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A quick review of PBHs 
PBH formation:  a simple but fine-tuned process

Inflation

Quantum 
fluctuations

Radiation era

Small-size fluctuations 
collapse earlier

and form less massive PBHs 

When a local density fluctuation 
exceeds a threshold value, it collapses 

gravitationally and forms a PBH

Large-size fluctuations 
collapse later

and form more 
massive PBHs

Time evolution 
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2015, SC, J. Garcia-Bellido: hybrid inflation 
Many other models… 

Double fine-tuning problem! 
For Gaussian perturbations, the density of PBH 
depends exponentially on the threshold (𝛿cr): 

� ⌘ ⇢form
PBH

⇢cr
= erfc

✓
�crp
P�

◆
⇡

r
2

⇡

p
P�

�cr
e�

�2cr
2P�

<latexit sha1_base64="aAzI1I7JmyS0JQ8HkPpiiB+C0nI="></latexit>

3



Inflation

Quantum 
fluctuations

Radiation era

Small-size fluctuations 
collapse earlier

and form less massive PBHs 

When a local density fluctuation 
exceeds a threshold value, it collapses 

gravitationally and forms a PBH

Large-size fluctuations 
collapse later

and form more 
massive PBHs

Time evolution 

� 

logP(k)

� 

logk� 

10−5� 

Power  spectrum

� 

clustering
& merging

CMB

Large scales Small scales

Prediction for
standard inflation

Spectrum of density fluctuations after inflation

Our model

Larger fluctuations, 
collapse at later times 
to form more massive PBHs 

BROAD PEAK
= 

broad range of 
PBH masses

Higher peak, 
higher abundance of PBHs

Fluctuation size

Fluctuation 
amplitude 

2019, B. Carr, SC, J. Garcia-Bellido: 
arXiv:1904.02129  

How to solve this fine-tuning? 
Non-Gaussian perturbations 

Gaussian slow-roll power spectrum on all scales 
+ rare large fluctuations in the tail  

of the distribution 
from a stochastic spectator field
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PBH formation at the QCD transition

• Change in the number of relativistic degrees 
of freedom 

• Equation of state reduction, particularly at the 
QCD transition 

• Critical threshold is reduced 
• Boosted PBH formation, resulting in a bumpy 

mass function
Jedamzik, astro-ph/9605152 

Cardal & Fuller, astro-ph/9801103 
Jedamzik & Niemeyer, astro-ph/9901293 

Byrnes, Hindmarsh, Young,  Hawkins, 1801.06138 
Carr, S.C., Garcìa-Bellido, Kühnel, 1906.08217 
De Luca, Franciolini, Riotto et al., 2009.08268 

Jedamzik, 2006.11172, 2007.03565

From known thermal history:
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Figure 1: Relativistic degrees of freedom g⇤ (upper panel) and
equation-of-state parameter w (lower panel), both as a func-
tion of temperature T (in MeV). The grey vertical lines cor-
respond to the masses of the electron, pion, proton/neutron,
W, Z bosons and top quark, respectively. The grey dashed
horizontal lines indicate values of g⇤ = 100 and w = 1/3,
respectively.

where ⌦CDM ⇡ 0.245 and ⌦b ⇡ 0.0456 are the density
parameters of the cold dark matter (CDM) and the
baryons (b), respectively, and Meq ⇡ 2.8⇥1017M� is the
horizon mass at matter-radiation equality. Throughout
this work, we utilise the numerical results for �c from
Musco and Miller [6].

Induced Features in the PBH Mass Spectrum — There
are many inflationary models and these predict a variety
of shapes for �H(M). Some of them — including two-field
inflation models like hybrid inflation [17, 18] — produce
an extended, plateau or dome-like feature. Instead of fo-
cussing on any specific scenario, we here assume a quasi-
scale-invariant spectrum,

�H(M) = AM (1�ns)/4 , (3)

where the spectral index ns and amplitude A are treated
as free phenomenological parameters. Remarkably, it
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Figure 2: The mass spectrum of PBH for a curvature fluc-
tuation with ns = 0.96, 0.97, 0.98. The grey vertical lines
corresponds to the EW and QCD phase transitions and e+e�

annihilation.

turns out that for A = 0.148693 and ns = 0.97, there are
enough PBHs at the mass-scales of 10�6, 1, 30, 106M�
to simultaneously explain four cosmic conundra: (a) all
of the dark matter, (b) the LIGO/Virgo results, (c)
recent microlensing OGLE events towards the Galactic
bulge, and (d) the SMBH seeds required in galactic
nuclei. Figure 2 depicts the corresponding dark-matter
fraction as a function of PBH mass.

