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Backreaction from gauge fields produced during inflation
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In this work, we study general features of a regime where gauge fields produced during inflation cause a
strong backreaction on the background evolution and its impact on the spectrum and the correlation length
of gauge fields. With this aim, the gradient-expansion formalism previously proposed for the description of
inflationary magnetogenesis in purely kinetic or purely axial coupling models, is extended to the case when
both types of coupling are present. As it is formulated in position space, this method allows us to self-
consistently take into account the backreaction of generated gauge fields on the inflationary background
because it captures the nonlinear evolution of all physically relevant gauge-field modes at once. Using this
extended gradient-expansion formalism, suitable for a wide range of inflationary magnetogenesis models,
we study the gauge-field production in a specific generalization of the Starobinsky R>-model with a
nonminimal coupling of gauge fields to gravity. In the Einstein frame, this model implies, in addition to an
asymptotically flat inflaton potential, also a nontrivial form of kinetic and axial coupling functions which
decrease in time and, thus, are potentially suitable for the generation of gauge fields with a scale-invariant
or even red-tilted power spectrum. The numerical analysis shows, however, that backreaction, which
unavoidably occurs in this model for the interesting range of parameters, strongly alters the behavior of the
spectrum and does not allow us to obtain a sufficiently large correlation length for the magnetic field. The
oscillatory behavior of the generated field, caused by the retarded response of the gauge field to changes of

the inflaton velocity, was revealed.
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I. INTRODUCTION

The paradigm of inflation [1-6] is a very successful idea
which not only solves a large number of cosmological
problems, but also provides a convincing mechanism for
the origin of the primordial fluctuations (the seeds of the
galaxies and of the cosmic microwave background (CMB)
anisotropies) [7—12] and predicts that their spectrum should
be almost scale invariant. At present, some inflationary
models are in good agreement with observations [13—15]
(for a review, see Refs. [16,17]). The majority of the
mechanisms, which provide a period of inflation, can be
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regarded as classical. Nevertheless, the quantum nature of
the underlying fundamental physics always leaves its
imprints on cosmological observables. The first imprint
are the temperature anisotropies and polarization of CMB.
The properties of these anisotropies provide a direct link to
inflation. Apart from the CMB, any signal with an extra-
galactic coherence length, of the order of Megaparsec
(Mpc) and larger, also can be treated as a candidate for
an inflationary imprint. Since scales larger than a Mpc were
outside the causal horizon before the epoch of structure
formation, it is very difficult to find causal mechanisms
capable of generating correlations on these scales. A very
important example of such a signal are the observed
extragalactic magnetic fields with very large coherence
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scales of 1z = 1 Mpc and with strength 1071 < B, < 1071°
Gauss. These magnetic fields in voids were indirectly
detected recently through the gamma-ray observations of
distant blazars [18-25]; their magnitude is also constrained
from observations of the CMB [26-30] and from ultra-
high-energy cosmic rays [31,32]. Large coherence length,
measured in Mpc, suggests that these magnetic fields may
have been generated during the earliest stage of the
Universe evolution, i.e., during inflation (see, e.g.,
Ref. [33]). If magnetic fields observed in voids are really
of primordial origin, they represent a new source of
information whose statistics will contain information about
gauge fields in the very early Universe.

In order to produce gauge fields during inflation, the
conformal invariance of the corresponding Maxwell action
has to be broken, as fluctuations of a massless gauge field
are not generated in a conformally flat inflationary back-
ground [34]. Conformal invariance can be broken, e.g., by
coupling gauge fields to the scalar or pseudoscalar inflaton
field or to spacetime curvature, see the seminal works [35—
38], which were revisited and improved later many times
[39-84]. Two models of magnetogenesis have receiver
most attention, namely the kinetic [39-52] and axial [53—
77] coupling models which are described by terms in the
Lagrangians « I,(¢)F,, F* and 12(¢)FM,,F”” respec-
tively, where F* is the dual gauge-field tensor. Different
types of gauge-field couplings to the curvature scalar and/
or tensors during slow-roll inflation effectively boil down to
the above-mentioned models (up to corrections suppressed
by the slow-roll parameters) [78,79,81]. This is because the
expansion of the produced is approximately described by
the de Sitter solution which represents a maximally
symmetric spacetime, is fully characterized by the curva-
ture scalar which can be expressed as a function of the
inflaton field. Thus, a general model with both kinetic and
axial couplings, as considered in the present article, covers
almost all possible magnetogenesis models during slow-
roll inflation except maybe some exotic scenarios.

It should be noted that any model of magnetogenesis
typically faces a backreaction problem during inflation,
wherein the produced gauge field impacts the time evolu-
tion of the inflaton field and the Universe expansion rate.
This may lead to a prolongation of the inflation stage, have
a strong impact on the spectra of primordial perturbations,
and, moreover, can strongly modify the reheating stage
[42,46,49,56,67,68,70,72-76]. Therefore, it is very impor-
tant to keep backreaction under control because it may spoil
the predictions of a given inflationary model.

However, this appears to be a very nontrivial task.
Indeed, in the absence of backreaction, it is possible first
to solve equations governing the evolution of the inflaton
field and the scale factor without gauge fields and then
describe the gauge-field production on such a predeter-
mined background. Then, the equations of motion for the
gauge field remain linear and the most straightforward way

to describe magnetogenesis is to track the evolution of
separate Fourier modes in momentum space. However,
this approach is applicable only if the generated fields are
weak enough not to affect the background evolution.
Otherwise, one has to take into account the generated
gauge fields nonperturbatively and solve all equations of
motion simultaneously. Clearly, this makes the problem of
inflationary magnetogenesis much harder because the
joint dynamics of the inflaton and gauge fields now
becomes highly nonlinear.

