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A Hot topic ! 
From 1970 to 2021

41 in 2015

~250 in 2021

with Primordial black hole(s) / PBH(s) in the title

Hawking, Carr and Chapline 
1970-1975 

Zel’dovitch and Novikov in 1967

source:  InspireHEP2
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Outline

• How natural is PBH formation ?

• 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 ?

4



1. How natural is 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):
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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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1. How natural is 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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‣ Nearly scale-invariant spectrum

‣ Spectral index: ns = 0.97
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1. How natural is PBH formation ?
PBH baryogengesis

8

B. Carr, S.C., J. Garcìa-Bellido, 

arXiv:1904.11482 and 1904.02129

Sakharov’s Conditions:

• C and CP violation: of the standard model

• Baryon number violation:  sphaleron transitions from >TeV collisions

• Interactions out of thermal equilibrium: PBH collapse/shock wave

Eletroweak baryogenesis:  need of exotic physics. 

PBH Baryogenesis:  Gravitation 

Explains the abondance of DM/baryon and baryon/photon ratios!


⌦DM

⌦b
⇡ �

1� �
' 5

� ⌘ ⇢form
PBH

⇢cr
⇡ 10�9 ⇡ ⌘

Maximal-local baryon asymmetry: ⌘ ⌘ nb/n� ⇠ �CP(T ) � 1
<latexit sha1_base64="EZBvwae7IbvhrAcQzD3sE1ggv6I="></latexit>

Horizon-PBH mass ratio:

Total baryon asymmetry:
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✓Resolves dark matter, baryogengesis, coincidences, fine-
tunings problems
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Horizon-PBH mass ratio:

Total baryon asymmetry:

๏ Existence of a shock wave ?   

๏ Dilution before BBN ?

๏ Crude estimations

✓Resolves dark matter, baryogengesis, coincidences, fine-
tunings problems
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Merging rate suppression for early binaries  
down to LIGO/Virgo merging rates


due to disruption in or by early clusters

[Raidal+18]
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fsup ⇡ 0.002
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Merging rate suppression for early binaries  
down to LIGO/Virgo merging rates


due to disruption in or by early clusters

[Raidal+18]


High-z clusters: spatial correlations 
in IR and X-ray backgrounds 

[Kashlinsky 16]

9

Press-Schechter:

~100% probability to collapse 
at z > 20 for small perturbations


Mʘ PBHs: halos up to 106 - 107 Mʘ  

fsup ⇡ 0.002
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Merging rate suppression for early binaries  
down to LIGO/Virgo merging rates


due to disruption in or by early clusters

[Raidal+18]


High-z clusters: spatial correlations 
in IR and X-ray backgrounds 

[Kashlinsky 16]

Ultra-faint dwarf galaxies 
min radius ~20 pc and 


large mass-to-light ratios 

 (dynamical heating + accretion) 


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


subhalos diluted in larger halos
9
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Press-Schechter:

~100% probability to collapse 
at z > 20 for small perturbations
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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]


High-z clusters: spatial correlations 
in IR and X-ray backgrounds 

[Kashlinsky 16]

Ultra-faint dwarf galaxies 
min radius ~20 pc and 


large mass-to-light ratios 

 (dynamical heating + accretion) 


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


subhalos diluted in larger halos

Boost the merging rate of late binaries 
up to LIGO/Virgo rates 


[S.C.+20]
9

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

�++Q`/BM; iQ i?2 U2ti2M/2/V S`2bb@a+?2+?i2` 7Q`K�HBbK (*Ah�hAPL)- i?2 7`�+iBQM Q7 ~m+im�iBQMb i?�i
+QHH�Tb2 BMiQ ?�HQb rBi? � K�bb Ԃ΢͘ΰπ Bb ;Bp2M #vӻ	Ԃ΢͘ΰπ
 ԩ
 � FSGD঳ ᅮ΢͘ΰπϬ΢అ� ᅼ	Ԃ΢͘ΰπ
 ԩ
঴ 
 UAAXeV

r?2`2 ᅮ΢͘ΰπϬ΢ ஂ ����� Bb i?2 Qp2`/2MbBiv i?`2b?QH/ H2�/BM; iQ i?2 +QHH�Tb2 �M/ᅼϵ	Ԃ΢͘ΰπ
 ԩ
 � ௷E MO Ԛ Ԛϯ�ᅺϵ ԅ 	Ԛ
 ԩ
 Ԍ	Ԛ
 