Constraints — As shown in Fig. 2, for ns & 0.98,
there is an overproduction of the light PBHs, these
being severely constrained by microlensing experiments,
neutron star and white dwarf abundances in globular
clusters, and extragalactic gamma-ray radiation (REF).
A model with ns . 0.95 [COMPLETE SENTENCE].
Interestingly, the mass distribution for ns ' 0.97 [COM-
PLETE SENTENCE]. Negative running could extend
the possible range of spectral index somewhat, by sup-
pressing the abundance of both light and heavy PBHs,
but in most slow-roll inflationary models, running is ob-
tained at second order in slow-roll parameters. Typically
↵ = dns/d ln k . 10�4, which is not enough to change
the PBH mass distribution dramatically. [IN GENERAL
MODELS (E.G. CRITICAL HIGGS INFLATION) THE
CMB SCALES AND PBH FORMATION ARE DE-
COUPLED AND A ”HALF DOME P(K)” MAY HAVE
PROPERTIES RADICALLY DIFFERENT FROM
THOSE AT CMB. NOT CLEAR THEN WHY DO
WE CONNECT THOSE TWO STAGES.] We do not
consider the limits on the merging rate of subsolar
binaries from Ref. [?] because they use the merging
rates for a monochromatic distribution (REF) and the
rates are suppressed for a wide mass distribution with
fPBH & 0.1, as shown by N-body simulations of Raidal
et al. (REF). Segues-I limit [COMPLETE SENTENCE].
The constraint from each probe of the total PBH

ns = 0.965 
ns = 0.97 
ns = 0.975 
fDM = 1 
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et al. (REF). Segues-I limit [COMPLETE SENTENCE].
The constraint from each probe of the total PBH

‣ Nearly scale-invariant spectrum 
‣ Spectral index: ns = 0.97 
‣ Peak at ~[2-3] Mʘ 
‣ Second peak at ~30 Mʘ 
‣ Two bumps at 10-6 and 106 Mʘ

ns = 0.965 
ns = 0.97 
ns = 0.975 
fDM = 1 
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Hawking radiation Microlensing

Dynamical effects

Accretion Large scale structures

LIGO-Virgo       CMB

Carr & Kuhnel, 2006.02838

๏  Lot of uncertainties: simple assumptions                  
(e.g. clustering, accretion), model dependences… 

✓ Solar mass region excluded by several probes 
✓ No limit on asteroid-masses 
✓ If PBHs + WIMPs (or particle DM) => stronger limits 
     (e.g. [Serpico+20] [Carr+20] [Byrnes+] [Boudaud+21])

De Luca, Franciolini, Riotto et al., 2009.08268 

https://arxiv.org/abs/2009.08268
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• Dark Matter [Chapline 75, Carr+Hawking 75] 

• HSC: short microlensing event [Niikura+17] 

• OGLE: microlensing in galactic center [Mros+17] 

• Quasar micrrolensing in non-aligned galaxies [Hawkins], 
(+microlensing in M31 and SMC/LMC)  

• OGLE+Gaia: BHs in the low mass gap, towards the galactic 
center) [Wyrzykowski+19] 

• Critical radius of ultra-faint dwarf galaxies [SC+17] 

• Core-cusp problem [SC+17, Boldrini+19] 

• LIGO/Virgo (solar-mass and 20-100 solar mass) 

• GW background from pulsar timing arrays [De Luca+19] 

• Subsolar triggers in LIGO-O2 (Phukon+21) 

• X-ray / infrared correlations (Kashlinsky 16)  

• Intermediate-mass and supermassive black holes (one per 
halo and BH-halo mass relation) [Carr+19]

A quick review of PBHs 
Limits vs clues:  a question of point of view

๏Problem microlensing limits ? 
๏  Problem with CMB limits (Serpico+22) ?
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Merger rates



P#b2`p�iBQM�H 1pB/2M+2 7Q` S`BKQ`/B�H "H�+F >QH2b

K�ii2` Bb 2bb2MiB�HHv K�/2 Q7 bQH�`@K�bb S">b- �b QM2 2tT2+ib 7Q` rB/2@K�bb /Bbi`B#miBQMb /m2 iQ � #QQbi2/
S"> 7Q`K�iBQM � i?2 Z*. i`�MbBiBQMX "mi ;Bp2M i?2 mM+2`i�BMiB2b QM i?2 +Hmbi2`BM;- Bi Bb biBHH mM+H2�`
r?B+? #BM�`v 7Q`K�iBQM +?�MM2H U2�`Hv #BM�`B2b Q` iB/�H +�Tim`2 BM +Hmbi2`bV ;Bp2b i?2 /QKBM�Mi K2`;BM;
`�i2b BM i?2 bi2HH�`@K�bb `�M;2X

"2HQr- r2 `2pB2r i?2 KQbi `2+2Mi /2p2HQTK2Mib BM i?2 +�H+mH�iBQM Q7 i?2 K2`;2` `�i2b- 7Q` 2�+? T`Q/m+@
iBQM +?�MM2H- �M/ r2 b?Qr i?�i i?2b2 `�i2b �`2 +QKT�iB#H2 rBi? GA:PfoB`;Q Q#b2`p�iBQMb B7 bQH�`@K�bb
S">b T`QpB/2 i?2 /QKBM�Mi +QMi`B#miBQM iQ i?2 /�`F K�ii2`X

