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h=c = kg =1 calculator:

ppc.inr.ac.ru/eng/uc.php



Causal structure of space-time in hot Big Bang theory (i.e.,
assuming that the Universe started right from the hot epoch)

Angular size of horizon at recombination =~ 2°.



There are perturbations which were superhorizon at the time of
recombination, angular scale = 2°. Causality: they could not be
generated at hot epoch!



2.7K 13.8 billion years

380 thousand years

9200K

1019 - 10° K

70 thousand years

1 —500s

Generation of
matter-antimatter

Generation asymmetry

dark matter

?7?77?





















Cosmology

V.A. Rubakov

Institute for Nuclear Research
of the Russian Academy of Sciences

Department of Particle Physics and Cosmology
Physics Faculty
Moscow State University




Tentative outline

Lecture 2
2. Cosmological perturbations |
2.1 Generalities
2.1.1 Perturbed metric. Gauge invariance.
2.1.2 Perturbed energy-momentum tensor.
2.2 Helicity decomposition

2.3 Tensor modes
2.3.1 Equation

2.3.2 Regimes of evolution
2.3.3 Solutions in superhorizon and
subhorizon regimes. Matching.
2.4 Digression: conformal times of recombination and
radiation-matter equality
2.5 Vector modes



Cont’d

Lectures 3,4
3. Cosmological perturbations Il
Lecture 3
3.1 Scalar modes

3.1.1 Conformal Newtonian gauge

3.1.2 Equations

3.1.3 Sample solutions: single component fluids

3.1.3.1 Master equation

3.1.3.2 Radiation

3.1.3.3 Matter

3.1.3.4 Matter at A-domination

.2 Classification: adiabatic mode,
entropy (isocurvature) modes

3.1



Cont’d

Lecture 4
3.2 Adiabatic mode
3.2.1 Initial condition
3.2.2 Summary of experimental results
3.2.3 Evolution of baryon-photon component
3.2.4 Evolution of dark matter
3.2.5 After recombination. BAO,
structure formation



Cont’d

Lecture 5
4. Elements of theory of CMB temperature anisotropy

4.1 Sachs—Wolfe, Doppler
and integrated Sachs—Wolfe effects
4.2 Large angular scales
4.3 Intermediate angular scales
4.4 \What do we learn from CMB temperature anisotropy

Lecture 6

5. Elements of theory of CMB polarization
5.1 More about photon last scattering
5.2 Reionization
5.2 Polarization from Thomson scattering
5.3 E- and B-modes
5.4 Effect of scalar perturbations
5.4 Effect of tensor perturbations



Cont’d

Lectures 7,8
6. Inflation
6.1 Main idea
6.2 Inflaton as a driver
6.3 Generation of tensor perturbations

6.4 Generation of scalar perturbations:

inflaton mechanism
6.5 Estimating non-Gaussianity

6.6 Curvaton mechanism. Examples of non-Gaussianity
6.7 Example of generation of entropy mode:
axion misalignment

Lecture 9
/. Alternatives to inflation
7.1 Bouncing Universe
7.2 Genesis
7.3 Generating scalar perturbations

8. Conclusions



T
T = 2.726°K, 5? ~107*-107°

o =500 e e 500 HK'::HB:’,

Planck



Einstein:

a . _a? 2
_ALlJ—'—35LP —3¥(D:47TGa 5Ptot )

a/
gy = —4AnG[(p + P)Vitot
/ 17 a/2

1 a a
W= (DAY + — (W — &) —2= O+ — D= —4nGE[SPlar

A(®+W) = —12nGa’((p + p) Mot -

Covariant conservation:

a/
dp’ +35(5p +0p)+(p+p) (Av+3¥') =0,

0.

