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Freeze-in vs. Freeze-out

The reheating and thermalization processes after inflation have a finite duration
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Freeze-in vs. Freeze-out

The reheating and thermalization processes after inflation have a finite duration
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Reheating and Thermalization

(i) Instantaneous inflaton decay and thermalization:

40 4
Teeh =( : ) (T Mp)1/2
T< Greh
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Reheating and Thermalization

(i) Instantaneous inflaton decay and thermalization:

40 1/4
Tteh = ( ) ) (P¢>MP)1/2
T Jreh

(ii) Instantaneous thermalization:

Py + 3Hpy +Lypy =0
py +4Hpy —Tgpy =0
Py + Py = 3MP2’H2

TrenT -
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Reheating and Thermalization

(ii)) The path to thermal equilibrium:
Immediately after reheating starts, ny is not determined by a temperature, but by counting

How many inflatons are left over?

-3

a =

ne = P = Pend ( > @ Tyt
meg me Qend

How many inflatons have decayed?

-3
b Pend a (1 o 67F¢t)
&

In thermal equilibrium we would have

gn3 = <Z 9B + ZZ yF) i(:;)) T2
B F

At Trmax, gns /ny > 1 for T'y/my S 10710 (Planck suppressed)
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Reheating and Thermalization

The spectrum of +y is determined by the decay of the ¢-condensate,  f; = (27)%n4°(p)

O _ ppdh _ 2

T T e A )

The solution predicts very energetic particles, (k) ~ mg,

~ o2 M (M) _
A = 2" 5 (52)" otmas/2—B)
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Reheating and Thermalization

The spectrum of +y is determined by the decay of the ¢-condensate,  f; = (27)%n4°(p)

O _ ppdh _ 2

oy ~Mop = gz el me/2)

The solution predicts very energetic particles, (k) ~ mg,
. o My (Mg\3/2
A = 2" 5 (52)" otmas/2—B)

adn. /dk

T

meg /2

These particles need to slow-down and multiply
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Reheating and Thermalization

Thermalization through gauge interactions is tricky
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Reheating and Thermalization

Thermalization through gauge interactions is tricky

If a Boltzmann eq. can be used to track the evolution of f; (p), the elastic collision term would be

CERF @ = @Em)*W(p+k—p — k)

}/ Pk d’p’ Pk [M(p, k', K
2 (2m)° (2p0)(2ko) (21()) (2K)
x {fpfk[l BRI f] — £, ol s j:fk]} k

|Mp, kg, K2 - Te?
(2p0)(2ko) (20)) (2K)) |k — K/|4

Screening scale determined by effect of successive scatterings

Felas
H

m§~a/d3k 1y () /K = ~ amyt

(A. Kurkela, G. Moore, |107.5050; J. Ellis, MG et. al,, 1512.05701)
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Reheating and Thermalization

Thermalization through gauge interactions is tricky

Inelastic processes can have formation times which exceed the mean free time between
scatterings

*

AANAANANDRER T A R
3. S R s

(L. Landau, I. Pomeranchuk, Dokl. Akad. Nauk Ser. Fiz. 92 (1953) 535; A. Migdal, Phys. Rev. 103 (1956) 181 1)
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Reheating and Thermalization

Thermalization through gauge interactions is tricky

Inelastic processes can have formation times which exceed the mean free time between
scatterings

*

AANAANANDRER T S R
3. S R s

(L. Landau, I. Pomeranchuk, Dokl. Akad. Nauk Ser. Fiz. 92 (1953) 535; A. Migdal, Phys. Rev. 103 (1956) 181 1)

Hard branching including LPM effect

ty ~ —
a L AANANA NN - il

H

(P Arnold, G. Moore, L. Yaffe, hep-ph/0209353)
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Reheating and Thermalization

Thermalization through gauge interactions is tricky

Inelastic processes can have formation times which exceed the mean free time between
scatterings

*

AANAANANDRER T A R
3. S R s

(L. Landau, I. Pomeranchuk, Dokl. Akad. Nauk Ser. Fiz. 92 (1953) 535; A. Migdal, Phys. Rev. 103 (1956) 181 1)

Hard branching including LPM effect

rinel;m MP L2
= tmiclas Lyt
s H ( m >( 5!

