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Outline
Reheating: Standard perturbative decay

•Oscillating inflaton field
•Perturbative decay rates 
•Reheating temperature

Preheating: Very rich phenomenology
•Parametric resonance and tachyonic inst.
•Production massive part. + top. defects 
•EW baryogenesis & leptogenesis
•Stochastic background gravitational waves
•Primordial magnetic fields



Reheating



Inflaton oscillating at end of inflation
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Inflaton coupled to rest of the universe
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Perturbative decay of inflaton
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Perturbative reheating
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Non-perturbative decay of inflaton
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Particle production (Schrödinger)
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Occupation number of     field
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Band structure



Narrow
resonance



Broad
resonance



)(tφ

Broad
resonance



Expanding
universe



Lattice simulations
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Preheating
Very rich phenomenology after inflation

•Non-thermal production of particles (CDM)
•Production of topological defects 
•EW baryogenesis & leptogenesis
•Production of gravitational waves
•Production of primordial magnetic fields
•etc.
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JGB, Linde PRD57, 6075 (1998)

PRL87, 011601 (2001)
PRD64, 123517 (2001)

Felder, JGB, Kofman, 
Linde, Tkachev

JGB, Garcia-Perez, 
Gonzalez-Arroyo PRD67, 103501 (2003)



Tachyonic Preheating
Spinodal growth of long wave Higgs modes

•At the end of Hybrid Inflation
•Higgs couples to gauge fields
•Strong production of fermions



The Higgs Evolution
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Higgs Quantum Field
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Quantum Initial Conditions
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Quantum to Classical Transition

gaussian
pyGpyG ),(,)ˆ,ˆ(, 000 ≈ττ

1>>⇒ |)(| τkF



Quantum to Classical Transition

For longwave modes τ<k
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Power spectrum of longwave modes



Lattice Simulations

Quantum averages = Ensemble averages

Initial conditions: Highly occupied modes
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Histograms of
Higgs field and Inflaton field



Hybrid evolution



High peaks of Higgs field







High peaks and mean of Higgs field
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Sakharov conditions

•B violation
•C and CP violation
•Out of equilibrium



inflation matterradiation now ?
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The SU(2) Higgs-Inflaton model



Chern-Simons Number

]~[ µν
µνπ

FFTrxddtgN
t

t

w
CS

i

∫∫=∆ 3
2

2

16

),( txQxddt
t

ti
∫∫≡ 3

216
1
π

)()( tN
dt
d

Vm
t CS

2
4

1
∆≡Γ )()( tmdtmtI

t

ti

Γ= ∫
510640071245 −⋅±= )..()(I



Chern-Simons Charge ),( txQ



Chern-Simons Charge ),( txQ





Peak in Chern-Simons Charge



Sphaleron Production 2
CSN∆



Sphaleron Production 2
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Cold EW Baryogenesis (I)
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CP violation
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CP violation
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Cold EW Baryogenesis (II)
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EW Symmetry Breaking can lead
to the production of baryons via
sphaleron production at tachyonic
preheating after hybrid inflation 

The right amount of baryons
depends on CP violation param.
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EW Tachyonic Preheating

Spinodal growth of long wave Higgs modes

• At the end of EW Hybrid Inflation
• Inflaton couples to Higgs
• Higgs couples to SM fields
• Strong production of fermions

and gauge fields



The SU(2)xU(1) Higgs-Inflaton model

])[( ΦΦ+−−= + µ
µ

µν
µν

µν
µν DDTrGGFFL a

a

4
1

4
1

µννµµν

νµµννµµν

µµµµ

ε

ττ

BBF
AAgAAG

BgiAgiD
cbabc

w
aaa

Ya
a

w

∂−∂=
+∂−∂=

−−∂= 322

),()( χχµ Φ−∂+ V2

2
1

2222
2

22

22
0

2
1

24

2
1

2
1

χχφφλχφ

φφφφ

mgvV

Tr a
a

++−=

≡+=ΦΦ+

)(),(

)(][



),( χφV

χ

φ

Hybrid Inflation







High peaks and mean of Higgs field



Evolution after EWSB



Kinetic Turbulence & Scaling
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The amplitude of magnetic fields
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EW Symmetry Breaking can lead
to the production of primordial
magnetic fields at tachyonic
preheating after hybrid inflation 

The right amplitude and scale
of magnetic fields depends on
the extent of kinetic turbulence

Initial conditions for magneto-
Hydrodynamic simulations