[(p+ PV +0p+(p+p) (4%,V+ T+ qa)



Ideal fluids

Einstein egs.:

a./ /2

AD -3’ 3 > ® = 4nGa? - Spro
a/

CD/ + 5CI) — —47TGa2 . [(P + p)V]tOt
o ! a/2
/" / = 2
" +3_ @ <2a = a2> ® = 4nGa® - S prot

Covariant conservation

op’ +32 (5p+5p) +(p+p)(Av—3d') =0

/

[(p+ p)V]’+4a5(p+ p)V+op+(p+p)P=0,



Single component fluid

Master equation (uZ = w)

2% q" a/2
P +3—(1+ 2@’ + [2 — (1—3u§)] ®+uik°®d=0.

Perturbation in energy density:

5 5 a/ / a/2
AnGa“op =— [ kKP+3—P +35®
a a



Growth of perturbations (linear regime)

Radiation domination Matter domination /\ domination
















Cosmology

V.A. Rubakov

Institute for Nuclear Research
of the Russian Academy of Sciences

Department of Particle Physics and Cosmology
Physics Faculty
Moscow State University




Tentative outline

Lecture 2
2. Cosmological perturbations |
2.1 Generalities
2.1.1 Perturbed metric. Gauge invariance.
2.1.2 Perturbed energy-momentum tensor.
2.2 Helicity decomposition

2.3 Tensor modes
2.3.1 Equation

2.3.2 Regimes of evolution
2.3.3 Solutions in superhorizon and
subhorizon regimes. Matching.
2.4 Digression: conformal times of recombination and
radiation-matter equality
2.5 Vector modes



Cont’d

Lectures 3,4
3. Cosmological perturbations Il
Lecture 3
3.1 Scalar modes

3.1.1 Conformal Newtonian gauge

3.1.2 Equations

3.1.3 Sample solutions: single component fluids

3.1.3.1 Master equation

3.1.3.2 Radiation

3.1.3.3 Matter

3.1.3.4 Matter at A-domination

.2 Classification: adiabatic mode,
entropy (isocurvature) modes

3.1



Cont’d

Lecture 4
3.2 Adiabatic mode
3.2.1 Initial condition: ¢

3.2.2 Summary of experimental results

3.2.3 Summary: at recombination
3.2.4 After recombination: BAO.



Cont’d

Lecture 5
4. Elements of theory of CMB temperature anisotropy

4.1 Sachs—Wolfe, Doppler
and integrated Sachs—Wolfe effects
4.2 Large angular scales
4.3 Intermediate angular scales
4.4 \What do we learn from CMB temperature anisotropy

Lecture 6

5. Elements of theory of CMB polarization
5.1 More about photon last scattering
5.2 Reionization
5.2 Polarization from Thomson scattering
5.3 E- and B-modes
5.4 Effect of scalar perturbations
5.4 Effect of tensor perturbations



Cont’d

Lectures 7,8
6. Inflation
6.1 Main idea
6.2 Inflaton as a driver
6.3 Generation of tensor perturbations

6.4 Generation of scalar perturbations:

inflaton mechanism
6.5 Estimating non-Gaussianity

6.6 Curvaton mechanism. Examples of non-Gaussianity
6.7 Example of generation of entropy mode:
axion misalignment

Lecture 9
/. Alternatives to inflation
7.1 Bouncing Universe
7.2 Genesis
7.3 Generating scalar perturbations

8. Conclusions



Einstein:

/ 12

—AL|J+3%LP/—3Z—2¢:47TGaZ5PtOt7 (1)

Wy %/(D = —4nGa2[(p + P)Vitot (2)
1 a/ al oa’

W= S (BOHAY) + — (W — &) —2= O+ — D= —4nGE[5Plar

(3)

A(P+W) = —12nGa?[(0 + p) Mot - (4)

Covariant conservation:

/
5p’+3%(5p+5p)+(p+p) (Av+3¢') =0, (5)

[(p+p)V] +dp+(p+p) (4%/v+ T+ d)) 0. (6)



Tensor-to-Scalar Ratio (r)

Planck + all:

0.00

0.936 0.944 0.952 0.960 0.968 O.

