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Overview

From Fundamental Physics to Precision Cosimology

* From vov-minimal coupling & to Higgs Inflation
e Renormalization Gronp Equations (Nu), E(U))
* Critical Higgs Iuflation and PBH = DM

o Tuevitable Quantum Diffusion = PNG

* Signatures of QDI in CMB and LSS

o Siguatures of PBH in wicrolensing & Gw

o Hubble tension and future surveys.

* Eutropic Forces and Structure Formatiou

o Coswmic Acceleration from First Principles
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4™ July 2012 - Higgs boson discovery



Standard Wodel Lagrangian

R=12H? +6H » Ry =9.2H; » my =+/ Ry = 251077 gV



Conformal redefivition of metric and Higas
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EW vacuum metastability

LHC-CMS Collab. (2020)
https://arxiv.org/abs/1904.05237
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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 Higas Inflation
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
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Primordial Power Spectrum

JGB, Ruiz Morales (2017)
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Future experiments will search for B modes

— femperature is space flat how much of the universe
— E-mode polarisation or curved? is ordinary matter?
1. E+04— —— B-mode polarisation ~a / /
how many light relic R ~r
1.E+02 — particles are there?
N
X when did the
= 1 Er00 = first stars form?
O
=
(@)
> 1E-02
' e 5 what is the mass
[EE: : of the neutrino?
r=0.01
1.E-04 — T
r=0.001 ? when did
inflation happen?
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multipole



Future experiments will search for B modes

Angular scale
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Future experiments will search for B modes
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Future experiments will search for B modes
CMB-S4 (2022)
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Gravitational Collapse

aravity wins

.| o=

* Radiation wins
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PBH are ~ spinless

L~ Mr2w Primordial
BH

Mass

Stellar BH




Gravitational Collapse of PBH
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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
Ps(N) = Yoi , OKKe anc
My, dN v ( EZ: v 0¢; +UZ‘9¢2> Po l Diffusion Eq.

Determined by the poles of the characteristic function
Py(N) ) /OO e Ny wr(t, )dt = Z an(p) e AN

T 2r
Ezquiaga, JGB, Vennin (2019)
an(9)
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Quantum Diffusion  CWMPB & LSS
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Quantum Diffusion  CWMPB & LSS
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PBH clusters

Trashorras , JGB, Nesseris (2020)




Spatial Distribution PBH
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Origin of stellar & PBH masses

Chandraseknar mass WMass within horizow
(Pauli Excl.) D QCP (Cansality)
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Electroweak baryogenesis © QCP

“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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Spatial distribution of PWM

Thomson model Rutherford model

PDM PBH

JGB (2017)



Massive PBH = seeds of structure

* Massive primordial black holes with
10° Mg< Mpgy <10° Mg, , which cluster and
merge and could resolve some of the most
acute problems of ACDM paradigm.
 ACDM N-body simulations never reach the
10° Mg, particle resolution, so for them

PB
- PB

-+ DM Is as good as Particle DM.

-1 DM paradigm naturally incorporates

all properties of collisionless CDM scenario
on large scales but differs on small scales.



GW emission
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VS(f) and 2|h(H|VF (strain/v'Hz)
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Black Holes and Neutrow Stars
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Secondary mass (M®)

Primary and secondary masses

GWTC-3 (2021)

# Marginal Events
Binary black hole
Binary neutron star
Mass gap

Neutron star - black hole
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Secondary mass (M®)

Are LIGO/Nirgo BH Primordial?

Binary black hole

3e+2 ;i::yg::utron star G VVT C - 3 ( 2 O 2 1 )

2e+2

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 {
oe+1l fundamental limitation? 1T ’
- PBH: Transition form proton peak L
to pion bump ._|_ = :
1e+1
3e+0
2e+0
1640 2e+0  3e+0 1e+1 e+l 3e+l 1e+2

Primary mass (M®)



Are LIGO/Nirgo BH Primordial?

Binary black hole
3e+2 Binary neutron star

GWTC-3 (2021)

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! -
S 2+l - Why isn’t there a transition? T
§ - PBH: pion bump naturally i |
o) le+l |
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Secondary mass (M®)

Are LIGO/Nirgo BH Primordial?
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1e+2
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Binary black hole

gy GWTC-3 (2021)

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 (2021 )
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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The future of GW (G3)

Detection horizon for black-hole binaries

Years after the Big Bang
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Horizon distance (2)

BBH seunsitivity in future G3 GW

Binary black holes
< Stellar origin =  <«— Intermediate-mass range —» «————— Supermassive ————»

< Lower —»<Medium-> < Upper -

Ll 7 s g b Dark ages

- 111 EPOCH-2 (Mid-20208)

EPOCH-3 (eary-mid-2030s)
_ 1 ErocH-4 (-2034) - SR
detector frame
10° E
First stars
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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
Paradiam shift in Structure Formation of Universe

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



Hubble Teunsion ca. 2000
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Hubble Tewnsion ca. 2020
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Hubble Tewsion ca. 2021

Cepheid: m-M (mag)
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Hubble Teunsion ca. 2021
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Hubble Tewnsion ca. 2022

HOLiCOW

0.54 CCH

TRGB SN E

V)
O
0.4 1 W
' o
ﬁ
& =
~
0.3 (-
o
b
N

0.2

55 60 65 70 75 80
Hy

Contours correspond to SN P (red), DES (light blue), CC (pink), HOLiICOW (blue), BAO Gal (navy), BAO Ly« (green), y-ray (orange), WMAP
(magenta), Planck (black), CV SN (yellow) and some guiding cosmic-age constraints (¢« = 13.535, 13 and 12.5 Gyr; orange). See the text for
descriptions and sources of those constraints. Each constraint in the figure is labeled according to whether it can be changed by nonstandard
high-z models (H), mid-z models (M), low-z models (L), or local environmental factors (E). See the text for the definition of those model
categories. We leave the HOLiCOW technique without a label because it is relatively insensitive to the underlying cosmological model.



