- - . -9*. 2
— » - ' e
.. o ‘ .
) _’ .. , .
- ‘ L. N 4 :
» ’ g - !
: | \
. 1 ¥
. ./ | \' \ g .
- Howudid the universe begin:™ =
% X G e " P, o" L | . : ¢ > S | '
: * R (o ’ \ ‘ ' e
Ehsa G. M. Ferreira \- * . . o N ' . - .
: g i *: ‘. . ~_lokyo Womgan's Christian University

¥ K&vli IPMU, University of Tokyo 2 07/July /2023
| . | W'

» . <
- . . - -
Image:NASA, ESA, CSA, and STScI N ¥ - H— : #
. > ; .* * ) - - p
20 B .

- .




A httle bit about me. . .

Undergrad and masters —  IFUSP (Brazil)
PhD —  Unwversidade McGill (Canada)

Postdoc —  Max Planck Institute for Astrophysics (Germany)

Currently: Professor at the Kavli Institute for the Physics and Mathematics of
the Universe and University of Sao Paulo, Brazil.

My research:

T'heoretical cosmology

- FEarly universe
- Dark energy

- Dark matter
- Ultra-light DM, axions

I also use observational data to test cosmological models and simulations.
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Cosmology

— (Cosmology studies the evolution and composition of the universe



Cosmology

Cosmology studies the evolution and composition of the universe
— Huge success! Cosmology became a precision science. (~30 years)

— ACDM: standard model, 6 parameters measured with precision ~1%b

Early universe- Dark matter- CDM Dark energy - A
1C Structure formation Accelerated expansion
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Cosmology

Early universe- Dark matter- CDM Dark energy - A
1C Structure formation Accelerated expansion

Years afrer the Big Bang

-
I
400 thousand 0.1 billion 1 billion 4 billion 8 billion 13.8 billion
[ 5 : | - ' o | 5 . *f E v ; I ° | -
The Big Bang @6 ,_/’,1{ N Y e
QO Tl t T )
B & er.cra .
A e M ® S~ \
= g g - - \ 2 . -
& e 5 N, W e
; EREEED ol P \ ¢ & . > ' B
= *5 o R N 4, - - o
— N = . ¢ , - = - ’ A
A EE¥S » \l » ' - R . O
> o & 5 b -
(@] O o ‘/\ " ™~ - S : Normal Matter Neutrir:os
8 8 =h, y ; - 4% 7 0.1-2%
- 7 & - | - . o §
N = < B o |0n| - » - - - _';:»‘Darklﬁatter \
. ‘:,; & - : ; : = 23% TN
W Neutral —> Fully ionised o 8= o R
; .\, gt , ) : Dark E
| | | . - L % ark Energy
1000 100 10

Redshift + 1

Content of the Universe



Cosmologia

— Huge success! Cosmology became a precision science. (~30 years)

— ACDM: standard model, 6 parameters measured with precision ~1%b

Early universe-

1C

Dark matter- CDM

Structure formation

Years arter the Big Bang

Dark energy - A
Accelerated expansion
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MANY fundamental open questions

Early universe

Big Bang? What 1s the physics of

the early universe?

Dark matter p
What 1s the dark matter?

Years afrer the Big Bang

Dark energy -
What 1s the dark energy?
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MANY fundamental open questions

Early universe

Big Bang? What 1s the physics of

the early universe?
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Early universe
Which model?

Development of Galaxies, Planets, etc.
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Cosmic Microwave Background (CMB)
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Standard cosmological model sk AGDM model

Parametrization: 6 parameters

The SCM describes the structure, evolution and composition of our universe. It also explains what we see and

have in our universe today. It includes, then, the standard model of elementary particles, and explains the
evolution and formation of the particles and structures we have today.

Heavy Elements

Universe Mass e
Gt S 0.03%

Composition

2 theoretical Pilars: 3 observational pilars:

] Neutrinos
0.3%

Stars
0.5%

- GR - Hubble - Lemalitre Law

: o : + ™ e
- (Cosmological principle - Nucleosynthesis e -
- Cosmic Microwave Oar it
B aCkgrOund NASA Figure 7Dza‘;’k Energy AS
Thermal history
T +

Standard Model of Elementary Particles

Standard model of elementary particles [(2f2f 2L .




Lxpanding unwerse: Hubble-Lemantre law

Hubble, in 1929, and Lemaitre, in 1927, discovered the relation between the recession velocity of galaxies and their
distances.