LO
C\! I I I I ) I I I
(@) | \
\
\

| \
N_ _
slc | \

O, H \

l/@
%
LO
F! _
(@)
o
F! _
(@]
-
m
o ~
\
\
L

976 0.9

Primordial Tilt (ns)

84 0.992 1.000

Scalar tilt vs tensor power

Planck+WP
Planck+WP—+highL
Planck+WP+BAO
Natural Inflation
Power law inflation
SB SUSY

R2

V x ¢?

V x ¢2/3

V x ¢

V x ¢3




BICEP-2 claimr = 0.2

® r=0.2islarge: 10% contribution to dT at low multipoles,

| < 30.

Y

I | 1

Planck-+WP+highL

04 | .
Planck-+WP+highL+BICEP2

0.94 0.96 0.98 1.00

BICEP2 and Planck with
dns/d logk = —0.02 (very large)
Inflation: dns/d logk ~ —0.001

Tensor-to-Scalar Ratio (r)
000 005 010 015 020 0%

Primordial Tilt (ns)

Planck + all

Planck+WP
Planck+WP-+highL
Planck+WP-+BAO
Natura I Inflation
Power law inflation
SB SUSY

R2

V o< p?

V o< p2/3

V o< ¢

V o p3




BAO in power spectrum

RRRR A=~ ” = mny LR L A= =RA IRARRE RRRA RAR=T ~LR RARN

E =

S =

lm 1 |».”0| 1 |

R7 ! =

w - —o—

L --m

n —

L 2 1

@) mn

= n

o] TAa B=

a2 7)) o

= a © =
x'““ ____________ ___________ ______ ‘l______________
G000 0G0°0— G000 0G00— G000 0G00—

TG / (1)d 'For

0.2

0.1

k / h Mpe™?



BAO in correlation function

0.3

0.04

0.02

0.00

_002 I | | | | | | | | | | | | | | | |
50 100 150

Comoving Separation (h~! Mpc)




Cosmology

V.A. Rubakov

Institute for Nuclear Research
of the Russian Academy of Sciences

Department of Particle Physics and Cosmology
Physics Faculty
Moscow State University




Tentative outline

Lecture 2
2. Cosmological perturbations |
2.1 Generalities
2.1.1 Perturbed metric. Gauge invariance.
2.1.2 Perturbed energy-momentum tensor.
2.2 Helicity decomposition

2.3 Tensor modes
2.3.1 Equation

2.3.2 Regimes of evolution
2.3.3 Solutions in superhorizon and
subhorizon regimes. Matching.
2.4 Digression: conformal times of recombination and
radiation-matter equality
2.5 Vector modes



Cont’d

Lectures 3,4
3. Cosmological perturbations Il
Lecture 3
3.1 Scalar modes
3.1.1 Conformal Newtonian gauge
3.1.2 Equations
3.1.3 Sample solutions: single component fluids
3.1.3.1 Master equation
3.1.3.2 Radiation
3.1.3.3 Matter
3.1.3.4 Matter at A-domination
.2 Classification: adiabatic mode,
entropy (isocurvature) modes

3.1



Cont’d

Lecture 4
3.2 Adiabatic mode
3.2.1 Initial condition: C

3.2.2 Summary of experimental results

3.2.3 Summary: at recombination
3.2.4 After recombination: BAO.



Cont’d

Lecture 5
4. Elements of theory of CMB temperature anisotropy

4.1 Sachs—Wolfe, Doppler
and integrated Sachs—Wolfe effects
4.2 Large angular scales
4.3 Intermediate angular scales
4.4 What do we learn from CMB temperature anisotropy



Lecture 6
5. Elements of theory of CMB polarization

5.1 More about photon last scattering

5.2 Reionization
5.2 Polarization from Thomson scattering

5.3 E- and B-modes
5.4 Effect of scalar perturbations

5.4 Effect of tensor perturbations



Cont’d

Lectures 7,8
6. Inflation
6.1 Main idea
6.2 Inflaton as a driver
6.3 Generation of tensor perturbations

6.4 Generation of scalar perturbations:

inflaton mechanism
6.5 Estimating non-Gaussianity

6.6 Curvaton mechanism. Examples of non-Gaussianity
6.7 Example of generation of entropy mode:
axion misalignment

Lecture 9
7. Alternatives to inflation
7.1 Bouncing Universe
7.2 Genesis
7.3 Generating scalar perturbations

8. Conclusions



CMB temperature angular spectrum

Angular scale
90°  18° 1° 0.2° 0.1° 0.07°
6000 ' ' !

