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PBH scenario (1996-2022)
• From Quantum Fluctuations during inflation to PBH as all of DM
• Quantum diffusion → NG tails → PBH inevitable @ small scales
• Gravitational collapse during radiation era: Thermal History
• Origin of matter (baryons) and DM at QCD transition:
• Multimodal mass distribution PBH: 10-5, 1, 50, 105 Msun
• PNG → Clustered PBH: 106 Msun evades all “monochromatic”
• Seeds for Large Scale Structure: IMBH and SMBH
• Resolve Small Scale Structure CDM crisis: UFDG, core-cusp…
• Very rich phenomenology: wealth of observational signatures
• Gravitational Lensing probes: strong, weak, micro, etc.
• Gravitational Waves probe: mass, spin, merger rate, clustering
• CMB spectral distortions: mass range, clustering prop. PBH
• Galactic structures: UFDG, rot. curves, MBH(Mhalo), HVS-GAIA
• Bright future: G3 GWO ET & LISA, LSST, Pixie, Theia, 
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What is Dark Matter?
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Primordial Spectrum PBH
JGB, Ruiz Morales (2017)
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Ezquiaga, JGB, Ruiz Morales (2017)



EW vacuum meta-stability
Buttazzo et al. (2012)
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EW vacuum meta-stability
Buttazzo et al. (2012)

CMS Collab. (2020)



Ezquiaga, JGB, Ruiz Morales (2017)

Critical Higgs Inflation

Buttazzo et al (2012)

Standard Model Lagrangian



Gravitational Collapse of PBH
JGB (2017)



Coarse-grained curvature perturbation

Determined by the poles of the characteristic function

Ezquiaga, JGB, Vennin (2019)

Fokker-Planck
Diffusion Eq.



Quantum Diffusion @ CMB & LSS
Ezquiaga, JGB, Vennin (2022)
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Spatial Distribution PBH
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• Monochromatic
• Uniformly distributed

• Broad range masses
• PBH clusters

JGB (2017)
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Thermal history of the universe
Carr, Clesse, JGB, Kühnel (2019)
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PBH mass spectrum



Electroweak baryogenesis @ QCD
“Primordial supernova”
JGB, Carr, Clesse (2019) Sakharov conditions:

CP, C, B violation
Out of equilibrium



PBH=DM
collapse
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Clesse (2021)



PBH clusters
Trashorras , JGB, Nesseris (2020)
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Primordial Black Holes Clusters
Trashorras, JGB, Nesseris (2020)

Clusters slingshot light components 



LVC BBH events



Black Holes and Neutron Stars
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Astrophysical BH Mass Gap

M < Chandrasekhar mass



Microlensing

| Lukasz Wyrzykowski | Warsaw
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Wyrzykowski (2016)

⊙

OGLE3-UL-PAR-02 - candidate BH

M = 9.8 M⊙

OGLE photometry
from 2001-2008
and microlensing model

1.8 kpc
2 Dt
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Primordial Black Holes & OGLE
Wyrzykowski & Mandel (2018)

Proton peak
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Model prediction: mass spectrum
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Primary and secondary masses
GWTC-3 (2021)



Effective & Final Spin
JGB (2019)
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M-ratio, Effective & Final Spin: Priors



Mass ratio and final spin
GWTC-3 (2021)

s1=s2=0



Are LIGO/Virgo BH Primordial?
GWTC-3 (2021)

BH progenitors in the low mass gap
(2.5 to 5 MO)

- Mass uncertainties?
- BH vs Neutron Star?
- Mass gap hypothesis from XRB, no 
fundamental limitation?
- PBH: Transition form proton peak 
to pion bump



Are LIGO/Virgo BH Primordial?
GWTC-3 (2021)

BH progenitors in the PISN mass gap
(~60 to 130 MO)

- Mass uncertainties?
- Secondary mergers?
- Dense environments (AGN disks, GC)?
- Velocity kicks > vescape are a problem!
- Why isn’t there a transition?
- PBH: pion bump naturally



Are LIGO/Virgo BH Primordial?
GWTC-3 (2021)

Asymmetric BH progenitors ( q < 0.25 )

- Comparable merger rates
- Spin primary component very low ( s < 0.07 )

- PBH: q<<1 appear naturally in dense clusters



Are LIGO/Virgo BH Primordial?
GWTC-3 (2021)

Well defined isolated population
(5 to 15 MO)

- Similar merger rates
- Aligned spins
- Very likely Stellar BH

- PBH: there is trough in TH model



The future of GW (G3)



BBH sensitivity in future G3 GW 



SGWB from BBH & CHE
JGB, Jaraba, Kuroyanagi (2022)

SGWB form Black Hole Binaries

Close Hyperbolic Encounters



Spatial distribution of DM
Thomson model

JGB (2017)

Rutherford model



Gravitational slingshot effect
Close encounters of a star with MPBH 
@ 100 km/s relative motion is enough to 
expel the star from the stellar cluster.

It may explain large M/L ratios of dSph
by ejection of stars in the cluster, v>vesc. 

★

★



Hipervelocity Stars in GAIA DR2
Montanari, JGB (2019)



Hipervelocity Stars in GAIA DR2
Montanari, JGB (2019)



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

10-5 M¤< MPBH <106 M¤ , which cluster and 
merge and could resolve some of the most 
acute problems of ΛCDM paradigm.

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

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



Cosmic Conundra explained

Carr, Clesse, JGB, Kühnel (2019)

• Planetary-mass microlensing
• Quasar microlensing
• OGLE/GAIA microlensing Gal.Bulge
• CIB/X-ray background
• UFDG substructure large M/L
• IMHB & SMBH seeds for LSS
• Mass, spin & merger rate LVC BBH

Clesse, JGB (2017)



PBH constraints
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JGB & Clesse (2017)

“monochromatic”

EROS
OGLE



PBH constraints
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PBH constraints
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Conclusions
• Quantum diffusion inevitably generates PBH
• Thermal history predicts PBH have multimodal mass 

distribution ~ 1E-5, 1, 100, 1E5 Msun (1E-10 also?)
• The predicted PBH spin and mass distribution 

has been measured by  LIGO/Virgo + OGLE
around 1-100 Msun (features: peak+plateau)

• Other peaks could be explored with microlensing
• PBH scenario can explain various cosmic conundra
• Paradigm shift in Structure Formation of Universe
• Very rich phenomenology: multiscale, multiepoch, 

multiprobe => Future G3 detectors (ET, LISA, GAIA) 