Kenneth R. Lang
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Lxpanding unwerse: Hubble-Lemantre law

In general relativity, we interpret this as the universe expanding. An expansion of the space between
oalaxies.

Crédito: D. Baumann

Scale factor

Hubble parameter (constant):
current expansion rate ot the
universe



Dynamucs - Friedmann equations

We need to define the evolution of the scale factor.

T'hat 1s determined by content of the unwerse

. L . . G,uu = &1 T,ul/
T'his description 1s made using general relativity . -

Geometry-

. Components
How universe expands

T'he dynamics and kinematics ot our universe are determined by Eisntein’s general relativity, where 1ts field
equations, valid 1n all points of the universe, tell us how the content ot the universe atfects 1ts dynamaics.




Dynamucs - Friedmann equations

Friedmann equations(or Friedmann - Lemaitre)

Geometry- Components
How universe expands e ™ :
CN 2 Components described as a perfect
a 5> 81l k .
| - — H? — uid:
Rate of expansion < P 9
a 3 a .
0 Energy density
Second derivative a — H + 2 — 4G (,0 n 3P)
of a(t) a 3
P Pressure
. J
T he components in the unwerse dries the dynamaics and expansion of the universe!
: Continuity equation
Combining both equations: p+3H ('0 T P) =0

(Conservation of the energy density)



Dynamucs - Friedmann equations

We can also rewrite the 1st Friedmann equation as:

k
a? H?

where
Scale )

factor

1 = Qtot

IT
1 Qota > 1 <k =+1, Closed universe

I Qota =14 k=0, Flat universe

- I Qi < 1 &k =—1, Open universe

time

Crédito: D. Baumann

Crédito: J. D. Horton



Components of the unwerse

To describe a homogenous universe, we use pertect fluids, following the equation:
p+3H(p+P)=0

Cosmological fluids are described by a constant equation of state (EoS)

P
W= —
0
Leading to:
; a
g = —3(1+ ’w); — | px g 3UFW)




Components of the uniwerse

Universe Mass

Composition oy 0.03%

Neutrinos
0.3%

Stars
' 0.5%

| Free Hydrogen
and Helium
4%

Dark Matter
23%

Dark Energy

NASA Figure 712%

Each component evolves and leads to a different expansion of the universe.

Lets study how each component evolves



Matter, radhation and dark energy

10°°
10%°
10~
10'°
107
10°

107°

radiation era

matter era

dark energy era

>

>

|

BBN

|

Pr

Crédito: D. Baumann

10—10

1072

107°

p+3H(p+P)=0

Matter 1s a fluid with zero pressure (o = 0):

(3) wowa
— | Xpxa
a

Radiation 1s a relativistic luid (@ = 1/3):

. & 2
a

(—) ocpoca_4
a

Dark Energy: o < — 1/3

o\ 2
(—) X p = const
a



Dark energy

Observational data indicates that the universe is expanding in an accelerated way ¢ > ()

Accerlfvtion ExV
d 47TG p 1 Crédito: D. Baumann
— 3p) > 0 w=-< —=
B0 5 (P +3p) ; 3

'T'he component which 1s the source of this
accelerated expansion we call dark energy

Cosmological constant

Cosmological const. a :
N\ — X P = const
ArG A ¢
3
—/

3 (p + 3p) + 4+ w = —1 $ l

accelerates expansion a oc ellot




Matter, radhation and dark energy
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p+3H(p+P)=0

Matter 1s a fluid with zero pressure (o = 0):

(3) wowa
— | Xpxa
a

Radiation 1s a relativistic luid (@ = 1/3):

. & 2
a

(—) ocpoca_4
a

Dark Energy: o < — 1/3

o\ 2
(—) X p = const
a



Standard cosmological model - Hot Big Bang model

e
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®
s v
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°

Big Bang

It the universe 1s expanding, this means that before 1ts energy was contained 1n a
small, hot and dense region.



Standard cosmological model

radiation era matter era  dark energy era
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Standard cosmological model - Hot Big Bang model

i
@ o®
8 °
7
.f/.\/ t\. *\o = & & &
® O
'—’/O < = o © . ..
Big Bang
It the universe 1s expanding, this means that before 1ts energy was contained 1n a |
small, hot and dense region. el
n 71'2 1 ; 107
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Standard cosmological model - Hot Big Bang model

Big Bang

Temperature

Hotter Colder

 — Density

Denser



Standard cosmological model - Hot Big Bang model

Big Bang

Unuverse started hot and
dense (Big Bang) and 1s

expanding and cooling

@
& >
® 7 . .
o. o> ®
Few 04 % 0@
o

radiation era

matter era  dark energy era

Explains the evolution from
small perturbations to the

: large macroscopic objects we
see today (galaxies, stars, ...)

