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The origin of
matter and 
radiation
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Preheating

Very rich phenomenology after inflation

•Non-thermal production of particles (CDM)
•Production of topological defects (strings) 
•EW baryogenesis & leptogenesis
•Production of gravitational waves
•Production of primordial magnetic fields
•etc.
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Tachyonic preheating

Spinodal growth of long wave Higgs 
modes

•At the end of Hybrid Inflation
•Higgs couples to gauge fields
•Strong production of fermions
•Production of cosmic strings
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Unitary Evolution

Occupation number of mode k



  

Wigner function



  

Quantum to Classical Transition
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Quantum to Classical Transition
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Power spectrum of longwave modes

effective cutoff



  

Lattice Simulations

Quantum averages = Gaussian ensemble averages

Initial conditions: Highly occupied modes
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High peaks of Higgs field
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High peaks and mean of Higgs field
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The Higgs-Inflaton model
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Time evolution after inflation



  



  



  



  



  



  



  



  



  



  

Gravitational wave spectrum



  

Kinetic Turbulence & 
Scaling nk , t =t−qn0kt−p
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GW spectrum during turbulence

instantaneous spectrum:

integrated spectrum after end of turbulence (t*):



  

            Gravitational Waves are 
produced 

          directly at the Big Bang

End of Inflation
(Big Bang  
   10-35 Seconds)

Big Bang plus 
380,000 Years

gravitational waves

Big Bang plus 
13.7 Billion Years

light

Now



  

Detection
Gravitation

al
Waves



  

1 Mpc

20 Mpc

200 Mpc

Andromeda

Virgo cluster

Hercules cluster

GEO600

LIGO

VIRGO

Ranges of Gravitational Wave Detectors in the World
LISA, LCGT
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LIGO II



  

Backgrounds, Bounds & Sensitivity

DECIGO

Laser
interferom



  

Cosmic Messengers

GW

ν

CR

γ

Big Bang Neutrino 
decoupling

Photon 
decoupling

GRB
AGN

Today

10−35 s
1015 GeV

1 s
1 MeV

380.000 yr
0.3 eV

13.6 Gyr
10−4 eV

5 Gyr
10−3 eV



  

Telescope Person  Date Objective     Discovery

Optical Galileo 1608  Navigation Jupiter’s moons

Optical Hubble

Geiger Hess 1912 Geothermal Cosmic Rays

1929  Nebulae Universe Expansion

Radio Jansky 1932 Atmos. Noise Radio Galaxies

MicrowavesPenzias, Wilson1964TelecommunicationBackgr. Radiation

X Rays Giacconi 1965  Sun, Moon Neutron Stars

Radio Hewish, Bell 1967 Ionosphere Pulsars

 Rays military 1960s Nuclear Tests Gamma Ray Bursts

1998

1998Cerenkov Koshiba Proton DecaySol./Atm. Neutrinos

Laser
Interferom. ? 2020?

Gravitational
Waves

Optical
Kirschner

Perlmutter

Big Bang, Inflation?

Supernovae Universe Acceleration

Radio Hulse, Taylor1974  Binary PulsarGravitational Waves



  

Conclusions

• CMB anisotropies suggest inflation

• The end of inflation is our local Big 

Bang

• It is extremely violent at preheating

• Production of gravitational waves at Big 

Bang

• New detectors of GW are under 

construction

• We may learn a lot about the Early 

Universe
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EW Tachyonic Preheating

Spinodal growth of long wave Higgs 
modes
• At the end of EW Hybrid Inflation
• Inflaton couples to Higgs
• Higgs couples to SM fields
• Strong production of fermions
  and gauge fields
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The SU(2)xU(1) Higgs-Inflaton model
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Time evolution

HB

HZ

Ø



  

Time evolution



  

Boltzman-Maxwell distribution

P B =B2 exp{
3B2

2 〈B2〉
} 〈B2〉=

π2

15
T 4

T≈0.4−0.6 m



  

Inverse Cascade

thermal spectrum
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Spatial averages
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Linear average

Magnetic flux

Volume average



  

Spatial averages
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Spatial averages

Bξ
2≈3×10−3 t0.5 ρ0 ξ≈8 t0.02 m−1



  

ρmag≤10−3 ρ0≈10−4mH
2 v2=10 GeV 4

The amplitude of magnetic fields

The coherence scale of magnetic fields

1
8π

Gauss2
=1.39×10−42GeV 4 Conversion factor

ρmag
0  = T 0

T EW

4

ρmag≈0.5 μ G2/8π

ξ∝t
ξ∝at 

During inverse cascade

After photon decoupling

ξ0≈3 cmadec

aEW

2

 a0
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Observatio
n

Magnetic
Fields



  

Coherent Magnetic Fields

B≈50 μ G at L5 kpc
B≈5−10 μ G at L≈10 kpc
B≈1 μ G at L≈1 Mpc
B10−2−10−3 μ G at L≈1−50 Mpc
B10−3−10−5 μ G at L100 Mpc
B1011 G at T=109 K

galaxies

clusters

supercluster
s
CMB

BBN



  

Coherent 
Magnetic 
Field in M31

B≈1−3 μ G
l≈10 kpc



  

Faraday rotation by cluster galaxies



  

Coherent Magnetic Fields in 
clusters



  

EW Symmetry Breaking can lead
to the production of primordial
magnetic fields at tachyonic
preheating after hybrid inflation 

The right amplitude and scale
of magnetic fields depends on
the extent of kinetic turbulence

Initial conditions for magneto-
Hydrodynamic simulations