 UAAXdV

rBi? Ԍ	Ԛ
 � rBM/Qr 7mM+iBQM- +QKKQMHv � iQT@?�i #2ir22M Ԛ �M/ Ԛ � MO ԚX
AM 6B;m`2 \\ (hP "1 �..1.)- r2 ?�p2 `2T`2b2Mi2/ i?2 2tT2+i2/ p�Hm2 Q7 ӻ	Ԃ΢͘ΰπ
 ԩ � �
 7Q` i?2

T`2pBQmb 2t�KTH2 UԂ � � Ԃ૱- ԕϋ͢Ρ � �VX PM2 +�M b22 i?�i ӻ	Ԃ΢͘ΰπ � ��ϩ Ԃ૱
 Bb p2`v +HQb2 iQ mMBivX
h?Bb K2�Mb i?�i �HKQbi �HH i?2 ~m+im�iBQMb #2HQr i?Bb b+�H2 ?�p2 +QHH�Tb2/ iQ 7Q`K S"> +Hmbi2`bX �
+Q`QHH�`v Bb i?�i �HKQbi �HH S">b 2M/2/ mT �i bQK2 iBK2 BM i?2 +QbKB+ ?BbiQ`v BM bm+? +Hmbi2`bX h?Bb
T`QpB/2b �M 2biBK�iBQM 7Q` i?Bb KQ/2H Q7 i?2 K�tBKmK +Hmbi2`BM; b+�H2- �`QmM/ ��ϩ Ĝ ��Ϩ Ԃ૱X

A7 QM2 M�śp2Hv 2ti`�TQH�i2b i?2 S`2bb@a+?2+?i2` 7Q`K�HBbK iQ bK�HH2` b+�H2b- QM2 rQmH/ 2M/ mT rBi? i?2
+QM+HmbBQM i?�i bK�HH2` ?�HQb �`2 7Q`K2/ BMbB/2 H�`;2` ?�HQb- BM � b2H7@bBKBH�` r�v /QrM iQ i?2 S"> b+�H2X
>Qr2p2`- QM2 BM;`2/B2Mi Bb biBHH KBbbBM; BM i?Bb TB+im`2 Q7 S"> +Hmbi2`BM;, � HQr2` #QmM/ QM i?2 S"> ?�HQ
K�bb �`Bb2b 7`QK i?2 7�+i i?�i bm#@?�HQb �`2 /vM�KB+�HHv mMbi�#H2 �M/ 2tT�M/ mMiBH i?2v �`2 +QKTH2i2Hv
/BHmi2/ BM i?2B` ?Qbi ?�HQX

�M 2biBK�iBQM Q7 i?Bb HQr2` #QmM/ r�b 2biBK�i2/ #v �7b?Q`/B 2i �HX- #�b2/ QM � `Qm;? 2biBK�iBQM Q7
i?2 2p�TQ`�iBQM iBK2 ԣ΄Ͼ- HBMF2/ iQ i?2 `2H�t�iBQM iBK2 ԣϝ΄ΰ Q7 � ?�HQ Q7 ԃ Q#D2+ib

ԣ΄Ͼ ୽ ��� ԣϝ΄ΰ ୽ ��� ঳ ���� ԃMO	���� ԃ
঴ ఌ ԡϯ΢͘ΰπӼԂ΢͘ΰπ 
 UAAX3V

r?2`2 ԡ΢͘ΰπ Bb i?2 ?�HQ K2/B�M `�/Bmb- 2biBK�i2/ 7Q` � i`mM+�i2/ bBM;mH�` BbQi?2`K�H bT?2`2 KQ/2H �bԡ΢͘ΰπ ஂ 	� ӼԂ΢͘ΰπ
φ�ϯ ဇϵ�φΘε	��ᅺ
ϵ�ϯ ԣϵ�ϯЈ � � ԩ� � ԩΒπϝζ � UAAXNV

6Q` BMbi�M+2- QM2 ;2ib ԡ΢͘ΰπ ஈ ��T+ 7Q` ԩΒπϝζ � �� �M/ Ԃ΢͘ΰπ � ��ϩ Ԃ૱- r?B+? `Qm;?Hv +Q``2bTQM/b iQ
i?2 Q#b2`p2/ KBMBKmK bBx2 Q7 mHi`�@7�BMi@/r�`7 ;�H�tB2bX h?Bb ;Bp2b � HQr2` #QmM/ QM i?2 ?�HQ K�bb
2biBK�i2/ �b ԂζЏμ΢͘ΰπ ஂ � ੎ ��ϯ ԂԂ૱ 	� � ԩ
਷φ 
 UAAXRyV