A 3 VV\/V\/\,V\
/g\ ;\ (J. Ellis, MG et. al, 1512.05701)

Marcos A. G. Garcla. KCL  19/06/2018 829



Reheating and Thermalization

(A. Kurkela, G. Moore, |107.5050)
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Reheating and Thermalization

(A. Kurkela, G. Moore, |107.5050)
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Reheating and Thermalization

(A. Kurkela, G. Moore, |107.5050)
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(K. Harigaya, K. Mukaida, 1312.3097; K. Mukaida, M. Yamada, 1506.07661)
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Non-equilibrium DM production

gl X
The interaction between DM and the
relativistic background is very weak
3 X
Ofx Ofx 1 gxd3p2 gwd3k1 9Wd3k2 4¢(4)
= e = == 2m)"0"" (k1 + k2 — p1 —
at ~ op 201 ) @n)52ps @)ook (2m)izks 2m) O (ut ke —p1—p2)

X [IMix—m S(p1) f(p2) [1+ £ (k)] [T+ £ (R2)]

= |M‘gwﬁxx fv(kl)fw(]@) [1 = fx(pl)] [1 s fx(p2)}
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Non-equilibrium DM production

gl X
The interaction between DM and the
relativistic background is very weak
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Non-equilibrium DM production

gl X
The interaction between DM and the
relativistic background is very weak
a X
Ofx Ofx 1 gxd3p2 gwd3k1 9Wd3k2 4¢(4)
= e = == 2m)"0"" (k1 + k2 — p1 —
at ~ op 201 ) @n)52ps @)ook (2m)izks 2m) O (ut ke —p1—p2)

X [IMix—m Se(o1) (o) [1+ £ (k)] [T+ £ (k2)]

= |M‘gwﬁxx Fy(ky) fy(k2) 1= felpn) | 1 = felpe) ]
Integrating,

P Pke
(27)32k; (27)32k;

dny

—= +3Hn, = 4gigi/

dt (k1 - k2) 0(8)yy—xx Jo (k1) £ (k2)
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Non-thermal vs. thermal production

Before thermalization:

2 m2 2 2
4 mg+4/m2 —s m2 —s
n + 3Hny, = 189?(93%/0 ds+/sa(s) {m( ¢ ¢ ) N ]
()

Vs
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(cv)nTn2

Marcos A. G. Garcla. KCL  19/06/2018 11729



Non-thermal vs. thermal production

Before thermalization:

2 m2 2 2
4 mg+4/m2 —s m2 —s
n + 3Hny, = 189?(93%/0 ds+/sa(s) {m( 2 ¢ ) N ]
()

Vs

v

(cv)nTn2

After thermalization:

(k1k2)?(1 — cos 012)
(/T L 1) (/T 21) °

s
hX —|—3HTLX = ﬁ/dkl dks dcos 012

Foo

~ MW 5[ s s (v T)
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Non-thermal vs. thermal production

n/2 (ov) 1 e ()
s ov
Let a(s) ~ T so that i X St i (NT)
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Non-thermal vs. thermal production

/2 (ov) (AT ()
s ov
Let o(s) ~ —— so that o
Mn+2 gi g% Mn+2 g (NT)
Thermal:
- (i R s SIS — T
max re ) )
o MpT7, n—6 h
X( reh) X 1/2 T,
Gron Mnt2 max
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Non-thermal vs. thermal production

n/2 (o0) [RRIE L ()
s ov
Let o(s) ~ —— so that o
Mg G M | mp (NT)
Thermal:
- (i R s SIS — T
max re ) }
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x (Tren) o< 1/2 p frt2 & TR
Iren In S n==6
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Non-thermal:
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Non-thermal vs. thermal production

s (ov) 1 L ()
Let o(s) ~ —— so that o
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Light Gravitino

¢ — g+ g and weak scale supersymmetry

inflaton

superpartners
gravitino
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¢ — g+ g and weak scale supersymmetry
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(V. Rychkov, A. Strumia, hep-ph/0701 104)
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¢ — g+ g and weak scale supersymmetry

thermal +
non-thermal
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Heavy Gravitino

¢ — g+ g and high scale supersymmetry (E. Dudas, Y. Mambrini, K. Olive, 1704.03008)
superpartners ey =t L cee > Mo
> Amess ! X )
inflaton
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h P
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¢ — g+ g and high scale supersymmetry

Leading-order universal Goldstino-matter interactions (£ = \/§m3/2 Mp):

Log =

g G
g G
0 -
Y @
H. 5
H- @
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Heavy Gravitino

¢ — g+ g and high scale supersymmetry
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¢ — g+ g and high scale supersymmetry

Assuming instantaneous reheating and thermalization...

