Thermalization
after
Inflation

Kyohei Mukaida

Kavli IPMU

Based on 1312.3097, 1402.2846 and 1506.xxxxXx
In collaboration with K.Harigaya, M.Kawasaki, M.Yamada

Kyohei Mukaida - Univ. of Tokyo
I




Introduction




Introduction

B Inflationary Cosmology

e Inflation is caused by a potential energy of a scalar field, i.e. inflaton.
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Introduction

B Inflationary Cosmology

e Inflation is caused by a potential energy of a scalar field, i.e. inflaton.

e Inflaton should convert its energy into radiation: “Reheating”.
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Introduction

B Inflationary Cosmology
e Inflation is caused by a potential energy of a scalar field, i.e. inflaton.

e Inflaton should convert its energy into radiation: “Reheating”.
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B Inflationary Cosmology

e Inflation is caused by a potential energy of a scalar field, i.e. inflaton.

e Inflaton should convert its energy into radiation: “Reheating”.

{ Inflation Far From Thermal Equilibrium
T ,‘ Reheating ~* May strongly depend on details of reheating
R  ._ o dynamics.
{ Radiation
Dominant

Thermal Equilibrium

* Does not depend on details of reheating.

e Simply characterized by the temperature.

T! MeV
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B Inflationary Cosmology

e Inflation is caused by a potential energy of a scalar field, i.e. inflaton.

e Inflaton should convert its energy into radiation: “Reheating”.

1 Inflation Freeze-out DM production
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Introduction

B Inflationary Cosmology

e Inflation is caused by a potential energy of a scalar field, i.e. inflaton.

e Inflaton should convert its energy into radiation: “Reheating”.

T ~ eV

Reheating | Baryon-to-photon ratio: n =ng/n,

{ Inflation Baryon Asymmetry of Universe

n(CMB) ~ 6.0 x 107, 5.7 x 107'° < n(BBN) < 6.7 x 10*°

Radiation
Dominant

(N —>I+H)#AT(N - [+H*),

Leptogenesis I Sphaleron breaks B+L .

Big Bang Nuclec

Recombination

e —

| Leptogenesis via asymmetric decay of right-handed neutrino

[Fukugita, Yanagida]

; ™ AL — AB L
= DM Production

T! MeV

[Buchmuller, Peccei, Yanagidal]
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Introduction

B Main Theme of This Talk

e Thermalization of radiation: When and How?

e Implications on Heavy particle production and Symmetry restoration.

{ Inflation Far From Thermal Equilibrium
T Reheating ~ * May strongly depend on details of reheating
R T o dynamics.
Radiation
? Dominant
® Thermal Equilibrium

* Does not depend on details of reheating.

e Simply characterized by the temperature.

T! MeV
T ~eV

e More predictable.
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Naive Estimation
Bottom-up Thermalization

Impl ications: Heavy particle production and Symmetry restoration

Summary



I  Naive Estimation




Reheating

B There are several paths to produce radiation.

B Depend on interactions between inflaton and radiation.

Far From Thermal Equilibrium Large Noniertatbanive
e Homogeneous condensation of inflaton Production
v 2212 x|, ALY, - - /‘ J-/\
\f/ Instant Non-thermal
> Preheating Fixed-point
Pl I d The:mal e Turbulence
anck-suppressed operator Dissipation Micha Tachev,
I erges, Rothkopf, Schmidt;
Small C_Fa Fa‘u’v, - [KM, Nakayama;...] -+
\/
Perturbative > Thermal Equilibrium
. Production Py e Fluid of thermal plasma
L — m—
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Reheating

B There are several paths to produce radiation.

B Depend on interactions between inflaton and radiation.

Far From Thermal Equilibrium

e Homogeneous condensation of inflaton

\kf/w

Planck-suppressed operator
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Reheating

B Necessary ingredients to study thermalization after inflation.

B Three parameters:

I Mass of inflaton: m;
I Decay rate of inflaton: T
I Dominant coupling of decay products: &
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Reheating

B Necessary ingredients to study thermalization after inflation.

Rescaled prm:
I7

3 2
e /Mpl

B Three parameters:

I

I Mass of inflaton: m;
I Decay rate of inflaton: T -
I Dominant coupling of decay products: &

* See what happens at "~ H as an illustration.
f,(p)
1 +

>

4 2 12
mIfx(mI) ~ Prad ™ pI‘dec ™~ Mplrl

- , Initial
Mo ~2(ﬁ) Y ..
m; F My, —— P
my
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Reheating

B Necessary ingredients to study thermalization after inflation.

