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Case for Feebly Interacting Massive Particles (FIMPs) as dark matter

Consider FIMPs: 

• Not in thermal equilibrium 

• Produced via freeze-in 

• Elusive (in)direct detection 

• Dependence on initial conditions 

(inflation, reheating)

No detection of WIMPs yet!



1. Reheating

Understand the (perturbative) repopulation of the Universe after the 

end of inflation (rates, energy densities, temperatures, distributions,..)

A short summary of what we (don’t) understand

In the absence of a direct signal, can we say more beyond ΩDM? 

Use the Ly-α measurement of the power spectrum to impose constraints

The Goals

2. Freeze-in

Characterize the out-of-equilibrium production of dark matter (from 

particle/condensate decays, scatterings, misalignment…)

3. Lyman-α

4. The end?



1. Reheating

2. Freeze-in

3. Lyman-α

Accelerated expansion can be driven by a slowly rolling scalar field
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1. Reheating

2. Freeze-in

Accelerated expansion can be driven by a slowly rolling scalar field

ds
2 = dt

2
− a(t)2dx2
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3. Lyman-α
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1. Reheating

2. Freeze-in

After inflation ends, reheating begins
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1. Reheating

2. Freeze-in

Reheating depends on the shape of the potential

over one oscillation,

3. Lyman-α
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~ matter

~ radiation

1. Reheating

2. Freeze-in

Reheating depends on the shape of the potential

3. Lyman-α

4. The end?



1. Reheating

2. Freeze-in

Particle production in the expanding Universe

3. Lyman-α
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1. Reheating

2. Freeze-in

Integrated Boltzmann equations

3. Lyman-α
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1. Reheating

2. Freeze-in

Integrated Boltzmann equations

3. Lyman-α
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1. Reheating

2. Freeze-in

Integrated Boltzmann equations

3. Lyman-α
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1. Reheating

2. Freeze-in

A closer look: thermalization is not instantaneous!  (quadratic only)

3. Lyman-α
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1. Reheating

2. Freeze-in

A closer look: thermalization is not instantaneous!  (quadratic only)

3. Lyman-α
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1. Reheating

2. Freeze-in

3. Lyman-α
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1. Reheating

2. Freeze-in

3. Lyman-α
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1. Reheating

2. Freeze-in

Freeze-in: producing dark matter out-of-equilibrium

3. Lyman-α
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1. Reheating

2. Freeze-in

Decay of an oscillating condensate (inflaton, non-stabilized moduli, …)

3. Lyman-α
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1. Reheating

2. Freeze-in

Decay of an oscillating condensate (inflaton, non-stabilized moduli, …)

3. Lyman-α
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1. Reheating

2. Freeze-in

Decay of an oscillating condensate (inflaton, non-stabilized moduli, …)

3. Lyman-α
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ã

�

−1

<latexit sha1_base64="+S6+r2bw5sxgOfCz/JcHwSQU/CY="></latexit>

w '
δP

δρ
=

T 2

∗

3m2

DM

hq2i

a2

1 10 102

k [h Mpc−1]

0.0

0.2

0.4

0.6

0.8

1.0

[P
(k
)/
P
Λ
C
D
M
(k
)]
1
/2

J. Lesgourgues, T. Tram, JCAP 09 (2011) 032

4. The end?



1. Reheating The perturbed Boltzmann equation

3. Lyman-α

2. Freeze-in

<latexit sha1_base64="Pny8To0hLelSEVfCqY9K9YTv6r4="></latexit>

f(x,p, τ) = f0(|p|, τ)[1 +Ψ(x,p, τ)]

<latexit sha1_base64="KMaFnfxiyfsABbT8Q8bOEDzfTqg="></latexit>

δ̈ +Hδ̇ −
3

2
H

2

✓

1− w
10

9

k
2

H2

◆

δ = 0

<latexit sha1_base64="/YYN/d96OzLxzUYazBzq18aad6E="></latexit>

kFS(a) =
9

10

H2

w
<latexit sha1_base64="Gqaz14B8YMIhZlJz5x6jZZ2EorE="></latexit>

kH(a) ≡


Z

a

0

1

kFS(ã)
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1. Reheating Constraints on dark matter from condensate decay (inflaton, moduli)

3. Lyman-α

2. Freeze-in
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1. Reheating Constraints on dark matter from chain decay

3. Lyman-α

2. Freeze-in
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1. Reheating Constraints on dark matter from chain decay

3. Lyman-α

2. Freeze-in
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1. Reheating Constraints on dark matter from thermal freeze-in

3. Lyman-α

2. Freeze-in
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1. Reheating Constraints on dark matter from thermal freeze-in

3. Lyman-α

2. Freeze-in
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1. Reheating Constraints on dark matter from non-thermal freeze-in  (n=4)

3. Lyman-α

2. Freeze-in
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1. Reheating Non-supersymmetric decaying spin-3/2 particle

3. Lyman-α

2. Freeze-in
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1. Reheating Non-supersymmetric decaying spin-3/2 particle

3. Lyman-α

2. Freeze-in
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1. Reheating Non-supersymmetric decaying spin-3/2 particle