In order to take into account backreaction one can follow
different strategies. First, it is still possible to work in
momentum space and track the evolution of some finite
number of Fourier modes simultaneously. However, this
may be a nontrivial task since the range of modes crossing
the horizon during inflation spans over many orders of
magnitude. Second, one can separate the gauge-field
dynamics from the background by employing an iterative
approach: the gauge field on the nth iteration is determined
from the background on the (n — 1)th iteration. This
approach has been applied to describe magnetogenesis
from axion inflation in Ref. [68]. Alternatively, one can
switch to position space and consider all interacting fields
on a grid where the Universe expansion is incorporated
[65,69]. In this work we would like to consider yet another
approach which is also working in position space but
operates with quantum average quantities which apparently
are independent of spatial coordinates. This is the gradient
expansion formalism' which was proposed for the descrip-
tion of inflationary magnetogenesis in our papers [5 1] for the
purely kinetic coupling model and in [67,70] for the case of
axial coupling. This method is based on a system of ordinary
differential equations for a set of observables given by
vacuum expectation values of scalar products of electric and/
or magnetic fields with an arbitrary number of spatial curls
acting on them. This system, truncated at a certain order
(maximal number of curls), allows to describe the generated
gauge field with an accuracy typically of order a few percent.
In the present work we generalize this formalism to the case
where both types of coupling are present.

In order to capture only those gauge-field modes which
are enhanced due to kinetic and axial couplings to the
inflaton field, we introduce an ultraviolet cutoff in momen-
tum—the so called horizon-crossing momentum k;,—and

'We would like to note that the term “gradient expansion” is
widely used in the literature to denote the approximate method
in which one performs an expansion (of action or EOMs) in
powers of spatial derivatives provided that the field slowly
changes in space. In particular, this technique is often used in
cosmological perturbation theory for the description of modes
well beyond the Hubble horizon, see, e.g., Ref. [85]. However, in
this work, the term gradient expansion does not mean any
approximation or expansion into power series; it is related to
the fact that our method is based on an infinite set of bilinear
gauge-field functions with increasing number of spatial deriva-
tives (gradients).

043540-2



BACKREACTION FROM GAUGE FIELDS PRODUCED DURING ...

PHYS. REV. D 108, 043540 (2023)

include in the bilinear gauge-field functions only contri-
butions of modes with momenta k < k;,. The threshold
momentum k;, grows in time during inflation which means
that more and more new modes make their contributions to
the bilinear functions as the time passes. This additional
time dependence of the bilinear functions is described by
the boundary terms in their equations of motion which act
like vacuum sources. Another example where short-wave-
length modes play the role of a source for the dynamics of
long-range modes is given in a recent article [77], where the
authors propose a stochastic approach to inflationary
magnetogenesis and work directly with the vectors of
electric and magnetic field. They obtain a system of
equations for the infrared modes with a stochastic noise
originating from the ultraviolet ones and solve it numeri-
cally in order to get a picture of stochastic behavior of the
produced gauge field. Although the idea of the mode
separation is rather similar to ours, there are two key
differences compared to our work: (i) the threshold
momentum in Ref. [77] is much smaller than our value
of k;,, because they want both infrared and ultraviolet
modes to behave classically; (ii) they study the stochastic
evolution of gauge fields while we consider only deter-
ministic functions—variances of gauge-field vectors, i.e.,
we perform the statistical averaging at the very beginning
when we define the dynamical variables. In a certain sense,
our boundary terms may be regarded as analogs of the two-
point correlation functions of the stochastic noise. Thus, the
stochastic approach of Ref. [77] allows to look at infla-
tionary magnetogenesis from a different perspective.
Another important question is the choice of a model of
inflationary magnetogenesis. The arbitrariness of the
kinetic and axial coupling functions, on one hand, gives
one the possibility to construct a model explaining poten-
tially any observation, while on the other hand, it reduces
the predictive power of such a theory. In some sense, this
situation is analogous to the problem of fixing the infla-
tionary model. Potentially, there is an infinite number of
different inflaton potentials if they are constructed phe-
nomenologically (a large but not comprehensive list of
inflationary models can be found, e.g., in Ref. [17]). This is
often considered a drawback of the inflationary paradigm.
However, one can think of an economical way to provide
inflation without introducing any extra fields and any
“manual” construction of the potential. For instance, the
Starobinsky R%-model [1] extends a gravity sector by a term
 R? (which would anyway appear in a quantum theory of
gravity due to quantum corrections [86]); remarkably, in the
Einstein frame, this theory reveals an additional scalar
degree of freedom whose potential has an asymptotically
flat form which is favored by CMB observations [15].
Another example is Higgs inflation [87,88] where the
Standard Model Higgs field supplied by a nonminimal
coupling to curvature plays the role of the inflaton, again
with a perfectly suitable potential. A combination of two

previous models—the Higgs-Starobinsky model [§9-91]—
is also in accordance with the CMB observations and
provides a ultraviolet completion for Higgs inflation.

A similar economical way of magnetogenesis model
building also looks more convincing. For example, one can
nonminimally couple the gauge field to a spacetime
curvature which fixes the coupling functions up to a finite
set of constant parameters. This idea was realized in the
context of Starobinsky inflation [78], general f(R)-
inflation [82], Higgs inflation [79], and recently in the
Higgs-Starobinsky model [81]. A typical problem which
arises in all three cases is that, in the Einstein frame, the
corresponding action potentially contains higher powers of
the gauge field which make the theory nonlinear and
ultraviolet-incomplete. Therefore, only a perturbative treat-
ment of magnetogenesis is possible.

