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Gravitational-wave detections

Abbott+, PRX 9, 031040 (2019); Abbott+, PRX 11, 021053 (2021); Abbott+, arXiv:2111.03606 (2021)

The interferometers LIGO and Virgo have detected 90 gravitational-wave 
events from the coalescence of compact binaries.

GW200105GW200115

The O4 observing run has started in May 2023 and will last 20 months.  
39 candidate events have been detected. https://gracedb.ligo.org



The stages of compact binary coalescences
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Parametrized tests of general relativity (GR) introduce deviations from the GR 
waveform to constrain the degree to which the data agree with GR. 

Abbott+, PRD 100, 104036 (2019); Abbott+, PRD 103, 122002 (2021); Abbott+, arXiv: 2112.06861 (2021)
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The ringdown stage
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The ringdown stage is dominated by the characteristic oscillation frequencies 
of the remnant, the so-called quasi-normal modes:

The ringdown is modeled as a sum 
of exponentially damped sinusoids:
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Ringdown tests
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Abbott+, arXiv: 2112.06861 (2021)
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The least-damped dominant quasi-normal mode has been observed in the 
ringdown of            gravitational-wave events.

The ringdown observations are 
compatible with Kerr black hole 
remnants with:
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Tests of the black hole paradigm
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Kerr black holes are determined uniquely by 2 parameters: 
• mass 
• angular momentum

Carter, PRL 26, 331 (1971); Robinson, PRL 34, 905 (1975)

A test of the no-hair theorem requires the identification of at least two 
quasi-normal modes in the ringdown.
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The detection of modes other than the fundamental one is challenging. 
(overtones, higher modes and nonlinearities)

Isi+, PRL 123 (2019) 11, 111102; Bhagwat+, PRD 101 (2020) 4, 044033; Cotesta+, PRL 129 (2022) 11, 111102; 
Capano+, arXiv: 2209.00640 (2022); Baibhav+, arXiv: 2302.03050 (2022); Nee+, arXiv: 2302.06634 (2022)



in quantum-gravity extensions of general relativity 
(e.g. fuzzballs, gravastars) 

in general relativity with dark matter or exotic fields 
(e.g. boson stars, wormholes) 

Horizonless compact objects
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New physics can prevent the formation of the horizon:

Mathur, Fortsch. Phys. 53, 793-827 (2005); Mazur+, PNAS 101, 9545-9550 (2004)

Liebling+, LRR 20, 5 (2017); Morris+, Am. J. Phys. 56, 395-412 (1988)

Horizonless compact objects can mimic black holes and quantify the 
existence of horizons.

Giudice+, JCAP 10 (2010) 001; Cardoso+, LRR 22:4 (2019); EM+, Handbook for GW Astronomy, Springer (2021) 
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A parametrized classification
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• Compactness 
since the radius of 
the object is at 

      

• Reflectivity 
that differs from the 
totally absorbing 
black hole case

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

 

~Small compactness
No absorption(e.g. boson stars)

~Small compactness
Large absorption(e.g. diffuse fuzzballs)Large compactness

Large absorption(e.g. tight fuzzballs)

Large compactness
No absorption(e.g. gravastars)

Black hole
Reflecti

vity
Compactnesslight rin g

quantum
 

2

EM, Pani, Raposo, Handbook for GW Astronomy, Springer (2021)
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Questions
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• What are the signatures of horizonless compact objects in the 
ringdown? 

• What are the current limitations in ringdown tests of general relativity? 

• How current pipelines respond to possible deviations from general 
relativity?
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Ringdown of  
horizonless compact objects



The ringdown
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We analyze a horizonless compact object described by the Schwarzschild 
metric and perturbed by a gravitational perturbation:

Regge, Wheeler, Phys.Rev. 108 (1957) 1063-1069 
Zerilli, PRL 24 (1970) 737-738

+ 2 boundary conditions:

•   At infinity:  outgoing waves

•   At     : ultracompact object (         ),r0
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✏ ⌧ 1

EM, Pani, Raposo, Handbook for GW Astronomy, Springer (2021)
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Ultracompact object (          ) with a perfectly reflecting surface:

Quasi-normal mode spectrum
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• Axial and polar modes are not isospectral. 