Rescaled prm:

B Three parameters:
| i . I} =
I Mass of mflatqn. m; LT
I Decay rate of inflaton: T -
I Dominant coupling of decay products: &
* See what happens at "~ H as an illustration.
f,(p) 4+ Thermal
]_ B TN 1/4Nmf‘1/2\/m/M
\™ Prad I 11 Vipl
F12M§1 = Mp 2__
m? 7 Mp] : — ] > p
T~ /Myl ~m 2 v, <€ my
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Reheating

B Necessary ingredients to study thermalization after inflation.

Rescaled prm:

B Three parameters:
| i . I} =
I Mass of mflatqn. m; LT
I Decay rate of inflaton: T -
I Dominant coupling of decay products: &
* See what happens at "~ H as an illustration.
f1(p) p Initial
1 I ———— I Small energy: | Large energy: m;

™~

T ~m i fmy /My VeSe 1 small #:

v | Large #: 1 I (mI/Mpl)z

N > - —
2072
Iy MP1 2 (ﬂ)z__ ______________________________________________________________________________________________________________________________________________
mf F\ My, : s — D
T~ My ~m B2 vy, <& my
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Reheating

B Thermalization after Reheating via Small Decay Rate

 Number violating process plays crucial roles!

= Time scale of #-violating process v.s. Hubble parameter, H

I Depends on &

* See what happens at "~ H as an illustration.
f(P) 4 Initial
1 +-s : ! Small energy: | Large energy: m;

T ~ mIf‘Il/z \/m[/Mp] VoSo | Sma" #-

v | Large #: 1 I (mI/Mpl)z
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Naive Estimation

B Number Violating Processes (naive estimation)

e Apparently, #-violating “hard” process seems to efficiently increase # and
reduce energy per one-particle...

a3

4"~~ 3
mI —_ - NmI FN_ZXfx(mI)mI
" ‘\ mI
1 ’ A mI | ' 9
mI _‘l l' ~y m ~ m
.- .- 3 =2 My
- I ~ mIFI -
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Naive Estimation

B Number Violating Processes (naive estimation)

e Apparently, #-violating “hard” process seems to efficiently increase # and
reduce energy per one-particle...

3
a
cmma 3
mI — - NmI FN_ZXfx(mI)mI
" ‘\ mI
m 1 } D ! 2
I —.___.* ~ m 3 =p
e I v a mIFI -

pl

=) Delayed thermalization 222 [Ellis et al., 1987; McDonald, '00; Allahverdi, '00; ...]
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Naive Estimation

B Number Violating Processes (naive estimation)

LApparently, #-violating “hard” process seems to efficiently increzg
S .
lg.cnergy per one-particle...
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Thermalization
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Thermalization

“Soft” Number Violating Processes

e t-channel enhancement of “soft” processes

999/ soft particle
my ~ My | L o

__f(ml)mg' a®—

I
my ~ My ~uq Mpl °

! F;l a—
f, (p) my

p P [Davidson, Sarkar, ‘00]

= Rapid production of soft particles
* This process alone cannot efficiently reduce the energy of hard primaries.

e This is because the energy loss per event is too small.

Kyohei Mukaida - Univ. of Tokyo
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Thermalization

B Thermalization of under-occupied primaries

e [sotropic and under-occupied distribution of hard primaries: f(p) « 1.

e Hard primaries are charged under non-Abelian (SM) gauge group.

Rescaled prms:

~

t=mt, || =

m?}Msl
fx(p)A N— —
|
T n n - | = g
1 m*f, (M) ! " g ! o M2LH ! mit e
Initial
L s ;
g
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Thermalization

B Thermalization of under-occupied primaries

e [sotropic and under-occupied distribution of hard primaries: f(p) « 1.

e Hard primaries are charged under non-Abelian (SM) gauge group.

[Kurkela, Moore, "11; Kurkela, Lu, '14;

= Thermalization proceeds from the soft sector. " ,
Baier et al., ‘00]

Rescaled prms:

~

t=mt, !IEm?-/Msl
fx(p)A N— —
|
T n n " L o
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Initial
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Basic Formalism

[Arnold, Moore and Yaffe, hep-ph/0209353]

B Effective Kinetic Equations

e Assumption: weak coupling, perturbative occupancy and modes w/ p » m..

a<1 af (p) <1 m3~af]%
P

e Kinetic Equations: dynamics of quasi-particles

#:f(p,t) = —Co 2|f|(p) — C1» 2|f]|(p) atleading order in #f
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Basic Formalism