1030 B I ; I I

10*° |
1020

— 10%°
S

T 1010

10° | Pm g
1 |

107°

Explains all the ordinary
matter in the universe (SM) +
extra components

BBN
CMB

ACDM: parametrizes all these components with only 6 parameters!



Past Future .
‘Time

Temperature

— Density

Denser
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Small Large



Standard cosmological model

The SCM describes the structure, evolution and composition of our universe. It also explains what we see and
have in our universe today. It includes, then, the standard model of elementary particles, and explains the
evolution and formation of the particles and structures we have today.

aka. ACDM model

: : / _ _ Parametrization: 6 parameters
2 theoretical Pilars: 3 observational pilars: é

/ Matéria escura J
25%

- GR - Hubble - Lemalitre Law

. . . : + Energia escura °’Maténa-mom(|)“ eutrinos

- Cosmological principle - Nucleosynthess 69% i O —
Photons

\ 0.01% [

\. Buracos negros I

- Cosmic Microwave
BaCkgI‘OUHd Crédito: Science/AAAS

Thermal history

NOSS0 con!

Standard Model of Elementary Particles

mmmmmmmmmmmmmmmmmmmm three generations of antimatter interactions / force carriers
il I ntal i element; son

Standard model of elementary particles (222200




1 hermal lustory of the

The universe“started" hot e dense — as it cools, the structures we know start to form

1 billion yrs

CD phase Neutrino Photon Structure
Planck era Q P . BBN . .
transition decoupling decoupling formation
Crédito: D. Baumann
Past Future .
‘Time
< — ———— ] emperature

Hotter Colder



Recombination and photon decoupling t ~ 370000 yrs

1T ~ 3000 K

He atom

Photons propagate
freely

Plasma (“soup”) ot coupled H, He,

, o Atoms are formed!
elétrons and radiation - thermal

Charged electrons bound with n H

equ1.1 lb““rfn . and He nucleus
- universe 1s opaque: radiation cannot
scape!
‘Time
Zrec T 1300 Zdes ™ 1100
— | Temperature

Radiation era Matter era Crédito: D. Baumann



T'hese photons are the first ight ot our universe...

... e tell us how the universe was at early times.



Cosmic Microwave Background (CAMB)

(Given the expansion of the universe, we observe these photons 1n
mIiCrowave.



Cosmic Microwave Background (CAMB)

v

Planck satellite

Crédito: ESA

Temperature 2.7 K. Small fluctuations - mmitial condition for the structures
of our universe

SCM pillar!



Cosmological parameters

Standard cosmological model - LD M model {Qb, Oy, Qp g, A 7'}

Using CMB and other LSS probes, can constraint the parameters with incredible precision.

Planck 2018

Amount of visible/ordinary matter

0, = 0.0484 4+ 0.0003
Q,, = 0.308 = 0.012
Qr = 0.692 4+ 0.012

n, = 0.9626 + 0.0057
10° A, = 2.092 + 0.034
7 = 0.0522 4+ 0.0080

Amount of dark matter

Amount of dark energy

Scale dependence of the mnitial fluctuations

Amplitude of the 1nitial fluctuations

Optical depth

L




Formation of stars and galaxies t 2 1billion yrs

Credit: AARON SMITH/TACC/UT-AUSTIN . Credit: NASA and ESA

————————————————————————————————————————————————————— T 1171 E
t = 1 billion yrs

Temperature

Matter cra Crédito: D. Baumann



' ...f% ...u..




2 point correlation function:
L1 )0 L2

It we decompose the density contrast into Fourier
modes:

X :Z(Sk Sin k$—|—¢l<;
k k=2mw/\

= |05

Power spectrum

One of the main objects in cosmology!



Houw to measure the structures LCDM model
{Qba Qmaﬂ/\ans 7AS 77_}
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Early universe

Which model? Standar cosmological model

Development of Galaxies, Planets, etc.

<

Cosmic Microwave Background (CMB)
(“Afterglow”) 370,000 years
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Very Rapid
Expansion

First Stars
400 million years

Universe Expands
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Where everything we see comes from.

