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Current and future sensitivities



Era of Gravitational Wave Astronomy
M

as
s 

 



• Astrophysics: black holes, neutron stars, multi-
messenger astrophysics, …

• Fundamental physics and cosmology: tests of GR, 
primordial black holes,  the nature of dark matter 
and dark energy, towards the Big Bang, …

Era of Gravitational Wave Astronomy



Black Holes

• Astrophysical BHs forms from the gravitational collapse of a star. We 
know they exist. Their mass must be  above the Chandrasekhar limit, 

• PBHs are formed in the early universe. Their mass can be small and 
they can still be around as long as they do not evaporate within the age 
of the universe

M > O(1)M�
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Key Questions on PBHs in the GW era

• Do (will) PBHs contribute to current  (future) GW 
signals?

• What are the smoking-gun signals of PBHs and 
how to distinguish them from astrophysical 
sources?

• Can PBHs account for all the dark matter in the 
universe?



PBHs
Primordial black holes can compose 
all the dark matter (or a fraction of it) 
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PBHs may be  originated from peaks of the  
density perturbations generated in the early universe
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Where the PBHs may come from?
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Where the PBHs may come from?
PBHs may be  originated from peaks of the  

density perturbations generated in the early universe

PBHs are rare events, tail of the distribution 

One possible mechanism: large fluctuations from inflation 
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Inflation



Where is the structure coming from?

Hawking radiation 



��

�� space expands

Heuristic argument for 
the inflationary perturbations 





Ultra-slow-roll during inflation
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Properties of PBHs at formation



The PBH mass function at formation

Mass distribution dependent on the overdensity
perturbation spectrum and statistical properties

Standard parametrisation

 (MPBH) =
1p
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• PBHs originate from peaks, that is from maxima of the 
local density contrast.

• The spin results from the action of the torques generated 
by the  gravitational tidal forces upon horizon crossing

The spin of PBHs at formation is small

  De Luca et al. (2018) 
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Shape of the density power spectrum
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Key Questions on PBHs in the GW era

• Do (will) PBHs contribute to current (future) GW 
signals?

• What are the smoking-gun evidences for PBHs and 
how to distinguish them from astrophysical 
sources?

• Can PBHs account for all the dark matter in the 
universe?



GWTC-2 catalogue

Most events consistent 
with equal masses

About 10 events with 
large spins



<latexit sha1_base64="N9Agr6/8rsekmv/kjPwqLq9+Bm0=">AAACIXicbZDLSgMxFIYzXut4qwpu3ASL4ELKjFTqstSFLmu1F+iUkknPtKGZC0mmUMZ5GV3qi7gTd+Jr+ACmF1BbTwj8/P85OeFzI86ksqwPY2l5ZXVtPbNhbm5t7+xm9/brMowFhRoNeSiaLpHAWQA1xRSHZiSA+C6Hhju4GueNIQjJwuBejSJo+6QXMI9RorTVyR4mzuSRxKfVFDtDoPiuY6edbM7KW5PCi8KeiRyaVaWT/XK6IY19CBTlRMqWbUWqnRChGOWQmk4sISJ0QHrQ0jIgPsh2Mlmd4hPtdLEXCn0DhSfu74mE+FKOfFd3+kT15Xw2Nv/LWrHyLtsJC6JYQUCni7yYYxXiMQzcZQKo4iMtCBVM/xXTPhGEKo3MNJ0ueJrrD6Ckel1OE7tgn+lTTE2NyZ6Hsijq53n7Im/dFnKl8gxYBh2hY3SKbFREJXSDKqiGKHpAj+gZvRhPxqvxZrxPW5eM2cwB+lPG5zflS6IH</latexit>

~S1

<latexit sha1_base64="HTf85AAvgZsGNBe3Zm/2KEMHPx4=">AAACIXicbZDLSsNAFIYn9R5vUcGNm8EiuJCSiFKXpS506a1aaEKYTE/aoZMLM5NCiXkZXeqLuBN34mv4AE5rQW09w8DP/58zZ/iClDOpbPvdKM3Mzs0vLC6Zyyura+vWxuatTDJBoUETnohmQCRwFkNDMcWhmQogUcDhLuidDvO7PgjJkvhGDVLwItKJWcgoUdryre3cHT2SR/SqwG4fKL72DwvfKtsVe1R4WjhjUUbjuvCtT7ed0CyCWFFOpGw5dqq8nAjFKIfCdDMJKaE90oGWljGJQHr5aHWB97TTxmEi9I0VHrm/J3ISSTmIAt0ZEdWVk9nQ/C9rZSo88XIWp5mCmH4vCjOOVYKHMHCbCaCKD7QgVDD9V0y7RBCqNDLTdNsQaq4/gPKrs3qRO0fOgT7VwtSYnEko0+L2sOIcV+zLo3KtPga2iHbQLtpHDqqiGjpHF6iBKLpHD+gJPRuPxovxarx9t5aM8cwW+lPGxxfm8qII</latexit>

~S2

<latexit sha1_base64="wHWib4T8HzkWF4Qr1yJD/zNM6q0="></latexit>�eff

<latexit sha1_base64="PTEE7vYJtywbgIgydDCsaEgqFWo="></latexit>

~L

<latexit sha1_base64="iOYfcFoJkLM95jnCZwLAtwOZlzA="></latexit>m1

<latexit sha1_base64="A79THcok6qq5T4cH/80UVEehZY4="></latexit>m2

GW150914, LIGO (2016)

Waveforms dependent 
on the binary event parameters
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Redshift
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Observed mergers 
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PBH evolution



For                  PBHs coexist with another DM component in the universe
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fPBH < 1

A DM halo builds up around the PBHs
enhancing accretion

(larger gravitational potential well)
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Bondi-Hoyle accretion from the 
surrounding baryonic fluid
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Ricotti et al. (2005)

Accretion onto isolated PBHs



Accretion on the system enhances the
 gas density around the PBH binary

Accretion on the sigle PBH modulated 
by masses and orbital velocities
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r
q

2(1 + q)

• PBH can experience accretion for 
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• The smaller PBH always experiences a larger relative accretion

Accretion onto PBH binaries

q = 1
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fixed point



Structure formation
reionization epoch

• Virialised velocities
• Higher temperatures

Strong suppression around
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Uncertainties 
in the accretion model 

accounted for by 
varying the cut-off

Hasinger (2020)
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Non-linear mass evolution enhances large-mass tails

PBH mass function evolution



If matter angular momentum is 
large enough, an accreting disk forms, 

leading to a spin growth 

Angular momentum transfer
between gas and PBH
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M
by solving the geodesic model of disk accretion

PBH spin evolution

Bardeen et al.  (1972) 
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Spins pushed towards extremality

De Luca et al.   (2020) 

• Uncorrelated spin orientation
• Effective spin spreads around zero
• Accretion: low/large mass - low/large spin correlation



• Accretion hardens the binaries
• Larger masses leads to shorter mergers

• Initial spatial Poisson distribution
• Random decoupling of binary systems
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Compute probability of decoupling
and the binary initial geometry

