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Early Universe
Inflation

• Critical Higgs Inflation (Standard Model + ξ)
• Generation of fluctuations for PBH
    - Large amplitude P(k) 2-point function
    - Large PNG tails from Quantum Diffusion
• Signatures in CMB & LSS (LiteBird + JWST)

• Coupling to gauge fields (axion-gauge model)
• Signatures in GW (chirality and PNG)



Early Universe

• Gravitational collapse to PBH
    - Radiation pressure – Thermal history (SM)

• Baryon asymmetry at QCD – PBH collapse

• ISGWB from PBH collapse/non-collapse

• CMB spectral distortions and anisotropies

Radiation era



Late Universe

• Early Structure formation (z>30, JWST)
    - Poisson/seed effect + PBH clustering
    - First Stars and X-ray/CIR backgrounds
• GW emission from BHBC – GWTC-3 
    - Spin + mass + redshift distributions
• Microlensing events – OGLE/GAIA

• SMBH growth via accretion – Entropic forces

• Cosmic acceleration GREA = DE

Matter era



Observational Prospects

• Gaia + LSST  :  microlensing surveys

• LVK + ET + LISA  : SSMBH + IMBH (PISN) 

• IPTA  :  SGWB from SMBH-PBH 

• JWST  :  high-z  SMBH seed + growth

• Euclid + DESI  :  H(z)  Not  ΛCDM 



Standard Model Lagrangian



EW vacuum metastability
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LHC-CMS Collab. (2020)



Renormalization of Higgs couplings

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

Critical Higgs Inflation



Conformal redefinition of metric and Higgs
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Ezquiaga, JGB, Ruiz Morales (2017)



Primordial Power Spectrum
JGB, Ruiz Morales (2017)
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Inflation
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Thermal history of the universe
Carr, Clesse, JGB, Kühnel (2019)
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PBH mass spectrum



Primordial plasma



Gravitational Collapse
Gravity wins

Radiation wins



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

CP, C, B violation
Out of equilibrium



PBH
collapse
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PBH are ~ spinless

Stellar BH

Primordial
BH

= 
Mass

L ~ Mr2ω



Gravitational Collapse of PBH



Coarse-grained curvature perturbation

Determined by the poles of the characteristic function

Ezquiaga, JGB, Vennin (2019)

Fokker-Planck
Diffusion Eq.

Stochastic δN - formalism 



Quantum Diffusion @ CMB & LSS
Ezquiaga, JGB, Vennin (2022)
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Quantum Diffusion @ CMB & LSS

Ezquiaga, JGB, Vennin (2023)
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Ezquiaga, JGB, Vennin (2023)

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



Cappelutti+ (2022)



Spatial Distribution PBH
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• Monochromatic
• Uniformly distributed

• Broad range of masses
• PBH in clusters

JGB (2017)



PBH clusters
Trashorras , JGB, Nesseris (2020)
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Microlensing



Wyrzykowski (2016)

⊙

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. Calcino et al (2018)Rotation curves MW



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

Rotation curves MW

Jiao et al. (2023)



PBH could be all of the DM
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PBH coalesence
GW emission



GWTC-3   LVK  Coll. (2022)



Black Holes and Neutron Stars
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Astrophysical BH Mass Gap

Astrophysical BH Mass Gap

M < Chandrasekhar mass



Primary and secondary masses
GWTC-3 (2022)



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

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



GWTC-3 (2022)

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 (2022)

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 (2022)

Well defined isolated population
(5 to 15 MO)

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

- PBH: there is trough in TH model

Are LIGO/Virgo BH Primordial?



GWTC-3

Are LIGO/Virgo BH Primordial?

Escriva et al. (2022)



Morras et al. (2023) 

Are LIGO/Virgo BH Primordial?
SSM170401



Prunier et al. (2023) 

Are LIGO/Virgo BH Primordial?
SSM200308



The future of GW (G3)

LVK



BBH sensitivity in future G3 GW 

SSM
100

ET

LISA

A+



• Quantum diffusion inevitably generates PBH
• Thermal history predicts PBH have 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
     around 1-100 MO (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) 

.
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Partial Summary



Forces in Physics
• Fundamental Forces

• Residual Forces

• Collective Forces

Gravitation, Strong, Weak, E.M.