1�`Hv "BM�`B2b � S"> #BM�`v +�M 7Q`K r?2M irQ S">b �`2 7Q`K2/ bm{+B2MiHv +HQb2 iQ 2�+? Qi?2`-
r?B+? `2;mH�`Hv ?�TT2Mb /m2 iQ i?2B` SQBbbQMB�M /Bbi`B#miBQMX h?2 ;`�pBi�iBQM�H BM~m2M+2 Q7 QM2 Q` b2p2`�H
S">b M2�`#v T`2p2Mi i?2 irQ #H�+F ?QH2b iQ /B`2+iHv K2`;2 �M/ BMbi2�/ �HHQr i?2K iQ 7Q`K � #BM�`vX
1p2Mim�HHv- Bi Bb bm{+B2MiHv bi�#H2 �M/ Bi i�F2b Q7 i?2 Q`/2` Q7 i?2 �;2 Q7 i?2 lMBp2`b2 7Q` i?2 irQ #H�+F
?QH2b iQ K2`;2X LQr�/�vb- 7Q` �M �`#Bi`�`v K�bb 7mM+iBQM ԕ	Ԝ
- i?2 /Bz2`2MiB�H S"> K2`;BM; `�i2ԇ΄͘ϝΰЄ ଉ Eᅽ�	E MO Ԝφ E MO Ԝϵ
 Bb ;Bp2M #v _272`2M+2b (NjĜN8)

ԇ΄͘ϝΰЄ � ���  ��ϩ(QDϯ ZS ԕϣϷό	Ԝφ Ԝϵ ԩ
 ԕΘϯ�ϯϨϋ͢Ρ ԕ	Ԝφ
 ԕ	Ԝϵ
ԣ	ԩ
ԣЈ ϯΚ�ϯϨ
ভ Ԝφ � ԜϵԂ૱ মϯϵ�ϯϨ  Ԝφ Ԝϵ	Ԝφ � Ԝϵ
ϵ ϯΚ�ϯϨ � UoXRV

6Q` � KQMQ+?`QK�iB+ K�bb 7mM+iBQM- i?Bb 2tT`2bbBQM `2/m+2b iQ i?2 b�K2 QM2 i?�M BM a�b�FB 2i �HX- 2t+2Ti
7Q` i?2 bmTT`2bbBQM 7�+iQ` ԕϣϷό	ԕϋ͢Ρ Ԝφ Ԝϵ
X

�M�HviB+�H T`2b+`BTiBQMb /2`Bp2/ 7`QK ԃ @#Q/v bBKmH�iBQMb ?�p2 #22M T`QTQb2/ BM _272`2M+2b (Nj- Ne)
iQ +�H+mH�i2 i?Bb bmTT`2bbBQM 7�+iQ`- r?B+? +�M #2 /2+QKTQb2/ BM irQ 7�+iQ`b Ԉφ	ԕϋ͢Ρ Ԝφ Ԝϵ
 �M/Ԉϵ	ԕϋ͢Ρ
X h?2v `2bT2+iBp2Hv +Q``2bTQM/ iQ i?2 `�i2 bmTT`2bbBQM /m2 iQ #BM�`v /Bb`mTiBQM #v M2�`#v
S">b Q` K�ii2` ~m+im�iBQMb- �M/ #v i?2 S"> +Hmbi2`b b22/2/ #v SQBbbQM ~m+im�iBQMb UMQi2 ?2`2 �;�BM-
i?2B` BKTQ`i�M+2VX h?2b2 �M�HviB+�H T`2b+`BTiBQMb ?�p2 #22M +QKT�`2/ rBi? ԃ @#Q/v bBKmH�iBQMb- #mi QMHv
BM i?2 +�b2b Q7 � KQMQ+?`QK�iB+ �M/ � HQ;@MQ`K�H S"> K�bb /Bbi`B#miBQMX �b /Bb+mbb2/ #2HQr- QM2 Kmbi
#2 +�miBQmb r?2M �TTHvBM; i?2K iQ � #`Q�/2` K�bb 7mM+iBQM- 2p2M B7 Bi 2t?B#Bib � ?B;? �M/ b?�`T T2�F �i
i?2 bQH�`@K�bb b+�H2 7`QK i?2 Z*. i`�MbBiBQMX

h?2 }`bi bmTT`2bbBQM 7�+iQ` Bb ;Bp2M #vԈφ ஈ ���� िਓԂϵϋ͢Ρਔ�ਓԂϋ͢Ρਔϵी۽ԃ � Ӹ � ᅼϵծԕϵϋ͢Ρ ϵφ�ϨΚ F կ۽  UoXkV

