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Outline

•  Gravitational waves as probes of strong gravity 

•  Exotic compact objects 

•  Ergoregion instability 

•  Gravitational wave echoes
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Compact binary coalescence
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On September 14th 2015 the first 
gravitational wave from a compact 
binary merger was detected.

LVC, PRL 116 (2016) 061102

Three stages: 

•  Inspiral 
•  Merger 
•  Ringdown
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On September 14th 2015 the first 
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binary merger was detected.
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Three stages: 
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•  Merger 
•  Ringdown



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

LVC, PRL 116 (2016) 061102
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The signal is a sum of exponentially damped sinusoids:



Gravitational wave detections
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LVC, PRX 9 (2019) 031040

During the 1st and 2nd observing runs, LIGO and 
Virgo detected 1 quasi-normal mode compatible 
with a Kerr black hole:

So
la

r 
M

as
s

GW150914

fQNM = 251
+8
�8 Hz

<latexit sha1_base64="gn0i2KbYibXmuA3v3I5CNWqPiW0="></latexit><latexit sha1_base64="uHGDv9V2ArTM2+jAtJDY1otM4nM="></latexit><latexit sha1_base64="uHGDv9V2ArTM2+jAtJDY1otM4nM="></latexit><latexit sha1_base64="LskGKCvBUCehEpMeQcYKHGjwG8k=">AAACHnicbVDLSgNBEJyNrxhfUY9eBoMgimE3IOYiBLzkoiRgHpDEZXbSiUNmH8z0inHZf/AT/AqvevImXvXgv7h5HDSxTkVVN91VTiCFRtP8MlILi0vLK+nVzNr6xuZWdnunrv1QcahxX/qq6TANUnhQQ4ESmoEC5joSGs7gYuQ37kBp4XvXOAyg47K+J3qCM0wkO3vUs6M2wj1G1avLOKbntHBq3UTHxdiOTooxbdOJW36I7WzOzJtj0HliTUmOTFGxs9/trs9DFzzkkmndsswAOxFTKLiEONMONQSMD1gfWgn1mAu6E40zxfQg1Ax9GoCiQtKxCL83IuZqPXSdZNJleKtnvZH4n9cKsVfsRMILQgSPjw6hkDA+pLkSSVlAu0IBIht9DlR4lDPFEEEJyjhPxDBpL5P0Yc2mnyf1Qt4y81bVzJWK02bSZI/sk0NikTNSImVSITXCySN5Ji/k1Xgy3ox342MymjKmO7vkD4zPH2ceoYk=</latexit>

⌧QNM = 4.0+0.3
�0.3 ms

<latexit sha1_base64="SRHxTzepAtPoe1wzYV4gL245SOI="></latexit><latexit sha1_base64="O7k/p+xgDgB91QmKPTKMSbNHHN8="></latexit><latexit sha1_base64="O7k/p+xgDgB91QmKPTKMSbNHHN8="></latexit><latexit sha1_base64="TSghsWPRBfPa4VgshyC4lwEhtHk="></latexit>

LVC, PRL 116 (2016) 221101



Exotic compact objects
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ECOs are theoretical compact objects without horizon which 

• can mimic black holes in terms of electromagnetic observations 

• can overcome paradoxes of BHs 

- thermodynamical instability 

- huge entropy

Mazur, Mottola, PNAS (2004)

Abramowicz+, A&A 396, L31-L34 (2002)

Cardoso, Pani, Nat.  Astron. 1, 586 (2017)
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ECOs are theoretical compact objects without horizon which 

• can mimic black holes in terms of electromagnetic observations 

• can overcome paradoxes of BHs 

- thermodynamical instability 

- huge entropy

Cardoso, Pani, Nat.  Astron. 1, 586 (2017)

Mazur, Mottola, PNAS (2004)

Abramowicz+, A&A 396, L31-L34 (2002)



Rotating exotic compact object
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We analyze a compact object described by the Kerr metric with radius     

whose surface is parametrized by a complex reflectivity coefficient     :        

•   Perfectly reflecting surface

•   Partially absorbing surface

Black hole horizon

Surface of exotic 
compact object

EM, Pani, Ferrari, PRD 96 (2017) 104047
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Spinning compact objects with an ergoregion but without an event horizon 
might be unstable due to the ergoregion instability.

