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Expanding Universe: Facts
@ Isotropy of Background Radiation

. <10~ inbigscalesupto ct=10"cm

Q Hubble law

/M v = H()F =Y
7 F=alt)y. o

Xcom
H=a/a
O Age of the Universe
[, =— = L ~10"sec  for H, =50-80 km/sec Mpc

v H,



Initial Conditions

@ Matter Distribution

The size /; should be compared with the size of causally

connected region ct, =~ 107" cm

l - _~linitial rate of expansion
[ ai

=~ -
Cti a() "~ current rate of expansion

In 10 causally disconnected regions d¢ /e <107 !

Homogeneity, 1sotropy problem



© Initial velocities
—~ Today (t, 10" sec) :

kin pot kin pot
E,+E, | ~|E, |~ IE,

— At "initial moment" (¢, ~10™ sec)

i 2
4/
E[9fu6e2 ( = IUII9] AGJOCIfIG2) hropjeu
Initial conditions were VERY SPECIAL (nongeneric)!?




di
© Root of the problem: Gravity is attractive force==> d_ > ]

O Conjecture (Guth, 3 1): Gravity was REPULSIVE durin% some
period of the Universe evolution==> ¢/, <17 = no problems?

® How gravity can become "repulsive'?

. 4n G
(0 = (8 +3p )a
— 3 e

If € +3p >0 (energy dominance condition) = a<()
Onlyife+3p<0 = a>0 ="antigravity"
INFLATION 1s the stage of accelerated expansion of the Universe

when the energy dominance condition 1s broken



decelerated Friedmann expansion
o —
@)% —

t, 1
Necessarv condltlors ffr successful inflation:

E "’
@ 4, K (| . . Prediction

kzn
© Transition from inflation to Friedmann era should be "smooth"

of inflation!



Scenarios

R 2 L o - /
S= — R f 00 — — !
f( G (2 ’ ) +) -
Higher derivative [ _inflation

"new", ChaOtiC,. ves NCW, chaotic...
scenarios

Which scenario was realized 1n nature???
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© Main bonus from inflation-generation of primordial

spectrum

@ Inflation

of inhomogeneities (Mukhanov, Chibisov 1981)

"washes away" all pre-inflationary inhomogeneities

However, 1n all scales there always remain

ineveitable quantum fluctuations

Example: Quantum metric fluctuations in Minkowskii space

Can ¢

Today in galactic scales 4 ~ 10

Iy 10~ cm

A A

h, =

-58

uantum fluctuations be amplified up to

"neec

ed" value 10~ in expandng Universe???



1 1
‘L — R+p(X9cp9°“)9 X =_gaﬁcp,a(p,ﬁ

6 2
T" = (e + p)utu, — pd*
where
£ = 2Xp,X —p

® If 2Xp , < pthenp~-¢ == Inflation



® Perturbations
@ (x,t) =, (t)+ O (x,t)
ds* = (1+ 29)dr* = a* (1)((1- 200, + ) ’

gravitational potential gravity waves

® Gravitational waves 17" =Z¢
a
" 0
a ot

@ Scalar perturbations o+ \/; (1 + E) _Y
" € da
Z)

1/2
y"—c’Ay—"—v =0  where z=a(l+ple)
Z 2
CS =p,X/€,X
2772
a"la=z"Iz=a H



Quantum metric fluctuations are big enough (10~) only

in the scales close to the Planckian scale (10 cm)

Purpose : Transfer these fluctuations

to galactic scales (10*°cm)

© Consider plane wave perturbation: 0, ® x exp ik 55)

com

For given k

com?