3. Lyman-α

2. Freeze-in
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1. Reheating Non-supersymmetric decaying spin-3/2 particle

3. Lyman-α

2. Freeze-in
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1. Reheating Non-supersymmetric decaying spin-3/2 particle

3. Lyman-α

2. Freeze-in
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3. Lyman-α

2. Freeze-in
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1. Reheating

2. Freeze-in

3. Lyman-α

For               the nature of the final state matters

In-medium effects cannot be neglected
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1. Reheating

2. Freeze-in

3. Lyman-α

Non-perturbative particle production
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1. Reheating

2. Freeze-in

3. Lyman-α

Non-perturbative particle production
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1. Reheating

2. Freeze-in

3. Lyman-α

So, how warm are non-thermal relics?

4. The end?

Out-of-equilibrium Dark Matter Production
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1. Reheating

2. Freeze-in

3. Lyman-α

<latexit sha1_base64="YU5Dsva2FaGkPCyiCJQPLavHZJQ="></latexit>

NCDM
collision term

NCDM
phase-space
distribution

NCDM
transfer function

Matching to WDM
transfer function

NCDM
bound

Equation of state matching
w(mDM) = wWDM(mWDM)

Lyman-α
bound on WDM

Inflation Reheating
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1. Reheating

3. Lyman-α

2. Freeze-in

Milky Way DM 

halo mass

GALFORM galaxy 

formation model

Constraints on the properties of warm dark matter using the satellite galaxies of 

the Milky Way
O. Newton et al., arXiv:2011.08865 
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1. Reheating Out-of-equilibrium decay chain

3. Lyman-α
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2. Freeze-in



1. Reheating Light, but not too light DM

3. Lyman-α

Split energy density into relativistic and non-relativistic parts, 
<latexit sha1_base64="ajdn8rNHUkbHMKpWHPFOSnx+nbo="></latexit>

ρχ = (ρχ −mDMnχ) +mDMnχ ⇒ ∆Neff =
8

7

✓

T

Tν

◆4
ρχ −mDMnχ

ργ

<latexit sha1_base64="qsFoc2HIO9U2FI/L5D7oJ1uUAE4="></latexit>

∆Neff <
1.4⇥ 10−4

p

hq2i

✓

g∗s(T )

g0
∗s

◆4/3 ✓
Ωχh

2

0.1

◆✓

3 keV

mWDM

◆4/3 ✓
T

Tν

◆4
hD

p

q2 + µ∗(T )2
E

� µ∗(T )
i

<latexit sha1_base64="HQn1mhilVGNGKFSizpEuf2/id9Y="></latexit>

µ∗(T ) ⌘
p

hq2i

✓

g0
∗s

g∗s(T )

◆1/3 ✓
3 keV

mWDM

◆4/3 ✓
7.56 keV

T

◆

Saturating the Ly-α bound,

<latexit sha1_base64="AuWtV0hDD5sSie6D+CsDeZcLWkI="></latexit>

∆Neff(TBBN) < 5.4⇥ 10−5

 

hqi
p

hq2i

!

✓

3 keV

mWDM

◆4/3

∆Neff(TCMB) < 9⇥ 10−9

✓

3 keV

mWDM

◆4/3

<latexit sha1_base64="c+MXGDu/LeE50XS2Y4aq9bAYxFY=">AAACHHicbVDLSgMxFM3UV62vqks3g0VwVWaKqMtCN+4cpS9oh5LJZNrQzCQkmWoZ+hlu68+4E7eC/+LCzGOhrQcCh3Puubkcj1MilWV9GaWNza3tnfJuZW//4PCoenzSlSwWCHcQo0z0PSgxJRHuKKIo7nOBYehR3POmrdTvzbCQhEVtNefYDeE4IgFBUGlpMHwk44mCQrCnUbVm1a0M5jqxC1IDBZxR9XvoQCnvebpJtpkD0RSOceLPCJcRDLFcJM/ZhYvK0GcoDnGkENWRgW1x5SZQKIIo1m4sMc/TA02zrJvkUfNCK74ZMKFfpMxM/Z1IYCjlPPT0ZAjVRK56qfifN4hVcOsmJOKxwhHKPwpiaipmpk2ZPhEYKTrXBCJB9K0mmkABkdJ9VnRd9mo566TbqNvX9cbDVa3ZKoorgzNwDi6BDW5AE9wBB3QAAgy8gCV4NZbGm/FufOSjJaPInII/MD5/AIxJo4o=</latexit>

⇒

4. The end?

2. Freeze-in



1. Reheating Strongly stabilized moduli

3. Lyman-α

4. The end?

2. Freeze-in
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Entropy production

<latexit sha1_base64="DGuk+4Q5SMP9y0Ji56yRZxY+Big="></latexit>

∆K = −
(ZZ̄)2

Λ2

Z

⇒ mZ =
√
12m3/2

✓

MP

ΛZ

◆

, Z0 =
Λ
2

Z√
6MP

, ΓZ =
3
√
3m3

3/2M
3

P

πΛ5

Z