For this reason, in this work, we propose an extension of
the Starobinsky model by promoting the coefficient in front
of the R’*-term to a function of the gauge field. The
corresponding term in the Lagrangian reads as

& K K =]
=214—F, F%+_—=F F*| R2
4 Mé ad Mﬁ m

AL

where &, k;, and k, are the constant dimensionless
parameters. The explicit form of this function is chosen
such that in the Einstein frame the following conditions are
fulfilled: (i) the inflaton potential remains unchanged,
(i1) the problem avoids strong coupling in the gauge sector.
(iii) the action remains quadratic in the gauge field. The
latter condition implies that the gauge-field generation may
be studied nonperturbatively, including backreaction, by
means of the gradient-expansion formalism.

The work presented in this paper is organized as follows.
In Sec. II, we present a general model of inflationary
magnetogenesis with kinetic and axial couplings between
an Abelian gauge field and the inflaton. Section III is
devoted to the derivation of the gradient-expansion for-
malism in the case when both kinetic and axial couplings
are present. Here we introduce the set of observables, derive
equations of motion for them, discuss the origin of
boundary terms and find their explicit expressions, and
describe how to truncate the series of equations at some
finite order. In Sec. IV, we propose an extension of the
Starobinsky inflationary model which includes interaction
with the gauge field and we rewrite its action in the Einstein
frame. It takes precisely the form of the gauge-field action
with kinetic and axial coupling to the inflaton, where the
corresponding coupling functions are fixed up to constant
parameters. In Sec. V, we then study the gauge-field
production in this model numerically using the gradient-
expansion formalism. We explore different cases of kinetic-
dominated, axial-dominated, and mixed coupling, and we
investigate the general features of backreaction. Section VI
is devoted to conclusions. In Appendix A, we discuss the
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Whittaker equation and properties of its solutions which
describe the time evolution of gauge-field mode functions.
In Appendix B, we provide more details on our numerical
procedure used to solve the system of equations of the
gradient-expansion formalism.

Throughout the work we use the natural units and set
h = ¢ = 1; we use the notation Mp = (82G)™"/? ~2.43 x
10'8 GeV for the reduced Planck mass.

II. MAGNETOGENESIS FROM GENERAL
KINETIC AND AXIAL COUPLINGS

Let us consider an Abelian gauge field A, which
interacts with the inflaton field ¢ via kinetic and axial
couplings. The corresponding action reads as

1
SKA[gﬂlH ¢’A;4] = /d4x\/__g |:§g/waﬂ¢ay¢ - V(¢)
1 1 -
—111(¢)FWF”D—112(¢)FWF”” , (1)

where g, is the spacetime metric, g = det g,,, V(¢) is the
inflaton potential, F,, =d,A, —9d,A, is the gauge-field

tensor, F* :%Faﬂ is its dual, where &“*f is the
absolutely antisymmetric Levi-Civita symbol with

€2 = +1. The function I,(¢) [I5(¢)] describes the
kinetic [axial] coupling of the gauge field to the inflaton.
For the sake of generality, we will not specify explicit
forms of the inflaton potential and the coupling functions
I, (we shall do that in Sec. IV). The kinetic coupling
function 7,(¢) must be (i) positive in order to ensure the
positive-definiteness of the gauge-field energy density and
(ii) always greater than unity during inflation in order to
avoid the strong coupling problem. On the other hand, the
axial coupling function I,(¢) may be completely arbitrary
because it does not enter the energy-momentum tensor [see
Eq. (12) below] and does not have any impact of the
coupling of other matter to the gauge field.

Varying action (1) with respect to the gauge field, we get
the Maxwell equations of the following form:

(AN = oL )

They are supplemented by the Bianchi identities for the
dual tensor

1 Tuv)
\/—_—gau[\/—_gF ] =0. (3)

The equation of motion for the inflaton field can be
found by varying the action in Eq. (1) with respect to ¢:

1 dv
— 0. /=ad"9 i
_ldl, o Ldlh =
_Zd¢< /ll/F”> 4d¢<Fﬂl/Fﬂ>’ (4)

where we take into account that the inflaton is a classical
field while the gauge field is considered as a quantum field;
therefore, the vacuum expectation value (...) is taken on the
right-hand side.

We now assume that during inflation spacetime
is a spatially-flat Friedmann-Lemaitre-Robertson-Walker
(FLRW) universe. In terms of cosmic time ¢ it reads as

9 = diag(1, —a?, —a*, —a?), (5)

and thus \/=g = a’. Here a(z) is the scale factor which
describes the expansion of the Universe. Moreover, we
assume that the inflaton field is spatially homogeneous and
only depends on time ¢p = (7). As for the gauge field, we
introduce the three-vectors of the electric E and the
magnetic B fields® which parametrize the gauge-field tensor
and its dual as follows:

1

FOi :ZEi’ FU :(l2€ijkBk,
UV .
F”:EBC Fi; = —ae; EX, (6)

where ;. is the three-dimensional Levi-Civita symbol and
indices i, j, k on the right-hand side denote the components
of three-vectors; i.e., they are raised and lowered by the
Euclidean metric. The powers of the scale factor a(r) are
chosen such that the quantities £ and B represent the
physical fields measured by a comoving observer.

