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Concise History of the Early Universe
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Fig. 1. Left: composition of the expanding universe 13 changing with time as 1t cools down. Raght:
reciprocal universe it terms of physical momenta of particles expands backwards 1 fime to open
particle physics at higher and higher temperatures. Icons 1llustrate physics at different energies.



Early Universe Inflation
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Generation of
Cosmological Fluctuations



Light field at inflation
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Scalar field fluctuations

Scalar metric Fluctuations
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Logarithmic running
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Tensor metric Fluctuations
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Scalar metric Fluctuations from Inflation Qtot — 1
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WMAP3 sees 3" pk, BO3 sees 4t
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Early Universe Inflation

Scale factor a(t)
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Inflation in the context of ever changing fundamental theory
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Family phase portrait of inflation ¢+ 3H¢ + V=0

3H? = 12\34—% (42/2+ V)

@




Fig. 8. Phase portrait for the theory V(g) = %miqt-": + Vi for Vo < 0. The branches describing
stages of expansion and confraction (upper and lower parts of the hyperboloid) are connected by a
throat



Inflation in String Theory:
Cosmology with Compactification
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String Theory inflation models

Modular Inflation. They use Kahler moduli/axion

like the fields that are a present in the KKLT
stabilization.

Brane inflation. The inflaton field corresponds to
the distance between branes in Calabi-Yau
space. Historically, this was the first class of
string inflation models.



Inflation with branes in String Theory
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Kahler moduli Inflation (Conlon&Quevedo hep-th/050912)
Roulette Inflation-Kahler moduli/axion
(Bond, LK, Prokushkin&Vandrevange hep-th/0612197)

v

Figure 1: Schematic illustration of the ingredients in Kihler moduli inflation. The four-cveles of the
CY are the Kahler moduli T; which govern the sizes of different holes in the manifold. We assume T3
and the overall scale T are already stabilized, while the last modulus to stabilize, T, drives inflation
while settling down to its minimum. The lmaginary parts of T; have to be left to the imagination.
The outer 3 + 1 observable dimensions are also not shown.
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String theory landscape of the Kahler moduli/axion Inflation
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Lessons:

Multiple fields Inflation

Ensemble of acceleration histories (trajectories)
for the same underlying theory

Prior probabilities of trajectories P(H(t))

Small amplitude of gravity waves r from inflation 7 ~ 1010
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Measurement of GW from CMB anisotropy polarization
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Particlegenesis
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Output of Preheating

® Reheat temperature Tp

® Outof Hibr o

e Evolution of EoS
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Large field models
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Resonant Preheating in Chaotic Inflation

L
¢
” 1 1 1
Classical SPuet + §m2¢2 + oxux” + g2 9°x2
(\ Quantum
1 . .
[\ NN A A - x(t,x) = — /r'f“]’ff (g X L,_(?‘.]f'_zkx —I—(Zr.—if)k'
UDU VAV K (2m)3/2 ( e &
2
Xk + 3Hxy + (’;’—2 + 92¢2) Xk =0
2
T = mt Xk‘l‘(%‘l‘(]SanT)Xk:
2.2
parameter g = 990 ~, 421010

m2
Occupation number

+ |2
.',.._,.‘;; X.?-.' ;
= (L:z' +|m-|‘2) -
k

d

[



o)

Resonant Preheating in Chaotic Inflation
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Resonant Preheating in Chaotic Inflation
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Hybrid Inflation

INn

Tachyonic Preheating
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Tachyonic Preheating Ve = Vo + Ag4 _ A3 .3 4 N2
— 4 4

™/

o(t,Z)




200~ |/
}

L Number Density
- -

1.x10%

1.x10tt

1.x10°

1.%x107

100000, t
0 500 1000 1500 2000

Gaussianity Plet for &

1.75

0.25

Too Loon ) Z000
FI3. 10, Deviations from Gaussianity for the feld o as a

function of time. The solid. red line shows 3(6¢)* /(46" and
the dashed, blue line shows 3(dd%)? /{5a*).



Kolmogorov

preheating turbulence
exp excitation of bosons
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1. In many. if not all viable models of inflation there
exists a mechanism for exponentially amplifying fluctu-
ations of at least one field y. These mechanisms tend to
excite long-wavelength excitations, giving rise to a highly
infrared spectrum.

2. Ezxeiting one field x is sufficient to rapidly drag all
other light fields with which y interacts into a similarly
excited state.

3. The excited fields will be grouped into subsets
with identical characteristics (spectra, occupation num-
bers, effective temperatures) depending on the coupling
strengths.

