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BH sociology

“As you see, the war treated me kindly enough, in spite 
of the heavy gunfire, to allow me to get away from it 
all and take this walk in the land of your ideas: …”  

                                         Karl Schwarzschild to Albert Einstein  
Letter dated 22 December 1915

“In my entire scientific life, extending over forty-five years, the most 
shattering experience has been the realisation that an exact solution 
of Einstein’s equations of general relativity provides the absolutely 
exact representation of untold numbers of black holes that populate 
the universe.” 

S. Chandrasekhar  
The Nora and Edward Ryerson lecture, Chicago April 22 1975
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BHs in the sky 

Black holes form in nature 
as binary systems 

BBH coalesce within the 
Hubble time 

First attempt to detect BH  
Quasi-Normal-Modes

[Abbott et al.  LVC 2016-2018]



Everything clear ?
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Are they alone in the Universe?



Why do we look for alternatives?

BH exterior is pathology-free, but interior is not. Singularities and 
Cauchy horizons, signalling breakdown of predictability

Quantum effects are not fully understood, namely information loss, 
which could lead to new end-states

An horizon does exist in any spacetime harbouring a singularity (cosmic 
censorship)

“Remarkable claims require remarkable evidences”

If we don’t devise alternative, we don’t find them

Observational limits in tests strong field regime around BHs



BHs as endpoints of stellar evolution ?

Unexpected processes may avoid their formation

Other Exotic Compact Objects may be the output of stellar 
collapse, which form without an event horizon

Can we distinguish ECOs with no horizon, compact enough to 
mimic a BH?

GWs from coalescing binaries may provide new answers

Everything clear ?



If they form in Nature

Single sources v.s. binary systems 

Which are the main evolutionary channels?

ECO/BH ECO

Stability requirements

ECO/BH

Realistic astrophysical environments: accretion disk?

Favour electromagnetic observables

Detection rates, masses, distances: which detector?

ECOs: formation and evolution



ECOs vs BHs

MBH/RBH = 0.5 v.s. MECO/RECO = 0.49(99 . . .)

A first order classification
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[Cardoso, Pani, ’17]

Buchdahl Photosphere

Neutron Stars

Exotic Compact objects

10�30RECO = 2M(1 + ✏)
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BH- other 
echoes,

different ringdown,
tidal disruption,

postmerger, 
…
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~point masses: 
same signal  

for all objects

absence of horizon 
absorption  

effects

tidal effects 
+ 

spins  
deformations

modified 
QNMs and 

echoes

Where do we look for?



Geodesics of 
spherically 

symmetric spacetimes



Effective potentials
massive

massless



Black Hole  
Quasi Normal 

Modes



BH - QNMs

Ringdown

Tail



[Davis et al, 1971] [Anninos et al, 1993]

[Sperhake et al, 2008 ][Cardoso, Lemos, 2002]

Some examples



Excitation of ringdown happening close to crossing of 
light ring

Light-ring-connection

something at the horizon)



Point particle

Equal mass

Head-on

Q-Circular

Point particle

Equal mass

Not done

Radiated energy

[Berti et al. ’07, Sperhake et al. ’11, Hemberger et al ’13]

 Radiated energy
Numerical  
Relativity



Schwarzschild frequencies 



Scalar Waves



Scalar wave - Potential



ECOs  
and echoes
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QNMs spectrum different from the BH case

0.00165
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New structure may be visible in the waveform: the echoes

ECO vs BH



ECO: the boundary conditions

[Mark et al., ’17]



ECO: Reflection and Transmission

low frequencies high frequencies
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<latexit sha1_base64="aA9NEY4IdSj/qvBbKZ2ivaOEReM=">AAACGHicbVA9SwNBEN3z2/gVtbRZDIJVvBNByxCblCrGBHIhzG02yZK93WN3Tg1HfoaNf8XGQhFbO/+Nm49CEx8MPN6bYWZelEhh0fe/vYXFpeWV1bX13Mbm1vZOfnfvzurUMF5lWmpTj8ByKRSvokDJ64nhEEeS16L+5civ3XNjhVa3OEh4M4auEh3BAJ3Uyp+EzsUsZCDpzbAVIn9EpU0MMitXhmMzNKLbQzBGP1C/lS/4RX8MOk+CKSmQKa5a+a+wrVkac4VMgrWNwE+wmYFBwSQf5sLU8gRYH7q84aiCmNtmNn5sSI+c0qYdbVwppGP190QGsbWDOHKdMWDPznoj8T+vkWLnopkJlaTIFZss6qSSoqajlGhbGM5QDhwBZoS7lbIeGGDossy5EILZl+fJ3Wkx8IvB9VmhVJ7GsUYOyCE5JgE5JyVSIVekShh5Ii/kjbx7z96r9+F9TloXvOnMPvkD7+sHXTmhMQ==</latexit><latexit sha1_base64="aA9NEY4IdSj/qvBbKZ2ivaOEReM=">AAACGHicbVA9SwNBEN3z2/gVtbRZDIJVvBNByxCblCrGBHIhzG02yZK93WN3Tg1HfoaNf8XGQhFbO/+Nm49CEx8MPN6bYWZelEhh0fe/vYXFpeWV1bX13Mbm1vZOfnfvzurUMF5lWmpTj8ByKRSvokDJ64nhEEeS16L+5civ3XNjhVa3OEh4M4auEh3BAJ3Uyp+EzsUsZCDpzbAVIn9EpU0MMitXhmMzNKLbQzBGP1C/lS/4RX8MOk+CKSmQKa5a+a+wrVkac4VMgrWNwE+wmYFBwSQf5sLU8gRYH7q84aiCmNtmNn5sSI+c0qYdbVwppGP190QGsbWDOHKdMWDPznoj8T+vkWLnopkJlaTIFZss6qSSoqajlGhbGM5QDhwBZoS7lbIeGGDossy5EILZl+fJ3Wkx8IvB9VmhVJ7GsUYOyCE5JgE5JyVSIVekShh5Ii/kjbx7z96r9+F9TloXvOnMPvkD7+sHXTmhMQ==</latexit><latexit sha1_base64="aA9NEY4IdSj/qvBbKZ2ivaOEReM=">AAACGHicbVA9SwNBEN3z2/gVtbRZDIJVvBNByxCblCrGBHIhzG02yZK93WN3Tg1HfoaNf8XGQhFbO/+Nm49CEx8MPN6bYWZelEhh0fe/vYXFpeWV1bX13Mbm1vZOfnfvzurUMF5lWmpTj8ByKRSvokDJ64nhEEeS16L+5civ3XNjhVa3OEh4M4auEh3BAJ3Uyp+EzsUsZCDpzbAVIn9EpU0MMitXhmMzNKLbQzBGP1C/lS/4RX8MOk+CKSmQKa5a+a+wrVkac4VMgrWNwE+wmYFBwSQf5sLU8gRYH7q84aiCmNtmNn5sSI+c0qYdbVwppGP190QGsbWDOHKdMWDPznoj8T+vkWLnopkJlaTIFZss6qSSoqajlGhbGM5QDhwBZoS7lbIeGGDossy5EILZl+fJ3Wkx8IvB9VmhVJ7GsUYOyCE5JgE5JyVSIVekShh5Ii/kjbx7z96r9+F9TloXvOnMPvkD7+sHXTmhMQ==</latexit><latexit sha1_base64="aA9NEY4IdSj/qvBbKZ2ivaOEReM=">AAACGHicbVA9SwNBEN3z2/gVtbRZDIJVvBNByxCblCrGBHIhzG02yZK93WN3Tg1HfoaNf8XGQhFbO/+Nm49CEx8MPN6bYWZelEhh0fe/vYXFpeWV1bX13Mbm1vZOfnfvzurUMF5lWmpTj8ByKRSvokDJ64nhEEeS16L+5civ3XNjhVa3OEh4M4auEh3BAJ3Uyp+EzsUsZCDpzbAVIn9EpU0MMitXhmMzNKLbQzBGP1C/lS/4RX8MOk+CKSmQKa5a+a+wrVkac4VMgrWNwE+wmYFBwSQf5sLU8gRYH7q84aiCmNtmNn5sSI+c0qYdbVwppGP190QGsbWDOHKdMWDPznoj8T+vkWLnopkJlaTIFZss6qSSoqajlGhbGM5QDhwBZoS7lbIeGGDossy5EILZl+fJ3Wkx8IvB9VmhVJ7GsUYOyCE5JgE5JyVSIVekShh5Ii/kjbx7z96r9+F9TloXvOnMPvkD7+sHXTmhMQ==</latexit>