= 0.1EeV? T C
QISR ~ 0.11( £ AT

vs. accounting for their finite duration...

o o (U WY i S me SR 030 \ %75
o /s 2.2 x 108 3 x 1013 GeV as

(similar analysis applies to DM production through heavy spin-2 mediators, N. Bernal et. al. 1803.01866)

Marcos A. G. Garcla. KCL  19/06/2018 1429



Freezing-in dark matter through a heavy invisible 7’

Gautam Bhattacharyya®,* Maira Dutra’,! Yann Mambrini®,* Mathias Pierre$
@ Saha Institute of Nuclear Physics, HBNI, 1/AF Bidhan Nagar, Kolkata 700064, India
b Laboratoire de Physique Théorique (UMR8627), CNRS,

Univ. Paris-Sud, Université Paris-Saclay, 91405 Orsay, France

(180600016 [hep-ph])

p
G TOOO0)
g3

G ubuv;vr‘,

p FIG. 4: Triangle diagram generated containing
FIG. 1: Production of dark matter through gluon fusion in fermions W; (left panel), and the resulting effecti
the early Universe low energy (right panel).

(fermionic DM) - n=4
) n,% = R(T)= (abelian DM) —~ n==6
2 x 10° \1‘14 O (non-abelian DM) — n=10
(14)
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Conclusion

UV-dominated freeze-in during reheating is realized for o(s) ~ s™/2, n > 2
Thermalization time-scale determines the DM abundance at late times

Effect important for DM production in very high scale susy models, or for heavy
spin-2 mediators

Preheating? Negs?
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BROWNIAN MOTION
IN THE EARLY UNIVERSE




Complexity in the Early Universe

What if the early universe is not simple?
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Complexity in the Early Universe

What if the early universe is not simple?

s= [ a'sv=a|5Gs0.00"0" - Vig)
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Complexity in the Early Universe

What if the early universe is not simple?

5= /d%r[ Gy 0,60 7 — (¢)]

!

@2+ 1) + P()o: + M(1)] - x = 0

where dr = dt/a, x" canonically normalized, gauge invariant perturbations, and

(P)} = 2Tj™

7 1 g .
(M);:_%‘sl 2HT;6" + o %VML(G”V,J‘),ML“'
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Complexity in the Early Universe

What if the early universe is not simple?

& = /d4$\/jg [% Gy 5u¢i8“¢j T V(¢)]

!

[(aﬁ+k2)+P(r)aT+M(r)] ot =)

inflation (p)reheating

In 7772_ X

._.
=]
oV

T
k= aH
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Stochastic Particle Production

Spectator field in non-expanding background (M. Amin, D. Baumann 1512.02637)

2
(% L L mQ(t)> x(H) =0
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Stochastic Particle Production

Spectator field in non-expanding background (M. Amin, D. Baumann 1512.02637)

(d—2 S Tt mQ(t)> x(t) =0

dt?
m2/\
M,
o
L AVAVAVAVAVARRR AVAVAVAVAV:
V :
After the j-th event,
x 1 iwt —iwt ﬂ ﬁ
X.f(t) =N [ﬂje + aje } P e M]' g=1l
2w (e %) [0 71
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Stochastic Particle Production

Spectator field in non-expanding background (M. Amin, D. Baumann 1512.02637)

2
(% L L mQ(t)> x(H) =0

M())
ANV

/\/\/\/\»A 5 A A/WV\MA \

t

V M) = M;M;_; - M;
After the j-th event,
1 iw —iw .
6= 7 [t o] (&) =m0 (2)
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Stochastic Particle Production

Spectator field in non-expanding background (M. Amin, D. Baumann 1512.02637)

2
(% L L mQ(t)> x(H) =0

V ¢
A random walk (with drift) for the occupation number

3 1 4 1
o) =pe= (|Xj|2 +w2|Xj|2) e [l
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Stochastic Particle Production

Spectator field in non-expanding background

(M. Amin, D. Baumann 1512.02637)
d’ 2 2 2
(W—i—k + M +m(t)> x(t) =0

ot

PSS

[(5"')"
0:P(M; t) = —0Om 2 P(M; t)

ot

oM?
+ %aﬁ, [< s P(M; t)
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Stochastic Particle Production