• Semi-major axis
• Eccentricity

Merger rate

 Raidal et al  (2018) 

  De Luca et al.  (2020) 



Astrophysical populations
 Zevin et al.  (2021) 

Binary formation in galactic fields
through a Stable Mass Transfer (SMT)
or Common-Envelope (CE) phase

Binary formation in Globular Cluster (GC) 
or Nuclear Star Clusters (NCS) 
through encounters and GW captures
 

Isolated formation Dynamical  formation

 For a review, Mandel and Farmer (2018) 

Time



Bayesian evidence in GWTC-2

Event parameters 

Population Hyperparameters 

m1
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<latexit sha1_base64="EU+jaFL/AYf5gy95i7RztFBbOn0=">AAACAnicbVA9SwNBEN2LXzF+nVqJzWIQrMKdCGoXsLGMYBIhF8LeZi5Zsrd37M6J4Qg2/hUbC0Vs/RV2/hs3H4UmPhjm8d4Mu/PCVAqDnvftFJaWV1bXiuuljc2t7R13d69hkkxzqPNEJvouZAakUFBHgRLuUg0sDiU0w8HV2G/egzYiUbc4TKEds54SkeAMrdRxDwLeF508QHhAHdsu1JBCFI1GHbfsVbwJ6CLxZ6RMZqh13K+gm/AsBoVcMmNavpdiO2caBZcwKgWZgZTxAetBy1LFYjDtfHLCiB5bpUujRNtSSCfq742cxcYM49BOxgz7Zt4bi/95rQyji3YuVJohKD59KMokxYSO86BdoYGjHFrCuBb2r5T3mWYcbWolG4I/f/IiaZxWfK/i35yVq5ezOIrkkByRE+KTc1Il16RG6oSTR/JMXsmb8+S8OO/Ox3S04Mx29skfOJ8/O6iX7A==</latexit><latexit sha1_base64="EU+jaFL/AYf5gy95i7RztFBbOn0=">AAACAnicbVA9SwNBEN2LXzF+nVqJzWIQrMKdCGoXsLGMYBIhF8LeZi5Zsrd37M6J4Qg2/hUbC0Vs/RV2/hs3H4UmPhjm8d4Mu/PCVAqDnvftFJaWV1bXiuuljc2t7R13d69hkkxzqPNEJvouZAakUFBHgRLuUg0sDiU0w8HV2G/egzYiUbc4TKEds54SkeAMrdRxDwLeF508QHhAHdsu1JBCFI1GHbfsVbwJ6CLxZ6RMZqh13K+gm/AsBoVcMmNavpdiO2caBZcwKgWZgZTxAetBy1LFYjDtfHLCiB5bpUujRNtSSCfq742cxcYM49BOxgz7Zt4bi/95rQyji3YuVJohKD59KMokxYSO86BdoYGjHFrCuBb2r5T3mWYcbWolG4I/f/IiaZxWfK/i35yVq5ezOIrkkByRE+KTc1Il16RG6oSTR/JMXsmb8+S8OO/Ox3S04Mx29skfOJ8/O6iX7A==</latexit><latexit sha1_base64="EU+jaFL/AYf5gy95i7RztFBbOn0=">AAACAnicbVA9SwNBEN2LXzF+nVqJzWIQrMKdCGoXsLGMYBIhF8LeZi5Zsrd37M6J4Qg2/hUbC0Vs/RV2/hs3H4UmPhjm8d4Mu/PCVAqDnvftFJaWV1bXiuuljc2t7R13d69hkkxzqPNEJvouZAakUFBHgRLuUg0sDiU0w8HV2G/egzYiUbc4TKEds54SkeAMrdRxDwLeF508QHhAHdsu1JBCFI1GHbfsVbwJ6CLxZ6RMZqh13K+gm/AsBoVcMmNavpdiO2caBZcwKgWZgZTxAetBy1LFYjDtfHLCiB5bpUujRNtSSCfq742cxcYM49BOxgz7Zt4bi/95rQyji3YuVJohKD59KMokxYSO86BdoYGjHFrCuBb2r5T3mWYcbWolG4I/f/IiaZxWfK/i35yVq5ezOIrkkByRE+KTc1Il16RG6oSTR/JMXsmb8+S8OO/Ox3S04Mx29skfOJ8/O6iX7A==</latexit><latexit sha1_base64="EU+jaFL/AYf5gy95i7RztFBbOn0=">AAACAnicbVA9SwNBEN2LXzF+nVqJzWIQrMKdCGoXsLGMYBIhF8LeZi5Zsrd37M6J4Qg2/hUbC0Vs/RV2/hs3H4UmPhjm8d4Mu/PCVAqDnvftFJaWV1bXiuuljc2t7R13d69hkkxzqPNEJvouZAakUFBHgRLuUg0sDiU0w8HV2G/egzYiUbc4TKEds54SkeAMrdRxDwLeF508QHhAHdsu1JBCFI1GHbfsVbwJ6CLxZ6RMZqh13K+gm/AsBoVcMmNavpdiO2caBZcwKgWZgZTxAetBy1LFYjDtfHLCiB5bpUujRNtSSCfq742cxcYM49BOxgz7Zt4bi/95rQyji3YuVJohKD59KMokxYSO86BdoYGjHFrCuBb2r5T3mWYcbWolG4I/f/IiaZxWfK/i35yVq5ezOIrkkByRE+KTc1Il16RG6oSTR/JMXsmb8+S8OO/Ox3S04Mx29skfOJ8/O6iX7A==</latexit>

z
<latexit sha1_base64="yD0zESwSFpmhHM5lhB+25XKpYEM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FLx5bsB/QhrLZTtq1m03Y3Qg19Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkSleSzvzSRBP6JDyUPOqLFS46lfrrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eRxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXBenHfnY9FacPKZY/gD5/MH5oyM9Q==</latexit><latexit sha1_base64="yD0zESwSFpmhHM5lhB+25XKpYEM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FLx5bsB/QhrLZTtq1m03Y3Qg19Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkSleSzvzSRBP6JDyUPOqLFS46lfrrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eRxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXBenHfnY9FacPKZY/gD5/MH5oyM9Q==</latexit><latexit sha1_base64="yD0zESwSFpmhHM5lhB+25XKpYEM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FLx5bsB/QhrLZTtq1m03Y3Qg19Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkSleSzvzSRBP6JDyUPOqLFS46lfrrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eRxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXBenHfnY9FacPKZY/gD5/MH5oyM9Q==</latexit><latexit sha1_base64="yD0zESwSFpmhHM5lhB+25XKpYEM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FLx5bsB/QhrLZTtq1m03Y3Qg19Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkSleSzvzSRBP6JDyUPOqLFS46lfrrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eRxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXBenHfnY9FacPKZY/gD5/MH5oyM9Q==</latexit>

