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Primordial fluctuations

Quantum fluctuations in ϕ, g are stretched by the expansion

(Y. Mambrini)
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Primordial fluctuations

Quantum fluctuations in ϕ, g are stretched by the expansion

(Y. Mambrini)
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Coherent oscillations
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The end of inflation: ä = 0 ⇔ w = −1/3 ⇔ ϕ̇2 = V(ϕ)

ϕ
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V(ϕ) ≈
1
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ϕϕ

2
ϕ(t) ≃ ϕ0(t)P(t) = ϕ0(t) cos(mϕt)

⟨ϕ̇2⟩ ≃ ⟨ϕV ′(ϕ)⟩ = 2⟨V(ϕ)⟩

ρϕ ≃ 2⟨V(ϕ)⟩ = V(ϕ0)

pϕ ≃ 0
quadratic minimum≈matter
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Coherent oscillations
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The end of inflation: ä = 0 ⇔ w = −1/3 ⇔ ϕ̇2 = V(ϕ)

ϕ
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1/4
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V(ϕ) ≈ λϕ4
ϕ(t) ≃ ϕ0(t)P(t) = ϕ0(t)

∑
n

Pne−inωϕt

⟨ϕ̇2⟩ ≃ ⟨ϕV ′(ϕ)⟩ = 4⟨V(ϕ)⟩

ρϕ ≃ 3⟨V(ϕ)⟩ = V(ϕ0)

pϕ ≃ ρϕ/3quartic minimum≈ radiation
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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)
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ϕ(t) ≃ ϕ0(t)P(t) = ϕ0(t)
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⟨ϕ̇2⟩ ≃ ⟨ϕV ′(ϕ)⟩
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n + 2 ρϕ ≡ wϕρϕ
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inflaton condensate

Particle production during reheating
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2χ2 + · · ·

self-interactions with SM with DM
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inflaton condensate

perturbative 
decays

Particle production during reheating
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The perturbative picture
Phenomenological approach: decay of ϕ quanta ←→ friction (dissipation) in ϕ(t)

ϕ̈+ (3H + Γϕ)ϕ̇+ V ′(ϕ) = 0

⇓

ρ̇ϕ + 3H(1 + wϕ)ρϕ = −Γϕ(1 + wϕ)ρϕ

Reheating as the exchange of energy between two ideal fluids

Tµν = Tµν
ϕ + Tµν

R = ρϕ diag(1,wϕ,wϕ,wϕ) + ρR diag(1, 1
3 ,

1
3 ,

1
3 )

∇µTµν = 0 ⇒ ρ̇R + 4HρR = Γϕ(1 + wϕ)ρϕ
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Decay of the condensate
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Oscillation modes as quasi-particles
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Decay of the condensate
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Oscillation modes as quasi-particles
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n2ω 2
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n2ω 2
ϕ

)

MG, K. Kaneta, Y. Mambrini, K. Olive, JCAP 04 (2021), 012
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Perturbative reheating
For V(ϕ) ∝ ϕ2

Γϕ =
y2

8πmϕ = const. , Treh = y
(
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Perturbative reheating
For V(ϕ) ∝ ϕ4

Γϕ = α2 y2
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inflaton condensate

perturbative 
decays

resonant production
rescattering and fragmentation

Fragmentation from dark preheating
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Resonant particle production
Bosonic effects can exponentially enhance the rate at which particles are produced from the oscillating inflaton

The dark matter field χ(t, x) satisfies the Heisenberg equation of motion(
d2

dt2 − ∇2

a2 + 3H d
dt + m2

χ + σϕ2
)
χ = 0

In conformal time, dτ = dt/a, introducing

X(τ, x) = aχ(τ, x) =

∫
d 3k

(2π)3/2 e−ik·x
[
Xk(τ)Âk + X∗

k(τ)Â†
−k

]
the equation of motion is

X ′′
k +

[
k2 − a′′

a + a2m2
χ + σa2ϕ2︸ ︷︷ ︸

ω2
k

]
Xk = 0

with Bunch-Davies initial condition Xk(τ0) =
e−iωkτ

√
2ωk
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Resonant particle production
For V(ϕ) = 1

2 m2
ϕϕ

2, after a few oscillations, resonant growth inside Floquet bands

d 2xq
dz2 + (Aq − 2κ cos 2z)xq = 0

where

xq(t, x) = a(t)1/2Xq(t, x) , κ =
1
8

(σ
λ

)( ϕ0

MP

)2
,

z = mϕt + π

2 , Aq = q2
(aend

a

)2
+ 2κ ,

with q =
k

mϕaend
. Floquet’s theorem guarantees a solution of the form

xq(z) = eµqzg1(z) + e−µqzg2(z)

Y. Shtanov, J. Traschen and R. Brandenberger, PRD 51 (1995) 5438; L. Kofman, A. Linde, A. Starobinsky, PRD 56 (1997) 3258
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Resonant particle production
For V(ϕ) = 1

2 m2
ϕϕ

2, after a few oscillations, resonant growth inside Floquet bands

d 2xq
dz2 + (Aq − 2κ cos 2z)xq = 0

Backreaction

1 5 10 30
a/aend

10−19

10−17

10−15

10−13

10−11

ρ
[M

4 P
]

σ/λ = 104 ρφ
ρχ

1. Inflation 2. Reheating 3. Dark preheating 4. Self-resonance



Backreaction and fragmentation
The explosive production of particles can disrupt the homogeneous inflaton condensate by re-scatterings,
leading to the fragmentation of the condensate. The full system

