vgGdo2ayA==</latexit>
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We can distinguish exotic compact objects from black holes via their quasi-
normal mode spectrum.


We consider a gravitational perturbation:

Quasi-normal modes

Detweiler, Proc. R. Soc. Lond. A 352 (1977)

d2 

dz2
+ V (z,!) = 0
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Exotic compact

object

Black hole

Cardoso, Pani, LRR 22:4 (2019)
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+2 boundary conditions: 

Eigenvalue problem for the quasi-normal modes



Quasi-normal mode spectrum
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For            , the quasi-normal modes of the compact object deviate from the 
black hole quasi-normal mode and are low frequencies.

✏ ! 0
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<latexit sha1_base64="tjHjbQVFv7wx2rysdXT43TIyTB8=">AAACCnicbVDLSgNBEJyNrxhfUcGLl8EgeAq7IphjwIvHCOYBSQi9k04yZHZ2melVQswf+BVe9eRNvPoTHvwXd+MeNLFORVU3XV1+pKQl1/10ciura+sb+c3C1vbO7l5x/6Bhw9gIrItQhablg0UlNdZJksJWZBACX2HTH1+lfvMOjZWhvqVJhN0AhloOpABKpF7xqIORlSrUvGPkcERgTHjP3V6x5JbdOfgy8TJSYhlqveJXpx+KOEBNQoG1bc+NqDsFQ1IonBU6scUIxBiG2E6ohgBtdzrPP+OnsQUKeYSGS8XnIv7emEJg7STwk8kAaGQXvVT8z2vHNKh0p1JHMaEW6SGSCueHrDAyKQZ5XxokgjQ5cqm5AANEaCQHIRIxTpoqJH14i98vk8Z52XPL3s1FqVrJmsmzY3bCzpjHLlmVXbMaqzPBHtgTe2YvzqPz6rw57z+jOSfbOWR/4Hx8A8cImm0=</latexit><latexit sha1_base64="tjHjbQVFv7wx2rysdXT43TIyTB8=">AAACCnicbVDLSgNBEJyNrxhfUcGLl8EgeAq7IphjwIvHCOYBSQi9k04yZHZ2melVQswf+BVe9eRNvPoTHvwXd+MeNLFORVU3XV1+pKQl1/10ciura+sb+c3C1vbO7l5x/6Bhw9gIrItQhablg0UlNdZJksJWZBACX2HTH1+lfvMOjZWhvqVJhN0AhloOpABKpF7xqIORlSrUvGPkcERgTHjP3V6x5JbdOfgy8TJSYhlqveJXpx+KOEBNQoG1bc+NqDsFQ1IonBU6scUIxBiG2E6ohgBtdzrPP+OnsQUKeYSGS8XnIv7emEJg7STwk8kAaGQXvVT8z2vHNKh0p1JHMaEW6SGSCueHrDAyKQZ5XxokgjQ5cqm5AANEaCQHIRIxTpoqJH14i98vk8Z52XPL3s1FqVrJmsmzY3bCzpjHLlmVXbMaqzPBHtgTe2YvzqPz6rw57z+jOSfbOWR/4Hx8A8cImm0=</latexit><latexit sha1_base64="tjHjbQVFv7wx2rysdXT43TIyTB8=">AAACCnicbVDLSgNBEJyNrxhfUcGLl8EgeAq7IphjwIvHCOYBSQi9k04yZHZ2melVQswf+BVe9eRNvPoTHvwXd+MeNLFORVU3XV1+pKQl1/10ciura+sb+c3C1vbO7l5x/6Bhw9gIrItQhablg0UlNdZJksJWZBACX2HTH1+lfvMOjZWhvqVJhN0AhloOpABKpF7xqIORlSrUvGPkcERgTHjP3V6x5JbdOfgy8TJSYhlqveJXpx+KOEBNQoG1bc+NqDsFQ1IonBU6scUIxBiG2E6ohgBtdzrPP+OnsQUKeYSGS8XnIv7emEJg7STwk8kAaGQXvVT8z2vHNKh0p1JHMaEW6SGSCueHrDAyKQZ5XxokgjQ5cqm5AANEaCQHIRIxTpoqJH14i98vk8Z52XPL3s1FqVrJmsmzY3bCzpjHLlmVXbMaqzPBHtgTe2YvzqPz6rw57z+jOSfbOWR/4Hx8A8cImm0=</latexit><latexit sha1_base64="tjHjbQVFv7wx2rysdXT43TIyTB8=">AAACCnicbVDLSgNBEJyNrxhfUcGLl8EgeAq7IphjwIvHCOYBSQi9k04yZHZ2melVQswf+BVe9eRNvPoTHvwXd+MeNLFORVU3XV1+pKQl1/10ciura+sb+c3C1vbO7l5x/6Bhw9gIrItQhablg0UlNdZJksJWZBACX2HTH1+lfvMOjZWhvqVJhN0AhloOpABKpF7xqIORlSrUvGPkcERgTHjP3V6x5JbdOfgy8TJSYhlqveJXpx+KOEBNQoG1bc+NqDsFQ1IonBU6scUIxBiG2E6ohgBtdzrPP+OnsQUKeYSGS8XnIv7emEJg7STwk8kAaGQXvVT8z2vHNKh0p1JHMaEW6SGSCueHrDAyKQZ5XxokgjQ5cqm5AANEaCQHIRIxTpoqJH14i98vk8Z52XPL3s1FqVrJmsmzY3bCzpjHLlmVXbMaqzPBHtgTe2YvzqPz6rw57z+jOSfbOWR/4Hx8A8cImm0=</latexit>

