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Non-Thermal Dissipation
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Adiabaticity •If the produced χ is not stable...
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Rough sketch of reheating after inflation w/
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Rough sketch of reheating after inflation w/
End of inflation.

Time
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 Thermal Dissipation
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Thermal Dissipation

Thermal Dissipation (due to abundant particles):

29

�̈ + (3H + ��)�̇ +m�2� = �@F
@�

e.g.,[Hosoya, Sakagami; Yokoyama; Drewes; Berara et al.]

Friction coefficient from Kubo-formula:

‣Small Φ: 

‣Large Φ: 

[D. Bodeker; M. Laine]
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Rough sketch of reheating after inflation w/
End of inflation.

Reheating by
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TR
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preheating ends:
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[KM, K. Nakayama]
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Numerical Results
Contour plot of TR as a function of λ and mΦ.
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Coupling btw Φ & radiation

Numerical Results
Contour plot of TR as a function of λ and mΦ.
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“Thermal”

“Thermal”

Thermal Dissipation dominates the 
reheating for small mΦ and not small λ.
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Summary
The dynamics of reheating can be changed 
dramatically by non-thermal/thermal effects.

Most prominent for an inflaton w/ a small mass and 
a relatively large coupling to radiation.

Other examples where thermal effects may play 
important roles: saxion, curvaton, Affleck-Dine...

34

Higgs inflation and its variants; 
Dark Matter inflation; 
Inflation w/ SUSY flat direction (MSSM inflation);

e.g., 

[T. Moroi, KM,  K. Nakayama and T. Takimoto; 1304.6597]
[KM,  K. Nakayama and T. Takimoto; 1308.4394]
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m� = 1 TeV
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• TR can be much higher than mΦ.
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Numerical Results
Reheating via thermal dissipation.
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Numerical Results
Reheating via thermal dissipation.
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Reheating via

Time

TR ⇠ 105 GeV

�e↵
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m� = 1 TeV

�i = 1018 GeV

� = 10�5

↵ = 0.05

“Thermal”

v.s.

Γ decreases faster than H.
→This term alone cannot 
complete the reheating.
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Non-Thermal Dissipation

For                    (or stable χ); the parametric 
resonance may occur while
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Non-Thermal Dissipation

For                    (or stable χ); the parametric 
resonance may occur while

Around that time, the bottleneck process of the 
energy loss of scalar is the annihilation of χ:

43

where the oscillation time averaged Γ is defined as

2��̃⌧ m�

⇢̇� + �̄
(��ann)
� ⇢� = 0;

[T. Moroi, KM, K. Nakayama and T. Takimoto]

�̄(��ann)
� ⇢� = me↵,�h�ann|v|in2

� + · · · .

k2
⇤ & m2

scr,� ⇠ g2 n�
k⇤
.
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Non-Thermal Dissipation

Non-perturbative particle production occurs:

The evolution crucially depends on χ’s property:

44

‣For                   ; the energy loss of scalar → the 
decay of χ, and this process ends at

‣For                   ; the parametric resonance may occur 
and the energy loss of scalar → χ’s annihilation.

2��̃� m�

2��̃⌧ m�

� ˜�� max

2
66664m�,

mth

� (T)

2

m�

3
77775 .

k⇤ ⇠ mth
� (T).
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Bulk Viscosity
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The dissipation rate at large Φ is directly related to 
the bulk viscosity of Yang-Mills plasma.

Ô(x) =
A

8⇡2�
Faµ⌫(x)Fa

µ⌫(x)

Bulk Viscosity: ⇣ =
1

9

Z
d

4

x e

�i!th[Tµµ(t, x),T⌫⌫(0, 0)]i

[D. Bodeker; M. Laine]

⇣ ⇠ ↵2T3

ln[1/↵]

; @ weak coupling

[Arnold, Dogan, Moore; hep-ph/0608012]

�� = � lim
!!0

=⇧ret(!, 0)
!

= lim
!!0

1
2!

Z
d4x e�i!th[Ô(t, x), Ô(0)]i;


