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The ringdown stage
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The ringdown is dominated by the characteristic oscillation frequencies of 
the remnant, the so-called quasi-normal modes (QNMs):

The ringdown is modeled as a sum 
of exponentially damped sinusoids:
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Illustration for GW150914 by Nutsinee Kijbunchoo 
https://www.ligo.org/magazine/LIGO-magazine-issue-8.pdf 

https://www.ligo.org/magazine/LIGO-magazine-issue-8.pdf#page=48


Ringdown tests
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Abbott+, arXiv: 2112.06861 (2021)

The fundamental 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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Can current observations be mapped into constraints on the remnant?
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Horizonless compact objects
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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 analyse 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
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Compactnesslight rin g

quantum
 

2

EM, Pani, Raposo, Handbook for GW Astronomy, Springer (2021)
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Neutron star



The radial component of the gravitational perturbation is governed by a 
Schrödinger-like equation

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

+ 2 boundary conditions to derive the QNMs:

•   At infinity:  outgoing waves

•   At     : impose a boundary condition that describes a generic horizonless 
compact object

r0
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Membrane paradigm

Elisa Maggio - The ringdown of spinning horizonless compact objects                      @Sapienza                    5/11

We generalized the membrane paradigm to horizonless compact 
objects with a Schwarzschild exterior.

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

  

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

[[Kab �Khab]] = �8⇡Tab
