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Outline

• Theory:
o Critical Higgs Inflation
o Quantum Diffusion

• Observational Evidences:
o Gravitational Lensing
o Gravitational Waves



Quantum Fluctuations =
Space-Time Ripples

Stretched to cosmological scales

Inflation



Standard Model Lagrangian



EW vacuum metastability

mh = 125.5 GeV

B
uttazzo

et al. 
(2012)

LHC-CMS Collab. (2020)



Renormalization of Higgs couplings

Buttazzo et al (2014)
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Critical Higgs Inflation
Ezquiaga, JGB, Ruiz Morales [1705.04861]



Conformal redefinition of metric and Higgs
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JGB, Ruiz Morales [1702.03901]



Primordial Power Spectrum
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Inflation
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PBH mass spectrum
Carr, Clesse, JGB, Kühnel [1906.08217]



Spatial Distribution PBH

• Monochromatic
• Uniformly distributed

• Broad range of masses
• PBH in clusters

JGB [1702.08275]



Extended Mass Function of PBH
JGB, Clesse [1501.07565]



Coarse-grained curvature perturbation

Determined by the poles of the characteristic function

Fokker-Planck
Diffusion Eq.

Stochastic δN - formalism 

Ezquiaga, JGB, Vennin [1912.05399]



Quantum Diffusion @ CMB & LSS
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Quantum Diffusion @ CMB & LSS

Halo
Mass

Function

Ezquiaga, JGB, Vennin [2207.06317]

Cluster Abundance



Clustering from Quantum Diffusion
Animali, Vennin [2402.08642]2-pt distribution function

Tilted-well potential 106 numerical simulations



Clustering from Quantum Diffusion
Animali, Vennin [2402.08642]2-pt distribution function

106 numerical simulationsTilted-well potential



Observational  
Evidences



Carr, Clesse, JGB, Hawkins, Kühnel [2306.03903]

Credit: F. Kühnel



Carr, Clesse, JGB, Hawkins, Kühnel [2306.03903]

Credit: F. Kühnel



• Microlensing of Quasars
• MACHO events to LMC (Gaia DR3)
• Andromeda M31 pixel lensing
• OGLE+Gaia (solar-mass)
• OGLE+HSC (planetary-mass)
• MW ultra-high-velocity stars (Gaia DR2)
• MW tidal stream’s perturbations 
• UFDG min size
• UFDG mass-to-light ratio
• MW Disk heating
• Core-cusp in dwarf spheroidals
• SMBH seed accretion (JWST)
• high-z galaxies (HST/JWST)
• CIB - XRB source-subtracted correlations
• Radio background
• exploding white dwarfs SN (Goobar)
• SSM black hole candidates (LVK)
• LVK - GWTC-3 - (mass+spin+merger rates)
• PTAs – ISGW (Nanograv-IPTA)
• Dark Matter halos - rotation curves
• Matter-antimatter asymmetry



JGB, Clesse [1501.07565]
Ezquiaga, JGB, Vennin [2207.06317]

PBH could explain the SMBH in 
the center of galaxies seen by 

JWST at z ~ 13-16



PBH could explain SMBH in AGN 
seen by JWST+Chandra at z ~ 10



Cappelluti, Hasinger, Natarajan [2109.08701]





Microlensing



Microlensing



Credit: L. Wyrzykowski

⊙

OGLE3-UL-PAR-02 - candidate BH

M = 9.8 M⊙

OGLE photometry
from 2001-2008
and microlensing model

1.8 kpc
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J. Jiao et al. (2023)
X. Ou et al. (2023)

MW rotation curves

Jiao et al. (2023)

Gaia DR3



MW rotation curves
JGB, Hawkins [2402.00212]
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Expected No. events
JGB, Hawkins [2402.00212]



Efficiency Function
JGB, Hawkins [2402.00212]



Microlensing Statistics
JGB, Hawkins [2402.00212]



Constraints
JGB, Hawkins [2402.00212]



PBH Constraints
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different values
of tilt and running
at PBH scales 



Halo Mass Fraction
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PBH could be all of the DM
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Gravitational  Waves



GWTC-3   LVK  Coll. (2022)



Black Holes and Neutron Stars
So
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r  
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X-Ray Binary   Mass Gap

Pair Inst. SN   Mass Gap

M < Chandrasekhar mass



Primary and secondary masses

Clesse, JGB [2007.06481]

(GW190814)

(GW190521)

(GW190425)

GWTC-3 (2022)



Are LIGO/Virgo BH Primordial?
GWTC-3 (2022)

Lower Mass Gap



GWTC-3 (2022)

Upper Mass Gap

Are LIGO/Virgo BH Primordial?



GWTC-3 (2022)

Asymmetric Binaries

Are LIGO/Virgo BH Primordial?



GWTC-3 (2022)

Astrophysical?  XRB

Are LIGO/Virgo BH Primordial?



PBH clusters’ merger rates
Trashorras, JGB, Nesseris [2006.15018]

Late Binaries



Are LIGO/Virgo BH Primordial?
BBH

 M
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Thermal History 
Model

Clesse, JGB [2007.06481]
Escrivá, Bagui, Clesse [2209.06196]



0.0 0.2 0.4 0.6 0.8 1.0
0

5

10

15

20

25

af
P
D
F

GWTC-1

GW150914

GW151012

GW151226

GW170104

GW170608

GW170729
GW170809

GW170814

GW170818

GW170823
-1.0 -0.5 0.0 0.5 1.0
0

2

4

6

8

10

χeff

P
D
F

GWTC-1

GW150914

GW151012

GW151226
GW170104

GW170608

GW170729
GW170809

GW170814

GW170818
GW170823

Effective and Final Spin
JGB – Phil.Trans.Roy.Soc.A 0091 (2019)



GWTC-3 (2022)

q=1

s1=s2=0
q=0.11

Effective and Final Spin

(GW190814)



GWTC-3 (2021)

q=1

s1=s2=0

q=0.11

Effective and Final Spin

Isotropic and Spin=0

JGB, Nuño-Siles, Ruiz Morales [2010.13811]



Spin induction in dense clusters

Hyperbolic Encounters 
(GW bursts)

q=m2/m1

Jaraba, JGB [2106.01436]

JGB, Nesseris [1706.02111]
“            [1711.09702]

= 
a/

m



Spin distributions GWTC-3
LVK Collaboration [2111.03634]

All



Are LIGO/Virgo BH Primordial?
SSM170401 Morras et al. [2301.11619]

MARGINAL 
EVENT



Are LIGO/Virgo BH Primordial?
SSM200308 Prunier et al.  [2311.16085]



BBH sensitivity in future G3 GW 
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The future of GW (G3)

LVK
LISA



• Quantum diffusion inevitably generates PBH
• Thermal history predicts PBH with multimodal mass 

distribution  ~ 10-5, 1, 100, 105 MO (10-10 MO also?)
• The predicted PBH spin and mass distribution 

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

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

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

Conclusions


