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A Hot topic!
From 1970 to 2021

Date Of pa per with Primordial black hole(s) / PBH(s) in the title

: ~250 in 2021
41 in 20154\
Hawking, Carr and Chapline :
1970-1975 X
Zel’dovitch and Novikov in 1967
1975 2021

source: InspireHEP
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 How natural is PBH formation ?

e Can (stellar-mass) PBHs be the dark matter ?

* Are LIGO/Virgo black holes primordial? How to distinguish stellar vs
primordial black holes in gravitational-wave (GW) observations ?



1. How natural is PBH formation ?

A simple but fine-tuned process

Quantum
fluctuations

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

Inflation gravitationally and forms a PBH

.. Radiation era

Small-size fluctuations
collapse earlier
and form less massive PBHs
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Large-size fluctuations
collapse later
and form more
massive PBHs
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Quantum
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Spectrum of density fluctuations after inflation
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PBH masses
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Fluctuation

amplitude Larger fluctuations,

' collapse at later times
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collapse ¢ A
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A simple but fine-tuned process

Quantum
fluctuations

Spectrum of density fluctuations after inflation

SN When a local dens
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broad range of
PBH masses

Inflation
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1. How natural is PBH formatlon ?

At the QCD transition 1 T wlooes
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From known thermal history: 0.1001 .

® Change in the number of relativistic degrees
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® Equation of state reduction, particularly at the
QCD transition

® 1S

. . . — : m /it m Mg e .. ,
® Boosted PBH formation, resulting in a bumpy 107 st g ..

mass function 07 000l 10 10
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QCD transition
° 1S f
® Boosted PBH formation, resulting in a bumpy 10 WAL I el T
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Jedamazik, astro-ph/9605152
Cardal & Fuller, astro-ph/9801103 M [M @]
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Byrnes, Hindmarsh, Young, Hawkins, 1801.06138 » Nearly scale-invariant spectrum
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De Luca, Franciolini, Riotto et al., 2009.08268 * Spectral index: ns = 0.97
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» Second peak at ~30 Mo
» Two bumps at 10-¢ and 10 Mo
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1. How natural i1s PBH formatlon ?

At the QCD transition

From known thermal history:

® Change in the number of relativistic degrees

of freedom

® Equation of state reduction, particularly at the
QCD transition

® 1S

® Boosted PBH formation, resulting in a bumpy

mass function

Jedamazik, astro-ph/9605152
Cardal & Fuller, astro-ph/9801103
Jedamzik & Niemeyer, astro-ph/9901293
Byrnes, Hindmarsh, Young, Hawkins, 1801.06138
Carr, S.C., Garcia-Bellido, Kuhnel, 1906.08217
De Luca, Franciolini, Riotto et al., 2009.08268
Jedamzik, 2006.11172, 2007.03565

v Inevitable
v" Naturally leads to stellar-mass PBHs
@ But does not solve the abundance/transition problem

Carr+, 1906.08217
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0100 - =097
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» Nearly scale-invariant spectrum
» Spectral index: ns = 0.97
» Peak at ~[2-3] Mo
» Second peak at ~30 Mo
» Two bumps at 10-¢ and 10 Mo
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1. How natural is PBH formation ?
PBH baryogengesis

Sakharov s Conditions:
® ( and CP violation: of the standard model
e Baryon number violation: sphaleron transitions from >TeV collisions
® [nteractions out of thermal equilibrium: PBH collapse/shock wave
Eletroweak baryogenesis: need of exotic physics.
PBH Baryogenesis: Gravitation
C Explains the abondance of DM/baryon and baryon/photon ratios!

—

jets producing Maximal-local baryon asymmetry: 7) = Ny / Ny ~ dcp(T) > 1
> TeV collisions form

+parton showers Total baryon asymmetry: [ = P II;BH ~ 1077 =~ n
...... : . Qpm v
"o, Horizon-PBH mass ratio: N —— 9
. o ° . Qb 1 _ /7

B. Carr, S.C., J. Garcia-Bellido,
arXiv:1904.11482 and 1904.02129 8
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1. How natural is PBH formation ?
PBH baryogengesis

Sakharov s Conditions:
® ( and CP violation: of the standard model
® Baryon number violation: sphaleron transitions from >TeV collisions
® [nteractions out of thermal equilibrium: PBH collapse/shock wave
Eletroweak baryogenesis: need of exotic physics.
PBH Baryogenesis: Gravitation
C Explains the abondance of DM/baryon and baryon/photon ratios!