5000 |

— 4000 r

3000 |

'Dg[,LLKZ

2000

e

10 50 500 1000 1500 2000 2500
Multipole moment, /¢

M_



Three contributions




Top. defects are not seeds for perturbations

6000
- WMAP
5000f |- -- Abelian Higgs strings
— Semilocal strings
N; 4000 Textures
=
Y
~ 3000
o
< 2000}
1000¢
0 = 3

10 10° 10
multipole moment: |



Effects of adaiabatic and entropy perturbations

| I | L et L T— L L T I I e el
10 100 1000 10 100 1000

[ l

adiabatic perturbations entropy perturbation



[L(i+1)C,/2m] / pK®
2000 4000 6000 8000

10

0

Effect of baryons

2_
0, h°=0.06
0, h%=0.005




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

6000

4000

2000

Effect of curvature (left) and A

6000

4000

[L(t+1)C/2m] / uK?
2000




Einstein:

12

/
AW+ 350 3L = 47Ga? S pror (1)
a a
!/
a
—le/ + —D = —43‘[Ga2[(p ‘|‘p)V]tot . (2)

a
/ /! /12

1
W — < (AD+AW) + =W - @) -2 0+ b= —47Ga> [ plior
a a a
(3)
A(®+W) = —127Ga*[(p + p))ror - (4)

Covariant conservation:

/

6p'+3%(5p+5p) +(p+p) (Av+39)

0, (5)

(o +pW]' +6p+(p+p) <4%v+n+<b) 0. (6)



Cosmology

V.A. Rubakov

Institute for Nuclear Research
of the Russian Academy of Sciences

Department of Particle Physics and Cosmology
Physics Faculty
Moscow State University




Tentative outline

Lecture 2
2. Cosmological perturbations |
2.1 Generalities
2.1.1 Perturbed metric. Gauge invariance.
2.1.2 Perturbed energy-momentum tensor.
2.2 Helicity decomposition

2.3 Tensor modes
2.3.1 Equation

2.3.2 Regimes of evolution
2.3.3 Solutions in superhorizon and
subhorizon regimes. Matching.
2.4 Digression: conformal times of recombination and
radiation-matter equality
2.5 Vector modes



Cont’d

Lectures 3,4
3. Cosmological perturbations Il
Lecture 3
3.1 Scalar modes

3.1.1 Conformal Newtonian gauge

3.1.2 Equations

3.1.3 Sample solutions: single component fluids

3.1.3.1 Master equation

3.1.3.2 Radiation

3.1.3.3 Matter

3.1.3.4 Matter at A-domination

.2 Classification: adiabatic mode,
entropy (isocurvature) modes

3.1



Cont’d

Lecture 4
3.2 Adiabatic mode
3.2.1 Initial condition: ¢

3.2.2 Summary of experimental results

3.2.3 Summary: at recombination
3.2.4 After recombination: BAO.



Cont’d

Lecture 5
4. Elements of theory of CMB temperature anisotropy

4.1 Sachs—Wolfe, Doppler
and integrated Sachs—Wolfe effects
4.2 Large angular scales
4.3 Intermediate angular scales
4.4 \What do we learn from CMB temperature anisotropy



Lecture 6

5. Elements of theory of CMB polarization
5.1 Polarization in Thomson scattering
5.2 More about photon last scattering
5.3 Reionization
5.4 Polarization tensor. E- and B-modes
5.4 Effect of scalar perturbations

