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Axion inflation [Anber, Sorbo 0908.4089] 

ℒinflation ⊃ α
4f

ϕFμνF̃μν

Aμ = (A0, ⃗A )

ϕ

Aμ

Aμ

Think of the inflaton as an axion-like field

In this talk: focus on U(1) gauge field

[Freese, Frieman, Olinto (1990)] 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Observational consequences:

  1. Production of gauge field  2. decay into inflaton perturbations→

observable!
CMB (Planck) LSS (SDSS) 

Axion-U(1) inflation

Think of the inflaton as an axion-like field.

ϕ

Aμ

Aμ

[Garretson, Field, Carrol 1992]  

[Freese, Frieman, Olinto 1990]  
[Turner, Widrow 1988] 

[Anber, Sorbo 0908.4089] 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Observational consequences:

  1. Production of gauge field  2. decay into inflaton perturbations→

Axion-U(1) inflation

Think of the inflaton as an axion-like field.

In math:

ϕ

Aμ

Aμ

1. one helicity enhanced for k < ϕ′ 
α
f

A′ ′ ± + (k2 ± kϕ′ 
α
f ) A± = 0

( ∂2

∂τ2 + 2ℋ ∂
∂τ

− ∇2 + a2V′ ′ (ϕ)) δϕ( ⃗x, τ) = a2 α
f (FμνF̃μν( ⃗x ) − ⟨FμνF̃μν⟩)2.

easy (linear)

difficult (nonlinear)

[Anber, Sorbo 0908.4089]  
[Barnaby, Peloso 1011.1500]  

… 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ℒinflation ⊃ α
4f

ϕFμνF̃μν



𝒫ζ(k) ≃ 𝒫vac + 𝒫2
vac f2(ξ)e4πξ

vacuum sourced

∙

(free theory)

Analytic results

Power spectrum: 𝒫vac ≃ H4

(2π ·ϕ)2

ξ = α ·ϕ
2fH

(Green function methods, in-in calculations)

Axion inflation
[Anber, Sorbo 0908.4089] 

[Barnaby, Peloso 1011.1500]  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𝒫ζ(k) ≃ 𝒫vac + 𝒫2
vac f2(ξ)e4πξ

vacuum sourced

∙

∙
(free theory)

f (equil.)
NL (ξ) ≃ f3(ξ)𝒫3

vace6πξ

𝒫2
ζ

Power spectrum:

Bispectrum:

𝒫vac = H4

(2π ·ϕ)2

ξ = α ·ϕ
2fH

(Green function methods, in-in calculations)

Axion inflation

Analytic results

[Anber, Sorbo 0908.4089] 
[Barnaby, Peloso 1011.1500]  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𝒫ζ(k) ≃ 𝒫vac + 𝒫2
vac f2(ξ)e4πξ

vacuum sourced

∙

∙
(free theory)

f (equil.)
NL (ξ) ≃ f3(ξ)𝒫3

vace6πξ

𝒫2
ζ

Power spectrum:

Bispectrum:

𝒫vac = H4

(2π ·ϕ)2

ξ = α ·ϕ
2fH

(Green function methods, in-in calculations)

Axion inflation

Analytic results

[Anber, Sorbo 0908.4089] 
[Barnaby, Peloso 1011.1500]  

assuming  
constant  ξ
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(Green function methods, in-in calculations)

Axion inflation

∙ Directly sourced, chiral gravitational waves:

𝒫L/R
GW ≃ H2

πM2
Pl [1 + 2H2

M2
Pl

fL/R
h (ξ)e4πξ],

𝒫ζ(k) ≃ 𝒫vac + 𝒫2
vac f2(ξ)e4πξ∙

∙ f (equil.)
NL (ξ) ≃ f3(ξ)𝒫3

vace6πξ

𝒫2
ζ

Power spectrum:

Bispectrum:

𝒫vac ≃ H4

(2π ·ϕ)2

ξ = α ·ϕ
2fH

𝒫L
GW ≠ 𝒫R

GW

Analytic results

[Anber, Sorbo 0908.4089] 
[Barnaby, Peloso 1011.1500]  

[Sorbo 1011.1525]  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ξ = α ·ϕ
2fH

∝ ϵ

Scalar perturbations naturally grow on small scales

Vacuum 
dominated

Source 
dominated

Vacuum

Sourced

Total

Pζ

𝒫ζ(k) ≃ 𝒫vac + 𝒫2
vac f2(ξ)e4πξ

Axion inflation

Analytic results

Very interesting observational consequences: PBHs, GWs at interpherometer scales

[Cook, Sorbo (2011)]