i?�i +QMbB/2`b #BM�`v /Bb`mTiBQM #v 2Bi?2` K�ii2` ~m+im�iBQMb rBi? � U`2b+�H2/V p�`B�M+2 ᅼϵծ ஂ ����� Q`
#v i?2 MmK#2` Q7 M2�`#v #H�+F ?QH2b ԃ۽ rBi?BM � bT?2`2 �`QmM/ i?2 #BM�`v r?Qb2 `�/Bmb Bb /2i2`KBM2/ #v
i?2 K�tBK�H +QKQpBM; /Bbi�M+2 7Q` i?Bb S"> iQ 7�HH QMiQ U�M/ /Bb`mTiV i?2 #BM�`v #27Q`2 K�ii2`@`�/B�iBQM
2[m�HBivX �M 2biBK�iBQM Bb ԃ۽ � Ԝφ � ԜϵਓԂϋ͢Ρਔ ԕϋ͢Ρԕϋ͢Ρ � ᅼծ  UoXjV

r?2`2 #`�+F2ib /2MQi2b �M �p2`�;2 Qp2` i?2 S"> TQTmH�iBQMX h?2 7mM+iBQM Ӹ 2M+Q/2b i?2 i`�MbBiBQM
#2ir22M i?2 bK�HH@ ԃ۽ �M/ H�`;2@ ԃ۽ HBKBib- �M/ Bb �TT`QtBK�i2/ #v (Ne)

Ӹ ஂ ԕϵϋ͢Ρ ਓԂϵϋ͢Ρਔᅼϵծ ਓԂϋ͢Ρਔϵ စ	�����
అᅺ 6ভ����  ��  �ԕϵϋ͢Ρ� ᅼϵծ মϨΚ�ϵφ  �φ  UoX9V

r?2`2 စ Bb i?2 1mH2` 7mM+iBQM �M/ 6 Bb i?2 +QM~m2Mi ?vT2`;2QK2i`B+ 7mM+iBQMX
h?2 b2+QM/ 7�+iQ` Ԉϵ	ԕϋ͢Ρ
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R3fj8

Early binaries  

2018-2020:   Raidal et al., Hutsi et al.: fsup = 0.0024 if  fPBH = 1:

8
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Merger rates



P#b2`p�iBQM�H 1pB/2M+2 7Q` S`BKQ`/B�H "H�+F >QH2b

K�ii2` Bb 2bb2MiB�HHv K�/2 Q7 bQH�`@K�bb S">b- �b QM2 2tT2+ib 7Q` rB/2@K�bb /Bbi`B#miBQMb /m2 iQ � #QQbi2/
S"> 7Q`K�iBQM � i?2 Z*. i`�MbBiBQMX "mi ;Bp2M i?2 mM+2`i�BMiB2b QM i?2 +Hmbi2`BM;- Bi Bb biBHH mM+H2�`
r?B+? #BM�`v 7Q`K�iBQM +?�MM2H U2�`Hv #BM�`B2b Q` iB/�H +�Tim`2 BM +Hmbi2`bV ;Bp2b i?2 /QKBM�Mi K2`;BM;
`�i2b BM i?2 bi2HH�`@K�bb `�M;2X

"2HQr- r2 `2pB2r i?2 KQbi `2+2Mi /2p2HQTK2Mib BM i?2 +�H+mH�iBQM Q7 i?2 K2`;2` `�i2b- 7Q` 2�+? T`Q/m+@
iBQM +?�MM2H- �M/ r2 b?Qr i?�i i?2b2 `�i2b �`2 +QKT�iB#H2 rBi? GA:PfoB`;Q Q#b2`p�iBQMb B7 bQH�`@K�bb
S">b T`QpB/2 i?2 /QKBM�Mi +QMi`B#miBQM iQ i?2 /�`F K�ii2`X

1�`Hv "BM�`B2b � S"> #BM�`v +�M 7Q`K r?2M irQ S">b �`2 7Q`K2/ bm{+B2MiHv +HQb2 iQ 2�+? Qi?2`-
r?B+? `2;mH�`Hv ?�TT2Mb /m2 iQ i?2B` SQBbbQMB�M /Bbi`B#miBQMX h?2 ;`�pBi�iBQM�H BM~m2M+2 Q7 QM2 Q` b2p2`�H
S">b M2�`#v T`2p2Mi i?2 irQ #H�+F ?QH2b iQ /B`2+iHv K2`;2 �M/ BMbi2�/ �HHQr i?2K iQ 7Q`K � #BM�`vX
1p2Mim�HHv- Bi Bb bm{+B2MiHv bi�#H2 �M/ Bi i�F2b Q7 i?2 Q`/2` Q7 i?2 �;2 Q7 i?2 lMBp2`b2 7Q` i?2 irQ #H�+F
?QH2b iQ K2`;2X LQr�/�vb- 7Q` �M �`#Bi`�`v K�bb 7mM+iBQM ԕ	Ԝ
- i?2 /Bz2`2MiB�H S"> K2`;BM; `�i2ԇ΄͘ϝΰЄ ଉ Eᅽ�	E MO Ԝφ E MO Ԝϵ
 Bb ;Bp2M #v _272`2M+2b (NjĜN8)

