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Motivation
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➔ Inflation ⇒ remains the most attractive theory to explain the 
Cosmic Microwave Background observations.

➔ One of the particle physics models which can lead to a 
quasi-exponential expansion are in the class of axion-like 
particles.

➔ Axion Inflation ⇒ when an axion-like inflation field is coupled to 
an Abelian gauge field through a Chern-Simons interaction.

◆ In the presence of this coupling, gauge fields are copiously produced by 
the rolling of inflation;

◆ Which in turn, backreacts on the inflaton equation of motion (EOM).

Due to the Schwinger effect, these strong electric fields produce pairs of charged 
particles and antiparticles and quickly form an ultrarelativistic plasma.

Such a plasma efficiently screens electric fields and, therefore, strongly influences the generation 
and evolution of the gauge fields, especially near the end of inflation and during reheating.
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U(1)-axion inflation model
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Let us consider a pseudo-scalar inflaton coupled to U(1) 
abelian gauge fields described by the following action

where                                                                          are the gauge fields.

Axion-like field                   Gauge-fields          Interaction term



U(1)-axion inflation model:
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1) Consider a spatially flat 
Friedmann-Lemaitre-Robertson-Wal
ker (FLRW) background metric

with a(t) the scale factor, and we will 
evaluate the impact of the gauge fields 
production on the background 
Euler-Lagrange and Einstein equations.

Notation:

while from the Bianchi identities one 
obtains

one obtains

what is the standard procedure in the 
literature?
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To understand the impact of the gauge fields on the Einstein equations one 
has to evaluate their energy-momentum tensor

Taking into account only the backreaction of the gauge fields on the 
background, we can then rewrite the Friedmann equations in the Hartree 
approximation as

Inflation field homogeneous

U(1)-axion inflation model:what is the standard procedure in the 
literature?
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The impact of the gauge fields on the inflationary background is calculated 
in the Coulomb gauge 

Then one promotes A(τ, x) to a quantum operator

Finally, the equation of motion  Fourier modes A± reads

U(1)-axion inflation model:what is the standard procedure in the 
literature?
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f=2
g=-150

Without backreaction

Barnaby et al JCAP04 (2011) 009

How to obtain the energy density and 
helicity contributions?

1) de Sitter background
2) the analytical solution of Eq.(12) is 

given in terms of Whittaker W − 
functions

3) Approximation:

Natural inflation

U(1)-axion inflation model: homogeneous case

https://inspirehep.net/literature/890414


Second order solution in U(1)-axion inflation
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It is possible to show that the effective 
scale factor satisfies the following gauge 
independent effective equation

with

The space-time dynamics can be 
studied in any gauge, simply by solving 
the matter and Einstein equations in the 
chosen gauge.

Gauge invariant quantum backreaction

 

One can construct a general non-local 
observable by taking quantum averages of a 
scalar field S(x) over a space-time 
hypersurface ΣA0 where A(x), another 
time-like scalar field, assumes a constant 
value A0. 

The above physical gauge invariant 
observable is then defined by

A is homogeneous

the determinant of the 
induced 3-dimensional 
metric

settles then the class of observers

the expansion scalar of the time-like
congruence



Second order solution in U(1)-axion inflation
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Long wavelength (LW) limit for scalar 
fluctuations produces:

Neglecting tensor perturbations

Gauge invariant construction

scalar perturbations of the metric

Considering cosmological perturbation 
theory up to the second order, so we 
write the general perturbed metric 
around a FLRW space-time as

At the same time, the inflaton can be 
written to second order as



4th FLAG Workshop - Catania S. Santos da CostaSeptember 10th,  2024

Going up to second order in the field and scalar metric perturbations***

● The uniform curvature gauge (UCG) ⇒ 
● The Einstein tensor terms remain the usual ones, while the 

energy-momentum tensor is modified by the presence of the gauge fields.
● We consider the weak backreaction regime and neglect the background 

contribution of the gauge fields ⇒ we will treat expressions like E², B², E · 
B as second order perturbations.

● Comoving observer: homogeneous inflaton field for which ⇒

To finally obtain

Second order solution in U(1)-axion inflation
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How to obtain the energy density and 
helicity contributions?

1) de Sitter background
2) the analytical solution of Eq.(12) is 

given in terms of Whittaker W − 
functions

3) perform a proper renormalization 
procedure by subtracting to the 
bare results of the energy density 
and of the helicity integral their 
adiabatic counterparts as 
described in Animali et al. 2022.

Second order solution in U(1)-axion inflation
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Numerical analysis

System of equations (reduced):



Results

After N ∼ 10 − 15 e-folds, considering 
the gauge fields contribution as a 
perturbative contribution is not valid 
anymore!



Results

After N ∼ 10 − 15 e-folds, considering 
the gauge fields contribution as a 
perturbative contribution is not valid 
anymore!

This difference happens probably 
because we did not consider the 
coupling between the scalar 
fluctuations of the matter/gravity 
sector with the gauge fields 
consistently.



Results

Backreaction became 
non-perturbative already 
after N ∼ 10 − 15 e-folds.



4th FLAG Workshop - Catania S. Santos da CostaSeptember 10th,  2024

Conclusions

1. The cosmological backreaction became non-perturbative already after N ∼ 10 − 15 
e-folds. When this happens our assumption of considering the gauge fields 
contribution as a perturbative contribution is not valid anymore.

2. To go beyond this weak backreaction regime, considering all the possible 
contributions, one possibility could be to define an effective background for the gauge 
fields’ contribution and write a perturbative theory on top of it, to take into 
consideration the coupling between the scalar fluctuations of the matter/gravity sector 
with the gauge fields effective fluctuations consistently.