[Barnaby, Pajer, Peloso (2012)]

[Linde, Mooij, Pajer (2012)

…
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Vacuum 
dominated

Source 
dominated

Vacuum

Sourced

Totalnonlinear dynamics 
(large perturbations)

Axion inflation

Pζ

Scalar perturbations naturally grow on small scales

𝒫ζ(k) ≃ 𝒫vac + 𝒫2
vac f2(ξ)e4πξ

Analytic results

BUT:
Very interesting observational consequences: PBHs, GWs at interpherometer scales

ξ = α ·ϕ
2fH

∝ ϵ
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[Cook, Sorbo (2011)]

[Barnaby, Pajer, Peloso (2012)]

[Linde, Mooij, Pajer (2012)

…



Axion inflation

More precisely:

∂2
τϕ̄ + 2ℋ∂τϕ̄ + a2V′ (ϕ̄) = a2 a

f
⟨FμνF̃μν⟩

If these terms become 
comparable backreaction

Sort of extra friction, but 
not so simple (as we will 
see)

Importantly, this happens when 
⟨E2⟩

2 + ⟨B2⟩
2 ≪ V(ϕ)
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⟨E2⟩
2 + ⟨B2⟩

2 ∼ ⟨ ·ϕ2⟩
2

but
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• Numerical tool to study non-perturbative cosmological phenomena.
• Examples: reheating phase after inflation, cosmological phase transitions.

Lattice simulations
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• Numerical tool to study non-perturbative cosmological phenomena.
• Examples: reheating phase after inflation, cosmological phase transitions.

My goal: Develop lattice techniques for inflation

Lattice simulations
AC, Komatsu, Lozanov, Weller (2021)

Recently published a code for single-field inflation:

6/28Lattice simulations of axion inflation A. Caravano @ Axions in Stockholm ‘25

AC (2022), AC (2025)
Jamieson, AC, Komatsu (in prep.)

InflationEasy: A C++ Lattice Code for Inflation



Start with quantum fluctuations on sub-horizon box:

(aH)−1

Lattice simulations of inflation
[AC  2209.13616]  

δϕ

⟨δϕ2⟩
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“super-horizon” box
(frozen)

Nonlinear 
evolution

(aH)−1

Lattice simulations of inflation

“sub-horizon” box

+ Friedmann equation 
for scale factor 
d2a
dτ2 = 1

6 (⟨ρ⟩ − 3⟨p⟩) a3
A′ ′ 0 − ∂j∂jA0 = α

f
ϵijk∂kϕ∂iAj,

ϕ′ ′ + 2Hϕ′ − ∂j∂jϕ + a2 ∂V
∂ϕ

= − a2 α
4f

FμνF̃μν,

A′ ′ i − ∂j∂jAi = α
f

ϵijkϕ′ ∂jAk − α
f

ϵijk∂jϕ(A′ k − ∂kA0)
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“super-horizon” box
(frozen)

Nonlinear 
evolution

(aH)−1

Lattice simulations of inflation

“sub-horizon” box

+ Friedmann equation 
for scale factor 
d2a
dτ2 = 1

6 (⟨ρ⟩ − 3⟨p⟩) a3
A′ ′ 0 − ∂j∂jA0 = α

f
ϵijk∂kϕ∂iAj,

ϕ′ ′ + 2Hϕ′ − ∂j∂jϕ + a2 ∂V
∂ϕ

= − a2 α
4f

FμνF̃μν,

A′ ′ i − ∂j∂jAi = α
f

ϵijkϕ′ ∂jAk − α
f

ϵijk∂jϕ(A′ k − ∂kA0)

Analogous to the 
approach used for 
reheating in
Adshead, Gibling, 
Pieroni, Weiner (2019)

8/28Lattice simulations of axion inflation A. Caravano @ Axions in Stockholm ‘25

[AC  2209.13616]  



Lattice simulations of Inflation

Key point: non-perturbative    ϕ( ⃗x, t) ≠ ϕ̄(t) + δϕ( ⃗x, t)

Assumptions: 1) Neglect gravitational interactions   
2) Semi-classical approach  (neglect quantum tunneling, interference, etc…)