Mc
<latexit sha1_base64="38Sja1Dlpsog6UlhuWJ+J88qQ8c=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN4KXrwIFe0HtKFstpN26WYTdjdCCf0JXjwo4tVf5M1/47bNQVsfDDzem2FmXpAIro3rfjuFtfWNza3idmlnd2//oHx41NJxqhg2WSxi1QmoRsElNg03AjuJQhoFAtvB+Gbmt59QaR7LRzNJ0I/oUPKQM2qs9HDXZ/1yxa26c5BV4uWkAjka/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5qVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjlZ1wmqUHJFovCVBATk9nfZMAVMiMmllCmuL2VsBFVlBmbTsmG4C2/vEpaF1XPrXr3l5X6dR5HEU7gFM7BgxrU4RYa0AQGQ3iGV3hzhPPivDsfi9aCk88cwx84nz8TQY2e</latexit><latexit sha1_base64="38Sja1Dlpsog6UlhuWJ+J88qQ8c=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN4KXrwIFe0HtKFstpN26WYTdjdCCf0JXjwo4tVf5M1/47bNQVsfDDzem2FmXpAIro3rfjuFtfWNza3idmlnd2//oHx41NJxqhg2WSxi1QmoRsElNg03AjuJQhoFAtvB+Gbmt59QaR7LRzNJ0I/oUPKQM2qs9HDXZ/1yxa26c5BV4uWkAjka/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5qVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjlZ1wmqUHJFovCVBATk9nfZMAVMiMmllCmuL2VsBFVlBmbTsmG4C2/vEpaF1XPrXr3l5X6dR5HEU7gFM7BgxrU4RYa0AQGQ3iGV3hzhPPivDsfi9aCk88cwx84nz8TQY2e</latexit><latexit sha1_base64="38Sja1Dlpsog6UlhuWJ+J88qQ8c=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN4KXrwIFe0HtKFstpN26WYTdjdCCf0JXjwo4tVf5M1/47bNQVsfDDzem2FmXpAIro3rfjuFtfWNza3idmlnd2//oHx41NJxqhg2WSxi1QmoRsElNg03AjuJQhoFAtvB+Gbmt59QaR7LRzNJ0I/oUPKQM2qs9HDXZ/1yxa26c5BV4uWkAjka/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5qVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjlZ1wmqUHJFovCVBATk9nfZMAVMiMmllCmuL2VsBFVlBmbTsmG4C2/vEpaF1XPrXr3l5X6dR5HEU7gFM7BgxrU4RYa0AQGQ3iGV3hzhPPivDsfi9aCk88cwx84nz8TQY2e</latexit><latexit sha1_base64="38Sja1Dlpsog6UlhuWJ+J88qQ8c=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN4KXrwIFe0HtKFstpN26WYTdjdCCf0JXjwo4tVf5M1/47bNQVsfDDzem2FmXpAIro3rfjuFtfWNza3idmlnd2//oHx41NJxqhg2WSxi1QmoRsElNg03AjuJQhoFAtvB+Gbmt59QaR7LRzNJ0I/oUPKQM2qs9HDXZ/1yxa26c5BV4uWkAjka/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5qVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjlZ1wmqUHJFovCVBATk9nfZMAVMiMmllCmuL2VsBFVlBmbTsmG4C2/vEpaF1XPrXr3l5X6dR5HEU7gFM7BgxrU4RYa0AQGQ3iGV3hzhPPivDsfi9aCk88cwx84nz8TQY2e</latexit>

�
<latexit sha1_base64="2q7OxZZe0I4VST2uDEnE5QWzJw0=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN4CXjxGMA9IljA7mU3GzGOZmRWWJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmltfWNzq7xd2dnd2z+oHh61jUo1oS2iuNLdCBvKmaQtyyyn3URTLCJOO9HkduZ3nqg2TMkHmyU0FHgkWcwItk5q9w0bCTyo1vy6PwdaJUFBalCgOah+9YeKpIJKSzg2phf4iQ1zrC0jnE4r/dTQBJMJHtGeoxILasJ8fu0UnTlliGKlXUmL5urviRwLYzIRuU6B7dgsezPxP6+X2vg6zJlMUkslWSyKU46sQrPX0ZBpSizPHMFEM3crImOsMbEuoIoLIVh+eZW0L+qBXw/uL2uNmyKOMpzAKZxDAFfQgDtoQgsIPMIzvMKbp7wX7937WLSWvGLmGP7A+/wBmaqPGg==</latexit><latexit sha1_base64="2q7OxZZe0I4VST2uDEnE5QWzJw0=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN4CXjxGMA9IljA7mU3GzGOZmRWWJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmltfWNzq7xd2dnd2z+oHh61jUo1oS2iuNLdCBvKmaQtyyyn3URTLCJOO9HkduZ3nqg2TMkHmyU0FHgkWcwItk5q9w0bCTyo1vy6PwdaJUFBalCgOah+9YeKpIJKSzg2phf4iQ1zrC0jnE4r/dTQBJMJHtGeoxILasJ8fu0UnTlliGKlXUmL5urviRwLYzIRuU6B7dgsezPxP6+X2vg6zJlMUkslWSyKU46sQrPX0ZBpSizPHMFEM3crImOsMbEuoIoLIVh+eZW0L+qBXw/uL2uNmyKOMpzAKZxDAFfQgDtoQgsIPMIzvMKbp7wX7937WLSWvGLmGP7A+/wBmaqPGg==</latexit><latexit sha1_base64="2q7OxZZe0I4VST2uDEnE5QWzJw0=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN4CXjxGMA9IljA7mU3GzGOZmRWWJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmltfWNzq7xd2dnd2z+oHh61jUo1oS2iuNLdCBvKmaQtyyyn3URTLCJOO9HkduZ3nqg2TMkHmyU0FHgkWcwItk5q9w0bCTyo1vy6PwdaJUFBalCgOah+9YeKpIJKSzg2phf4iQ1zrC0jnE4r/dTQBJMJHtGeoxILasJ8fu0UnTlliGKlXUmL5urviRwLYzIRuU6B7dgsezPxP6+X2vg6zJlMUkslWSyKU46sQrPX0ZBpSizPHMFEM3crImOsMbEuoIoLIVh+eZW0L+qBXw/uL2uNmyKOMpzAKZxDAFfQgDtoQgsIPMIzvMKbp7wX7937WLSWvGLmGP7A+/wBmaqPGg==</latexit><latexit sha1_base64="2q7OxZZe0I4VST2uDEnE5QWzJw0=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN4CXjxGMA9IljA7mU3GzGOZmRWWJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmltfWNzq7xd2dnd2z+oHh61jUo1oS2iuNLdCBvKmaQtyyyn3URTLCJOO9HkduZ3nqg2TMkHmyU0FHgkWcwItk5q9w0bCTyo1vy6PwdaJUFBalCgOah+9YeKpIJKSzg2phf4iQ1zrC0jnE4r/dTQBJMJHtGeoxILasJ8fu0UnTlliGKlXUmL5urviRwLYzIRuU6B7dgsezPxP6+X2vg6zJlMUkslWSyKU46sQrPX0ZBpSizPHMFEM3crImOsMbEuoIoLIVh+eZW0L+qBXw/uL2uNmyKOMpzAKZxDAFfQgDtoQgsIPMIzvMKbp7wX7937WLSWvGLmGP7A+/wBmaqPGg==</latexit>

