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Scalar spectator
Consider a scalar χ (spin 0) which only interacts with gravity and/or the inflaton ϕ
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Gravitational particle production
Introducing conformal time, dt = a dτ , and the re-scaled field X = aχ,(

∂2
τ −∇2 + a2m2

eff

)
X = 0 , m2
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1
6R

Quantize as a superposition of oscillators

X̂(τ, x) =

∫
d3k

(2π)3/2 e−ik·x
[
Xk(τ)âk + X∗
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, [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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free particle interactions
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Gravitational particle production
Light scalar fields are unstable during inflation
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For a mode that is outside the horizon (k/aH ≪ 1),

ω2
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χ < 2H 2 , σ/λ≪ 1 (tachyonic instability)

inflation reheating

leaves
horizon

enters
horizon

No free particle state during inflation ⇒ no perturbative picture
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Weak inflaton coupling

fχ ∝ q−3

fχ ∝ q−9/2

fχ ∝ q−15/2
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Spectator as Dark Matter
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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 spectrum of spectator field
The full isocurvature spectrum is given by D. Chung, E. Kolb, A. Riotto, L. Senatore, PRD 72, 023511 (2005)
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Isocurvature spectrum of spectator field
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Isocurvature spectrum of spectator field
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Isocurvature in gravitational production
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Induced gravitational waves
Gravitational waves sourced by the particle production
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Induced gravitational waves
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Peak contribution
The peak contribution freezes at Nreh, but ρχ ≪ ρϕ,R
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Tail contribution
The tail contribution freezes at Ndec = Neq
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Tail contribution
The tail contribution freezes at Ndec ≤ Neq, Treh = 1013 GeV
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Tail contribution
The tail contribution freezes at Ndec = Neq, Treh = 1013 GeV
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Tail contribution
The tail contribution freezes at Ndec = Neq, Treh = 1013 GeV
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Tail contribution
Super-heavy DM scenario (Ωχh2 = 0.12)
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What about PBHs?

Configuration space approach

⟨φ(x)φ(x)⟩ =

∫ ∞

0

dk
k Pφ(k)

sin(kr)
kr

δφ(R, x) =

∫
d3x′ W(R, |x − x′|) δφ(x′)

0 2 4 6 8
0.0

0.5

1.0

1.5
φ ∼ N (0, σ)

δφ ∼ φ2 ∼ χ2
1

(very non-Gaussian)

Stay tuned!
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