Then, the Maxwell equations expressed in terms of the
electric and magnetic fields take the form:

. 1 I I
E +2HE — —rotB = ——E - 2B, (7)
a I] I]
. 1
B +2HB + ~rotE = 0, (8)
a
divE=0, divB =0, (9)

where the overdot denotes a derivative with respect to the
cosmic time 7 and H = ¢ is the Hubble parameter.

The Klein-Gordon equation for the inflaton field
becomes

2Throughout this work we use the terms ‘“electric” and
“magnetic” to denote the gauge-field quantities which correspond
to the usual electric and magnetic fields in electrodynamics. This,
however, does not restrict our analysis to the case of electro-
magnetic field; A, is an arbitrary Abelian gauge field.
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. . dv o 1dl,
¢+3H¢+@_5%

(E? - B?) +Z—{; (E-B). (10)

It is important to note that Egs. (7)—(10) form a coupled
system of differential equations. On one hand, the inflaton
field enters the Maxwell equation through the kinetic and
axial coupling functions /,, triggering the gauge-field
production (remember that in the absence of kinetic and
axial couplings the conformal invariance prevents the
gauge field from amplification [34]). On the other hand,
the gauge field appears in the Klein-Gordon equation
causing backreaction on the slow-roll evolution of the
inflaton. If the generated gauge field is strong enough to
make the terms on the right-hand side of Eq. (10) com-
parable to those on the left-hand side, then both inflaton and
gauge fields must be treated self-consistently, i.e., on the
same footing.

According to the Friedmann equation, the expansion rate
of the Universe is determined by the total energy density p
of all matter fields:

a 1

2
2 — — = —
i = <a> 3" (1)

The latter can be calculated as the 00-component of the
energy-momentum tensor which is found by varying action
(1) with respect to metric:

o2 85

2 \/_—g 59/,:11
1 1

~ G [Egaﬂaaqﬁaﬁfﬁ— V(¢) _le(¢)<FaiFaﬂ> . (12)

= 0,000, —11($) g™ (FuuF )

Here again, we take the vacuum expectation value of the
gauge-field contribution since it is considered as a quantum
field while the energy-momentum tensor is a classical
object. Then, the energy density reads

p=Tu =[5+ V)| + 30018 + B)
= Pinf T PGF- (13)

Note that only the kinetic coupling /, appears in the energy
density. Another important comment is that the backreac-
tion of the produced gauge field arises also in the
Friedmann equation if pgr becomes comparable to p;;.
This may lead to a big deviation of the equation of state
from the vacuumlike behavior w ~ —1 and, thus, terminate
inflation.

Therefore, it is important to keep track of backreaction of
the generated fields on the background evolution since it
may significantly modify the dynamics of the expansion
and change the predictions for observables such as, e.g., the
power spectra of primordial perturbations. In order to do

this, one needs a tool which can take into account these
nonlinear effects fully self-consistently. One such tool—the
gradient expansion formalism—already exists in the cases
of purely kinetic [49,51], or purely axial [67,70] couplings.
In the next section we generalize this approach to the case
when both types of coupling are present.

III. GRADIENT EXPANSION FORMALISM

A. System of equations for bilinear
gauge-field correlators

The gauge field, as any other matter field, exists during
inflation in the form of vacuum fluctuations. The kinetic
and axial couplings to the inflaton field break the conformal
invariance of the gauge-field action and thus enable the
amplification of its Fourier modes when they cross the
horizon, in a similar manner to the generation of primordial
perturbations. Modes with wavelengths largely exceeding
the radius of observable region behave as classical mean
fields; however, their quantum origin implies that they are
stochastic quantities; i.e., they are chaotically oriented in
different regions of the Universe. This means that vector
quantities as E or B average to zero and are not suitable for
the description of the generated fields. It is much more
convenient to use a set of scalar quantities which are the
vacuum expectation values of different scalar products
of E, B and their spatial derivatives (curls). Thus, we
introduce the following bilinear gauge-field quantities:

5(”) = Ila(zb) (E . I‘OtnE>, (14)
g = —I;Sf) (E - rot"B 4 rot"B - E), (15)
gm =1 15;’5) (B - rot"B), (16)

where (...) denote the vacuum expectation value. Using
Maxwell’s equations (7), (8), we derive a system of coupled
equations for these quantities:

. I I
EW) 4 (n+ 4)HEM + I_l g _o 1_2 G 4 2Gn+1)
1 1

= [£"), (17)

GO 4 (n+ 4)HG® _5_2 B 4 Blr1) _ gloet) — GO0,
1

(18)
B 1 (n+ 4)HBW — j—lzsw gl — [BOY,. (19)
1

First, we note that direct application of Maxwell’s equa-
tions (7)—(8) to the gauge-field correlators (14)—(16) gives
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equations (17)—(19) above with vanishing right-hand sides.
This would indeed be correct if the functions (14)—(16)
would include the contributions of all Fourier modes of the
gauge field. However, this would mix the finite and
physically meaningful contributions of the amplified
gauge-field modes due to kinetic and axial coupling and
the (infinite) contributions of vacuum fluctuations which
are present also in the absence of any coupling to the
inflaton. In order to exclude the latter contribution (a simple
way or “renormalization”), in the next subsection we will
specify the range of Fourier modes which are physically
relevant and we show that the number of these modes
typically grows during inflation. Therefore, we must take
into account the change of bilinear functions also due to the
fact that the number of modes is changing. This is precisely
the reason of introducing the extra terms on the right-hand
sides of Eqgs. (17)-(19), the boundary terms.

Another important comment is that any equation of
motion for the nth-order functions always contains at least
one function with the (n + 1)th power of the curl. As a
result, all equations in the system (17)—(19) are coupled
into an infinite hierarchy. For practical purposes, one must
truncate this chain at some finite order. In the end of this
section we suggest a possible way for this truncation.