Cardoso, Franzin, Pani, PRL 116, 171101 (2016); EM, Pani, Ferrari, PRD 96 (2017) 104047; EM, Cardoso, Dolan, Pani, PRD 99 (2019) 064007
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Ringdown of exotic compact objects

Ultracompact objects:

Compact objects:

• Modified prompt ringdown


• No echoes

•  Echoes

due to excitation of light ring
•  Same prompt ringdown

due to trapped modes

⌧echo/M ⇠ | log ✏|
<latexit sha1_base64="T/v7/mT4ukCH8+SLO8o8eIauW3A=">AAACHXicbVDLSgNBEJz1GeNr1aOXwSDoJe6KoEfBixchgolCNoTeSScOzs4sM72ibPINfoJf4VVP3sSrePBf3MQcfNWpqOqmuypOlXQUBO/exOTU9Mxsaa48v7C4tOyvrDacyazAujDK2IsYHCqpsU6SFF6kFiGJFZ7HV0dD//warZNGn9Ftiq0Eelp2pQAqpLa/HRFk7TwivKEcxaUZDHZOeORkwvuRMj0eYeqkMrrf9itBNRiB/yXhmFTYGLW2/xF1jMgS1CQUONcMg5RaOViSQuGgHGUOUxBX0MNmQTUk6Fr5KNKAb2YOyPAULZeKj0T8vpFD4txtEheTCdCl++0Nxf+8Zkbdg1YudZoRajE8RFLh6JATVhZdIe9Ii0Qw/By51FyABSK0koMQhZgV5ZWLPsLf6f+Sxm41DKrh6V7lMBg3U2LrbINtsZDts0N2zGqszgS7Yw/skT15996z9+K9fo1OeOOdNfYD3tsnemKi2g==</latexit><latexit sha1_base64="T/v7/mT4ukCH8+SLO8o8eIauW3A=">AAACHXicbVDLSgNBEJz1GeNr1aOXwSDoJe6KoEfBixchgolCNoTeSScOzs4sM72ibPINfoJf4VVP3sSrePBf3MQcfNWpqOqmuypOlXQUBO/exOTU9Mxsaa48v7C4tOyvrDacyazAujDK2IsYHCqpsU6SFF6kFiGJFZ7HV0dD//warZNGn9Ftiq0Eelp2pQAqpLa/HRFk7TwivKEcxaUZDHZOeORkwvuRMj0eYeqkMrrf9itBNRiB/yXhmFTYGLW2/xF1jMgS1CQUONcMg5RaOViSQuGgHGUOUxBX0MNmQTUk6Fr5KNKAb2YOyPAULZeKj0T8vpFD4txtEheTCdCl++0Nxf+8Zkbdg1YudZoRajE8RFLh6JATVhZdIe9Ii0Qw/By51FyABSK0koMQhZgV5ZWLPsLf6f+Sxm41DKrh6V7lMBg3U2LrbINtsZDts0N2zGqszgS7Yw/skT15996z9+K9fo1OeOOdNfYD3tsnemKi2g==</latexit><latexit sha1_base64="T/v7/mT4ukCH8+SLO8o8eIauW3A=">AAACHXicbVDLSgNBEJz1GeNr1aOXwSDoJe6KoEfBixchgolCNoTeSScOzs4sM72ibPINfoJf4VVP3sSrePBf3MQcfNWpqOqmuypOlXQUBO/exOTU9Mxsaa48v7C4tOyvrDacyazAujDK2IsYHCqpsU6SFF6kFiGJFZ7HV0dD//warZNGn9Ftiq0Eelp2pQAqpLa/HRFk7TwivKEcxaUZDHZOeORkwvuRMj0eYeqkMrrf9itBNRiB/yXhmFTYGLW2/xF1jMgS1CQUONcMg5RaOViSQuGgHGUOUxBX0MNmQTUk6Fr5KNKAb2YOyPAULZeKj0T8vpFD4txtEheTCdCl++0Nxf+8Zkbdg1YudZoRajE8RFLh6JATVhZdIe9Ii0Qw/By51FyABSK0koMQhZgV5ZWLPsLf6f+Sxm41DKrh6V7lMBg3U2LrbINtsZDts0N2zGqszgS7Yw/skT15996z9+K9fo1OeOOdNfYD3tsnemKi2g==</latexit><latexit sha1_base64="T/v7/mT4ukCH8+SLO8o8eIauW3A=">AAACHXicbVDLSgNBEJz1GeNr1aOXwSDoJe6KoEfBixchgolCNoTeSScOzs4sM72ibPINfoJf4VVP3sSrePBf3MQcfNWpqOqmuypOlXQUBO/exOTU9Mxsaa48v7C4tOyvrDacyazAujDK2IsYHCqpsU6SFF6kFiGJFZ7HV0dD//warZNGn9Ftiq0Eelp2pQAqpLa/HRFk7TwivKEcxaUZDHZOeORkwvuRMj0eYeqkMrrf9itBNRiB/yXhmFTYGLW2/xF1jMgS1CQUONcMg5RaOViSQuGgHGUOUxBX0MNmQTUk6Fr5KNKAb2YOyPAULZeKj0T8vpFD4txtEheTCdCl++0Nxf+8Zkbdg1YudZoRajE8RFLh6JATVhZdIe9Ii0Qw/By51FyABSK0koMQhZgV5ZWLPsLf6f+Sxm41DKrh6V7lMBg3U2LrbINtsZDts0N2zGqszgS7Yw/skT15996z9+K9fo1OeOOdNfYD3tsnemKi2g==</latexit>