|RBH| ! 1
<latexit sha1_base64="x9GzwOU9XgtJTsgF/QSizuQ4Nvc=">AAACGHicbVA9SwNBEN3z2/gVtbRZDIJVvBNByxCblCrGBHIhzG02yZK93WN3Tg1HfoaNf8XGQhFbO/+Nm49CEx8MPN6bYWZelEhh0fe/vYXFpeWV1bX13Mbm1vZOfnfvzurUMF5lWmpTj8ByKRSvokDJ64nhEEeS16L+5civ3XNjhVa3OEh4M4auEh3BAJ3Uyp+EzsUsZCDpzbAVIn9EpU0MMitXhmMzNKLbQzBGP9CglS/4RX8MOk+CKSmQKa5a+a+wrVkac4VMgrWNwE+wmYFBwSQf5sLU8gRYH7q84aiCmNtmNn5sSI+c0qYdbVwppGP190QGsbWDOHKdMWDPznoj8T+vkWLnopkJlaTIFZss6qSSoqajlGhbGM5QDhwBZoS7lbIeGGDossy5EILZl+fJ3Wkx8IvB9VmhVJ7GsUYOyCE5JgE5JyVSIVekShh5Ii/kjbx7z96r9+F9TloXvOnMPvkD7+sHXr2hMg==</latexit><latexit sha1_base64="x9GzwOU9XgtJTsgF/QSizuQ4Nvc=">AAACGHicbVA9SwNBEN3z2/gVtbRZDIJVvBNByxCblCrGBHIhzG02yZK93WN3Tg1HfoaNf8XGQhFbO/+Nm49CEx8MPN6bYWZelEhh0fe/vYXFpeWV1bX13Mbm1vZOfnfvzurUMF5lWmpTj8ByKRSvokDJ64nhEEeS16L+5civ3XNjhVa3OEh4M4auEh3BAJ3Uyp+EzsUsZCDpzbAVIn9EpU0MMitXhmMzNKLbQzBGP9CglS/4RX8MOk+CKSmQKa5a+a+wrVkac4VMgrWNwE+wmYFBwSQf5sLU8gRYH7q84aiCmNtmNn5sSI+c0qYdbVwppGP190QGsbWDOHKdMWDPznoj8T+vkWLnopkJlaTIFZss6qSSoqajlGhbGM5QDhwBZoS7lbIeGGDossy5EILZl+fJ3Wkx8IvB9VmhVJ7GsUYOyCE5JgE5JyVSIVekShh5Ii/kjbx7z96r9+F9TloXvOnMPvkD7+sHXr2hMg==</latexit><latexit sha1_base64="x9GzwOU9XgtJTsgF/QSizuQ4Nvc=">AAACGHicbVA9SwNBEN3z2/gVtbRZDIJVvBNByxCblCrGBHIhzG02yZK93WN3Tg1HfoaNf8XGQhFbO/+Nm49CEx8MPN6bYWZelEhh0fe/vYXFpeWV1bX13Mbm1vZOfnfvzurUMF5lWmpTj8ByKRSvokDJ64nhEEeS16L+5civ3XNjhVa3OEh4M4auEh3BAJ3Uyp+EzsUsZCDpzbAVIn9EpU0MMitXhmMzNKLbQzBGP9CglS/4RX8MOk+CKSmQKa5a+a+wrVkac4VMgrWNwE+wmYFBwSQf5sLU8gRYH7q84aiCmNtmNn5sSI+c0qYdbVwppGP190QGsbWDOHKdMWDPznoj8T+vkWLnopkJlaTIFZss6qSSoqajlGhbGM5QDhwBZoS7lbIeGGDossy5EILZl+fJ3Wkx8IvB9VmhVJ7GsUYOyCE5JgE5JyVSIVekShh5Ii/kjbx7z96r9+F9TloXvOnMPvkD7+sHXr2hMg==</latexit><latexit sha1_base64="x9GzwOU9XgtJTsgF/QSizuQ4Nvc=">AAACGHicbVA9SwNBEN3z2/gVtbRZDIJVvBNByxCblCrGBHIhzG02yZK93WN3Tg1HfoaNf8XGQhFbO/+Nm49CEx8MPN6bYWZelEhh0fe/vYXFpeWV1bX13Mbm1vZOfnfvzurUMF5lWmpTj8ByKRSvokDJ64nhEEeS16L+5civ3XNjhVa3OEh4M4auEh3BAJ3Uyp+EzsUsZCDpzbAVIn9EpU0MMitXhmMzNKLbQzBGP9CglS/4RX8MOk+CKSmQKa5a+a+wrVkac4VMgrWNwE+wmYFBwSQf5sLU8gRYH7q84aiCmNtmNn5sSI+c0qYdbVwppGP190QGsbWDOHKdMWDPznoj8T+vkWLnopkJlaTIFZss6qSSoqajlGhbGM5QDhwBZoS7lbIeGGDossy5EILZl+fJ3Wkx8IvB9VmhVJ7GsUYOyCE5JgE5JyVSIVekShh5Ii/kjbx7z96r9+F9TloXvOnMPvkD7+sHXr2hMg==</latexit>