Molecular, Nuclear,  Surface Tension

Brownian motion,   Entropic Forces



Entropic forces in mechanics
General mechanical system with two components:

• Slow d.o.f. described with canonical coordinates (q, p)

• Fast d.o.f. coarsegrained as a thermodynamical 
system with macroscopic quantities (S, T)

• The interaction between the slow and fast d.o.f. are 
described by the Thermodynamical constraint: the 

First Law of Thermodynamics



Entropy (anti)gravitates !
GREA = General Relativistic 

Entropic Acceleration

Entropy
JGB, Espinosa (2021)

Entropic forces in GR

Variational constraint:  First law thermodynamics

Non-equilibrium  Einstein field equations

Entropic force



Gravitational Collapse

Coeff.
viscosity

Effective Pressure

Maintains the perfect fluid form

Variational constraint:  First law thermodynamics



Raychaudhuri equation for geodesic motion

Due to the extra entropic term in the effective pressure, 
even for matter that satisfies the strong energy 
condition,                 , it’s possible to prevent gravitat. 
collapse,                      , as long as entropy production is 
significant, i.e.                                      .    

Gravitational Collapse



Temperature & Entropy of a black hole horizon
Hawking Radiation

Hawking (1974)
Bekenstein (1973)



Entropic forces in GR
Temperature and Entropy from the gravity sector

• Horizon  H  with induced metric h

• Schwarzschild black hole

normal vector to
S2 of radius r



Entropic forces in GR

quantum origin
Classical (emergent)

at event horizon



Entropic forces in FLRW
Non-equilibrium thermodynamics in expanding universe

2nd law thermodynamics

Hamiltonian constraint
Friedmann/Raychaudhuri equation



Entropic forces in SMBH
Accretion onto black holes from the gas around them 
will change their mass and therefore their entropy, 
inducing an entropic force on space-time around them, 
according to Raychaudhuri equations.

At the Eddington limit, the mass of SMBH grows like

Assumption: SMBH continue to accrete mass at Eddington
limit with a rate that decreases with the available gas 
over cosmological timescales,
at least since 80 Myr



Entropic forces in SMBH
Growth of BH entropy associated with this mass growth

Contributes with a constant & negative entropic pressure

where the total entropy is

is the total number of SMBH in the Universe,
assumed constant (i.e. without SMBH mergers)



Acceleration from SMBH
The Raychaudhuri equation in this case becomes

The entropic force term can be interpreted as an
effective cosmological constant term

Consequence: Primordial seeds of SMBH, rather than 
contributing as DM, they behave as DE, due to their
rapid growth, until accretion stops.



DE from SMBH

A more sophisticated computation is needed for the case
of a broad mass distribution f(M) of PBH, and possibly 
different rates of accretion, M(z)

Only a small fraction of DM in the form of PBH constitute 
the seeds of SMBH at the centers of galaxies, and their 
rapid growth induces GREA that we interpret as DE.



PBH could be all the DM
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SMBH growth Farrah+
(2023)



Cosmic Acceleration

Coasting point



Cosmic Acceleration



Cosmic Acceleration



Cosmo Observations
CMB H(z)

SNIa BAO
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Future Constraints
DESI Coll. (2016)
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Conclusions
• Quantum diffusion inevitably generates PBH
• Thermal history predicts PBH have multimodal mass 

distribution  ~ 10-5, 1, 100, 105 MO (10-10 MO also?)
• Very rich phenomenology: multiscale, multiepoch, 

multiprobe => Future G3 detectors (ET, LISA, GAIA)
• Non-equilibrium phenomena in GR: entropic forces
• FLRW: Cosmic acceleration from first principles
• SMBH growth through Eddington accretion
• BH entropy production generates GREA
• No need for a Cosmological Constant
• Precise knowledge of M(z) & f(M) will give (w0,wa)