<latexit sha1_base64="iYDXYU0zE7e7fIfH/8tcKK8ADAk=">AAACGXicbVC7SgNBFJ2NrxhfUUubwRCwMeyKaBpBsBHSRMgLNku4O16TIbMPZu4KsuQL/AS/wlYrO7G1svBf3KwpNHqqwzn3cs89fqykIdv+sAoLi0vLK8XV0tr6xuZWeXunY6JEC2yLSEW654NBJUNskySFvVgjBL7Crj++mPrdW9RGRmGL7mL0AhiG8kYKoEwalKuu2xik4E/4IW/wUU49j5/xwzrvx5K3cmVQrtg1Owf/S5wZqbAZmoPyZ/86EkmAIQkFxriOHZOXgiYpFE5K/cRgDGIMQ3QzGkKAxkvzdya8mhigiMeouVQ8F/HnRgqBMXdBlrkaAI3MvDcV//PchG7qXirDOCEMxfQQSYX5ISO0zHpCfi01EsE0OXIZcgEaiFBLDkJkYpIVV8r6cOa//0s6RzXHrjlXx5Xzk1kzRbbH9tkBc9gpO2eXrMnaTLB79sie2LP1YL1Yr9bb92jBmu3ssl+w3r8A8sGeig==</latexit><latexit sha1_base64="iYDXYU0zE7e7fIfH/8tcKK8ADAk=">AAACGXicbVC7SgNBFJ2NrxhfUUubwRCwMeyKaBpBsBHSRMgLNku4O16TIbMPZu4KsuQL/AS/wlYrO7G1svBf3KwpNHqqwzn3cs89fqykIdv+sAoLi0vLK8XV0tr6xuZWeXunY6JEC2yLSEW654NBJUNskySFvVgjBL7Crj++mPrdW9RGRmGL7mL0AhiG8kYKoEwalKuu2xik4E/4IW/wUU49j5/xwzrvx5K3cmVQrtg1Owf/S5wZqbAZmoPyZ/86EkmAIQkFxriOHZOXgiYpFE5K/cRgDGIMQ3QzGkKAxkvzdya8mhigiMeouVQ8F/HnRgqBMXdBlrkaAI3MvDcV//PchG7qXirDOCEMxfQQSYX5ISO0zHpCfi01EsE0OXIZcgEaiFBLDkJkYpIVV8r6cOa//0s6RzXHrjlXx5Xzk1kzRbbH9tkBc9gpO2eXrMnaTLB79sie2LP1YL1Yr9bb92jBmu3ssl+w3r8A8sGeig==</latexit><latexit sha1_base64="iYDXYU0zE7e7fIfH/8tcKK8ADAk=">AAACGXicbVC7SgNBFJ2NrxhfUUubwRCwMeyKaBpBsBHSRMgLNku4O16TIbMPZu4KsuQL/AS/wlYrO7G1svBf3KwpNHqqwzn3cs89fqykIdv+sAoLi0vLK8XV0tr6xuZWeXunY6JEC2yLSEW654NBJUNskySFvVgjBL7Crj++mPrdW9RGRmGL7mL0AhiG8kYKoEwalKuu2xik4E/4IW/wUU49j5/xwzrvx5K3cmVQrtg1Owf/S5wZqbAZmoPyZ/86EkmAIQkFxriOHZOXgiYpFE5K/cRgDGIMQ3QzGkKAxkvzdya8mhigiMeouVQ8F/HnRgqBMXdBlrkaAI3MvDcV//PchG7qXirDOCEMxfQQSYX5ISO0zHpCfi01EsE0OXIZcgEaiFBLDkJkYpIVV8r6cOa//0s6RzXHrjlXx5Xzk1kzRbbH9tkBc9gpO2eXrMnaTLB79sie2LP1YL1Yr9bb92jBmu3ssl+w3r8A8sGeig==</latexit><latexit sha1_base64="iYDXYU0zE7e7fIfH/8tcKK8ADAk=">AAACGXicbVC7SgNBFJ2NrxhfUUubwRCwMeyKaBpBsBHSRMgLNku4O16TIbMPZu4KsuQL/AS/wlYrO7G1svBf3KwpNHqqwzn3cs89fqykIdv+sAoLi0vLK8XV0tr6xuZWeXunY6JEC2yLSEW654NBJUNskySFvVgjBL7Crj++mPrdW9RGRmGL7mL0AhiG8kYKoEwalKuu2xik4E/4IW/wUU49j5/xwzrvx5K3cmVQrtg1Owf/S5wZqbAZmoPyZ/86EkmAIQkFxriOHZOXgiYpFE5K/cRgDGIMQ3QzGkKAxkvzdya8mhigiMeouVQ8F/HnRgqBMXdBlrkaAI3MvDcV//PchG7qXirDOCEMxfQQSYX5ISO0zHpCfi01EsE0OXIZcgEaiFBLDkJkYpIVV8r6cOa//0s6RzXHrjlXx5Xzk1kzRbbH9tkBc9gpO2eXrMnaTLB79sie2LP1YL1Yr9bb92jBmu3ssl+w3r8A8sGeig==</latexit>

