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• Testing the nature of astrophysical sources with gravitational waves

Ringdown stage

Quasi-normal mode spectrum


Gravitational-wave echoes


Detectability

• Horizonless alternatives to black holes



Ringdown signal

The ringdown is dominated by the 
quasi-normal modes of the remnant:

LVC, PRL 116 (2016) 061102
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The ringdown is modeled as a sum 
of exponentially damped sinusoids:
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Ringdown detections
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The fundamental quasi-normal mode has been observed in the ringdown of 
several GW events and is compatible with Kerr BH remnants.

Abbott+, PRL 116, 221101 (2016)

GW150914

Abbott+, arXiv:2010.14529 (2020)

A test of the no-hair theorem requires the identification of at least two 
quasi-normal mode frequencies in the ringdown. Dreyer+, CQG 21, 787 (2004)



Alternatives to black holes

There are several models of horizonless compact objects which:
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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)

Liebling, Palenzuela, LRR 20, 5 (2017); Brito+, Phys. Lett. B 752, 291-295 (2016)



Alternatives to black holes

There are several models of horizonless compact objects which:
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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)

Liebling, Palenzuela, LRR 20, 5 (2017); Brito+, Phys. Lett. B 752, 291-295 (2016)

• can mimic black holes in terms of electromagnetic observations


• are not excluded by current GW observations

Abramowicz+, A&A 396, L31-L34 (2002); EHT, ApJ 875, L5 (2019)

Abbott+, ApJ 896: L44 (2020); Abbott+, PRL 125, 101102 (2020); Calderón Bustillo+, arXiv: 2009.05376 (2020)



Dark compact objects
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• Compactness


since the radius of

the object is at


     


• “Darkness”


which is related to

the reflectivity of

the object     Black hole

gravastar nonlocal star

neutron star

Ultracompact

objects

Compact

objects
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tight fuzzball diffuse fuzzball

r0 = r+(1 + ✏)
<latexit sha1_base64="S++B0L5FL3fuH2P12b1ITM4jCBc=">AAACDHicbVDLSgNBEJyNrxhfq14EL4NBiATCroh6EQJePEYwD0jCMjvpxCGzs8NMrxBC/AS/wquevIlX/8GD/+JuzEGjdSqquumuCrUUFj3vw8ktLC4tr+RXC2vrG5tb7vZOw8aJ4VDnsYxNK2QWpFBQR4ESWtoAi0IJzXB4mfnNOzBWxOoGRxq6ERso0RecYSoF7p4JPHpBTVCmJZ+WaQe0FTJWR4Fb9CreFPQv8WekSGaoBe5npxfzJAKFXDJr276nsTtmBgWXMCl0Egua8SEbQDulikVgu+Npggk9TCzDmGowVEg6FeHnxphF1o6iMJ2MGN7aeS8T//PaCfbPu2OhdIKgeHYIhYTpIcuNSKsB2hMGEFn2OVChKGeGIYIRlHGeiknaVSHtw59P/5c0jiu+V/GvT4rV01kzebJPDkiJ+OSMVMkVqZE64eSePJIn8uw8OC/Oq/P2PZpzZju75Bec9y+RXJjx</latexit><latexit sha1_base64="S++B0L5FL3fuH2P12b1ITM4jCBc=">AAACDHicbVDLSgNBEJyNrxhfq14EL4NBiATCroh6EQJePEYwD0jCMjvpxCGzs8NMrxBC/AS/wquevIlX/8GD/+JuzEGjdSqquumuCrUUFj3vw8ktLC4tr+RXC2vrG5tb7vZOw8aJ4VDnsYxNK2QWpFBQR4ESWtoAi0IJzXB4mfnNOzBWxOoGRxq6ERso0RecYSoF7p4JPHpBTVCmJZ+WaQe0FTJWR4Fb9CreFPQv8WekSGaoBe5npxfzJAKFXDJr276nsTtmBgWXMCl0Egua8SEbQDulikVgu+Npggk9TCzDmGowVEg6FeHnxphF1o6iMJ2MGN7aeS8T//PaCfbPu2OhdIKgeHYIhYTpIcuNSKsB2hMGEFn2OVChKGeGIYIRlHGeiknaVSHtw59P/5c0jiu+V/GvT4rV01kzebJPDkiJ+OSMVMkVqZE64eSePJIn8uw8OC/Oq/P2PZpzZju75Bec9y+RXJjx</latexit><latexit sha1_base64="S++B0L5FL3fuH2P12b1ITM4jCBc=">AAACDHicbVDLSgNBEJyNrxhfq14EL4NBiATCroh6EQJePEYwD0jCMjvpxCGzs8NMrxBC/AS/wquevIlX/8GD/+JuzEGjdSqquumuCrUUFj3vw8ktLC4tr+RXC2vrG5tb7vZOw8aJ4VDnsYxNK2QWpFBQR4ESWtoAi0IJzXB4mfnNOzBWxOoGRxq6ERso0RecYSoF7p4JPHpBTVCmJZ+WaQe0FTJWR4Fb9CreFPQv8WekSGaoBe5npxfzJAKFXDJr276nsTtmBgWXMCl0Egua8SEbQDulikVgu+Npggk9TCzDmGowVEg6FeHnxphF1o6iMJ2MGN7aeS8T//PaCfbPu2OhdIKgeHYIhYTpIcuNSKsB2hMGEFn2OVChKGeGIYIRlHGeiknaVSHtw59P/5c0jiu+V/GvT4rV01kzebJPDkiJ+OSMVMkVqZE64eSePJIn8uw8OC/Oq/P2PZpzZju75Bec9y+RXJjx</latexit><latexit sha1_base64="S++B0L5FL3fuH2P12b1ITM4jCBc=">AAACDHicbVDLSgNBEJyNrxhfq14EL4NBiATCroh6EQJePEYwD0jCMjvpxCGzs8NMrxBC/AS/wquevIlX/8GD/+JuzEGjdSqquumuCrUUFj3vw8ktLC4tr+RXC2vrG5tb7vZOw8aJ4VDnsYxNK2QWpFBQR4ESWtoAi0IJzXB4mfnNOzBWxOoGRxq6ERso0RecYSoF7p4JPHpBTVCmJZ+WaQe0FTJWR4Fb9CreFPQv8WekSGaoBe5npxfzJAKFXDJr276nsTtmBgWXMCl0Egua8SEbQDulikVgu+Npggk9TCzDmGowVEg6FeHnxphF1o6iMJ2MGN7aeS8T//PaCfbPu2OhdIKgeHYIhYTpIcuNSKsB2hMGEFn2OVChKGeGIYIRlHGeiknaVSHtw59P/5c0jiu+V/GvT4rV01kzebJPDkiJ+OSMVMkVqZE64eSePJIn8uw8OC/Oq/P2PZpzZju75Bec9y+RXJjx</latexit>

