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BIG PICTURE

What we know What we want to understand today:
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REHEATING




REHEATING: EQUATIONS OF MOTION !

Scalar field @(t) loses energy through Universe expansion (Hubble friction) = decays
into lighter particles.

LARXIV:1312.3097
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REHEATING: EQUATIONS OF MOTION !

Scalar field @(t) loses energy through Universe expansion (Hubble friction) = decays

into lighter particles.

W Consider the case :

¢(t) dominates energy density
Decay is well described by

perturbative decay

where

- Py :

- Pr
_r¢

d
P+ (3H+To)pp =0,

d
- r+4H r_r =0,
=P Pr—ToPy

3H2MI§1 =P +Pr
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. Energy density of decay products

: Decay rate of scallar field
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REHEATING: SOLUTION

Energy density dominated by ¢(t) = H = % and decay width negligible to
P

Hubble parameter.

— 4r M21 r H 2 4
~ — ~ — —~ t, = —.
Py Pre=cToM, ~~Polo 3¢ 4)
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REHEATING: SOLUTION

Energy density dominated by ¢(t) = H = % and decay width negligible to
P

Hubble parameter.

— 4r M21 r H 2 4
~ — ~ — —~ t, = —.
Py Pre=cToM, ~~Polo 3¢ 4)

Energy density dominated by particles with momentum p ~ mg

2
Pr r‘I’le
f(p~mg)~ 4~—4:, (5)
My My
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REHEATING: SOLUTION

Energy density dominated by ¢(t) = H = % and decay width negligible to
P

Hubble parameter.

— 4r le r H 2 4
~ — ~ — —~ t, = —.
Py Pre=cToM, ~~Polo 3¢ 4)

Energy density dominated by particles with momentum p ~ mg

2
Pr r‘I’le
f(p~mg)~ 4~—4:, (5)
My My

Lower scales are populated by redshift

FoM?2 ~(me\?
( 3pl) (mgt) ™ (—¢) for (¢/t:)™*mg S p < my
f(p) ~ P

0 for otherwise

, Q)

tj: time at which oscilation of ¢ dominates energy of the universe.
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END OF REHEATING

When €, ~ €4 at tl~H~ [y = This is the end of reheating.

Reheating Temperature:
3r2 M2 = ™ T (7)
o'Vl = 30g* h’

If thermalization is fast enough reheating temperature T,}, should be the temperature
of the universe at that point.
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THERMALIZATION




AFTER REHEATING

After reheating we write:

The number density of the decay products

2 N2
) R 1
me t~|';1 me
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AFTER REHEATING

After reheating we write:

The number density of the decay products

2 N2
e Pel L TeM
= ~
m¢ 1:~|';1 m¢

The thermal number density

~ T3 ~ 32032
nth_'l'rh_rdJ Mpl.
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AFTER REHEATING

After reheating we write:

The number density of the decay products

The thermal number density

o = T3 2 T2

]
Their ratio
Nth meg
ni JTeMy
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AFTER REHEATING

After reheating we write:

The number density of the decay products
2
pe| _TeMy

1 mg
[
The thermal number density

~ T3 o~ 3/23/2
"th—Trh—r¢ Mpl.

Their ratio
Nth mg

>~

ni  JTeMyl

Consider two type of interactions:

order one Yukawa coupling ‘ dimension 5 Planck-suppressed

|—¢2m¢ r¢2m3/l\/l2
ngn/ni = 4/me/Mp < 1 ngn/ni = 4/ p1/m >1
Over-Occupied Under-Occupied
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THERMALIZATION: HARD PROCESSES ONLY?

What if we only consider hard processes? (i.e. large angle scatterings)
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THERMALIZATION: HARD PROCESSES ONLY?

What if we only consider hard processes? (i.e. large angle scatterings)
To achieve thermalization 2 «= 3 scatterings needed (to increase number
under-occupied case).

Cross sections 0j, are

1 1 g°
0~ k— =~ k—5, ~—,
p? my 128m3
(QCD interactions k =~ 1073).
An average interaction rate is
r2 m2 (o FpM?>
1 nv) oMo
Fing =~ (Onv) ~ 0;n; ~ k¢—3p, ~ k 3p .
my H my
This ratio is larger than one if
1my 1
Iy > ——— 2 — x (Decay width by Planck-suppressed interactions).
k M? 3
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THERMALIZATION: HARD PROCESSES ONLY?

