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Gravitational particle production

The problem

How do quantum fields behave out
of equilibrium?

Example application: Particle
production in the early universe.

Possible approaches

Classical lattice

Example: CosmoLattice

Incomplete: Thermalization,
possible o!-shell corrections,...

2PI-formalism

Full quantum treatment
A suitable approximation
scheme is required

2PI Hartree in a nutshell

Kadano!-Baym equations

Moment expansion

Observables
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Gravitational particle production: 2PI Hartree vs Lattice

Solid = Lattice, Transparent = 2PI Hartree
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Beyond the Hartree approximation

Summary

Good qualitative agreement on
average quantities.

Large di!erences in spectra, likely a
result of lacking mode-mixing in
2PI Hartree.

Beyond-Hartree formulation
necessary for precision results.

Future?

Coupling to fermions

Thermalization

Beyond Hartree in a nutshell

Moment expansion

Collision integrals
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Backup-slides
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Lattice vs 2PI Hartree spectra, ω = 10
→7
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Lattice vs 2PI Hartree spectra, ω = 10
→1
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2PI Hartree calculation

2PI-e!ective action: (”0 = classical propagator).

#2PI[ω,”] = S [ω]→ i

2
TrC[ln(”)] +

i

2
TrC[”

→1
0 ”] + #2[ω,”],

where

#2[ω,”] = .

Equations of motion:

ε#2PI
εω

= 0,
ε#2PI
ε”

= 0,

which result in (non-renormalized equations)

[
↭x + m̃2 + ϑω2 + 3ϑ”xx

]
ω = 0, m̃2 = a2

(
m2 → ϖ

(
1→ 1

6

)
R

)

[
↭x + m̃2 + ϑω2 + 3ϑ”xx

]
i”ab

xy = εabε(4)(x → y).
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2PI Hartree-calculation

Wigner transform and write the moment equations:
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1

4
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∫
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2ς

kn0!
<
k
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)
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1

4
(ωωϱ0k)

2.

The e”ective mass:

M2
e! = a2m2

ε ↑ a2
(
↼ ↑ 1

6

)
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)
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.
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Collision terms

A fermionic case is discussed in Kainulainen and Parkkinen (2024).
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