B. Origin of boundary terms

Our goal is to describe the gauge field generation during
inflation by kinetic and axial coupling to the inflaton field.
First, it is important to choose the observables which
quantify this process. As we discussed in the previous
subsection, these can be the bilinear gauge-field correlators
defined in Eqgs. (14)—(16). It is convenient to compute the
vacuum expectation values using the decomposition of
gauge-field operators over the set of annihilation and
creation operators in Fourier space. In Coulomb gauge,
A, = (0,A) and divA = 0, the gauge field operator has the
form

A(I,x) / 0 3/2\/—2
T e (k)] A5 (1, K) e, (20)

Clk/qLA}L t k) i

where A, (t, k) is the mode function, €*(k) is the polariza-
tion three-vector, dy; (&,:/1) is the annihilation (creation)
operator of the electromagnetic mode with momentum k
and circular polarization 4 = +, and k = |k|. Note that for
further convenience we included a factor 1/4/I; in decom-
position (20). Polarization vectors are transverse
k - €*(k) = 0 and have the following properties:

(k) = e*(k), [ik x €' (k)] = Ak’ (k),

et (k) - e* (k) = 5. (21)

The creation and annihilation operators satisfy the canoni-
cal commutation relations

[y 1. a;{, o= 58 (ke — k). (22)
The electric and magnetic field operators are given by

1.
E=-—-A, B
a

= izrotA. (23)
a

Using decomposition (20) it is straightforward to find the

corresponding results for E and B. Substituting them into

expressions for bilinear functions (14)—(16), we obtain the

following spectral representations:

Wdk k31| d (A 2
g = / = L= (=2 . (24
/1;] o k= 2ra"?|dt\ T, (24)
dk K4 d| At k)2
/h +1 2 n+137 i(’ ) ’ (25)
= dg?a™ 3 di| T}

kn+5 5
"SRR (26)

Z / ky dk
TiJo K

In general, the vacuum expectation value implies that all
Fourier modes (with wave numbers from zero to infinity)
must be taken into account in decompositions (24)—(26).
However, as we will see below, not all gauge-field modes
are enhanced during inflation and, thus, not all of them
should be included if we want to consider only the gauge
field generated due to kinetic and axial couplings. On
general grounds, it is clear that the modes with arbitrarily
large momentum, k£ — oo should not be affected by the
coupling to the inflaton field, because the energy required
to generate them is unbounded from above. Therefore,
there always exists some threshold momentum,” k,, above
which the modes can be considered as pure vacuum
fluctuations. Naturally, we should take into account only
the modes with momenta k < k. This explains the upper
boundary in the integrals (24)—(26).

If this threshold momentum depends on time, ky, = k;, (1),
the quantities £", G, B obtain additional time
dependence: they change not only because the correspond-
ing spectral densities are time-dependent, but also due to
the time-varying upper integration boundary. The latter
time dependence is not captured by Maxwell’s equations
since this mode separation was introduced manually. In

3By analogy with the theory of primordial perturbations,
we will associate this momentum with horizon crossing (explains
the index “h” in k). However, now this is not the standard
Hubble horizon, but some effective horizon for the gauge field.
We will see below that this horizon separates the modes which
undergo a tachyonic instability from the ones which always
oscillate in time.
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order to compensate this additional time dependence, we
have to introduce extra terms in the corresponding equa-
tions of motion which are the boundary terms.

If a general bilinear function X E{E("),g("),8<”)} is

represented by its spectral decomposition
k(1) dk dX
> @)
the boundary term in its equation of motion has the form:
. dX (4, k) dln ky
X], = . 28
X @;1 dink |, = dt (28)

Thus, in order to compute the boundary terms in
Egs. (17)-(19), we need to know the spectral densities
of all quantities £ () G B at the threshold momentum
and the time dependence of the threshold momentum itself.
All this will be determined in the next subsection.

C. Time evolution of mode functions

Now let us study the time evolution of the gauge-field
modes during inflation. Substituting Eq. (20) into Eq. (7),
we get the following equation for the mode function
Aﬂ(tv k)

Ay(t. k) + HA,(t,k) + A, (t. k)
<k2 gl kD

R =0. 29
(12 211 211 4[1 (11) ( )

We now switch to the new variable z = kn, where n =

J*df'/a(t') is conformal time. Also, for the sake of brevity,
we 1ntroduce the following functions:
=g s=ga o )
= —, S = - )
2HI, 2HI, 2H*I, 4H*I}

which both are functions of time (or, equivalently, z) during
inflation. The mode equation (29) then becomes

%jL [1 —2&%5(1) - <%) ZS(Z)]Az(Z’ k) =0.
(31)

Finally, we note that during inflation the conformal time
can be approximately expressed as

qz—l/(aH), (32)

which corresponds to the pure de Sitter solution.
Although this is not an exact relation in realistic infla-
tionary models, the deviations from it are suppressed by the
slow-roll parameters and for a relatively short time interval

Eq. (32) may be used. We this, we finally arrive at the mode
equation

A, (7, k
(2 )+

p 1441

During inflation, the conformal time (and variable z)
grows from large negative values to zero; i.e., its absolute
value always decreases. Therefore, at very early times, i.e.,
for sufficiently large |z| > |2£| and |z| > +/]s], first term in
the bracket—the unity—dominates over the other two. In
this case, we obtain the equation of motion of a harmonic
oscillator with unit frequency. Thus, the mode function
oscillates in conformal time in the same way as it would
behave in Minkowski spacetime and corresponds to vac-
uum fluctuations of the gauge field. Therefore, it is possible
to impose the boundary condition for the mode function in
the form of Bunch-Davies vacuum solution [92]:

1
V2k

In this regime (which we call “subhorizon”) the effect of
kinetic and axial couplings is negligible because they
appear only in the second and third terms in the bracket
of Eq. (33) which are suppressed at large z. Therefore,
subhorizon modes are not relevant for the description of
magnetogenesis.

