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Inflation and reheating

ttend trehtth

ϕ non-equilibrated SM equilibrated SM

reheating radiationinflation

Inflation: a slowly rolling scalar field T-models (R. Kallosh and A. Linde, JCAP 10 (2013), 033)
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Inflation and reheating

ttend trehtth

ϕ non-equilibrated SM equilibrated SM

reheating radiationinflation

Comoving Scales

Comoving
Horizon

Time  [ln(a)]

Inflation

Reheating

Radiation

horizon exit

density
fluctuation

horizon re-entry Curvature: ⟨R(k)R∗(k′)⟩ =
2π2

k3 PRδ(k − k′)

Tensors:
∑

γ=+,×

⟨hk,γh∗
k′,γ⟩ =

2π2

k3 PT δ(k − k′)

CMB observables

PR ∝
(

k
aH

)ns−1
, r ≡ PT

PR

Paris-Saclay Astroparticle Symposium 2025



Inflation and reheating

ttend trehtth

ϕ non-equilibrated SM equilibrated SM

reheating radiationinflation

Comoving Scales
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Coherent oscillations

ttend trehtth

ϕ non-equilibrated SM equilibrated SM

reheating radiationinflation

The end of inflation: ä = 0 ⇔ w = −1/3 ⇔ ϕ̇2 = V(ϕ) ∝ ϕk

ϕ(t) ≃ ϕ0(t)P(t) = ϕ0(t)
∑

n
Pne−inωϕt

⟨ϕ̇2⟩ ≃ ⟨ϕV ′(ϕ)⟩ = k ⟨V(ϕ)⟩

ρϕ ≃ k + 2
2 ⟨V(ϕ)⟩ = V(ϕ0)

pϕ ≃
(

k − 2
k + 2

)
ρϕ ≡ wϕρϕ

Assuming the coherence of ϕ is maintained, Fermi/Bose effects
are negligible, and no resonant growth, the perturbative (dissip-
ative) approximation is valid,

ρ̇ϕ + 3H(1 + wϕ)ρϕ = −Γϕ(1 + wϕ)ρϕ
ρ̇R + 4HρR = Γϕ(1 + wϕ)ρϕ
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Coherent oscillations

t

ϕ
ψψ

ϕ(t)|0⟩ = ϕ0(t)
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MG, K. Kaneta, Y. Mambrini, K. Olive, JCAP 04 (2021), 012
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Quadratic potential
Assume V(ϕ) ∝ ϕ2 and turn off all couplings to matter
Then, the inhomogeneous fluctuation δϕ(t, x) satisfies, to first order,

δ̈ϕ+ 3H ˙δϕ− ∇2δϕ

a2 + V ′′(ϕ(t))︸ ︷︷ ︸
m2
ϕ

δϕ = 0

Thus, no expectation of resonant growth …?
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Quadratic potential
Assume V(ϕ) ∝ ϕ2 and turn off all couplings to matter
Then, the inhomogeneous fluctuation δϕ(t, x) satisfies, to first order,

δ̈ϕ+ 3H ˙δϕ− ∇2δϕ

a2 + V ′′(ϕ(t))︸ ︷︷ ︸
m2
ϕ

δϕ = 4ϕ̇Ψ̇− 2V ′(ϕ(t))Ψ

includingmetric fluctuations. Overdensities experience a narrow-resonance growth
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K. Jedamzik, M. Lemoine, J. Martin, JCAP 09 (2010), 034

ϕ-soliton

PBH
δc ≤ 0.077

E. Milligan et al., JCAP 10 (2025), 025

Paris-Saclay Astroparticle Symposium 2025



Quadratic potential
Assume V(ϕ) ∝ ϕ2 and turn on an interaction with a (dark sector) scalar field Lint =