The Israel junction conditions                                               impose that the 
membrane is a viscous fluid with shear viscosity    and bulk viscosity   .⌘

<latexit sha1_base64="WJJJJ0PL+BpSne1SsqByMSln7XY=">AAAB9nicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bJJTzmfrbo2IovwCLVR0iJbfoeBfsI0LSJhqNLOrnZ0gVtKS6346K6tr6xubpa3y9s7u3n7l4LBlo8QIbIpIRaYTgEUlNTZJksJObBDCQGE7mNxkfvsBjZWRvqdpjH4IIy2HUgBlUg8J+pWqW3Nz8GXiFaTKCjT6la/eIBJJiJqEAmu7nhuTPwNDUiicl3uJxRjEBEbYTamGEK0/y7PO+WligSIeo+FS8VzE3xszCK2dhkE6GQKN7aKXif953YSG1/5M6jgh1CI7RFJhfsgKI9MSkA+kQSLIkiOXmgswQIRGchAiFZO0lXLah7f4/TJpndc8t+bdXVTrl0UzJXbMTtgZ89gVq7Nb1mBNJtiYPbFn9uI8Oq/Om/P+M7riFDtH7A+cj2+x8pKx</latexit><latexit sha1_base64="WJJJJ0PL+BpSne1SsqByMSln7XY=">AAAB9nicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bJJTzmfrbo2IovwCLVR0iJbfoeBfsI0LSJhqNLOrnZ0gVtKS6346K6tr6xubpa3y9s7u3n7l4LBlo8QIbIpIRaYTgEUlNTZJksJObBDCQGE7mNxkfvsBjZWRvqdpjH4IIy2HUgBlUg8J+pWqW3Nz8GXiFaTKCjT6la/eIBJJiJqEAmu7nhuTPwNDUiicl3uJxRjEBEbYTamGEK0/y7PO+WligSIeo+FS8VzE3xszCK2dhkE6GQKN7aKXif953YSG1/5M6jgh1CI7RFJhfsgKI9MSkA+kQSLIkiOXmgswQIRGchAiFZO0lXLah7f4/TJpndc8t+bdXVTrl0UzJXbMTtgZ89gVq7Nb1mBNJtiYPbFn9uI8Oq/Om/P+M7riFDtH7A+cj2+x8pKx</latexit><latexit sha1_base64="WJJJJ0PL+BpSne1SsqByMSln7XY=">AAAB9nicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bJJTzmfrbo2IovwCLVR0iJbfoeBfsI0LSJhqNLOrnZ0gVtKS6346K6tr6xubpa3y9s7u3n7l4LBlo8QIbIpIRaYTgEUlNTZJksJObBDCQGE7mNxkfvsBjZWRvqdpjH4IIy2HUgBlUg8J+pWqW3Nz8GXiFaTKCjT6la/eIBJJiJqEAmu7nhuTPwNDUiicl3uJxRjEBEbYTamGEK0/y7PO+WligSIeo+FS8VzE3xszCK2dhkE6GQKN7aKXif953YSG1/5M6jgh1CI7RFJhfsgKI9MSkA+kQSLIkiOXmgswQIRGchAiFZO0lXLah7f4/TJpndc8t+bdXVTrl0UzJXbMTtgZ89gVq7Nb1mBNJtiYPbFn9uI8Oq/Om/P+M7riFDtH7A+cj2+x8pKx</latexit><latexit sha1_base64="WJJJJ0PL+BpSne1SsqByMSln7XY=">AAAB9nicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bJJTzmfrbo2IovwCLVR0iJbfoeBfsI0LSJhqNLOrnZ0gVtKS6346K6tr6xubpa3y9s7u3n7l4LBlo8QIbIpIRaYTgEUlNTZJksJObBDCQGE7mNxkfvsBjZWRvqdpjH4IIy2HUgBlUg8J+pWqW3Nz8GXiFaTKCjT6la/eIBJJiJqEAmu7nhuTPwNDUiicl3uJxRjEBEbYTamGEK0/y7PO+WligSIeo+FS8VzE3xszCK2dhkE6GQKN7aKXif953YSG1/5M6jgh1CI7RFJhfsgKI9MSkA+kQSLIkiOXmgswQIRGchAiFZO0lXLah7f4/TJpndc8t+bdXVTrl0UzJXbMTtgZ89gVq7Nb1mBNJtiYPbFn9uI8Oq/Om/P+M7riFDtH7A+cj2+x8pKx</latexit>