BX2X �`QmM/ ��Κ Ԃ૱ BM Qm` 2t�KTH2 KQ/2HX
� `2}M2/ 2biBK�iBQM Q7 i?2 ivTB+�H /vM�KB+�H ?2�iBM; iBK2 ԣͷЄμ r�b Q#i�BM2/ BM _272`2M+2 (j8) #v

bQHpBM; E ԡ΢͘ΰπEԣ � �అ� ᅺ Ӽ ԕϋ͢Ρ Ԃ MO	Ԃ΢͘ΰπ�� Ԃ
� ᅬ ԥϾЏϝ ԡ΢͘ΰπ 
 UAAXRRV

r?2`2 ԥϾЏϝ Bb i?2 ?�HQ pB`B�H p2HQ+Biv �M/ ᅬ ஈ �� Bb � T�`�K2i2` /2T2M/BM; QM i?2 ?�HQ T`Q}H2X AM 6B;m`2
U_16V r2 b?Qr ԣͷЄμ Q#i�BM2/ rBi? i?Bb K2i?Q/ �b � 7mM+iBQM Q7 i?2 Ubm#@V?�HQ K�bb �M/ `�/Bmb iQ }M/
i?�i K�bb2b #2HQr ��ϩ Ԃ૱ �`2 /vM�KB+�HHv mMbi�#H2 Qp2` iBK2 T2`BQ/b +QKT�`�#H2 iQ i?2 �;2 Q7 i?2
lMBp2`b2X h?2 +Q``2bTQM/BM; `�/Bmb Bb �#Qmi �� T+ #mi � KQ`2 �/2[m�i2 2biBK�iBQM Kmbi �HbQ i�F2b BMiQ
�++QmMi i?2 2tBbi2M+2 Q7 � +2Mi`�H BMi2`K2/B�i2@K�bb #H�+F ?QH2 UTQbbB#Hv � S"> BM i?2 ?B;?@K�bb i�BH Q7
i?2B` /Bbi`B#miBQMV- r?B+? +�M ivTB+�HHv +?�M;2 ԂζЏμ΢͘ΰπ �M/ i?2 +Q``2bTQM/BM; ԡζЏμ΢͘ΰπ #v Q`/2`@QM2 7�+iQ`bX

dfj8

Press-Schechter:

~100% probability to collapse 
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Macho/EROS 

90% PBH in clusters

10% uniformy dist.


Star from the 

LMC/SMC

‘Heated’ PBH cluster
of size ~20 pc 

Magnification 

due to microlensing

is suppressed

Lensing:
flux spans an 


‘Einstein arc’ larger 
than Einstein radius

of PBHs

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


High-z clusters: spatial correlations 
in IR and X-ray backgrounds 

[Kashlinsky 16]

Ultra-faint dwarf galaxies 
min radius ~20 pc and 


large mass-to-light ratios 

 (dynamical heating + accretion) 


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


subhalos diluted in larger halos

Evade micro-lensing limits  [Carr+19]

Boost the merging rate of late binaries 
up to LIGO/Virgo rates 


[S.C.+20]
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~100% probability to collapse 
at z > 20 for small perturbations


Mʘ PBHs: halos up to 106 - 107 Mʘ  

fsup ⇡ 0.002
<latexit sha1_base64="oEbmQ4On57RGQ1jEDqZN6z13MNI="></latexit>

�2
Poisson

/ (fPBHmPBH)⇥ k3
<latexit sha1_base64="Rm7esFPgLaybzF9Hr1aKtV3oCjQ="></latexit>
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FIG. 1: The matter field at z = 99 for various PBH fractions. The PDM density field is represented by the colormap with
white points indicating PBH locations. The slice width is 1/16 the box size, just under 2kpc/h. Could you also show f = 1 at
several redshifts, so we see the evolution of clustering out of initial random distribution? Also, is it a visual e↵ect, or the PBHs
seems to be in “filaments” in the fpbh = 10�2 simulation. These filaments seem to follow the PDM initial overdensity ridges?
Finally, I recommend moving the single-PBH simulation separately, and zooming in, and adding the fpbh = 10�1/2 simulation
instead. We keep saying that things happen above f ⇠ 10�1, so we should show the simulation!