—

jets producing Maximal-local baryon asymmetry: 7) = Ny / Ny ~ dcp(T) > 1
> TeV collisions form

+parton showers Total baryon asymmetry: 5 = P ,Io)BH ~ 1077 =7
...... . . QDM Ccr "}/
T, Horizon-PBH mass ratio: N —— )
ce. O 1 — -~

Existence of a shock wave ?
Dilution before BBN ?

B. Carr, S.C., J. Garcia-Bellido, Crude estimations
arXiv:1904.11482 and 1904.02129 8




2. Can (stellar-mass) PBHs be the dark matter?
Poisson in a PBH sea...

Ali-Haimoud 1805.05912

i
e



2. Can (stellar-mass) PBHs be the dark matter?
Poisson in a PBH sea...

Merging rate suppression for early binaries
down to LIGO/Virgo merging rates

due to disruption in or by early clusters
[Raidal+18] Ali-Haimoud 1805.05912

®
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2. Can (stellar-mass) PBHs be the dark matter?
Poisson in a PBH sea...

Merging rate suppression for early binaries

down to LIGO/Virgo merging rates

due to disruption in or by early clusters

[Raidal+18]
Jsup ~ 0.002

N

Ali-Haimoud 1805.05912

High-z clusters: spatial correlations
in IR and X-ray backgrounds
[Kashlinsky 16]

6%)018801& X (fPBHmPBH) X kg

Press-Schechter:
~100% probability to collapse
at z > 20 for small perturbations
Mo PBHSs: halos up to 106 - 107 Mo



2. Can (stellar-mass) PBHs be the dark matter?

POiSSOn in =) PBH seq... High-z clusters: spatial correlations
in IR and X-ray backgrounds
Merging rate suppression for early binaries [Kashlinsky 16]
down to LIGO/Virgo merging rates
due to disruption in or by early clusters 5%018801& X (fpBHMPBH) X ko
'Raidal+18] Ali-Haimoud 1805.05912
oo A 0.002 . @ . Press-Schechter:
sup 7 M- \ @ ° ° ~100% probability to collapse
B / at z > 20 for small perturbations
. . o ® . Mo PBHSs: halos up to 106 - 107 Mo
® ® e
e o ®
o ® ¢® Ultra-faint dwarf galaxies
) . ® min radius ~20 pc and
® ® . . .
® \ large mass-to-light ratios

(dynamical heating + accretion)

0 [S.C.+17, S.C.+20]

d,rhalo 4\/277-‘-GfPBH ‘]\4ln(‘]\4halo/2 M)
d¢ B 2 5 Uyir Thalo

subhalos diluted in larger halos



2. Can (stellar-mass) PBHs be the dark matter?

POiSSOn in 9 PBH seq... High-z clusters: spatial correlations
in IR and X-ray backgrounds
Merging rate suppression for early binaries [Kashlinsky 16]
down to LIGO/Virgo merging rates
due to disruption in or by early clusters 0poisson ¢ (fpBEMPBH) X k°
[Raidal+18] Ali-Haimoud 1805.05912
~ 0.009 - . Press-Schechter:
f sup 7 M- \ ° ° ~100% probability to collapse
e / at z > 20 for small perturbations
. . o ® . Mo PBHSs: halos up to 106 - 107 Mo
¢ ® ‘@
® . ®
o ® ® Ultra-faint dwarf galaxies
) . ® min radius ~20 pc and
® ® . . .
o \ large mass-to-light ratios
(dynamical heating + accretion)
0 ‘ [S.C.+17, S.C.+20]

Boost the merging rate of late binaries A7 4V2 TG fppy M In(M,,,/2 M)

up to LIGO/Virgo rates dt 2 B Vyir Thalo
[S.C.+20] subhalos diluted in larger halos
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2. Can (stellar-mass) PBHs be the dark matter?