⇣
<latexit sha1_base64="/16yQ++ONnap7mXgI7611MDubEc=">AAAB93icbVC7TsNAEDyHVwivACXNiQiJKrIRAspINJRBwkmkxIrWl0045fzQ3RopWPkGWqjoEC2fQ8G/YBsXkDDVaGZXOzt+rKQh2/60Kiura+sb1c3a1vbO7l59/6BjokQLdEWkIt3zwaCSIbokSWEv1giBr7DrT69zv/uA2sgovKNZjF4Ak1COpQDKJHfwiATDesNu2gX4MnFK0mAl2sP612AUiSTAkIQCY/qOHZOXgiYpFM5rg8RgDGIKE+xnNIQAjZcWYef8JDFAEY9Rc6l4IeLvjRQCY2aBn00GQPdm0cvF/7x+QuMrL5VhnBCGIj9EUmFxyAgtsxaQj6RGIsiTI5chF6CBCLXkIEQmJlkttawPZ/H7ZdI5azp207k9b7Quymaq7Igds1PmsEvWYjeszVwmmGRP7Jm9WDPr1Xqz3n9GK1a5c8j+wPr4BpbmkzU=</latexit><latexit sha1_base64="/16yQ++ONnap7mXgI7611MDubEc=">AAAB93icbVC7TsNAEDyHVwivACXNiQiJKrIRAspINJRBwkmkxIrWl0045fzQ3RopWPkGWqjoEC2fQ8G/YBsXkDDVaGZXOzt+rKQh2/60Kiura+sb1c3a1vbO7l59/6BjokQLdEWkIt3zwaCSIbokSWEv1giBr7DrT69zv/uA2sgovKNZjF4Ak1COpQDKJHfwiATDesNu2gX4MnFK0mAl2sP612AUiSTAkIQCY/qOHZOXgiYpFM5rg8RgDGIKE+xnNIQAjZcWYef8JDFAEY9Rc6l4IeLvjRQCY2aBn00GQPdm0cvF/7x+QuMrL5VhnBCGIj9EUmFxyAgtsxaQj6RGIsiTI5chF6CBCLXkIEQmJlkttawPZ/H7ZdI5azp207k9b7Quymaq7Igds1PmsEvWYjeszVwmmGRP7Jm9WDPr1Xqz3n9GK1a5c8j+wPr4BpbmkzU=</latexit><latexit sha1_base64="/16yQ++ONnap7mXgI7611MDubEc=">AAAB93icbVC7TsNAEDyHVwivACXNiQiJKrIRAspINJRBwkmkxIrWl0045fzQ3RopWPkGWqjoEC2fQ8G/YBsXkDDVaGZXOzt+rKQh2/60Kiura+sb1c3a1vbO7l59/6BjokQLdEWkIt3zwaCSIbokSWEv1giBr7DrT69zv/uA2sgovKNZjF4Ak1COpQDKJHfwiATDesNu2gX4MnFK0mAl2sP612AUiSTAkIQCY/qOHZOXgiYpFM5rg8RgDGIKE+xnNIQAjZcWYef8JDFAEY9Rc6l4IeLvjRQCY2aBn00GQPdm0cvF/7x+QuMrL5VhnBCGIj9EUmFxyAgtsxaQj6RGIsiTI5chF6CBCLXkIEQmJlkttawPZ/H7ZdI5azp207k9b7Quymaq7Igds1PmsEvWYjeszVwmmGRP7Jm9WDPr1Xqz3n9GK1a5c8j+wPr4BpbmkzU=</latexit><latexit sha1_base64="/16yQ++ONnap7mXgI7611MDubEc=">AAAB93icbVC7TsNAEDyHVwivACXNiQiJKrIRAspINJRBwkmkxIrWl0045fzQ3RopWPkGWqjoEC2fQ8G/YBsXkDDVaGZXOzt+rKQh2/60Kiura+sb1c3a1vbO7l59/6BjokQLdEWkIt3zwaCSIbokSWEv1giBr7DrT69zv/uA2sgovKNZjF4Ak1COpQDKJHfwiATDesNu2gX4MnFK0mAl2sP612AUiSTAkIQCY/qOHZOXgiYpFM5rg8RgDGIKE+xnNIQAjZcWYef8JDFAEY9Rc6l4IeLvjRQCY2aBn00GQPdm0cvF/7x+QuMrL5VhnBCGIj9EUmFxyAgtsxaQj6RGIsiTI5chF6CBCLXkIEQmJlkttawPZ/H7ZdI5azp207k9b7Quymaq7Igds1PmsEvWYjeszVwmmGRP7Jm9WDPr1Xqz3n9GK1a5c8j+wPr4BpbmkzU=</latexit>

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



Boundary condition for compact objects

+ 2 boundary conditions:

The gravitational perturbation is governed by

Regge, Wheeler, PR 108, 4 (1957); Zerilli, PRL 24, 13 (1970)

•   At infinity:  outgoing waves 

•   At     :
Axial

Polar

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>

� i!

16⇡⌘
� r20V (r0)

2 (r0 � 3M)
<latexit sha1_base64="G05knKHwm17t3cJkcf6Q8eTtem4="></latexit><latexit sha1_base64="G05knKHwm17t3cJkcf6Q8eTtem4="></latexit><latexit sha1_base64="G05knKHwm17t3cJkcf6Q8eTtem4="></latexit><latexit sha1_base64="G05knKHwm17t3cJkcf6Q8eTtem4="></latexit>