Hubble Tewnsion ca. 2022
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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 GR

Thermodynamical

4 4
S = / d*zy/—gR + / Az Ly (9w, S) constraint
1 6(v/—gR) oL oL
4 m 137 4 m -
0S /d (2/{ S + 5gur/> 0g +/d T 50 g5 =l

Variational constraint: 27 law thermodynamics

oL 1
m _ — ./ 2%
P 08 5V 9fu0g

Non-equilibrinm TEinstein field equations

#@V:D@

entropic force / Bianchi identities

1
R,UJ/ — §Rg,u1/ — K (T,LU/ — f,uz/)




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
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Entropic forces in GR

o Contribution to bulk entropy of the inevitable
Schwarzsehild black hole component of Dark Matter

Assuming BH fotal comoving number is conserved, their
Total everay density and ewtropy density (h=c=1) is

3 ¢ 3 d 3
T‘/]@V@'FOV@ a E(pBH(I, ) — TBHE(SBH(L ) — 0

No contribution to entropic force of the universe unless
multiple black hole meragers or siguificant wmass accretion,
which may chavge mass or namber density of black Iholes.



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 FLRW

o Causal Cosmological Horizon H

VhK = 2N(t ra\/l — kr2sin€  Trace extrinsic curvature

dg = an Cansal horizow distavce

rg = sinh(nv—k)/V—k Conformal +ime n

1 a
- N(t e G
ScHY 20 dt ()\/Tksm (2nV —Fk)
= —/dtN(t)THSH:—/dtNCLSpH
 hcsinh(2nv/—k) A ratry \
Iy = o arivk SH = T Emergent



Cosmic Acceleration

Observer’s cansal norizown

2 THSH: 1 Sinh(QCLoHon)

PH G~ =
7 a 2G aoHy

N7/ . 8 k
WMatching: HQZ%%—g —  V—k = agH,

Hawmiltonian constraint in conformal time
(primes denote derivatives wrt, T = agHon )

a\? ag
Entropic force term Note: A =0




Cosmlc Acceleratlon

a H(a) / apH)

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

Coasting polvt




Cosmic Acceleration

O i

o [

= 5t

~

5 I

~

&

vz

o

o

s

—— B

m L

p — ~

T 05}
0.05




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]
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Cosmo Observations
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Cosmic Constraints

GREA

‘t:'

Arjona, Espinosa, JGB & Nesseris (2021)

ACDM

0.023 ) 0.023 |
1
1 :
T ' T '
3 0.0225 : 3 0.0225 :
1 1
1 1
0.022 . 0.022 ‘
' 0.005
0.0015 !
x : x
Cc ' (o] 0.
0001f '
i
! -0.005
70. 70.
o o
1 o 1
0.3 0.35 04 2.022 0.0225 0.023005 0.001 0.0015 68. 70. 0.3 0.32).022 0.0225 0.022.005 0. 0.005 68. 70.
Qpm Quh? Ok Ho Qp Qph? Qx Ho
2 2 ( )
Model Qo Q. 0h Qo H, X2, log Z(1

ACDM 0.3057 + 0.0056 0.0224 4 0.0002 0.0012 £ 0.0018 68.08 £ 0.58 1075.63 -557.515

GREAT 0.3522 + 0.0190 0.0225 4 0.0001 0.0010 4 0.0002 68.38 4 0.48 1071.35 -548.509




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
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12 -11 -10 -09 -08 —07
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Future Constraints

DEST Coll. (20160)

90. |
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Conclusions

Non-equilibrinm phenomena in GR: entropic forces
ADW (241) slicing: Raychandhuri ed. grav. collapse
Cosmic acceleration from first principles

No need for a Cosmologjical Constant

Future Tufinity is Flat Space Minkowsky

Just QFT, GR and Now ed. Thermodynamics
WMultiple conseduences for Large Scale Structure
Possible solution to the H, tension

Tuture: Preheativg after inflation (Big Bang)
Future: Cosmic Wel Entropy: Cosmic Voids
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Backup slides



Long duration
microlensing

events
OGLE-GAIA




Wicrolensing

Gravitational lenses (e.g., brown dwarfs)

2+ U* r

A= u=—amplification
Uy 4+ U’ r,

D_t I \/4GMDd 1

=== average Ecrossing

v v

M,=100M_ => D_t=4 years
M,=10M_ => Dt=1.23 years
M,=1M_ => Dt=5months

MD=O.1MO => D_t=1.5 months

Obsérver Deﬂéctor Soﬁrce

dids M,=0.01M_ => Dt =2 weeks

d =
dy + ds




; ',QGALE&UL-PAR-,‘OQ-‘C.‘éhdidateBH GBS Wyrzykowsk1 (2016)
pll‘lotBLG205.3.I.|159237l ] :;arr;ﬁ:;d

s

P
1
ro

'
wW

—
o
]

lens mass [M;)]

L
I

log prob density

3400 3600 3800 4000 4200 4400 4600 4800
H)D-2450000 [days]

* OGLE photometry
from 2001-2008. -
"and microlensing modé‘L

MaSS, Distance (degenerated estimate)




MASS FUNCTION
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JGB (2019)
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Open Universe

model for
GREA




Cosmic Acceleration

Pewrose diagram Potential

de Sitter



Cosmic Acceleration

Penrose diagram Potential

Open empty universe




Cosmic Acceleration

Pewrose diagram Potential

Flat reheated universe




Cosmic Acceleration

Penrose diagram Potential

A

It

O
Flat late universe



Cosmic Acceleration

Penrose diagram Potential
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