|TBH| ! 0
<latexit sha1_base64="2uo6W/XhnocwzkuRxDIggMDVHQg=">AAACGHicbVA9SwNBEN3z2/gVtbRZDIJVvBNByxAbywiJCrkQ5jabZMne7rE7p4bjfoaNf8XGQhFbO/+Nm3iFGh8MPN6bYWZelEhh0fc/vbn5hcWl5ZXV0tr6xuZWeXvnyurUMN5iWmpzE4HlUijeQoGS3ySGQxxJfh2Nzif+9S03VmjVxHHCOzEMlOgLBuikbvkodC5mIQNJm3k3RH6PSpsYZFa/yKdmaMRgiGCMvqN+t1zxq/4UdJYEBamQAo1u+SPsaZbGXCGTYG078BPsZGBQMMnzUphangAbwYC3HVUQc9vJpo/l9MApPdrXxpVCOlV/TmQQWzuOI9cZAw7tX28i/ue1U+yfdTKhkhS5Yt+L+qmkqOkkJdoThjOUY0eAGeFupWwIBhi6LEsuhODvy7Pk6rga+NXg8qRSqxdxrJA9sk8OSUBOSY1ckAZpEUYeyBN5Ia/eo/fsvXnv361zXjGzS37B+/gCYIehMw==</latexit><latexit sha1_base64="2uo6W/XhnocwzkuRxDIggMDVHQg=">AAACGHicbVA9SwNBEN3z2/gVtbRZDIJVvBNByxAbywiJCrkQ5jabZMne7rE7p4bjfoaNf8XGQhFbO/+Nm3iFGh8MPN6bYWZelEhh0fc/vbn5hcWl5ZXV0tr6xuZWeXvnyurUMN5iWmpzE4HlUijeQoGS3ySGQxxJfh2Nzif+9S03VmjVxHHCOzEMlOgLBuikbvkodC5mIQNJm3k3RH6PSpsYZFa/yKdmaMRgiGCMvqN+t1zxq/4UdJYEBamQAo1u+SPsaZbGXCGTYG078BPsZGBQMMnzUphangAbwYC3HVUQc9vJpo/l9MApPdrXxpVCOlV/TmQQWzuOI9cZAw7tX28i/ue1U+yfdTKhkhS5Yt+L+qmkqOkkJdoThjOUY0eAGeFupWwIBhi6LEsuhODvy7Pk6rga+NXg8qRSqxdxrJA9sk8OSUBOSY1ckAZpEUYeyBN5Ia/eo/fsvXnv361zXjGzS37B+/gCYIehMw==</latexit><latexit sha1_base64="2uo6W/XhnocwzkuRxDIggMDVHQg=">AAACGHicbVA9SwNBEN3z2/gVtbRZDIJVvBNByxAbywiJCrkQ5jabZMne7rE7p4bjfoaNf8XGQhFbO/+Nm3iFGh8MPN6bYWZelEhh0fc/vbn5hcWl5ZXV0tr6xuZWeXvnyurUMN5iWmpzE4HlUijeQoGS3ySGQxxJfh2Nzif+9S03VmjVxHHCOzEMlOgLBuikbvkodC5mIQNJm3k3RH6PSpsYZFa/yKdmaMRgiGCMvqN+t1zxq/4UdJYEBamQAo1u+SPsaZbGXCGTYG078BPsZGBQMMnzUphangAbwYC3HVUQc9vJpo/l9MApPdrXxpVCOlV/TmQQWzuOI9cZAw7tX28i/ue1U+yfdTKhkhS5Yt+L+qmkqOkkJdoThjOUY0eAGeFupWwIBhi6LEsuhODvy7Pk6rga+NXg8qRSqxdxrJA9sk8OSUBOSY1ckAZpEUYeyBN5Ia/eo/fsvXnv361zXjGzS37B+/gCYIehMw==</latexit><latexit sha1_base64="2uo6W/XhnocwzkuRxDIggMDVHQg=">AAACGHicbVA9SwNBEN3z2/gVtbRZDIJVvBNByxAbywiJCrkQ5jabZMne7rE7p4bjfoaNf8XGQhFbO/+Nm3iFGh8MPN6bYWZelEhh0fc/vbn5hcWl5ZXV0tr6xuZWeXvnyurUMN5iWmpzE4HlUijeQoGS3ySGQxxJfh2Nzif+9S03VmjVxHHCOzEMlOgLBuikbvkodC5mIQNJm3k3RH6PSpsYZFa/yKdmaMRgiGCMvqN+t1zxq/4UdJYEBamQAo1u+SPsaZbGXCGTYG078BPsZGBQMMnzUphangAbwYC3HVUQc9vJpo/l9MApPdrXxpVCOlV/TmQQWzuOI9cZAw7tX28i/ue1U+yfdTKhkhS5Yt+L+qmkqOkkJdoThjOUY0eAGeFupWwIBhi6LEsuhODvy7Pk6rga+NXg8qRSqxdxrJA9sk8OSUBOSY1ckAZpEUYeyBN5Ia/eo/fsvXnv361zXjGzS37B+/gCYIehMw==</latexit>

(M!)2 ⌧ V
<latexit sha1_base64="imrtLDG3daqn3inXDNghreXK5LA=">AAAB+XicbVBNSwMxEJ31s9avVY9egkWol7JbBD0WvXgRKtgP6K4lm6ZtaLJZkmyhLP0nXjwo4tV/4s1/Y9ruQVsfDDzem2FmXpRwpo3nfTtr6xubW9uFneLu3v7BoXt03NQyVYQ2iORStSOsKWcxbRhmOG0nimIRcdqKRrczvzWmSjMZP5pJQkOBBzHrM4KNlbquW74PpKADfPFUDThHza5b8ireHGiV+DkpQY561/0KepKkgsaGcKx1x/cSE2ZYGUY4nRaDVNMEkxEe0I6lMRZUh9n88ik6t0oP9aWyFRs0V39PZFhoPRGR7RTYDPWyNxP/8zqp6V+HGYuT1NCYLBb1U46MRLMYUI8pSgyfWIKJYvZWRIZYYWJsWEUbgr/88ippViu+V/EfLku1mzyOApzCGZTBhyuowR3UoQEExvAMr/DmZM6L8+58LFrXnHzmBP7A+fwB6xSSiA==</latexit><latexit sha1_base64="imrtLDG3daqn3inXDNghreXK5LA=">AAAB+XicbVBNSwMxEJ31s9avVY9egkWol7JbBD0WvXgRKtgP6K4lm6ZtaLJZkmyhLP0nXjwo4tV/4s1/Y9ruQVsfDDzem2FmXpRwpo3nfTtr6xubW9uFneLu3v7BoXt03NQyVYQ2iORStSOsKWcxbRhmOG0nimIRcdqKRrczvzWmSjMZP5pJQkOBBzHrM4KNlbquW74PpKADfPFUDThHza5b8ireHGiV+DkpQY561/0KepKkgsaGcKx1x/cSE2ZYGUY4nRaDVNMEkxEe0I6lMRZUh9n88ik6t0oP9aWyFRs0V39PZFhoPRGR7RTYDPWyNxP/8zqp6V+HGYuT1NCYLBb1U46MRLMYUI8pSgyfWIKJYvZWRIZYYWJsWEUbgr/88ippViu+V/EfLku1mzyOApzCGZTBhyuowR3UoQEExvAMr/DmZM6L8+58LFrXnHzmBP7A+fwB6xSSiA==</latexit><latexit sha1_base64="imrtLDG3daqn3inXDNghreXK5LA=">AAAB+XicbVBNSwMxEJ31s9avVY9egkWol7JbBD0WvXgRKtgP6K4lm6ZtaLJZkmyhLP0nXjwo4tV/4s1/Y9ruQVsfDDzem2FmXpRwpo3nfTtr6xubW9uFneLu3v7BoXt03NQyVYQ2iORStSOsKWcxbRhmOG0nimIRcdqKRrczvzWmSjMZP5pJQkOBBzHrM4KNlbquW74PpKADfPFUDThHza5b8ireHGiV+DkpQY561/0KepKkgsaGcKx1x/cSE2ZYGUY4nRaDVNMEkxEe0I6lMRZUh9n88ik6t0oP9aWyFRs0V39PZFhoPRGR7RTYDPWyNxP/8zqp6V+HGYuT1NCYLBb1U46MRLMYUI8pSgyfWIKJYvZWRIZYYWJsWEUbgr/88ippViu+V/EfLku1mzyOApzCGZTBhyuowR3UoQEExvAMr/DmZM6L8+58LFrXnHzmBP7A+fwB6xSSiA==</latexit><latexit sha1_base64="imrtLDG3daqn3inXDNghreXK5LA=">AAAB+XicbVBNSwMxEJ31s9avVY9egkWol7JbBD0WvXgRKtgP6K4lm6ZtaLJZkmyhLP0nXjwo4tV/4s1/Y9ruQVsfDDzem2FmXpRwpo3nfTtr6xubW9uFneLu3v7BoXt03NQyVYQ2iORStSOsKWcxbRhmOG0nimIRcdqKRrczvzWmSjMZP5pJQkOBBzHrM4KNlbquW74PpKADfPFUDThHza5b8ireHGiV+DkpQY561/0KepKkgsaGcKx1x/cSE2ZYGUY4nRaDVNMEkxEe0I6lMRZUh9n88ik6t0oP9aWyFRs0V39PZFhoPRGR7RTYDPWyNxP/8zqp6V+HGYuT1NCYLBb1U46MRLMYUI8pSgyfWIKJYvZWRIZYYWJsWEUbgr/88ippViu+V/EfLku1mzyOApzCGZTBhyuowR3UoQEExvAMr/DmZM6L8+58LFrXnHzmBP7A+fwB6xSSiA==</latexit>