5.4 Effect of tensor perturbations



Cont’d

Lectures 7,8
6. Inflation
6.1 Main idea
6.2 Inflaton as a driver
6.3 Generation of tensor perturbations

6.4 Generation of scalar perturbations:

inflaton mechanism
6.5 Estimating non-Gaussianity

6.6 Curvaton mechanism. Examples of non-Gaussianity
6.7 Example of generation of entropy mode:
axion misalignment

Lecture 9
/. Alternatives to inflation
7.1 Bouncing Universe
7.2 Genesis
7.3 Generating scalar perturbations

8. Conclusions



WMAP polarization sky

L

11'(/1'

s

™

i

v

1 4

i

!

R LRR Ry
PENAAN Yy

ThANAY

oy

“ .._/5.__

:_

|
h.__
)




Gla.t (deg )

Gla.t (deg )

Planck polarization spots

1 0 -1
Glon (d’eg)
Intensity (cold spots)

—40

Glat (deg )

Glat (deg )

C!lon (deg )

|||||

..... :
; i
| !
0.2
1 . . s
oF: - i - 0.0
:
: )

N ~
- L T T N
s 0 o
c o o
P
5o
.

'

.

.

.

.

.

.

.

8

3

s e 5
¢ o o
RS
RN e .
NN
-.
) o

N
. N

Gla.t (deg )

Gla,t (deg )




WMAP cross correlation spectrum TE

Angular Scale

90° 2 0.5° 0.2°

6000 [ T T T

(I+1)C /2m [uK?]

_1:IIIIIIIII | I I | | | | | | | | | I:

10 100 500 1000
Multipole moment 1




(L+1)c,/2m] / pK®

Effects of scalar (lett)
and tensor (right) pertubations

104 E_IIIIIII| T T T TTTTT T T T TTTTT T T TTTTT T T T TTTTT T T T TTTTT _E

1000 E g

100

B (lensing)

10_4:|||||||| Coe ol Ll Coerold Cocc ol LI
10 100 1000 10 100

[ [



Cosmology

V.A. Rubakov

Institute for Nuclear Research
of the Russian Academy of Sciences

Department of Particle Physics and Cosmology
Physics Faculty
Moscow State University




Tentative outline

Lecture 2
2. Cosmological perturbations |
2.1 Generalities
2.1.1 Perturbed metric. Gauge invariance.
2.1.2 Perturbed energy-momentum tensor.
2.2 Helicity decomposition

2.3 Tensor modes
2.3.1 Equation

2.3.2 Regimes of evolution
2.3.3 Solutions in superhorizon and
subhorizon regimes. Matching.
2.4 Digression: conformal times of recombination and
radiation-matter equality
2.5 Vector modes



Cont’d

Lectures 3,4
3. Cosmological perturbations Il
Lecture 3
3.1 Scalar modes

3.1.1 Conformal Newtonian gauge

3.1.2 Equations

3.1.3 Sample solutions: single component fluids

3.1.3.1 Master equation

3.1.3.2 Radiation

3.1.3.3 Matter

3.1.3.4 Matter at A-domination

.2 Classification: adiabatic mode,
entropy (isocurvature) modes

3.1



Cont’d

Lecture 4
3.2 Adiabatic mode
3.2.1 Initial condition: ¢

3.2.2 Summary of experimental results

3.2.3 Summary: at recombination
3.2.4 After recombination: BAO.



Cont’d

Lecture 5
4. Elements of theory of CMB temperature anisotropy

4.1 Sachs—Wolfe, Doppler
and integrated Sachs—Wolfe effects
4.2 Large angular scales
4.3 Intermediate angular scales
4.4 \What do we learn from CMB temperature anisotropy



Lecture 6

5. Elements of theory of CMB polarization
5.1 Polarization in Thomson scattering
5.2 More about photon last scattering
5.3 Reionization
5.4 Polarization tensor. E- and B-modes
5.4 Effect of scalar perturbations

