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Non-gravitational detection
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Minimal scalar dark matter
A simple DMmodel: scalar χ (spin 0) which only interacts with gravity and/or the inflaton ϕ

S =

∫
d 4x

√
−g

[
− 1

2 (M
2
P − ξχ2 )R +

1
2 (∂µχ)

2 − 1
2m2

χχ
2 − 1

2 σϕ2χ2

non-minimal coupling ϕ-coupling

+
1
2 (∂µϕ)

2 − 6λM 4
P tanh2

(
ϕ√

6MP

)
− yϕψ̄ψ + LSM

]

T-model inflation
reheating

Inflationary couplings normalized by

λ ≃ 3π2AS∗
N 2

∗
, Treh ≃

(
9λ

20π4greh

)1/4
y MP
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QFT in the early universe
Introducing conformal time, dt = a dτ , and the re-scaled field X = aχ,(

∂2
τ −∇2 + a2m2

eff

)
X = 0 , m2

eff = m2
χ + σϕ2 +

1
6 (1 − 6ξ)R

Quantize as a superposition of oscillators

X̂(τ, x) =

∫
d3k

(2π)3/2 e−ik·x
[
Xk(τ)âk + X∗

k(τ)â†
−k

]
, [âk, â†

k′ ] = δ(k − k′) , âk|0⟩ = 0

obtaining
X′′

k + ω2
k Xk = 0 , with ω2

k = k2 + a2m2
eff
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Introducing conformal time, dt = a dτ , and the re-scaled field X = aχ,(
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τ −∇2 + a2m2
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X̂(τ, x) =

∫
d3k

(2π)3/2 e−ik·x
[
Xk(τ)âk + X∗

k(τ)â†
−k

]
, [âk, â†

k′ ] = δ(k − k′) , âk|0⟩ = 0

obtaining
X′′

k + ω2
k Xk = 0 , with ω2

k = k2 + a2m2
eff

For a mode inside the horizon,

ω2
k = k2 +O

(
a2H 2

k2

)
> 0

free particle interactions
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Perturbative DM production
The perturbative picture: inflaton, gravity and dark matter as (quasi)particles

The solution of the Boltzmann equation
∂fχ
∂t − H|P| ∂fχ

∂|P| =
π|M|2

2m2
ϕ

δ(|P| − mϕ)

with
|M|2 =

1
8
ρ2
ϕ

m4
ϕ

[σ − λ(1 − 6ξ)]2

is the following Phase Space Distribution:

fχ(q, t) =

√
3πσ̂2ρ

3/2
endMP

16m7
ϕ

(
Hend

mϕ
q
)−9/2

θ(q − 1) θ
(

a(t)
aend

− Hend

mϕ
q
)

with q ≡ |P|
T⋆

(
a

aend

)
, T⋆ ≡ Hend
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Gravitational particle production during inflation
Light scalar fields are unstable during inflation

X′′
k + ω2

k Xk = 0 , with ω2
k = k2 + 2(aH)2

[ m2
χ

2H 2 +
σϕ2

2H 2 − 1 + 6ξ
]

For a mode that is outside the horizon (k/aH ≪ 1),

ω2
k < 0 if m2

χ < 2H 2 , σ/λ≪ 1, and ξ < 1/6 (tachyonic instability)

inflation reheating

leaves
horizon

enters
horizon

No free particle state during inflation ⇒ no perturbative picture
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Gravitational production

10−3 10−2 10−1 1 10 102

q

10−8

10−4

1

104

q2
f χ
/2
π

2

fχ ∝ q−3

fχ ∝ q−9/2

fχ ∝ q2

ξ = 0

ξ = 1/6

mχ/Hend = 10−2

produced during inflation produced during reheating

increasing ξ

1. Motivation 2. Production 3. Limits 4. Prospects



Gravitational production
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Weak inflaton coupling

fχ ∝ q−3

fχ ∝ q−9/2
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Strong inflaton coupling

Linear regime: The inflaton remains a condensate ⇒ Hartree aproximation

ϕ̈+ 3Hϕ̇+ Vϕ + σ⟨χ2⟩ϕ = 0

⟨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

Non-linear regime: The inflaton is fragmented ⇒ (Cosmo)Lattice

ϕ̈+ 3Hϕ̇− ∇2ϕ

a2 + V,ϕ = 0

χ̈+ 3Hχ̇− ∇2χ

a2 + V,χ = 0

D. Figueroa, et al., Comput. Phys. Commun. 283, 108586 (2023)
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Linear regime
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Non-linear regime
Re-scattering leads to a broader distribution with pseudo-thermal tail for ϕ and χ , fχ ∼ e−α(σ/λ;t)q
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Relic abundance, gravitational production
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Relic abundance, gravitational production
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Relic abundance, inflaton decay
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Isocurvature in the CMB

CDI: cold dark matter density isocurvature

NDI: neutrino density isocurvature

NVI: neutrino velocity isocurvature

However, they have not been detected,

βiso =
PS

PR + PS
<


2.5% (CDI)
7.4% (NDI)
6.8% (NVI)

This constraint applies only at

large scales (k∗ = 0.002 Mpc−1)

At smaller scales,Y. Akrami et al. [Planck], Astron. Astrophys. 641, A10 (2020)
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Isocurvature in gravitational production

10−26 10−20 10−14 10−8 10−2

k/kend

10−8

10−6

10−4

10−2

1

P S

k∗k0

mχ = 10−2Hend

ξ
0
0.001
0.003
0.01
0.02
0.03
0.05
0.1
0.15
1

PS(k) =
k3

2π2ρ2
χ

∫
d 3x ⟨δρχ(x)δχ(0)⟩ e−ik·x ⇒

mχ ≳ 0.54 Hinf

ξ ≳ 0.03
D. Chung, E. Kolb, A. Riotto, L. Senatore, PRD 72, 023511 (2005)
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Isocurvature in production from inflaton decay
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Structure formation constraints
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Structure formation constraints
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Light, but cold enough, dark matter
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Parameter space for gravitational production
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Parameter space for production from inflaton decay
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Additional constraints?
Distortions of the CMB frequency spectrum

f(E) =
1

e(E−µ)/T − 1

FIRAS: |µ| < 9 × 10−5

PIXIE: |µ| < 10−9
D. Fixsen et al., Astrophys. J. 473 (1996), 576

Energy injected into the CMB at different times
results in a spectrum that mixes regions at
different temperatures
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Additional constraints?
Isocurvature-induced gravitational waves
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G. Domènech, S. Passaglia and S. Renaux-Petel, JCAP 03 (2022), 023

h′′
ij + 2Hh′

ij +∇2hij =
2

M 2
P

[
∂iψ∂jψ

]TT
ΩGW,c(k) =

2
3

∫ ∞

0
dv
∫ 1+v

|1−v|
du
(

4v2 − (1 − u2 + v2)2

4uv

)2

I 2(xc, k, u, v)PS(ku)PS(kv)

1. Motivation 2. Production 3. Limits 4. Prospects



Additional constraints?
Blue tilted isocurvature: Ultra Compact Mini Halos (and PBHs)

M. Ricotti and A. Gould, Astrophys. J. 707 (2009), 979; T. Bringmann et al., PRD 85 (2012), 125027
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