• For           , the quasi-normal modes are low-frequencies and long-lived.✏ ! 0
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Cardoso+, PRL 116, 171101 (2016); EM+, Handbook for GW Astronomy (2021)
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✏ ⌧ 1

n = 0
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Membrane paradigm
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We derive the boundary condition that describes horizonless compact objects 
with any compactness and a Schwarzschild exterior.
EM, Buoninfante, Mazumdar, Pani, PRD 102, 064053 (2020)

A static observer can replace the interior of a black hole by a fictitious 
membrane located at the horizon, which is a viscous fluid with shear 
viscosity    and bulk viscosity   .

  

Damour, PRD 18, 10 (1978); Price, Thorne, PRD 33, 4 (1986)

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

Horizonless compact objects with               are compatible with the 
measurement accuracy of the fundamental quasi-normal mode in GW150914.

✏ . 0.1
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Totally absorbing compact object with                :✏ & 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>

Elisa Maggio - Testing the horizon of black holes with gravitational waves                           @GSSI                    



Ringdown of horizonless objects
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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 the excitation of the 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)



Spinning horizonless compact objects
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M.V.S. Saketh, EM, in preparation (2023)

We generalize the membrane paradigm to spinning horizonless compact 
objects described by the Kerr metric to linear order in spin.

The extension to higher values of the spin would allow to constrain the 
properties of the remnants of GW events.
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Parametrized tests of general relativity 
in the ringdown stage



Parametrized ringdown model
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The pSEOBNR analysis introduces fractional deviations to the frequency and 
the decay time of the fundamental quasi-normal modes:

<latexit sha1_base64="jEXceDkIGUYMJ1FRtF0pYhi1v6M=">AAACNXicbVDLSgMxFM3UV62vUZdugkWoCGVGRN0IRRe6cFHFPqBTSya9bUOTmSHJCGWYn3Ljf7jShQtF3PoLpo+Fth4IHM45l5t7/IgzpR3n1crMzS8sLmWXcyura+sb9uZWVYWxpFChIQ9l3ScKOAugopnmUI8kEOFzqPn9i6FfewCpWBjc6UEETUG6AeswSrSRWva1FwroklbiAedYYCfFZ3hGu088KZLL2zTFBffAawPXZDa137LzTtEZAc8Sd0LyaIJyy3722iGNBQSacqJUw3Ui3UyI1IxySHNerCAitE+60DA0IAJUMxldneI9o7RxJ5TmBRqP1N8TCRFKDYRvkoLonpr2huJ/XiPWndNmwoIo1hDQ8aJOzLEO8bBC3GYSqOYDQwiVzPwV0x6RhGpTdM6U4E6fPEuqh0X3uOjeHOVL55M6smgH7aICctEJKqErVEYVRNEjekHv6MN6st6sT+trHM1Yk5lt9AfW9w+/wqox</latexit>

!`m0 = !GR
`m0(1 + �!`m0)

<latexit sha1_base64="niYs6+HxbKWlEeaCheMaddcPEUs=">AAACL3icbVBNSwMxFMzWr1q/qh69BItQEcquiHoRioJ6rGK10K0lm77WYLK7JG+Fsuw/8uJf6UVEEa/+C9Pag1YHAsPMPF7eBLEUBl33xclNTc/MzuXnCwuLS8srxdW1axMlmkOdRzLSjYAZkCKEOgqU0Ig1MBVIuAnuT4b+zQNoI6LwCvsxtBTrhaIrOEMrtYunPrKknfogJVXUzegRnVBuU1+r9Owyy2jZ2/E7IJFNZrbbxZJbcUegf4k3JiUyRq1dHPidiCcKQuSSGdP03BhbKdMouISs4CcGYsbvWQ+aloZMgWmlo3szumWVDu1G2r4Q6Uj9OZEyZUxfBTapGN6ZSW8o/uc1E+wetlIRxglCyL8XdRNJMaLD8mhHaOAo+5YwroX9K+V3TDOOtuKCLcGbPPkvud6tePsV72KvVD0e15EnG2STlIlHDkiVnJMaqRNOHsmAvJI358l5dt6dj+9ozhnPrJNfcD6/ANr0p7g=</latexit>

⌧`m0 = ⌧GR
`m0(1 + �⌧`m0)

where                                                              . Current analyses focus on 
deviations to the fundamental quasi-normal mode, i.e.,                     .