∙
∙

time,ϕ,Aμ

(aH )−1
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[AC  2209.13616]  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small ξ = α ·ϕ
2fH

large ξ = α ·ϕ
2fH

linear regime

nonlinear regime

Lattice simulation of axion inflation

1. Large scales:


2. Small scales:

The first simulation of axion inflation 

AC, Komatsu, Lozanov, Weller (2022)  
AC (2022)  

Results:
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Simulation confirms analytical results (very nontrivial)

Perturbative regime (large scales)

Lattice

Power spectrum:

bispectrum:
Equilater

Analytical

11/28Lattice simulations of axion inflation A. Caravano @ Axions in Stockholm ‘25

AC, Komatsu, 
Lozanov, Weller 
(2022)  



We finally know the full ! ζ(x, t) Beyond quadratic assumption 
ζ ≃ ζG + fNLK[ζG, ζG]

Gaussian ( )ζG

ζ/σ ζ/σ

Non-Gaussian ( )ζNG

Perturbative regime (large scales)
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Thanks to the lattice, we know the full ! ζ(x, t) Beyond approximations 
ζ ≃ ζG + fNLK[ζG, ζG]

ζ/σ ζ/σ

ζ/σ

Gaussian ( )ζG Non-Gaussian ( )ζNG

Perturbative regime (large scales)
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AC, Komatsu, 
Lozanov, Weller 
(2022)  



Define cumulants:

 “skewness”,  “kurtosis”, etc.κ3 κ4

κn = ⟨ζn⟩c

σn

ζ/σ

Perturbative regime (large scales)
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AC, Komatsu, 
Lozanov, Weller 
(2022)  



. . . > κ6 > κ5 > κ4 > κ3

Define cumulants:

 “skewness”,  “kurtosis”, etc.κ3 κ4

κn = ⟨ζn⟩c

σn

ζ/σ

Perturbative regime (large scales)
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(2022)  



BispectrumTrispectrumHigher order 
polyspectra

. . . > κ6 > κ5 > κ4 > κ3

Define cumulants:

 “skewness”,  “kurtosis”, etc.κ3 κ4

κn = ⟨ζn⟩c

σn

ζ/σ

Perturbative regime (large scales)
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Define cumulants:

 “skewness”,  “kurtosis”, etc.κ3 κ4

κn = ⟨ζn⟩c

σn

ζ/σ

. . . > κ6 > κ5 > κ4 > κ3

ζ ≠ ζG + fNLK[ζG, ζG]

 What now?

Perturbative regime (large scales)

13/28Lattice simulations of axion inflation A. Caravano @ Axions in Stockholm ‘25

AC, Komatsu, 
Lozanov, Weller 
(2022)  



small ξ = α ·ϕ
2fH

large ξ = α ·ϕ
2fH

perturbative regime

non-perturbative regime

Lattice simulation of axion inflation

1. Large scales:


2. Small scales:

The first simulation of axion inflation 

AC, E. Komatsu, K. D. Lozanov, J. Weller  2102.06378  
AC 2204.12874  

Results:

Lattice simulations of axion inflation A. Caravano @ Axions in Stockholm ‘25

AC, Komatsu, 
Lozanov, Weller 
(2022)  



Vacuum 
dominated

Source 
dominated

Vacuum

Sourced

Total

Pζ

nonlinear dynamics 
(large perturbations)

Non-perturbative regime (small scales)

Lattice simulations of axion inflation A. Caravano @ Axions in Stockholm ‘25

AC, Komatsu, 
Lozanov, Weller 
(2022)  



\
W

Study transition linear  nonlinear⟶

Linear Linear-nonlinear 
transition

e-folds number (time)

(no backreaction) (strong backreaction)

ξ = α ·ϕ
2fH

Non-perturbative regime (small scales)
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AC, Komatsu, 
Lozanov, Weller 
(2022)  



Non-Gaussianity is 
suppressed in the 
nonlinear regime!

Non-perturbative regime (small scales)

ξ

( = time ) δφ/σ

15/28Lattice simulations of axion inflation A. Caravano @ Axions in Stockholm ‘25

AC, Komatsu, 
Lozanov, Weller 
(2022)  



The opposite of what it was believed in the literature:

 ϕ ≃ fNLϕ2
g

[Linde, Mooij, Pajer (2012)]  
 …

Stringent PBH 
bound

Non-perturbative regime (small scales)

Non-Gaussianity is 
suppressed in the 
nonlinear regime!ξ

( = time ) δφ/σ

PBH overproduction

15/28Lattice simulations of axion inflation A. Caravano @ Axions in Stockholm ‘25

AC, Komatsu, 
Lozanov, Weller 
(2022)  



 ϕ ≃ fNLϕ2
g

[Linde, Mooij, Pajer (2012)]  
 …

Stringent PBH 
bound

Non-perturbative regime (small scales)

Non-Gaussianity is 
suppressed in the 
nonlinear regime!ξ

( = time ) δφ/σ

PBH overproduction

Gaussianization process opens up the parameter 
space of the model.