snapshots at z = 99, slice width = 3 kpc

2. Can (stellar-mass) PBHs be the dark matter?
Poisson in a PBH sea…
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snapshots at z = 99, slice width = 3 kpcN-body simulations by Inman & Ali-Haimoud, 1907.08129

 mPBH= 30 Mʘ, snapshots at z=99
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On small scales, completely different than particle-CDM ! 
Potential implications for 21cm, recombination, etc… [Hasinger+20]

Halos of 106 - 107 Mʘ
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✓ 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
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Carr & Kuhnel, 2006.02838

๏  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

✓ Solar mass region excluded by several probes

✓ No limit on asteroid-masses
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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]

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

๏  How to avoid sub-asteroid masses ?   

๏  Tension with Segues 1 limit

๏  Excluded by CMB limits (but do not include clustering) 

๏  SMBHs excluded by CMB distortions  (for Gaussian fluct).
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R3fj8

Early binaries  

03/2016:   Sasaki et al (fsup=1):  fPBH < 0.01 for mPBH = 30 Mʘ 

In LIGO/Virgo range for 30 Mʘ PBHs if fPBH ~ 0.001 - 0.01 
[Riotto+], [Jedamzik 20], [Raidal+], etc… 
In the LIGO/Virgo range for solar-mass PBHs fPBH = 1     
(e.g. GW190425)  [Carr+19] [SC+20] [Jedamzik 20]

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

But:  Issue with the rate of disrupted binaries ! (for 
monochromatic) slightly above LIGO/Virgo at ~solar-mass


[Vaskonnen+19 ]
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੎ভ Ԝφ � ԜϵԂ૱ ম਷ϯϵ�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 ম঴਷ϨΚ�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 ԕ਷ЈӳϩΘϋ͢Ρ 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
 �
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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;
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Θ�Ϩ ZS਷φ (QD਷ϯ 
 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 � �Ԃ΢͘ΰπ�	�ᅺ ԡϯ΢͘ΰπ ᅻЈͶε
 �M/ � pB`B�H p2HQ+BivԥϾЏϝ � ఉӼԂ΢͘ΰπ�	� ԡ΢͘ΰπ
 UoXNV

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

Early binaries  Late Binaries 

03/2016:   Sasaki et al (fsup=1):  fPBH < 0.01 for mPBH = 30 Mʘ 

In LIGO/Virgo range for 30 Mʘ PBHs if fPBH ~ 0.001 - 0.01 
[Riotto+], [Jedamzik 20], [Raidal+], etc… 
In the LIGO/Virgo range for solar-mass PBHs fPBH = 1     
(e.g. GW190425)  [Carr+19] [SC+20] [Jedamzik 20]

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

But:  Issue with the rate of disrupted binaries ! (for 
monochromatic) slightly above LIGO/Virgo at ~solar-mass


[Vaskonnen+19 ]

03/2016:   Bird et al.

standard halo mass function (no Poisson clustering):  


Rclust = 1-10 

fPBH = 1 possible for mPBH = 30 sun  
After GTC3: below LIGO/Virgo rates

03/2016:   S.C + Garcia-Bellido

Enhanced clustering (UFDG):  
fPBH = 1 possible for mPBH = 30 Mʘ

2020:  Poisson clustering:   

Rclust = 100-700

fPBH = 1 leads to LIGO/Virgo rates at solar-mass scale 
only allows fPBH ~0.01 at 30 Mʘ 
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3. Are LIGO/Virgo black holes primordial ? 
Merging rates

Early binaries  Late Binaries 

Consistent 

with subsolar BH limits

+ motivation to extend 


sub-solar searches

best fit

90% CLbest fit
90% CL

GW190425 GW190814

GW190521

QCD

ns = 0.97

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


• At 2-3 Mʘ:  fPBH = 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 
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DEPUIS 2015
DÉTECTIONS D'ONDES GRAVITATIONNELLES

01 2015-2016 2016-2017 2019-202002 03a+bPÉRIODES
D'OBSERVATION

LES UNITÉS SONT 
EN MASSE SOLAIRE
1 MASSE SOLAIRE = 1.989 X 10^30KG

GW191219_163120
32

31 1.2

TROU NOIR ÉTOILE À NEUTRONS
(VU AVEC UN GROSSISSEMENT X10)

ASTRE INDÉTERMINÉ

SECONDE MASSE

DATE(_HEURE)

PREMIÈRE MASSE

MASSE FINALE

L'estimation des masses n'inclut pas les incertitudes de mesure. C'est  
pourquoi la masse finale peut parfois etre supérieure à la somme des  
masses des astres qui ont fusionné. En réalité, la masse finale reste  
toujours inférieure à la somme des masses des astres qui ont fusionné.