POiSSOn in 2] PBH seq High-z clusters: spatial correlations
in IR and X-ray backgrounds
Merging rate suppression for early binaries [Kashlinsky 16]
down to LIGO/Virgo merging rates
due to disruption in or by early clusters 6%018801& X (fpBHMPBH) X ko
[Raidal+18] Ali-Haimoud 1805.05912
Foun A 0.002 S Press-Schechter:
sup 7 M- \ @ ° ~100% probability to collapse
Evade micro-lensing limits [Carr+19] ¢ / at z > 20 for small perturbations
. . . e ® . Mo PBHs: halos up to 106 - 107 Mo
Lensing: @ ® ‘e
flux spans an e o ?
‘Einstein arc’ larger , ¢ * e

than Einstein radius

Ultra-faint dwarf galaxies
min radius ~20 pc and
large mass-to-light ratios

(dynamical heating + accretion)
[S.C.+17, S.C.+20]

Magnification oif [Pzl

due to microlensing
is suppressed

‘Heated’ PBH cluster Boost the merging rate of late binaries Aryharo _ 4V2 TG fpgy M In(My,1,/2 M)
of size ~20 pc up to LIGO/Virgo rates dt 2 8 Vyir Thalo
. [S.C.+20] subhalos diluted in larger halos

Black hole sling-shot away from its host cluster ~10-30% of DM 9




2. Can (stellar-mass) PBHs be the dark matter?

Poisson in a PBH sea...

N-body simulations by Inman & Ali-Haimoud, 1907.08129
MmpeH= 30 Mo, snapshots at z=99

Halos of 106 - 107 Mo

On small scales, completely different than particle-CDM !
Potential implications for 21cm, recombination, etc... [Hasinger+20]

10



2. Can (stellar-mass) PBHs be the dark matter?
Limits vs clues: a question of point of view
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Carr & Kuhnel, 2006.02838
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Limits vs clues: a question of point of view
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Hawking radiation Microlensing

LIGO-Virgo Dynamical effects

¥’ Solar mass region excluded by several probes

¥ No limit on asteroid-masses

v If PBHs + WIMPs (or particle DM) => stronger limits
(e.g. [Serpico+20] [Carr+20] [Byrnes+] [Boudaud+21])


https://arxiv.org/abs/2009.08268
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De Luca, Franciolini, Riotto et al., 2009.08268

M[M,,)]
(00 10-17 10-11 10-° 101 107
\* \ syl |
ALY \
\ V
)
)}
ce | %
= \
C’? 10_2 “ () DH
= ‘{SC
= \
- L}
[ \ ,
I V ‘ LSS
S 104 A \ C Al
Y
N A
S T DI
“ H PA
|
ECGB \ ,' 1
Vo
0—6....|....|....|\._,".‘| L1 P B
10'S 1020 102 103 103 1040  10%

Carr & Kuhnel, 2006.02838
11

Hawking radiation Microlensing

LIGO-Virgo CMB Dynamical effects

Large scale structures

@ Asteroid-mass PBH dark matter => new fine-tuning
@ Poisson clustering often not included in limits

® LIGO/Virgo limits less stringent
@ Microlensing limits evaded if PBHs in clusters
@® Backreactions for wide mass distributions
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Limits vs clues: a question of point of view
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2. Can (stellar-mass) PBHs be the dark matter?
Limits vs clues: a question of point of view

 Dark Matter [Chapline 75, Carr+Hawking 75]

 HSC: short microlensing event [Niikura+17]
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2. Can (stellar-mass) PBHs be the dark matter?

Limits vs clues: a question of point of view

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]

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]

Intermediate-mass and supermassive black holes (one
per halo and BH-halo mass relation) [Carr+19]
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2. Can (stellar-mass) PBHs be the dark matter?
Limits vs clues: a question of point of view

M[M,]

Dark Matter [Chapline 75, Carr+Hawking 75] - 10-17 10-11 10-5 10! 107 1013 1019
HSC: short microlensing event [Niikura+17]
OGLE: microlensing in galactic center [Mros+17]
Quasar micrrolensing in non-aligned galaxies [Hawkins], 2 10-2 e
(+microlensing in M31 and SMC/LMC) S R g

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

o
Critical radius of ultra-faint dwarf galaxies [SC+17] £ 10
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] ® How td e _sub-as’_teroid masses ‘?
Intermediate-mass and supermassive black holes (one @ Tension with Segue_s 1 limit _ _
per halo and BH-halo mass relation) [Carr+19] @ Excluded by CMB limits (but do not include clustering)

Al @ SMBHSs excluded by CMB distortions (for Gaussian fluct).