Event horizon

Ergoregion

Brito, Cardoso, Pani, Lect. Notes Phys. 906 (2016) 

The only way to prevent the instability is by absorbing negative-energy states 
through dissipation mechanisms at the surface of the object. 

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

Infinite redshift surface

Penrose, Nuovo Cimento.J. Serie 1 (1969) 252



Ringdown of exotic compact objects
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Black hole

Exotic compact 
object

No 
horizon

Trapped 
Modes

The quasi-normal modes are derived by

d2 

dz2
+ V (z) = 0
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Black hole

Exotic compact 
object

•  Echoes

due to excitation of the light-ring
•  Same prompt ringdown

due to trapped modes

Cardoso, Pani, Nat.  Astron. 1, 586 (2017)

The quasi-normal modes are derived by

Exotic compact 
object

No 
horizon

Trapped 
Modes

d2 

dz2
+ V (z) = 0
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QNMs
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Quasi-normal mode spectrum

acrit
stable

unstable

Exotic compact objects with a perfectly reflecting surface turn unstable above 
a critical value of the spin due to the ergoregion instability.

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

✏ = 10�10
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Quasi-normal mode spectrum
EM, Pani, Ferrari, PRD 96 (2017) 104047 
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• For           , slowly spinning ECOs are unstable. 

• The timescale of instability is short compared to 
astrophysical timescales

✏ ! 0
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⌧inst ⇠ 50

✓
M

10M�

◆
s

<latexit sha1_base64="a0gS+3rZAGROO9qTYmu1oSgAKCk="></latexit><latexit sha1_base64="leLSd9MG3Ca3gEd5PP5L6QYRC2Y="></latexit><latexit sha1_base64="leLSd9MG3Ca3gEd5PP5L6QYRC2Y="></latexit><latexit sha1_base64="f42G0Jid5CJ1FowYwxfuon11N+E="></latexit>