�16⇡i⌘! +G(r0,!, ⌘, ⇣)
<latexit sha1_base64="5WSZwnQEqLooOx1/B4HG/w0q3PE=">AAACJ3icbVC7TgMxEPTxDOEVoKSxiJCCgOgOEFBGooASJBKQclG05yzBiu8hew8pRHwIn8BX0EJFh6Cg4E9wjisgMIU9ntnVeidIlDTkuu/O2PjE5NR0YaY4Oze/sFhaWm6YONUC6yJWsb4MwKCSEdZJksLLRCOEgcKLoHc09C9uUBsZR+fUT7AVQjeSV1IAWald2t329rmfSC65jwTcj0PsAt/kxxXddrfy91Zm2vPWXhvtUtmtuhn4X+LlpMxynLZLH34nFmmIEQkFxjQ9N6HWADRJofCu6KcGExA96GLT0ghCNK1BttwdX08NUMwT1Fwqnon4s2MAoTH9MLCVIdC1GfWG4n9eM6Wrw9ZARklKGInhIJIKs0FGaGlTQ96RGolg+HPkMuICNBChlhyEsGJqYyzaPLzR7f+Sxk7Vc6ve2V65dpgnU2CrbI1VmMcOWI2dsFNWZ4Lds0f2xJ6dB+fFeXXevkvHnLxnhf2C8/kFXJ6ixA==</latexit><latexit sha1_base64="5WSZwnQEqLooOx1/B4HG/w0q3PE=">AAACJ3icbVC7TgMxEPTxDOEVoKSxiJCCgOgOEFBGooASJBKQclG05yzBiu8hew8pRHwIn8BX0EJFh6Cg4E9wjisgMIU9ntnVeidIlDTkuu/O2PjE5NR0YaY4Oze/sFhaWm6YONUC6yJWsb4MwKCSEdZJksLLRCOEgcKLoHc09C9uUBsZR+fUT7AVQjeSV1IAWald2t329rmfSC65jwTcj0PsAt/kxxXddrfy91Zm2vPWXhvtUtmtuhn4X+LlpMxynLZLH34nFmmIEQkFxjQ9N6HWADRJofCu6KcGExA96GLT0ghCNK1BttwdX08NUMwT1Fwqnon4s2MAoTH9MLCVIdC1GfWG4n9eM6Wrw9ZARklKGInhIJIKs0FGaGlTQ96RGolg+HPkMuICNBChlhyEsGJqYyzaPLzR7f+Sxk7Vc6ve2V65dpgnU2CrbI1VmMcOWI2dsFNWZ4Lds0f2xJ6dB+fFeXXevkvHnLxnhf2C8/kFXJ6ixA==</latexit><latexit sha1_base64="5WSZwnQEqLooOx1/B4HG/w0q3PE=">AAACJ3icbVC7TgMxEPTxDOEVoKSxiJCCgOgOEFBGooASJBKQclG05yzBiu8hew8pRHwIn8BX0EJFh6Cg4E9wjisgMIU9ntnVeidIlDTkuu/O2PjE5NR0YaY4Oze/sFhaWm6YONUC6yJWsb4MwKCSEdZJksLLRCOEgcKLoHc09C9uUBsZR+fUT7AVQjeSV1IAWald2t329rmfSC65jwTcj0PsAt/kxxXddrfy91Zm2vPWXhvtUtmtuhn4X+LlpMxynLZLH34nFmmIEQkFxjQ9N6HWADRJofCu6KcGExA96GLT0ghCNK1BttwdX08NUMwT1Fwqnon4s2MAoTH9MLCVIdC1GfWG4n9eM6Wrw9ZARklKGInhIJIKs0FGaGlTQ96RGolg+HPkMuICNBChlhyEsGJqYyzaPLzR7f+Sxk7Vc6ve2V65dpgnU2CrbI1VmMcOWI2dsFNWZ4Lds0f2xJ6dB+fFeXXevkvHnLxnhf2C8/kFXJ6ixA==</latexit><latexit sha1_base64="5WSZwnQEqLooOx1/B4HG/w0q3PE=">AAACJ3icbVC7TgMxEPTxDOEVoKSxiJCCgOgOEFBGooASJBKQclG05yzBiu8hew8pRHwIn8BX0EJFh6Cg4E9wjisgMIU9ntnVeidIlDTkuu/O2PjE5NR0YaY4Oze/sFhaWm6YONUC6yJWsb4MwKCSEdZJksLLRCOEgcKLoHc09C9uUBsZR+fUT7AVQjeSV1IAWald2t329rmfSC65jwTcj0PsAt/kxxXddrfy91Zm2vPWXhvtUtmtuhn4X+LlpMxynLZLH34nFmmIEQkFxjQ9N6HWADRJofCu6KcGExA96GLT0ghCNK1BttwdX08NUMwT1Fwqnon4s2MAoTH9MLCVIdC1GfWG4n9eM6Wrw9ZARklKGInhIJIKs0FGaGlTQ96RGolg+HPkMuICNBChlhyEsGJqYyzaPLzR7f+Sxk7Vc6ve2V65dpgnU2CrbI1VmMcOWI2dsFNWZ4Lds0f2xJ6dB+fFeXXevkvHnLxnhf2C8/kFXJ6ixA==</latexit>