3. Are LIGO/Virgo black holes primordial ?

Merging rates



3. Are LIGO/Virgo black holes primordial ?

Merging rates

Early binaries

ear 1.6 X 106 53/37 -t(Z>- —34/37
R Y = GpC3 yT fsup(m17 my, Z) PB/H (m1> f(m2> ?
’ ( my 4 m, )32/37 2 my M, 41 —34/37 |
M (my + my)?

03/2016: Sasaki et al (fsup=1): freH < 0.01 for mpen = 30 Mo

2018-2020: Raidal et al., Hutsi et al.: fsup = 0.002 if fpen = 1:

In LIGO/Virgo range for 30 Mo PBHs if feen ~ 0.001 - 0.01
[Riotto+], [Jedamzik 20], [Raidal+], etc...

In the LIGO/Virgo range for solar-mass PBHs fpex = 1
(e.g. GW190425) [Carr+19] [SC+20] [Jedamzik 20]

But: Issue with the rate of disrupted binaries ! (for

monochromatic) slightly above LIGO/Virgo at ~solar-mass
[Vaskonnen+19 ]
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3. Are LIGO/Virgo black holes primordial ?

Merging rates

Early binaries Late Binaries
o 1.6 %108 53/37 t(2)] Y » (m, + m)07
R Y = Gp03 VT fsup (m17 mao, Z) PBH (m1> f(mQ) _? Rl ‘ (m17 m2> — Rclust f(m1> f(m2> (;nl m2§5/7 yr ! Gpc ’ |
e+ ma\ 32T 173487
y ( 1 2) 1M _ | 03/2016: Bird et al.
Mg (my + my)* standard halo mass function (no Poisson clustering):
Rclust =1-10

03/2016: Sasaki et al (fsup=1): fren < 0.01 for mpen = 30 Mo feeH = 1 possible for mpsx = 30 sun

After GTC3: below LIGO/Virgo rates
2018-2020: Raidal et al., Hutsi et al.: fsup = 0.002 if fpen = 1:

In LIGO/Virgo range for 30 Mo PBHs if fpgn ~ 0.001 - 0.01 03/2016: S.C + Garcia-Bellido

[Riotto+], [Jedamzik 20], [Raidal+], etc... Enhanced clustering (UFDG):

In the LIGO/Virgo range for solar-mass PBHSs fpgh = 1 fren = 1 possible 1or mes = 30 Mo
2020: Poisson clustering:

(e.g. GW190425) [Carr+19] [SC+20] [Jedamzik 20] Reust = 100-700

But: Issue with the rate of disrupted binaries ! (for feen = 1 leads to LIGO/Virgo rates at solar-mass scale
monochromatic) slightly above LIGO/Virgo at ~solar-mass only allows fpen ~0.01 at 30 Mo
[Vaskonnen+19 ]
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3. Are LIGO/Virgo black holes primordial ?

Merging rates

100

10

my Mg

Early binaries

QCD
ns = 0.97

frean =1

GW190521

b B S —
S —

100

yr  Gpc3
!
— 1000
100
10

100

10

m; [Mg]

Late Binaries

QCD
ns = 0.97

frean =1

90% CL
best fit

GW190425

GW190521

100
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l 1000
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3. Are LIGO/Virgo black holes primordial ?

Merging rates

Summary and current status:

 Early and late binaries compete at similar level, due to Poisson clustering

At 30 Mo: feen = 1 excluded by LIGO/Virgo (and other limits),
but feen ~ 0.01 - 0.1 plausible (as expected for a QCD transition)

At 2-3 Mo: fpen = 1 possible, both for early and late binaries, but the rate of
disrupted binaries must be suppressed wrt [Vaskonen+19]
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3. Are LIGO/Virgo black holes primordial ?

Masses 071 .00 02 2016-2017 03a+b 2019-2020

GWTCS3 catalog
11/2021

\g

BH progenitors in the pair-instability mass gap
(above 60-70 Mo )

- Mass uncertainties ? After GWTCS3, likely not...

- Secondary mergers ?

