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Early Universe

"wlation

Critical Higgs Iuflation (Standard Wodel + &)

Geveration of £

uctuations for PRH

- Large amplitude P(k) 2-point fuvction
- Larae PNG tails from Quantum Diffusion
Signatures n (MB & LSS (LiteBird + JWST)

Coupling to gange fields (axion-gange wmodel)

Signatures in (7

W (chirality and PNG)



Early Universe
Radiation era

o (@ravitational collapse +o PBH
-Radiation pressure — Thermal history (SW)

o Baryon asymmetry at QCD — PBH collapse

o TSGWB frowm PBH collapse/von-collapse

o (WMB spectral distortions and anisotropies



Late Universe
WMatter era

e Early Structure formation (z>30, JWST)

- Poisson/seed effect + PBH clustering
- First Stars and X-ray/CIR backgrouwds

o (W ewmission from BHBC — GWTC-3
- Spin + mass + redshift distributions

o Wicrolewsing events — OGLE/GATA
o SWMBH growth via accretion — Entropic forces
o Coswic acceleration GREA = DE



Observational Prospects

Gaia + LSST © wmicrolensing surveys

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

PTA : SGWB from SMBH-PBH

J

JWST : high-z SMBH seed + growth

Euclid + DEST : H(z) Not ACDWM



Standard WModel Lagravgiav
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EW vacuum metastability
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Higgs quartic coupling A(u)

Revormalization of Higas couplings

Mo) = do+baln® (¢/p)
§(@) = &o+beIn(o/n)

Buttazzo et al (2014)
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Critical Higgs Iuflation
Ezquiaga, JGB, Ruiz Morales (2017)
s—[dovg | (5 + S267 )R- 5007 - 2006
A(@) = Ao +baln’ (¢/p) ,
§(@) = &o+beln(o/p)

dp _ V1+&(9)¢° +6¢° (E(P) + ¢&'(9)/2)°
de¢ 1+ &(9) ¢?

Vo (1+aln®z)2?

Vi) = (1+c(l+blnx)x?)?

T = o/p

‘/O = )\0/14/4, a = b)\/)\o, br— bg/fg and ¢ = 50 Iﬁjzlu2



Conformal redefivition of metric and Higgs
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Pr (K)

Primordial Power Spectrum

JGB, Ruiz Morales (2017)
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Gravitational Collapse

aravity wins
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Hot Spot Electroweak baryogevesis

“Primordial supernova’
JGB, Carr, Clesse (2019) Sakharov conditions:

CP, C, B violation
Out of equilibrium

0

jets producing
> TeV collisions
+parton showers




History of the Universe
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PBH are ~ spinless

L ~ Wr2w Primordial
BH

Mass

Stellar BH




Gravitational Collapse of PBH

X
Vg

MPBH ~ 30 M@ 62(N_36)
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Stochastic ON - formalism

Coarse-grained curvature perturbation

ds? = —dt® 4 a®(t)e* ™6 daida? (g (X) = INgg (x) = N (%)) — (N)
1 d Vg, 0 Fokker-Planck
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My, dN v ( EZ: v 0¢; +UZ‘9¢2> Po l Diffusion Eq.
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Quantum Diffusion » CMB & LSS
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Quantum Diffusion » CMB & LSS

dn/dIn M [(h/Mpc)?]

Ratio

Ezquiaga, JGB, Vennin (2023)
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PBH could explain the ‘SW\BH n
the center of @alams seew 19\4 "y
JWST a—l‘ar\x’\% 1(p

- Ezquiaga, J‘éBVennfn (2023) -

A .



H could explain SMBH in AGN
seev by JWST+Chavdra at z ~ 10

THE ASTROPHYSICAL JOURNAL LETTERS, 955:1.24 (8pp), 2023 September 20 Goulding et al.
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Figure 2. JWST /NIRSpec Prism spectroscopy of UHZ-1. Upper panel: 2D MSA Prism spectroscopy produced by msaexp. Lower panel: 1D spectral extraction in f
(in units of 107'7 erg s~! cm™? pum™!) with associated statistical uncertainties (gray shaded region). Slit-loss corrections are defined by convolution of the JWST
photometry with the Prism spectrum (see Section 2). Prominent and/or expected emission features are highlighted assuming zspec = 10.07 with significant >30
detections and nondetections labeled in red and gray, respectively. Overlaid are the JWST/NIRCam photometry (blue circles) with associated filter responses
highlighted. Inset panel: redshift probability distributions for fits to the NIRSpec spectroscopy produced by EAZY (yellow) and BAGPIPES (purple) packages.