Les événements recensés ici ont passé un des 2 critères de détection 
suivants : ils ont soit une probabilité de plus de 50% d'être d'origine  
astrophysique, soit un taux de fausse alarme inférieur à 1 tous les 3  ans.

LÉGENDE
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3. Are LIGO/Virgo black holes primordial ? 
Masses 

GW150914
63

36 31

GW151012
36

23 14

GW151226
21

14 7.7

GW170104
49

31 20

GW170608
18

11 7.6

GW170729
80

50 34

GW170809
56

35 24

GW170814
53

31 25

GW170817

<2.8

1.5 1.3

GW170818
60

35 27

GW170823
65

40 29

GW190403_051519
105

88 22

GW190408_181802
41

25 18

GW190412
37

30 8.3

GW190413_052954
56

35 24

GW190413_134308
76

48 32

GW190421_213856
70

41 32

GW190425
3.2

2 1.4

GW190426_190642
175

107 77

GW190503_185404
69

43 28

GW190512_180714
35

23 13

GW190513_205428
52

36 18

GW190514_065416
65

39 28

GW190517_055101
59

37 25

GW190519_153544
101

66 41

GW190521
156

95 69

GW190521_074359
71

42 33

GW190527_092055
56

37 23

GW190602_175927
111

69 48

GW190620_030421
87

57 36

GW190630_185205
56

35 24

GW190701_203306
90

54 41

GW190706_222641
99

67 38

GW190707_093326
19

12 8.4

GW190708_232457
30

18 13

GW190719_215514
55

37 21

GW190720_000836
20

13 7.8

GW190725_174728
17

12 6.4

GW190727_060333
64

38 29

GW190728_064510
20

12 8.1

GW190731_140936
67

42 29

GW190803_022701
62

37 27

GW190926_053336
61

40 23

GW190929_012149
102

81 24

GW190930_133541
19

12 7.8

GW190805_211137
76

48 32

GW190814
26

23 2.6

GW190828_063405
55

32 26

GW190828_065509
33

24 10

GW190910_112807
76

44 36

GW190915_235702
57

35 24

GW190916_200658
66

44 24

GW190917_114630
11

9.3 2.1

GW190924_021846
13

8.9 5

GW190925_232845
35

21 16

GW191103_012549
19

12 7.9

GW191105_143521
18

11 7.7

GW191109_010717
107

65 47

GW191113_071753
34

29 5.9

GW191126_115259
20

12 8.3

GW191127_050227
76

53 24

GW191129_134029
17

11 6.7

GW191204_110529
45

27 19

GW191204_171526
19

12 8.2

GW191215_223052
41

25 18

GW191216_213338
19

12 7.7

GW191219_163120
32

31 1.2

GW191222_033537
76

45 35

GW191230_180458
82

49 37

GW200105_162426
11

9 1.9

GW200112_155838
61

36 28

GW200115_042309
7.2

5.9 1.4

GW200128_022011
71

42 33

GW200129_065458
60

34 29

GW200202_154313
17

10 7.3

GW200208_130117
63

38 27

GW200208_222617
61

51 12

GW200209_085452
60

36 27

GW200210_092254
27

24 2.8

GW200216_220804
78

51 30

GW200219_094415
62

38 28

GW200220_061928
141

87 61

GW200220_124850
64

39 28

GW200224_222234
69

40 33

GW200225_060421
32

19 14

GW200302_015811
56

38 20

GW200306_093714
42

28 15

GW200308_173609
47

36 14

GW200311_115853
59

34 28

GW200316_215756
20

13 7.8

GW200322_091133
53

34 14

DEPUIS 2015
DÉTECTIONS D'ONDES GRAVITATIONNELLES

01 2015-2016 2016-2017 2019-202002 03a+bPÉRIODES
D'OBSERVATION

LES UNITÉS SONT 
EN MASSE SOLAIRE
1 MASSE SOLAIRE = 1.989 X 10^30KG

GW191219_163120
32

31 1.2

TROU NOIR ÉTOILE À NEUTRONS
(VU AVEC UN GROSSISSEMENT X10)

ASTRE INDÉTERMINÉ

SECONDE MASSE

DATE(_HEURE)

PREMIÈRE MASSE

MASSE FINALE

L'estimation des masses n'inclut pas les incertitudes de mesure. C'est  
pourquoi la masse finale peut parfois etre supérieure à la somme des  
masses des astres qui ont fusionné. En réalité, la masse finale reste  
toujours inférieure à la somme des masses des astres qui ont fusionné.