ԇ΄͘ϝΰЄ � ���  ��ϩ(QDϯ ZS ԕϣϷό	Ԝφ Ԝϵ ԩ
 ԕΘϯ�ϯϨϋ͢Ρ ԕ	Ԝφ
 ԕ	Ԝϵ
ԣ	ԩ
ԣЈ ϯΚ�ϯϨ
ভ Ԝφ � ԜϵԂ૱ মϯϵ�ϯϨ  Ԝφ Ԝϵ	Ԝφ � Ԝϵ
ϵ ϯΚ�ϯϨ � UoXRV

6Q` � KQMQ+?`QK�iB+ K�bb 7mM+iBQM- i?Bb 2tT`2bbBQM `2/m+2b iQ i?2 b�K2 QM2 i?�M BM a�b�FB 2i �HX- 2t+2Ti
7Q` i?2 bmTT`2bbBQM 7�+iQ` ԕϣϷό	ԕϋ͢Ρ Ԝφ Ԝϵ
X

�M�HviB+�H T`2b+`BTiBQMb /2`Bp2/ 7`QK ԃ @#Q/v bBKmH�iBQMb ?�p2 #22M T`QTQb2/ BM _272`2M+2b (Nj- Ne)
iQ +�H+mH�i2 i?Bb bmTT`2bbBQM 7�+iQ`- r?B+? +�M #2 /2+QKTQb2/ BM irQ 7�+iQ`b Ԉφ	ԕϋ͢Ρ Ԝφ Ԝϵ
 �M/Ԉϵ	ԕϋ͢Ρ
X h?2v `2bT2+iBp2Hv +Q``2bTQM/ iQ i?2 `�i2 bmTT`2bbBQM /m2 iQ #BM�`v /Bb`mTiBQM #v M2�`#v
S">b Q` K�ii2` ~m+im�iBQMb- �M/ #v i?2 S"> +Hmbi2`b b22/2/ #v SQBbbQM ~m+im�iBQMb UMQi2 ?2`2 �;�BM-
i?2B` BKTQ`i�M+2VX h?2b2 �M�HviB+�H T`2b+`BTiBQMb ?�p2 #22M +QKT�`2/ rBi? ԃ @#Q/v bBKmH�iBQMb- #mi QMHv
BM i?2 +�b2b Q7 � KQMQ+?`QK�iB+ �M/ � HQ;@MQ`K�H S"> K�bb /Bbi`B#miBQMX �b /Bb+mbb2/ #2HQr- QM2 Kmbi
#2 +�miBQmb r?2M �TTHvBM; i?2K iQ � #`Q�/2` K�bb 7mM+iBQM- 2p2M B7 Bi 2t?B#Bib � ?B;? �M/ b?�`T T2�F �i
i?2 bQH�`@K�bb b+�H2 7`QK i?2 Z*. i`�MbBiBQMX

h?2 }`bi bmTT`2bbBQM 7�+iQ` Bb ;Bp2M #vԈφ ஈ ���� िਓԂϵϋ͢Ρਔ�ਓԂϋ͢Ρਔϵी۽ԃ � Ӹ � ᅼϵծԕϵϋ͢Ρ ϵφ�ϨΚ F կ۽  UoXkV

i?�i +QMbB/2`b #BM�`v /Bb`mTiBQM #v 2Bi?2` K�ii2` ~m+im�iBQMb rBi? � U`2b+�H2/V p�`B�M+2 ᅼϵծ ஂ ����� Q`
#v i?2 MmK#2` Q7 M2�`#v #H�+F ?QH2b ԃ۽ rBi?BM � bT?2`2 �`QmM/ i?2 #BM�`v r?Qb2 `�/Bmb Bb /2i2`KBM2/ #v
i?2 K�tBK�H +QKQpBM; /Bbi�M+2 7Q` i?Bb S"> iQ 7�HH QMiQ U�M/ /Bb`mTiV i?2 #BM�`v #27Q`2 K�ii2`@`�/B�iBQM
2[m�HBivX �M 2biBK�iBQM Bb ԃ۽ � Ԝφ � ԜϵਓԂϋ͢Ρਔ ԕϋ͢Ρԕϋ͢Ρ � ᅼծ  UoXjV

r?2`2 #`�+F2ib /2MQi2b �M �p2`�;2 Qp2` i?2 S"> TQTmH�iBQMX h?2 7mM+iBQM Ӹ 2M+Q/2b i?2 i`�MbBiBQM
#2ir22M i?2 bK�HH@ ԃ۽ �M/ H�`;2@ ԃ۽ HBKBib- �M/ Bb �TT`QtBK�i2/ #v (Ne)