<latexit sha1_base64="NamI2YG79GuLrj+9iHiwjx/Cjq8=">AAACEXicbZDLSgNBEEV74ivGV9Slm8YgRJAwE0RdBt24jGCikIRQ06nEJj0PumuEMOQX3Pgrblwo4tadO//GzkPQxAsNl1NVVNf1YyUNue6Xk1lYXFpeya7m1tY3Nrfy2zt1EyVaYE1EKtK3PhhUMsQaSVJ4G2uEwFd44/cvRvWbe9RGRuE1DWJsBdALZVcKIIva+WKx2UFFwJtRgD1op+WyOzziP5AgmaDDdr7gltyx+LzxpqbApqq285/NTiSSAEMSCoxpeG5MrRQ0SaFwmGsmBmMQfehhw9oQAjStdHzRkB9Y0uHdSNsXEh/T3xMpBMYMAt92BkB3ZrY2gv/VGgl1z1qpDOOEMBSTRd1EcYr4KB7ekRoFqYE1ILS0f+XiDjQIsiHmbAje7Mnzpl4ueScl7+q4UDmfxpFle2yfFZnHTlmFXbIqqzHBHtgTe2GvzqPz7Lw575PWjDOd2WV/5Hx8A+U6m8s=</latexit>

(�!220, �⌧220)

Ghosh+, PRD 103, 124041 (2021); Brito+, PRD 98, 084038 (2018)

The GR values are predicted from estimates of the mass and spin of the 
remnant and fits with numerical relativity (NR).



Parametrized ringdown model
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Credit: H. O. Silva

0.5-0.5 0.0

<latexit sha1_base64="FzBHK3p1sZpua8zmp5wre0WQI0I=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVJIi6rHoxWMF+wFNCJvNtF262YTdjRBC/StePCji1R/izX/jts1BWx8MPN6bYWZemHKmtON8W2vrG5tb25Wd6u7e/sGhfXTcVUkmKXRowhPZD4kCzgR0NNMc+qkEEocceuHkdub3HkEqlogHnafgx2Qk2JBRoo0U2DUvAq4J9pIYRiQomk1nGth1p+HMgVeJW5I6KtEO7C8vSmgWg9CUE6UGrpNqvyBSM8phWvUyBSmhEzKCgaGCxKD8Yn78FJ8ZJcLDRJoSGs/V3xMFiZXK49B0xkSP1bI3E//zBpkeXvsFE2mmQdDFomHGsU7wLAkcMQlU89wQQiUzt2I6JpJQbfKqmhDc5ZdXSbfZcC8b7v1FvXVTxlFBJ+gUnSMXXaEWukNt1EEU5egZvaI368l6sd6tj0XrmlXO1NAfWJ8/4KuURQ==</latexit>

�!220
<latexit sha1_base64="YXmDmDihp5DfJ5pnJ/CeB0S6n08=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5IUUY9FLx4r2A9oQ9hsNu3SzSbsTpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8IBVcg+N8W6W19Y3NrfJ2ZWd3b//Arh52dJIpyto0EYnqBUQzwSVrAwfBeqliJA4E6wbjm5nffWBK80TewyRlXkyGkkecEjCSb1cHIRNA8ABI5ueNhjP17ZpTd+bAq8QtSA0VaPn21yBMaBYzCVQQrfuuk4KXEwWcCjatDDLNUkLHZMj6hkoSM+3l89On+NQoIY4SZUoCnqu/J3ISaz2JA9MZExjpZW8m/uf1M4iuvJzLNAMm6WJRlAkMCZ7lgEOuGAUxMYRQxc2tmI6IIhRMWhUTgrv88irpNOruRd29O681r4s4yugYnaAz5KJL1ES3qIXaiKJH9Ixe0Zv1ZL1Y79bHorVkFTNH6A+szx9nr5Ny</latexit>

�⌧220



Waveform model in general relativity

17/22Elisa Maggio - Testing the horizon of black holes with gravitational waves                           @GSSI                    

The baseline model is the waveform constructed in the effective-one-body 
formalism and calibrated to NR for quasicircular and spin-aligned binaries:

Buonanno, Damour, PRD 59, 084006 (1999); Buonanno, Damour, PRD 62 (2000), 064015; Bohé+, PRD 95, 044028 (2017); 
Cotesta+, PRD 98, 084028 (2018); Nagar, Rettegno, PRD 99 (2019) no.2, 021501; Mihaylov+, PRD 104, 124087 (2021).

