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How Far Back Can we Look 7

Frequencies ~ Energy ~ lTemperature




Allegory of the Cave...
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WHAT’S THERE?

HOMOGENEOUS, FLAT

UNIVERSE



Primordial

Perturbations
(Theory, high energy)

Propagation

ACDM (?)
(Theory, high energy)

Cosmological
Data

(Measurable, low energy)







BorTOM-UP

What kind of

model can

explain the
data”?



TorP-DOWN

What does a
given theory

predict?




Planck TT,TE,EE+lowE B Flanck TT,TE,EE+lowE+lensing I Planck TT,TE EE+lowE+lensing+BAD

Planck 2018 results. VI. Cosmological parameters
Astron. Astrophys. 641 (2020) A6



Planck TT,TE EE+lowE I Filanck TT,TE EE+lowE+lensing I FPlanck TT.TE,EE+lowE+lensing+BAD

Flat Universe

Small neutrino
masses

No dark radiation

Small CMB

tensor modes

Baryons DM FExpansion Rate



THE ACDM IDEOLOGY

1) Cosmological Principles : The
Universe is Homogeneous and
Isotropic, we are no special observer

2) Use perfect fluids with equation of
state:
P=wp

3) The Universe is composed only of

* Cold Dark Matter: wpy, = 0
» Radiation: w,q = 1/3
* Dark Energy: Wpp = -1
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THE ACDM IDEOLOGY

Vacuum energy: p ~ constant
Radiation: p~a?
Matter: p~as

In a
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THE ACDM IDEOLOGY

Inp Vacuum energy: p ~ constant
Radiation: p~a?
Matter: p~a’
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WHAT’S THERE?

HOMOGENEOUS, FLAT

UNIVERSE



Why is our universe so flat?

|1 — -Q((LQ)‘ 5 0.01

Recombination

Comoving particle horizon




The Cosmic Inflation Paradigm

HOMOGENEOUS, FLAT

Primordial UNIVERSE
Universe

m




Single Field Inflation

V(g)

\




Single Field Inflation
V($)

G+3HP+V'(p) =0
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Observational constraints?

e Tensor to scalar ratio: r = 16 ¢

* Spectral index : ng=1 —6¢+2n

Planck TT+lowP
Planck TT+lowP+BKP
I Planck TT+lowP+BKP+BAO
Natural inflation
Hilltop quartic model
(v attractors
Power-law inflation
Low scale SB SUSY
?2 inflation
V x ¢*
V x ¢*
1/:

Tensor-to-scalar ratio (ro.002)

V xo
V xo
V x ¢*
N.=50
N.=60

0.96
Primordial tilt (n.)




THE ACDM IDEOLOGY

Inp Vacuum energy: p ~ constant
Radiation: p~a?
Matter: p~a3

Inflation

Dark Energy

Ina



NON-STANDARD
COSMOLOGY
and
INFLATION



Example: Early Matter Dominated Era? (EMDE)

» Long-lived particle produced in the early
Inp Universe;

Inflation » String Theory: Oscillating scalar field
(Modulus);

» Light Primordial Black Holes

Dark Energy

Ina



PRIMORDIAL PERTURBATION EVOLUTION

§ LTI < >
Wavelength £

Causality




PRIMORDIAL PERTURBATION EVOLUTION
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NUMBER OF e-FOLDS

(aH)! ~ a'/?

(aH)!
Radiation
1
Hubble Patch Size (aH) a
< <4 >
ANinflation ~50-60 ANACDM

Log,,[Size of the Universe]



NUMBER OF e-FOLDS

Radiation

Hiubble Patch Size

< < >4 >
ANinflation ANpost—inf. ANACDM

Log,,[Size of the Universe]
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NUMBER OF e-FOLDS
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ANinflation > 60

Log,,[Size of the Universe]



NUMBER OF e-FOLDS

Planck TT+lowP

Planck TT+lowP+BKP
Planck TT+lowP+BKP+-BAO
Natural inflation

Hilltop quartic model

« attractors

Power-law inflation

Low scale SB SUSY

R? inflation
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Post — Inflationary Physics

