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During reheating, the inflaton provides an oscillating background

Φ2

t

Lψ = yΦψ̄ψ ≡ mψ(t)ψ̄ψ

Lχ =
1
2σΦ

2χ2 ≡ 1
2m2

χ(t)χ2

Mixing of +/- frequency modes → particle production!
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χ̈p + 3Hχ̇p +

[
p2

a2 + m2
χ(t)

]
χp = 0 , m2

χ(t) = σΦ2 + m2
χ,0

Neglecting expansion,
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χ̈p + 3Hχ̇p +

[
p2

a2 + m2
χ(t)

]
χp = 0 , m2

χ(t) = σΦ2 + m2
χ,0

With expansion,
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[
iγµ∂µ + i3a′

2a γ
0 − amψ(τ)

]
ψ = 0 , m2

ψ(τ) = (yΦ+ mψ,0)
2

With expansion,
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Reheating as the exchange of energy between two ideal fluids

Tµν = Tµν
Φ + Tµν

R =


ρΦ 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0

+
1
3


3ρR 0 0 0

0 ρR 0 0
0 0 ρR 0
0 0 0 ρR


Φ2

t

⟨pΦ⟩ = 1
2 ⟨Φ̇

2 + m2
ΦΦ

2⟩ ≃ 0

(matter)
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Reheating as the exchange of energy between two ideal fluids

Tµν = Tµν
Φ + Tµν

R =


ρΦ 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0

+
1
3


3ρR 0 0 0

0 ρR 0 0
0 0 ρR 0
0 0 0 ρR


Conservation∇µTµν = 0,

ρ̇R + 4HρR = −(ρ̇Φ + 3HρΦ) ≡ ΓΦρΦ

yΦ

f

f̄

ΓΦ =
y2

8πmΦ
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nψ =

∫ d 3p
(2π)3 fψ(p, t)
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dΠ |M|2Φ→ψ̄ψnΦδ

(3)(P) + Cint[fψ]
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SM+DM:

raritron

L = − 1
2 Ψ̄µ

(
iγ[µγνγρ]∂ρ + m3/2γ

[µγν]
)
Ψν (Rarita-Schwinger)

For gravitinos see e.g. J. Ellis, MG, D. Nanopoulos, K. Olive and M. Peloso, JCAP 03 (2016), 008;
E. Dudas, MG, Y. Mambrini, K. Olive, M. Peloso and S. Verner, PRD 103 (2021), 123519
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SM+DM:

raritron

inflaton R-neutrino

L = − 1
2 Ψ̄µ

(
iγ[µγνγρ]∂ρ + m3/2γ

[µγν]
)
Ψν

+ yH ν̄LνR +
MR
2 ν̄c

RνR

+ yνΦν̄RνR

(ν masses through see-saw)

(reheating)
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SM+DM:

raritron

inflaton R-neutrino

L = − 1
2 Ψ̄µ

(
iγ[µγνγρ]∂ρ + m3/2γ

[µγν]
)
Ψν

+ yH ν̄LνR +
MR
2 ν̄c

RνR

+ yνΦν̄RνR

+ i α1
2MP

ν̄Rγ
µ[γρ, γσ]ΨµFρσ + i α2

2MP
iσ2(DµH)∗L̄Ψµ + · · ·

MG, Y. Mambrini, K. A. Olive and S. Verner, PRD 102 (2020), 083533
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L3/2 = i α1

2MP
ν̄Rγ

µ[γρ, γσ]ΨµFρσ + i α2

2MP
iσ2(DµH)∗L̄Ψµ + h.c.

Bµ

3/2

ν1

H

νR

ECM =
√

s →

ECM =
√

s →

y α1

MP

i
s − M 2

R
≈ − i

M 2
R

Ψµ ∼ i
√

2
3
∂µΨ

m3/2

⇒ σ(s) ∝ α2
1y2s2

m2
3/2M 2

RM 2
P

• Production peaked at high energies→ reheating
• Ψ is never in thermal equilibrium (freeze-in)
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R. Murgia, V. Iršič and M. Viel, PRD 98 (2018), 083540
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Via α1,

MR ≪ mΦ:
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• The light beyond the WIMP: the Big Bang itself?
• Dark matter as a probe of early dynamics
• Beyond weak coupling: large eơective masses, (WIMPzillas), metric preheating (PBHs),
fragmentation (soliton DM)

• Not in this talk: Dark Matter production during inflation

Thank You