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

acrit
stable

unstable
✏ = 10�10

<latexit sha1_base64="FdA1rb4fBc7jlFGuUY1zATx+oR4=">AAACBXicbVA9SwNBEJ2L3/Er0dJmMQg2hj0LtREFG8sIJgpJDHubSVyyt3fszinhSO2vsNXKTqwE/RsW/gx7L9FCo696vDfDvHlBrJUjzt+83MTk1PTM7Fx+fmFxablQXKm5KLESqzLSkT0PhEOtDFZJkcbz2KIIA41nQe9o6J9doXUqMqfUj7EZiq5RHSUFZVKrUGxg7JSOzL7PL9Itnw9ahRIv8xHYX+J/k9LB8+bHKwBUWoX3RjuSSYiGpBbO1X0eUzMVlpTUOMg3EoexkD3RxXpGjQjRNdNR9AHbSJygiMVomdJsJOLPjVSEzvXDIJsMBV26cW8o/ufVE+rsNVNl4oTQyOEhUhpHh5y0KusEWVtZJBLD5MiUYVJYQYRWMSFlJiZZSfmsD3/8+7+ktl32edk/4aXDHfjCLKzBOmyCD7twCMdQgSpIuIZbuIN778Z78B69p6/RnPe9swq/4L18AtTzmno=</latexit><latexit sha1_base64="ayLhfyN+7xWmoroyd06EaHS0xWk=">AAACBXicbVC7SsRAFJ34dn1ltbQZXAQtXCYWaiMKNpYKrgqbuEzGqw5OJsPMjbKErS39Alut7MRKEPwLCz/D3iRa+DrV4Zx7ueee2CjpkLFXr69/YHBoeGS0NjY+MTnl16f3XZpZAS2RqtQextyBkhpaKFHBobHAk1jBQXy+VfoHF2CdTPUedg1ECT/V8kQKjoXU8eshGCdVqtcDdpQvBazX8RusySrQvyT4Io2Np4X3l+twcafjv4XHqcgS0CgUd64dMINRzi1KoaBXCzMHhotzfgrtgmqegIvyKnqPzmeOY0oNWCoVrUT4vpHzxLluEheTCccz99srxf+8doYna1EutckQtCgPoVRQHXLCyqIToMfSAiIvkwOVmgpuOSJYSbkQhZgVJdWKPoLf3/8l+8vNgDWDXdbYXCGfGCGzZI4skICskk2yTXZIiwhySW7ILbnzrrx778F7/Bzt8752ZsgPeM8fVNGbkA==</latexit><latexit sha1_base64="ayLhfyN+7xWmoroyd06EaHS0xWk=">AAACBXicbVC7SsRAFJ34dn1ltbQZXAQtXCYWaiMKNpYKrgqbuEzGqw5OJsPMjbKErS39Alut7MRKEPwLCz/D3iRa+DrV4Zx7ueee2CjpkLFXr69/YHBoeGS0NjY+MTnl16f3XZpZAS2RqtQextyBkhpaKFHBobHAk1jBQXy+VfoHF2CdTPUedg1ECT/V8kQKjoXU8eshGCdVqtcDdpQvBazX8RusySrQvyT4Io2Np4X3l+twcafjv4XHqcgS0CgUd64dMINRzi1KoaBXCzMHhotzfgrtgmqegIvyKnqPzmeOY0oNWCoVrUT4vpHzxLluEheTCccz99srxf+8doYna1EutckQtCgPoVRQHXLCyqIToMfSAiIvkwOVmgpuOSJYSbkQhZgVJdWKPoLf3/8l+8vNgDWDXdbYXCGfGCGzZI4skICskk2yTXZIiwhySW7ILbnzrrx778F7/Bzt8752ZsgPeM8fVNGbkA==</latexit><latexit sha1_base64="3Ten7bUvFKOth1ADveyNedUyZ0w=">AAACBXicbVC7TsNAEDyHVwgvB0qaExESDdGZAmiQItFQBok8pMRE58smnHI+W3drUGSl5itooaJDtHwHBf+CY1JAwlSjmV3t7ASxkhYZ+3QKS8srq2vF9dLG5tb2jlvebdooMQIaIlKRaQfcgpIaGihRQTs2wMNAQSsYXU791j0YKyN9g+MY/JAPtRxIwTGTem65C7GVKtIXHrtNjz026bkVVmU56CLxZqRCZqj33K9uPxJJCBqF4tZ2PBajn3KDUiiYlLqJhZiLER9CJ6Oah2D9NI8+oYeJ5RjRGAyViuYi/N5IeWjtOAyyyZDjnZ33puJ/XifBwbmfSh0nCFpMD6FUkB+ywsisE6B9aQCRT5MDlZoKbjgiGEm5EJmYZCWVsj68+e8XSfOk6rGqd80qtdNZM0WyTw7IEfHIGamRK1InDSLIA3kiz+TFeXRenTfn/We04Mx29sgfOB/f3rqXog==</latexit>