What if we only consider hard processes? (i.e. large angle scatterings)
To achieve thermalization 2 «= 3 scatterings needed (to increase number
under-occupied case).

Cross sections 0j, are

1 1 g°
0~ k— =~ k—5, ~—,
p? my 128m3
(QCD interactions k =~ 1073).
An average interaction rate is
r2 m2 (o FpM?>
1 nv) M1
Fing =~ (Onv) ~ 0;n; ~ k¢—3p, ~ k 3p .
my H my
This ratio is larger than one if
1my 1
My > T 2 p x (Decay width by Planck-suppressed interactions).
pl

Thermalization when the Universe becomes k™1 times large. The thermalized
temperature Typ =~ kT, < Ty, even if the QCD interaction is involved.
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THERMALIZATION: HARD PROCESSES NOT ENOUGH

B That was not the complete story, better introduction:

If the decay is due to interactions stronger than Planck-suppressed ones, the
decay product thermalizes soon after reheating as the system is over-occupied.
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THERMALIZATION: HARD PROCESSES NOT ENOUGH

B That was not the complete story, better introduction:

I. Soudi

If the decay is due to interactions stronger than Planck-suppressed ones, the
decay product thermalizes soon after reheating as the system is over-occupied.

But for Planck-suppressed interactions if we only consider hard processes
thermalization is not as fast.

Although it is right to think that a large angle scattering will deplete most of the
energy of the primary,

as we have learned from guage thermalization, Collinear radiation plays an
important role

The inelastic small angle interaction rate are enhanced even the energy loss is

suppressed
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SETUP

Now | will talk about the second paper 2, where they consider a thermalization
following an effective kinetic theory (similar to what A. Klaus presented for QCD).

D ————
Hard Soft

I inflaton creates hard primaries X; with typical momentum my

X/ emits light SM fields x (including X;) and massive SM fields Xy (through SM
interactions)

¢ scalar field # inflaton
X¢ aquire their mass from the coupling to ¢ condensate m = |gy@|
f = myt cosmic time normalized by the inflaton mass.

When potential force overcomes expansion H ~ /|3 Vei/3¢2|, ¢ relaxes to its
“equilibrium value” by dissipating its energy into the background plasma.

2arXiv:1506.07661

I. Soudi Scenarios of Reheating and Inflaton Decay
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THERMALIZATION

Let us take an effective kinetic theory:

0
|:at — Hk - a] fa(t; k) = ((Cdecay) + Csplit + CZHZ) [fa]' ’ (11)

g
s EE

Decay. Elastic processes —

Inelastic Collinear broadening gel.
radiation: LPM.
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THERMALIZATION: ELASTIC PROCESSES

M2 «— 2 processes: The elastic processes are characterized by the momentum
broadening constant

A L 2 ’ ’
Ger ~ | d°qr——q| ~a” | f(p")[1+f(p)] (12)
dqy 4
o & f AL (5] 13)
~N S5 5o o\P o\P )]
dqi qi(qi + mi) p’

. - . - 2 2
Note that the screening mass for X-particles is given by m2 ~ aT,.
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THERMALIZATION: LPM SPLITTINGS

mCollinear radiation: Subsequent splittings are suppressed due to interference effects.

k
’ trorm = - (14)
Gel

rsp”t(k) ~a an[rel,

form

tiorm : formation time which it takes to resolve the radiation from the parent.
k : radiation momentum.

The maximum radiation momentum due to LPM suppression

Kform = Gel t2- (15)
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THERMALIZATION: DECAY

B X¢ decay :

o | Maec(K: K7, P')[?
dec[ X(D] ~ L’,p’ 2Ek2Ek’2Ep’
[ (k) [1£ A (k")][1£ fu(p")]— (inverse process)]. (16)

(em)* 6™ (K—K' = P’)

Depends on models of xg-couplings to other particles.

Have to specify interaction terms which can induce decay of X¢ into light
particles for a large mass |gp®| > Mscreen

Assume that the typical magnitude of this term is & €2ar with € being a small
parameter,

and €25 a

I. Soudi Scenarios of Reheating and Inflaton Decay 14/23



THERMALIZATION HISTORY




THERMALIZATION: INITIAL x PRODUCTION

Bt <f<ten: X production
To ensure causality wavelength scale ( k;;x) should be smaller than the Hubble
horizon H™1 ~ t. = kmax > H