In the opposite case, |z| < [2¢] and/or |z| < +/[s], the
first term is negligible and the time evolution of the mode
function is fully determined by its coupling to the inflaton
field. Depending on the sign of s, £, and 4, the expression in
brackets in Eq. (33) may become negative and a tachyonic
instability may occur for the corresponding Fourier mode.
In this case, the mode function is exponentially amplified.
However, even if the mode is not tachyonically unstable, its
time evolution in this regime (called superhorizon) strongly
differs from that of vacuum fluctuations. Therefore, such
superhorizon modes must be taken into account in the
generated gauge field.

An important practical question is how to determine the
threshold momentum k;, which separates sub- and super-
horizon modes. In the literature it is usually chosen as the
condition that the first term in brackets in Eq. (33) becomes
comparable to the absolute value of at least one of the other
terms. Namely, if the absolute value of the second term in
brackets is greater then the one of the third term (as, e.g., in
the case of pure axial coupling), the natural choice for the
threshold momentum is

Az, k) = ez, —z> 1. (34)

ky = 2|¢|aH, (35)

while in the opposite situation when the third term is
dominant,

043540-7



R. DURRER, O. SOBOL, and S. VILCHINSKII

PHYS. REV. D 108, 043540 (2023)

IslaH. (36)

In the most general case, when both terms are important,
one can take a smooth interpolation between expressions in
Egs. (35) and (36). One possible option is to take the greater
solution of quadratic equation

k\2 k
(2) —26 =11 =0 37)

that is

fo = att(le1+ /2 1o ). (38)

Finally, if the expression for k;, in Eq. (38) is not growing
monotonically during inflation, we can take the upper
monotonic envelope of this function, i.e., at any moment of
time ¢ we use its maximal value over all preceding moments
of time. The final expression for the threshold momentum
that will be used in the rest of the article, then is of the form

k(1) = max {a(#)H(O)[E")] + /£(0) + 1) }.
(39)
If k=ky(t), we say that the gauge-field mode with

momentum k crosses the horizon at the moment of time z.

It is easy to see that during inflation ky(z) typically
grows. Indeed, the Hubble parameter H(z) is a slowly
varying function (ey = —H/H?> < 1 during inflation).
Although it is impossible to predict the behavior of
functions £(¢) and s(z) for arbitrary coupling functions
I,,, we note that they are proportional to ¢ and ¢;
therefore, their time evolution is not expected to be fast.
Taking into account that the scale factor a(t) grows nearly
exponentially during inflation, we conclude that the thresh-
old momentum k;,(#) rapidly increases in time (maybe
except for some short intervals of time when functions ¢&
and s quickly decrease or cross zero).

Thus, we see that the number of physically relevant
gauge-field modes grows during inflation which is pre-
cisely the reason for appearance of boundary terms in
Egs. (17)—(19). In order to find their explicit form, we need
to know the mode function in a small vicinity of time
around the moment of horizon crossing. For a given
momentum k, this moment of time #,(k) can be found
by inverting Eq. (39). For a short time interval around #,,
we may assume that functions ¢ and s in Eq. (31) are
constant: & = &(t,) = const, s &~ s(t,) = const. In this case,
Eq. (33) admits a solution in terms of Whittaker functions
W, ,(2iz) (for details, see Appendix A). Taking into
account the Bunch-Davies boundary condition (34), we
obtain the positive-frequency solution of the mode equation
in the following form:

1 me
Ay(z.k) = ﬁeﬂw

x = —idg(ty), W=

(2iz),

%—i— s(ty).  (40)

The derivative of this expression with respect to z can be
computed by using Egs. (A1)-(A3) in Appendix A.

D. Exact expressions for the boundary terms

Having determined the approximate expression for the
mode function close to the moment of horizon crossing in
the previous subsection, we are now ready to compute the
boundary terms in Eqgs. (17)—(19). Using the general form
of the boundary term in Eq. (28) and spectral densities of
EM, G, B" in Egs. (24)~(26), we obtain the following
expressions:

oy dInky(t) 1 (ky(r)\ "
i)

X Y ME(E(t), 5(1), 0 (1)), (41)

A==%1

o dinky(1) 1 [ky(£)\"+4
G, = dth < ht >

xZMH J(E(), s(0),6(1),  (42)
oo dInky () 1 (ky(2)\ "+
5", = dth 4_”2(;(:))

x > 2By (E(1). 5(1)). (43)
A==%1

where the threshold momentum k,(7) is given by Eq. (39)
and

TAE
Ex&.5.0) = =|(ir = 2 =)W _,. rmy(=2ir)
2
Wl—mg,\/;g(_%r) ) (44)
wAE
Gi(f,S,O'): , {—0|W_M§!m(—2ir)|2
+9e| W, SinIW, m(—zir)}},
(45)
By(&5) = e™W_,. sr(=2in)f. (46)

Here r=r(&,s) = |+ /& + |s| and a new function

o(1) has been introduced:
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I

o(t) = SHI

(47)

Note that everywhere in the functions E,, G,, and B; we
use Eq. (38) for the horizon-crossing time instead of
Eq. (39); ie., we set z, = kyp = —ky/(aH) = —r(&,s).
This can be justified by the following observation. If
ky (1) is growing in time (d In ky,/dt > 0) both expressions,
(38) and (39) coincide. On the other hand, when k() is
constant, Eq. (38) gives a smaller value than Eq. (39);
however, total expression for the boundary term vanishes
because dlInk,/dt = 0 and it makes no difference which
expression for k;, is used inside the functions E;, G,
and B;.

