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Non-equilibrium phenomena in the early universe

Making Inflation in QFT and String Theory

Preheating after QFT and String Theory Inflation

Observables from  Preheating



Concise History of the Early Universe



Early Universe Inflation

Scale factor 

time

Realization of Inflation



Generation of
Cosmological Fluctuations



Hà 1

x~

î ÿ(x~)

î ÿ =
R

d3k(akÿk(t)eik~x~ + h:c:)

t

Light field at inflation



time

Hubble radius

end of 
inflation

recombination









Logarithmic running
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Initial conditions from Inflation



WMAP3 sees 3rd pk, B03 sees 4th
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ACBAR, CBI see 4th 5th pk

CBI excess 07 

WMAP3 sees 3rd pk, B03 sees 4th

ACBAR excess 08 
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Inflation in the context of ever changing fundamental theory
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Family phase portrait of inflation
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Inflation in String Theory:
Cosmology with Compactification
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Inflation in String Theory:
Cosmology with Compactification

3+1 FRW

CYcosmologist



Modular Inflation. They use Kahler moduli/axion
like the  fields that are a present in the KKLT 

stabilization.

Brane inflation. The inflaton field corresponds to 
the distance between branes in Calabi-Yau 
space. Historically, this was the first class of 
string inflation models.

Modular Inflation.Modular Inflation. They use Kahler moduli/axion
like the  fields that are a present in the KKLT 

stabilization.

Brane inflation.Brane inflation. The inflaton field corresponds to 
the distance between branes in Calabi-Yau 
space. Historically, this was the first class of 
string inflation models.

String Theory inflation models



Inflation with branes in String Theory

4-dim picture

Prototype of 
hybrid  inflation



Inflation with branes in String Theory

4-dim picture

Prototype of 
hybrid  inflation

throat warped geometry

Mobile brane

KKLMMT



Kahler moduli Inflation (Conlon&Quevedo hep-th/050912)
Roulette Inflation-Kahler moduli/axion

(Bond, LK, Prokushkin&Vandrevange hep-th/0612197)





String theory landscape of the Kahler moduli/axion Inflation



Ensemble of 
Inflationary 
trajectories



Lessons:

Multiple fields Inflation

Ensemble of acceleration histories (trajectories)
for the same underlying theory

Prior probabilities of trajectories P(H(t))

Small amplitude of gravity waves r from inflation



Baumann&Mcallister
hep-th/0610285

Lyth hep-ph/9606387

Efstathiou &Mack 
astro-ph/0503360
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CMBPol 2017

Measurement of GW from CMB anisotropy polarization
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Output of Preheating



Large  field models 
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Resonant Preheating in Chaotic Inflation
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Resonant Preheating in Chaotic Inflation





Method od successive scatterings



Resonant Preheating in Chaotic Inflation





Classical Quantum

Decay of inflaton
and preheating after inflation

movie

Felder, LK
hep-ph/0606256



Classical Quantum

Decay of inflaton
and preheating after inflation

movie



Classical Quantum

Decay of inflaton
and preheating after inflation





Evolutionof energy density

Evolution of gravitational potentiall

A. Frolov 07



Tachyonic Preheating in  Hybrid Inflation

l
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Tachyonic Preheating
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Three-linear interaction

In expanding universe complete inflaton decay requires 3-legs interactions

Broad Parametric  Resonance

Tachyonic Resonance



Above the barrier

Below the barrier



SUSY

Four-legs dominates at preheating

Three- vs four-legs

Three-legs dominates after preheating
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Light field at inflation



Modulated Fluctuations
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Light field at inflation develops fluctuations

Inflation radiation



Generation of gravitational waves from random media 
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Stochastic background of gravitational waves 
emitted from preheating after inflation 





Emission of stochastic   GW by random media 



Emission of stochastic   GW by random scalar fields  

First order phase transitions
Second order phase transitions
Topological defects formation

Thermal bath of scalars
Tachyonic preheating
Resonant preheating





No GW emission



Modulated fluctuations in Hybrid Inflation

inhomogeneous waterfall

Bernardeau, LK, Uzan 03



GW generated for non-trivial dispersion relation



Random gaussian fields 



Emission of GW from preheating



Numerical calculations of GW emission from Preheating









Numerical calculations of GW emission from Preheating



Analytic check



estimation

Shortcut to the answer Felder, LK
hep-ph/0606256



topological effects after hybrid inflation (unstable)
formation of defects results in GW emission







GW from high energy inflation are targeted by 
CMB B-mode polarization experiments 

GW from low-energy inflation are targeted by 
GW astronomy

The story of stochastic  gravitational waves  is
CMB anisotropies of 21 century



Reheating after String Theory Inflation

Barnaby, Burgess, Cline, hep-th/0412095

LK, Yi, hep-th/0507257

Frey, Mazumdar, Myers, hep-th/0508139

Chialva, Shiu, Underwood, hep-th/0508229

Chen, Tye, hep-th/05120000; 0602136

Dufaux, LK,  Peloso 08



Realization of String Theory Hybrid  Inflation

throat warped geometry

Mobile brane

Warped brane inflation

4-dim picture

Prototype of 
hybrid  inflation



Open strings

between branes are unstable

End point of inflation

BANG

SM particles

Closed strings

Unstable KK
modes

Long-living KK modes
related to inner isometries

LK, Yi 05





KK story

KK particles  are thermalized first
SM particles are thermalized much later

KK from M with  isometries
are stable

No complete decay

KK particles freeze out 



string theorist
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Fluctuations in Cosmology with Compactification

CYcosmologist

KK atom 



metric

wave equation for KK mode

Throat geometry

“big” CY



KK modes interactions
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Resolution?

Attachment of KS throat to a compact CY
Induces symmetry breaking perturbations.

Tip of KS throat is a particular case of Sasaki-Einstein manifolds.
There are asymmetric SE manifolds, but no examples of asymmetric throats



Impact of isometry breaking perturbation on KK modes decay

Dufaux, LK, Peloso 08









EW Phase Transition GW generation from the 
bubble collisions and turbulence 

Dark Matter freeze-out Close to the 250 MeV
phase transition, QGP is involved

Inflation Scalar field condensate+fluctuation
are out-of-equilibrium

Preheating after Inflation Creation of particles,
Inflaton fragmentation and thermalization

EW Phase TransitionEW Phase Transition GW generation from the 
bubble collisions and turbulence 

Dark Matter freezeDark Matter freeze--outout Close to the 250 MeV
phase transition, QGP is involved

InflationInflation Scalar field condensate+fluctuation
are out-of-equilibrium

Preheating after InflationPreheating after Inflation Creation of particles,
Inflaton fragmentation and thermalization

Non-equilibrium early universe