5.4 Effect of tensor perturbations



Lecture 7
6. Inflation

Cont’d

6.1 Main idea
6.2 Inflaton as a driver
6.3 Generation of tensor perturbations

6.4 Generation of scalar perturbations:
inflaton mechanism



Lecture 8

Inflation
6.5 Estimating non-Gaussianity
6.6 Curvaton mechanism. Examples of non-Gaussianity
6.7 Example of generation of entropy mode:
axion misalignment
Lecture 9

7. Alternatives to inflation
7.1 Bouncing Universe

7.2 Genesis
7.3 Generating scalar perturbations

8. Conclusions



Equations

Parameters

Slow roll

3Hp= -V
H 2 8 V.
3 M3

Y

16mV2

§ VM3



Cosmology

V.A. Rubakov

Institute for Nuclear Research
of the Russian Academy of Sciences

Department of Particle Physics and Cosmology
Physics Faculty
Moscow State University




Tentative outline

Lecture 2
2. Cosmological perturbations |
2.1 Generalities
2.1.1 Perturbed metric. Gauge invariance.
2.1.2 Perturbed energy-momentum tensor.
2.2 Helicity decomposition

2.3 Tensor modes
2.3.1 Equation

2.3.2 Regimes of evolution
2.3.3 Solutions in superhorizon and
subhorizon regimes. Matching.
2.4 Digression: conformal times of recombination and
radiation-matter equality
2.5 Vector modes



Cont’d

Lectures 3,4
3. Cosmological perturbations Il
Lecture 3
3.1 Scalar modes

3.1.1 Conformal Newtonian gauge

3.1.2 Equations

3.1.3 Sample solutions: single component fluids

3.1.3.1 Master equation

3.1.3.2 Radiation

3.1.3.3 Matter

3.1.3.4 Matter at A-domination

.2 Classification: adiabatic mode,
entropy (isocurvature) modes

3.1



Cont’d

Lecture 4
3.2 Adiabatic mode
3.2.1 Initial condition: ¢

3.2.2 Summary of experimental results

3.2.3 Summary: at recombination
3.2.4 After recombination: BAO.



Cont’d

Lecture 5
4. Elements of theory of CMB temperature anisotropy

4.1 Sachs—Wolfe, Doppler
and integrated Sachs—Wolfe effects
4.2 Large angular scales
4.3 Intermediate angular scales
4.4 \What do we learn from CMB temperature anisotropy



Lecture 6

5. Elements of theory of CMB polarization
5.1 Polarization in Thomson scattering
5.2 More about photon last scattering
5.3 Reionization
5.4 Polarization tensor. E- and B-modes
5.4 Effect of scalar perturbations

5.4 Effect of tensor perturbations



Lecture 7
6. Inflation

Cont’d

6.1 Main idea
6.2 Inflaton as a driver
6.3 Generation of tensor perturbations

6.4 Generation of scalar perturbations:
inflaton mechanism



Lecture 8
Inflation, part 2

6.5 Single field: estimating non-Gaussianity

6.6 Single field: eternal inflation

6.7 Curvaton mechanism. Examples of non-Gaussianity
and entropy modes

6.8 Comments on reheating



Lecture 9
/. Alternatives to inflation
7.1 Bouncing Universe
7.2 Genesis
7.3 Generating scalar perturbations

8. Conclusions



Cosmology

V.A. Rubakov

Institute for Nuclear Research
of the Russian Academy of Sciences

Department of Particle Physics and Cosmology
Physics Faculty
Moscow State University




Tentative outline

Lecture 2
2. Cosmological perturbations |
2.1 Generalities
2.1.1 Perturbed metric. Gauge invariance.
2.1.2 Perturbed energy-momentum tensor.
2.2 Helicity decomposition

2.3 Tensor modes
2.3.1 Equation

2.3.2 Regimes of evolution
2.3.3 Solutions in superhorizon and
subhorizon regimes. Matching.
2.4 Digression: conformal times of recombination and
radiation-matter equality
2.5 Vector modes



