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Thermal History of the universe

Our universe is expanding!

I Our universe is (exponentially) expanding today.
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Our universe is (exponentially) expanding today.



/\/ Inflation
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The (single) Inflaton field, ¢, with an action
4 1 2
S = Jd xy/~8 [5 (0.0) - V(c,b)],

and a T-model inflationary potential

k
¢
V() = AM* |1/6 tanh
? ’ l\/_ " \/EMP]

APk, < M,).

\\ 187°A,
time Setting A= :

62N2

1. P
§¢2 + V(¢) = 3H*M;, Friedmann with H = —
The equations of motion: 1 a

o |
\\/\ ¢ +3Hp — — V2 + V,(¢) = 0, Klein — Gordon.
| a
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/\J Inflation — ? — Radiation domination

A Standard
Model

present horizon size

The universe is cold,

How? dominated b
empty and flat. 4

‘) radiation.

» Ina
Uend dBBN Ueq

\\Lolu’lon of the comoving Hubble horizon as a function of the scale factor. arXiv:2006.16182v2



/\/ Inflation — Reheating — Radiation domination arxiv:2306.08038v2

o * i %‘ i f/\s:;xgl\ir('usg N?) CF?;[;Ising of the inflaton to Standard
g9l eqibrated i b + 3He - % V2 + V() = T,
Averaging over oscillations arXiv:2011.14861v2
| | | \ ppt+3H(L+wy)p, =— (1 + w¢)F¢p¢.
fv:"l fih trlh r’ Using the continuity equation
Solution to the Klein-Gordon equation for inflation. pr+4Hpg = (1+wy)Typy.
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Inflation — Reheating — Radiation domination

arXiv:2306.08038v2

Assuming a coupling of the inflaton to Standard

norequlbrate SM\D equlted S

Model (SM) fields

" . 1 .
¢ +3Hp —— V) + Vy(h) = —Ty.
a
Averaging over oscillations arXiv:2011.14861v2

\

tvn(l rﬂ] tl‘(‘]l

Solution to the Klein-Gordon equation for inflation.

4

{ Using the continuity equation

Assuming a Yukawa coupling
¢ s -
¥ v ‘gint = - yd)l//l//’
) ,\ / We get arXiv:2012.10756v2
# 2
. S a2 k={24 ={1,0.71} .
\ Zin=—Y9Wy. (P)Reheating I'y=a P {24} - a={l, }

\/‘\
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Inflation @ Reheating

Ui

ron-equlbrated S
|
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Coherent oscillations arXiv:2306.08038v2
| I .
® Radiation K-G equation ¢ +3Hop — ZV ¢ +41¢° =0.
Linear order d@) = ¢ (1) + 6¢p(x,1).

equlbrated S

Self-interactions

Classical field (Background - Bg)
b+ 3H. + 4¢3 = 0.

After the first oscillation, in conformal time 7

t ¢cl (T) =7



/\/ Coherent oscillations arXiv:2306.08038v2

.. |
: 2 3
Inflation @Reheating @ Radiation K-G equation b +3Hp —— V2 + 424 = 0.
U L
Linear order ¢(O) = ¢ (1) + 6 (x,1).
non-equi|ibrated SM\D equilibrated M Self-interactions
Classical field (Background - Bg)

bo + 3He,, + 414> = 0.

~
------

Lottt . | After the first oscillation, in conformal time 7
P [ [ [ 7
tt‘ll(l by r’!‘(‘]l f P(7) = hy(2) _?_(1? gSr:(c)?ilo(:“ipﬂc
Aend Mepa
= ¢end <_> ) SH< (r — Tend)’ - 1)
(ng>=<p¢>=k_2. _____a_(z;) _______ \/_6 ___________ _
¢ (pp) k+2

2
a
Where the mass of the inflaton field is given by my(7) = Vyy( o)) = m_,, (ae”d> :

where we define the mass of the inflaton at the

meznd =121 eznd.
end of inflation, m

endr @S



/\J Inhomogeneifies arXiv:2306.08038v2

The inhomogeneities equation of motion

. o
8p + 3HOp — — V25¢p + 1229928 = 0.
a

10—1-
Introducing the canonically normalized field "
. - k.
X =adp= J oot [Xk(’[)ak + X;(T)ajk] .

where X are the mode functions
X! + <k2 - 12/1¢3,a2) X, = 0.
a

In terms of the dimensionless variable z = m,, ,(7 — 7, ;)

2
d*X, k 4 y
> al + sn _,_1 szo, 107 cet e e i
dz Mend \/6 0wt w0ttt 10

T Floquet theorem kMg /'
using the Floquet theorem X =g (2) + evtiigy(2) .