4. Once the fields are amplified, they will approach ther-
mal equilibrium by scattering energy into higher momen-
tum modes.
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Three-linear interaction

In expanding universe complete inflaton decay requires 3-legs interactions
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Above the barrier
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Three- vs four-legs
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Light field at inflation
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g2¢252 Modulated Fluctuations
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Generation of gravitational waves from random media

ds? = —dt® + a(t) (8:5 + hij) da'd’
hi=0,h;;=0,4j=1,2,3.
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Stochastic background of gravitational waves

emitted from preheating after inflation
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For isolated sources

dE
40l

= QG gt T (K, ) TV ke, )

| T

Tk, w) = ;T—; e fuﬂ:'{ g~ ikoe T;;(7,x)

. ) . 1. .
:*sz,tmilﬂlj = 0 jO1m — Elﬂ?j-ifméét + E'E':E'Ef_:i'ﬁ:!'ﬂ:m
1. | 1

_E'ja'_:i Oy + Eéi:.i kyke, + Eajﬂ iaf'-'m



Emission of stochastic GW by random media

Theory and Numerics of Gravitational Waves from Preheating after Inflation.

Jean-Francois Dufaux!, Amanda Bergman®, Gary Felder®, Lev Kofman! and Jean-Philippe Uzan®

astro-ph:0707.0875
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Emission of stochastic GW by random scalar fields
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No-go Theorem: No Gravity Waves from Scalar Field Waves
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FIG. 1: Would be emission of a graviton hy; with momentum k from the annihilation of two scalar waves ¢(p) and o(k — p)
with momenta p and p — k. Helicity 2 of the emitted graviton cannot match the helicity zero of the incoming scalar waves.
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No-go Theorem: No Gravity Waves from Scalar Field Waves
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FIG. 1: Would be emission of a graviton hy; with momentum k from the annihilation of two scalar waves ¢(p) and o(k — p)
with momenta p and p — k. Helicity 2 of the emitted graviton cannot match the helicity zero of the incoming scalar waves.
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Emission of GW from preheating
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Numerical calculations of GW emission from Preheating
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FIG. 3: Spectrum of energy density in gravity waves cal-
culated along nine different directions in k-space. The
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FIGG. 1: Spectrum of gravity waves energy density in
physical variables today, accumulated up to the time
xp = 240, for the model (48) with g = 120, The 2 spectra
ware obtained from simulations with different box sizes,

and averaged over different directions in k-space.
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FIG. 20 The thick curve shows the total energy density
in gravity waves (53) accumulated up to the time zp, as a
function of xp. The thin curve shows the evolution with
time of the total number density, n.., = n, + 7,4, rescaled

to fit on the same fgure.
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FIG. 3: Spectrum (55) of the gravity waves energy den-
sity, accumulated up to different times x¢, as a function
of the comoving momentim & (in units of Ago). The
spectra. grow from xy = 90 to ry = 240 with spacing
Arpy = 10.
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Numerical calculations of GW emission from Preheating
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topological effects after hybrid inflation (unstable)
formation of defects results in GW emission
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The story of stochastic gravitational waves is
CMB anisotropies of 21 century

GW from high energy inflation are targeted by
CMB B-mode polarization experiments

GW from low-energy inflation are targeted by
GW astronomy




Reheating after String Theory Inflation
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Realization of String Theory Hybrid Inflation

Warped brane inflation

throat warped geometry

| S3 x 52 Y
Mobile brane _

4-dim picture
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Prototype of
hybrid inflation




End point of inflation LK, Yi 05

D3 / D3 Closed strings

Unstable KK
modes

% / SM particles
Long-living KK modes
/ related to inner isometries

Open strings x~x

%

between branes are unstable
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Figure 2: Identifving the channels of D-brane decay
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Fluctuations in Cosmology with Compactification

string theorist

CY cosmologist cy

™ 3+1 FRW

Practical cosmologist CY +fluctuations

’ KK atom
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3+1 FRW +KK gas




metric

G = H V3 (y) gyt da” + By ydy’ dy”

wave equation for KK mode
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KK modes interactions
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Resolution?

® Attachment of KS throat to a compact CY
Induces symmetry breaking perturbations.

® Tip of KS throat is a particular case of Sasaki-Einstein manifolds.
There are asymmetric SE manifolds, but no examples of asymmetric throats



Impact of isometry breaking perturbation on KK modes decay

Dufaux, LK, Peloso 08
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BBM excluded

Decay while dominant

Decay while subdominant
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Non-equilibrium early universe

EW Phase Transition GW generation from the
bubble collisions and turbulence

Dark Matter freeze-out Close to the 250 MeV
phase transition, QGP is involved

Inflation Scalar field condensate+fluctuation
are out-of-equilibrium

Preheating after Inflation Creation of particles,
Inflaton fragmentation and thermalization