I>fy = a‘lrl_m. (17)
W o< k™
71(£)1/2
“ o\
o< k72

—3/2
it

; k

Kmax ktorm my
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THERMALIZATION: INITIAL x PRODUCTION
Bt <f<ten: X production

o< k7t

Bt

k,

max Ktorm

At first the hard primaries p >~ m; scatter among themselves and emit soft particles
through Cepiit.

feoft (£, k) ~ Tsplit (k) Mhara k~3t, (17)

ngoft > 1 are over-pccupied = inverse processes and elastic scattering processes have
to be considered. As well as scatterings with hard primaries.
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THERMALIZATION: INITIAL x PRODUCTION
Bt <f<ten: X production

o< k7t

fet

k,

‘max

The soft particles thermalize to

Ts()f‘c

fsoft(tr k) i

for k < kmax, (17)
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THERMALIZATION: INITIAL x PRODUCTION

Bt <f<ten: X production

z 1/2 o< k_l
—1( tini
(%)
o< k72
Lt
Ko K m
The soft particles thermalize to
Tsoft,
f;oft(tr k) ~= for k < kmax, (17)

The effective temperature T« is dominated by the soft sector

foft .
T2 ~J Z ~ Tokmax ~ a2 Y4712 2 (18)
3

fhard N
A~ m?, (19)

k
I. Soudi Scenarios of Reheating and Inflaton Decay
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THERMALIZATION: INITIAL X9 PRODUCTION

B fni <t <tof: X production
Let us consider that |gy@| > Mecreen (other case is the similar to ).

Splitting:

6(47 = rsplit(k) Mhard K3t — Ti Xo [hara = Fsplit (M)nhara M~ t, (20)
where

M = Max[|gg®|, kmax,x4] (21)

2 <> 2 processes:

Produced either from soft particles or from interactions between soft and hard particles

lgp®I?
k)

2

T2 ~ t | dlogk’ nsoss(k")n
*,X | soft/int |g¢¢|3 j g soft( ) soft/hard

(22)

I. Soudi Scenarios of Reheating and Inflaton Decay
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THERMALIZATION: INITIAL X9 PRODUCTION

B i <t <tfof: X¢ production
Decay:

The inverse decay can produce X¢ particles

€ lgs 912
2 ’ ,
~ t| dlogk k _ 20
*.X8 lsoft/int |g¢¢|3f og k" nsore ( )nsoft/hard( P (20)
fe?sa
lgg 9l
(Taecay) t ~ €%allgpg|t < ( : (21)
tsoft

The decay is insignificant for [ggp@| < kmax at T < Feoft-
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THERMALIZATION:

Bt <t <tna: X production
fsoft is the time the soft sector is completely thermalized and can be described by Tyoft

f~ oo = 03012 (22)
fy )
e o< k™
1
(fm)z \
t
o< k77/?
o< k73
\-\\OCk*/ 2
Lit : - k
T, Kform m

The thermal soft sector dominates the number density. The left hard primaries will
lose their energy to the thermal bath

gel ~"2J frots (P/)[1 £ Fots ()] ~ @° T2, (23)
4
Vacuum shower turns into "in-medium” splittings.
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THERMALIZATION:

B fon << fmax: X¢ production
If |gpP| < Tsofs, then their temperature is the same as soft X particles

-
o (b k) ~ = for k<Ts, (24)

2 T2
T*'Xdz indir T (25)

Because “hard” interactions among the soft sector with the momentum exchange of
Tsoft is much faster than the cosmic expansion.
X¢ participate in the thermal plasma in this case.
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THERMALIZATION:

n Emax <t< ERH X production
When Tgp1it(k =~ mg) ~ H i.e. when kgp)iy becomes comparable to my, hard primaries

lose their energy completely at

F

1

i Etnax = a—16/5 rl—3/5'

oc k7

(ai‘;/z)“(%)m

e

o< k772

Tipie(my )t

A k

T, mp

*

The distribution of smaller wavenumber modes thermal and larger modes are
determined by the LPM effect.