|R|2 = 1
<latexit sha1_base64="kBq33DA4aY6haUsXIs1bi695eQg=">AAACBXicbVC7SgNREJ31GeNrVbCxuSiCVdi1UBshYGMZxUQhiWH2ZtSLdx/cO6uENbVfoVhpZSe2foeF/+JuYuHrVIdzZpgzJ0i0sux5787I6Nj4xGRpqjw9Mzs37y4sNmycGkl1GevYnARoSauI6qxY00liCMNA03FwuVf4x1dkrIqjI+4l1A7xPFJnSiLnUsdduGmFyBcSdXbYvznd3PU77ppX8QYQf4n/Rdaqy8n9AwDUOu5HqxvLNKSIpUZrm76XcDtDw0pq6pdbqaUE5SWeUzOnEYZk29kgel+spxY5FgkZobQYiPR9I8PQ2l4Y5JNFTvvbK8T/vGbKZzvtTEVJyhTJ4hArTYNDVhqVd0KiqwwxY5GchIqERIPMZJRAKXMxzUsq5334v7//SxqbFd+r+Ad5MVswRAlWYBU2wIdtqMI+1KAOEq7hDh7hybl1np0X53U4OuJ87SzBDzhvn6jfmkQ=</latexit><latexit sha1_base64="dT2W/6qAanS+6dj6khHNSe+F7QU=">AAACBXicbVA9SwNBEN2LXzF+XRRsbBaDYBXuUmgaIWBjqWJUSGKY24y6ZO+D3TlFztT+BRsttbITW3+HqP/FuySFJr7q8d4M8+Z5kZKGHOfDyk1MTk3P5GcLc/MLi0t2cfnYhLEWWBehCvWpBwaVDLBOkhSeRhrB9xSeeN3dzD+5Qm1kGBzRTYQtHy4CeS4FUCq17eJt0we6FKCSw97tWWXHbdslp+z0wceJOySl2mr0eP/1Wd1v29/NTihiHwMSCoxpuE5ErQQ0SaGwV2jGBiMQXbjARkoD8NG0kn70Ht+IDVDII9RcKt4X8fdGAr4xN76XTmY5zaiXif95jZjOq61EBlFMGIjsEEmF/UNGaJl2grwjNRJBlhy5DLgADUSoJQchUjFOSyqkfbij34+T40rZdcruQVrMFhsgz9bYOttkLttmNbbH9lmdCXbNHtgTe7burBfr1XobjOas4c4K+wPr/QdJJ5wr</latexit><latexit sha1_base64="dT2W/6qAanS+6dj6khHNSe+F7QU=">AAACBXicbVA9SwNBEN2LXzF+XRRsbBaDYBXuUmgaIWBjqWJUSGKY24y6ZO+D3TlFztT+BRsttbITW3+HqP/FuySFJr7q8d4M8+Z5kZKGHOfDyk1MTk3P5GcLc/MLi0t2cfnYhLEWWBehCvWpBwaVDLBOkhSeRhrB9xSeeN3dzD+5Qm1kGBzRTYQtHy4CeS4FUCq17eJt0we6FKCSw97tWWXHbdslp+z0wceJOySl2mr0eP/1Wd1v29/NTihiHwMSCoxpuE5ErQQ0SaGwV2jGBiMQXbjARkoD8NG0kn70Ht+IDVDII9RcKt4X8fdGAr4xN76XTmY5zaiXif95jZjOq61EBlFMGIjsEEmF/UNGaJl2grwjNRJBlhy5DLgADUSoJQchUjFOSyqkfbij34+T40rZdcruQVrMFhsgz9bYOttkLttmNbbH9lmdCXbNHtgTe7burBfr1XobjOas4c4K+wPr/QdJJ5wr</latexit><latexit sha1_base64="ow8dx22f+8TDz0RFE9Y3fyAuhnA=">AAACBXicbVC7TgJBFJ31ifgCLW0mEhMrskuhNiYkNpZo5JEAkrvDBSfMPjJzV0MWar/CVis7Y+t3WPgv7q4UCp7q5Jx7c889bqikIdv+tJaWV1bX1nMb+c2t7Z3dQnGvYYJIC6yLQAW65YJBJX2skySFrVAjeK7Cpju6SP3mPWojA/+GxiF2PRj6ciAFUCL1CsVJxwO6E6Di6+nktnLu9Aolu2xn4IvEmZESm6HWK3x1+oGIPPRJKDCm7dghdWPQJIXCab4TGQxBjGCI7YT64KHpxln0KT+KDFDAQ9RcKp6J+HsjBs+Ysecmk2lOM++l4n9eO6LBWTeWfhgR+iI9RFJhdsgILZNOkPelRiJIkyOXPheggQi15CBEIkZJSfmkD2f++0XSqJQdu+xc2aXqyayZHDtgh+yYOeyUVdklq7E6E+yBPbFn9mI9Wq/Wm/X+M7pkzXb22R9YH9/aZphA</latexit>
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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                destroys the instability.