The BH limit is recovered for           and                      .⌘ = 1/(16⇡)
<latexit sha1_base64="jB1dYkkZ4e/eEN9x4RwgpM5Snb0=">AAACAHicbVC7TgJBFJ3FF+ILtbSZSEywwV1j0MaExMYSE3kk7EruDhecMPvIzF0TQmj8Clut7Iytf2Lhv7iLFAqe6uSce3PPPX6spCHb/rRyS8srq2v59cLG5tb2TnF3r2miRAtsiEhFuu2DQSVDbJAkhe1YIwS+wpY/vMr81gNqI6PwlkYxegEMQtmXAiiV7lwkuHROyk7VjeVxt1iyK/YUfJE4M1JiM9S7xS+3F4kkwJCEAmM6jh2TNwZNUiicFNzEYAxiCAPspDSEAI03nqae8KPEAEU8Rs2l4lMRf2+MITBmFPjpZAB0b+a9TPzP6yTUv/DGMowTwlBkh0gqnB4yQsu0DuQ9qZEIsuTIZcgFaCBCLTkIkYpJ2k8h7cOZ/36RNE8rjl1xbs5KteqsmTw7YIeszBx2zmrsmtVZgwmm2RN7Zi/Wo/VqvVnvP6M5a7azz/7A+vgGMzqVnw==</latexit><latexit sha1_base64="jB1dYkkZ4e/eEN9x4RwgpM5Snb0=">AAACAHicbVC7TgJBFJ3FF+ILtbSZSEywwV1j0MaExMYSE3kk7EruDhecMPvIzF0TQmj8Clut7Iytf2Lhv7iLFAqe6uSce3PPPX6spCHb/rRyS8srq2v59cLG5tb2TnF3r2miRAtsiEhFuu2DQSVDbJAkhe1YIwS+wpY/vMr81gNqI6PwlkYxegEMQtmXAiiV7lwkuHROyk7VjeVxt1iyK/YUfJE4M1JiM9S7xS+3F4kkwJCEAmM6jh2TNwZNUiicFNzEYAxiCAPspDSEAI03nqae8KPEAEU8Rs2l4lMRf2+MITBmFPjpZAB0b+a9TPzP6yTUv/DGMowTwlBkh0gqnB4yQsu0DuQ9qZEIsuTIZcgFaCBCLTkIkYpJ2k8h7cOZ/36RNE8rjl1xbs5KteqsmTw7YIeszBx2zmrsmtVZgwmm2RN7Zi/Wo/VqvVnvP6M5a7azz/7A+vgGMzqVnw==</latexit><latexit sha1_base64="jB1dYkkZ4e/eEN9x4RwgpM5Snb0=">AAACAHicbVC7TgJBFJ3FF+ILtbSZSEywwV1j0MaExMYSE3kk7EruDhecMPvIzF0TQmj8Clut7Iytf2Lhv7iLFAqe6uSce3PPPX6spCHb/rRyS8srq2v59cLG5tb2TnF3r2miRAtsiEhFuu2DQSVDbJAkhe1YIwS+wpY/vMr81gNqI6PwlkYxegEMQtmXAiiV7lwkuHROyk7VjeVxt1iyK/YUfJE4M1JiM9S7xS+3F4kkwJCEAmM6jh2TNwZNUiicFNzEYAxiCAPspDSEAI03nqae8KPEAEU8Rs2l4lMRf2+MITBmFPjpZAB0b+a9TPzP6yTUv/DGMowTwlBkh0gqnB4yQsu0DuQ9qZEIsuTIZcgFaCBCLTkIkYpJ2k8h7cOZ/36RNE8rjl1xbs5KteqsmTw7YIeszBx2zmrsmtVZgwmm2RN7Zi/Wo/VqvVnvP6M5a7azz/7A+vgGMzqVnw==</latexit><latexit sha1_base64="jB1dYkkZ4e/eEN9x4RwgpM5Snb0=">AAACAHicbVC7TgJBFJ3FF+ILtbSZSEywwV1j0MaExMYSE3kk7EruDhecMPvIzF0TQmj8Clut7Iytf2Lhv7iLFAqe6uSce3PPPX6spCHb/rRyS8srq2v59cLG5tb2TnF3r2miRAtsiEhFuu2DQSVDbJAkhe1YIwS+wpY/vMr81gNqI6PwlkYxegEMQtmXAiiV7lwkuHROyk7VjeVxt1iyK/YUfJE4M1JiM9S7xS+3F4kkwJCEAmM6jh2TNwZNUiicFNzEYAxiCAPspDSEAI03nqae8KPEAEU8Rs2l4lMRf2+MITBmFPjpZAB0b+a9TPzP6yTUv/DGMowTwlBkh0gqnB4yQsu0DuQ9qZEIsuTIZcgFaCBCLTkIkYpJ2k8h7cOZ/36RNE8rjl1xbs5KteqsmTw7YIeszBx2zmrsmtVZgwmm2RN7Zi/Wo/VqvVnvP6M5a7azz/7A+vgGMzqVnw==</latexit>