Single field:
10 o 0
= —P(nt) = — |n®—P(m;t
02 Ot (i ) on [n on (n; )}
30f
R
-
=]
m"z\"\'r]l."llll.ll R
A . .lﬁn.J Hull hn‘ Jll il lILI.Il.| ] Jl II |||I. L .L
D 200 00 500 800 1000
® |og-normal

® late-time equilibrium <— maximal entropy
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Stochastic Particle Production

Multiple fields:

el =l

(In(1+n)) /oI NNy
E

0.5-

OO . . . . =
0.0 0.2 0.4 0.6 0.8 1.0

(<7J./UJ)2

Similar
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Conformal Spectator in dS

Include now the effect of expansion

2 2
<d—+3Hdt+k +M2+m()) =

dt? d
@ = aoeH(t to) = 2H? —t;)
(de Sitter) (com‘ormal mass) (non ad|abat|c)
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Conformal Spectator in dS

Include now the effect of expansion

2 2
<d—+3Hdt+k +M2+m()) =

dt? d
= aoeH(t to) = 2H? —t;)
(de Sitter) (conformal mass) (non ad|abat|c)

Or,with Xx = ax, 7 = ao/a

dQXk m;
X, =
dr2 ( (a0 H)? i Z o(r i~

In between scatterings

efik‘r

Xie(T) = aj fie(T) + Bue,j (7)), i) = ﬁ
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Conformal Spectator in dS

Junction conditions
(%) = (P w3 ()
J g 1 Qo

A FE s Sf)*
g i (—J‘(Tj)*2 —|f(T.i)|2>

with

and

O (A [ Y -0 4h

o) = 5 arg (Bio3) » $() = — axe (Biag) , () = B4

Strength of interaction (perturbativity) is quantified by

Ns; Var[mj] LQ
HAt H? H?

i
=
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Conformal Spectator in dS
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Conformal Spectator in dS

~ N, o :
; = 1 g ]
With A=2n+1, A=V i, - & 5 <2kphys)
Sub-horizon:
oP a &P iy
e ol ()\ P)
Super-horizon:
1P _ . Oe il qk pin o S
106 = “ox [Acos ¢P] + a¢[cos qﬁmnqﬁP} + 3 52 [)\ sin 2¢P]
) i 1 82
3 g o (O 4
+26)\8¢ [)\cos (i)smqﬁP] + 2 92 [cos ¢P]
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Conformal Spectator in dS

Ns = 1000, Nyew = 1000, Ni(o/H)? =10"*

P In(1+n)]

e

\

— e

1.05x10°%
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Conformal Spectator in dS

Mean
(In |x|*) oc H(t— t.)

Variance
Var [In |x|?] oc H(t — t.)

<Zk(t)Zko(t())> XX min(tf t*, t() = t*)
x0(t — ti)

where
Zi(t) = In |x|* — (In [x|*)

GEOMETRIC RANDOM WALK
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Power Spectrum

background dynamics ——  particle production ~ <—  curvature fluctuations
<Xk1Xk2 N > <Ck1Ck2 ot >

e
ﬁk‘f’ [3H+ Od]?Tk+ ?T{'k = OS(<XX>k)

dissipation driving

(D. Green, B. Horn, L. Senatore, E. Silverstein 0902.1006

D. L. Nacir; R. Porto, L. Senatore, M. Zaldarriaga |109.4192

M. Dias, J. Frazer, D. Marsh 1604.05970

R. Flauger; M. Mirbabayi, L. Senatore, E. Silverstein 1606.00513)
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Power Spectrum

background dynamics ——  particle production ~ <—  curvature fluctuations
<Xk1Xk2 N > <Ck1Ck2 ot >

e
ﬁk‘f’ [3H+ Od]?Tk+ ?T{'k = OS(<XX>k)

dissipation driving

o2

2
Ag W) A%’xzo . C x (Ag})(:0> XNSE
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Power Spectrum

background dynamics ——  particle production ~ <—  curvature fluctuations
<Xk1Xk2 N > <Ck1Ck2 ot >

e
ﬁk‘f’ [3H+ Od]?Tk+ ?T{'k = OS(<XX>k)

dissipation driving
5 n? =
(€7 ~ (" + € x (g x e [ TP (M)

from log-normality

(work in progress!)
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Non-conformal (massless) spectator

Tensor fluctuations?

(P)reheating

Strong scattering regime: Random Matrix Theory?

Non-linearity / Backreaction
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