fPBH
<latexit sha1_base64="U+O8vKFvKw1gA7GSVmepP/IV3/0=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5KIoO6KbrqsYB/QhjKZTtqhk0mYuRFDzMJfceNCEbf+hjv/xmmbhbYeuNzDOfcyd44fC67Bcb6tpeWV1bX10kZ5c2t7Z9fe22/pKFGUNWkkItXxiWaCS9YEDoJ1YsVI6AvW9sc3E799z5TmkbyDNGZeSIaSB5wSMFLfPgz6WQ/YA6jQdC5T3Liu53nfrjhVZwq8SNyCVFCBRt/+6g0imoRMAhVE667rxOBlRAGnguXlXqJZTOiYDFnXUElCpr1sen+OT4wywEGkTEnAU/X3RkZCrdPQN5MhgZGe9ybif143geDSy7iME2CSzh4KEoEhwpMw8IArRkGkhhCquLkV0xFRhIKJrGxCcOe/vEhaZ1XXqbq355XaVRFHCR2hY3SKXHSBaqiOGqiJKHpEz+gVvVlP1ov1bn3MRpesYucA/YH1+QNoupZN</latexit><latexit sha1_base64="U+O8vKFvKw1gA7GSVmepP/IV3/0=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5KIoO6KbrqsYB/QhjKZTtqhk0mYuRFDzMJfceNCEbf+hjv/xmmbhbYeuNzDOfcyd44fC67Bcb6tpeWV1bX10kZ5c2t7Z9fe22/pKFGUNWkkItXxiWaCS9YEDoJ1YsVI6AvW9sc3E799z5TmkbyDNGZeSIaSB5wSMFLfPgz6WQ/YA6jQdC5T3Liu53nfrjhVZwq8SNyCVFCBRt/+6g0imoRMAhVE667rxOBlRAGnguXlXqJZTOiYDFnXUElCpr1sen+OT4wywEGkTEnAU/X3RkZCrdPQN5MhgZGe9ybif143geDSy7iME2CSzh4KEoEhwpMw8IArRkGkhhCquLkV0xFRhIKJrGxCcOe/vEhaZ1XXqbq355XaVRFHCR2hY3SKXHSBaqiOGqiJKHpEz+gVvVlP1ov1bn3MRpesYucA/YH1+QNoupZN</latexit><latexit sha1_base64="U+O8vKFvKw1gA7GSVmepP/IV3/0=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5KIoO6KbrqsYB/QhjKZTtqhk0mYuRFDzMJfceNCEbf+hjv/xmmbhbYeuNzDOfcyd44fC67Bcb6tpeWV1bX10kZ5c2t7Z9fe22/pKFGUNWkkItXxiWaCS9YEDoJ1YsVI6AvW9sc3E799z5TmkbyDNGZeSIaSB5wSMFLfPgz6WQ/YA6jQdC5T3Liu53nfrjhVZwq8SNyCVFCBRt/+6g0imoRMAhVE667rxOBlRAGnguXlXqJZTOiYDFnXUElCpr1sen+OT4wywEGkTEnAU/X3RkZCrdPQN5MhgZGe9ybif143geDSy7iME2CSzh4KEoEhwpMw8IArRkGkhhCquLkV0xFRhIKJrGxCcOe/vEhaZ1XXqbq355XaVRFHCR2hY3SKXHSBaqiOGqiJKHpEz+gVvVlP1ov1bn3MRpesYucA/YH1+QNoupZN</latexit><latexit sha1_base64="U+O8vKFvKw1gA7GSVmepP/IV3/0=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5KIoO6KbrqsYB/QhjKZTtqhk0mYuRFDzMJfceNCEbf+hjv/xmmbhbYeuNzDOfcyd44fC67Bcb6tpeWV1bX10kZ5c2t7Z9fe22/pKFGUNWkkItXxiWaCS9YEDoJ1YsVI6AvW9sc3E799z5TmkbyDNGZeSIaSB5wSMFLfPgz6WQ/YA6jQdC5T3Liu53nfrjhVZwq8SNyCVFCBRt/+6g0imoRMAhVE667rxOBlRAGnguXlXqJZTOiYDFnXUElCpr1sen+OT4wywEGkTEnAU/X3RkZCrdPQN5MhgZGe9ybif143geDSy7iME2CSzh4KEoEhwpMw8IArRkGkhhCquLkV0xFRhIKJrGxCcOe/vEhaZ1XXqbq355XaVRFHCR2hY3SKXHSBaqiOGqiJKHpEz+gVvVlP1ov1bn3MRpesYucA/YH1+QNoupZN</latexit>