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

Spin Absorption

0.7

0.9

any

0.3%

6%

~60%

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

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

Transfer function

Parameters:

The signal emitted by an ECO at infinity can be written in terms of the signal 
emitted by a BH:

• Standard BH ringdown:

• 2 of the ECO:

M,�, A+,⇥,�+,⇥, t0
<latexit sha1_base64="QWShTaWZNfw7Bw/1N7mzpdbXZyo=">AAACIXicbVC5SgRBEK1Z7/VaNTRpPEBQlxkTDT0SE0HBVWF3GXra0i2256C7RpBhv8JP8B8EM9HITMxE/Axze1cDrxc93qviVb0o02TZ91+8Ul//wODQ8Eh5dGx8YrIyNX1k09worKlUp+YkkhY1JVhjYo0nmUEZRxqPo/ZO1z++QGMpTQ75MsNmLM8TOiMl2UlhZXVvRTRUi1bEVlgsO84Uo+04krXop8KhH1bm/arfg/hLgi8yv7nwfnMHAPth5a1xmqo8xoSVltbWAz/jZiENk9LYKTdyi5lUbXmOdUcT6aKaRe+tjljMreRUZGgEadET8ftGIWNrL+PITcaSW/a31xX/8+o5n200C0qynDFR3SAmjb0gqwy5vlCckkFm2b0cBSVCSSOZ0ZCQSjkxdwWWXR/B7+//kqO1auBXgwNXzDZ8YhhmYQ6WIIB12IRd2IcaKLiCW7iHB+/ae/SevOfP0ZL3tTMDP+C9fgBp46RD</latexit><latexit sha1_base64="vflOHCYcauQ8XpXm50CQCQ7XcoQ=">AAACIXicbVDLSgNBEJyN7/iKevQyGAVBDbte9Ojj4kVQMA9IwjI76Zgmsw9megVZ8hV+gv8geNWTN/Em4mfo2UniQaN1Kqq6qe4KEoWGXPfVyY2NT0xOTc/kZ+fmFxYLS8sVE6daQlnGKta1QBhQGEGZkBTUEg0iDBRUg+5x369egTYYRxd0nUAzFJcRtlEKspJf2Dnd5g3ZwW1+6GdblhOGYHqWJB38rZDv+oWiW3IH4H+J902KB+sfd49Xs59nfuG90YplGkJEUglj6p6bUDMTmlAq6OUbqYFEyK64hLqlkbBRzWzwVo9vpEZQzBPQHBUfiPBzIxOhMddhYCdDQR0z6vXF/7x6Su39ZoZRkhJEsh9EqGAQZKRG2xfwFmogEv3LgWPEpdCCCDRyIaUVU1tg3vbhjX7/l1R2S55b8s5tMUdsiGm2ytbYJvPYHjtgJ+yMlZlkN+yePbBH59Z5cp6dl+FozvneWWG/4Lx9AXLBpb0=</latexit><latexit sha1_base64="vflOHCYcauQ8XpXm50CQCQ7XcoQ=">AAACIXicbVDLSgNBEJyN7/iKevQyGAVBDbte9Ojj4kVQMA9IwjI76Zgmsw9megVZ8hV+gv8geNWTN/Em4mfo2UniQaN1Kqq6qe4KEoWGXPfVyY2NT0xOTc/kZ+fmFxYLS8sVE6daQlnGKta1QBhQGEGZkBTUEg0iDBRUg+5x369egTYYRxd0nUAzFJcRtlEKspJf2Dnd5g3ZwW1+6GdblhOGYHqWJB38rZDv+oWiW3IH4H+J902KB+sfd49Xs59nfuG90YplGkJEUglj6p6bUDMTmlAq6OUbqYFEyK64hLqlkbBRzWzwVo9vpEZQzBPQHBUfiPBzIxOhMddhYCdDQR0z6vXF/7x6Su39ZoZRkhJEsh9EqGAQZKRG2xfwFmogEv3LgWPEpdCCCDRyIaUVU1tg3vbhjX7/l1R2S55b8s5tMUdsiGm2ytbYJvPYHjtgJ+yMlZlkN+yePbBH59Z5cp6dl+FozvneWWG/4Lx9AXLBpb0=</latexit><latexit sha1_base64="J+NyYMyZLPo/NMM249m4sh3YYgI=">AAACIXicbVDLSgNBEJyNrxhfUY9eBoMgGMOuFz1GvXgRIpgHJGGZnbSmyeyDmV4hLPkKP8Gv8Konb+JNxH9xEnPQaJ2Kqm6qu4JEoSHXfXdyc/MLi0v55cLK6tr6RnFzq2HiVEuoy1jFuhUIAwojqBOSglaiQYSBgmYwOB/7zTvQBuPomoYJdENxG+ENSkFW8ouHl2XekX0s81M/O7CcMAQzsiTp42+FfNcvltyKOwH/S7wpKbEpan7xs9OLZRpCRFIJY9qem1A3E5pQKhgVOqmBRMiBuIW2pZGwUd1s8taI76VGUMwT0BwVn4jwcyMToTHDMLCToaC+mfXG4n9eO6Wbk26GUZISRHIcRKhgEmSkRtsX8B5qIBLjy4FjxKXQggg0ciGlFVNbYMH24c1+/5c0jiqeW/Gu3FL1bNpMnu2wXbbPPHbMquyC1VidSXbPHtkTe3YenBfn1Xn7Hs05051t9gvOxxeAjqF0</latexit>