(M!)2 � V
<latexit sha1_base64="K39eq043t5KWKcqzTRPBVI8irrs=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAh1U5Ii6LLoxo1QwT6giWUynaRD5xFmJoUS+iduXCji1j9x5984bbPQ1gMXDufcy733RCmj2njet7O2vrG5tV3aKe/u7R8cukfHbS0zhUkLSyZVN0KaMCpIy1DDSDdVBPGIkU40up35nTFRmkrxaCYpCTlKBI0pRsZKfdet3geSkwRdPNWDJIHtvlvxat4ccJX4BamAAs2++xUMJM44EQYzpHXP91IT5kgZihmZloNMkxThEUpIz1KBONFhPr98Cs+tMoCxVLaEgXP190SOuNYTHtlOjsxQL3sz8T+vl5n4OsypSDNDBF4sijMGjYSzGOCAKoINm1iCsKL2VoiHSCFsbFhlG4K//PIqaddrvlfzHy4rjZsijhI4BWegCnxwBRrgDjRBC2AwBs/gFbw5ufPivDsfi9Y1p5g5AX/gfP4A29OSfg==</latexit><latexit sha1_base64="K39eq043t5KWKcqzTRPBVI8irrs=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAh1U5Ii6LLoxo1QwT6giWUynaRD5xFmJoUS+iduXCji1j9x5984bbPQ1gMXDufcy733RCmj2njet7O2vrG5tV3aKe/u7R8cukfHbS0zhUkLSyZVN0KaMCpIy1DDSDdVBPGIkU40up35nTFRmkrxaCYpCTlKBI0pRsZKfdet3geSkwRdPNWDJIHtvlvxat4ccJX4BamAAs2++xUMJM44EQYzpHXP91IT5kgZihmZloNMkxThEUpIz1KBONFhPr98Cs+tMoCxVLaEgXP190SOuNYTHtlOjsxQL3sz8T+vl5n4OsypSDNDBF4sijMGjYSzGOCAKoINm1iCsKL2VoiHSCFsbFhlG4K//PIqaddrvlfzHy4rjZsijhI4BWegCnxwBRrgDjRBC2AwBs/gFbw5ufPivDsfi9Y1p5g5AX/gfP4A29OSfg==</latexit><latexit sha1_base64="K39eq043t5KWKcqzTRPBVI8irrs=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAh1U5Ii6LLoxo1QwT6giWUynaRD5xFmJoUS+iduXCji1j9x5984bbPQ1gMXDufcy733RCmj2njet7O2vrG5tV3aKe/u7R8cukfHbS0zhUkLSyZVN0KaMCpIy1DDSDdVBPGIkU40up35nTFRmkrxaCYpCTlKBI0pRsZKfdet3geSkwRdPNWDJIHtvlvxat4ccJX4BamAAs2++xUMJM44EQYzpHXP91IT5kgZihmZloNMkxThEUpIz1KBONFhPr98Cs+tMoCxVLaEgXP190SOuNYTHtlOjsxQL3sz8T+vl5n4OsypSDNDBF4sijMGjYSzGOCAKoINm1iCsKL2VoiHSCFsbFhlG4K//PIqaddrvlfzHy4rjZsijhI4BWegCnxwBRrgDjRBC2AwBs/gFbw5ufPivDsfi9Y1p5g5AX/gfP4A29OSfg==</latexit><latexit sha1_base64="K39eq043t5KWKcqzTRPBVI8irrs=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAh1U5Ii6LLoxo1QwT6giWUynaRD5xFmJoUS+iduXCji1j9x5984bbPQ1gMXDufcy733RCmj2njet7O2vrG5tV3aKe/u7R8cukfHbS0zhUkLSyZVN0KaMCpIy1DDSDdVBPGIkU40up35nTFRmkrxaCYpCTlKBI0pRsZKfdet3geSkwRdPNWDJIHtvlvxat4ccJX4BamAAs2++xUMJM44EQYzpHXP91IT5kgZihmZloNMkxThEUpIz1KBONFhPr98Cs+tMoCxVLaEgXP190SOuNYTHtlOjsxQL3sz8T+vl5n4OsypSDNDBF4sijMGjYSzGOCAKoINm1iCsKL2VoiHSCFsbFhlG4K//PIqaddrvlfzHy4rjZsijhI4BWegCnxwBRrgDjRBC2AwBs/gFbw5ufPivDsfi9Y1p5g5AX/gfP4A29OSfg==</latexit>

[Mark et al., ’17]



Echoes from ECO
|2x0|
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Echoes from ECO

[Mark et al., ’17]
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Hinderer, ’08;  Binnington & Poisson ’09 
Damour & Nagar ’10

Deformation properties encoded within the Love numbers

Tidal interactions leave the footprint of the ECO’s structure within 
GW signals [learning from NS]

     depends on the internal composition of the ECO

     enters within the gravitational waveform�

�

ECO’s 
quadrupole

external 
tidal field

Tidal Love Numbers



gµ⌫ = g(0)µ⌫ + hµ⌫

Polar-type perturbation of background metric
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[Regge & Wheeler  ’57]

Gµ⌫ = kTµ⌫

Numerically integrate from center to outside with appropriate 
boundary conditions

Tidal effects: the recipe
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[Hinderer, ’08;  Binnington & Poisson ’09 
Damour & Nagar ’10]

Matching interior & exterior solution

Deformation properties encoded within the Love numbers

Tidal effects: the recipe



k2

Black holesNeutron stars ECOs

C = 1/2

k2 = 0

k2 6= 0C 2 [0.1÷ 0.2]

k2 6= 0 C ! 0.5 k2 ! 0

(or   ) depends on the compactness                  , onlyC = M/R�

constrain the NS 
equation of state
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C < 0.5

[Cardoso et al., ’17 , Maselli et al., ’17 
Sennetet al.,  17]

signature to distinguish  
ECO and BH’s inspiral

Tidal Love Numbers



Monotonic function of the compactness C = M/R
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�
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     decreases as the compactness grows and goes to zero �
[see LIGO 1805.11581 for the NS game]
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The boson star case
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Tidal effects add linearly to the GW phase
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The average tidal deformability enters the signal at the leading order

Where do we look in?