We analyze a generic model which deviates from a black hole for its:

Photon sphere

R(!)
<latexit sha1_base64="Jnr4kDLoNXQHLdW7v1yGqTMj/Ks=">AAACB3icbVC7TsNAEDyHVwivQEqaExFSaCIbIaCMREMZEHlIsRWtL5twyvmhuzVSZOUD+ApaqOgQLZ9Bwb9ghxSQMNVoZlc7O36spCHb/rQKK6tr6xvFzdLW9s7uXnn/oG2iRAtsiUhFuuuDQSVDbJEkhd1YIwS+wo4/vsr9zgNqI6PwjiYxegGMQjmUAiiT+uWKGwDdC1Dp7bTmRgGO4KRfrtp1ewa+TJw5qbI5mv3ylzuIRBJgSEKBMT3HjslLQZMUCqclNzEYgxjDCHsZDSFA46Wz8FN+nBigiMeouVR8JuLvjRQCYyaBn03mUc2il4v/eb2EhpdeKsM4IQxFfoikwtkhI7TMWkE+kBqJIE+OXIZcgAYi1JKDEJmYZDWVsj6cxe+XSfu07th15+as2jifN1Nkh+yI1ZjDLliDXbMmazHBJuyJPbMX69F6td6s95/RgjXfqbA/sD6+AVz0mRg=</latexit><latexit sha1_base64="Jnr4kDLoNXQHLdW7v1yGqTMj/Ks=">AAACB3icbVC7TsNAEDyHVwivQEqaExFSaCIbIaCMREMZEHlIsRWtL5twyvmhuzVSZOUD+ApaqOgQLZ9Bwb9ghxSQMNVoZlc7O36spCHb/rQKK6tr6xvFzdLW9s7uXnn/oG2iRAtsiUhFuuuDQSVDbJEkhd1YIwS+wo4/vsr9zgNqI6PwjiYxegGMQjmUAiiT+uWKGwDdC1Dp7bTmRgGO4KRfrtp1ewa+TJw5qbI5mv3ylzuIRBJgSEKBMT3HjslLQZMUCqclNzEYgxjDCHsZDSFA46Wz8FN+nBigiMeouVR8JuLvjRQCYyaBn03mUc2il4v/eb2EhpdeKsM4IQxFfoikwtkhI7TMWkE+kBqJIE+OXIZcgAYi1JKDEJmYZDWVsj6cxe+XSfu07th15+as2jifN1Nkh+yI1ZjDLliDXbMmazHBJuyJPbMX69F6td6s95/RgjXfqbA/sD6+AVz0mRg=</latexit><latexit sha1_base64="Jnr4kDLoNXQHLdW7v1yGqTMj/Ks=">AAACB3icbVC7TsNAEDyHVwivQEqaExFSaCIbIaCMREMZEHlIsRWtL5twyvmhuzVSZOUD+ApaqOgQLZ9Bwb9ghxSQMNVoZlc7O36spCHb/rQKK6tr6xvFzdLW9s7uXnn/oG2iRAtsiUhFuuuDQSVDbJEkhd1YIwS+wo4/vsr9zgNqI6PwjiYxegGMQjmUAiiT+uWKGwDdC1Dp7bTmRgGO4KRfrtp1ewa+TJw5qbI5mv3ylzuIRBJgSEKBMT3HjslLQZMUCqclNzEYgxjDCHsZDSFA46Wz8FN+nBigiMeouVR8JuLvjRQCYyaBn03mUc2il4v/eb2EhpdeKsM4IQxFfoikwtkhI7TMWkE+kBqJIE+OXIZcgAYi1JKDEJmYZDWVsj6cxe+XSfu07th15+as2jifN1Nkh+yI1ZjDLliDXbMmazHBJuyJPbMX69F6td6s95/RgjXfqbA/sD6+AVz0mRg=</latexit><latexit sha1_base64="Jnr4kDLoNXQHLdW7v1yGqTMj/Ks=">AAACB3icbVC7TsNAEDyHVwivQEqaExFSaCIbIaCMREMZEHlIsRWtL5twyvmhuzVSZOUD+ApaqOgQLZ9Bwb9ghxSQMNVoZlc7O36spCHb/rQKK6tr6xvFzdLW9s7uXnn/oG2iRAtsiUhFuuuDQSVDbJEkhd1YIwS+wo4/vsr9zgNqI6PwjiYxegGMQjmUAiiT+uWKGwDdC1Dp7bTmRgGO4KRfrtp1ewa+TJw5qbI5mv3ylzuIRBJgSEKBMT3HjslLQZMUCqclNzEYgxjDCHsZDSFA46Wz8FN+nBigiMeouVR8JuLvjRQCYyaBn03mUc2il4v/eb2EhpdeKsM4IQxFfoikwtkhI7TMWkE+kBqJIE+OXIZcgAYi1JKDEJmYZDWVsj6cxe+XSfu07th15+as2jifN1Nkh+yI1ZjDLliDXbMmazHBJuyJPbMX69F6td6s95/RgjXfqbA/sD6+AVz0mRg=</latexit>