3. The above approach is necessary to consider, in such a case, not only the backreaction 
of the gauge fields on the inflationary dynamics but also the backreaction that the 
scalar fluctuations of the matter/gravity sector have on the gauge fields’ production.

4. The approach performed gives us the possibility to study the weak backreaction 
regime and understand when this is not valid anymore, without missing part of the 
effect coming from scalar induced peturbations.
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Domcke et al. JCAP 03 (2024) 019

GEF + axion inhomogeneities

https://inspirehep.net/literature/2710668




EXTRAS
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U(1)-axion inflation model:

Iterative approach for a chaotic inflaton potential:

C
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iterative approach!    [Domcke et al 2020 JCAP 09 (2020) 009]

https://inspirehep.net/literature/1779150
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U(1)-axion inflation model:

Iterative approach for a chaotic inflaton potential:
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iterative approach!    [Domcke et al 2020 JCAP 09 (2020) 009]

https://inspirehep.net/literature/1779150
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U(1)-axion inflation model:iterative approach![Domcke et al 2020 JCAP 09 (2020) 009]

1/f=20

1/f=25

https://inspirehep.net/literature/1779150
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Gradient Expansion Formalism

In the standard approach we have seen that one works with separate Fourier 
modes of the gauge field which evolve in a given inflationary background.

In contrast, in the gradient expansion formalism (GEF), one considers vacuum 
expectation values of a truncated set of bilinear functions of the electric and 
magnetic fields in coordinate space that include all physically relevant modes at 
once.

Important: the number of relevant modes constantly grows during inflation as new 
modes cross the horizon and undergo the quantum to classical transition. 

To account for the growth of the number of relevant modes outside the 
horizon, boundary terms are added to the equations of motion for the 
electromagnetic bilinear functions.

Advantage: it does not rely on an iterative procedure that needs to be repeated 
over and over again before it converges to a self-consistent result.

Gorbar et al. Phys.Rev.D 104 (2021) 12, 123504

To handle the complicated dynamics of the inflaton and gauge fields, 
taking into account the Schwinger effect and the backreaction of the 
generated gauge fields and primordial plasma on the cosmological 
evolution, a novel gradient expansion formalism was developed.

https://inspirehep.net/literature/1916242
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Everything said translates to:
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oupled system

infinite chain that needs to be truncated**
Gorbar et al. Phys.Rev.D 104 (2021) 12, 123504

Gradient Expansion Formalism

https://inspirehep.net/literature/1916242
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Gorbar et al. Phys.Rev.D 104 (2021) 12, 123504

Gradient Expansion Formalism

https://inspirehep.net/literature/1916242
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Gorbar et al. Phys.Rev.D 104 (2021) 12, 123504

Gradient Expansion Formalism

The Schwinger effect significantly suppresses magnetogenesis!

As a result, the inflation stage has the same duration as in the unperturbed case.

https://inspirehep.net/literature/1916242
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Backreaction induced by the gauge fields on the axion

1. Changes in the axion velocity impact gauge field modes within the 
tachyonic instability window, which contribute to the friction force. 

2. As a result, the friction term reacts with some time delay to the 
changes in the axion velocity, leading to a resonantly coupled
 system with distinct peaks in the axion velocity.

Previously: the axion field is taken to be homogeneous  ⇒ breaks down in the 
strong backreaction regime!

rapid growth of the axion perturbations ⇒ significant departure from the 
standard slow-roll regime and the strong non-linearities involved

Domcke et al. JCAP 03 (2024) 019

GEF + axion inhomogeneities

https://inspirehep.net/literature/2710668
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Backreaction induced by the gauge fields on the axion

Using the GEF to perturbatively include axion gradients requires evolving not 
only the 2-point functions but also higher p-point functions:

The main idea of this approach is to self-consistently determine the breakdown 
of perturbativity.

Domcke et al. JCAP 03 (2024) 019

GEF + axion inhomogeneities

https://inspirehep.net/literature/2710668
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Domcke et al. JCAP 03 (2024) 019

GEF + axion inhomogeneities

https://inspirehep.net/literature/2710668
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Matter sector

Gravity sector

Boundary terms and truncation**

Domcke et al. JCAP 03 (2024) 019

GEF + axion inhomogeneities

https://inspirehep.net/literature/2710668
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Domcke et al. JCAP 03 (2024) 019

GEF + axion inhomogeneities

https://inspirehep.net/literature/2710668


2006.15122, 2102.01031

Lattice simulations ⇒ Captures the 
strong backreaction regime!

Figueroa et al. Phys.Rev.Lett. 131 (2023) 15, 151003

https://arxiv.org/pdf/2006.15122
https://arxiv.org/pdf/2102.01031
https://inspirehep.net/literature/2647294
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U(1)-axion inflation model:

Figueroa et al. Phys.Rev.Lett. 
131 (2023) 15, 151003

Lattice simulations 

The effect of the inhomogeneity 
is highly non-trivial and requires 
a dedicated study for each 
coupling.

In general, the excitation and 
backreaction of the gauge field 
is no longer controlled by a 
homogeneous ξ parameter, and 
resonant oscillatory 
backreaction features reported 
by previous homogeneous 
analyses are quite attenuated.

The resulting gauge field 
spectra during inhomogeneous 
backreaction become smoother 
than in the homogeneous case, 
as no spectral oscillatory 
features are developed.

https://inspirehep.net/literature/2647294
https://inspirehep.net/literature/2647294