Z̃+
ECO(!) = Z̃+

BH(!) +KZ̃�
BH(!)

<latexit sha1_base64="bCLmtDfchSdBNy707X8RnvHUxZc="></latexit><latexit sha1_base64="bCLmtDfchSdBNy707X8RnvHUxZc="></latexit><latexit sha1_base64="bCLmtDfchSdBNy707X8RnvHUxZc="></latexit><latexit sha1_base64="bCLmtDfchSdBNy707X8RnvHUxZc="></latexit>

Mark+, PRD 96 (2017) 084002
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Template for echoes

EM, Testa, Bhagwat, Pani,  
PRD 100 (2019) 064056

Analytical 
template

Transfer function

Parameters:

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

• Standard BH ringdown:

• 2 of the ECO:

M,�, A+,⇥,�+,⇥, t0
<latexit sha1_base64="QWShTaWZNfw7Bw/1N7mzpdbXZyo=">AAACIXicbVC5SgRBEK1Z7/VaNTRpPEBQlxkTDT0SE0HBVWF3GXra0i2256C7RpBhv8JP8B8EM9HITMxE/Axze1cDrxc93qviVb0o02TZ91+8Ul//wODQ8Eh5dGx8YrIyNX1k09worKlUp+YkkhY1JVhjYo0nmUEZRxqPo/ZO1z++QGMpTQ75MsNmLM8TOiMl2UlhZXVvRTRUi1bEVlgsO84Uo+04krXop8KhH1bm/arfg/hLgi8yv7nwfnMHAPth5a1xmqo8xoSVltbWAz/jZiENk9LYKTdyi5lUbXmOdUcT6aKaRe+tjljMreRUZGgEadET8ftGIWNrL+PITcaSW/a31xX/8+o5n200C0qynDFR3SAmjb0gqwy5vlCckkFm2b0cBSVCSSOZ0ZCQSjkxdwWWXR/B7+//kqO1auBXgwNXzDZ8YhhmYQ6WIIB12IRd2IcaKLiCW7iHB+/ae/SevOfP0ZL3tTMDP+C9fgBp46RD</latexit><latexit sha1_base64="vflOHCYcauQ8XpXm50CQCQ7XcoQ=">AAACIXicbVDLSgNBEJyN7/iKevQyGAVBDbte9Ojj4kVQMA9IwjI76Zgmsw9megVZ8hV+gv8geNWTN/Em4mfo2UniQaN1Kqq6qe4KEoWGXPfVyY2NT0xOTc/kZ+fmFxYLS8sVE6daQlnGKta1QBhQGEGZkBTUEg0iDBRUg+5x369egTYYRxd0nUAzFJcRtlEKspJf2Dnd5g3ZwW1+6GdblhOGYHqWJB38rZDv+oWiW3IH4H+J902KB+sfd49Xs59nfuG90YplGkJEUglj6p6bUDMTmlAq6OUbqYFEyK64hLqlkbBRzWzwVo9vpEZQzBPQHBUfiPBzIxOhMddhYCdDQR0z6vXF/7x6Su39ZoZRkhJEsh9EqGAQZKRG2xfwFmogEv3LgWPEpdCCCDRyIaUVU1tg3vbhjX7/l1R2S55b8s5tMUdsiGm2ytbYJvPYHjtgJ+yMlZlkN+yePbBH59Z5cp6dl+FozvneWWG/4Lx9AXLBpb0=</latexit><latexit sha1_base64="vflOHCYcauQ8XpXm50CQCQ7XcoQ=">AAACIXicbVDLSgNBEJyN7/iKevQyGAVBDbte9Ojj4kVQMA9IwjI76Zgmsw9megVZ8hV+gv8geNWTN/Em4mfo2UniQaN1Kqq6qe4KEoWGXPfVyY2NT0xOTc/kZ+fmFxYLS8sVE6daQlnGKta1QBhQGEGZkBTUEg0iDBRUg+5x369egTYYRxd0nUAzFJcRtlEKspJf2Dnd5g3ZwW1+6GdblhOGYHqWJB38rZDv+oWiW3IH4H+J902KB+sfd49Xs59nfuG90YplGkJEUglj6p6bUDMTmlAq6OUbqYFEyK64hLqlkbBRzWzwVo9vpEZQzBPQHBUfiPBzIxOhMddhYCdDQR0z6vXF/7x6Su39ZoZRkhJEsh9EqGAQZKRG2xfwFmogEv3LgWPEpdCCCDRyIaUVU1tg3vbhjX7/l1R2S55b8s5tMUdsiGm2ytbYJvPYHjtgJ+yMlZlkN+yePbBH59Z5cp6dl+FozvneWWG/4Lx9AXLBpb0=</latexit><latexit