The answer comes from the interesting connection between the really small and really large...

?What 1s the origin of the 1nitial density fluctuations?

Initial conditions

Initial perturbations .
P Structures of the universe

10_30 111 1025 m

Crédito: D. Baumann



Intlation .

Primordial 7
fluctuations

Cosmic microwave /
background
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Early universe Standard cosmological model
Which model? What we know!

Development of Galaxies, Planets, etc.
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Cosmic Microwave Background (CMB)
(“Afterglow”) 370,000 years
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Larly unwerse

First Stars
400 million years

Universe Expands

13.77 billion years time



Problems of the standard cosmological model

- Horizon problem

- Problem ot the origin of structures
- Flatness problem

- Problem of the magnetic monopoles
- Imtial singularity

- DM and DE



Horizon problem



Horizons i cosmology

Since the speed of light 1s constant and the universe 1s expanding, there 1s a limit for what 1s accessible to an observer 1n the

universe.
Distance that the light
/ w\/elled since the Big Bang

Particle horizon

Photons N A R
decoupling

Big Bang

Crédito: D. Baumann

'This imit of what can be observed 1s known as horizon.



H OrzzOn p?’ () b Zem also known as homogeneity and isotropy problem

As we saw, the GCMB presents the same temperature in every point of the observable universe, except from small deviations

CMB
Distance hight travelled since
r : the Big Bang
Photons PR R T L [ et G AR Pk s LR e o REE A (oS AT, T T
-~ ol
decoupling - - :

Big Bang

However, since there 1s a particle horizon today, HOW
regions that are not 1n causal contact in the past can present
the same characteristics?

Crédito: D. Baumann



H 0 TZ.zO I{/ 1{77’0 b Zem also known as homogeneity and 1sotropy problem

Observable

universe 47

M
/ z
:
-
+

7
\"‘
A
)
.

Distance light travelled

\ since the Big Bang

VA

-

The CMB is made of 10* — 10° causally disconnected regions, yet it is

= 1 !
observed to be almost pertectly uniform!? horizon problem!

Crédito: D. Baumann



Problem of the ongin of structures

Origin of the small

perturbations

Small perturbations Macroscopic
structures

10~ 2% g 380.000 years 13.8 billion of years Crédito: D. Baumann



Problem of the ongin of structures

Initial conditions

Imitial perturbations Structures of the universe

107 m 10%° m

Crédito: D. Baumann



We need to understand the primordial universe, explain the origin of the mitial luctuations and make
predictions to test these theories of the early universe evolution

Distance light travelled
since the Big Bang

Photon
decoupling

Early universe

physics

Big Bang

Crédito: D. Baumann



Singulanty problem

i®
@ ' ..
—@_< o _" et o
':/0/ N/ P ™ » ® o y
90 ® o © )
Big Bang
Past Future

————————————————————————————————————————————————— | 111

Temperature

— e Density

Denser

Crédito: D. Baumann



Luarly unwerse models

solving the SCM problems



Inflation

Motivation: solve the SCM problems

Crédito: D. Baumann



] nﬂd&bn Guth (1980)

Linde(1952)
Albrecht e Steinhardt (1982)

Period of very fast expansion ot the universe, a quast-
exponential expansion

Solving the horizon problem

Photon
decoupling

Inflation

Big Bang

Originally (Guth 1980) - to solve the magnetic monopoles problem Crécito: D. Baumann



Acceleration

How can we obtain such an expansion ot the universe?

Remember:

* Dark Energy

acceleration
O an :
a Tr
Pl (p(t) +p(€)) g 0
\___/ \_ Y,

\4

decelerates t

he expansion

Dark energy

_I_

g B
PEE(t)
\_ Y

w < —z



Implementing the inflationary mechanism

How can we implement a microphysical model of the accelerated

Adding one (or many) new components that dominate the universe at its beginingwith w < —-—- =

3

Pinfl, Pinfl

We call this new component the nflaton

lo cause this acceleration, this new component has to have a
potential with this shape

(like for dark energy) it has to have a almost constant energy density

a> (0




Inflation

TOY MODEL:
Scalar field (inflaton) ¢ (t) 1in a FRW background

lo cause the acceleration, the potential has to have the form:

o —

(Causes the accelerated
expanslon - quasi-exponential
- H <1 However, inflation has to end, so the era ot radiation begins -
=~

graceful exit
e~ 1



[ Wdtzon For the experts

Single scalar field inflation

1 i
S:—/d4a: —g£z—/d4x\/—g 5 Mgb(f)“gb%—

—g : metric determinant of g,,,

1
Energy momentum tensor: T,U,I/ — ugbaugb — Guv <§9a58a¢0ﬁ¢ o V(@)
1. Potential ener
po = 56>+ V(9) >
= | dominates
a2
Po = ) ) kinetic energy =

Py < —pg/3



Inflation models
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Case study

Inflation — gracetul exit — SCGM evolution
(quasi-exp.