Les événements recensés ici ont passé un des 2 critères de détection 
suivants : ils ont soit une probabilité de plus de 50% d'être d'origine  
astrophysique, soit un taux de fausse alarme inférieur à 1 tous les 3  ans.

LÉGENDE

EZBH progenitors in the pair-instability mass gap 
(above 60-70 Mʘ )


- - Mass uncertainties ?  After GWTC3, 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….
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3. Are LIGO/Virgo black holes primordial ? 
Masses 
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GW191219_163120
32
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(VU AVEC UN GROSSISSEMENT X10)
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SECONDE MASSE
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L'estimation des masses n'inclut pas les incertitudes de mesure. C'est  
pourquoi la masse finale peut parfois etre supérieure à la somme des  
masses des astres qui ont fusionné. En réalité, la masse finale reste  
toujours inférieure à la somme des masses des astres qui ont fusionné.

Les événements recensés ici ont passé un des 2 critères de détection 
suivants : ils ont soit une probabilité de plus de 50% d'être d'origine  
astrophysique, soit un taux de fausse alarme inférieur à 1 tous les 3  ans.

LÉGENDE

BH progenitors in the low mass gap 

(2.5 to 5 Mʘ)


- 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
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3. Are LIGO/Virgo black holes primordial ? 
Masses 
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(VU AVEC UN GROSSISSEMENT X10)
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MASSE FINALE

L'estimation des masses n'inclut pas les incertitudes de mesure. C'est  
pourquoi la masse finale peut parfois etre supérieure à la somme des  
masses des astres qui ont fusionné. En réalité, la masse finale reste  
toujours inférieure à la somme des masses des astres qui ont fusionné.

Les événements recensés ici ont passé un des 2 critères de détection 
suivants : ils ont soit une probabilité de plus de 50% d'être d'origine  
astrophysique, soit un taux de fausse alarme inférieur à 1 tous les 3  ans.

LÉGENDE

Asymmetric BH progenitors (mass ratio q < 0.25 )


- Comparable merger rates

- 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. »
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3. Are LIGO/Virgo black holes primordial ? 
Masses 

1: peak of the 
distribution, seen as 
NS mergers 

without em 
counterpart

7

dresses so many other cosmic conundra. On the other
hand, if firm evidence for PBHs were found, a broad va-
riety of astronomical observations [69] could search for
extra features in their mass function. This would probe
the existence of any new particles thermally coupled to
the primordial plasma, independently of their coupling to
SM particles, for masses from 1MeV to 1010 GeV (above
which PBHs should have evaporated), far beyond the en-
ergies accessible by any future particle accelerator.

The exponential sensitivity of the PBH abundance to
the equation of state also means that PBHs can be used
to probe the characteristics of the cosmic phase transi-
tions at which they form. This is particularly relevant to
the detection of gravitational waves from PBHs. For ex-
ample, we have seen that the LIGO/Virgo results may
probe the QCD transition and the presence of lepton
flavour asymmetries associated with a pion condensation
phase. It is also possible that NANOGrav may have de-
tected a stochastic gravitational wave background and
several groups have argued that this could be a 2nd-order
background associated with PBH formation [70–73]. If
this interpretation of the data were confirmed, this would
qualify as another important observational conundrum
but we not discuss it further here.
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Appendices

