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The case for FIMP dark matter 11. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

No detection of WIMPs yet!
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Consider FIMPs:
• Never in thermal equilibrium
• Produced via freeze-in
• Elusive (in)direct detection
• Dependence on initial conditions

(inflation, reheating)

A simple possibility:
(Scalar) dark matter that couples only
to the inflaton

SuperCDMS Dark Matter Limit Plotter



The inflaton and its decay products 21. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

S =

∫
d 4x

√
−g
[

1
2 (∂µϕ)

2 − 6λM 4
P tanh2

(
ϕ√
6MP

)
inflaton

+
1
2 (∂µχ)

2 − 1
2 (m

2
χ + σϕ2)χ2 dark matter

+ ψ̄iγ̄µ∇µψ − yϕψ̄ψ + · · ·

]
radiation

ϕ
ρ

1/2
ϕ

t

⟨pϕ⟩ = 1
2 ⟨ϕ̇

2 + m2
ϕϕ

2⟩ ≃ 0

(matter)

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



Perturbative decay of the inflaton 31. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

Decay into visible sector is assumed to be perturbative

Γϕ =
y2

8πmϕL ⊃ −yϕψ̄ψ ϕ y
ψ

ψ̄
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Scalar preheating 41. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

(
d 2

dt 2 + 3H d
dt +

p2

a2 + m2
χ + σϕ2

)
χp = 0

Neglecting expansion,
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Scalar preheating 51. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

(
d 2

dt 2 + 3H d
dt +

p2

a2 + m2
χ + σϕ2

)
χp = 0

With expansion,
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The Boltzmann approximation 61. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

Phase space distribution as the solution of the PDE

∂fχ
∂t − H|P| ∂fχ

∂|P| = C[fχ(|P|, t)] ,

The process is a dissipation of fluctuations of the inflaton condensate into χ quanta

ϕ(t) ≃ ϕ0(t)P(t) = ϕ0(t)
∑

n
Pne−inωt

C[fχ(|P|, t)] =
1

P 0

∞∑
n=1

∫
d3K

(2π)3nϕ

d3P′

(2π)32P′0 (2π)
4δ(4)(Kn − P − P′)|Mn|2

×
[
fϕ(K)(1 + fχ(P))(1 + fχ(P′))− fχ(P)fχ(P′)(1 + fϕ(K))

]
.

Kn = (En, 0) = (nmϕ, 0), fϕ(P, t) = (2π)3nϕ(t)δ(3)(P) and

|⟨χχ| exp
(

i
∫

d 4xLI

)
|ϕ⟩|2 = Vol4

∞∑
n=−∞

|Mn|2(2π)4δ(4)(pn − pA − pB) .



The Boltzmann approximation 71. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

LI = − 1
MP

hµν

(
Tµν

ϕ + Tµν
χ

)
− σ

2 ϕ
2χ2

+ M = − 1
M 2

P

[
1 +

2m2
eff

s

]
V(ϕ) + σϕ2

Here m2
eff = m2

χ + σϕ2. For quadratic V(ϕ) only the second mode contributes

|M2|2 =
ϕ4

0
32

[
σ − λ

(
1 +

m2
eff

2m2
ϕ

)]2

≡ 1
8
ρ2
ϕ

m4
ϕ

σ̂2

• 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 approximation 81. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

With 1 + fϕ(K) ≃ fϕ(K) and β(t) ≡
√

1 − m2
eff(t)
m2

ϕ

∂fχ
∂t − H|P| ∂fχ

∂|P| =
π|M2|2

2m2
ϕβ(t)

δ (|P| − mϕβ(t)) (1 + 2fχ(|P|)) ,

Introducing
fχ(|P|, t) ≡ 1

2

[
exp

(
2f c

χ(|P|, t)
)
− 1
]

the solution is given by

f c
χ(|P|, t) =

πσ̂2ρ2
ϕ(̂t )

16m7
ϕβ(̂t)2H(̂t )

θ(t − t̂) θ(̂t − tend) ,
a(t)
a(̂t )

= β(̂t )mϕ

|P|

≃
πσ̂2ρ2

ϕ(t)
16m7

ϕH(t)

(
mϕ

|P|

)9/2
θ(mϕ − |P|) θ

(
|P| − mϕ

(
aend

a(t)

))
(tend ≪ t ≪ treh, β ≃ 1)



The Boltzmann approximation 91. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

Useful notation: if fχ(P) ≡ fχ(P/P0) at decoupling (t = t⋆), then for t > t⋆

fχ
(

P
P0

a(t)
a⋆

)
= fχ

(
P a(t)/a0

P0 a⋆/a0

)
= fχ

(
p

P0 a⋆/a0︸ ︷︷ ︸
T⋆

)
≡ fχ(q)