Where do we stand? can be constrained
using



INFLATON INTERACTIONS

Inflaton Decay 7



INTERACTIONS = FLATTER/STEEPER

INFLATION
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UV - THEORY

&

Low-Energy
PHENOMENOLOGY

£Rchcating

Matter

Dark Matter

uonoraI-yory

Loop corrections backreact on
the inflationary trajectory

Destabilizes the inflaton at
large field values

l

Modifies the predictions for
inflation observables (r, ns)




INTERACTIONS = FLATTER/STEEPER

Loop corrections backreact on
the inflationary trajectory

Destabilizes the inflaton at
large field values

l

Modifies the predictions for
inflation observables (r, ns)
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DARK MATTER FREEZE-IN/OUT

Planck 10 em’s™  \\2.05x10*°cm’s™

. " e R
10~ *°cm3s7! 2.52x10 **em’s!

Equilibrium
abundance




DARK MATTER FREEZE-IN/OUT

Observable



DARK MATTER FREEZE-IN/OUT

Observable Statistical
Physics



DARK MATTER FREEZE-IN/OUT

Observable Statistical
Physics

Dark-Matter
Model



DARK MATTER FREEZE-IN/OUT

Observable Statistical
Physics

Dark-Matter
Model

COSMOLOGY



DARK MATTER FREEZE-IN/OUT

» Radiation Domination:
» Matter Domination:

» Arbitrary Equation of State:

— : Affects the value of
+ Evolution of T'(%) K2




DARK MATTER FREEZE-IN/OUT

102 103
x=m/T

Reconstructing Non-standard Cosmologies with Dark Matter
P. Arias, N. Bernal, A. Herrera, C. Maldonado
JCAP 10 (2019) 047 [ArXiv: 1906.04183]

Different predictions for (ov) !l



A MIXED EXAMPLE:

PRIMORDIAL BLACK HOLES



Why Primordial Black Holes?

< >
Frequency w




MODIFIED COSMOLOGY

FI/FO + entropy dilution Regular FI/FO

Matter-Dominated FI/FO FI/FO during entropy injection



DARK MATTER PRODUCTION

LR > 012
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Primordial black hole evaporation and dark matter production
A. Cheek, LH, Y. Perez-Gonzalez and J. Turner,
Phys.Rev.D 105 (2022) 1, 015023 [ArXiv: 2107.00016]



BEYOND THE MONOCHROMATIC
APPROXIMATION

p = @p

P a—3{l+wa

mpy = 10GeV, Mgy =10%g, o, =0.1, 0, =0.015

i!m“l-_ SBreui

16 2
log(a/aproa) log(a/aproa)

Equation of state
changes gignificantly
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THE TAKE-AWAY MESSAGE

INFLATION
NON-STANDARD

COSMOLOGY

DARK
MATTER

DARK
ENERGY

Log,,[Size of the Universe]



THERE 1S MORE...

» When was the Universe reheated? How?

» Interactions of the Inflaton field Loop induced
corrections to the inflation potential...

» Formation of Primordial Black Holes during during
ditferent eras of cosmology

» The Gravitational-wave spectrum evolves in

ditferent ways, depending on the Universe’s equation
of state...

> ..



THANK YOU!



LACK HOLES EVAPORATE...

S. HAWKING, 1975




Why Primordial Black Holes?

PRIMORDIAL BLACK
HoOLE DISTRIBUTION

fPBH (MPBH)

= Some may be stable and participate to
the DM relic abundance (Mpgy = 10'° g)

" Some may be unstable and evaporate
(1015g S MPBH S 109 g)

" Some may be unstable and evaporate
before BBN (Mpgy < 109 g)

Can (Seriously) affect the history of the Universe ...



DM FROM EVAPORATION

feeu(M) = 6(M — Mpgy)

mpy = 1072 GeV mpy = 10° GeV —— mpMm = 10" GeV
mpy = 107! GeV mpym = 10° GeV —— Full Calculation

mpm = 10! GeV —— mpum = 10° GeV Approximate

e mpM
['pu

Schwarzschild BHs, a, = 0
4
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