15/28Lattice simulations of axion inflation A. Caravano @ Axions in Stockholm ‘25

AC, Komatsu, 
Lozanov, Weller 
(2022)  



Non-perturbative regime (small scales)

This allows for a sizeable GW signal at PTA

Non-Gaussianity is 
suppressed in the 
nonlinear regime!ξ

( = time ) δφ/σ

16/28Lattice simulations of axion inflation A. Caravano @ Axions in Stockholm ‘25

AC, Komatsu, 
Lozanov, Weller 
(2022)  



Non-perturbative regime (small scales)

Why? central limit theorem!

Non-Gaussianity is 
suppressed in the 
nonlinear regime!ξ

( = time ) δφ/σ

Look at the source term:

(FμνF̃μν)(k) = ∑
k′ 

Fμν(k′ ) F̃μν(k − k′ ) .

1
8ξ

< k′ 

aH
< 2ξ Many terms for large ξ

Analogous to fermion production: [Adshead, Pearce, Peloso, Roberts, Sorbo (2018)]  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AC, Komatsu, 
Lozanov, Weller 
(2022)  



  

ξ
ξ0

50 55 60 65
0

2

4

6

8

N

ξ

[Domcke, Guidetti, Welling, 
Westphal arXiv:2002.02952] 
[E.V. Gorbar, K. Schmitz, O. O. 
Sobol, S. I. Vilchinskii 
arXiv:2109.01651] 

Comparison with 2002.02952

Backreaction

Lattice confirmation of semi-analytical methods:

These works solved the “homogeneous 
backreaction”, i.e. assuming δϕ = 0
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AC, Komatsu, 
Lozanov, Weller 
(2022)  



  

ξ
ξ0

50 55 60 65
0

2

4

6

8

N

ξ

Comparison with 2002.02952

Backreaction

What happens here is under investigation.
See a non-exclusive list of recent developments:

[Figueroa, Lizarraga, Urio, 
Urrestilla 2303.17436] 

[Peloso, Sorbo, 
2209.08131] 

[Sharma, Brandeburg, 
Subramanian, Vikman 
2506.20538] 

Analytical Lattice simulation of the 
end of inflation

Lattice, end of inflation, 
magnetogenesis

[Iarygina, Sfakianakis, 
Brandenburg, 2506.20538]  

Lattice, end of inflation, 
with Schwinger pair 
production
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AC, Komatsu, 
Lozanov, Weller 
(2022)  



Backreaction

See a non-exclusive list of recent developments:

[Figueroa, Lizarraga, Urio, 
Urrestilla (2023)] 

[Peloso, Sorbo, 
(2022)]  [Sharma, Brandeburg, 

Subramanian, Vikman (2025)] 

Analytical Lattice simulation of the 
end of inflation

Lattice, end of inflation, 
magnetogenesis

[Iarygina, Sfakianakis, 
Brandenburg, (2025)] 

Lattice, end of inflation, 
with Schwinger pair 
production

Key result in this 
context:


Axion inhomogeneities matters [Figueroa, Lizarraga, Urio, 
Urrestilla (2023)] 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AC, Komatsu, 
Lozanov, Weller 
(2022)  



Recent developments



Power spectrum:

bispectrum:
Equilater

Analytical

Lattice

Large scales (weak backreaction)

No PBH bound  we should look for large-scale signatures  →
Example, non-Gaussianity:
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AC, Komatsu, 
Lozanov, Weller 
(2022)  



Large scales (weak backreaction)
Jamieson, AC, Komatsu 
(in preparation)

Use the simulation to understand the large-scale signal
First step: full bispectrum beyond constant-  approximationξ

Figure credit: 
Drew Jamieson

Preliminary 
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Bfit(k1, k2, k3) = flocBloc[Peff](k1, k2, k3) + fequBequ[Peff](k1, k2, k3) + fortBort[Peff](k1, k2, k3)

Peff(k) = 107A3
s ( k

kp )
3
4 (ns−1)

ed1|ξ(k)| |ξ(k) |d2 ( ξ(k)
ξp )

d3

.