. Many models!!!
expanslion)
CHAOTIC INFLATION Linde(1982)
Conditions |
« Single field 'Iypes ot potential:
* Potential that has a slow-roll region = Qi > My - Polinomial V(p) x ¢
 Graceful exit (Large field) - Power law V(¢) o< 1+ cos(o/f)
* General initial conditions - Tntermediary inflation V(g) x ¢—5

- Natural inflation V(¢) X exp(gb/ mpl)



Models of inflation

SLOW-ROLL INFLATION

Inflation: a mechanism, not a unique theory!

Large field inflation: ~ A¢ > m,

In large-field models the field moves over a large (super-Planckian) distances.
Predicts: amplitude of the gravitational waves produced during inflation 1s large

Small field inflation:  A¢ < myy

In small-field models the field moves over a small (sub-Planckian) distance.
Small-field models predicts: amplitude ot the gravitational waves produced during inflation 1s too small to be

detected. ] _2

2
'The potentials that g1ve rise to such small-field evolution often arise in 0,
p . V(6) = Vi 1_(_) (+..)

mechanisms of spontaneous symmetry breaking, e.g., Higgs-like potential 1

BEYOND SLOW-ROLL INFLATION

* Non-minimal coupling to gravity * Non-canonical kinetic term

* Modified gravity * Multifield inflation



Inflation - Ongin of structures

In quantum mechanics the vacuum or empty space if full of fluctuations

<
e
o
-
s
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2
=
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=
S
D)
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-
-

T'hese fluctuations are real and present 1n our universe. But their eftects are very small.



Inflation - Ongin of structures

In quantum mechanics the vacuum or empty space if full of fluctuations

Pictorially:

particule
Wrtlcme vacuum
< >\/\/\/\/\
Anti-particule
Anti-particule

T'hese particles describe the quantum perturbations that are generated during inflation



Inflation - Ongin of structures

T'he imitial perturbation have a quantum origin in the beginning ot the universe, during inflation *

_
—8

|
I
1
L

Possible since inflation puts all the regions 1n the universe 1in causal contact



Inflation - Onain of structures

In ~ 107 seconds, the universe grew exponentially in size

Perturbations are amplified
and stretched during mflation

Microscopic mitial
perturbations

Classical and

Macroscopic

perturbations CMB



Inflation - Onain of structures

In ~ 107 seconds, the universe grew exponentially in size

Perturbations are amplified
and stretched during mflation

Microscopic mitial
perturbations

. Classical and
Solves the formation of structure problem Macroscopic

perturbations CMB



What we measure?

T'he inflationary perturbations create perturbations with an almost scale invariant spectrum

Predictions 1n accordance with what 1s

measured in the CMB!

Q) = 0.0484 + 0.0003 —  Amount of visible/ordinary matter
Q,, = 0.308 + 0.012 —  Amount of dark matter
(24 = 0.692 £ 0.012 — Amount of dark energy
ke ns—1 ns = 0.9626 = 0.0057 —  Scale dependence of the initial fluctuations
P ( k) — A g S 10° A; =2.092+0.034 — Amplitude of the initial fluctuations
k. 7 = 0.0522 £ 0.0080 —  Optical depth

Ils — 5  Scale dependence of the initial fluctuations
A, — Amplitude of the initial fluctuations



Inflation - Onain of structures

post inflation|

treheating

inflation

tinﬂation begins 7

tBig Bang -

Hubble
/ radius

. -
Perturbation P - Thorizon



Problems with inflation

- Imtial singularity

- 'Iransplanckian problem

- Measure problem Inflation also has problems!
- Hierarchy problem

* still highly debated 1n the literature



Problems of wnflation

- Inicial singularity
- Iransplanckian problem
- Measure problem

- Hierarchy problem

L g A o kL g1

post inflation

treheating

inflation

tinflation begins 7

tBig Bang -
+—>



Alternatwes to imflation



Alternatwes to imflation

Scenarios:

Matter bounce

Ekpyrotic model
Bounce
Pre-Big Bang model
Classical bounce
Cyclic universe CYCHC

String Gas Gosmology E )
mergen



Robert Brandenberger, Patrick Peter,

m 0 d 6 Z 'S‘ “Bouncing Cosmologies: Progress and Problems™,

1605.05834

What if the universe did not have a beginning, but came from a previous phase of contraction, followed by the SCM

BIG BOUNCE

(1074 seconds
SPACE-TIME

1S QUANTISED

SPACE-TIME IS CLASSICAL

PRE-EXISTING UNIVERSE
Collapse due to gravity

-~

TP -
e SPACETINE -
IS CLASSICAL ToRAY

107 seconds:

1016 seconds:
FIRST GALAXIES

10'3 seconds:
COSMIC MICROWAVE
BACKGROUND RADIATION

10~* seconds: INFLATION BEGINS

10~ seconds: SUPERINFLATION ERA -
Credit: New Scientist Credit: Quanta




models

1'his bounce can occur 1n two ways:
Non-singular bounce

Singular bounce

BIG BOUNCE

1107%“ seconds
SPACE-TIME

1S QUANTISED

PRE-EXISTING UNIVERSE
Collapse due to gravity |
SPACE-TIME IS CLASSICAL

PP N
"' SPACE-TIME
' IS CLASSICAL
‘“ 1016 seconds:
FIRST GALAXIES

10'7 seconds:
TODAY

»
10'3 seconds:
COSMIC MICROWAVE
BACKGROUND RADIATION

10~*® seconds: INFLATION BEGINS
Credit: Quanta

¥ seconds: SUPERINFLATION ERA
Credit: New Scientist

Singularity Big Bang/Big Crunch Classical bounce



models

How 1s 1t possible to have these models?

New physics

- Modified gravity theories

- New components dominate the universe
during the contraction phase that make the
universe have this dynamics — violates null
energy condition p+p>0

BIG BOUNCE

PRE-EXISTING UNIVERSE
Collapse due to gravity

-~

.

SO
“ai | SPACETINVE
| IS CLASSICAL

SPACE-TIME IS CLASSICAL

10'7 seconds:
TODAY

1016 seconds;
FIRST GALAXIES

10'3 seconds:
COSMIC MICROWAVE
BACKGROUND RADIATION

10~* seconds: INFLATION BEGINS

'.1045 seconds: SUPERINFLATION ERA Credit: New Scientist




Bouncing models

SOIVing the SCM: B1G BOUNCE|

PRE-EXISTING ll‘ll}'(‘.’\i
Collapse due 1o o;\ nty

SPACE-TIME IS QLASS

10" seconds:
TODAY

\ 10 seconds:

\ FIRST GALAXIES

\
\ 107 seconds:
\ COSMIC MICROWAVE

\ BACKGROUND RADIATION

..:};‘
10°% seconds: INFLATION BEGINS \

\
D\

10°% seconds: SUPERINFLATION ERA AN

h\
*

Smoothes and leaves the universe flat
(Generates the same scale invariant
spectrum

SCM




Bouncing models

Example: Matter bounce

Symmetric bounce

Bouncing cosmologies: scales of cosmological interest
originate on sub-Hubble scales at early times 1n the
contracting phase, 1n the same way that they originate
on sub-Hubble scales early in inflation. It is possible to
have a causal generation mechanism for fluctuations,

as 1n 1inflation.

tm—)r

=
matter domination Ak

[H™

radiation domination Hubble radius

radiation domination

matter domination

T'he nature of this structure formation mechanism depends on the specific bouncing model being considered




Scenarios:

Matter bounce

Ekpyrotic model

Pre-Big Bang model

Classical bounce

geodesic completeness

String (Gas CGosmology

ai \ 'v_

: 4 " The lwo branes » ¥ Bt
Iwo coliding branes | expand away from ¥ B spring back lowards
produce 3 Eg Bang | each other another colision



https://www.youtube.com/watch?v=3B40x-2j9D4

models

Succession of periods of contraction and expansion

Credit: Quanta



Cyclic models

L&

FIRST BRIEF it RADIATION AND
el EXPANDING MATTER PHASES
EXPANDING KE PHASE PHASE KE PHASE
ﬁ T )
B w=1 w=1 w=1/3, 0
0 V.= =9 -
U (Pend 0 )
~ |
N /' CONTRACTING KE PHASE 1 O  DARK ENERGY PHASE / ¢
C\ < - ' Vs
E ' w=-1
]
]
]
]
1
1
1
1
1
1
]
1
1
|
|
-------- —t V

end

Credit: Paul Steinhardt




Limergent uniwerse models

There 1s no mitial singularity and the universe emerges from a mitial state

a
/N
For example:
- Inmitial stage
- String gas cosmology String gas cosmology
T
T-dual phase /TH ot 1/2
>t
i p=0 ‘R p=rho/3
+(7)
Temperature 1" of a gas of closed strings in a box of radius R as a function of
radius. 1: never exceeds the Hagedorn temperature 'TH. R. Brandenberger (2015

The extent of the plateau of the T(R) curve depends on the total entropy of
the system - the larger the entropy the wider the plateau



Limergent uniwerse models

There 1s no mitial singularity and the universe emerges from a mitial state

For example:

- Inmitial stage

- String gas cosmology
T
4
T-dual phase /TH
\
K 4% \.
R
+(7)
Temperature 1" of a gas of closed strings in a box of radius R as a function of
radius. 1: never exceeds the Hagedorn temperature 'TH. R. Brandenberger (2015

The extent of the plateau of the T(R) curve depends on the total entropy of
the system - the larger the entropy the wider the plateau



Alternatwes to imflation

Origin of the perturbations:

Matter bounce

Ekpyrotic model Quantum fluctuations

Pre-Big Bang model

String Gas Gosmology
'T'hermal 1initial fluctuations



How to distinguish between models?

Can we falsify or rule out inflation or alternatwes?

Very important question!!

Is 1t possible?



How to distinguish between models.

ALL of these models have predictions that are in agreement

with the CMB (and LSS

T'hen how can we distinguish between these models?

We need to search for predictions that are distinct



Models of inflation

Name Parameters || Sub-models V(p)
HI 0 1 M* (1 — e V2/36/Mr)
RCHI 1 i M4 (1 . 26—\/2/3¢/MP1 4 %\/EL]MPI)
j4
LFI 1 1 M* (m%)
82 8
MLFI 1 1 M4MTP] 1+ agdr
2 2
RCMI 1 1 M (s) " [1 — 2057 0 (5f7)]
4
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ESI 1 1 M4 (]_ = e_Q¢/MP1)
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¢\ A -
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Encyclopadia Inflationaris J. Martin, et al (2013)



How to distinguish between models?

e GWs

* Non-Gaussianities
* lFeatures in the power spectrum

* Birefringence



How to distinguish between models?

Gravitational waves
Besides creating density fluctuations, models of the

early universe evolution create gravitational waves.

Different models, like inflation and bouncing, have
different predictions. Within 1nflation and other
models, we have different predictions.

It we take 1nto account (p)reheating we can have extra

GWs.

. . ‘LiteBIRD
When we measure the primordial
GWs, this would allow us to .. Y
distinguish between some of Full s = A
'100!”('3.’0’?“'3. : 5

these models. soanzcir® 4

Non-gaussianities

If the distribution 1s Gaussian, all the mnformation 1is
contained 1n the 2 point function. If not, we have to
calculate the n-point correlation function:

Ditferent inflationary models (and alternative models)
can predict different NG signatures.



Gravitational waves
THE GRAVITATIONAL WAVE SPECTRUM

VAC UUM GWS quantum fluctuations in the very early Universe
DINAry supermassive
| black holes in ',Hl‘:. trancition
| galactic nudie x v Univ
v
(&)
o black holes. compact merging binary
8 stars captured by neutron stars and
by supermassive holes stellar black holes
In galactic nuciel indistant gd'dXiES;
SOURC ED GWS fast pulsars
binary stars in with
the galaxy | and ;
(Se(:ondary GWS> bevonid mountains
Peri AGE OF THE
Wave Period  yNIVERSE YEARS HOURS SECONDS  MSEC
. Frequency (Hz)
From topological defects
W
o
O INFLATION precision LISA BIG GEO, LIGO,
(& PROBE timing of BANG OBS VIRGO, TAMA
E millisecond :
pulsars
< polarization
map of cosmic
microwave
background

Credit: Chris Henze



After mflation - (p)reheating

Leaves the universe empty!!