|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>



Quasi-normal mode spectrum
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+2 boundary conditions: 

Eigenvalue problem for the QNMs

•   At infinity:  outgoing waves

•   At     : dark compact object with reflectivity

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

r0
<latexit sha1_base64="w2BWqt+6YjHExOQ0E71uVcErXvQ=">AAAB9XicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjII8pCSKFpfNuGU89m6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8ePlLTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZMDYCmyJUoen4YFFJjU2SpLATGYTAV9j2J1eZ335AY2Wo72gaYT+AsZYjKYBS6dYM3EGl6tbcHHyReAWpsgKNQeWrNwxFHKAmocDarudG1E/AkBQKZ+VebDECMYExdlOqIUDbT/KoM34cW6CQR2i4VDwX8fdGAoG108BPJwOgezvvZeJ/Xjem0WU/kTqKCbXIDpFUmB+ywsi0A+RDaZAIsuTIpeYCDBChkRyESMU4LaWc9uHNf79IWqc1z615N2fV+nnRTIkdsiN2wjx2wersmjVYkwk2Zk/smb04j86r8+a8/4wuOcXOAfsD5+Mbo6aSEg==</latexit><latexit sha1_base64="w2BWqt+6YjHExOQ0E71uVcErXvQ=">AAAB9XicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjII8pCSKFpfNuGU89m6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8ePlLTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZMDYCmyJUoen4YFFJjU2SpLATGYTAV9j2J1eZ335AY2Wo72gaYT+AsZYjKYBS6dYM3EGl6tbcHHyReAWpsgKNQeWrNwxFHKAmocDarudG1E/AkBQKZ+VebDECMYExdlOqIUDbT/KoM34cW6CQR2i4VDwX8fdGAoG108BPJwOgezvvZeJ/Xjem0WU/kTqKCbXIDpFUmB+ywsi0A+RDaZAIsuTIpeYCDBChkRyESMU4LaWc9uHNf79IWqc1z615N2fV+nnRTIkdsiN2wjx2wersmjVYkwk2Zk/smb04j86r8+a8/4wuOcXOAfsD5+Mbo6aSEg==</latexit><latexit sha1_base64="w2BWqt+6YjHExOQ0E71uVcErXvQ=">AAAB9XicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjII8pCSKFpfNuGU89m6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8ePlLTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZMDYCmyJUoen4YFFJjU2SpLATGYTAV9j2J1eZ335AY2Wo72gaYT+AsZYjKYBS6dYM3EGl6tbcHHyReAWpsgKNQeWrNwxFHKAmocDarudG1E/AkBQKZ+VebDECMYExdlOqIUDbT/KoM34cW6CQR2i4VDwX8fdGAoG108BPJwOgezvvZeJ/Xjem0WU/kTqKCbXIDpFUmB+ywsi0A+RDaZAIsuTIpeYCDBChkRyESMU4LaWc9uHNf79IWqc1z615N2fV+nnRTIkdsiN2wjx2wersmjVYkwk2Zk/smb04j86r8+a8/4wuOcXOAfsD5+Mbo6aSEg==</latexit><latexit sha1_base64="w2BWqt+6YjHExOQ0E71uVcErXvQ=">AAAB9XicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjII8pCSKFpfNuGU89m6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8ePlLTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZMDYCmyJUoen4YFFJjU2SpLATGYTAV9j2J1eZ335AY2Wo72gaYT+AsZYjKYBS6dYM3EGl6tbcHHyReAWpsgKNQeWrNwxFHKAmocDarudG1E/AkBQKZ+VebDECMYExdlOqIUDbT/KoM34cW6CQR2i4VDwX8fdGAoG108BPJwOgezvvZeJ/Xjem0WU/kTqKCbXIDpFUmB+ywsi0A+RDaZAIsuTIpeYCDBChkRyESMU4LaWc9uHNf79IWqc1z615N2fV+nnRTIkdsiN2wjx2wersmjVYkwk2Zk/smb04j86r8+a8/4wuOcXOAfsD5+Mbo6aSEg==</latexit>