Ӹ ஂ ԕϵϋ͢Ρ ਓԂϵϋ͢Ρਔᅼϵծ ਓԂϋ͢Ρਔϵ စ	�����
అᅺ 6ভ����  ��  �ԕϵϋ͢Ρ� ᅼϵծ মϨΚ�ϵφ  �φ  UoX9V

r?2`2 စ Bb i?2 1mH2` 7mM+iBQM �M/ 6 Bb i?2 +QM~m2Mi ?vT2`;2QK2i`B+ 7mM+iBQMX
h?2 b2+QM/ 7�+iQ` Ԉϵ	ԕϋ͢Ρ
 +QK2b 7`QK i?2 #BM�`v /Bb`mTiBQM BM 2�`Hv@7Q`KBM; +Hmbi2`b �M/ +�M #2

R3fj8

P#b2`p�iBQM�H 1pB/2M+2 7Q` S`BKQ`/B�H "H�+F >QH2b

�TT`QtBK�i2/ iQ/�v #v Ԉϵ ஈ NJO९� ���  ��ϯ ԕЈӳϩΘϋ͢Ρ FЈӳЈϯ ΰμɞ	ցȴǋȊ
॰ � UoX8V

aQK2 `2/b?B7i /2T2M/2M+2 +�M #2 �HbQ BM+Hm/2/ BM Ԉϵ #mi i?�i /Q2b MQi bB;MB}+�MiHv BKT�+i i?2 K2`;BM;
`�i2b �i HQr `2/b?B7ib +Q``2bTQM/BM; iQ Q#b2`p�iBQMb Uaú"�ahA1L hP *>1*E 6P_ :qRNy8kRVX 6Q`
rB/2 K�bb 7mM+iBQMb- QM2 ?�b iQ #2 +�miBQmb BM mbBM; i?2b2 2tT`2bbBQMb #2+�mb2 i?2 bK�HH@K�bb #H�+F ?QH2b
i2M/ iQ /QKBM�i2 r?2M +�H+mH�iBM; ਓԂϋ͢Ρਔ �M/ ԃ۽ - /m2 iQ i?2B` ?B;?2` MmK#2` /2MbBiv U2p2M r?2M i?2v
/Q MQi +QMi`B#mi2 bB;MB}+�MiHv iQ i?2 iQi�H S"> /2MbBivVX

>Qr2p2`- bm+? HB;?i S">b �`2 MQi 2tT2+i2/ iQ #2 �#H2 iQ /Bb`mTi � KQ`2 K�bbBp2 #BM�`vX GBF2Hv- �
#2ii2` �TT`QtBK�iBQM Bb i?2`27Q`2 iQ +QMbB/2` i?�i QMHv S">b Q7 bBKBH�` K�bb2b +�M /Bb`mTi � #BM�`v-
r?B+? H2�/b iQ ԃ۽ ஈ � �b BM i?2 KQMQ+?`QK�iB+ +�b2X q2 ?�p2 `2T`2b2Mi2/ Ԉφ- Ԉϵ QM 6B;m`2 U_16V �b
� 7mM+iBQM Q7 ԕϋ͢Ρ �b r2HH �b i?2 `2bmHiBM; bmTT`2bbBQM 7�+iQ` ԕϣϷό �M/ i?2 K�tBKmK p�Hm2 Q7 Ԉφ BM i?2
HBKBi ԃ۽  NJO	Ӹ �
- r?B+? Bb BM/2T2M/2Mi Q7 i?2 S"> K�bb2b BM i?2 #BM�`vX

AM T�`iB+mH�`- 7Q` ԃ۽ � � �M/ ԕϋ͢Ρ � � QM2 ;2ib ԕϣϷό ஂ ������ �M/ 7Q` #BM�`B2b rBi? bBKBH�` S">
K�bb2b- QM2 ;2ib K2`;2` `�i2b iQ/�v Q7 Q`/2`ԇ΄͘ϝΰЄ	Ԃϋ͢Ρ
 ஈ ��� ভ Ԃϋ͢ΡԂ૱ মϯϵ�ϯϨ (QDϯ ZSφ � UoXeV

