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The inflaton and its decay products1. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints
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R. Kallosh and A. Linde, JCAP 10 (2013), 033



Perturbative decay of the inflaton1. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

Decay into visible sector is assumed to be perturbative
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y2
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ψ

ψ̄

1 102 104 106 108 1010

a/aend

10−45

10−40

10−35

10−30

10−25

10−20

10−15

ρ
[M

4 P
]

ρφ ∼ a−3

ρR ∼ a−3/2

y = 10−7 ρφ
ρR

ρmax

ρreh ≡
π2

30
grehT 4

reh↑ y
ρ̇ϕ + 3Hρϕ = −Γϕρϕ

ρ̇R + 4HρR = Γϕρϕ

ρϕ + ρR = 3H 2M 2
P



Scalar preheating1. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints
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The Boltzmann approximation1. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

Dissipation of fluctuations of the inflaton condensate into χ quanta

ϕ(t) ≃ ϕ0(t)P(t) = ϕ0(t)
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The Boltzmann approximation1. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints
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• For σ/λ > 1, direct decay suppressed by graviton exchange
• For σ/λ < 1, gravitational production suppressed by direct coupling
• For σ/λ = 1, complete interference at meff = 0



The Boltzmann approximation1. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints
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Non-perturbative particle production1. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

Equation of motion for χ (
d 2

dt 2 − ∇2

a2 + 3H d
dt + m2

χ + σϕ2
)
χ = 0

In terms of conformal time, dt/dτ = a, and the re-scaled field X = aχ
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Non-perturbative particle production1. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints
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For σ/λ ≲ 10−1/2 superhorizon modes grow during inflation due to tachyonic instability



Pure gravitational production1. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints
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Weak coupling (σ/λ ≤ 1)1. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints
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Boltz.

Non-perturbatively the interference is not exact for σ/λ = 1, and fχ ∼ q−15/2 in the UV



Strong coupling: Hartree1. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

At strong coupling the resonant production of χ can influence the background dynamics

Strong, but not too strong couplings (σ/λ ≲ 107/2): Hartree aproximation

ρϕ + ρχ = 3H 2M 2
P ,

ϕ̈+ 3Hϕ̇+ Vϕ + σ⟨χ2⟩ϕ = 0 ,

where
⟨χ2⟩ =

1
(2π)3a2

∫
d 3p

(
|Xp|2 −

1
2ωp

)
.

L. Kofman, A. Linde, A. Starobinsky, PRD 56 (1997) 3258
MG, K. Kaneta, Y. Mambrini, K. Olive, S. Verner, JCAP 03 (2022) 016

No backreaction if ρχ ≲ 0.1ρϕ



Strong coupling: Hartree1. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

At strong coupling the resonant production of χ can influence the background dynamics

Strong, but not too strong couplings (σ/λ ≲ 107/2): Hartree aproximation
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Strong coupling: Lattice1. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

For stronger couplings the re-scattering of χ into ϕ disrupts the inflaton condensate

Mode-mode couplings of perturbations make spectral codes unsuitable for the task

Solution: Classical fields on a configuration-space lattice

ϕ̈+ 3Hϕ̇− ∇2ϕ

a2 + V,ϕ = 0

χ̈+ 3Hχ̇− ∇2χ

a2 + V,χ = 0

Software of choice: CosmoLattice (v1.0) D. Figueroa, et al., arXiv:2102.01031 [astro-ph.CO]

Caveat: no metric perturbations



Strong coupling: Lattice1. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

Re-scattering leads to a broadening distribution with pseudo-thermal tail for ϕ and χ

fχ ∼ e−α(σ/λ;t)q in the UV
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Comoving number densities1. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

Boltzmann has a very limited range of applicability

Backreaction

mχ-dependent
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Relic abundance at weak coupling1. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

Saturating the DM relic abundance (curves of Ωχh2 = 0.12):

Ly-α
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Relic abundance at strong coupling1. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

Saturating the DM relic abundance (curves of Ωχh2 = 0.12):
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How warm is out-of-equilibrium dark matter?1. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

R. Murgia, V. Iršič and M. Viel, PRD 98 (2018), 083540
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How warm is out-of-equilibrium dark matter?1. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

R. Murgia, V. Iršič and M. Viel, PRD 98 (2018), 083540
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Lyman-α constraint1. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

From Boltzmann f c
χ,

⟨q2⟩ ≃ 0.641
(

areh

aend

)2 Γ
(
1/4, 1.56(aend/areh)

2)
Γ (−3/4, 1.56(aend/areh)2)

≃ 2.433
√
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aend

for areh ≫ aend, and

mDM > 15.78 keV
(mWDM

3 keV

)4/3
mϕ ρ

−1/4
end g−1/12

reh

≃ 32.4 eV
(mWDM

3 keV

)4/3
(

λ

2.05 × 10−11

)1/4 (427/4
greh

)1/12

Weaker than WDM one, and without dependence on duration of reheating!



Lyman-α constraint1. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

For all non-lattice, σ ̸= λ cases, the perturbative tail is present

(mDM)non-pert = (mDM)pert

√
⟨q2⟩non-pert

⟨q2⟩pert
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Lyman-α constraint1. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

For strong backreaction, or σ = λ, ⟨q2⟩ → const. during reheating
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The allowed parameter space1. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

Backreaction

mχ-dependent nχ
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Summary1. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints
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Summary1. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints
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