* PBH accretion @ PBH + PBH-Quasi-stellar object

CappeIUtti"' (2022) W Population-II star %8 Intergalactic medium
W Population-III star C Central S Satellite
[ J
°

o ® . .
°
Figure 22. [Illustration of PBH clustering at redshifts 10 — 15. Initially, PBHs (black dots) capture baryons
while accreting, thereby contributing to the cosmic X-ray background. Lighter PBHs later form halos around
more massive ones and initiate star formation; the lowest mass halos first form Population III stars, which
generate a faint cosmic infrared background, and the higher mass ones then yield Population II stars. The
most massive (central) supermassive PBH continues to accrete and merge with other PBHs. It appears as the
central source in the infrared and X-ray emission, with the smaller PBHs and stars filling the halo as satellites.



Spatial Distribution PBH
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PBH clusters

Trashorras , JGB, Nesseris (2020)




Wicrolensing

Gravitational lenses (e.g., brown dwarfs)
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Velocity (km/s)

Rotation curves WWW 4. calcino et al (2018)
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Rotation curves WMw

J. Jiao et al. (2023)
X. Ou et al. (2023)
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PBH could be al
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Black Holes and Neutrow Stars
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Secondary mass (M)

Primmary and secondary masses

103,
Legend
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Secondary mass (M®)

Are LIGO/Nirgo BH Primordial?

Binary black hole
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Neutron star - black hole

le+2 BH progenitors in the low mass gap }:-; | :
(2.5 to 5 Mp) P . i
- Mass uncertainties? —L 1 |
- BH vs Neutron Star? .
3e+1)} - Mass gap hypothesis from XRB, no {
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Are LIGO/Nirgo BH Primordial?

Binary black hole
3e+2 Binary neutron star

GWTC-3 (2022)

2e+2

Neutron star - black hole

1e+2 BH progenitors in the PISN mass gap

® (~60 to 130 Mo)
=3 - Mass uncertainties?
A - Secondary mergers? -
E 21l - Dense environments (AGN disks, GC)? T
> - Velocity kicks > Vegcape are a problem! -
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Secondary mass (M®)

Are LIGO/Nirgo BH Primordial?

3e+2
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teyg
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Binary black hole

gy GWTC-3 (2022)

Neutron star - black hole

Asymmetric BH progenitors ( 9 < 0.25)

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

« 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. »

- PBH: g<<1 appear naturally in dense clusters
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Secondary mass (M®)

Are LIGO/Nirgo BH Primordial?

Binary black hole
3e+2 Binary neutron star
Mass gap GWTC-3 (2022)
29+2 Neutron star - black hole
1e+2 Well defined isolated population
- Similar merger rates
ses1l - Allgngd spins :
- Very likely Stellar BH ,
2e+1 e ¥ 1
- PBH: there is trough in TH model 4
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Are LIGO/Nirgo BH Primordial?
- GWTC3 ‘

Escriva et al. (2022)
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mSOUrCC [M o ]

Are LIGO/Nirgo BH Primordial?

Morras et al. (2023)
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Are LIGO/Nirgo BH Primordial?
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Prunier et al. (2023)
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The future of GW (G3)

Detection horizon for black-hole binaries

Years after the Big Bang
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Horizon distance (2)

BBH seusitivity in future G3 Gw

Binary black holes
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Partial Summary

Quantum diffusion inevitably generates PBH

Thermal history predicts PBH have multimodal mass
distribution ~10°,1,100,10° W5 (10710 W4 also?)