ϕ̈+ 3Hϕ̇− ∇2ϕ

a2 + ∂ϕV(ϕ, χ) = 0 ,

χ̈+ 3Hχ̇− ∇2χ

a2 + ∂χV(ϕ, χ) = 0 ,

1
2 ϕ̇

2 +
1

2a2 (∇ϕ)2 +
1
2 χ̇

2 +
1

2a2 (∇χ)2 + V(ϕ, χ) = ρϕ + ρχ = 3H 2M 2
P

can be solved by finite-difference techniques
on a spatial lattice
D. Figueroa et al., Comput. Phys. Commun.
283, 108586 (2023)
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Backreaction and fragmentation
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MG, A. Pereyra-Flores, 2403.04848
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Decay of the fragmented inflaton

t

ϕ
δϕδϕ

ψ
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After fragmentation, the free
inflaton quanta dominate the
decays
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MG, M. Pierre, JCAP 11 (2023) 004; MG et al., JCAP 12 (2023) 028
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Decay of the fragmented inflaton

t

ϕ
δϕδϕ
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After fragmentation, the free
inflaton quanta dominate the
decays

1 10 102

k/mφ

10

103

105

107

109

f δ
φ
(k

)

σ/λ = 104

3 10 30 102

a/aend

10−13

10−11

10−9

10−7

10−5

n
δφ

(a
/a

en
d
)3

[M
3 P
]

ϕ-χ interactions excite the
inflaton UV modes
(inflaton particles)

After backreaction the number
of inflatons in a comoving volume
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Reheating after fragmentation

ρreh
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CMB observables (Starobinsky)
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CMB observables (Starobinsky)
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CMB observables (Starobinsky)
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inflaton condensate

gravitational
waves

perturbative 
decays

self-resonance
& fragmentation

Fragmentation from self-interactions
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Parametric self-resonance
Even in the absence of couplings to other fields, the oscillations of ϕmay not survive forever

The inhomogeneous fluctuation δϕ(t, x) satisfies, at the linear level,

δ̈ϕ+ 3H ˙δϕ− ∇2δϕ

a2 + V ′′(ϕ(t)) δϕ = 0

In conformal time, dτ = dt/a, introducing

Φ(τ, x) = a δϕ(τ, x) =

∫
d 3k

(2π)3/2 e−ik·x
[
Φk(τ)âk +Φ∗

k(τ)â†
−k

]
the equation of motion is

Φ ′′
k +

[
k2 − a′′

a + V ′′(ϕ)a2︸ ︷︷ ︸
ω2

k

]
Φk = 0

with Bunch-Davies initial condition Φk(τ0) =
e−iωkτ

√
2ωk
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Quartic self-resonance
For V(ϕ) = λϕ4, after a few oscillations,

Φ ′′
k + m2

end

[
k2 + sn2

(
mend√

6 ∆τ,−1
)
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parametric resonance

]
Φk = 0
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2

Φk(z) = eµkzg1(z) + e−µkzg2(z)

z ≡ mend(τ − τend)
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Quartic fragmentation
For V(ϕ) = λϕ4, after a few oscillations,
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Quartic fragmentation
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Decay of the fragmented inflaton

t

ϕ
δϕδϕ

ψ
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After fragmentation, the free
inflaton quanta dominate the
decays
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is conserved, save for decays
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Reheating temperatures, self-resonance (ignoring fragmentation)
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Reheating temperatures, self-resonance
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Reheating temperatures, self-resonance
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Dark matter freeze-out (after fragmentation)
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Induced gravitational waves

10
7

10
8

10
9

10
-24

10
-19

10
-14

10
-9

10
-4

200 400 600 800 1000

10
-21

10
-18

10
-15

10
-12

10
-9

10
-6

10
-3

ΩGW(k) =
1
ρc

dρGW
d log k

ρGW =
M 2

P
4a4

1
V

∫
d 3k h̄′

ij(τ, k) h̄′∗
ij (τ, k)

f ≃ 1.46 × 108
(

k
0.7 mend

)
Hz

1. Inflation 2. Reheating 3. Dark preheating 4. Self-resonance



Peak structure
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Self-resonance: V(ϕ) ∝ ϕn, n > 4
Fragmentation leads to radiation domination, w =

n − 2
n + 2 −→ 1

3 (not the same as reheating)
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Reheating temperatures, self-resonance
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Induced gravitational waves

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

10
10

10
-22

10
-20

10
-18

10
-16

10
-14

10
-12

10
-10

10
-8

M
G
,M

.P
ier
re
,J
C
AP

12
(2
02

3)
02

8;
M
G
,M

.P
ier
re
,2
40

4.
16
93

2

n = 10

n = 8
n = 6

n = 4

1. Inflation 2. Reheating 3. Dark preheating 4. Self-resonance



Other non-perturbative effects
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Fragmentation calls for y > 10−4

in flat potentials, but ...

... in quadratic potentials, y > 10−5 is
the realm of fermion preheating

The backreaction regime is difficult
to explore numerically
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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

Conclusion

There’s still a lot to do!

Thank You!
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