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Thermal history of the Universe

13.8 Gyr | Present

Intensity [MJy/sr]

Recombination (thermal eq.) " vpm TT<T / et e,

e+ +
CMB spectrum RN 9 3He+2H —» He+ Iy
10 °He + *He —> "Be + v
Smoot '97 x 11 "Li + 'H — *He + %He
n

O ( -I ) m i n B B N e p O C h (th e rm a I e q _) image from https://physicsworld.com/a/testing-the-elements-of-the-big-bang/

How does It reach the thermal equilibrium?

Inflation (far from thermal eq.)
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Thermal history of the Universe

Inflaton starts to oscillate after inflation and decays into high-energy particles.

We want to understand thermalization of inflaton-decay products during reheating era.

(In this talk, we particularly consider the case that inflaton decays

1 Inflaton oscillation via a Planck-suppressed dimension 5 operator or weaker one.)
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Thermalization of a high-energy particle

Inflaton starts to oscillate after inflation and decays into high-energy particles.

We want to understand thermalization of inflaton-decay products during reheating era.
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Thermalization of a high-energy particle

Thermalization can be understood similarly to cosmic-ray air shower and heavy-ion collisions.

Development of gamma—ray air showers
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Thermalization of a high-energy particle

Thermalization can be understood similarly to cosmic-ray air shower and heavy-ion collisions.

It a high-energy particle splits into N particles, their

Inflaton

typical energy is < p >~ my/N |

Once the energy becomes as low as the temperature

of the ambient plasma, they will be thermalized.

Since my> T | |lots of particles are produced from a

single inflaton.
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Numerical simulations for thermalization in the SM

The above qualitative picture can be confirmed by solving the Boltzmann equations.

We have written down all relevant interactions in the SM, including the LPM effect.
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Numerical simulations for thermalization in the SM

The above qualitative picture can be confirmed by solving the Boltzmann equations.

We can simplity the equation when the expansion rate iIs much smaller than the
thermalization rate. Mukaida, M.Y, '22
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Numerical simulations for thermalization in the SM

Spectra of SM particles can be determined by the numerical calculations.

- Case with inflaton decay into right-handed leptons:
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Those results particularly show that the amount of particles produced by particle shower Is
iIndependent of the Initial conditions. In other words, 1t does not depend on the detalls of

INnflaton decay. The attractor solution is reached before the complete thermal equilibrium.
Mukaida, M.Y. '22
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Non-thermal DM production

f(p) 1 _Soft modes Once we have determined the SM spectra, we can calculate
— DM X the amount of DM that Is produced from scattering between
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Non-thermal DM production

f(p) 1 _Soft modes - Once we have determined the SM spectra, we can calculate
p . .
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Non-thermal DM production

f(p) 1 _Soft modes - Once we have determined the SM spectra, we can calculate
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Non-thermal DM production

f(p) t _Soft modes - Once we have determined the SM spectra, we can calculate
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Summary
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We have Investigated the thermal history
of the Universe In the pre-thermal phase.

Inflation (far from thermal eq.)
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