zcut-off
<latexit sha1_base64="WUBXTr7V0Tne3AasBoW+kArjzcE=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4sSQiqLuCG5cV7APaECbTSTt0MgkzN2INATf+ihsXirj1J9z5N07bLLT1wOUezrmXmXuCRHANjvNtLSwuLa+sltbK6xubW9v2zm5Tx6mirEFjEat2QDQTXLIGcBCsnShGokCwVjC8GvutO6Y0j+UtjBLmRaQvecgpASP59v6Dn3WB3YOKTOdyhGkKJ3EY5rlvV5yqMwGeJ25BKqhA3be/ur2YphGTQAXRuuM6CXgZUcCpYHm5m2qWEDokfdYxVJKIaS+b3JDjI6P0cBgrUxLwRP29kZFI61EUmMmIwEDPemPxP6+TQnjhZVwmKTBJpw+FqcAQ43EguMcVoyBGhhCquPkrpgOiCAUTW9mE4M6ePE+ap1XXqbo3Z5XaZRFHCR2gQ3SMXHSOauga1VEDUfSIntErerOerBfr3fqYji5Yxc4e+gPr8wcTVphj</latexit><latexit sha1_base64="WUBXTr7V0Tne3AasBoW+kArjzcE=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4sSQiqLuCG5cV7APaECbTSTt0MgkzN2INATf+ihsXirj1J9z5N07bLLT1wOUezrmXmXuCRHANjvNtLSwuLa+sltbK6xubW9v2zm5Tx6mirEFjEat2QDQTXLIGcBCsnShGokCwVjC8GvutO6Y0j+UtjBLmRaQvecgpASP59v6Dn3WB3YOKTOdyhGkKJ3EY5rlvV5yqMwGeJ25BKqhA3be/ur2YphGTQAXRuuM6CXgZUcCpYHm5m2qWEDokfdYxVJKIaS+b3JDjI6P0cBgrUxLwRP29kZFI61EUmMmIwEDPemPxP6+TQnjhZVwmKTBJpw+FqcAQ43EguMcVoyBGhhCquPkrpgOiCAUTW9mE4M6ePE+ap1XXqbo3Z5XaZRFHCR2gQ3SMXHSOauga1VEDUfSIntErerOerBfr3fqYji5Yxc4e+gPr8wcTVphj</latexit><latexit sha1_base64="WUBXTr7V0Tne3AasBoW+kArjzcE=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4sSQiqLuCG5cV7APaECbTSTt0MgkzN2INATf+ihsXirj1J9z5N07bLLT1wOUezrmXmXuCRHANjvNtLSwuLa+sltbK6xubW9v2zm5Tx6mirEFjEat2QDQTXLIGcBCsnShGokCwVjC8GvutO6Y0j+UtjBLmRaQvecgpASP59v6Dn3WB3YOKTOdyhGkKJ3EY5rlvV5yqMwGeJ25BKqhA3be/ur2YphGTQAXRuuM6CXgZUcCpYHm5m2qWEDokfdYxVJKIaS+b3JDjI6P0cBgrUxLwRP29kZFI61EUmMmIwEDPemPxP6+TQnjhZVwmKTBJpw+FqcAQ43EguMcVoyBGhhCquPkrpgOiCAUTW9mE4M6ePE+ap1XXqbo3Z5XaZRFHCR2gQ3SMXHSOauga1VEDUfSIntErerOerBfr3fqYji5Yxc4e+gPr8wcTVphj</latexit><latexit sha1_base64="WUBXTr7V0Tne3AasBoW+kArjzcE=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4sSQiqLuCG5cV7APaECbTSTt0MgkzN2INATf+ihsXirj1J9z5N07bLLT1wOUezrmXmXuCRHANjvNtLSwuLa+sltbK6xubW9v2zm5Tx6mirEFjEat2QDQTXLIGcBCsnShGokCwVjC8GvutO6Y0j+UtjBLmRaQvecgpASP59v6Dn3WB3YOKTOdyhGkKJ3EY5rlvV5yqMwGeJ25BKqhA3be/ur2YphGTQAXRuuM6CXgZUcCpYHm5m2qWEDokfdYxVJKIaS+b3JDjI6P0cBgrUxLwRP29kZFI61EUmMmIwEDPemPxP6+TQnjhZVwmKTBJpw+FqcAQ43EguMcVoyBGhhCquPkrpgOiCAUTW9mE4M6ePE+ap1XXqbo3Z5XaZRFHCR2gQ3SMXHSOauga1VEDUfSIntErerOerBfr3fqYji5Yxc4e+gPr8wcTVphj</latexit>

~�
<latexit sha1_base64="8kklx8zDN81aJhk3CFaonRbHUII=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4GjK11rorunFZwT6gM5RMJm1DM5kxyRTK0O9w40IRt36MO//GTDuCih4IHM45l3tz/JgzpRH6sAorq2vrG8XN0tb2zu5eef+go6JEEtomEY9kz8eKciZoWzPNaS+WFIc+p11/cp353SmVikXiTs9i6oV4JNiQEayN5LlTSlKXm3yA54NyBdmXjTo6cyCy0QIZqVXr5wg6uVIBOVqD8rsbRCQJqdCEY6X6Doq1l2KpGeF0XnITRWNMJnhE+4YKHFLlpYuj5/DEKAEcRtI8oeFC/T6R4lCpWeibZIj1WP32MvEvr5/oYcNLmYgTTQVZLhomHOoIZg3AgElKNJ8Zgolk5lZIxlhiok1PJVPC10/h/6RTtR1kO7e1SvMqr6MIjsAxOAUOuABNcANaoA0IuAcP4Ak8W1Pr0XqxXpfRgpXPHIIfsN4+AVedknc=</latexit><latexit sha1_base64="8kklx8zDN81aJhk3CFaonRbHUII=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4GjK11rorunFZwT6gM5RMJm1DM5kxyRTK0O9w40IRt36MO//GTDuCih4IHM45l3tz/JgzpRH6sAorq2vrG8XN0tb2zu5eef+go6JEEtomEY9kz8eKciZoWzPNaS+WFIc+p11/cp353SmVikXiTs9i6oV4JNiQEayN5LlTSlKXm3yA54NyBdmXjTo6cyCy0QIZqVXr5wg6uVIBOVqD8rsbRCQJqdCEY6X6Doq1l2KpGeF0XnITRWNMJnhE+4YKHFLlpYuj5/DEKAEcRtI8oeFC/T6R4lCpWeibZIj1WP32MvEvr5/oYcNLmYgTTQVZLhomHOoIZg3AgElKNJ8Zgolk5lZIxlhiok1PJVPC10/h/6RTtR1kO7e1SvMqr6MIjsAxOAUOuABNcANaoA0IuAcP4Ak8W1Pr0XqxXpfRgpXPHIIfsN4+AVedknc=</latexit><latexit sha1_base64="8kklx8zDN81aJhk3CFaonRbHUII=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4GjK11rorunFZwT6gM5RMJm1DM5kxyRTK0O9w40IRt36MO//GTDuCih4IHM45l3tz/JgzpRH6sAorq2vrG8XN0tb2zu5eef+go6JEEtomEY9kz8eKciZoWzPNaS+WFIc+p11/cp353SmVikXiTs9i6oV4JNiQEayN5LlTSlKXm3yA54NyBdmXjTo6cyCy0QIZqVXr5wg6uVIBOVqD8rsbRCQJqdCEY6X6Doq1l2KpGeF0XnITRWNMJnhE+4YKHFLlpYuj5/DEKAEcRtI8oeFC/T6R4lCpWeibZIj1WP32MvEvr5/oYcNLmYgTTQVZLhomHOoIZg3AgElKNJ8Zgolk5lZIxlhiok1PJVPC10/h/6RTtR1kO7e1SvMqr6MIjsAxOAUOuABNcANaoA0IuAcP4Ak8W1Pr0XqxXpfRgpXPHIIfsN4+AVedknc=</latexit><latexit sha1_base64="8kklx8zDN81aJhk3CFaonRbHUII=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4GjK11rorunFZwT6gM5RMJm1DM5kxyRTK0O9w40IRt36MO//GTDuCih4IHM45l3tz/JgzpRH6sAorq2vrG8XN0tb2zu5eef+go6JEEtomEY9kz8eKciZoWzPNaS+WFIc+p11/cp353SmVikXiTs9i6oV4JNiQEayN5LlTSlKXm3yA54NyBdmXjTo6cyCy0QIZqVXr5wg6uVIBOVqD8rsbRCQJqdCEY6X6Doq1l2KpGeF0XnITRWNMJnhE+4YKHFLlpYuj5/DEKAEcRtI8oeFC/T6R4lCpWeibZIj1WP32MvEvr5/oYcNLmYgTTQVZLhomHOoIZg3AgElKNJ8Zgolk5lZIxlhiok1PJVPC10/h/6RTtR1kO7e1SvMqr6MIjsAxOAUOuABNcANaoA0IuAcP4Ak8W1Pr0XqxXpfRgpXPHIIfsN4+AVedknc=</latexit>