Spins lead to more than one order of magnitude improvement
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<latexit sha1_base64="FIXx+PPWd5lgHczhoPtEQnkENTc=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBi2W3CnoRil48tmA/oLst2TRtQ5PskmSFsvRvePGgiFf/jDf/jWm7B219MPB4b4aZeWHMmTau++3k1tY3Nrfy24Wd3b39g+LhUVNHiSK0QSIeqXaINeVM0oZhhtN2rCgWIaetcHw/81tPVGkWyUcziWkg8FCyASPYWMmv316I7qVPRqxb6RVLbtmdA60SLyMlyFDrFb/8fkQSQaUhHGvd8dzYBClWhhFOpwU/0TTGZIyHtGOpxILqIJ3fPEVnVumjQaRsSYPm6u+JFAutJyK0nQKbkV72ZuJ/Xicxg5sgZTJODJVksWiQcGQiNAsA9ZmixPCJJZgoZm9FZIQVJsbGVLAheMsvr5Jmpey5Za9+VareZXHk4QRO4Rw8uIYqPEANGkAghmd4hTcncV6cd+dj0Zpzsplj+APn8wewPpDL</latexit><latexit sha1_base64="FIXx+PPWd5lgHczhoPtEQnkENTc=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBi2W3CnoRil48tmA/oLst2TRtQ5PskmSFsvRvePGgiFf/jDf/jWm7B219MPB4b4aZeWHMmTau++3k1tY3Nrfy24Wd3b39g+LhUVNHiSK0QSIeqXaINeVM0oZhhtN2rCgWIaetcHw/81tPVGkWyUcziWkg8FCyASPYWMmv316I7qVPRqxb6RVLbtmdA60SLyMlyFDrFb/8fkQSQaUhHGvd8dzYBClWhhFOpwU/0TTGZIyHtGOpxILqIJ3fPEVnVumjQaRsSYPm6u+JFAutJyK0nQKbkV72ZuJ/Xicxg5sgZTJODJVksWiQcGQiNAsA9ZmixPCJJZgoZm9FZIQVJsbGVLAheMsvr5Jmpey5Za9+VareZXHk4QRO4Rw8uIYqPEANGkAghmd4hTcncV6cd+dj0Zpzsplj+APn8wewPpDL</latexit><latexit sha1_base64="FIXx+PPWd5lgHczhoPtEQnkENTc=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBi2W3CnoRil48tmA/oLst2TRtQ5PskmSFsvRvePGgiFf/jDf/jWm7B219MPB4b4aZeWHMmTau++3k1tY3Nrfy24Wd3b39g+LhUVNHiSK0QSIeqXaINeVM0oZhhtN2rCgWIaetcHw/81tPVGkWyUcziWkg8FCyASPYWMmv316I7qVPRqxb6RVLbtmdA60SLyMlyFDrFb/8fkQSQaUhHGvd8dzYBClWhhFOpwU/0TTGZIyHtGOpxILqIJ3fPEVnVumjQaRsSYPm6u+JFAutJyK0nQKbkV72ZuJ/Xicxg5sgZTJODJVksWiQcGQiNAsA9ZmixPCJJZgoZm9FZIQVJsbGVLAheMsvr5Jmpey5Za9+VareZXHk4QRO4Rw8uIYqPEANGkAghmd4hTcncV6cd+dj0Zpzsplj+APn8wewPpDL</latexit><latexit sha1_base64="FIXx+PPWd5lgHczhoPtEQnkENTc=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBi2W3CnoRil48tmA/oLst2TRtQ5PskmSFsvRvePGgiFf/jDf/jWm7B219MPB4b4aZeWHMmTau++3k1tY3Nrfy24Wd3b39g+LhUVNHiSK0QSIeqXaINeVM0oZhhtN2rCgWIaetcHw/81tPVGkWyUcziWkg8FCyASPYWMmv316I7qVPRqxb6RVLbtmdA60SLyMlyFDrFb/8fkQSQaUhHGvd8dzYBClWhhFOpwU/0TTGZIyHtGOpxILqIJ3fPEVnVumjQaRsSYPm6u+JFAutJyK0nQKbkV72ZuJ/Xicxg5sgZTJODJVksWiQcGQiNAsA9ZmixPCJJZgoZm9FZIQVJsbGVLAheMsvr5Jmpey5Za9+VareZXHk4QRO4Rw8uIYqPEANGkAghmd4hTcncV6cd+dj0Zpzsplj+APn8wewPpDL</latexit>


<latexit sha1_base64="naPixqpOMCk66mZTI1Ii3tZtY+0=">AAACGXicdVDNS8MwHE3n15xfVY9egkPwIKXdt7ehF48T3CZ0ZaRZuoWlbUhSYZT9G178V7x4UMSjnvxvzLoNVPRB4PHe+yW/PJ8zKpVtfxq5ldW19Y38ZmFre2d3z9w/6Mg4EZi0ccxicesjSRiNSFtRxcgtFwSFPiNdf3w587t3REgaRzdqwokXomFEA4qR0lLftNNedokrhr6X2pZTrlfK52e2Va81SpWqJnatWqtWpr0x4hxNYd8sLlNwmYLLFHQsO0MRLNDqm++9QYyTkEQKMySl69hceSkSimJGpoVeIglHeIyGxNU0QiGRXpotNYUnWhnAIBb6RApm6veJFIVSTkJfJ0OkRvK3NxP/8txEBQ0vpRFPFInw/KEgYVDFcFYTHFBBsGITTRAWVO8K8QgJhJUus6BLWP4U/k86JcvRXV1Xis2LRR15cASOwSlwQB00wRVogTbA4B48gmfwYjwYT8ar8TaP5ozFzCH4AePjC57ynO4=</latexit><latexit sha1_base64="naPixqpOMCk66mZTI1Ii3tZtY+0=">AAACGXicdVDNS8MwHE3n15xfVY9egkPwIKXdt7ehF48T3CZ0ZaRZuoWlbUhSYZT9G178V7x4UMSjnvxvzLoNVPRB4PHe+yW/PJ8zKpVtfxq5ldW19Y38ZmFre2d3z9w/6Mg4EZi0ccxicesjSRiNSFtRxcgtFwSFPiNdf3w587t3REgaRzdqwokXomFEA4qR0lLftNNedokrhr6X2pZTrlfK52e2Va81SpWqJnatWqtWpr0x4hxNYd8sLlNwmYLLFHQsO0MRLNDqm++9QYyTkEQKMySl69hceSkSimJGpoVeIglHeIyGxNU0QiGRXpotNYUnWhnAIBb6RApm6veJFIVSTkJfJ0OkRvK3NxP/8txEBQ0vpRFPFInw/KEgYVDFcFYTHFBBsGITTRAWVO8K8QgJhJUus6BLWP4U/k86JcvRXV1Xis2LRR15cASOwSlwQB00wRVogTbA4B48gmfwYjwYT8ar8TaP5ozFzCH4AePjC57ynO4=</latexit><latexit sha1_base64="naPixqpOMCk66mZTI1Ii3tZtY+0=">AAACGXicdVDNS8MwHE3n15xfVY9egkPwIKXdt7ehF48T3CZ0ZaRZuoWlbUhSYZT9G178V7x4UMSjnvxvzLoNVPRB4PHe+yW/PJ8zKpVtfxq5ldW19Y38ZmFre2d3z9w/6Mg4EZi0ccxicesjSRiNSFtRxcgtFwSFPiNdf3w587t3REgaRzdqwokXomFEA4qR0lLftNNedokrhr6X2pZTrlfK52e2Va81SpWqJnatWqtWpr0x4hxNYd8sLlNwmYLLFHQsO0MRLNDqm++9QYyTkEQKMySl69hceSkSimJGpoVeIglHeIyGxNU0QiGRXpotNYUnWhnAIBb6RApm6veJFIVSTkJfJ0OkRvK3NxP/8txEBQ0vpRFPFInw/KEgYVDFcFYTHFBBsGITTRAWVO8K8QgJhJUus6BLWP4U/k86JcvRXV1Xis2LRR15cASOwSlwQB00wRVogTbA4B48gmfwYjwYT8ar8TaP5ozFzCH4AePjC57ynO4=</latexit><latexit sha1_base64="naPixqpOMCk66mZTI1Ii3tZtY+0=">AAACGXicdVDNS8MwHE3n15xfVY9egkPwIKXdt7ehF48T3CZ0ZaRZuoWlbUhSYZT9G178V7x4UMSjnvxvzLoNVPRB4PHe+yW/PJ8zKpVtfxq5ldW19Y38ZmFre2d3z9w/6Mg4EZi0ccxicesjSRiNSFtRxcgtFwSFPiNdf3w587t3REgaRzdqwokXomFEA4qR0lLftNNedokrhr6X2pZTrlfK52e2Va81SpWqJnatWqtWpr0x4hxNYd8sLlNwmYLLFHQsO0MRLNDqm++9QYyTkEQKMySl69hceSkSimJGpoVeIglHeIyGxNU0QiGRXpotNYUnWhnAIBb6RApm6veJFIVSTkJfJ0OkRvK3NxP/8txEBQ0vpRFPFInw/KEgYVDFcFYTHFBBsGITTRAWVO8K8QgJhJUus6BLWP4U/k86JcvRXV1Xis2LRR15cASOwSlwQB00wRVogTbA4B48gmfwYjwYT8ar8TaP5ozFzCH4AePjC57ynO4=</latexit>