A1. Sensitivity to Primordial Non-Gaussianity and
Model Dependence — Non-Gaussian (NG) effects will
change the probability of PBH formation and thus their
dark matter contribution [35, 74]. There are many
NG effects that modify the probability of collapse, from
changes in the tail of the primordial density contrast
distribution function to non-linear effects in the gravi-
tational collapse at PBH formation. We emphasise that
our model for the generation of curvature fluctuations on
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Figure 3. Expected probability distribution of PBH merger
detections with masses m1 and m2 (in units of solar mass) by
LIGO/Virgo, assuming a PBH mass function with ñs = 0.96,
based on the LIGO spectral noise density for the O2 run and
the method described in Appendix A3. The solid and dashed
white lines correspond to mass ratios q = m2/m1 of 0.1 and
0.5, respectively. The coloured sidebar gives the relative prob-
ability. The peak of our distribution at (1) would be taken
to be neutron-star mergers without electromagnetic counter-
parts. Stellar black-hole mergers are not expected within the
red bounded regions, which are: (2) events above 60M!;
(3) mergers with a subsolar light component (m2) and a heavy
component (m1) at the peak of our distribution; (4) mergers
with m1 in the mass gap; (5) a sub-dominant population of
mergers with low mass ratios. The three recent LIGO/Virgo
detections, which postdate the rest of the figure, are shown
in green and lie in regions 2, 4 and 5.

QCD scales is different from the multiple-field (curvaton)
model presented in Refs. [12, 13]. Here we envision an
inflation model with two slow-roll phases. For example,
Critical Higgs Inflation [33, 75] may induce fluctuations
of order 10−5 on the CMB scale and 0.1 on the PBH
scale. Both can be generated by dynamics consistent
with present values of SM parameters and this gives sim-
ilar spectral tilts (ñs ∼ 0.96) on two very different scales.
The assumption of near-scale-invariance can be relaxed
to describe more complex formation mechanisms, but the
thermal history will still imprint the PBH mass function
in a similar way. These features are therefore universal
and would apply for any PBH model.

Note that the O(1) fluctuations needed for PBH col-
lapse are generic in inflation [76]. What is unusual is
the small amplitude observed in the CMB, which re-
quires some adjustment of parameters, although realised
very naturally in Higgs inflation [33]. Moreover, the NG
change in the tail of the PDF of curvature fluctuations
due to deviations from slow-roll at the quasi-inflection
point in critical Higgs inflation will give rise to an ex-
ponential amplification of the probability of collapse to

Expected distribution 

of GW observations 
with O2 LIGO (L1) 
sensitivity


B. Carr, S.C., J. Garcia-
Bellido, F. Kühnel, 19’

Astrophysical range: 

Similar distributions 

for primordial 
binaries,

but less mergers above

~20 solar masses

Late Binaries 
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3. Are LIGO/Virgo black holes primordial ? 
Effective spins �e↵ = [m1S1 cos(✓LS1) +m2S2 cos(✓LS2)]/(m1 +m2)

BH properties
BH-BH merger origin

Conclusions

– overview
– isolated binary evolution vs dynamics
– the most disputed case

Predictions vs LIGO/Virgo effective spins
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– if LIGO/Virgo effective spins continue at low values:
then even BHs with MBH < 30 M� are born with low spins
–> efficient angular momentum transport in stellar interiors

Chris Belczynski Stellar-origin Black Holes: Rates and Properties

Stellar-BH predictions

from C. Belczynski’s talk  

at 2018 CERN  workshop on PBHs 

Geneva model
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Spin of primary  
component for 

asymmetric mergers: 

GW190814: < 0.07 
GW191219…:  <0.2

GW200210…: <0.4

PBHs have 

zero spin initially

but can acquire 


a low spin due to 

accretion/mergers


[De Luca+20]

A few: in some cases

evidence for a 


non-zero 

effective spin



Binaries in clusters:

Early binaries:

Zoom on the interval 5-500 Hz 

Ground-basedLISAPTA’s

FINAL RESULTS AND DETECTABILITY   3. How to distinguish primordial vs stellar BHs?
GW backgrounds
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Binaries in clusters:

Early binaries:

Zoom on the interval 5-500 Hz 

Ground-basedLISAPTA’s

FINAL RESULTS AND DETECTABILITY   

Early binaries  
Late Binaries [Bagui, SC, 2021]


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 ! 
Alternative:  from 2nd order perturbations


O3 limit

stellar BHs + neutron stars

LVK design

Einstein Telescope

PBHs

monochromatic  
(or lognormal)



3. How to distinguish primordial vs stellar BHs?
Subsolar black holes

Reanalysis of O2 data in 2105.11449  
with updated merger rates and low mass ratios   

A follow-up is ongoing with parameter estimations 
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fPBH = 1 still allowed by subsolar searches



Conclusion
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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 fPBH = 1 at the solar-mass scale

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

• Complex phenomenology: formation, clustering, accretion, mergers, etc…             
Strong statements are still premature 

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

24