C. Ma, E. Bertschinger, Astrophys. J. 455 (1995) 7; D. Blas, J. Lesgourgues, T. Tram, JCAP 07 (2011) 034

Here
T⋆ ≡ mϕ

(
aend
a0

)
so that

nχ

(
a

aend

)3
=

(
a

aend

)3 ∫ d 3P
(2π)3 fχ(P, t) =

m3
ϕ

2π2

∫
dq q2fχ(q, t)

and 1 ≤ q ≤ a(t)
aend



The Boltzmann approximation 101. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

Extending the solution beyond the end of reheating,

f c
χ(q, t) ≃

√
3πσ̂2ρ

3/2
endMP

16m7
ϕ

q−9/2e−1.56
( aend

areh

)2
q2
θ(q − 1) , (t ≫ treh, β ≃ 1)
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Non-perturbative particle production 111. 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

X(τ, x) =

∫
d 3p

(2π)3/2 e−ip·x
[
Xp(τ)âp + X∗

p(τ)â†
−p

]
the equation of motion for the mode functions is

X′′
p + ω2

pXp = 0

with
ω2

p = p2 + a2m2
eff = p2 + a2

(
m2

χ + σϕ2 +
1
6R
)

and Bunch-Davies initial condition Xp(τ0) =
1√
2ωp

, X′
p(τ0) = − iωp√

2ωp



Non-perturbative particle production 121. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

1
6R = −a′′

a3 = − 1
6M 2

P

(
4V − ϕ̇2

)
10−18 10−11 10−4 1 3 5 7 9 11

a/aend

−40 −20 0 20 40 60 80
mφ(t− tend)

−12

−10

−8

−6

−4

−2

0

R
/6
H

2 en
d

3 5 7 9 11
a/aend
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-
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ρend
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ρend

ω2
p(tend) = p2 + a2

end

(
m2

χ + σϕ2 − H 2
end

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



Pure gravitational production 131. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints
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H0
mϕ

(
a0

aend

)
N. Herring, D. Boyanovsky and A. Zentner, PRD 101 (2020) , 083516
S. Ling and A. Long, PRD 103 (2021), 103532



Weak coupling (σ/λ ≤ 1) 141. 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: Hartree 151. 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: Hartree 151. 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: Lattice 161. 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: Lattice 171. 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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Strong coupling: Lattice 171. 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 densities 181. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

Boltzmann has a very limited range of applicability

Backreaction

mχ-dependent

mχ = 10−2Hend

10−1Hend

f cχ

fχ
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Relic abundance at weak coupling 191. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

Saturating the DM relic abundance

Ωχ ≃ mχnχ

ρc
=

1
3q3

0

(
HendH0

M 2
P

)(
mχ

Hend

)
1

2π2

∫ ∞

q0

dq q2fχ(q, t)

Ωχh2 = 0.12 ⇒
(

Treh

1 GeV

)
≃ τ

( mχ

1 GeV

)γ

10−3 10−2 10−1 1
σ/λ

−1.0

−0.8

−0.6

−0.4

−0.2

0.0

γ

10−3 10−2 10−1 1
σ/λ

102

106

1010

1014

1018

τ



Relic abundance at weak coupling 191. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

Saturating the DM relic abundance

Ly-α
excluded
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Relic abundance at strong coupling 201. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

Saturating the DM relic abundance

Ωχh2 ≃ 0.12
(

2.05 × 10−11

λ

)(
nχ(a/aend)

3

1.8 × 10−12 M 3
P

)( mχ

1 GeV

)(
Treh

1010 GeV

)



Relic abundance at strong coupling 201. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

Saturating the DM relic abundance
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Light dark relics from reheating 211. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

CDM WDM (0.5 keV)
J. Baur et al., JCAP 08 (2016), 012



How warm is out-of-equilibrium dark matter? 221. 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? 221. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

R. Murgia, V. Iršič and M. Viel, PRD 98 (2018), 083540
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k FS ∝ m2
DM

⟨q 2⟩

G. Ballesteros, MG and M. Pierre, JCAP 03 (2021), 101

mDM = mWDM

(
T⋆

TWDM

)√
⟨q2⟩

⟨q2⟩WDM

f (x, p, τ) = f0(|p|, τ) [1 +Ψ(x, p, τ)]

δ̈ +Hδ̇ − 3
2H

2
(

1 − w 10
9

k2

H2

)
δ = 0

k 2
FS(a) =

9
10

H2

w

kH(a) =

[∫ a

0

dã
ã kFS(ã)

]−1

w ≃ δP
δρ

=
T 2

⋆

3m2
DM

⟨q2⟩
a2

w(mDM) = wWDM(mWDM)



Lyman-α constraint 231. 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
√

areh

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 constraint 241. 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 constraint 251. Preheating

2. Weak
coupling

3. Strong
coupling

4. Constraints

For strong backreaction, or σ = λ, ⟨q2⟩ → const. during reheating

mDM > 9.58 keV
(mWDM

3 keV

)4/3√
⟨q2⟩

mϕT 1/3
reh

ρ
1/3
end

.
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WDM, m = 3 keV

mχ = 23.0 eV (Treh = 4.5× 1011 GeV)



The allowed parameter space 261. 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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Thank you