Test based on the no-hair theorem

Agnostic deformation of the quadrupole 

1 BH

10-150 boson stars

Q enters the GW signal at 2 PN  
through

s = (1 + 2)/2
<latexit sha1_base64="/1/mRqeZboyrJOVbWLUtPTFg5O0=">AAACB3icbZDLSsNAFIYn9VbrLepSkGARKkJNiqAboejGZQV7gTaEk+mkHTqZDDMToZTu3Pgqblwo4tZXcOfbOG2z0NYfBj7+cw5nzh8KRpV23W8rt7S8srqWXy9sbG5t79i7ew2VpBKTOk5YIlshKMIoJ3VNNSMtIQnEISPNcHAzqTcfiFQ04fd6KIgfQ4/TiGLQxgrsw84AhIBAXZUy8k4zqJycVQK76JbdqZxF8DIooky1wP7qdBOcxoRrzECptucK7Y9AaooZGRc6qSIC8AB6pG2QQ0yUP5reMXaOjdN1okSax7UzdX9PjCBWahiHpjMG3VfztYn5X62d6ujSH1EuUk04ni2KUuboxJmE4nSpJFizoQHAkpq/OrgPErA20RVMCN78yYvQqJQ9t+zdnRer11kceXSAjlAJeegCVdEtqqE6wugRPaNX9GY9WS/Wu/Uxa81Z2cw++iPr8wcQtZgf</latexit><latexit sha1_base64="/1/mRqeZboyrJOVbWLUtPTFg5O0=">AAACB3icbZDLSsNAFIYn9VbrLepSkGARKkJNiqAboejGZQV7gTaEk+mkHTqZDDMToZTu3Pgqblwo4tZXcOfbOG2z0NYfBj7+cw5nzh8KRpV23W8rt7S8srqWXy9sbG5t79i7ew2VpBKTOk5YIlshKMIoJ3VNNSMtIQnEISPNcHAzqTcfiFQ04fd6KIgfQ4/TiGLQxgrsw84AhIBAXZUy8k4zqJycVQK76JbdqZxF8DIooky1wP7qdBOcxoRrzECptucK7Y9AaooZGRc6qSIC8AB6pG2QQ0yUP5reMXaOjdN1okSax7UzdX9PjCBWahiHpjMG3VfztYn5X62d6ujSH1EuUk04ni2KUuboxJmE4nSpJFizoQHAkpq/OrgPErA20RVMCN78yYvQqJQ9t+zdnRer11kceXSAjlAJeegCVdEtqqE6wugRPaNX9GY9WS/Wu/Uxa81Z2cw++iPr8wcQtZgf</latexit><latexit sha1_base64="/1/mRqeZboyrJOVbWLUtPTFg5O0=">AAACB3icbZDLSsNAFIYn9VbrLepSkGARKkJNiqAboejGZQV7gTaEk+mkHTqZDDMToZTu3Pgqblwo4tZXcOfbOG2z0NYfBj7+cw5nzh8KRpV23W8rt7S8srqWXy9sbG5t79i7ew2VpBKTOk5YIlshKMIoJ3VNNSMtIQnEISPNcHAzqTcfiFQ04fd6KIgfQ4/TiGLQxgrsw84AhIBAXZUy8k4zqJycVQK76JbdqZxF8DIooky1wP7qdBOcxoRrzECptucK7Y9AaooZGRc6qSIC8AB6pG2QQ0yUP5reMXaOjdN1okSax7UzdX9PjCBWahiHpjMG3VfztYn5X62d6ujSH1EuUk04ni2KUuboxJmE4nSpJFizoQHAkpq/OrgPErA20RVMCN78yYvQqJQ9t+zdnRer11kceXSAjlAJeegCVdEtqqE6wugRPaNX9GY9WS/Wu/Uxa81Z2cw++iPr8wcQtZgf</latexit><latexit sha1_base64="/1/mRqeZboyrJOVbWLUtPTFg5O0=">AAACB3icbZDLSsNAFIYn9VbrLepSkGARKkJNiqAboejGZQV7gTaEk+mkHTqZDDMToZTu3Pgqblwo4tZXcOfbOG2z0NYfBj7+cw5nzh8KRpV23W8rt7S8srqWXy9sbG5t79i7ew2VpBKTOk5YIlshKMIoJ3VNNSMtIQnEISPNcHAzqTcfiFQ04fd6KIgfQ4/TiGLQxgrsw84AhIBAXZUy8k4zqJycVQK76JbdqZxF8DIooky1wP7qdBOcxoRrzECptucK7Y9AaooZGRc6qSIC8AB6pG2QQ0yUP5reMXaOjdN1okSax7UzdX9PjCBWahiHpjMG3VfztYn5X62d6ujSH1EuUk04ni2KUuboxJmE4nSpJFizoQHAkpq/OrgPErA20RVMCN78yYvQqJQ9t+zdnRer11kceXSAjlAJeegCVdEtqqE6wugRPaNX9GY9WS/Wu/Uxa81Z2cw++iPr8wcQtZgf</latexit>

a = (1 � 2)/2
<latexit sha1_base64="cWe6rBJbRkPMNCrHit7MePzgqxI=">AAACB3icbZDLSsNAFIYn9VbrLepSkGAR6sKaFEE3QtGNywr2Am0IJ9NJO3QyGWYmQindufFV3LhQxK2v4M63cdpmoa0/DHz85xzOnD8UjCrtut9Wbml5ZXUtv17Y2Nza3rF39xoqSSUmdZywRLZCUIRRTuqaakZaQhKIQ0aa4eBmUm8+EKlowu/1UBA/hh6nEcWgjRXYh50BCAEBXJUy8k4zqJycVQK76JbdqZxF8DIooky1wP7qdBOcxoRrzECptucK7Y9AaooZGRc6qSIC8AB6pG2QQ0yUP5reMXaOjdN1okSax7UzdX9PjCBWahiHpjMG3VfztYn5X62d6ujSH1EuUk04ni2KUuboxJmE4nSpJFizoQHAkpq/OrgPErA20RVMCN78yYvQqJQ9t+zdnRer11kceXSAjlAJeegCVdEtqqE6wugRPaNX9GY9WS/Wu/Uxa81Z2cw++iPr8wf28JgP</latexit><latexit sha1_base64="cWe6rBJbRkPMNCrHit7MePzgqxI=">AAACB3icbZDLSsNAFIYn9VbrLepSkGAR6sKaFEE3QtGNywr2Am0IJ9NJO3QyGWYmQindufFV3LhQxK2v4M63cdpmoa0/DHz85xzOnD8UjCrtut9Wbml5ZXUtv17Y2Nza3rF39xoqSSUmdZywRLZCUIRRTuqaakZaQhKIQ0aa4eBmUm8+EKlowu/1UBA/hh6nEcWgjRXYh50BCAEBXJUy8k4zqJycVQK76JbdqZxF8DIooky1wP7qdBOcxoRrzECptucK7Y9AaooZGRc6qSIC8AB6pG2QQ0yUP5reMXaOjdN1okSax7UzdX9PjCBWahiHpjMG3VfztYn5X62d6ujSH1EuUk04ni2KUuboxJmE4nSpJFizoQHAkpq/OrgPErA20RVMCN78yYvQqJQ9t+zdnRer11kceXSAjlAJeegCVdEtqqE6wugRPaNX9GY9WS/Wu/Uxa81Z2cw++iPr8wf28JgP</latexit><latexit sha1_base64="cWe6rBJbRkPMNCrHit7MePzgqxI=">AAACB3icbZDLSsNAFIYn9VbrLepSkGAR6sKaFEE3QtGNywr2Am0IJ9NJO3QyGWYmQindufFV3LhQxK2v4M63cdpmoa0/DHz85xzOnD8UjCrtut9Wbml5ZXUtv17Y2Nza3rF39xoqSSUmdZywRLZCUIRRTuqaakZaQhKIQ0aa4eBmUm8+EKlowu/1UBA/hh6nEcWgjRXYh50BCAEBXJUy8k4zqJycVQK76JbdqZxF8DIooky1wP7qdBOcxoRrzECptucK7Y9AaooZGRc6qSIC8AB6pG2QQ0yUP5reMXaOjdN1okSax7UzdX9PjCBWahiHpjMG3VfztYn5X62d6ujSH1EuUk04ni2KUuboxJmE4nSpJFizoQHAkpq/OrgPErA20RVMCN78yYvQqJQ9t+zdnRer11kceXSAjlAJeegCVdEtqqE6wugRPaNX9GY9WS/Wu/Uxa81Z2cw++iPr8wf28JgP</latexit><latexit sha1_base64="cWe6rBJbRkPMNCrHit7MePzgqxI=">AAACB3icbZDLSsNAFIYn9VbrLepSkGAR6sKaFEE3QtGNywr2Am0IJ9NJO3QyGWYmQindufFV3LhQxK2v4M63cdpmoa0/DHz85xzOnD8UjCrtut9Wbml5ZXUtv17Y2Nza3rF39xoqSSUmdZywRLZCUIRRTuqaakZaQhKIQ0aa4eBmUm8+EKlowu/1UBA/hh6nEcWgjRXYh50BCAEBXJUy8k4zqJycVQK76JbdqZxF8DIooky1wP7qdBOcxoRrzECptucK7Y9AaooZGRc6qSIC8AB6pG2QQ0yUP5reMXaOjdN1okSax7UzdX9PjCBWahiHpjMG3VfztYn5X62d6ujSH1EuUk04ni2KUuboxJmE4nSpJFizoQHAkpq/OrgPErA20RVMCN78yYvQqJQ9t+zdnRer11kceXSAjlAJeegCVdEtqqE6wugRPaNX9GY9WS/Wu/Uxa81Z2cw++iPr8wf28JgP</latexit>
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[Krishnendu et al., ’17]