6BM�HHv- H2i mb TQBMi Qmi i?�i H�`;2 mM+2`i�BMiB2b biBHH `2K�BM QM i?2 `�i2 Q7 2�`Hv #BM�`B2b- 2X;X QM i?2
bmTT`2bbBQM 7�+iQ` 7Q` #BM�`B2b rBi? p2`v HQr K�bb `�iBQb- QM i?2 +QMi`B#miBQM iQ i?2 K2`;BM; `�i2b Q7
/Bb`mTi2/ #BM�`B2b U_16 hP o�aEPL1LV i?�i +�M /QKBM�i2 r?2M ԕϋ͢Ρ எ ���- 7`QK i?2 b?�T2 Q7 i?2
K�bb 7mM+iBQM Q` i?2 +Hmbi2`BM; �7i2` K�ii2`@`�/B�iBQM 2[m�HBivX ai`QM; +H�BKb `2HvBM; QM i?2b2 K2`;BM;
`�i2b �`2 i?2`27Q`2 T`Q#�#Hv biBHH T`2K�im`2X L2p2`i?2H2bb- 1[m�iBQM U\\V TQbbB#Hv ;Bp2b � ;QQ/ 2biBK�i2
Q7 i?2 K2`;BM; `�i2b- �i H2�bi BM bQK2 +�b2bX

G�i2 "BM�`B2b S"> #BM�`B2b +�M �HbQ 7Q`K BM +Hmbi2`b #v iB/�H +�Tim`2- BM r?B+? +�b2 i?2 K2`;BM;
`�i2 /Bbi`B#miBQM +�M #2 2z2+iBp2Hv /2b+`B#2/ �b (Rd)ԇΰ͘Ϭ΄	Ԝφ Ԝϵ
 � ԇͩΰϷϣϬ ԕ	Ԝφ
 ԕ	Ԝϵ
 	Ԝφ � Ԝϵ
φЈ�Ϩ	Ԝφ Ԝϵ
Θ�Ϩ ZSφ (QDϯ  UoXdV

r?2`2 ԇͩΰϷϣϬ Bb � b+�HBM; 7�+iQ` i?�i /2T2M/b QM i?2 S"> +Hmbi2`BM; T`QT2`iB2b Ui?2 ivTB+�H ?�HQ K�bb-
bBx2 �M/ pB`B�H p2HQ+BivVX >�HQ K�bb 7mM+iBQMb +QKT�iB#H2 rBi? i?2 bi�M/�`/ ဆ*.J +QbKQHQ;B+�H b+2M�`BQ
ivTB+�HHv H2�/ iQ ԇͩΰϷϣϬӳ ஈ � Ĝ ��- �b mb2/ BM "B`/ 2i �HX (33)X h?Bb Bb �HbQ iQQ HQr iQ 2tTH�BM i?2 `�i2b
Q#b2`p2/ �i i?2 bQH�`@K�bb b+�H2- �M/ �HbQ �`QmM/ �� Ԃ૱ ;Bp2M i?2 H�i2bi Q#b2`p�iBQMbX

>Qr2p2`- r2 �H`2�/v K2MiBQM2/ i?�i SQBbbQM ~m+im�iBQMb BM/m+2 �M �//BiBQM�H +Hmbi2`BM;- �M/ BM
i?Bb +�b2 QM2 +�M b?Qr i?�i KQ`2 `2�HBbiB+ p�Hm2b Q7 ԇͩΰϷϣϬ �`2 M�im`�HHv #2ir22M ��� �M/ ����- r?BH2
p�Hm2 �`QmM/ ��� Bb M22/2/ iQ 2tTH�BM i?2 K2`;BM; `�i2 HBKBib BM72``2/ 7`QK 2t+2TiBQM�H :q 2p2Mib HBF2
:qRNy9k8- :qRNy3R9 �M/ :qRNy8kR rBi? � rB/2 K�bb /Bbi`B#miBQM BKT�+i2/ #v i?2`K�H 2z2+ibX

6`QK i?2 S"> +Hmbi2` T`QT2`iB2b B/2MiB}2/ BM a2+iBQM _16- QM2 +�M BM/22/ 2biBK�i2 ԇͩΰϷϣϬ 2tT`2bb2/ �b
� 7mM+iBQM Q7 i?2 S"> p2HQ+Biv �M/ i?2 2M?�M+2/ HQ+�H /2MbBiv +QMi`�bi ᅮΰπͩ͘ΰ +QKT�`2/ iQ i?2 +QbKQHQ;B+�H
/�`F K�ii2` /2MbBiv- r?B+? ;Bp2bԇͩΰϷϣϬ � �ᅺ ᅮΰπͩ͘ΰ ဇϵε ᅻͩ ӼԒ ভ ��ᅺ�అ� মϵ�Ϩভ Ԓఅ� ԥϾЏϝ মφφ�Ϩগ ZS(QDϯ ঘ � UoX3V

qBi? `2�HBbiB+ p�Hm2b Q7 ᅮΰπͩ͘ΰ � �Ԃ͘ΰπ�	�ᅺ ԡϯ͘ΰπ ᅻЈͶε
 �M/ � pB`B�H p2HQ+BivԥϾЏϝ � ఉӼԂ͘ΰπ�	� ԡ͘ΰπ
 UoXNV

�M/ +Hmbi2`b rBi? Ԃ͘ΰπ � ��ϩ Ԃ૱ �M/ ԡΡ͘ΰπ ஈ �� T+- i?Bb ;Bp2b ԇͩΰϷϣϬ ஈ ��� r?BH2 7Q` Ԃ͘ΰπ � ��Ϩ Ԃ૱
RNfj8