[Arnold, Moore and Yaffe, hep-ph/0209353]

B Effective Kinetic Equations

e Assumption: weak coupling, perturbative occupancy and modes w/ p » m;.

a<1 af (p) <1 mfwf@
p 1%

e Kinetic Equations: dynamics of quasi-particles

#:f(p,t) = —Co 2|f|(p) — C1» 2|f]|(p) atleading order in #f

» Diffusion via t-channel enhancement

pN
q. <p ﬁ Apzf\,é\lelt

p~ Random Walk in
momentum space...

dT 2
O ! f d*q. —2q7 ! o f f@EN1+f(P)] w jgi' Lt T[T (p)]
p* !

dg? o7 of +m2
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Basic Formalism

[Arnold, Moore and Yaffe, hep-ph/0209353]

B Effective Kinetic Equations

e Assumption: weak coupling, perturbative occupancy and modes w/ p » m..

a<1 af (p) <1 mf’“af]@
p P

e Kinetic Equations: dynamics of quasi-particles
#:f(p,t) = —Co 2|f|(p) — C1» 2|f]|(p) atleading order in #f

» Splitting via t-channel enhancement (effective “1 to 2” process)

- Bethe-Heitler e - Landau-Pomeranchuk-Migdal (LPM) suppression

k *
~ X
T i) (g

= Destructive interference unless the phase varies

| k
1S k-(x,—x;)~thkO% WO~k [k~ +/Gut/k=p t > \| — =t
qel

. "1
" * Lopit(k) ! ! min Ty, ¢ s
n e T — B




Thermalization

B Thermalization of under-occupied primaries

e [sotropic and under-occupied distribution of hard primaries: f(p) « 1.

e Hard primaries are charged under non-Abelian (SM) gauge group.

[Kurkela, Moore, "11; Kurkela, Lu, '14;

= Thermalization proceeds from the soft sector. " ,
Baier et al., ‘00]

(0). Initial

Rescaled prms: {X
I
~ . I
t=mt, ! =
T mi M2
pl - -
Hard primaries
! Produced via inflaton decay
» Dominate energy & number
ﬁ — —
ocC p—3/2
B i e
» P
[KM, K.Harigayal]
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Thermalization

B Thermalization of under-occupied primaries

e [sotropic and under-occupied distribution of hard primaries: f(p) « 1.

e Hard primaries are charged under non-Abelian (SM) gauge group.

[Kurkela, Moore, "11; Kurkela, Lu, '14;

= Thermalization proceeds from the soft sector. " ,
Baier et al., ‘00]

(). 8.1 £ f Soft daughters
¢ ! Produced via splittings of hard primaries
Rescaled prms: X ’
P ¥ )= | k!
f=m,t, !~ — : —1 @ e — :
R VR ( f )
pl : -
Hard primaries
L . 1/2\ " 72 ! Produced via inflaton decay
max/ Ty ™ aly » Dominate energy & number
t-ini - mI/ kmax \
‘ oc K3/
Elas’[ic Scatterlng ShOUld be efﬂcient; lhlt_! T _ . .............................. k
' > H «— E > E ) kn;ax | —14=3/8) K Al V4 ":11
el ini ©Tr Tmax [KM, K.Harigayal]
T —
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Thermalization

B Thermalization of under-occupied primaries

e [sotropic and under-occupied distribution of hard primaries: f(p) « 1.

e Hard primaries are charged under non-Abelian (SM) gauge group.

= Thermalization proceeds from the soft sector. Kurkela Moore, T Kurkela, Lu, 14;

(i)-'ﬁ_ini! t! t:_soft

Rescaled prms:

~ H I

t=mt, || = (t_)/

~1/2
kmax/ml ~ (XFI

ﬁ-ini = mI/ kmax

Elastic scattering should be efficient:

Fel>H<_>E>Eini

R —

Kyohei Mukaida - Univ. of Tokyo
.

Flt:J 1.

Baier et al., ‘00]

Soft daughters

! Produced via splittings of hard primaries

Hard primaries
" 7/2 1 Produced via inflaton decay

» Dominate energy/number

[KM, K.Harigayal]
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Thermalization

B Thermalization of under-occupied primaries

e [sotropic and under-occupied distribution of hard primaries: f(p) « 1.

e Hard primaries are charged under non-Abelian (SM) gauge group.

= Thermalization proceeds from the soft sector.