Modified Quadrupole
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�
<latexit sha1_base64="HgSeVUcMZKKYSont3uGLLM3DkHw=">AAAB83icbVBNSwMxEJ31s9avqkcvwSJUkLIrFT0WvXgRKtgP6C4lm822odlkSbJCKf0bXjwo4tU/481/Y9ruQVsfDDzem2FmXphypo3rfjsrq2vrG5uFreL2zu7efungsKVlpghtEsml6oRYU84EbRpmOO2kiuIk5LQdDm+nfvuJKs2keDSjlAYJ7gsWM4KNlfzK5Xnt7L7ny0iaXqnsVt0Z0DLxclKGHI1e6cuPJMkSKgzhWOuu56YmGGNlGOF0UvQzTVNMhrhPu5YKnFAdjGc3T9CpVSIUS2VLGDRTf0+McaL1KAltZ4LNQC96U/E/r5uZ+DoYM5FmhgoyXxRnHBmJpgGgiClKDB9Zgoli9lZEBlhhYmxMRRuCt/jyMmldVD236j3UyvWbPI4CHMMJVMCDK6jDHTSgCQRSeIZXeHMy58V5dz7mrStOPnMEf+B8/gBbPpCW</latexit><latexit sha1_base64="HgSeVUcMZKKYSont3uGLLM3DkHw=">AAAB83icbVBNSwMxEJ31s9avqkcvwSJUkLIrFT0WvXgRKtgP6C4lm822odlkSbJCKf0bXjwo4tU/481/Y9ruQVsfDDzem2FmXphypo3rfjsrq2vrG5uFreL2zu7efungsKVlpghtEsml6oRYU84EbRpmOO2kiuIk5LQdDm+nfvuJKs2keDSjlAYJ7gsWM4KNlfzK5Xnt7L7ny0iaXqnsVt0Z0DLxclKGHI1e6cuPJMkSKgzhWOuu56YmGGNlGOF0UvQzTVNMhrhPu5YKnFAdjGc3T9CpVSIUS2VLGDRTf0+McaL1KAltZ4LNQC96U/E/r5uZ+DoYM5FmhgoyXxRnHBmJpgGgiClKDB9Zgoli9lZEBlhhYmxMRRuCt/jyMmldVD236j3UyvWbPI4CHMMJVMCDK6jDHTSgCQRSeIZXeHMy58V5dz7mrStOPnMEf+B8/gBbPpCW</latexit><latexit sha1_base64="HgSeVUcMZKKYSont3uGLLM3DkHw=">AAAB83icbVBNSwMxEJ31s9avqkcvwSJUkLIrFT0WvXgRKtgP6C4lm822odlkSbJCKf0bXjwo4tU/481/Y9ruQVsfDDzem2FmXphypo3rfjsrq2vrG5uFreL2zu7efungsKVlpghtEsml6oRYU84EbRpmOO2kiuIk5LQdDm+nfvuJKs2keDSjlAYJ7gsWM4KNlfzK5Xnt7L7ny0iaXqnsVt0Z0DLxclKGHI1e6cuPJMkSKgzhWOuu56YmGGNlGOF0UvQzTVNMhrhPu5YKnFAdjGc3T9CpVSIUS2VLGDRTf0+McaL1KAltZ4LNQC96U/E/r5uZ+DoYM5FmhgoyXxRnHBmJpgGgiClKDB9Zgoli9lZEBlhhYmxMRRuCt/jyMmldVD236j3UyvWbPI4CHMMJVMCDK6jDHTSgCQRSeIZXeHMy58V5dz7mrStOPnMEf+B8/gBbPpCW</latexit><latexit sha1_base64="HgSeVUcMZKKYSont3uGLLM3DkHw=">AAAB83icbVBNSwMxEJ31s9avqkcvwSJUkLIrFT0WvXgRKtgP6C4lm822odlkSbJCKf0bXjwo4tU/481/Y9ruQVsfDDzem2FmXphypo3rfjsrq2vrG5uFreL2zu7efungsKVlpghtEsml6oRYU84EbRpmOO2kiuIk5LQdDm+nfvuJKs2keDSjlAYJ7gsWM4KNlfzK5Xnt7L7ny0iaXqnsVt0Z0DLxclKGHI1e6cuPJMkSKgzhWOuu56YmGGNlGOF0UvQzTVNMhrhPu5YKnFAdjGc3T9CpVSIUS2VLGDRTf0+McaL1KAltZ4LNQC96U/E/r5uZ+DoYM5FmhgoyXxRnHBmJpgGgiClKDB9Zgoli9lZEBlhhYmxMRRuCt/jyMmldVD236j3UyvWbPI4CHMMJVMCDK6jDHTSgCQRSeIZXeHMy58V5dz7mrStOPnMEf+B8/gBbPpCW</latexit>
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�
<latexit sha1_base64="wuD2kMEtl1TT5KwKMGpq9aams8M=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahgpRdEdRb0YsXoYL9gHYp2TTbhmaTNckWytLf4cWDIl79Md78N6btHrT1wcDjvRlm5gUxZ9q47reTW1ldW9/Ibxa2tnd294r7Bw0tE0VonUguVSvAmnImaN0ww2krVhRHAafNYHg79ZsjqjST4tGMY+pHuC9YyAg2VvLLnnt2fXrf7cieNN1iya24M6Bl4mWkBBlq3eJXpydJElFhCMdatz03Nn6KlWGE00mhk2gaYzLEfdq2VOCIaj+dHT1BJ1bpoVAqW8Kgmfp7IsWR1uMosJ0RNgO96E3F/7x2YsIrP2UiTgwVZL4oTDgyEk0TQD2mKDF8bAkmitlbERlghYmxORVsCN7iy8ukcV7x3Ir3cFGq3mRx5OEIjqEMHlxCFe6gBnUg8ATP8Apvzsh5cd6dj3lrzslmDuEPnM8fzLWQ0Q==</latexit><latexit sha1_base64="wuD2kMEtl1TT5KwKMGpq9aams8M=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahgpRdEdRb0YsXoYL9gHYp2TTbhmaTNckWytLf4cWDIl79Md78N6btHrT1wcDjvRlm5gUxZ9q47reTW1ldW9/Ibxa2tnd294r7Bw0tE0VonUguVSvAmnImaN0ww2krVhRHAafNYHg79ZsjqjST4tGMY+pHuC9YyAg2VvLLnnt2fXrf7cieNN1iya24M6Bl4mWkBBlq3eJXpydJElFhCMdatz03Nn6KlWGE00mhk2gaYzLEfdq2VOCIaj+dHT1BJ1bpoVAqW8Kgmfp7IsWR1uMosJ0RNgO96E3F/7x2YsIrP2UiTgwVZL4oTDgyEk0TQD2mKDF8bAkmitlbERlghYmxORVsCN7iy8ukcV7x3Ir3cFGq3mRx5OEIjqEMHlxCFe6gBnUg8ATP8Apvzsh5cd6dj3lrzslmDuEPnM8fzLWQ0Q==</latexit><latexit sha1_base64="wuD2kMEtl1TT5KwKMGpq9aams8M=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahgpRdEdRb0YsXoYL9gHYp2TTbhmaTNckWytLf4cWDIl79Md78N6btHrT1wcDjvRlm5gUxZ9q47reTW1ldW9/Ibxa2tnd294r7Bw0tE0VonUguVSvAmnImaN0ww2krVhRHAafNYHg79ZsjqjST4tGMY+pHuC9YyAg2VvLLnnt2fXrf7cieNN1iya24M6Bl4mWkBBlq3eJXpydJElFhCMdatz03Nn6KlWGE00mhk2gaYzLEfdq2VOCIaj+dHT1BJ1bpoVAqW8Kgmfp7IsWR1uMosJ0RNgO96E3F/7x2YsIrP2UiTgwVZL4oTDgyEk0TQD2mKDF8bAkmitlbERlghYmxORVsCN7iy8ukcV7x3Ir3cFGq3mRx5OEIjqEMHlxCFe6gBnUg8ATP8Apvzsh5cd6dj3lrzslmDuEPnM8fzLWQ0Q==</latexit><latexit sha1_base64="wuD2kMEtl1TT5KwKMGpq9aams8M=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahgpRdEdRb0YsXoYL9gHYp2TTbhmaTNckWytLf4cWDIl79Md78N6btHrT1wcDjvRlm5gUxZ9q47reTW1ldW9/Ibxa2tnd294r7Bw0tE0VonUguVSvAmnImaN0ww2krVhRHAafNYHg79ZsjqjST4tGMY+pHuC9YyAg2VvLLnnt2fXrf7cieNN1iya24M6Bl4mWkBBlq3eJXpydJElFhCMdatz03Nn6KlWGE00mhk2gaYzLEfdq2VOCIaj+dHT1BJ1bpoVAqW8Kgmfp7IsWR1uMosJ0RNgO96E3F/7x2YsIrP2UiTgwVZL4oTDgyEk0TQD2mKDF8bAkmitlbERlghYmxORVsCN7iy8ukcV7x3Ir3cFGq3mRx5OEIjqEMHlxCFe6gBnUg8ATP8Apvzsh5cd6dj3lrzslmDuEPnM8fzLWQ0Q==</latexit>