~✓
<latexit sha1_base64="Dc1wX8udc4vPMr790whQq2wuI+Q=">AAAB83icdVDJSgNBEO1xjXGLevTSGARPoSfGGG9BLx4jmAUyIfR0KkmTnoXumkAY8htePCji1Z/x5t/YWQQVfVDweK+Kqnp+rKRBxj6cldW19Y3NzFZ2e2d3bz93cNgwUaIF1EWkIt3yuQElQ6ijRAWtWAMPfAVNf3Qz85tj0EZG4T1OYugEfBDKvhQcreR5YxCph0NAPu3m8qxwVSmzc5eyAptjRkrF8gWj7lLJkyVq3dy714tEEkCIQnFj2i6LsZNyjVIomGa9xEDMxYgPoG1pyAMwnXR+85SeWqVH+5G2FSKdq98nUh4YMwl82xlwHJrf3kz8y2sn2K90UhnGCUIoFov6iaIY0VkAtCc1CFQTS7jQ0t5KxZBrLtDGlLUhfH1K/yeNYsFlBfeulK9eL+PIkGNyQs6ISy5JldySGqkTQWLyQJ7Is5M4j86L87poXXGWM0fkB5y3T7xjkiI=</latexit><latexit sha1_base64="Dc1wX8udc4vPMr790whQq2wuI+Q=">AAAB83icdVDJSgNBEO1xjXGLevTSGARPoSfGGG9BLx4jmAUyIfR0KkmTnoXumkAY8htePCji1Z/x5t/YWQQVfVDweK+Kqnp+rKRBxj6cldW19Y3NzFZ2e2d3bz93cNgwUaIF1EWkIt3yuQElQ6ijRAWtWAMPfAVNf3Qz85tj0EZG4T1OYugEfBDKvhQcreR5YxCph0NAPu3m8qxwVSmzc5eyAptjRkrF8gWj7lLJkyVq3dy714tEEkCIQnFj2i6LsZNyjVIomGa9xEDMxYgPoG1pyAMwnXR+85SeWqVH+5G2FSKdq98nUh4YMwl82xlwHJrf3kz8y2sn2K90UhnGCUIoFov6iaIY0VkAtCc1CFQTS7jQ0t5KxZBrLtDGlLUhfH1K/yeNYsFlBfeulK9eL+PIkGNyQs6ISy5JldySGqkTQWLyQJ7Is5M4j86L87poXXGWM0fkB5y3T7xjkiI=</latexit><latexit sha1_base64="Dc1wX8udc4vPMr790whQq2wuI+Q=">AAAB83icdVDJSgNBEO1xjXGLevTSGARPoSfGGG9BLx4jmAUyIfR0KkmTnoXumkAY8htePCji1Z/x5t/YWQQVfVDweK+Kqnp+rKRBxj6cldW19Y3NzFZ2e2d3bz93cNgwUaIF1EWkIt3yuQElQ6ijRAWtWAMPfAVNf3Qz85tj0EZG4T1OYugEfBDKvhQcreR5YxCph0NAPu3m8qxwVSmzc5eyAptjRkrF8gWj7lLJkyVq3dy714tEEkCIQnFj2i6LsZNyjVIomGa9xEDMxYgPoG1pyAMwnXR+85SeWqVH+5G2FSKdq98nUh4YMwl82xlwHJrf3kz8y2sn2K90UhnGCUIoFov6iaIY0VkAtCc1CFQTS7jQ0t5KxZBrLtDGlLUhfH1K/yeNYsFlBfeulK9eL+PIkGNyQs6ISy5JldySGqkTQWLyQJ7Is5M4j86L87poXXGWM0fkB5y3T7xjkiI=</latexit><latexit sha1_base64="Dc1wX8udc4vPMr790whQq2wuI+Q=">AAAB83icdVDJSgNBEO1xjXGLevTSGARPoSfGGG9BLx4jmAUyIfR0KkmTnoXumkAY8htePCji1Z/x5t/YWQQVfVDweK+Kqnp+rKRBxj6cldW19Y3NzFZ2e2d3bz93cNgwUaIF1EWkIt3yuQElQ6ijRAWtWAMPfAVNf3Qz85tj0EZG4T1OYugEfBDKvhQcreR5YxCph0NAPu3m8qxwVSmzc5eyAptjRkrF8gWj7lLJkyVq3dy714tEEkCIQnFj2i6LsZNyjVIomGa9xEDMxYgPoG1pyAMwnXR+85SeWqVH+5G2FSKdq98nUh4YMwl82xlwHJrf3kz8y2sn2K90UhnGCUIoFov6iaIY0VkAtCc1CFQTS7jQ0t5KxZBrLtDGlLUhfH1K/yeNYsFlBfeulK9eL+PIkGNyQs6ISy5JldySGqkTQWLyQJ7Is5M4j86L87poXXGWM0fkB5y3T7xjkiI=</latexit>

p(~�|~d) / p(~�)

Z
d~✓ p(~d|~✓)ppop(~✓|~�)

<latexit sha1_base64="OgA/uve3LlEcgKhR6/IJj9v7Eo4="></latexit><latexit sha1_base64="OgA/uve3LlEcgKhR6/IJj9v7Eo4="></latexit><latexit sha1_base64="OgA/uve3LlEcgKhR6/IJj9v7Eo4="></latexit><latexit sha1_base64="OgA/uve3LlEcgKhR6/IJj9v7Eo4="></latexit>

Posterior 
distribution

Hyperparameter
prior

Single event
likelihood

Population
likelihood (ML)

 De Luca  et al.  (2021) 