Cont’d

Lectures 3,4
3. Cosmological perturbations Il
Lecture 3
3.1 Scalar modes

3.1.1 Conformal Newtonian gauge

3.1.2 Equations

3.1.3 Sample solutions: single component fluids

3.1.3.1 Master equation

3.1.3.2 Radiation

3.1.3.3 Matter

3.1.3.4 Matter at A-domination

.2 Classification: adiabatic mode,
entropy (isocurvature) modes

3.1



Cont’d

Lecture 4
3.2 Adiabatic mode
3.2.1 Initial condition: ¢

3.2.2 Summary of experimental results

3.2.3 Summary: at recombination
3.2.4 After recombination: BAO.



Cont’d

Lecture 5
4. Elements of theory of CMB temperature anisotropy

4.1 Sachs—Wolfe, Doppler
and integrated Sachs—Wolfe effects
4.2 Large angular scales
4.3 Intermediate angular scales
4.4 \What do we learn from CMB temperature anisotropy



Lecture 6

5. Elements of theory of CMB polarization
5.1 Polarization in Thomson scattering
5.2 More about photon last scattering
5.3 Reionization
5.4 Polarization tensor. E- and B-modes
5.4 Effect of scalar perturbations

5.4 Effect of tensor perturbations



Lecture 7
6. Inflation

Cont’d

6.1 Main idea
6.2 Inflaton as a driver
6.3 Generation of tensor perturbations

6.4 Generation of scalar perturbations:
inflaton mechanism



Lecture 8
Inflation, part 2

6.5 Single field: estimating non-Gaussianity

6.6 Single field: eternal inflation

6.7 Curvaton mechanism. Examples of non-Gaussianity
and entropy modes

6.8 Comments on reheating



Lecture 9
7. Alternatives to inflation
7.1 Null Energy Condition and its violation

7.2 Galilean Genesis
7.3 Contracting Universe: Belinsky—Lifshits—Khalatnikov

problem and way out
7.4 Generating scalar perturbations: conformal models

8. Overall conclusions



Problems for exam

1. Consider single field inflation in slow roll regime, at which the
slow roll parameter € decreases in time. Take any inflaton potential
consistent with the CMB and galaxy distribution data. Show that
during the period at inflation, which is responsible for generating
the adiabatic perturbations, the inflaton field rolls down at least by

A(PZ 10r - Mpy )

where r is the tensor-to-scalar ratio. [This means, in particular, that
the discovery of tensor modes with r ~ 0.2, as originally claimed by
BICEP-2, would imply that the variation of the inflaton over the
relevant period of time at inflationary epoch was super-Planckian.]



2. Relatively short gravity waves, created at inflation, after horizon
re-entry at radiation domination can be viewed as a collection of
gravitons (just like electromagnetic waves emitted by antenna can
be viewed as a collection of photons). Assuming that the Hubble
parameter H some 60 e-foldings before inflation end is known,
calculate the average (over enesemble of universes) number of
gravitons (N(k,Ak)) in the present visible Universe in the interval of
momenta from K/ap to (k+ Ak) /ap, and relative variance of this
number

v/ ((N?(k,AK)) — (N(k, Ak))>
(N(k, &k)) |

Dropping the assumption about the value of the Hubble parameter,

calculate these quantities for the inflaton potential V = n?¢?/2.

Give numerical estimates in the latter case for k/ag =1 Mpc 1,

Ak = k.



3. Consider Minkowski space and generalized Galileon theory with
the Lagrangian

L = e"F(Y) +e"K(Y)am

where
Y =e(am?.

Let F and K be chosen in such a way that there is a solution

const
el = - t<O.

Let this solution be healthy, i.e., there are neither ghosts nor
gradient instabilities among preturbations about this solution. Find
the power specrum of perturbations o about this solution in the
regime k|t| < 1, where k is the spatial momentum of a mode.