EM, Buoninfante, Mazumdar, Pani, PRD 102, 064053 (2020)
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Template for echoes
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EM, Testa, Bhagwat, Pani, PRD 100, 064056 (2019)
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Detectability

• A tentative evidence for echoes in LIGO/Virgo data has been reported
Abedi+, PRD 96, 082004 (2017); Conklin, Holdom, PRD 98, 044021 (2018)

• Independent searches argued that the statistical significance of echoes 
is consistent with noise
Westerweck+, PRD 97, 124037 (2018); Tsang+, PRD 101, 064012 (2020)

• No evidence for echoes in Ligo/Virgo O3a Abbott+, arXiv:2010.14529 (2020)

• Next generation detectors, i.e., LISA and ET, will allow for 
unprecedented tests of the black hole paradigm. Berti+, PRD 73 (2006) 064030 
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Conclusions and future prospects

• We can infer the nature of compact objects and look for new physics at the 
horizon scale with gravitational waves.


• Horizonless alternatives to black holes are not excluded by current 
measurements.


• We derived the ringdown and the echo signal for exotic compact objects.


• Simulations of the formation of exotic compact objects need to be developed.


• Analysis of the sources detectable by the next generation detectors is needed.

Elisa Maggio - Testing the horizon of black holes with gravitational waves                    PhD Seminars 15/15



Conclusions and future prospects

• We can infer the nature of compact objects and look for new physics at the 
horizon scale with gravitational waves.


• Horizonless alternatives to black holes are not excluded by current 
measurements.


• We derived the ringdown and the echo signal for exotic compact objects.


• Simulations of the formation of exotic compact objects need to be developed.


• Analysis of the sources detectable by the next generation detectors is needed.

Elisa Maggio - Testing the horizon of black holes with gravitational waves                    PhD Seminars 15/15

Thank you!