A, (cm)xalk,, «a(t)and the change
of the amplitude with time depends on how big 1s A

phys

compared to the curvature scale (size of Einstein lift) ' =a/a



/\/\/\

0P +...and h x 1




ScaleA

Gach

tig setles

ANl
AN |




Scalar perturbatior

>— — ~ Gravity waves

phys

O92<nS<O97

1/2
=—3(1+£) g_O(l)cSm(Hﬁ) k=Ha
£



‘ [nput from HEP ‘

I 222

Summary

Idea and basic properties of inflation are established:

Inflation 1s the stage of accelerated expansion of

the universe with graceful exit to Friedmann stage

| | o

® Homogeneity, 1sotropy and flatness of the Universe © Energy scale of inflation —
prediction of the perturbations

mechanism for the origin of perturbations plus

solutions of numerios "man made" problems (monopoles,...) amplitude, concrete 7,

@ Robust pI’CdiCtiODS' @ Transition from inflation to
—Spatially flat Universe : Q =1= 10~  Friedmann, reheating mechanism

- Nearly scale - invariant spectrum (n, < 0,969 The origin of small number 10°

Perturbations are Gaussian characterizing perturbations
—(%avily waves



'* 5 "What really 1nterests me 1s whether God had

any ehoree When he ereated the World" |

-

-"_Inﬂatron was 1nev1tab1e' ” (1t IS unrque opportumty |
to create World startmg frorn generre 1n1t1a1 eondltlons_;

Wlth mrnrrnal efforts) T



0& A4

0 : Does 1nflation have a serious competitor?

A: No PBB and TD vs. INFLATION
Inflation PBB TD
Causality + + n/a
"No-hair" + : n/a
Graceful exit + -7 n/a
Perturbations + -7 :

0 : Could we get from observations something useful
for "M-theory" ?

A : Unfortunately not too much...



Q: Can we get in inflationary models €2,<1, large deviations

from scale invarience, nongaussian perturbations?
A: In principle YES adding extra fine-tuned parameters

in the model, BUT

price

>10" compared to1/3 for standard inflation
perfomance

QO : Does inflation completely solve the problem of

initial conditions?
A: ?77?

O : What was before inflation?
 :7??Instanton??? < "The world and time had both one beginning.

The world was made not in time, but simulteneously with time "
Saint Augustine of Hippo, 354-430
0 : Can preinflationary stage have observationally varifiable
consequences? A . Probably nOt, bllt WhO knOWS...?
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Parameters

@ Metric |
ds* = (1+2®)di’ - a* (1)(1 - 2008, + ] )v'd*
gravitational potential gravity waves
After inflation
k3(I)2‘ — Ak n,=0.92 t0 0.97
) where no=n —1+..
Ih; | = Bk"™
@ Matter

0 0 0 0 0 0
=€ =QY +Q +8Q, +Q2. +QA,Q

Prediction of inflation!



@ Main unknown parameters determining the spectrum

1) hs = ngm 2) Q, =Q, +Ql,, 3) Qg
75
s Mpc
4) Q?\,Q 5) amplitude 4 6) spectral index n,

If Q) =1 then Q?\,Q -1-Q

fot

@ Extra parameters influencing the spectrum

number of light neutrinos, gravity waves, reionization



Universe transparent

! —
Z,, = 2.3-104th725 z,.. =1200 to 900 z

nv






® Before recombination

-(Im)perfect fluid: coupled baryon-radiation plasma
TV =(e, +&,+ p, uu" — p d> + viscosity terms

-CDM particles which interact with plasma only gravitationally

The fractional density perturbations in radiation 0 = 0¢, /e, satisfy the equation:

Cli VlSCOSlty
ot 7RIy 3§ 4 40\ 128
— | -—=A8 -Ad =—AD+| — | -—=AD
Cg €, a 3¢y Cg g, a

A

speed of sound

Gravitational potential is generated mainly by radiation

before equality and by cold matter after that



@ After recombination
(i+ni a )(6—T+(I)) = O
om ox' |\ T

(6—T+(I)) = const

T

along photon's geodesic

x'(n) = Xi+ n'M-n,)

5T ., . dT . |
7(7109365,” )=7(Tlr,xj(‘"lr),n )+ PM,,x'(Mm,))