Credit: M. Khalil

<latexit sha1_base64="O5kR6cxVLM6kUbIqN3Y2DcY4wII="></latexit>

h`m(t) = hinsp�plunge
`m ✓(t`mmatch � t) + hmerger�RD

`m ✓(t� t`mmatch)



Mock Data Challenge
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We inject mock data signals with any physics that is not included in the 
recovered waveform model, namely: 

• Spin precession 

• Kerr-Newman remnant 

• Glitches

We test whether waveform systematics and data-quality issues would lead to 
false violations of general relativity.  

The injections are analyzed using the O4 power spectral density for the 
detector network of LIGO Hanford, Livingston and Virgo. 

LVK TGR group, in preparation



Spin-precessing injections
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SXS:BBH:1386, i=0.79
SXS:BBH:1386, i=1.59
SXS:BBH:1397, i=0.79
SXS:BBH:1397, i=1.59

°0.2 0.0 0.2 0.4
dw220

°0.5

°0.3

°0.1

0.1

0.3

dt
22

0

We inject spin-precessing signals from NR with inclinations                     : 

• SXS:BBH:1386 - strongly precessing case                           

• SXS:BBH:1386 - less strongly precessing case

<latexit sha1_base64="FTGvTUPYAy+ZXNiN+aTMv2kcs+I=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCBwmJqLUHoejFYwX7AW0om+22XbrJht2JWEL/ihcPinj1j3jz37htc9DWBwOP92aYmRfEgmtw3W8rt7K6tr6R3yxsbe/s7tn7xYaWiaKsTqWQqhUQzQSPWB04CNaKFSNhIFgzGN1O/eYjU5rL6AHGMfNDMoh4n1MCRuraxQ6XQPA1dp1y5RR7zkWla5dcx50BLxMvIyWUoda1vzo9SZOQRUAF0brtuTH4KVHAqWCTQifRLCZ0RAasbWhEQqb9dHb7BB8bpYf7UpmKAM/U3xMpCbUeh4HpDAkM9aI3Ff/z2gn0r/yUR3ECLKLzRf1EYJB4GgTuccUoiLEhhCpubsV0SBShYOIqmBC8xZeXSePM8S4d7/68VL3J4sijQ3SETpCHyqiK7lAN1RFFT+gZvaI3a2K9WO/Wx7w1Z2UzB+gPrM8fAKmR0g==</latexit>

◆ = 0.79, 1.59
<latexit sha1_base64="hwHNLfFu6R4C12YB0nP6Q3dMs0w=">AAAB+XicbVDLSgMxFM3UV62vUZdugkWoIGXG+lwIRTeupD76gHYomTTThiaZIckUytA/ceNCEbf+iTv/xrSdhbYeuHA4517uvcePGFXacb6tzMLi0vJKdjW3tr6xuWVv79RUGEtMqjhkoWz4SBFGBalqqhlpRJIg7jNS9/s3Y78+IFLRUDzpYUQ8jrqCBhQjbaS2bRdakiePdw+jq9PLo1LpsG3nnaIzAZwnbkryIEWlbX+1OiGOOREaM6RU03Ui7SVIaooZGeVasSIRwn3UJU1DBeJEecnk8hE8MEoHBqE0JTScqL8nEsSVGnLfdHKke2rWG4v/ec1YBxdeQkUUayLwdFEQM6hDOI4BdqgkWLOhIQhLam6FuIckwtqElTMhuLMvz5PacdE9K7r3J/nydRpHFuyBfVAALjgHZXALKqAKMBiAZ/AK3qzEerHerY9pa8ZKZ3bBH1ifPx23kgU=</latexit>

(SNR = 59, 33)
<latexit sha1_base64="76tUwlUuTCc0f7JZjo5196XMMXs=">AAAB+XicbVDLSgMxFM3UV62vUZdugkWoIGXG1sdGKLpxJfXRB7RDyaSZNjTJDEmmUIb+iRsXirj1T9z5N6btLLT1wIXDOfdy7z1+xKjSjvNtZZaWV1bXsuu5jc2t7R17d6+uwlhiUsMhC2XTR4owKkhNU81IM5IEcZ+Rhj+4mfiNIZGKhuJJjyLicdQTNKAYaSN1bLvQljx5vHsYX52VTkrl446dd4rOFHCRuCnJgxTVjv3V7oY45kRozJBSLdeJtJcgqSlmZJxrx4pECA9Qj7QMFYgT5SXTy8fwyChdGITSlNBwqv6eSBBXasR908mR7qt5byL+57ViHVx6CRVRrInAs0VBzKAO4SQG2KWSYM1GhiAsqbkV4j6SCGsTVs6E4M6/vEjqp0X3vOjel/OV6zSOLDgAh6AAXHABKuAWVEENYDAEz+AVvFmJ9WK9Wx+z1oyVzuyDP7A+fwAWDJIA</latexit>

(SNR = 53, 34)

The ringdown is consistent 
with GR, except for the 
strongly precessing and large 
SNR case where a false 
violation of GR appears.  