Inflation - inflates the unwerse

In ~ 107°% seconds, the universe grew exponentially in size

Perturbations are amplified
and stretched during mflation

Microscopic mitial
perturbations

Classical and

Macroscopic

perturbations CMB



Inflation - inflates the unwerse

In ~ 107°% seconds, the universe grew exponentially in size

Perturbations are amplified
and stretched during mflation

— 0
Teff%()



Inflation - inflates the unwerse

In ~ 107°% seconds, the universe grew exponentially in size

Universe stretched during
inflation

Inflation leaves the universe 0
empty!!

Teff — 0



Inflation - inflates the unwerse

Universe stretched during
inflation

Inflation leaves the universe
empty!!

How do we recover the hot and dense universe from the SCM? — 0

We need to reheat the universe! Tepr — 0



After wflation - (p)reheating

Leaves the universe empty!!

By the end of inflation, the nflaton decays, and the product of this
decay are the particles of the standard model — starts the SCM

Causes the accelerated
expansion - quasi-exponential

' . v ( i ‘-) . "lio»
"/\" > ) v » L @ °
g - { D L o ‘._
< . N }\.;",".,,‘ ) = - e
_" & .\~'\:~"“.
- ' L' * 4‘ #\*‘v > J
— 2 s o> 2 Pl %
o N )
o \ 'S oy o). 2
VIV Y.

(P)reheating: populates the universe with particles. Creates all the elementary
particles (or its precursors) that we have today.



After mflation - (p)reheating

PREHEATING Non-perturbative
Xk + (k2 T 9202 T 2920(1) Sin mt) Xkt =0 Parametric resonance!!
REHEATING Perturbative

Causes the accelerated
expansion - quasi-exponential lo avoid that the universe ends up empty, the inflaton has to couple

to Standard Model field

Py +3Hpy = —Lyps

THERMALIZATION

Needs to lead into the SGM universe - in thermal equilibrium HOW?



After mflation - (p)reheating

PREHEATING Non-perturbative

Initial stage ot reheating
b+ y/cb = —m%¢

After inflation, the scalar

field starts to oscillate on the )
bottom of the potential H " >m

1

Causes the accelerated | (frequency m)
expansion - quasl-exponential

Ethcient transfer of energy from the inflaton to scalar fields

Not fermions!
Pauli exclusion principle



After mflation - (p)reheating

PREHEATING Non-perturbative

Initial stage ot reheating
6+ 3//¢ = —m*¢

After inflation, the scalar

field starts to oscillate on the . 1
bottom of the potential H " >m
Causes the accelerated (frequency m)
expansion - quasi-exponential “togt
In n. 12;

o(t)
Oscillating inflation coupled Vi 4 ( k2 + g%02 + 2920® sin mt) Y = 0

to a quantum scalar field:

Parametric resonance!!

Copious production of particles



After mflation - (p)reheating

REHEATING Perturbative

o avoid that the universe ends up empty, the inflaton has to couple

to Standard Model field

parametrizes the inflaton decay rate

Causes the accelerated p¢ -+ SH Pod = —I ¢p¢

expansion - quasi-exponential

T'he energy stored 1n the inflaton field will then be transterred into
ordinary particles

Slow-decay - like the case where the ase 1t the wflaton can only decay into fermions

[,?7



After mflation - (p)reheating

REHEATING Perturbative

o avoid that the universe ends up empty, the inflaton has to couple

to Standard Model fields

1 2 1 2 2 2 2\ .2 2 _ 2
L=50up) =V(p)+ 3 Y | Ouxa)’ — (M2, (0)+ g2®) X3 | — ) glowx;.
. i e 5 .
’& ms Z
Decaying rate: = =
g20.2
X S -
I ige = — End of reheating: Ty o mo H
gim _ Assuming thermal equilibrium happens right after reheating
Iy =—2—- (fermions)
1 »
100
Treaq = 07 2 (g_*> \/Ftotalmpl
Particle number density: Ty = P x e~ GH+Tsota)t

1w Observations, CMB, put a limit -  Tiopeat < 10% GeV



What we know!

Summdy/‘ Early universe Standard cosmological model
,y Which model?

Development of Galaxies, Planets, etc.

<

Cosmic Microwave Background (CMB)
(“Afterglow”) 370,000 years

. » - > ; .

First Stars
400 million years

Universe Expands

13.77 billion years time