E. Full system of equations

Finally, we find the following closed system of equa-
tions, which determines the time evolution of the bilinear
gauge-field functions, scale factor and the inflation field:

1 [1. 1
2 _ Y 2 (£00) (0)
W 245 +V(¢)+2(5 +BY)|, (48)
av 1 dI, Ldl,
0) _ g0y — =42 ~0)
¢ +3Hp + @ 211d¢(5 BO) a7 (49)

, I I
EW 4 (n44)HEM + 1—1 Em 2 1—2 Gl 4 2G+1)
1 1

d In kh 1 (kh> n+4
= — = AE; (&, s,0), (50)
dt 47* \ a /1;1

G 4 (n+ 4)HG™ %Bw 4 B _ gl
1

dink, 1 (kh>"+4
_ I ) ﬂ”*lGi(f,S,G), (51)
dt 4%\ a ,1;1

B + (n+4)HB™ —2g(nt)

lip
I
dln ky 1 h

i s )
where k(1) is given by Eq. (39) and E; (&, 5,0), G,(&, 5, 0),
and B, (&, s) are given in Egs. (44)—(46).

In order to get more insight in the physical processes at
work in this system of equations, let us consider the time
evolution of the inflaton energy density pi,; = ¢>/2 + V(¢)
and the gauge-field energy density pgp = (£©) + B©))/2.
For the former quantity, we multiply the Klein-Gordon
equation (49) by ¢ and rewrite it in the following form:

> B,(E.s) (52)

A==%1

i

(B0 -0) 260, (53

Pint + 3H (Ping + Ping) =

where pi, = ¢*/2 — V(¢) is the pressure of the inflaton
field. Note that this equation has the form of a covariant
energy conservation for the inflaton field with a source on
the right-hand side. The physical meaning of this source
term becomes clear when we write down the corresponding
equation for the gauge-field energy density. Taking half of
the sum of Eqgs. (50) and (52) for n = 0, we get

il

) —
21, 21, B

1 .
pcr+3H (pcr + por) = )+ I_?g(o) + [Pcrlp-

(54)

Here pgr = (1/3)pg is the gauge field pressure as for the
radiation. Again, this has the form of an equation of
covariant energy conservation where the first two terms
on the right-hand side exactly coincide with the source in
Eq. (53) with a flipped sign. Thus, we conclude that these
terms describe the energy transfer between the inflaton and
gauge fields due to the kinetic and axial couplings (note
that the coupling functions [, are explicitly present in
those terms and, as expected, the terms vanish if 7; and I,
are constant).

There is, however, an additional term on the right-hand
side of Eq. (54), namely, the boundary term

V’GF]b = %

It also acts as a source in the energy-conservation equation
and describes the energy increase due to contributions of
new modes crossing the horizon during inflation. The
energy of subhorizon Fourier modes is not included in
£© and B as these modes are considered as vacuum
gauge-field fluctuations. After crossing the horizon, these
modes must be taken into account and since their energy is
nonzero at the moment of horizon crossing, the total energy
increases. Thus, the last term in Eq. (54) can be considered
as a vacuum source term. There is no analogous term
coming from the inflaton field because we consider it as a
spatially homogeneous classical field. If we would take into
account vacuum fluctuations of the inflaton above its mean
value, a similar term would appear also in Eq. (53).

For practical applications, one has to truncate the infinite
system of Eqgs. (48)—(52) at some finite order. Like it was
shown previously in the cases of purely kinetic coupling
[51] or purely axion coupling [70], the simplest assumption
that one may adopt is the following:

2 2
gh+l) o ﬁ 5<”_1), Br+l) ~ ﬁ B(”_l),
a a

g(n+l) ~ (%) zg(n—l). (56)

([, + [B). (55)

These relations are very natural, especially for large orders
n> 1. First, the symmetry properties under parity
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transformation of quantities on both sides are the same; i.e.,
the scalar is related to a scalar, a pseudoscalar—to
pseudoscalar. Second, for any smooth momentum depend-
ence of the mode function, at sufficiently large order n the
integral over the spectrum will be dominated by the region
close to k = k. Then, the truncation rule (56) follows from
the fact that the (n + 1)th- and (n — 1)th-order quantities
differ by a factor (k/a)? under the integral. Thus, the last
three equations for the bilinear functions of order n,,
differ from all preceding orders and have the form:

: 1
g(nmax) + (nmax + 4)Hg(nmax) + ]_l S(nmax)
1

I ki) 2 .
— 2I£g<”max) + 2 <h> g(nmax_l) — [g(nmax)]b’ (57)
1 a

. I
g(”mux) + (nmax + 4)Hg(”max) — 1_2 B("max)
1

a

2 .

: I
B(”max) + (nmax + 4)HB(”max) — fB(”max)
1

2 ;
- 2<’Z‘> Glrmax=1) = [Bmmar)], (59)

In the Sec. V we will see that one can choose the truncation
order n,,,, in such a way that the solution of the system of
equations becomes independent on n,,,, itself.