The predicted PBH spiv and mass distribution

has beew measured by LIGO/Nirgo + OGLE
aromnd 1-100 Wy (features: peak & platean)
Other peaks could be explored with microlensivg
PBH scenario can explain varions coswmic conundra
Paradigm shift in Structure Formation of Universe

Very rich phenomenoloay: multiscale, multiepoch,
multiprobe => Future (3 detectors (BT, LISA, GALA)



Forces in Physics

e Fundamental Forces
Gravitation, Strong, Weak, EW,

e Residual Forces
Wolecular, Nuclear, Surface Tewsion

® Collective Forces
Prownian motion, [Entroplc Forces

Fdz = dW = —dU + TdS = F = -2 4792
dx dx



Entropic forces in mechanics

General mechanical system with two components:

e Slow do.f. described with canovical coordivates (4, p)

o Fast dof. coarsegraived as a thermodynamical
system with macroscopic quantities (S, T)

o The uteraction between the slow and fast do.f. are
described by +he Thermodynamical constraint: the

First Law of Thermodynamics



Entropic forces in GR

JGB, Esplnosa (2021)

Entropy
B = d4x\/_R+/d4x\/_£ (G, ST

2K
0S = /d4:1: ( L 0y =9 R) + 5(\/—_g£m)> ogh” + /d4az\/—_g ({?—;55

2 w0ghe g

Variational constraint: First law thermodynamics

oL I
m — j00%
g 0S8 9 fuu5g

Nov-eduilibrinm Einstein field equations

Entropy (avti)gravitates !

GREA = General Relativistic
Entropic Acceleration

1
R,Lu/ — —RQW/ — /{,( 737 f,ul/)

2

Entropic force



Gravitational Collapse

|
§R9W = K (Tw — fu) = 6T

Variational constraint: First law thermodywamics

- dS
—dVW = —Fidi = dbf P—T— |dV
Effective Pressure

Gy = By —

= dU + PdV Coeff.
. /\/iSOOSH‘\{
o= G0 (G- W) =E O,
T = Pg" +ie+ Plu'u”"— COR™ l
:Pg“”——(e——f’)u“u”, TdS
Maintains the perfect fluid form 6= 0dv




Gravitational Collapse

Raychandhuri equation for geodesic motion

D 1
—0+360% = —0u0" + W — Ruuu”
1 3
2 2
K . K dS
= —— S = e JP—3T—— ¥ .
5 (e + 3P) > (6 ') dV)

Due to the extra entropic term v the effective pressure,
even for matter that satisties the strovg energy
condition, e+3P > 0, It's possible to prevent gravitat,
collapse, © + ©2/3 > 0, as long as entropy production is
significant, i.e.  3TdS/dV > (e 4+ 3P) >0



Hawking Radiation

Temperature & Entropy of a black hole horizon

A G M?

Spu = kB T

hed
SmG M

kBIBH =

Bekenstein (1973)
Hawking (1974
(ha C, G7 kB) o )



Entropic forces in GR

Temperature and Entropy from the gravity sector

o Horizow H with induced wmetric 1

1 9 1 .
— K=— 0do K
Scuy e Hd y\/ﬁ e Hdtsm d dgb\/ﬁ

o Schwarzschild black hole

2G M o0GM\
ds® = — (1 - ) dt* + (1 — ) dr® 4+r2dS; .

r r

[0, norimal \/@cfror to
nETNV T T S, of radius r




Entropic forces in GR

1
S - — | dyvhK =
GHY 87TG H y\/7 87TG H

1

dt sin0d0 dpVh K

VhEK = (3GM —2r)sinf  at evewt horizon r=2GM

1
Scpy = —§/dt]\/162 = —/dtTBHSBH

he?

B Classical (emergent)
1Bl = gra M~

quantum origin
o Ac? B ArGM?/
PRTUGh T h

C



Entropic forces in FLRW

Now-eduilibrinm thermodynamics v expanding universe

d7,2
ds* = —N(t)?dt* + a*(t) (1 — =+ er9§>
THY — (p _|_p)uuu1/ _+_pgu1/ DHTILW _ D’uf'u,/
2.4 |aw thermodynamics L 2 |
. . . TS
TdS = d(pa®) + pd(a®) » p+3H(p+p) = =
~ - ~ 9 8rG
Hamiltonian constraint a2 +k = —pa
Friedmann/Raychandhuri equation
7 47TG( +3)+47TGTS
a g P Tep 3 a’H




Entropic forces in SMBH

Aceretion owto black holes from the gas around +hewm
will change their mass and therefore their entropy,
Inducing an ewtropic force on space-time around +hew,
according to Ravchandhuri edquations,