↵CE �b NCE NGC NNSC
<latexit sha1_base64="b3rbtWq3yhHGtMHcGch6hrc5pGI=">AAACUXicbZFLSwMxEMen67u+qh69BIvgQcquCHoUi+ipVLQP6JYlm6ZuMJtdklmxLP2KHvTk9/DiQTF9HLR2QoY/v5khyT9hKoVB130vOAuLS8srq2vF9Y3Nre3Szm7TJJlmvMESmeh2SA2XQvEGCpS8nWpO41DyVvhYHdVbT1wbkah7HKS8G9MHJfqCUbQoKEU+lWlEg9xH/ow2CzUg1avh0D+2i0UiCEeqNr9hBl9X5+LaneVBqexW3HGQ/8KbijJMox6UXv1ewrKYK2SSGtPx3BS7OdUomOTDop8ZnlL2SB94x0pFY266+diRITm0pEf6ibZbIRnT3xM5jY0ZxKHtjClGZrY2gvNqnQz7591cqDRDrtjkoH4mCSZkZC/pCc0ZyoEVlGlh70pYRDVlaD+haE3wZp/8XzRPKp5b8W5PyxeXUztWYR8O4Ag8OIMLuIE6NIDBC3zAF3wX3gqfDjjOpNUpTGf24E846z+dmrTZ</latexit><latexit sha1_base64="b3rbtWq3yhHGtMHcGch6hrc5pGI=">AAACUXicbZFLSwMxEMen67u+qh69BIvgQcquCHoUi+ipVLQP6JYlm6ZuMJtdklmxLP2KHvTk9/DiQTF9HLR2QoY/v5khyT9hKoVB130vOAuLS8srq2vF9Y3Nre3Szm7TJJlmvMESmeh2SA2XQvEGCpS8nWpO41DyVvhYHdVbT1wbkah7HKS8G9MHJfqCUbQoKEU+lWlEg9xH/ow2CzUg1avh0D+2i0UiCEeqNr9hBl9X5+LaneVBqexW3HGQ/8KbijJMox6UXv1ewrKYK2SSGtPx3BS7OdUomOTDop8ZnlL2SB94x0pFY266+diRITm0pEf6ibZbIRnT3xM5jY0ZxKHtjClGZrY2gvNqnQz7591cqDRDrtjkoH4mCSZkZC/pCc0ZyoEVlGlh70pYRDVlaD+haE3wZp/8XzRPKp5b8W5PyxeXUztWYR8O4Ag8OIMLuIE6NIDBC3zAF3wX3gqfDjjOpNUpTGf24E846z+dmrTZ</latexit><latexit sha1_base64="b3rbtWq3yhHGtMHcGch6hrc5pGI=">AAACUXicbZFLSwMxEMen67u+qh69BIvgQcquCHoUi+ipVLQP6JYlm6ZuMJtdklmxLP2KHvTk9/DiQTF9HLR2QoY/v5khyT9hKoVB130vOAuLS8srq2vF9Y3Nre3Szm7TJJlmvMESmeh2SA2XQvEGCpS8nWpO41DyVvhYHdVbT1wbkah7HKS8G9MHJfqCUbQoKEU+lWlEg9xH/ow2CzUg1avh0D+2i0UiCEeqNr9hBl9X5+LaneVBqexW3HGQ/8KbijJMox6UXv1ewrKYK2SSGtPx3BS7OdUomOTDop8ZnlL2SB94x0pFY266+diRITm0pEf6ibZbIRnT3xM5jY0ZxKHtjClGZrY2gvNqnQz7591cqDRDrtjkoH4mCSZkZC/pCc0ZyoEVlGlh70pYRDVlaD+haE3wZp/8XzRPKp5b8W5PyxeXUztWYR8O4Ag8OIMLuIE6NIDBC3zAF3wX3gqfDjjOpNUpTGf24E846z+dmrTZ</latexit><latexit sha1_base64="b3rbtWq3yhHGtMHcGch6hrc5pGI=">AAACUXicbZFLSwMxEMen67u+qh69BIvgQcquCHoUi+ipVLQP6JYlm6ZuMJtdklmxLP2KHvTk9/DiQTF9HLR2QoY/v5khyT9hKoVB130vOAuLS8srq2vF9Y3Nre3Szm7TJJlmvMESmeh2SA2XQvEGCpS8nWpO41DyVvhYHdVbT1wbkah7HKS8G9MHJfqCUbQoKEU+lWlEg9xH/ow2CzUg1avh0D+2i0UiCEeqNr9hBl9X5+LaneVBqexW3HGQ/8KbijJMox6UXv1ewrKYK2SSGtPx3BS7OdUomOTDop8ZnlL2SB94x0pFY266+diRITm0pEf6ibZbIRnT3xM5jY0ZxKHtjClGZrY2gvNqnQz7591cqDRDrtjkoH4mCSZkZC/pCc0ZyoEVlGlh70pYRDVlaD+haE3wZp/8XzRPKp5b8W5PyxeXUztWYR8O4Ag8OIMLuIE6NIDBC3zAF3wX3gqfDjjOpNUpTGf24E846z+dmrTZ</latexit>



Population posterior distributions

 Franciolini  et al.  (2021) 

PBH not the dark matter

Moderate accretion



Key Questions on PBHs in the GW era

• Do (will) PBHs contribute to current (future) GW 
signals?

• What are the smoking-gun signals of PBHs and 
how to distinguish them from astrophysical 
sources?

• Can PBHs account for all the dark matter in the 
universe?



• Merger rate time evolution at high redshifts

• Spin of  PBHs (large spins for large masses)

• Stochastic GW background from PBHs at high 
redshifts

Smoking-gun signals of PBHs 



1 10 100 1000
Total source-frame mass [M�]

0.1

1

10

100

R
ed

sh
ift

Horizon
10% detected
50% detected

2018–12–08

aLIGO
Voyager

ET
CE

100 101

100

101

102

<latexit sha1_base64="L7o1QH9gb/nPF/WNpAxoBlXZ/sM=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mtouJBCl48VrAf0C4lm2bb0CS7JFmhLv0LXjwo4tU/5M1/Y7bdg7Y+GHi8N8PMvCDmTBvX/XYKK6tr6xvFzdLW9s7uXnn/oKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML7N/PYjVZpF8sFMYuoLPJQsZASbTHq6OXP75YpbdWdAy8TLSQVyNPrlr94gIomg0hCOte56bmz8FCvDCKfTUi/RNMZkjIe0a6nEgmo/nd06RSdWGaAwUrakQTP190SKhdYTEdhOgc1IL3qZ+J/XTUx45adMxomhkswXhQlHJkLZ42jAFCWGTyzBRDF7KyIjrDAxNp6SDcFbfHmZtGpV76Jauz+v1K/zOIpwBMdwCh5cQh3uoAFNIDCCZ3iFN0c4L8678zFvLTj5zCH8gfP5A04Ujbw=</latexit>