sha1_base64="J+NyYMyZLPo/NMM249m4sh3YYgI=">AAACIXicbVDLSgNBEJyNrxhfUY9eBoMgGMOuFz1GvXgRIpgHJGGZnbSmyeyDmV4hLPkKP8Gv8Konb+JNxH9xEnPQaJ2Kqm6qu4JEoSHXfXdyc/MLi0v55cLK6tr6RnFzq2HiVEuoy1jFuhUIAwojqBOSglaiQYSBgmYwOB/7zTvQBuPomoYJdENxG+ENSkFW8ouHl2XekX0s81M/O7CcMAQzsiTp42+FfNcvltyKOwH/S7wpKbEpan7xs9OLZRpCRFIJY9qem1A3E5pQKhgVOqmBRMiBuIW2pZGwUd1s8taI76VGUMwT0BwVn4jwcyMToTHDMLCToaC+mfXG4n9eO6Wbk26GUZISRHIcRKhgEmSkRtsX8B5qIBLjy4FjxKXQggg0ciGlFVNbYMH24c1+/5c0jiqeW/Gu3FL1bNpMnu2wXbbPPHbMquyC1VidSXbPHtkTe3YenBfn1Xn7Hs05051t9gvOxxeAjqF0</latexit>

Z̃+
ECO(!) = Z̃+

BH(!) +KZ̃�
BH(!)

<latexit sha1_base64="bCLmtDfchSdBNy707X8RnvHUxZc="></latexit><latexit sha1_base64="bCLmtDfchSdBNy707X8RnvHUxZc="></latexit><latexit sha1_base64="bCLmtDfchSdBNy707X8RnvHUxZc="></latexit><latexit sha1_base64="bCLmtDfchSdBNy707X8RnvHUxZc="></latexit>
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Ringdown+echo waveforms

Plus polarization
Cross polarization

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

Plus polarization
Cross polarization

• The mixing of the  
polarizations occurs 
for a spinning ECO 
or a complex     .
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Ringdown+echo waveforms
EM, Testa, Bhagwat, Pani, PRD 100 (2019) 064056

• The mixing of the  
polarizations occurs 
for a spinning ECO 
or a complex     .

• The phase in         
modifies the echo 
pattern.

Plus polarization
Cross polarization
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Detection of exotic compact objects?

EM, Testa, Bhagwat, Pani, PRD 100 (2019) 064056

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

Abedi+, PRD 96 (2017) 082004, Conklin+, PRD 98 (2018) 044021

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

Westerweck+, PRD 97 (2018) 124037, Tsang+, PRD 101 (2020) 064012
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Conclusions and future prospects

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

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

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

• Accurate matched-filter searches for gravitational wave echoes

Perfectly reflecting surface             Ergoregion instability 

Partially absorbing surface             Stability