NG ,




/\J P®) = hol(t) +15¢£xf t)f' Non-linear regime arXiv:2306.08038v2
nsuricien

10— 1 19 1 o) Po (condensate)
Py = Eqs + F (V(ﬁ) + V(¢) . pse (particles) ]
a — py (total) 1\
107 CosmoloLattice
. arXiv:2102.01031
j 10~ 19F arXiv:2006.15122
<
10—23 L
10-27| s P _ (@P12 - (VPri6al Vi) 1]
_ Canonical quantization T s @2+ (VP2 + V(@) 3]
<\S 034_ + + + + +———t—t—1 + + + + ————+— + + + + ————— ]
\S/ 1/3 / 4\/\/“‘\' :
1 10 102 103

a/aena

. o1
\meal solutions to the K-G equation ¢ + 3H¢ — —2V2¢ +41¢° = 0.
d 7



/\J Inflation — Reheating — Radiation domination
‘ - ¥
TN e T e

e WAV

. | The particle production of the inhomogeneities

2
Y 2
R5¢ = F5¢m¢n5¢ = quﬁnaqﬁ .

Inflation . , -
Therefore, the continuity equation for radiation reads

2

. 4
@ Rehea’rmg p¢ + 4Hp¢ = — %m(p <§a2p—¢ + m¢n5¢> .

Radiation Matter
Time domination © domination

"""""""""""""""""""""" > (Wy) :%.

\\i\fw of the thermal history if the universe. and the Friedmann equation 3H2M§ ~ Dy
8

where we have used
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Reheating
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emperature of the thermal bath, T, as a function of the e-folds number, N =1na/a,,,,

T
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d to the fragmentation (background) scenario.

Temperature of the Thermal Bath during Reheating
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/\/ Dark Matter

The BE in a FLRW universe (after phase space integration): 7, + 3Hn)( = — (GM_W-/WV)(n)? — n)?’eq).

The thermally averaged annihilation cross section (GM

SyyV) = (0V) is obtained as
[[d’p,d’p, ( o+ apv2> o~E/T p=Ey/T

I J d3p1 d3p 2€—E1/Te—E2/T

(ov) ~

9

Wino-like Lowest Supersymmetric Particle (LSP) annihilating into W Bosons:

3/2
oy=B L U)o
2em (-, m

Introducing the variables Y = n/T>, and N = Ina/a,,, we get

dY 1dT\ T%ov) (., o,
o ay[1+2E) - (Y—Y6>.
\\_/\ dN T dN H I




/\/ Dark Matter
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The thermally averaged annihilation cross section (o;,_,;,,V) = (o) is obtained as
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(ov) ~
I J d3p1 d3p 2€—E1/Te—E2/T

9

Wino-like Lowest Supersymmetric Particle (LSP) annihilating into W Bosons:

312
2
ot W
- 2 2 TWT o
2z my (2 — xw) ny 9
Introducing the variables Y = n/T>, and N = Ina/a,,, we get ~ —

dY 1dT\ TXov) (., ., | |
—=-3Y(1+=—) - (Y — Y3 ) Crr e
\\—/\ dN T dN H 7 /\_/l ,



dy 1 dT T3(cv)

= —=-3Y(1+—= — Y2-v2

/\J Freeze-out yI ( - dN) - ( o
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Numerical solutions to the BE for winos in the s-wave approximation, the dashed (solid) line

corresponds to the fragmentation (background) scenario. 12



dY 1 dT T3{ov
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/\/ Freeze-out

001 T~ — v-= % Fixed Tyep |
— v= % Fixed Yukawa
10_4 -\ S\ e Y = %, Fragmentation |
- .
I 10-5 |
10—8 |
10—10 L
28 30 32 34 36 38 40
N — Nend

Numerical solutions to the BE for winos in the s-wave approximation, the dashed (solid) line
corresponds to the fragmentation (background) scenario.



/\J Dark Matter
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Numerical solutions to the BE for winos in the s-wave approximation by fixing the Reheating
tem ure and varying the annihilation cross section.



Inflation

\\/10\15 GeV

Thermal history of the universe

Inflation

® Reheating ET

Matter arXiv:1505.01076
domination @ L
e e demination,, o .. .._.... >
@ Fragmentation @ DM freeze-out @ Reheating @ BBN
10! GeV 10° GeV 0.1 GeV 4 MeV
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Inflation

NG

@ Reheating

Thermal history of the universe

Radiation
domination

Matter
domination

Thanks!

Summary.

e Even with Fragmentation, we can
complete reheating.

e WIMPs could freeze-out during
reheating.

® Fragmentation has an imprint in
the DM relic density.

15



/\/ Analytical approximation

The BE for DM reads n,+ 3Hn)( == (0;;;(—>U7V/V>(”;? - n)?,eq :
dy 1 dT T3(cv)
n 2 2
M - 3y(14=) - (Y—Y).
using Y= %, dN < TdN) H eq
~ n Y 3/
Instead, use ¥ = —, and we get ﬂ = — m <Y2 — Y? ) )
Ta dN H “

The yield at reheating is given by

1 ce3 73—’ 1 1
r = e | (53 M e | (5 e3)
reh end ——a*+3
3

where, after fragmentation, we have

T =Ca“ a =091
16




