
nation

- problems of initial conditions of

expanding Universe

-horison problem
,

why universe is homogeneous
and isotropic ?

- flatness problem :

why Monter=1 , ie=Pe ?

- Idea of inflation
- scalar field and chaotic

inflation
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Horizon problem

Particle horizons
,

Flat static universe :

events are independent if

be (distance) > at (time)
*

Al
8.

x= 0 E
↑ t = 0

Expanding universe
, light

propagation

=It Re See
ꌀ

ꌀ 0
t= to t 2



Radiation dominated Universe
,

R(t) ~ tik

matter dominated Universe
,

R(t) - -23

e(t) exists (integral converges)
even if to = 0 :

2ts radiation

H

2 = E St , matter
If the universe were dominated

by matter or radiation ,
then

the points at distances e > CH

never
,

talked" to each other ->

we should expect to have inhomogeneities.
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Use CMB as a snapshot of the
universe at == 1100

-

present time
-met---------

horison how

&-↑- horizon at =1100

-
----

--------- recombination↳W
en

I
causally disconnected
regions at z

=

1100

the same picture from different
perspective :

t
surface which corresponds do

decoupling of CMB, z= 1100

......X
-WGr ↑

I......x--ese 2 domains
were not in causal

contact
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Estimate of the angular size of

causally connected domain at z =1100

horizon at =1100
-> L expansion
On in matter(*)

-

dominated eva
-

horizon & z = 0

~ (E) - 2 :

We should expect to have 100%

fluctuations in CMB for 022, but
& T
Fr(p

-5 !

This is horizon problem
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Flatness problem

Consider = matt

Einstein equations tell :

r - 1 =- a = 0,
11 -

R2 H2 flat, open or

closed Universe

For radiation or matter

dominated Universe :

R-tK or ; Hwt =

& 1 ~ t or t -

-> matter
radiation

increases with t .

Now -10

at BBN
: 12-1)-10<1 . Why ?6



Summary :
The experimental facts that the present
universe is flat

, homogeneal and isotropic
are very bizarre : if the universe was

dominated by matter or radiation and
expanded like RutC , <21 ,

then the

initial conditions for expansion must be

highly fine tuned : universe must be
super-duper flat

, homogenean and isotropic
at the beginning .

Is there any rational behind that?

Probable answer - yes .

Inflationary theory .

7



Main point : assuming that Universe

was always dominated by matter or
radiation in the past is groundless.
We only know that for BBN

Sperhaps banyogenesis .
What was

before is unknown
.

Let's make the Universe expand
faster !

causally- connected domain

④
now

X
recombination

-- Ard
picture

-

fast

expansion
=>
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How can we change the expansion
low ?

- t from 0 to to : unknown

equation of state

- - from to to te : cosmological

constant dominates
, p=-P

exponential expansion

-- from te to the end of

radiation domination stage :

p= P/s

Then :

R(t) =E
Roexp (HHt-tol) , to<t <t ,

Roexp /It, -tr))(E), -2 t,
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horizon at recombination :

2x = Hexp(n(t, - to))

Numerical example :

take
,
vacuum "energy -10 Get)"

To solve horizon and

flatness problems it is enough

to have H1
, -to) = 65,

65-
,
number of e-foldings".
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chaotic inflation ((inde)

Simplest theory leading to

inflation

2 = I4ux)-Imes-

non-interacting real scalar field.

Potential :

⑭. -
Chaotic initially
conditions :

: 2 M
--

y 100 M
Meye Mp

&B = , space-⑦Certup time

foam"
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Take a region where potential

energy dominates ,
V(q) 10y) , (p)>> ij2

2

mir ? - Mp
, 4= Mp

for m Mp

Consider dynamice of field y in

this domain
- friction"

i +34y + v(y) = 0

H
=

859(2 ;+ Y(x)
damped

We
nee

oscillator
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Slow-roll" inflation : H*n

H- Gae

Slow-roll equation :

amnis , my e
Solution :

y= %- mt
slow-roll approximation breaks

down at - Mp , after

that 4 oscillates near zew .

Universe inflates by a factor

2
Ht
~ exp(-. M//(2) x1 13



Quantum

I gravity

4

-> slow roll
,

energy 4

transfer-> inflation

to all
particles. Biy Bany.

small quantum fluctuations ,

small

distances
. Inflation - make them

long-ranged :

⑭ Inflation 24
fo

->
0I

<guantum
small size

macroscopical
Site 14



Inflation imprint :

density perturbations,

[ op() & 7 = f(I) + O->
-

P A
Y

... < quantum average .

Power low parametrication :

->
1- As

f(x) = Const · /ec /
↑
spectral" index

Y

If Us = 1 :
scall-invariant spectrum

↳

called Harisson-Zeldorich spectrum

⑪ can be computed in inflationary
model

Another parameter of inflation :

energy in graw.
Waves

U =-O energy in scalarperturbations
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Density perturbations ->

temperature fluctuations

of CMB :

(55(0) &T10) > = F(0) to

O= 0

-
-> O

observer

F(0) is related do f(k)), and

depends also on asmological

parameter :

& Em
, Mbaryon, Or, etc : initial

simple spectrum is modified by
processes & recombination
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How to convert this picture to

numbers : vils
,
i
,B ...
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this picture is for a particular choice

of cosmological parameters .

variation of these parameters make

the theory curve different .

/
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what kind of particle inflated
the Universe ?

Many different models of inflation

E
i

O

s ·e

avoceSee ↳ -
i
O

or -
&

Inflation=e Hig of !SM
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tinflation

Higgs boson coupling to gravity :

3 R . H2

A
called

,
non-minimal coupling

"

S = - R-ER
Dynamical Planck scall,

Mp + EH2

If 3 he Mp Mig gives makes

do evere body, and determines

the strength of gravity ·

20



tensor to scalar ratio depends on

formulation of qrarity- metric, Palatin,
Einstein-

Cartan
, ...
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vacuum metastability in the SM?

⑤8
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conclusions for inflation
-

-the problem of initial conditions

of the Universe - horizon
, flatness -

can be solved by inflation

- inflation & Big Bany can be realized

in dynamice of scalar field

- Inflationary predictions :

-r = 1

- quantum fluctuations of scalar

field-density fluctuations in
the universe

- analysis of CMB spectrum can

fix Universe parameters , Ma
,
Mm
,

ete & inflationaly predictions
As
,
r, ete

- Who is inflaton is an open

question , Hig boson is a possibility .
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General conclusions

Interplay between particle
physics and cosmology is

an exciting topic .

Expect new discoveries in

the future !
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