d2 

dz2
+ V (z,!) = 0

<latexit sha1_base64="N243tn3MRck1oRtARLH8IwM8rII=">AAACGnicbVDLSgNBEJz1GeMr6tHLYFAiStgNgl6EgBePEUwiZGPonXTikNkHM71CXPIHfoJf4VVP3sSrFw/+i7sxB43WqajqprvKi5Q0ZNsf1szs3PzCYm4pv7yyurZe2NhsmDDWAusiVKG+8sCgkgHWSZLCq0gj+J7Cpjc4y/zmLWojw+CShhG2fegHsicFUCp1CntuT4NIutcVNzJylHTvriujg0bp7tANfezDfiaf2p1C0S7bY/C/xJmQIpug1il8ut1QxD4GJBQY03LsiNoJaJJC4SjvxgYjEAPoYyulAfho2sk4z4jvxgYo5BFqLhUfi/hzIwHfmKHvpZM+0I2Z9jLxP68VU++kncggigkDkR0iqXB8yAgt06KQd6VGIsg+Ry4DLkADEWrJQYhUjNPm8mkfznT6v6RRKTt22bk4KlZPJs3k2DbbYSXmsGNWZeesxupMsHv2yJ7Ys/VgvViv1tv36Iw12dliv2C9fwFTSKCG</latexit><latexit sha1_base64="N243tn3MRck1oRtARLH8IwM8rII=">AAACGnicbVDLSgNBEJz1GeMr6tHLYFAiStgNgl6EgBePEUwiZGPonXTikNkHM71CXPIHfoJf4VVP3sSrFw/+i7sxB43WqajqprvKi5Q0ZNsf1szs3PzCYm4pv7yyurZe2NhsmDDWAusiVKG+8sCgkgHWSZLCq0gj+J7Cpjc4y/zmLWojw+CShhG2fegHsicFUCp1CntuT4NIutcVNzJylHTvriujg0bp7tANfezDfiaf2p1C0S7bY/C/xJmQIpug1il8ut1QxD4GJBQY03LsiNoJaJJC4SjvxgYjEAPoYyulAfho2sk4z4jvxgYo5BFqLhUfi/hzIwHfmKHvpZM+0I2Z9jLxP68VU++kncggigkDkR0iqXB8yAgt06KQd6VGIsg+Ry4DLkADEWrJQYhUjNPm8mkfznT6v6RRKTt22bk4KlZPJs3k2DbbYSXmsGNWZeesxupMsHv2yJ7Ys/VgvViv1tv36Iw12dliv2C9fwFTSKCG</latexit><latexit sha1_base64="N243tn3MRck1oRtARLH8IwM8rII=">AAACGnicbVDLSgNBEJz1GeMr6tHLYFAiStgNgl6EgBePEUwiZGPonXTikNkHM71CXPIHfoJf4VVP3sSrFw/+i7sxB43WqajqprvKi5Q0ZNsf1szs3PzCYm4pv7yyurZe2NhsmDDWAusiVKG+8sCgkgHWSZLCq0gj+J7Cpjc4y/zmLWojw+CShhG2fegHsicFUCp1CntuT4NIutcVNzJylHTvriujg0bp7tANfezDfiaf2p1C0S7bY/C/xJmQIpug1il8ut1QxD4GJBQY03LsiNoJaJJC4SjvxgYjEAPoYyulAfho2sk4z4jvxgYo5BFqLhUfi/hzIwHfmKHvpZM+0I2Z9jLxP68VU++kncggigkDkR0iqXB8yAgt06KQd6VGIsg+Ry4DLkADEWrJQYhUjNPm8mkfznT6v6RRKTt22bk4KlZPJs3k2DbbYSXmsGNWZeesxupMsHv2yJ7Ys/VgvViv1tv36Iw12dliv2C9fwFTSKCG</latexit><latexit sha1_base64="N243tn3MRck1oRtARLH8IwM8rII=">AAACGnicbVDLSgNBEJz1GeMr6tHLYFAiStgNgl6EgBePEUwiZGPonXTikNkHM71CXPIHfoJf4VVP3sSrFw/+i7sxB43WqajqprvKi5Q0ZNsf1szs3PzCYm4pv7yyurZe2NhsmDDWAusiVKG+8sCgkgHWSZLCq0gj+J7Cpjc4y/zmLWojw+CShhG2fegHsicFUCp1CntuT4NIutcVNzJylHTvriujg0bp7tANfezDfiaf2p1C0S7bY/C/xJmQIpug1il8ut1QxD4GJBQY03LsiNoJaJJC4SjvxgYjEAPoYyulAfho2sk4z4jvxgYo5BFqLhUfi/hzIwHfmKHvpZM+0I2Z9jLxP68VU++kncggigkDkR0iqXB8yAgt06KQd6VGIsg+Ry4DLkADEWrJQYhUjNPm8mkfznT6v6RRKTt22bk4KlZPJs3k2DbbYSXmsGNWZeesxupMsHv2yJ7Ys/VgvViv1tv36Iw12dliv2C9fwFTSKCG</latexit>

Dark compact

object

Black hole

We can distinguish dark compact objects from BHs via quasi-normal modes.