LIGO - SNR = 10 LISA - d = 3Gpc
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Quadrupole errors



BH as classical viscous fluid
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TH
= F (�i,mi)

(m⇡f)5/3

c5
+G(mi)

(m⇡f)8/3

c8

Small contribution to the orbital evolution given by dissipation of 
energy and angular momentum at the horizon

For known matter GW absorption is negligible

4PN
2.5PN

 TH = � ⇥  BH
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h(f) = Aei[ PP(f)+ TH(f)]
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d = 2 Gpc

Spin enhancement is more dramatic

Chances to put interesting constraints up to 20 Gpc
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<latexit sha1_base64="DOIK476mKDG52Dsuw1rj09hW+ig=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETyURQS9C0YvHCvYDmhAm2026dHcTdjdCDf0lXjwo4tWf4s1/47bNQVsfDDzem2FmXpQxqrTrfluVtfWNza3qdm1nd2+/bh8cdlWaS0w6OGWp7EegCKOCdDTVjPQzSYBHjPSi8e3M7z0SqWgqHvQkIwGHRNCYYtBGCu26r2jCIfQT4ByuvdBuuE13DmeVeCVpoBLt0P7yhynOOREaM1Bq4LmZDgqQmmJGpjU/VyQDPIaEDAwVwIkKivnhU+fUKEMnTqUpoZ25+nuiAK7UhEemk4MeqWVvJv7nDXIdXwUFFVmuicCLRXHOHJ06sxScIZUEazYxBLCk5lYHj0AC1iarmgnBW355lXTPm57b9O4vGq2bMo4qOkYn6Ax56BK10B1qow7CKEfP6BW9WU/Wi/VufSxaK1Y5c4T+wPr8AVNtkto=</latexit><latexit sha1_base64="DOIK476mKDG52Dsuw1rj09hW+ig=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETyURQS9C0YvHCvYDmhAm2026dHcTdjdCDf0lXjwo4tWf4s1/47bNQVsfDDzem2FmXpQxqrTrfluVtfWNza3qdm1nd2+/bh8cdlWaS0w6OGWp7EegCKOCdDTVjPQzSYBHjPSi8e3M7z0SqWgqHvQkIwGHRNCYYtBGCu26r2jCIfQT4ByuvdBuuE13DmeVeCVpoBLt0P7yhynOOREaM1Bq4LmZDgqQmmJGpjU/VyQDPIaEDAwVwIkKivnhU+fUKEMnTqUpoZ25+nuiAK7UhEemk4MeqWVvJv7nDXIdXwUFFVmuicCLRXHOHJ06sxScIZUEazYxBLCk5lYHj0AC1iarmgnBW355lXTPm57b9O4vGq2bMo4qOkYn6Ax56BK10B1qow7CKEfP6BW9WU/Wi/VufSxaK1Y5c4T+wPr8AVNtkto=</latexit><latexit sha1_base64="DOIK476mKDG52Dsuw1rj09hW+ig=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETyURQS9C0YvHCvYDmhAm2026dHcTdjdCDf0lXjwo4tWf4s1/47bNQVsfDDzem2FmXpQxqrTrfluVtfWNza3qdm1nd2+/bh8cdlWaS0w6OGWp7EegCKOCdDTVjPQzSYBHjPSi8e3M7z0SqWgqHvQkIwGHRNCYYtBGCu26r2jCIfQT4ByuvdBuuE13DmeVeCVpoBLt0P7yhynOOREaM1Bq4LmZDgqQmmJGpjU/VyQDPIaEDAwVwIkKivnhU+fUKEMnTqUpoZ25+nuiAK7UhEemk4MeqWVvJv7nDXIdXwUFFVmuicCLRXHOHJ06sxScIZUEazYxBLCk5lYHj0AC1iarmgnBW355lXTPm57b9O4vGq2bMo4qOkYn6Ax56BK10B1qow7CKEfP6BW9WU/Wi/VufSxaK1Y5c4T+wPr8AVNtkto=</latexit><latexit sha1_base64="DOIK476mKDG52Dsuw1rj09hW+ig=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETyURQS9C0YvHCvYDmhAm2026dHcTdjdCDf0lXjwo4tWf4s1/47bNQVsfDDzem2FmXpQxqrTrfluVtfWNza3qdm1nd2+/bh8cdlWaS0w6OGWp7EegCKOCdDTVjPQzSYBHjPSi8e3M7z0SqWgqHvQkIwGHRNCYYtBGCu26r2jCIfQT4ByuvdBuuE13DmeVeCVpoBLt0P7yhynOOREaM1Bq4LmZDgqQmmJGpjU/VyQDPIaEDAwVwIkKivnhU+fUKEMnTqUpoZ25+nuiAK7UhEemk4MeqWVvJv7nDXIdXwUFFVmuicCLRXHOHJ06sxScIZUEazYxBLCk5lYHj0AC1iarmgnBW355lXTPm57b9O4vGq2bMo4qOkYn6Ax56BK10B1qow7CKEfP6BW9WU/Wi/VufSxaK1Y5c4T+wPr8AVNtkto=</latexit>

Detectability: tidal heating


