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Gravitational waves and Primordial Black Holes
are key predictions of General Relativity 

Curved spacetime is dynamical 
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Current and future sensitivities
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Era of Gravitational Wave Astronomy



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

• Fundamental physics and cosmology: tests of GR, 
exotic compact objects, the nature of dark matter 
and dark energy, towards the Big Bang, …

Era of Gravitational Wave Astronomy



Dark Matter

Rotation curves Large-scale structure CMB anisotropies 



Dark Matter: what is it?

Might it be some non-exotic matter?
In principle yes: Primordial Black Holes (PBHs)



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 PBHs contribute to current and 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?



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

PBHs are rare events, tail of the distribution 

One possible mechanism: large fluctuations from inflation 
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ȧ

a

◆2

= H
2 =

⇢

3M2
Pl

=
E

4
inf

3M2
Pl

) a(t) ⇠ e
Ht

Einf Einf

Inflation



��

�� space expands

Heuristic argument for 
the inflationary perturbations 



H
�1

H
�1

H
�1

�⇢

⇢ ⇠> �c

MPBH ⇠ MH

Where the PBHs may come from?



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

2⇡MPBH

exp

✓
� ln2(MPBH/Mc)
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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) 

�i ⇠ 10�2
p

1� �2

Shape of the density power spectrum

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

Horizons 

with Desjaques  (2018) 
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PBHs = discrete tracers 



Key Questions on PBHs in the GW era

• Do PBHs contribute to current and 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
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GW150914, LIGO (2016)

Waveforms dependent 
on the binary event parameters
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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
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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 
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<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>
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Population posterior distributions

 Franciolini  et al.  (2021) 

PBH not the dark matter

Moderate accretion



Key Questions on PBHs in the GW era

• Do PBHs contribute to current and 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?



• Merger rate time evolution at high redshifts

• Spin of  PBHs (zero spins for large masses)

• Stochastic GW background from PBHs at high 
redshifts

Smoking-gun evidences for PBHs 
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z > 30
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• The PBH population would 
imply high-redshift 
observations:   

   No astrophysical contamination     
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Key Questions on PBHs in the GW era

• Do PBHs contribute to current and 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?



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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h
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GWs from PBHs

h00
ij + 2Hh00

ij �r2hij = O(@i⇣@j⇣)
<latexit sha1_base64="f3ysFkgQLNBjy/dmGqvNrYMXt8Y="></latexit><latexit sha1_base64="f3ysFkgQLNBjy/dmGqvNrYMXt8Y="></latexit><latexit sha1_base64="f3ysFkgQLNBjy/dmGqvNrYMXt8Y="></latexit><latexit sha1_base64="f3ysFkgQLNBjy/dmGqvNrYMXt8Y="></latexit>

�⇢

⇢̄
⇠ r2

⇣

a2H2
<latexit sha1_base64="wV0C26EtO47h3UOIyFqUtwYhF68="></latexit><latexit sha1_base64="wV0C26EtO47h3UOIyFqUtwYhF68="></latexit><latexit sha1_base64="wV0C26EtO47h3UOIyFqUtwYhF68="></latexit><latexit sha1_base64="wV0C26EtO47h3UOIyFqUtwYhF68="></latexit>



PBHs as DM - LISA Serendipity
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The PBH dark matter-LISA serendipity

Bartolo et al. PRL  (2019) 

M ' 10�12M�

✓
fLISA

f

◆2



Nano-Grav 12.5 year

Millisecond pulsars whose signal sensitive to the stochastic GW background

Cross-correlation of 
timing residuals

Sab = �ab
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Strong evidence for a stochastic 
common process across 45 pulsars
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⌦(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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⌦(f) ⇠ 5 · 10�10Possible flat spectrum with amplitude
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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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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


