




Basics of inflation

Puzzles of classical cosmology

WHY THE UNIVERSE
is so old, big and flat ?
t > 1010 years
homogeneous and isotropic?
δT/T ∼ 10−5

contains so much entropy?
S > 1090

does not contain unwanted relics?
(e.g. magnetic monopoles)

can be solved with hypothesis of Inflation



Predictive power of Inflation

Fluctuations in inflaton field

⇓
CMBR anisotropy
379,000 years after

⇓
Large-scale structure
13.7 billions years after
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Initial linear stage

During Inflation the Universe is “empty”. But small fluctuations
obey

ük + [k2 + m2
eff(τ )] uk = 0

and it is not possible to keep fluctuations in vacuum
if meff is time dependent
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The source for meff = meff(τ ) is time-dependence of classical
backgrounds:

Expansion of space-time, a(τ )

Evolution of the inflaton field, φ(τ )



Coupling to the inflaton

Scalar X
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meff = mψ + gφ(t)
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Fermion ψ

meff = mψ + gφ(t)

ük +
�
k2 + m2

eff

�
uk = 0

Relevant parameter:

g2 → q ≡
g2φ2

4m2
φ

Note: q can be very large since

φ2

m2
φ

≈ 1012

Kofman, Linde & Starobinsky (94)



Bose versus Fermi :

Scalar X

m2
eff = m2

X + g2φ2(t)

Fermion ψ

meff = mψ + gφ(t)

Bose stimulation.
Occupation numbers grow,

n = eµt

Explosive decay of the inflaton

Pauli blocking.
Occupation numbers

n < 1

Particles are massless at
φ(t) = −mψ/g
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Bose versus Fermi :

Scalar X

m2
eff = m2

X + g2φ2(t)

Fermion ψ

meff = mψ + gφ(t)

Bose stimulation.
Occupation numbers grow,

n = eµt

Explosive decay of the inflaton

= 0xm

= 1xm

Pauli blocking.
Occupation numbers

n < 1

Particles are massless at
φ(t) = −mψ/g



Matter creation: Bose versus Fermi

Red lines: fraction of produced Bosons
Blue lines: fraction of produced Fermions

φ ∝ sin(mt)

Particle production
at the end of inflation
in the model with
inflaton potential

V (φ) = m2φ2



Thermalization after Inflation

Questions:

How system approaches equilibrium?

When? What is thermalization temperature?

Are of general interest and important for practical applications.
It influences:

Inflationary predictions

Baryogenesis

Abundance of gravitino and dark matter relics

Primordial fluctuations



⇒
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√
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Self-similar evolution

k
2 4 6 8 10 12 14

500
1000
1500
2000
2500
3000
3500
4000
4500
5000

5x10

=3600τ- 
=5100τ- 
=7000τ- 
=10000τ- 

kn4k
η = 10000
η = 7000
η = 5100
η = 3600 Particle numbers on the lattice

in the regime of free turbulence



Self-similar evolution

k
2 4 6 8 10 12 14

500
1000
1500
2000
2500
3000
3500
4000
4500
5000

5x10

=3600τ- 
=5100τ- 
=7000τ- 
=10000τ- 

kn4k
η = 10000
η = 7000
η = 5100
η = 3600 Particle numbers on the lattice

in the regime of free turbulence
evolve self-similarly

n(k, η) = τ−q n0(kτ−p)

with p = 1
5



Self-similar evolution

k
2 4 6 8 10 12 14

500
1000
1500
2000
2500
3000
3500
4000
4500
5000

5x10

=3600τ- 
=5100τ- 
=7000τ- 
=10000τ- 

kn4k
η = 10000
η = 7000
η = 5100
η = 3600 Particle numbers on the lattice

in the regime of free turbulence
evolve self-similarly

n(k, η) = τ−q n0(kτ−p)

with p = 1
5

Theory:

Free turbulence

p = 1
7 for 4-particle

interactions

p = 1
5 for 3-particle

interactions

Driven turbulence

p = 3
7 for 4-particle

interactions

p = 2
5 for 3-particle

interactions



Self-similar evolution
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η = 10000
η = 7000
η = 5100
η = 3600 Particle numbers on the lattice

in the regime of free turbulence
evolve self-similarly

n(k, η) = τ−q n0(kτ−p)

with p = 1
5

Theory:

Free turbulence

p = 1
7 for 4-particle

interactions

p = 1
5 for 3-particle

interactions

Thermalization:
Position of the peak moves as

k(τ ) = k0 τp

Thermalization will occur when
k4

max ∼ T 4 ∼ (initial energy).
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k

p = 1/(2m − 1)

s = d − m/(m − 1)

v = 2/(2m − 1)

z = 2/(d(m − 1) − m)

d = 3 m = 3
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+ (2π)3δ(3)(&p)φ̄2

0



m = 4



Test of kinetic description
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Collision integrals and ṅ(k)
at η = 5000.

I(3)
k agrees with ṅ(k) to the

left of the vertical dashed
line

Red line: 3-particle collision integral, I
(3)
k

Blue line: 4-particle collision integral, I
(4)
k
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m2
Φ = −µ2 + g2〈X2〉

〈X2〉 > µ2

g2

〈X2〉 = T 2

12

〈X2〉



V (φ, X) = λ(φ2 − v2)2 + g2φ2X2

g2/λ = 200↑
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V (φ) = λ(φ2
1 + φ2

2 − v2)2

v ∼ 1016



Tc = 102 Tc = 107

LISA AGIS
Adv. LIGO Corr
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