Spectator axion-gauge sector
AC, Peloso 2407.13405  

Strong backreaction is challenging because of the large dynamical range

Idea: look at a more controlled setup, where the axion is a spectator:

ℒinflation ⊃ − 1
2 ∂μϕ∂μϕ − V(ϕ) − 1

2 ∂μσ∂μσ − V(σ) − 1
4 FμνFμν − α

4f
σFμνF̃μν

Inflaton sector Spectator axion-gauge sector
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Strong backreaction is challenging because of the large dynamical range

Idea: look at a more controlled setup, where the axion is a spectator:

ℒinflation ⊃ − 1
2 ∂μϕ∂μϕ − V(ϕ) − 1

2 ∂μσ∂μσ − V(σ) − 1
4 FμνFμν − α

4f
σFμνF̃μν

Inflaton sector Spectator axion-gauge sector

We can freely tune  to roll for a finite time.V(σ)

V(σ) = Λ4

2 [cos ( σ
f ) + 1]

ξ ≃ 2ξ*

( a
a* )

δ
+ ( a*

a )
δ , ξ* = αδ

2 , δ = Λ4

6H2f 2 N = log a

ξ(N )
ξ*

ΔN ∼ 1
δ

Spectator axion-gauge sector

23/28Lattice simulations of axion inflation A. Caravano @ Axions in Stockholm ‘25

AC, Peloso 2407.13405  



Strong backreaction is challenging because of the large dynamical range

Idea: look at a more controlled setup, where the axion is a spectator:

ℒinflation ⊃ − 1
2 ∂μϕ∂μϕ − V(ϕ) − 1

2 ∂μσ∂μσ − V(σ) − 1
4 FμνFμν − α

4f
σFμνF̃μν

This model was constructed to increase the tensor-to-scalar ratio

Minimal axion inflation Spectator axion model

δϕ

Aμ

Aμ

hij

Direct sourcing of 
inflation fluctuations

Direct sourcing of 
gravitational waves

δϕ
Aμ

Aμ

Indirect, 
suppressed 
sourcing of inflation 
fluctuations

Direct sourcing of 
gravitational waves

Aμ

Aμ

δσ

Aμ

Aμ

hij

Spectator axion-gauge sector
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AC, Peloso 2407.13405  

[Namba, Peloso, Shiraishi, Sorbo, Unal (2015)] 



Backreaction: spectator model

We performed lattice simulations of this model

ξ* = 6 , δ = 0.5 (ΔN = ∼ 2)ξ* = 5 , δ = 0.5 (ΔN ∼ 2)

weak backreaction strong backreaction

25/28Lattice simulations of axion inflation A. Caravano @ Axions in Stockholm ‘25

AC, Peloso 2407.13405  



Backreaction: spectator model

Suppression of non-Gaussianity 

10°6

10°4

10°2

°5.0 °2.5 0.0 2.5 5.0 7.5 10.0

10°6

10°4

10°2

°5.0 °2.5 0.0 2.5 5.0 7.5 10.0
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°
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weak backreaction strong backreaction
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AC, Peloso 2407.13405  



Backreaction: spectator model

Key result: backreaction is important in the PTA range
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AC, Peloso 2407.13405  



Backreaction: gradients

We compared full lattice results with 
homogeneous backreaction techniques 
(Gradient Expansion) 

Axion gradients are important, 
even if their energy is subdominant

Preliminary 

°1 0 1 2 3 4

10°14

10°11

10°8

10°5

10°2

V¡

K¡

Kæ

Gæ

Væ

Gauge

[Albouy, AC, von Eckardstein, 
Peloso, Renaux-Petel, 
Schmitz, Sobol (in prep.)]
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AC, Peloso 2407.13405  

N



• Axion inflation is an interesting model with multi-scale signatures

Summary

• Lattice simulations are emerging as a crucial tool in understanding 
these models:
• Understanding complicated background dynamics

• Gaussianization process  relaxes 10+ years old PBH bounds→

• Use the simulation to calculate the observables

Next steps:

• Improve on the strong backreaction regime

• Look at other models: for example SU(2) gauge fields

Lattice simulations of axion inflation A. Caravano @ Axions in Stockholm ‘25

(e.g. GW spectra, late-time non-Gaussianity 

New lattice techniques (e.g. zoom-in techniques)

• Couple the simulation with analytical understanding