Early binaries  Late Binaries 

2018-2020:   Raidal et al., Hutsi et al.: fsup = 0.0024 if  fPBH = 1:

Standard halo mass function: 

Rclust = 1-10 


Poisson clustering [SC,Garcia-Bellido 20]:   
Rclust = 100-700
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Merger rates
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A quick review of PBHs 
Expected distribution GW detections

0

0.5
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1.5

• Expected normalized distribution of BBH 
merger detections 

• Preliminary results:  Albert Escrivà, Eleni 
Bagui, SC, arXiv release planned next week 

• More accurate simulations/calculations of PBH 
mass function 

• LIGO/Virgo O3 volume sensitivity 
• PBHs can explain BH binaries, except around 

10 solar masses => astrophysical BHs ? 
• Need of population MCMC analysis to explore 

the entire parameter space



A boosted GW background
from PBHs with broad mass distributions

[E. Bagui, SC, 2021]

There exist 2 binary forma9on channels : capture in dense clusters or in the early Universe

In both cases, one obtains the LIGO/Virgo merging rates at the QCD peak

5

A boosted gravita/onal wave background for primordial black holes 
with broad mass distribu/ons and thermal features

Gravita9onal-wave background from late PBH binaries in clusters:
PTA’s LISA Ground-based

Well above monochromatic/lognormal models due to IMBH + solar mass binaries 
Could explain a detection by NANOGrav ?   Alternative:  from 2nd order perturbations 



A boosted GW background
from PBHs with broad mass distributions

Gravita9onal-wave background from early PBH binaries:

Ground-basedLISAPTA’s

6

A boosted gravita/onal wave background for primordial black holes 
with broad mass distribu/ons and thermal features

Ground-based

Well above stellar BH predictions due to solar-mass + planetary-mass binaries 
At the limit of being detected by LIGO/Virgo ! 

O3 limit

stellar BHs + neutron stars

LVK design

Einstein Telescope

PBHs

[E. Bagui, SC, 2021]




Popcorn vs continuous background
How to distinguish primordial and stellar black holes?

9

A GWB can be fully characterised by its frequency spectrum. But different backgrounds can have similar 
spectral proper9es, whereas their behaviour in 9me domain may be rather different. Different behaviours 
lead to different sta9s9cal proper9es of the GWB, and can therefore be used to remove degeneracies in 
frequency domain. A key quan9ty that is used is the duty cycle ∆.

1. Popcorns in the sky: primordial vs stellar-origin black holes and 
neutron stars

Duty cycle: average number of events overlapping at a given 9me. This quan9ty, in the observer frame, 
is defined as the ra9o of the typical dura9on of an event, to the average 9me interval between two 

successive events

Duration of a 
GW signal

Coalescence rate per 
unit of redshift



Popcorn vs continuous background
How to distinguish primordial and stellar black holes?
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Based on the magnitude of the duty cycle, three different regimes can be defined:  

• Δ >> 1, where the overlap of the signals generates a con9nuous, Gaussian, background. 
• Δ << 1, where long periods of silence separate two signals, resul9ng in a shot-noise background. 
• Δ ≃ 1, where the signals may overlap, but their sta9s9cs is no longer Gaussian and the amplitude at a 
given 9me at a detector is not predictable, turning into a popcorn-noise background.

1. Popcorns in the sky: primordial vs stellar-origin black holes and 
neutron stars



Popcorn vs continuous background
How to distinguish primordial and stellar black holes?

1. Popcorns in the sky: primordial vs stellar-origin black holes and 
neutron stars

10

zmax such that�(zmax) = 1
<latexit sha1_base64="2+5eUZBXC6hY3j8ljHoCH2YI1Xk="></latexit>



Popcorn vs continuous background
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• Δ ≃ 1, where the signals may overlap, but their sta9s9cs is no longer Gaussian and the amplitude at a 
given 9me at a detector is not predictable, turning into a popcorn-noise background.
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The popcorn/continuous ratio increases with frequency ! 
Origin:  binaries with low mass ratios and subsolar PBHs

Preliminary!



Popcorn vs continuous background
How to distinguish primordial and stellar black holes?

GW background for late binaries and different models (Braglia et al, 2022)     
with detector-dependence of duty cycle (threshold SNR=8) 

Detector dependent effects for early binaries ?   Work in progress….
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• Broad PBH mass functions lead to a boosted GW background in LIGO/Virgo 
frequency range, potentially detectable in O4

• The frequency dependence of the relative contribution of popcorn and 
continuous backgrounds is a smoking-gun of the existence of subsolar PBHs.

• Need of detector-depend calculations of the duty cycle

• Need to develop methods to extract the duty cycle as a function of frequency
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Duty cycle as a function of the PBH masses
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