1
2σϕ

2χ2
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dt2 − ∇2

a2 + 3H d
dt + m2

χ + σϕ2
)
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Resonant production of χ
⇓

fragmentation of the ϕ condensate

linear (Hartree)
CosmoLattice

MG, A. Pereyra-Flores, JCAP 08 (2024), 043
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Decay of the fragmented inflaton

t

ϕ
δϕδϕ
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ψ

After fragmentation, the free
inflaton quanta dominate the
decays. Assuming Fermi/Bose
effects are negligible,
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MG, M. Pierre, JCAP 11 (2023) 004; MG, M. Gross, Y. Mambrini, K. Olive, M. Pierre, J. Yoon, JCAP 12, 028 (2023)
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Decay of the fragmented inflaton

t

ϕ
δϕδϕ

ψ

ψ

After fragmentation, the free
inflaton quanta dominate the
decays. Assuming Fermi/Bose
effects are negligible,
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ϕ-χ interactions excite the
inflaton UV modes
(inflaton particles)

After backreaction the number
of inflatons in a comoving volume
is conserved, save for decays
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Reheating after fragmentation

ρreh
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CMB observables
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CMB observables
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Self-resonance
For non-quadratic minima, the oscillations of ϕ don’t survive forever. The fluctuation δϕ(t, x) satisfies

δ̈ϕ+ 3H ˙δϕ− ∇2δϕ

a2 + V ′′(ϕ(t)) δϕ = 0 Φ = aϕ−−−−−−−→
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V(ϕ) ∝ ϕ4

MG, M. Pierre, JCAP 11 (2023) 004
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Reheating temperatures, self-resonance
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Reheating temperatures, self-resonance

BBN
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Reheating temperatures, self-resonance

BBN
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N. Bhusal, E. Chávez, MG, A. Menkara, M. Pierre, in preparation
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Self-resonance: V(ϕ) ∝ ϕk, k > 4
Fragmentation leads to radiation domination, w =

k − 2
k + 2 −→ 1

3 (not the same as reheating)
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K. Lozanov, M. Amin, PRL 119, 061301 (2017); MG, M. Gross, Y. Mambrini, K. Olive, M. Pierre, J. Yoon, JCAP 12, 028 (2023)
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Reheating temperatures, self-resonance
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Reheating temperatures, self-resonance
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Induced gravitational waves
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Gravitational fragmentation
Can gravitational effects hasten inflaton fragmentation?

δ̈ϕ+ 3H ˙δϕ− ∇2δϕ

a2 + V ′′(ϕ(t)) δϕ = 4ϕ̇Ψ̇− 2V ′(ϕ(t))Ψ
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CMB observables
The stiff equation of state boosts N∗ only in a limited range of reheating temperatures,
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CMB observables
a T - Model (k = 4)

P-ACT-LB

Planck

CMB-SPA

0.950 0.955 0.960 0.965 0.970 0.975 0.980 0.985
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

α = 1

α = 7

α = 11

a T - Model (k = 6)

P-ACT-LB

Planck

CMB-SPA

0.950 0.955 0.960 0.965 0.970 0.975 0.980 0.985
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

α = 1

α = 7

α = 11

10
10
G
eV

T
E
W

Γ
φ
=
H
en
d

a T - Model (k = 8)

P-ACT-LB

Planck

CMB-SPA

0.950 0.955 0.960 0.965 0.970 0.975 0.980 0.985
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

α = 1

α = 8

α = 12

Γ
φ
=
H
en
d

10
10
G
eV

T
E
W

T - Model (k = 10)

P-ACT-LB

Planck

CMB-SPA

0.950 0.955 0.960 0.965 0.970 0.975 0.980 0.985
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

α = 1

α = 8

α = 12

Γ
φ
=
H
en
d

10
10
G
eV

T
E
W

J.
El
lis
,M

G
,K

.O
liv
e,
S.
Ve

rn
er
,2
51
0.
18
65

6

Paris-Saclay Astroparticle Symposium 2025



Final thoughts
Summary

• Combined lattice + Boltzmann approach allows a description of post-fragmentation reheating
• Quantifiable impact on observables
• More to do to include fluctuation + dissipation
• (Bosonic) preheating calls for (fermionic) preheating
• Gravitational fragmentation?

Conclusion

There’s still a lot to do!
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