However, the injected values 
with                are outside the 
90% posterior distributions on 
the deviation parameters.

Kerr-Newman remnant
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Aligned spin Q f = 0.7
Precessing Q f = 0.7
Aligned spin Q f = 0.6
Precessing Q f = 0.6

0.1 0.2 0.3 0.4
dw220

°0.2

0.0

0.2

0.4

0.6

dt
22

0

We inject a signal where the QNM spectrum for the                                   
modes is modified to that of a Kerr-Newman BH with charges                      .  

<latexit sha1_base64="+zHVo9/jbdf0TGEEGf9MtaD4HC8=">AAACAnicbZDLSsNAFIYn9VbrLepK3AwWoUIoSSvqsujGZQV7gTaUyXTSDp1MwsxEKKG48VXcuFDErU/hzrdxkmahrT8MfPznHM6c34sYlcq2v43Cyura+kZxs7S1vbO7Z+4ftGUYC0xaOGSh6HpIEkY5aSmqGOlGgqDAY6TjTW7SeueBCElDfq+mEXEDNOLUpxgpbQ3Mo0rNqln2mQUzcFKoW3XtDMyyXbUzwWVwciiDXM2B+dUfhjgOCFeYISl7jh0pN0FCUczIrNSPJYkQnqAR6WnkKCDSTbITZvBUO0Poh0I/rmDm/p5IUCDlNPB0Z4DUWC7WUvO/Wi9W/pWbUB7FinA8X+THDKoQpnnAIRUEKzbVgLCg+q8Qj5FAWOnUSjoEZ/HkZWjXqs5F1bk7Lzeu8ziK4BicgApwwCVogFvQBC2AwSN4Bq/gzXgyXox342PeWjDymUPwR8bnD+N3kf0=</latexit>

(2, 2, 0), (2, 2, 1), (3, 3, 0)
<latexit sha1_base64="RO+vfNiVH9Vam9WJ/ZPp2S/D2yE=">AAAB83icbVBNSwMxEJ34WetX1aOXYBE8yLIr0noRil48tmA/oF1KNs22odnskmSFsvRvePGgiFf/jDf/jWm7B219MPB4b4aZeUEiuDau+43W1jc2t7YLO8Xdvf2Dw9LRcUvHqaKsSWMRq05ANBNcsqbhRrBOohiJAsHawfh+5refmNI8lo9mkjA/IkPJQ06JsVKv0Q9vXad6iV2n0i+VXcedA68SLydlyFHvl756g5imEZOGCqJ113MT42dEGU4FmxZ7qWYJoWMyZF1LJYmY9rP5zVN8bpUBDmNlSxo8V39PZCTSehIFtjMiZqSXvZn4n9dNTXjjZ1wmqWGSLhaFqcAmxrMA8IArRo2YWEKo4vZWTEdEEWpsTEUbgrf88ippXTlexfEa1+XaXR5HAU7hDC7AgyrU4AHq0AQKCTzDK7yhFL2gd/SxaF1D+cwJ/AH6/AERyY/A</latexit>

Qf = 0.7, 0.6
Dias+, PRD 105, 084044 (2022); Carullo+, PRD 105, 062009 (2022); Johnson-McDaniel+, PRD 105, 044020 (2022) 

The analysis recovers the GR 
deviations in the aligned-spin 
and spin-precessing cases.