(”) Esoft S E S Emax

Rescaled prms:

~ H I

t=mt, ||, =

T*/ml ~v OL41~_'IE

~ . 9~
tsoft —a tini

Soft daughters are thermalized:

o’T,>H > >

R —

Kyohei Mukaida - Univ. of Tokyo
n

[Kurkela, Moore, "11; Kurkela, Lu, '14;
Baier et al., ‘00]

Soft daughters

! Thermalized by their own interactions

f,
R 1 k1 » Dominate number
1 ............................................ .
S . Hard primaries
£
! Produced via inflaton decay
Ik 72 ) still dominate energy
| K32
FE L .............................. . Kk
T, ¢ 54 m,
Mo [KM, K.Harigayal
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Thermalization

B Thermalization of under-occupied primaries

e [sotropic and under-occupied distribution of hard primaries: f(p) « 1.

e Hard primaries are charged under non-Abelian (SM) gauge group.

[Kurkela, Moore, "11; Kurkela, Lu, '14;

= Thermalization proceeds from the soft sector. " ,
Baier et al., ‘00]

(ifi). £, S £ S &y Soft daughters
! Thermalized by their own interactions

Rescaled prms: » Dominate number/energy

_ ~ |
t:m|t, II:mB/Mz f)( -1 -
| 1 ~ o< . .
P 1 ~ Hard primaries
B R — N
( ) . I Produced via inflaton deca
o 1/4 (moeo1)1/4 12V (T \ Y

L, Prad (FI L ) my | (af”) ( ; ) I Breaks up within " splie(my)

- w ~_3/5 : -— ————————
P ~a 16/5FI / o k'ﬂ-7 —

Hard primaries soon breaks up:

. Vi e
]_—‘Spht(mI) > H «—> t > tmaX Fspht(ml)t ; ..................................... ; s k
— — L I [KM, K.Harigaya]
Kyohei Mukaida - Univ. of Tokyo 36



Thermalization

B Thermalization of under-occupied primaries

e [sotropic and under-occupied distribution of hard primaries: f(p) « 1.

e Hard primaries are charged under non-Abelian (SM) gauge group.

[Kurkela, Moore, "11; Kurkela, Lu, '14;

= Thermalization proceeds from the soft sector. " ,
Baier et al., ‘00]

(iv). Fy S T Thermal Plasma

Rescaled prms:

! Thermalized by their own interactions

» Dominate number/energy

! ! m|3/ I\/Ilf1 i 1 kL
R s
T ~ Tp(En/D)?| T~ o/ TiMy
2
t—1 Mpl
tn ~ 1 —
m

Inflaton decays completely:

[, >H < t>t, & - k

—— [KM, K.Harigayal
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Thermalization

B Thermalization of under-occupied primaries

e [sotropic and under-occupied distribution of hard primaries: f(p) « 1.

e Hard primaries are charged under non-Abelian (SM) gauge group.

[Kurkela, Moore, "11; Kurkela, Lu, '14;

= Thermalization proceeds from the soft sector. " ,
Baier et al., ‘00]

(i). &, ! #! %,  Production of soft population and its thermalization f. . ~al f‘l_l/z
(i1). tyon ST St Splittings of hard primaries in thermalized soft sector Lo~ a—3f‘l_1/2
(iii). to S TSy,  Thermalized radiation (with a small tail) t a—16/5f-1—3/5
(iv). t, St Completion of reheating t ~ f‘I_llel/m?

[KM, K.Harigayal]
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Thermalization

B Thermalization of under-occupied primaries

e [sotropic and under-occupied distribution of hard primaries: f(p) « 1.

e Hard primaries are charged under non-Abelian (SM) gauge group.

[Kurkela, Moore, "11; Kurkela, Lu, '14;

= Thermalization proceeds from the soft sector. " ,
Baier et al., ‘00]

(i). £, ! ! #,,4x  Production of soft population and its thermalization t, . ~a ! f‘I_l/z
(i1). tyon ST St Splittings of hard primaries in thermalized soft sector Lo~ a—3f‘l_1/2
(iii). t o S TS ty,  Thermalized radiation (with a small tail) t .~ a_16/51~"1—3/5
(iv). t,, St Completion of reheating t ~ f'I_lMsl/m?