At the Eddington limit, the mass of SMBH grows like

: 4G m M 2
M = P M ~ = M
0.1lcor 40 Myr  t(z4)

(2 = 35)

Assumption: SMBH continue to accrete mass at Eddington
imit with a rate that decreases with the available gas
over cosmological timescales,

ot least siuce 0 Myr M ecitoca =W



Entropic forces in SMBH

Growth of BH entropy asseciated with this mass growth

dS dV
Sx M*?xV? = —=92—
S |4
Contributes with a constant & negative entropic pressure
_ —Tﬁ _ _QT_S _ - NsvmBaMsmBH _
ps TV v % PSMBH

where the total entropyis S = Z SS&BH = NsMBHSSMBH
NsMmBH is the total nvumber of SMBH v +he Universe,

assumed constant (i.e. without SMBH mergers)



Acceleration from SMBH

The Raychandhuri equation v this case becomes

a A7

47'('G 87TG
— _T(p+3p) - —5PSMBH -

The entropic force term can be interpreted as av
effective coswmological constant term A = 87G psvpn

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




DE from SMBH

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

Qpe = fompua QoM (1 + 24)” = 0.69.
fsmpa = 5 x 107°  Qpy = 0.26.

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

QDE—QDM/fM T dz



PBH could be all the DM

| W OGLE gx 1! !
I A 1 11
|| [I ‘\ / : : :
0.100 ! 2N NN 1 CMB Cappelluti
\ W -
r\
N ' | GC-Radio Hasmger
\ \‘: i Natarajan
0.010§ . ‘\\i : (2022)
HSC-M31 W
= 1
é 0.001 - : | Based on
Irn - F | 7
& - : _» JGB (2021)
| :
10_4§ §
. IMBH
R SMBH
1078
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SMBH growth ..

Probability

(2023)
Cosmological coupling strength &
0 15 3 45 6 0 15 3 45 6 0 15 3 45 6
- WISE ! | WISE : | o COSMOS |
SDSS wn SDSS
(0.7 < 2 <0.8) (0.8 < 2<0.9) (0.7 < z < 2.5)

Probability

Traditional BHs |

T T 1 T T T
Best-fit Gaussian

| Combined Posterior

2 3 45 6
Cosmological coupling strength k



Cosmlc Acceleratlon

a H(a) / apH)

||||||||||||||||||||||||

Coasting polvt




Cosmic Acceleration
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Cosmic Acceleration

+ w(a)

-05++

1_0 T T [ ! T T T [ T T I T [ T T T ! [ T T I T [ I ! T T

: w(a) = wo + we(1l — a)
0_5 _O 946 wa — —O 318

. -1 d [H?%@a) agp\3 ap \ 2
- 1l = —Oml—) — Qx| —
_ - B{E) 3 dlna[ H¢ M<a) K(a)l]
_10_ 1 | 1 1 1 | I I I | I I I | I I I | I I I | 1 1 1 | |
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Cosmo Observations
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Cosmic Constraints

Arjona, Espinosa, JGB & Nesseris (2021)

Same data
but with
(w07 wa) free

wia) = 1wy + We(l — a) -0.5:-

GREA

wo = —0.946, w, = —0.318

0.57

3

—10-

12 -11 -10 -09 -08 —07
Wo



Future Constraints

DEST Coll. (20160)

90. |
_— ' 1 BGS 0.6 | — lp+Boss BAG | |
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Future Parameters
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0.1

EST Coll. (~2024)
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Conclusions

Quantum diffusion inevitably generates PBH

Thermal history predicts PBH have multimodal mass
distribution ~10°,1,100,10° W5 (10710 W, also?)

Very rich phevomenology: multiscale, multiepoch,
multiprobe => Future 3 detectors (ET, LISA, GALA)

Non-eduilibrinm phenomena in GR: ewtropic forces
FLRW: Cosmic acceleration from first privciples
SMBH growth through Eddington accretion

BH entropy production generates GREA

No need for a Cosmological Constant

Precise kvowledae of M(z) & (W) will give (wy,w,)



HISTORY OF THE UNIVERSE WITH PRIMORDIAL BLACK HOLES
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LISA might pick up gravitational
waves from merging black holes
in the early Universe

HExploreFarther
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Webb might observe stars that were
formed during the dark ages near
primordial black holes

Galaxy evolution
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