<latexit sha1_base64="tmLpNCQVItYGtMyMgPpgdDtgfjQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hErBeh6MVjC9YW2lA220m7dLMJuxuhlP4ILx4U8erv8ea/cdvmoK0PBh7vzTAzL0wF18bzvp3C2vrG5lZxu7Szu7d/UD48etRJphg2WSIS1Q6pRsElNg03AtupQhqHAlvh6G7mt55QaZ7IBzNOMYjpQPKIM2qs1Gr0ohvPrfbKFc/15iCrxM9JBXLUe+Wvbj9hWYzSMEG17vheaoIJVYYzgdNSN9OYUjaiA+xYKmmMOpjMz52SM6v0SZQoW9KQufp7YkJjrcdxaDtjaoZ62ZuJ/3mdzETXwYTLNDMo2WJRlAliEjL7nfS5QmbE2BLKFLe3EjakijJjEyrZEPzll1fJ44XrX7l+47JSu83jKMIJnMI5+FCFGtxDHZrAYATP8ApvTuq8OO/Ox6K14OQzx/AHzucP+jKOrg==</latexit>

Qf = 0.7



Glitches
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We inject a glitch in the inspiral stage of a GW150914-like event, namely:

Scattered light
Tomte
Blip

°0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6
dw220

°0.3

°0.2

°0.1

0.0

0.1

0.2

0.3

dt
22

0

• Scattered light 
long duration 
low frequency band 

• Tomte 
mid duration 
low-mid frequency band 

• Blip 
short duration 
mid-high frequency band

<latexit sha1_base64="5ebXsSnIDFEsQJVDxHL1+019tpw=">AAAB+nicbVBNS8NAEN34WetXqkcvi0Wol5KIqCcpevFYwX5AE8pmu2mXbjZhd6KW2J/ixYMiXv0l3vw3btsctPXBwOO9GWbmBYngGhzn21paXlldWy9sFDe3tnd27dJeU8epoqxBYxGrdkA0E1yyBnAQrJ0oRqJAsFYwvJ74rXumNI/lHYwS5kekL3nIKQEjde1S5dKtOtjDHrBHyPT4uGuXnaozBV4kbk7KKEe9a395vZimEZNABdG64zoJ+BlRwKlg46KXapYQOiR91jFUkohpP5uePsZHRunhMFamJOCp+nsiI5HWoygwnRGBgZ73JuJ/XieF8MLPuExSYJLOFoWpwBDjSQ64xxWjIEaGEKq4uRXTAVGEgkmraEJw519eJM2TqntWdW9Py7WrPI4COkCHqIJcdI5q6AbVUQNR9ICe0St6s56sF+vd+pi1Lln5zD76A+vzBxsVkqE=</latexit>

(> 1.0 s)

<latexit sha1_base64="ratkoC1wOpOLplcrLKTxD4VE4EI=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAYhHhymRdRj0IvHCGaBzBB6Op2kSc9Cd40Yh+CvePGgiFf/w5t/YyeZg0YfFDzeq6KqXpBIocF1v6zCwuLS8kpxtbS2vrG5ZW/vNHScKsbrLJaxagVUcykiXgcBkrcSxWkYSN4MhlcTv3nHlRZxdAujhPsh7UeiJxgFI3XsvYrrkGPiuNjDHvB7yPT4qGOXXcedAv8lJCdllKPWsT+9bszSkEfAJNW6TdwE/IwqEEzycclLNU8oG9I+bxsa0ZBrP5teP8aHRuniXqxMRYCn6s+JjIZaj8LAdIYUBnrem4j/ee0Uehd+JqIkBR6x2aJeKjHEeBIF7grFGciRIZQpYW7FbEAVZWACK5kQyPzLf0njxCFnDrk5LVcv8ziKaB8doAoi6BxV0TWqoTpi6AE9oRf0aj1az9ab9T5rLVj5zC76BevjG1KCkz0=</latexit>

(0.1� 1.0 s)

<latexit sha1_base64="e+Kggn2IhLT09YAvo2zcv4zxwYI=">AAAB+nicbVBNS8NAEN34WetXqkcvi0Wol5KIqAcPRS8eK9gPaELZbDft0s0m7E7UEvtTvHhQxKu/xJv/xm2bg7Y+GHi8N8PMvCARXIPjfFtLyyura+uFjeLm1vbOrl3aa+o4VZQ1aCxi1Q6IZoJL1gAOgrUTxUgUCNYKhtcTv3XPlOaxvINRwvyI9CUPOSVgpK5dqlw6VRd72AP2CJkeH3ftslN1psCLxM1JGeWod+0vrxfTNGISqCBad1wnAT8jCjgVbFz0Us0SQoekzzqGShIx7WfT08f4yCg9HMbKlAQ8VX9PZCTSehQFpjMiMNDz3kT8z+ukEF74GZdJCkzS2aIwFRhiPMkB97hiFMTIEEIVN7diOiCKUDBpFU0I7vzLi6R5UnXPqu7tabl2lcdRQAfoEFWQi85RDd2gOmogih7QM3pFb9aT9WK9Wx+z1iUrn9lHf2B9/gAX7ZKf</latexit>