1. Need dense environments (globular clusters,

AGN disks)

2. Binaries with 2 black holes from previous

mergers are even more unlikely

3. Why isn’t there a transition ?

4. Velocity kicks are a problem...

- Exotic objects ? 2 and 3 still apply....

eNEEEEN,

(;llll‘l
I
R

>

==IIII
IIE.
-




3. Are LIGO/Virgo black holes primordial ?

Masses 071 .00 02 2016-2017 03a+b 2019-2020

BH progenitors in the low mass gap
(2.5 to 5 Mo)
- Mass uncertainties ?
- BH vs neutron star ?
- The mass gap hypothesis from observation of

X-ray binaries, but no fundamental limitation

For PBHs: could be the transition from the
proton peak to the pion bump

19

GW191103_012549

18 107

GW191105_143521 GW191109_010717 GW191127_050227 GW191129_134029 GW191204_110529 GW191204_171526 GW191215_223052

19 32 76 82 11 61

GW191216 213338 GW191219 163120 GW191222 033537 GW191230_180458 GW200105_162426 GW200112_155838

7.2 71 60 17 63 61 60

GW200115_042309 GW200128_022011 GW200129 065458 GW200202_154313 GW200208_130117 GW200208_222617 GW200209_085452

eNEEEEN,

GWTCS3 catalog
1 1/2021 GW200221(I17092254 GW20027168220804 62 141 64 69

GW200219_094415 GW200220_061928 GW200220_124850 GW200224_222234

32 56 L2 47 59 20 53

GW200225_060421 GW200302_015811 GW200306_093714 GW200308_173609 GW200311_115853 GW200316_215756 GW200322_091133




3. Are LIGO/Virgo black holes primordial ?

Masses 01000 Asymmetric BH progenitors (mass ratio q < 0.25) 03a+b 2019-2020

- Comparable merger rates
63

Wiz0914 «4- Individual spin of primary component very low (<0.07 for GW190814)
- GW190814 abstract:

« the combination of mass ratio, component masses, and the
inferred merger rate for this event challenges all current models of
the formation and mass distribution of compact-object binaries. »

eNEEEEN,
YgegEEnn?

19 18 107 34 20 76 17 45

GW191103_012549 GW191105_143521 GW191109_010717 GW191113 071753 GW191126_115259 GW191127_050227 GW191129_134029 GW191204_110529

19

GW191204_171526

41

GW191215_223052

19 32 76 82 11 61

GW191216_213338 GW191219 163120 GW191222 033537 GW191230_180458 GW200105_162426 GW200112_155838

7.2 71 60 17 63

GW200115_042309 GW200128_022011 GW200129 065458 GW200202_154313 GW200208_130117

61

GW200208_222617

60

GW200209_085452

eNEEREN,

GWTCS3 catalog

1 1/2021 27 78 62 141 64 69 32 56 42 47 59

GW200210_092254 GW200216_220804 GW200219_094415 GW200220_061928 GW200220_124850 GW200224_222234 GW200225_060421 GW200302_015811 GW200306_093714 GW200308_173609 GW200311_115853

20

GW200316_215756

53

GW200322_091133



3. Are LIGO/Virgo black holes Drlmordlal ?

Masses V5 (GMEP/6 1 /f a4 o 1"

Astrophysical range: Raet, = 24 2/3 X 2 926 S j)

{

Late Binaries

Expected distribution 100
of GW observations

with 02 LIGO (L1)

sensitivity BUT: Observation

of mergers
In central blue region

1: peak of the

B. Carr, S.C., J. Garcia- N distribution, seen as
Bellido, F. Kiihnel, 19’ S 10+ NS mergers
without em

counterpart

Next: Bayesian
analysis for GWTC3

Similar distributions
for primordial
binaries,

but less mergers above
~20 solar masses

1 10 100
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3. Are LIGO/Virgo black holes primordial ?

