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Outline
Observational Cosmology only requires
QM, GR and the SM of particle physics

• Thermal history of the Universe
• GW signatures of PBH as DM
• Hot Spot Electroweak Baryogenesis
• Early Galaxy Formation
• Long duration microlensing events
• PBH clustering and constraints
• Conclusions
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Quantum fluctuations during inflation 
may have enough amplitude to 
generate large curvature perturbations.

Quantum diffusion makes a narrow 
peak become a broad peak in k.

Single fieldHybrid model



Gravitational Collapse of PBH



Clustering properties of PBH

Poisson statistics

P(k)



Inflationary predictions
• Wide mass distribution

• Clusters of PBH:  Ncl ~100-1000 , comoving size ~1mpc

uniform single-mass
is already ruled out

clustered wide-mass
is still viable

JGB & Clesse  (2017)
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Thermal history of the universe
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Carr, Clesse, JGB, Kühnel (2019)



Thermal history of the universe
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Predictions for PBH mass spectrum
Carr, Clesse, JGB, Kühnel (2019)



GW
signatures

of PBH as DM



Predictions for PBH mass spectrum
Carr, Clesse, JGB (2019)
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If LIGO detects a single BH with
M < 1 Msun or M > 100 Msun 
it will necessarily be of
primordial origin, not stellar. 

LVC BBH events
Given the present rate O1-O2 
R ~ 20-100 events/yr/Gpc3

O3 has MANY more events.

LVC test BH mass distribution.

Chirp mass



10 LVC BBH events (O1+O2)
LVC  GWTC-1 (2018)



23 LVC BBH candidate events (O3)



Microlensing
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Microlensing
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Black Holes and Neutron Stars

Massive BBH

Astrophysical BH Gap
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Rate of merger events 
@ LIGO-Virgo
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Effective aligned spin

Effective precession spin
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PBH are ~ spinless

Stellar BH

Primordial
BH

= 
Mass



Primordial Black Holes
• Could  ALL  advLIGO-Virgo events be PBH?

• Why do they have masses similar to stellar masses?

• If they were PBH, do they constitute ALL of the DM?

• Why is  Omega_DM ~ Omega_B  within factor 5?

• Why is   n_DM ~ 10^(-9)  n_photon ? 

• How do they modify galaxy formation?

• Can we distinguish their effect on LSS?

• Can we detect  PBH with microlensing events?

• etc…



Origin of PBH mass
Chandrasekhar mass (Pauli exclusion pple)

Mass within the horizon at QCD (causality)

LIGO range!



Hot Spot
Electroweak

Baryogenesis



Matter-radiation equality

Fraction domains @ PBH formation



Is this a hint of a common origin?

Our scenario

We propose “hot spot” EWB associated 
with localized energy released during 
gravitational collapse at PBH formation 
in the quark-hadron transition 

JGB, Carr, Clesse (2019)



Electroweak baryogenesis @ QCD
Sakharov conditions:  B, C, CP, non-equil. 

CP in the SM (CKM matrix)



Electroweak baryogenesis @ QCD
Out-of-equilibrium gravitational collapse



Electroweak baryogenesis @ QCD
B in the SM: Sphaleron transitions &

chiral anomaly



Electroweak baryogenesis @ QCD

Putting all together Asaka et al. (2004)



Electroweak baryogenesis @ QCD

“Primordial supernova”
JGB, Carr, Clesse (2019)



Electroweak baryogenesis @ QCD
Baryons irradiate to the rest of the universe

JGB, Carr, Clesse (2019)



PBH=DM
collapse
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Early 
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Formation



Massive PBH = seeds of structure
• Massive primordial black holes with

10-2 M¤< MPBH <102 M¤ , which cluster and 
merge and could resolve some of the most 
acute problems of ΛCDM paradigm.

• ΛCDM N-body simulations never reach the 
100 M¤ particle resolution, so for them PBH 
is as good as PDM.

• PBH DM paradigm naturally incorporates
all properties of collisionless CDM scenario
on large scales but differs on small scales. 



Kruijssen et al. (2013)



Carr, Clesse, JGB, Kühnel (2019)



Long duration
microlensing

events 
EROS, OGLE



Microlensing



achromatic

symmetric

unique

=

=

=

=

±

±

±

¤

Al
co

ck
 e

t a
l. 

(2
00

5)



Wyrzykowski (2016)

⊙

OGLE3-UL-PAR-02 - candidate BH

M = 9.8 M⊙

OGLE photometry
from 2001-2008
and microlensing model

1.8 kpc



PBH @ CERN 2018
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Wyrzykowski, Mandel (2019)
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Summary
Constraints

on PBH



PBH constraints
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JGB & Clesse (2017)

“monochromatic”

EROS
OGLE



PBH constraints
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“wide-mass”

OGLE
EROS

window



PBH constraints
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Conclusions
• SM physics can explain both DM and BAU.
• Smallness of BAU is due to the small number of

Hubble domains that collapse to form PBH.
• The quark-hadron QCD transition triggers the

collapse of PBH and BAU via “Hot spot” EWB. 
• Dark matter density in the form of PBH is then

of the same order as Baryon density.
• It also explains why PBH have masses ~ Msun.
• The predicted PBH mass distribution (features)

could be measured by LIGO/Virgo in the near future.
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Inflation



SM Higgs Inflaton

PBHDark Matter



John Ellis (2012)

Landau Pole
(mt = 175 GeV)

(mH = 125.5 GeV)

Buttazzo et al (2014)Ezquiaga, JGB, Ruiz Morales (2017)



Ezquiaga, JGB, Ruiz Morales (2017)



Primordial Spectrum PBH
JGB, Ruiz Morales (2017)


