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Introduction

B After the inflation, the inflaton should convert its
energy to radiation: Reheating.

B How does the reheating proceed ?

p“Standard” picture:
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Introduction

B After the inflation, the inflaton should convert its

energv to radiation: Reheating.
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B °®Reheating temperature: Ty ~

»“Standard” picture:
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» Tr characterizes the thermal history of Universe:

e Efficiencies of Lepto/Baryogenesis
® Abundance of (unwanted) relics: gravitino, moduli, axion, axino...

® Precise calc. of spectral index

enerov 1o radilc /f!".l Keheating.

Bancating temperature: Ty ~
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Outline

l [ntroduction
B Non-Thermal/Thermal Dissipation

B Numerical Results
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Dissipation

B Missing Two effects:

L P

e Real Scalar / Interaction
>
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Dissipation

B Missing Two effects:
» Before going into details, let us clarify our setup:

1
_ §m§5¢2 + A (YLXR + h.c.) + Lother

e Real Scalar / Interaction

N
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Dissipation

B Missing Two effects:
» Before going into details, let us clarify our setup:

1
Lkin — quzbgbz + M5 ()_(LXR + hC) + Lother

APXX; (A1)
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Dissipation
B Missing Two effects:

What i FHaff 3> m, 22 = e 22 |
J

= A2ty + mN(T)* ~ T

eff X

|
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Dissipation
B Missing Two effects:

What if THLaff 1o my 2 = e 27 |
J

= A2P(t)* + mNT)* ~&T

eff X

1. If meff,X ~/ A¢ > m¢

= Non-perturb. particle production (Non-Thermal)
e.g., [L. Kofman, A. Linde, A. Starobinsky]

2. 1f Mgt ~ mo > un
= Scatterings by abundant thermal particles ( )

e.g., [J. Yokoyama; M. Drewes; A. Berera, Mar Bastero-gil,R.Ramos, J. Rosa]
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Dissipation
B Missing Two effects:
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Dissipation
B Missing Two effects:

What if THLaff 1o my 2 = e 27 |
J

Mo . = AZQ(E)7 + m™(T)* ~ g
| —
1. If Meff y ~ A¢ > My

= Non-perturb. particle pro atiction (Non-Thermal)
e.g., [L. Kofman, A. Linde, A. Starobinsky] {

2.1t Megt y ~ m.. > m

= Scatterings by abundant thermal particles (Thermal)
e.g., [J. Yokoyama; M. Drewes; A. Berera, Mar Bastero-gil,R.Ramos, J. Rosa
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Reheating After Inflation

B Rough sketch of reheating after inflation w/ my < A¢:.
¥ End of inflation. (m, < A¢;)
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B Rough sketch of reheating after inflation w/ my < A¢:.
¥ End of inflation. (m, < A¢;)

INon-ThermaI Dissipation (Preheating)
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Non-Thermal Dissipation

(Preheating)
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NOn'Thermal Dissipation

B The non-perturbative particle production occurs if
[L. Kofman, A. Linde, A. Starobinsky]

m’;{h (T)Z

Mg

A > max |my,
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NOn-Thermal Dissipation

B The non-perturbative particle production occurs if
[L. Kofman, A. Linde, A. Starobinsky]

mg(h (T)Z 2

' eatlng en

A > max |my, ”
¢
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Reheating After Inflation

B Rough sketch of reheating after inflation w/ my < A¢:.
End of inflation. (my << A¢)

INon-ThermaI Dissipation (Preheating)

: ngh T plasma; mg << T' is produced and the
- preheating ends: [Apmg 1'% ~ mt.

Inflato

\ m r, ~K2A\¢(t)\ :
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Reheating After Inflation

B Rough sketch of reheating after inflation w/ my < A¢:.
¥ End of inflation. (m, < A¢;)

INon-ThermaI Dissipation (Preheating)

" ngh T plasma; mg << T' is produced and the

preheating ends: [Apmy]"* ~ m™.