= One canrelyon T ~ psa/; after t ~ a—16/5f'1__3/5

max [KM, K.Harigayal]
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Thermalization

[Kurkela, Moore, "11; Kurkela, Lu, "14; Baier et al., ‘00]

B Bottleneck Process determines tmax
f

e Splitting of remaining hard primaries .
1 I
Tt
Hard
SOft |—|t_' 1. , ............................. N R k
T Lo 54 m,

m —

Ernax
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Thermalization

[Kurkela, Moore, "11; Kurkela, Lu, "14; Baier et al., ‘00]

B Bottleneck Process determines tmax
f

e Splitting of remaining hard primaries .
1 I
<X t
Hard
| K Y2
Soft Soft Fe L , ............................. N . k
T Loe oS4 m
m. —
Ernax
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Thermalization

[Kurkela, Moore, "11; Kurkela, Lu, "14; Baier et al., ‘00]

B Bottleneck Process determines tmax
f,

e Splitting of remaining hard primaries L
T 1 I
SO“ T : Esoft 2.. .................................................
2 0
C’JOS\& '; \' > Oft Q T
! T
Hard 2
S _ |32
Soft Fe L , ............................. N . Kk
T £ 54 m,
O/; T m, £
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Thermalization

[Kurkela, Moore, "11; Kurkela, Lu, "14; Baier et al., ‘00]

B Bottleneck Process determines tmax
f

e Splitting of remaining hard primaries .
1 I
Tt
Hard
SOft |—|t_' 1. , ............................. N R k
T Lo 54 m,

m —

Ernax

e Time scale of bottleneck process:

1~ 1_‘split(TnI)t A S (azT)_l V mI/T

= Plugging in T,/m; ~ a*T}F,...

~ —16/57—3/5
Lmax ~ @ [}

Kyohei Mukaida - Univ. of Tokyo
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Thermalization

B Thermalization of under-occupied primaries

e [sotropic and under-occupied distribution of hard primaries: f(p) « 1.

e Hard primaries are charged under non-Abelian (SM) gauge group.

[Kurkela, Moore, "11; Kurkela, Lu, '14;

= Thermalization proceeds from the soft sector. ,
Baier et al., ‘00]

(). &, ! ! f,,  Production of soft population and its thermalization tii a_11-',1—1/2
N

(i1). tyon ST St Splittings of hard primaries in thermalized soft sector Eoofe ~ _BI‘_l/Z
N

(ii1). tox S S £, Thermalized radiation (with a small tail) foay ™~ a_16/5f'1_3/5
¢

(iv). t S Completion of reheating ~ F_1M2 /m?

= Thermalized before the complete decay of inflaton

. . m 5/8
f> e a> 107 ( ' ) F|1/8
1013 GeV

Kyohei Mukaida - Univ. of Tokyo
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Implications




Heavy Particle

B Particle Production Processes w/ I l | T

N | 3T
—Ary 1 =BBr(1" Heavy particle)

e Production from direct inflaton decay - am
now |

 Production from background plasma

Il Thermal Freeze-out (T+ > Tro > TR)

Freeze-out

fx :'—.~" - i i T 75
A Thermal Thermal ' % | % R

‘ " Ll .
S R — N plasma 'y ’ S now S Fo Tgo
(ai )" (Em_?)?’/“.. I

I t

! Non-thermal production via scatterings
between thermal plasma and hard primaries
for Tm; > m?

it

ot . k Non-thermal production | AL
Np-th " new R
Hard A S ms— I I —
¥ 1 S now ! m
Thermal s / Tol m2
N o for M Ig: M
—

[K.Harigaya, KM, M.Kawasaki, M.Yamada]
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 Symmetry Restoration

B Effective potential of scalar field

e Consider a scalar $, which is an order parameter and

*$ receives finite density corrections from backgrounc

Jx

|Near $ ~ 0: mj ¢~ a¢J
p

p

¢ Evolution of T+

Tr

£ 1 10 4
1 MeV

log; ol mit"

Kyohei Mukaida - Univ. of Tokyo
n

couples with radiation.

plasma.

(p)
= OL¢T*2 ed., ! °|"%g ! '8 ,a4é

| BBN sets lower bound to ",

2F 3

1013 GeV

I Maximum T+ for the smallest "

2 a ([ T e my
Tilmax ~ 5% 107 GeV x (ﬁ) 10-24 (10—13 GeV)

[KM, M.Yamadal]
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Summary

A small decay rate of inflaton (e.g., Planck-suppressed one)
results in a small number density of decay products, which
apparently delays the thermalization after reheating.

Contrary to the naive expectation, we found the condition
for instantaneous thermalization after Tr, which is satisfied

" . " _3 m 8 .18
in most cases: t,> .., < a> 10 (1013Gev) 3

Heavy particles with m » Tr can be produced scatterings
between the hard primaries and the thermal plasma.

The evolution of effective temperature is different from that
obtained under instantaneous thermalization assumption.
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