- > ) »

n' n'

recéT

—m.,x’(M.),n)=2
T(Tlr M, ),n")



Instanteneous recombination

e Matching conditions for T >
0T 5, 38, 9 - d’k
_ ,X,,N) = b 4k _""k elk(Xo+n(nr—no))

@ Correlation function

0T 0T [
C(ei) = <7("1)7(“2)> = EZ (2/+1)C B (cosH)

cosO =n,*n,

Recombination is non-instantaneous

where
2
) 5\ 3,0, i) .,
C =— [q)) +—k _ T kM1r [ 07 -2(0km,)" 7.2
/ nf( ‘ 4)m]z(krlo) % dln,) € kdk
o =~2°10"

. R JT;
(I + DC, characterizes fluctuations on angular scales 6 = 7



® [ ongwave inhomogeneities (kn), <<1)

M

—

| =k b= =Tl Re 5, =0
" € 3¢ 3

94’
10075

[({+1)C, = for [ <30 if ng =1

1(1+1)C,




® Shortwave inhomogeneities (k. >> 1)

C =~ f - K N(h‘) _lzl e XM gk for [ >>1
L6m 2| (o, )/ (k)2 F ()’

x Q I

((I)k+6—") ~|T I—L)+T ¢ COS kchdn e ) | @t
4 0, _/ 3CS \
e / )
9
— -1/2
10 0, (th725) 1.97
0.4

o) In (A, ) o) In(fm,, )



® Spectrum

200 400 600 890 1000 1200 1400



e Determining the cosmological parameters
hs, Q,, Q,, B=2, +Q, ,, 4, n

= «—— (-0

tot

vvvvvvvvvvvvv

200 400 600 8O 1000 1200 1400

—The location of the peaks (€2, , =1)

T (1 +2.20 ) h725 ) Al = +40 when Q, />, increases twice

[, =~—n« 0.16 ) .
P (Q h7351 ) Al = -40 when Q /A, increases twice
m




—The heights of the peaks

. 2 .
llf Q2, hs; Increases

. 2 .
l 1f €2 /&5, increases

vvvvvvvvvvvvv

200 400 600 8PO 1000\ 1200 1400

. 2
The secorid peak exists mmmp 2,2 <0.07
5 |
- 2 2
Q 12 <03ifQ % >0.03 ng —? for given Q, ;. and Q /.
1 h725 — 9 peaks location depends on Q h
peaks heights depends on (th%1 )0']6

mm) 1% in location ey /70 i /1

Q, , = 0! because Q,, =1




® (Gravitational waves
[([+1)C*

T
—=T7(l1-n.)+...
S (I-ny)



e CMB polarization-way to detect

primordial gravitational waves

Thomson scattering =m) lincar polarization

— A
M — L 100% polarized
1/ >
N -If incident radiation 1s isotropic-
no polarization 1s generated

-Polarization is proportional to the quadrupole

component of incoming radiation

| 2
observer

-Quadrupole anisortopy 1s generated by both,
scalar pertirbations and gravity waves, only after

the recombination begins ™% polarization * duration of recombination



® Polarization tensor

Fy(n) = %(<EaEb> - lgab <ECEC>)

2
2d second rank traceless tensor
| |
E — mode: B — mode:

E(n)= P B(n) = B¢,

Only gravitational waves contribute to 5!!!

1 _9
Fup = PuPy =7 8ul Pa(n) ="
/ \ Scalar 1 / ,
| , Gravity waves
/ perturbations / R
N I\

<BB> gets maximum at / =100



[(1+1)C/2m]" (uK)

100

10 100 1000
multipole [

OCDM

[ = ACDM

— QCDM
—— SCDM
ACOBE

@®BOOMO0
OMAXIMADD



H+1)Gri2m (uK2)

{F+1)CHf2m (K2

Angular Scale
ag® 2= 0.E" 02"

¥ o TT Cross Power
' Spectrum
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