z > 30

 K. Ng  et al.  (2020) 

⇠ t�34/37(z)
<latexit sha1_base64="XNQ/ntlAbh6Oc5IG53Ca22MZ4rY=">AAAB+3icdVDLTsJAFJ3iC/FVcelmIjHBhdhSEmBHdOMSE3kkUMl0GGDCTNvMTI3Y9FfcuNAYt/6IO//GAWqiRk9yk5Nz7s2993gho1JZ1oeRWVldW9/Ibua2tnd298z9fFsGkcCkhQMWiK6HJGHUJy1FFSPdUBDEPUY63vRi7nduiZA08K/VLCQuR2OfjihGSksDM9+XlEN1E586lTOnmhTvTwZmwSpZjlMp21CTBTSp12tlqwbtVCmAFM2B+d4fBjjixFeYISl7thUqN0ZCUcxIkutHkoQIT9GY9DT1ESfSjRe3J/BYK0M4CoQuX8GF+n0iRlzKGfd0J0dqIn97c/EvrxepUc2NqR9Givh4uWgUMagCOA8CDqkgWLGZJggLqm+FeIIEwkrHldMhfH0K/yftcsm2SvZVpdA4T+PIgkNwBIrABlXQAJegCVoAgzvwAJ7As5EYj8aL8bpszRjpzAH4AePtE/ctkxc=</latexit><latexit sha1_base64="XNQ/ntlAbh6Oc5IG53Ca22MZ4rY=">AAAB+3icdVDLTsJAFJ3iC/FVcelmIjHBhdhSEmBHdOMSE3kkUMl0GGDCTNvMTI3Y9FfcuNAYt/6IO//GAWqiRk9yk5Nz7s2993gho1JZ1oeRWVldW9/Ibua2tnd298z9fFsGkcCkhQMWiK6HJGHUJy1FFSPdUBDEPUY63vRi7nduiZA08K/VLCQuR2OfjihGSksDM9+XlEN1E586lTOnmhTvTwZmwSpZjlMp21CTBTSp12tlqwbtVCmAFM2B+d4fBjjixFeYISl7thUqN0ZCUcxIkutHkoQIT9GY9DT1ESfSjRe3J/BYK0M4CoQuX8GF+n0iRlzKGfd0J0dqIn97c/EvrxepUc2NqR9Givh4uWgUMagCOA8CDqkgWLGZJggLqm+FeIIEwkrHldMhfH0K/yftcsm2SvZVpdA4T+PIgkNwBIrABlXQAJegCVoAgzvwAJ7As5EYj8aL8bpszRjpzAH4AePtE/ctkxc=</latexit><latexit sha1_base64="XNQ/ntlAbh6Oc5IG53Ca22MZ4rY=">AAAB+3icdVDLTsJAFJ3iC/FVcelmIjHBhdhSEmBHdOMSE3kkUMl0GGDCTNvMTI3Y9FfcuNAYt/6IO//GAWqiRk9yk5Nz7s2993gho1JZ1oeRWVldW9/Ibua2tnd298z9fFsGkcCkhQMWiK6HJGHUJy1FFSPdUBDEPUY63vRi7nduiZA08K/VLCQuR2OfjihGSksDM9+XlEN1E586lTOnmhTvTwZmwSpZjlMp21CTBTSp12tlqwbtVCmAFM2B+d4fBjjixFeYISl7thUqN0ZCUcxIkutHkoQIT9GY9DT1ESfSjRe3J/BYK0M4CoQuX8GF+n0iRlzKGfd0J0dqIn97c/EvrxepUc2NqR9Givh4uWgUMagCOA8CDqkgWLGZJggLqm+FeIIEwkrHldMhfH0K/yftcsm2SvZVpdA4T+PIgkNwBIrABlXQAJegCVoAgzvwAJ7As5EYj8aL8bpszRjpzAH4AePtE/ctkxc=</latexit><latexit sha1_base64="XNQ/ntlAbh6Oc5IG53Ca22MZ4rY=">AAAB+3icdVDLTsJAFJ3iC/FVcelmIjHBhdhSEmBHdOMSE3kkUMl0GGDCTNvMTI3Y9FfcuNAYt/6IO//GAWqiRk9yk5Nz7s2993gho1JZ1oeRWVldW9/Ibua2tnd298z9fFsGkcCkhQMWiK6HJGHUJy1FFSPdUBDEPUY63vRi7nduiZA08K/VLCQuR2OfjihGSksDM9+XlEN1E586lTOnmhTvTwZmwSpZjlMp21CTBTSp12tlqwbtVCmAFM2B+d4fBjjixFeYISl7thUqN0ZCUcxIkutHkoQIT9GY9DT1ESfSjRe3J/BYK0M4CoQuX8GF+n0iRlzKGfd0J0dqIn97c/EvrxepUc2NqR9Givh4uWgUMagCOA8CDqkgWLGZJggLqm+FeIIEwkrHldMhfH0K/yftcsm2SvZVpdA4T+PIgkNwBIrABlXQAJegCVoAgzvwAJ7As5EYj8aL8bpszRjpzAH4AePtE/ctkxc=</latexit>

0 10 20 30 40 50 60
10-1

100

101

102

103

• The PBH population would 
imply high-redshift 
observations:   

   No astrophysical contamination     
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Key Questions on PBHs in the GW era

• Do (will) PBHs contribute to current (future) GW 
signals?

• What are the smoking-gun signals of  PBHs and 
how to distinguish them from astrophysical 
sources?

• Can PBHs account for all the dark matter in the 
universe?



PBHs and the stochastic  
background of GWs



The same curvature perturbations giving rise to PBHs are 
unavoidably a source for GWs at second-order in perturbation theory

Potentially observable at current and future GW observatories 
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Power spectrum of GWs:

At second order in comoving curvature perturbation, after averaging over 
the fast oscillating pieces
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PBHs as DM - LISA Serendipity
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The PBH dark matter-LISA serendipity
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Nano-Grav 12.5 year

Millisecond pulsars whose signal sensitive to the stochastic GW background

Cross-correlation of 
timing residuals
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Strong evidence for a stochastic 
common process across 45 pulsars

<latexit sha1_base64="sJlHJEFgyZktyyO+lCIlFk0fkKs="></latexit>

⌦(f) =
2⇡2

3H2
0

A
2
f
2
yr

✓
f

fyr

◆5��

<latexit sha1_base64="tUqNZTv8bsEtnS5Ouan+LZYSmmI=">AAACCnicbVDLSsNAFJ3UV42vqEsXDhahLiyJWHRZdOPOCvYBTSyT6aQdOjMJMxOhhC7d+SfuRBfi1k9w4984bbPQ6oELh3Pu5d57woRRpV33yyosLC4trxRX7bX1jc0tZ3unqeJUYtLAMYtlO0SKMCpIQ1PNSDuRBPGQkVY4vJz4rXsiFY3FrR4lJOCoL2hEMdJG6jr7/jUnfVSOjqCvKIdV6ONerKHn3mXHnjvuOiW34k4B/xIvJyWQo951Pv1ejFNOhMYMKdXx3EQHGZKaYkbGtp8qkiA8RH3SMVQgTlSQTR8Zw0Oj9GAUS1NCw6lq2z9nMsSVGvHQ9HKkB2rem4j/eZ1UR+dBRkWSaiLwbFWUMqhjOMkF9qgkWLORIQhLaq6FeIAkwtqkZ5sYvPmn/5LmScWrVtyb01LtIg+kCPbAASgDD5yBGrgCddAAGDyAJ/ACXq1H69l6s95nrQUrn9kFv2B9fAPuPJem</latexit>

⌦(f) ⇠ 5 · 10�10Possible flat spectrum with amplitude

Nano-Grav 12.5 year



Strong evidence for a stochastic 
common process across 45 pulsars
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Non-conclusive evidence for quadrupolar
Hellings-Downs (HD) correlation pattern (GW footprint)

Need to wait for more data (two years on)

Nano-Grav 12.5 year



 

Can be consistent with a PBH = DM scenario
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Can be consistent with a PBH = DM scenario

10-8 10-6 10-4 10-2 100 102
10-16

10-14

10-12

10-10

10-8

10-6

10-2110-1810-1510-1210-910-610-3100

SKA

PPTA

NANOGrav11
EPTA

LISA

BBO

CEMS

M100 aLIGO

ET

NANOGrav12.5

May be confirmed by LISA



Conclusions

• The era of gravitational wave astronomy has begun 
opening a new window into fundamental physics 
and cosmology

• PBHs may exist and comprise the totality of the 
dark matter, future data will tell us