Effective spINsS . = [m1S1 cos(brg, ) + maSs cos(frg, )]/ (m1 + mo)

1.0 10%E Gw150914 K= fallback BH kicks 3 Spin of primary
' - LVT151012 — == (M20) component for
jos L GW151226 - _ - )
 GW170104 - e = ; asymmetric mergers:
— L GW170608
5 7 ewiosta <%= L GW190814: < 0.07
5 | Geneva model Hrf | _; GW191219...: <0.2
3 f § GW200210...: <0.4
o i Lﬁrrl .
T
100 & ' J‘I{ -
N high BH kicks ]
_].O 1 1 1 1 1 1 ) | 1 1 1 B LI[M (M23) |
R (@b OSN & A @ D 1T E 1 Stellar-BH predictions | A few: In some cases
,/\Q‘“' A\Qﬁ' 1N /,;\\ AN x\'-\"‘b f\Qi"' A\Q" NN /\Q‘\ - from C. Belczynski’s talk : _
PRI A AL I I SR F U, . | ,at2018 CERN, warkshop on PBHs - evidence for a
oo e e e e e e K 4 075 -05 -0.25 0 025 05  0.75 1

non-zero
effective spin




107"

1078}

10—10 s

3. How to distinguish primordial vs stellar BHs?

GW backgrounds [Bagui, SC, 2021]

Late Binaries

""" = Early binaries PTA’s LISA Ground-based .-
] | T | | ' , | a e ' 7o
I 0-6 ; ", —— LISA best
\\‘ -------- LISA worst
- : ) Einstein Telescope
) 1 1078} 5 \/ aLIGO/aVirgo (O3)
1,/ aLIGO/aVirgo (02)
| 10 / ~f T - Design HLV
1 107 / N —— Design A+
| | \ Y AR Y AN eEs SKA
1 10714 ' —— ns=0.965
------- : —— ng=0.97
1 stellar BHs + neutrom : n. = 0.975
: . | 10714+ —— EPTA
Einstein Telescope :
, ..~ monochromatic NANOGrav
| 10-16 ‘ o (or lognormal) | | IPTA
5 10 T 50 100 500 10710 1077 104 0.1 100
f[HZ] f[HZ]

Well above stellar BH predictions
due to solar-mass-planetary-mass binaries
At the limit of being detected by LIGO/Virgo !
Next: pop-corn vs continuous regimes...

Well above monochromatic/lognormal models
due to IMBH-solar mass binaries
Could explain a detection by NANOGrav !

22 Alternative: from 2nd order perturbations



3. How to distinguish primordial vs stellar BHs?

Subsolar black holes

TABLE I. The candidates of the scarch with a SNR > 8 and a FAR < 2yr~!. We report here the FAR, In £, the UCT time of
the cvent (date and hours), tecmplate paramecters that pick the events and the associated SNRs.

spinlz spin2z Network SNR H1 SNR L1 SNR

FAR [yr™'] InZ UTC time mass 1 [M]| Jmass 2 [Mg]

0.1674 8.457 2017-03-15 15:51:30 3.062 0.9281 0.08254 -0.09841 8.027 8.027 -
0.2193 8.2 2017-07-10 17:52:43 2.106 0.2759 0.08703  0.0753 8.1567 - 8.157
0.4134 7.585> 2017-04-01 01:43:34 4.897 0.7795 -0.056488 -0.04856 8.672 0.319 5.939
1.2148 6.589 2017-03-08 07:07:18 2.257 0.6997 -Q,memm o aeadTe ©omnr ooned R
| Lirpits forya monpchromatig distributiqn |
Reanalysis of O2 data in 2105.11449 . | ca
with updated merger rates and low mass ratios 100 | " i
A follow-up Is ongoing with parameter estimations -~
O
feen = 1 still allowed by subsolar searches 5
L
0-10% i
0.01; S L S S i
0.2 0.4 0.6 0.8 1.0

23 mppH [Mo]
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o Specific PBH mass or abundance generally requires fine-tuning but more
natural scenarios recently emerged: QCD transition, baryogengesis, non-
gaussian fluctuations...
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Conclusion

Specific PBH mass or abundance generally requires fine-tuning but more
natural scenarios recently emerged: QCD transition, baryogengesis, non-
gaussian fluctuations...

Both clues and limits for fpegy = 1 at the solar-mass scale

GW observations (rate, masses, spins, background) are very intriguing, but not
(yet?) fully convincing

. formation, clustering, accretion, mergers, etc...

Common agreement: finding subsolar black holes is the best way to prove the
existence of PBHs... 4 candidates already found. Stay tuned!
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