We consider a gravitational perturbation:

Cardoso, Pani, LRR 22:4 (2019)
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BH membrane paradigm

A static observer outside the horizon can replace the interior of a perturbed 
BH by a perturbed fictitious membrane located at the horizon.

  

Damour, PRD 18, 10 (1978); Price, Thorne, PRD 33, 4 (1986)
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We generalize the membrane paradigm to dark compact objects 
with a Schwarzschild exterior. EM, Buoninfante, Mazumdar, Pani, PRD 102, 064053 (2020)
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The Israel junction conditions                                               impose that the 
membrane is a viscous fluid with shear viscosity    and bulk viscosity   .⌘
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Quasi-normal modes of dark compact objects
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Totally absorbing object              :⌘ = ⌘BH
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l = 2, n = 0
<latexit sha1_base64="v82da5cShntYTT7PWAGFZYVpwsU=">AAAB+nicbVBNS8NAFNzUr1q/qh69LBbBg5RNEfRSKHjxWMHWQhvKZvtal242YfdFKLF/wquevIlX/4wH/4tJzEFb5zTMvMebN36kpEXGPp3Syura+kZ5s7K1vbO7V90/6NowNgI6IlSh6fncgpIaOihRQS8ywANfwZ0/vcr8uwcwVob6FmcReAGfaDmWgmMq9VSzcUZ1kw2rNVZnOegycQtSIwXaw+rXYBSKOACNQnFr+y6L0Eu4QSkUzCuD2ELExZRPoJ9SzQOwXpLnndOT2HIMaQSGSkVzEX5vJDywdhb46WTA8d4uepn4n9ePcXzpJVJHMYIW2SGUCvJDVhiZFgF0JA0g8iw5UKmp4IYjgpGUC5GKcdpMJe3DXfx+mXQbdZfV3ZvzWosVzZTJETkmp8QlF6RFrkmbdIggijyRZ/LiPDqvzpvz/jNacoqdQ/IHzsc38ZqTPw==</latexit><latexit sha1_base64="v82da5cShntYTT7PWAGFZYVpwsU=">AAAB+nicbVBNS8NAFNzUr1q/qh69LBbBg5RNEfRSKHjxWMHWQhvKZvtal242YfdFKLF/wquevIlX/4wH/4tJzEFb5zTMvMebN36kpEXGPp3Syura+kZ5s7K1vbO7V90/6NowNgI6IlSh6fncgpIaOihRQS8ywANfwZ0/vcr8uwcwVob6FmcReAGfaDmWgmMq9VSzcUZ1kw2rNVZnOegycQtSIwXaw+rXYBSKOACNQnFr+y6L0Eu4QSkUzCuD2ELExZRPoJ9SzQOwXpLnndOT2HIMaQSGSkVzEX5vJDywdhb46WTA8d4uepn4n9ePcXzpJVJHMYIW2SGUCvJDVhiZFgF0JA0g8iw5UKmp4IYjgpGUC5GKcdpMJe3DXfx+mXQbdZfV3ZvzWosVzZTJETkmp8QlF6RFrkmbdIggijyRZ/LiPDqvzpvz/jNacoqdQ/IHzsc38ZqTPw==</latexit><latexit sha1_base64="v82da5cShntYTT7PWAGFZYVpwsU=">AAAB+nicbVBNS8NAFNzUr1q/qh69LBbBg5RNEfRSKHjxWMHWQhvKZvtal242YfdFKLF/wquevIlX/4wH/4tJzEFb5zTMvMebN36kpEXGPp3Syura+kZ5s7K1vbO7V90/6NowNgI6IlSh6fncgpIaOihRQS8ywANfwZ0/vcr8uwcwVob6FmcReAGfaDmWgmMq9VSzcUZ1kw2rNVZnOegycQtSIwXaw+rXYBSKOACNQnFr+y6L0Eu4QSkUzCuD2ELExZRPoJ9SzQOwXpLnndOT2HIMaQSGSkVzEX5vJDywdhb46WTA8d4uepn4n9ePcXzpJVJHMYIW2SGUCvJDVhiZFgF0JA0g8iw5UKmp4IYjgpGUC5GKcdpMJe3DXfx+mXQbdZfV3ZvzWosVzZTJETkmp8QlF6RFrkmbdIggijyRZ/LiPDqvzpvz/jNacoqdQ/IHzsc38ZqTPw==</latexit><latexit sha1_base64="v82da5cShntYTT7PWAGFZYVpwsU=">AAAB+nicbVBNS8NAFNzUr1q/qh69LBbBg5RNEfRSKHjxWMHWQhvKZvtal242YfdFKLF/wquevIlX/4wH/4tJzEFb5zTMvMebN36kpEXGPp3Syura+kZ5s7K1vbO7V90/6NowNgI6IlSh6fncgpIaOihRQS8ywANfwZ0/vcr8uwcwVob6FmcReAGfaDmWgmMq9VSzcUZ1kw2rNVZnOegycQtSIwXaw+rXYBSKOACNQnFr+y6L0Eu4QSkUzCuD2ELExZRPoJ9SzQOwXpLnndOT2HIMaQSGSkVzEX5vJDywdhb46WTA8d4uepn4n9ePcXzpJVJHMYIW2SGUCvJDVhiZFgF0JA0g8iw5UKmp4IYjgpGUC5GKcdpMJe3DXfx+mXQbdZfV3ZvzWosVzZTJETkmp8QlF6RFrkmbdIggijyRZ/LiPDqvzpvz/jNacoqdQ/IHzsc38ZqTPw==</latexit>

EM, Buoninfante, Mazumdar, Pani, PRD 102, 064053 (2020)

• The isospectrality of axial and polar modes in black holes is broken.