Price, Thorne, PRD 33, 4 (1986)
<latexit sha1_base64="ADL2HuX/AsBOx0r5sQVq9TvOGDA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6kUoevFYwX5gG8pmO2mXbnbD7kYoof/CiwdFvPpvvPlv3LY5aOuDgcd7M8zMCxPOtPG8b6ewsrq2vlHcLG1t7+zulfcPmlqmimKDSi5VOyQaORPYMMxwbCcKSRxybIWj26nfekKlmRQPZpxgEJOBYBGjxFjpsYuJZlyKa69XrnhVbwZ3mfg5qUCOeq/81e1LmsYoDOVE647vJSbIiDKMcpyUuqnGhNARGWDHUkFi1EE2u3jinlil70ZS2RLGnam/JzISaz2OQ9sZEzPUi95U/M/rpCa6CjImktSgoPNFUcpdI93p+26fKaSGjy0hVDF7q0uHRBFqbEglG4K/+PIyaZ5V/Yuqf39eqd3kcRThCI7hFHy4hBrcQR0aQEHAM7zCm6OdF+fd+Zi3Fpx85hD+wPn8AUTbkKc=</latexit>

✏ = 0
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Quasi-normal mode spectrum

Elisa Maggio - The ringdown of spinning horizonless compact objects                      @Sapienza                    

Totally absorbing object with small compactness:

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

Horizonless compact objects with               are compatible with the 
measurement accuracy of the fundamental QNM of GW150914.

✏ . 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 horizonless objects

BH
ϵ=0.1, η=ηBH
ϵ=0.4, η=ηBH
ϵ=0.49, η=ηBH
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Compact objects (              ):

• Modified prompt ringdown 

• No echoes

✏ & 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>

EM, Buoninfante, Mazumdar, Pani, PRD 102, 064053 (2020)
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Ultracompact objects (          ):
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ϵ=10-8, η=0.1ηBH
ϵ=10-8, η=0.5ηBH
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✏ ⌧ 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>

•  Echoes

•  Same prompt ringdown
⌧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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We generalize the membrane paradigm to spinning horizonless compact 
objects described by the Kerr metric to linear order in spin. 

From a comparison with the BH case, this description is valid until the 
maximum value of the spin              .
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The spin makes the constraints on the compactness of objects more stringent. 
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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. 

• Need to include spin effects in the ringdown of horizonless compact 
objects and in modified theories of gravity.  

• Generalise the study of the ringdown to higher orders in the spin.  

• Constrain the properties of the remnant with a Bayesian framework.
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