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Assumption: 

PBHs are originated from peaks of the  density contrast

PBHs are rare events, tail of the distribution 

�⇢

⇢ ⇠> �c

One possible mechanism: large fluctuations from inflation 
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Lot of work to go beyond the standard  Gaussian lore 
See  I. Musco et al. (2020) for a simple prescription to calculate the threshold,

including horizon crossing non-linear effects 

Assumption: 

PBHs are originated from peaks of the  density contrast



Properties of PBHs at formation



The PBH mass function at formation

Mass distribution dependent on the curvature 
perturbation spectrum and statistical properties

Standard parametrisation
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May have different forms, e.g. if the curvature perturbation
is broad, but still peaked at a given mass

V. De Luca et al. (2020) 



• PBHs originate from peaks, that is from maxima of the local density 
contrast. Need peak theory to obtain the probability distribution of the 
spin

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

• It is a first-order effect in perturbation theory when accounting for the 
fact that the collapse is not spherical

The spin of PBHs at formation is small

De Luca et al. (2018) 
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Shape of the density power spectrum

~� = ~S/GNM2
PBH
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PBHs are not clustered at formation

Horizons 

with V. Desjaques  (2018) 
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PBHs = discrete tracers 



PBHs are not clustered at formation

True also if the PBH mass function is broad
(understandable from the excursion set theory) 

Horizons 

with Dizgah and Franciolini  (2019) 

PBHs = discrete tracers 



GWTC-2 and PBHs
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GW150914, LIGO (2016)

Waveforms dependent 
on the binary event parameters
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(m1 +m2)1/5
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q = m2/m1
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Redshift
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Observed mergers 
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PBH binaries
Formation  

Ovedensity
Collapse 

Binary system
can decouple from

Hubble flow

Accretion
Mergers

Change of PBH 
parameters

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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Bondy-Hoyle accretion from the 
surrounding baryonic fluid
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M. 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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• PBH can experience accretion for 
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M & O(10)M�

• The smaller PBH always experiences a larger relative accretion

Accretion onto PBH binaries



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

Fitting the GWTC-2 large mass tail 
will push towards smaller central masses of the mass function



Large impact on masses, 
depending on the strength

of accretion
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Evolution of the mass ratio 
distribution towards equal-masses

Same MF initial width, at larger masses

PBH mass  evolution in binaries



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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�̇ = g(�)
Ṁ

M
by solving the geodesic model of disk accretion

PBH spin evolution

Bardeen et al.  (1972) 
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Spins pushed towards extremality

V. 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

M. Raidal et al  (2018) 

 V. De Luca et al.  (2020) 



GWTC-2=O1+O2+O3a



Hierarchical Bayesian inference and ML

Event parameters 

Population Hyperparameters 

m1
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�eff
<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
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Population posterior distribution

<latexit sha1_base64="IMT15k360meJuKMFxe2RcP9Ds/Q=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRLxuSu4cVOoYB/QhDCZTNqhM5k4MxFqKP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPWHKqNKO820tLC4tr6yW1srrG5tb2/bObkuJTGLSxIIJ2QmRIowmpKmpZqSTSoJ4yEg7HFyP/fYDkYqK5E4PU+Jz1EtoTDHSRgrs/XqAPUU5uYfuOawHnoiEDuyKU3UmgPPELUgFFGgE9pcXCZxxkmjMkFJd10m1nyOpKWZkVPYyRVKEB6hHuoYmiBPl55PrR/DIKBGMhTSVaDhRf0/kiCs15KHp5Ej31aw3Fv/zupmOL/2cJmmmSYKni+KMQS3gOAoYUUmwZkNDEJbU3ApxH0mEtQmsbEJwZ1+eJ62TqntWdW5PK7WrIo4SOACH4Bi44ALUwA1ogCbA4BE8g1fwZj1ZL9a79TFtXbCKmT3wB9bnDyoPlF0=</latexit>

Mc ' 16M�
<latexit sha1_base64="rQhvx2hjQ8jFR/4i2GjCRgGbDKc=">AAAB+nicbVDLTsMwENyUVymvFI5cLCokTlGCKI9bJS4ci0QfUhtVjuu0Vu0k2A6oCv0ULhxAiCtfwo2/wW1zgJaRdjWa2ZXXEyScKe2631ZhZXVtfaO4Wdra3tnds8v7TRWnktAGiXks2wFWlLOINjTTnLYTSbEIOG0Fo+up33qgUrE4utPjhPoCDyIWMoK1kXp2uavYQGDTBb1HrlM979kV13FnQMvEy0kFctR79le3H5NU0EgTjpXqeG6i/QxLzQink1I3VTTBZIQHtGNohAVVfjY7fYKOjdJHYSxNRRrN1N8bGRZKjUVgJgXWQ7XoTcX/vE6qw0s/Y1GSahqR+UNhypGO0TQH1GeSEs3HhmAimbkVkSGWmGiTVsmE4C1+eZk0Tx2v6ri3Z5XaVR5HEQ7hCE7AgwuowQ3UoQEEHuEZXuHNerJerHfrYz5asPKdA/gD6/MH/FmTIQ==</latexit>

� ' 0.56
<latexit sha1_base64="KcJru4fcCrPwT2KH1jMnrTT7B7U="></latexit>

fPBH ' 3 · 10�3

<latexit sha1_base64="s5ip9NgoQqHn/1V1AkdbUDKc+1U=">AAACCXicbVA9SwNBEN3zM8avqKXNYhBsDHeiqF3AxjKC+YBcCHubuWRxb+/cnRPjkdbGv2JjoYit/8DOf+Pmo9DEBwOP92aYmRckUhh03W9nbn5hcWk5t5JfXVvf2CxsbddMnGoOVR7LWDcCZkAKBVUUKKGRaGBRIKEe3FwM/fodaCNidY39BFoR6yoRCs7QSu0CfWj7CPeY+ShUn/IUD+MwHFDfiAhu6ZHbLhTdkjsCnSXehBTJBJV24cvvxDyNQCGXzJim5ybYyphGwSUM8n5qIGH8hnWhaaliEZhWNvpkQPet0qFhrG0ppCP190TGImP6UWA7I4Y9M+0Nxf+8ZorhWSsTKkkRFB8vClNJMabDWGhHaOAo+5YwroW9lfIe04yjDS9vQ/CmX54ltaOSd1Jyr46L5fNJHDmyS/bIAfHIKSmTS1IhVcLJI3kmr+TNeXJenHfnY9w650xmdsgfOJ8/ITiZ6Q==</latexit>

zcut-off ' 20

0.3

0.4

0.5

0.6

0.7

-2.9

-2.7

-2.5

-2.3

-2.1

5 10 15 20 25
10

15

20

25

30

0.3 0.4 0.5 0.6 0.7 -2.9 -2.7 -2.5 -2.3 -2.1 10 15 20 25 30

• PBHs are not the dark matter
• Preference for a mild accretion



Prediction for the effective spin distribution
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PBH population properties

N.B.: LIGO/Virgo models are not astrophysical,
which will introduce correlations among the
event parameters, see 2011.03564, 2011.05332 
for  recent analysis
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The LIGO/Virgo events can be all PBHs
not the dark matter in the universe

Accretion alleviates early-Universe bounds 

by shifting them to higher late-time masses 

Clustering may not change the result

(accretion bounds at high redshifts)
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Conclusions

• All GWTC-2 events may be  PBHs, but PBHs are 
not the dark matter in the LIGO/Virgo mass band