• The measurement accuracy of the QNM of GW150914 agrees with a dark 
compact object with             .✏ . 0.1

<latexit sha1_base64="Iu2yU1JDIB81ZZmMF1ycY3Q9JLQ=">AAACCXicbVC7TsNAEDzzDOEVQFQ0JyIkqshGCCgj0VAGiTykJIrOl0045Xy2btdIkZUv4CtooaJDtHwFBf+CbVxAwlSjmV3t7PiRVkiu++ksLa+srq2XNsqbW9s7u5W9/RaGsZXQlKEObccXCFoZaJIiDZ3Iggh8DW1/cp357QewqEJzR9MI+oEYGzVSUlAqDSqHPYhQ6dDwngZEVAF3a96gUnVrbg6+SLyCVFmBxqDy1RuGMg7AkNQCseu5EfUTYUlJDbNyL0aIhJyIMXRTakQA2E/y+DN+EqOgkEdgudI8F+H3RiICxGngp5OBoHuc9zLxP68b0+iqnygTxQRGZodIacgPobQq7QX4UFkgElly4MpwKawgAqu4kDIV47SoctqHN//9Immd1by0vNvzav2iaKbEjtgxO2Ueu2R1dsMarMkkS9gTe2YvzqPz6rw57z+jS06xc8D+wPn4BirWmXc=</latexit><latexit sha1_base64="Iu2yU1JDIB81ZZmMF1ycY3Q9JLQ=">AAACCXicbVC7TsNAEDzzDOEVQFQ0JyIkqshGCCgj0VAGiTykJIrOl0045Xy2btdIkZUv4CtooaJDtHwFBf+CbVxAwlSjmV3t7PiRVkiu++ksLa+srq2XNsqbW9s7u5W9/RaGsZXQlKEObccXCFoZaJIiDZ3Iggh8DW1/cp357QewqEJzR9MI+oEYGzVSUlAqDSqHPYhQ6dDwngZEVAF3a96gUnVrbg6+SLyCVFmBxqDy1RuGMg7AkNQCseu5EfUTYUlJDbNyL0aIhJyIMXRTakQA2E/y+DN+EqOgkEdgudI8F+H3RiICxGngp5OBoHuc9zLxP68b0+iqnygTxQRGZodIacgPobQq7QX4UFkgElly4MpwKawgAqu4kDIV47SoctqHN//9Immd1by0vNvzav2iaKbEjtgxO2Ueu2R1dsMarMkkS9gTe2YvzqPz6rw57z+jS06xc8D+wPn4BirWmXc=</latexit><latexit sha1_base64="Iu2yU1JDIB81ZZmMF1ycY3Q9JLQ=">AAACCXicbVC7TsNAEDzzDOEVQFQ0JyIkqshGCCgj0VAGiTykJIrOl0045Xy2btdIkZUv4CtooaJDtHwFBf+CbVxAwlSjmV3t7PiRVkiu++ksLa+srq2XNsqbW9s7u5W9/RaGsZXQlKEObccXCFoZaJIiDZ3Iggh8DW1/cp357QewqEJzR9MI+oEYGzVSUlAqDSqHPYhQ6dDwngZEVAF3a96gUnVrbg6+SLyCVFmBxqDy1RuGMg7AkNQCseu5EfUTYUlJDbNyL0aIhJyIMXRTakQA2E/y+DN+EqOgkEdgudI8F+H3RiICxGngp5OBoHuc9zLxP68b0+iqnygTxQRGZodIacgPobQq7QX4UFkgElly4MpwKawgAqu4kDIV47SoctqHN//9Immd1by0vNvzav2iaKbEjtgxO2Ueu2R1dsMarMkkS9gTe2YvzqPz6rw57z+jS06xc8D+wPn4BirWmXc=</latexit><latexit sha1_base64="Iu2yU1JDIB81ZZmMF1ycY3Q9JLQ=">AAACCXicbVC7TsNAEDzzDOEVQFQ0JyIkqshGCCgj0VAGiTykJIrOl0045Xy2btdIkZUv4CtooaJDtHwFBf+CbVxAwlSjmV3t7PiRVkiu++ksLa+srq2XNsqbW9s7u5W9/RaGsZXQlKEObccXCFoZaJIiDZ3Iggh8DW1/cp357QewqEJzR9MI+oEYGzVSUlAqDSqHPYhQ6dDwngZEVAF3a96gUnVrbg6+SLyCVFmBxqDy1RuGMg7AkNQCseu5EfUTYUlJDbNyL0aIhJyIMXRTakQA2E/y+DN+EqOgkEdgudI8F+H3RiICxGngp5OBoHuc9zLxP68b0+iqnygTxQRGZodIacgPobQq7QX4UFkgElly4MpwKawgAqu4kDIV47SoctqHN//9Immd1by0vNvzav2iaKbEjtgxO2Ueu2R1dsMarMkkS9gTe2YvzqPz6rw57z+jS06xc8D+wPn4BirWmXc=</latexit>
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Ringdown of dark compact objects