I. Soudi
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THERMALIZATION:

B fnax <t <tru: X¢ production
Same as before, but here we have to consider the decrease of the number density of
hard primaries by splittings for t > t;ax, We also take direct production from inflaton

decay

- 1 1
o (B, mp)|  ~ F,E‘l Min[—, —:| (27)
X .
¢ dir rsplit(ml)t rdecayt
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END OF REHEATING

|| ERH <t
') ~ H(t) = the Universe is dominated by radiation and reheating is completed
2
~ o~ _ 1
t~tRHE|—I1—I;. (28)
m

The reheating temperature

TrRH ~ 4/ F/Mpl. (29)

The Universe temperature will decreases with time

)
tRH :|

T« ~ Tru [T (30)

because H? ~ Ti/M2 .
pl

I. Soudi Scenarios of Reheating and Inflaton Decay 21/23



SUMMARY



SUMMARY

- a—1/4

al/? ﬁ/2 — for tini S f < fsoft
tin1

T« F1/2 £ z <

— ~yal /o —— for tsoft <t < tmax

mg tsoft

—1/4
—:| for fmax St tRH

tmax

a5 ﬁ/ 5 [

fini = a—lfl—V?,

fsoft = a3 fl_l/Q,

tfmax = 0_16/5 fl_?’/S,
M?
- s 1
fRH=FT1-2.
I mf

Thermalization was assumed to take place faster than reheating, true in most cases

for: a2 4 x 10_4(m//1013GEV)5/3f}/8_
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SUMMARY
Evolution of effective temperature of soft sector. H; = my, m; = 103GeV and o = 0.1

Figure 1: {1 =11, >a® Figure 2: [, =107 =, < a3

. . ' . -2
Of e t = tooft * t = tooft
— * — -4
S| eyl - .
£ S "
~ 2 = T2 gy = e
=) . = _glt=H N I o 12
& ot/ 0 R
L2 L o AN f=
t=tgru \\
50 . . 120 . L . .
0 5 10 15 5 10 15 20 25
log,o[mt] log,olm;t]

blue lines: effective temperature of soft sector

red dotted lines: temperature derived in the literature by assuming the
“instantaneous thermalization”

green dashed lines: effective temperature of hard sector

blue dot-dashed line: estimate of temperature for f < fj,;¢ using vacuum cascades
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CONCLUSION

For Planck-suppressed decay rates, hard primaries are under-occupied

Collinear radiation is important for thermalization to be fast also for particle

production
f(P) LPM-suppressed splitting rate
c Thermal
o
5 rspht ~a*T
v 1 e
-
2 /‘7
o
g ,0/,(2‘ pﬁ@s
& &
o
@ LMi 1 2 \>$ High energy Decay
'E_ m;t Topie(my)t primaries
Inﬂaton
- L) ,p g
T my

4 Thermal population dominates both energy and number of radiation for [yy(mg)> H.
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APPLICATION: PQ SYMMETRY

)\2
V(¢)=m2TI¢I2+?(I¢I2—V2)2' (31)

with thermal mass (m%_ ~ Oy Ti,X(D).
Symmetry breaking at Tgsp determined by mt(Tssp) >~ Av.

For m7(T) < AV we obtain upper bound for the reheating temperature

a 11 Av mg 1/2
Tru S2 % 101°GeV[—] [ ] ,

32
0.1 1012GeV L 1013GeV (32)

Using i >ad a~ ag, and X (PQ-quarks) not produced directly from inflaton
decay.
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APPLICATION: PQ SYMMETRY

I. Soudi

)\2
V(9) = mIoP + (I8P =),

Tru S 2 x 101G v[ a ]_1[ Av ][ ¢ ]1/2
S2X e o ’
R 0.1) |102Gev |l 10B3GeV

Here, let us consider a QCD axion model with right-handed neutrinos [58, 59, 60,
61] and identify ¢ as the field responsible to the SSB of PQ symmetry. When the SSB
occurs after inflation, cosmic strings form at the phase transition [62]. After the QCD phase
transition, the non-perturbative effect associated with instantons breaks U(1)p, symmetry
down to Z,, where n is an integer depending on models. This implies that domain walls
form at the QCD phase transition. While these domain walls are short lived in the case
of n =1 [63, 64, 65, 66], they are stable and disastrous in the case of n = 2 [19, 20].
One of the simplest solution of this domain wall problem is that the PQ symmetry is never
restored after inflation.* * This scenario requires a reheating temperature lower than the
one derived in Eq. (4.2). QCD axion models predict a pseudo-NG boson called axion, which
is a good candidate of DM. The abundance of axion is related to the PQ breaking scale v, so
that the observed DM abundance determines its value [67, 68, 69]. The result is given as

v=8x10" GeVxn|gy|, (4.3)

where 0, is the initial phase of axion field and n is the domain wall number. This implies
that the reheating temperature should be lower than 10'° GeV [see Eq. (+.2)]. Hence, lep-
togenesis may be marginally realized to explain the baryon asymmetry of the Universe [70]
(see also Ref. [71]).

(31)

(32)
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