IThermaI Dissipation
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Thermal Dissipation
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Thel‘m al Dissipation

B Thermal Dissipation (due to abundant particles):

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

¢+ (3H ,q5 My P = 7

op

Friction coefficient from Kubo-formula: T, ~ — lim HMret(@, 0)

WM, 00
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Main Message

[KM, K. Nakayama]
B Rough sketch of reheating after inflation w/ my < A¢:.

# End of inflation. (my < Ag;)

INon-ThermaI Dissipation (Preheating)

: ngh T plasma; mg << T' is produced and the
| preheating ends: [Adpm,]"? ~ m'

~ m
IThermaI Dissipation

X -

Tr Reheating by
.4 Thermal Dissipation!?
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Numerical Results

B Contour plot of Iras a function of A and mo.

d; = 10" GeV
a=0.05

10”

”Thermal”
TR X Aszl
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Coupling btw ® & radiation
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Numerical Results

B Contour plot of Iras a function of A and mo.

¢; = 10" GeV
" ’ a = 0.05
Decay
Ty oc JA2Mpim, “Thermal”

T o< \JAMpim,

10”

”Thermal”

Thermal Dissipation dominates the
TR X Aszl P

‘reheating for small me and not small A.
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Summary

B The dynamics of reheating can be changed
dramatically by non-thermal/thermal effects.

B Most prominent for an inflaton w/ a small mass and

a relatively large coupling to radiation.

e.g., Higgs inflation and its variants;
Dark Matter inflation;

Inflation w/ SUSY flat direction (MSSM inflation);
B Other examples where thermal effects may play
important roles: saxion, curvaton, Affleck-Dine...

[T. Moroi, KM, K. Nakayama and T. Takimoto; 1304.6597]
[KM, K. Nakayama and T. Takimoto; 1308.4394]
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Numerical Results

B Reheating temperature [ as a function of A.

10°
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17 1 “Thermal”
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:0 Tr can be much higher than mao.

_ Reheatmg te mperature TR as a functlon of A.
my =1 TeV

1 “Thermal”

reheating via

reff AT?

¢ qB
32 TR o< \/AMp1m¢

10

E

reheating via

I’fpff o= /\qub

TR oC \/ Asz1m¢

“Thermal”

reheating via

5"~ A%aT  Tr o A*My,
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Numerical Results

B Reheating via thermal dissipation.

my =1 TeV
5
e ¢; = 10" GeV

Non-Thermal A=107

105 a = 0.05

-10
10 “Thermal”

107"
Reheating via
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Numerical Results

B Reheating via thermal dissipation.

Prad/Pinj =—
- - Py/Pini

| | | I
° 10-4 10-6 10'8 10-10 \0_12
GV e
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Preheating



NOn'Thermal Dissipation

B For k’A¢d < my (or stable x); the parametric
resonance may occur while

where k., = \//\mcpgﬁ,
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NOn-Thermal Dissipation

B For k’Ad < my, (or stable ¥); the parametric
resonance may occur while

2 2
ki 2 Meer,y ~ &

k.
B Around that time, the bottleneck process of the
energy loss of scalar is the annihilation of x:

Do + F(X —ann)qu = (;

where the oscillation time averaged I is defined as

~(y—ann) = _ 2
Ly Po = Megt, {Oann|O)11y + - - -
[T. Moroi, KM, K. Nakayama and T. Takimoto]
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NOn-Thermal Dissipation

B Non-perturbative particle production occurs:
mt(T)* ]

Mg

/'\qNb > max lmqb,

- |

B The evolution crucially depends on x’s property:

> For kA > my,; the energy loss of scalar = the
decay of ¥, and this process ends at k, ~ m’;(h(T).

»For k° A < My, the parametric resonance may occur
and the energy loss of scalar = x’s annihilation.
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Bulk Viscosity

B The dissipation rate at large ® is directly related to
the bulk viscosity of Yang-Mills plasma.

[y =—lm Iret(w, 0)
w—0 Y
= lim —— f d*x e “H[O(t, %), O(0)]); O(x) = A P (x)F* (x)
0—0 2w N ’ - 8n2¢ W

¢[D. Bodeker; M. Laine]

Bulk Viscosity: C = % f d*x e”" ([ T¥ u(t,x), T",(0,0)])

a’T3

C~ In[1/a]

; @ weak coupling

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