Ultracompact objects (          ):
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Compact objects (              ):

• Modified prompt ringdown


• No echoes

✏ ⌧ 1
<latexit sha1_base64="WSyhcTcumT0olhLV3k10tvfnc5E=">AAACAHicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CHFJjpfNuGU8/l0t0aKrDR8BS1UdIiWP6HgX7CNC0iYajSzq52dUEth0XU/naXlldW19cpGdXNre2e3trffsXFiOLR5LGPTC5kFKRS0UaCEnjbAolBCN5xc5X73AYwVsbrFqYYgYmMlRoIzzKQ7H7QVMlbUl5J6g1rdbbgF6CLxSlInJVqD2pc/jHkSgUIumbV9z9UYpMyg4BJmVT+xoBmfsDH0M6pYBDZIi9QzepxYhjHVYKiQtBDh90bKImunUZhNRgzv7byXi/95/QRHl0EqlE4QFM8PoZBQHLLciKwOoENhAJHlyYEKRTkzDBGMoIzzTEyyfqpZH97894ukc9rw3IZ3c1ZvnpfNVMghOSInxCMXpEmuSYu0CSeGPJFn8uI8Oq/Om/P+M7rklDsH5A+cj2+QEJZ6</latexit><latexit sha1_base64="WSyhcTcumT0olhLV3k10tvfnc5E=">AAACAHicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CHFJjpfNuGU8/l0t0aKrDR8BS1UdIiWP6HgX7CNC0iYajSzq52dUEth0XU/naXlldW19cpGdXNre2e3trffsXFiOLR5LGPTC5kFKRS0UaCEnjbAolBCN5xc5X73AYwVsbrFqYYgYmMlRoIzzKQ7H7QVMlbUl5J6g1rdbbgF6CLxSlInJVqD2pc/jHkSgUIumbV9z9UYpMyg4BJmVT+xoBmfsDH0M6pYBDZIi9QzepxYhjHVYKiQtBDh90bKImunUZhNRgzv7byXi/95/QRHl0EqlE4QFM8PoZBQHLLciKwOoENhAJHlyYEKRTkzDBGMoIzzTEyyfqpZH97894ukc9rw3IZ3c1ZvnpfNVMghOSInxCMXpEmuSYu0CSeGPJFn8uI8Oq/Om/P+M7rklDsH5A+cj2+QEJZ6</latexit><latexit sha1_base64="WSyhcTcumT0olhLV3k10tvfnc5E=">AAACAHicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CHFJjpfNuGU8/l0t0aKrDR8BS1UdIiWP6HgX7CNC0iYajSzq52dUEth0XU/naXlldW19cpGdXNre2e3trffsXFiOLR5LGPTC5kFKRS0UaCEnjbAolBCN5xc5X73AYwVsbrFqYYgYmMlRoIzzKQ7H7QVMlbUl5J6g1rdbbgF6CLxSlInJVqD2pc/jHkSgUIumbV9z9UYpMyg4BJmVT+xoBmfsDH0M6pYBDZIi9QzepxYhjHVYKiQtBDh90bKImunUZhNRgzv7byXi/95/QRHl0EqlE4QFM8PoZBQHLLciKwOoENhAJHlyYEKRTkzDBGMoIzzTEyyfqpZH97894ukc9rw3IZ3c1ZvnpfNVMghOSInxCMXpEmuSYu0CSeGPJFn8uI8Oq/Om/P+M7rklDsH5A+cj2+QEJZ6</latexit><latexit sha1_base64="WSyhcTcumT0olhLV3k10tvfnc5E=">AAACAHicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CHFJjpfNuGU8/l0t0aKrDR8BS1UdIiWP6HgX7CNC0iYajSzq52dUEth0XU/naXlldW19cpGdXNre2e3trffsXFiOLR5LGPTC5kFKRS0UaCEnjbAolBCN5xc5X73AYwVsbrFqYYgYmMlRoIzzKQ7H7QVMlbUl5J6g1rdbbgF6CLxSlInJVqD2pc/jHkSgUIumbV9z9UYpMyg4BJmVT+xoBmfsDH0M6pYBDZIi9QzepxYhjHVYKiQtBDh90bKImunUZhNRgzv7byXi/95/QRHl0EqlE4QFM8PoZBQHLLciKwOoENhAJHlyYEKRTkzDBGMoIzzTEyyfqpZH97894ukc9rw3IZ3c1ZvnpfNVMghOSInxCMXpEmuSYu0CSeGPJFn8uI8Oq/Om/P+M7rklDsH5A+cj2+QEJZ6</latexit>