(< 0.1 s)

<latexit sha1_base64="BlhVc/8wTvJACFOjnqNhN+h3YqY=">AAAB+nicbVC5TsNAEF2HK4TLgZJmRYQUmshGXAVFBE3KIJFDiq1ovVknq6wP7Y6BYPIpNBQgRMuX0PE3bBIXkPCkkZ7em9HMPC8WXIFlfRu5peWV1bX8emFjc2t7xyzuNlWUSMoaNBKRbHtEMcFD1gAOgrVjyUjgCdbyhtcTv3XHpOJReAujmLkB6Yfc55SAlrpmsXx5amEHO8AeIK09jo+6ZsmqWFPgRWJnpIQy1Lvml9OLaBKwEKggSnVsKwY3JRI4FWxccBLFYkKHpM86moYkYMpNp6eP8aFWetiPpK4Q8FT9PZGSQKlR4OnOgMBAzXsT8T+vk4B/4aY8jBNgIZ0t8hOBIcKTHHCPS0ZBjDQhVHJ9K6YDIgkFnVZBh2DPv7xImscV+6xi35yUqldZHHm0jw5QGdnoHFVRDdVRA1F0j57RK3oznowX4934mLXmjGxmD/2B8fkDUjOSxA==</latexit>

(< 50 Hz)

<latexit sha1_base64="38owrG91nZlOyCVsl+VwKR5G+yc=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAYhHgwzYtRj0EuOEcwCmSH0dHqSJj0L3TViMgR/xYsHRbz6H978GzvJHDT6oODxXhVV9bxYcAWW9WXklpZXVtfy64WNza3tHXN3r6miRFLWoJGIZNsjigkesgZwEKwdS0YCT7CWN7yZ+q17JhWPwjsYxcwNSD/kPqcEtNQ1D0oV69SuWNjBDrAHSGvjyUnXLFplawb8l9gZKaIM9a756fQimgQsBCqIUh3bisFNiQROBZsUnESxmNAh6bOOpiEJmHLT2fUTfKyVHvYjqSsEPFN/TqQkUGoUeLozIDBQi95U/M/rJOBfuSkP4wRYSOeL/ERgiPA0CtzjklEQI00IlVzfiumASEJBB1bQIdiLL/8lzbOyfVG2b8+L1essjjw6REeohGx0iaqohuqogSgaoyf0gl6NR+PZeDPe5605I5vZR79gfHwDl9qTaQ==</latexit>

(50� 150 Hz)

<latexit sha1_base64="o1KjqTtZM6oKVblAPbuL7aplHPA=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiTiayVFN11WsA9oQplMJ+3QyYOZG2kN+RU3LhRx64+482+ctllo64ELh3Pu5d57vFhwBZb1baysrq1vbBa2its7u3v75kGppaJEUtakkYhkxyOKCR6yJnAQrBNLRgJPsLY3upv67UcmFY/CB5jEzA3IIOQ+pwS01DNLlRv7wsIOdoCNIa0/Zac9s2xVrRnwMrFzUkY5Gj3zy+lHNAlYCFQQpbq2FYObEgmcCpYVnUSxmNARGbCupiEJmHLT2e0ZPtFKH/uR1BUCnqm/J1ISKDUJPN0ZEBiqRW8q/ud1E/Cv3ZSHcQIspPNFfiIwRHgaBO5zySiIiSaESq5vxXRIJKGg4yrqEOzFl5dJ66xqX1bt+/Ny7TaPo4CO0DGqIBtdoRqqowZqIorG6Bm9ojcjM16Md+Nj3rpi5DOH6A+Mzx/IBZMB</latexit>

(> 150 Hz)

Kwok+, PRD 105, 024066 (2022)



Conclusions and future prospects
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• We can look for new physics at the horizon scale with gravitational waves. 

• Horizonless compact objects are not excluded by current observations. 

• Tests of general relativity could lead to false violations of general relativity 
due to waveform systematics and glitches. 

• Perform accurate studies of the biases that affect tests of general relativity.  

• Develop a framework to translate parametrized constraints on general 
relativity to horizonless compact objects.
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