✏ & 0.01
<latexit sha1_base64="UPq1tsmvme5kcqU1yd+1Yh2v2H4=">AAACCXicbVC7TsMwFHV4lvIqICYWiwqJqUoQAsZKLIxFog+piSrHvS1WHSeyb5CqqF/AV7DCxIZY+QoG/gUnZICWs/jonHN1r0+YSGHQdT+dpeWV1bX1ykZ1c2t7Z7e2t98xcao5tHksY90LmQEpFLRRoIReooFFoYRuOLnO/e4DaCNidYfTBIKIjZUYCc7QSoPaoQ+JETJW1B+jjUXUbbjeoFa3TwG6SLyS1EmJ1qD25Q9jnkagkEtmTN9zEwwyplFwCbOqnxpIGJ+wMfQtVSwCE2TF+TN6khqGMU1AUyFpIcLviYxFxkyj0CYjhvdm3svF/7x+iqOrIBMqSREUzxehkFAsMlwL2wvQodCAyPLLgQpFOdMMEbSgjHMrpraoqu3Dm//9IumcNTy34d2e15sXZTMVckSOySnxyCVpkhvSIm3CSUaeyDN5cR6dV+fNef+JLjnlzAH5A+fjG8+AmT0=</latexit><latexit sha1_base64="UPq1tsmvme5kcqU1yd+1Yh2v2H4=">AAACCXicbVC7TsMwFHV4lvIqICYWiwqJqUoQAsZKLIxFog+piSrHvS1WHSeyb5CqqF/AV7DCxIZY+QoG/gUnZICWs/jonHN1r0+YSGHQdT+dpeWV1bX1ykZ1c2t7Z7e2t98xcao5tHksY90LmQEpFLRRoIReooFFoYRuOLnO/e4DaCNidYfTBIKIjZUYCc7QSoPaoQ+JETJW1B+jjUXUbbjeoFa3TwG6SLyS1EmJ1qD25Q9jnkagkEtmTN9zEwwyplFwCbOqnxpIGJ+wMfQtVSwCE2TF+TN6khqGMU1AUyFpIcLviYxFxkyj0CYjhvdm3svF/7x+iqOrIBMqSREUzxehkFAsMlwL2wvQodCAyPLLgQpFOdMMEbSgjHMrpraoqu3Dm//9IumcNTy34d2e15sXZTMVckSOySnxyCVpkhvSIm3CSUaeyDN5cR6dV+fNef+JLjnlzAH5A+fjG8+AmT0=</latexit><latexit sha1_base64="UPq1tsmvme5kcqU1yd+1Yh2v2H4=">AAACCXicbVC7TsMwFHV4lvIqICYWiwqJqUoQAsZKLIxFog+piSrHvS1WHSeyb5CqqF/AV7DCxIZY+QoG/gUnZICWs/jonHN1r0+YSGHQdT+dpeWV1bX1ykZ1c2t7Z7e2t98xcao5tHksY90LmQEpFLRRoIReooFFoYRuOLnO/e4DaCNidYfTBIKIjZUYCc7QSoPaoQ+JETJW1B+jjUXUbbjeoFa3TwG6SLyS1EmJ1qD25Q9jnkagkEtmTN9zEwwyplFwCbOqnxpIGJ+wMfQtVSwCE2TF+TN6khqGMU1AUyFpIcLviYxFxkyj0CYjhvdm3svF/7x+iqOrIBMqSREUzxehkFAsMlwL2wvQodCAyPLLgQpFOdMMEbSgjHMrpraoqu3Dm//9IumcNTy34d2e15sXZTMVckSOySnxyCVpkhvSIm3CSUaeyDN5cR6dV+fNef+JLjnlzAH5A+fjG8+AmT0=</latexit><latexit sha1_base64="UPq1tsmvme5kcqU1yd+1Yh2v2H4=">AAACCXicbVC7TsMwFHV4lvIqICYWiwqJqUoQAsZKLIxFog+piSrHvS1WHSeyb5CqqF/AV7DCxIZY+QoG/gUnZICWs/jonHN1r0+YSGHQdT+dpeWV1bX1ykZ1c2t7Z7e2t98xcao5tHksY90LmQEpFLRRoIReooFFoYRuOLnO/e4DaCNidYfTBIKIjZUYCc7QSoPaoQ+JETJW1B+jjUXUbbjeoFa3TwG6SLyS1EmJ1qD25Q9jnkagkEtmTN9zEwwyplFwCbOqnxpIGJ+wMfQtVSwCE2TF+TN6khqGMU1AUyFpIcLviYxFxkyj0CYjhvdm3svF/7x+iqOrIBMqSREUzxehkFAsMlwL2wvQodCAyPLLgQpFOdMMEbSgjHMrpraoqu3Dm//9IumcNTy34d2e15sXZTMVckSOySnxyCVpkhvSIm3CSUaeyDN5cR6dV+fNef+JLjnlzAH5A+fjG8+AmT0=</latexit>

•  Echoes

due to excitation of photon sphere
•  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>
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EM, Buoninfante, Mazumdar, Pani, PRD 102, 064053 (2020)
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Constraints on the compactness
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• No evidence for echoes in Ligo/Virgo O3a


• Current measurement accuracies impose that the compactness of the 
remnant cannot be smaller than 99% that of a black hole.

Abbott+, arXiv:2010.14529 (2020)



Constraints on the reflectivity

• Perfectly reflecting models are ruled out since the energy emitted in the 

echoes would be larger than the energy emitted in the ringdown.


• Third-generation detectors will be able to probe values of the reflectivity 
close to the BH one.

EM, Testa, Bhagwat, Pani, PRD 100, 064056 (2019)
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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 GW 
measurements.


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


• Third generation detectors will allow to perform unprecedented tests of 
the BH paradigm.
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