IV. EXTENDED STAROBINSKY MODEL WITH
NONMINIMALLY COUPLED GAUGE FIELD

In this section we apply the gradient expansion formal-
ism developed above to a specific magnetogenesis model
with nonminimally coupled gauge field. As we discussed in
the introduction, we are interested in an “economical”
model which (i) does not contain any additional scalar
fields playing the role of the inflaton and (ii) has the gauge-
field coupling in a simple form with a finite number of free
parameters. Both criteria are satisfied for the extended
Starobinsky model described below.

A. Nonminimal coupling in Jordan frame

Let us consider the action, which represents an extension
of the Starobinsky inflationary model [I]. Like the
Starobinsky model, this action contains a term quadratic
in the spacetime curvature R; however, the coefficient in
front of this term now depends on the gauge field A, (only

through the gauge-invariant quantities F,, and F )

S[9u-Ayl
M3 £ 1
— 4 i __PR S R2__F FHv
R Ao L g
where

K K> ~
A(Flw):1+V§FFDF”D+M—§F”DF”D. (61)

In this action, &, is a free parameter which can be
constrained from the requirement that it leads to the correct
amplitude of the scalar power spectrum measured by
Planck Collaboration [15], and the dimensionless coupling
constanta k; and k, characterize the nonminimal coupling
of the gauge field to curvature which preserves (x;) and
which violates (k) parity symmetry (F,, F** is the standard
Maxwell term which is a scalar quantity, therefore, it
preserves parity, while F MDF/‘” is odd under parity trans-
formation, therefore, it is a pseudoscalar quantity).

This model belongs to the class of modified gravity
theories and is inspired by the f(R,L,,) [93] and Born-
Infeld type [94] theories (however, it certainly does not
belong to any of them). Although A(F,,) in Eq. (60) does
not seem to be positive definite and may vanish at some
point causing a singularity in the Lagrangian, we show
below that this never happens during inflation because
backreaction of the generated gauge fields never allows the
second and third terms to be sufficiently large to cancel the
first term (unity).

The specific form of the gauge-field dependence of the
R?-term in the Jordan frame was constructed in such a way
that in the Einstein frame the gauge-field Lagrangian is
quadratic in A, and no higher powers appear (we show this
explicitly in the next subsection). This fact allows us to use
the gradient expansion formalism which was derived
specifically for this type of gauge-field Lagrangian.
Moreover, since no higher order terms have been neglected,
it is possible to treat the case of a strong gauge field and
take into account backreaction on the background evolu-
tion. This was impossible to do in our previous work [81]
where the form of nonminimal coupling in the Jordan frame
x R"F,, F* and  R"F ;wF # leads to the presence of terms
in the Lagrangian with higher power of the gauge field (in
addition to usual quadratic terms). As a result, we could
only to study the perturbative regime where the gauge field
does not cause backreaction.

Therefore, the proposed model is constructed in such a
way that it allows to solve simultaneously several issues.
First, similarly to the usual Starobinsky model, its gravity
sector contains an additional scalar degree of freedom
which plays the role of the inflaton and has an asymptoti-
cally flat potential favored by CMB observations [15].
Second, it can be rewritten in the Einstein frame with a
Lagrangian which is quadratic in the gauge field and has
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kinetic and axial couplings to the inflaton. Finally, due to
the absence of higher order terms in the gauge fields, it
allows us to study the gauge field nonperturbatively and
take into account its backreaction. We will see all these
features below.

B. Action in the Einstein frame

In order to bring action (60) to the canonical Einstein-
Hilbert form, we perform a two-step procedure. First, we
get rid of the R? term by performing a Legendre transform
and introducing an additional scalar degree of freedom.
Second, we perform a conformal transformation of the
metric.

Let us rewrite the action in the following form:

St = [ =g (R £ =3 (6

where
f(R.F,)=R- %R? (63)
2MBA(F,,)
We now introduce the new auxiliary field
of Ss
=——=1- 64
oR MZA( .) (64)
and express the spacetime curvature as
M2
R = : A(F V(1 =W). (65)
Then, the Legendre transform of the function f reads
M2
F(‘P’Fﬂy):lPR_f(R9F,ul/)_ 25 A( )(1_\{1)2

(66)

Finally, representing f as an inverse Legendre transform
f(R.F,,) =¥YR-F(¥.F,), we obtain the action in the
form

2
S{g/w’lPaAu] :/d4xv_g|:_7PlPR
M3

e ML

1
-¥)? - ZF””FW . (67)

which is linear in R and contains an additional scalar degree
of freedom, ¥ (as the action does not contain a kinetic term
for it, ¥ is nondynamical). Note, that already now the
function A(F,,) appears only in the numerator and the
overall action is quadratic in the gauge field.

In order to remove the extra multiplier ¥ in front of R,
we perform the Weyl transformation g,, = ‘P—‘y,w, under
which the Ricci curvature scalar transforms as

R= T[R——gwa Wo,¥ +3V, V' Inw|.  (68)

This brings us to the Einstein frame where the action takes
the form

M; o 3M;
S{Gu- ¥, Al = / d*xy/— [ PR+ 00
M (1 —9)? 1 ,
—4—;4@ A(FW)—ZFWF” . (69)

Here the function A reads as

A(F”,,)zlJr%‘Pz F’”’+—‘P2 LB (70)
P

and all contractions of indices are now performed by
means of the new metric g,,. In action (69) the field ¥ is
dynamical, however, it is not canonically normalized. In
order to fix this, we perform the following field redefinition

\p:exp<\/§ﬂ%>, (71)

which finally leads us to

S[gﬂlﬂ d)’ A/,J = SEH [g;w] + SKA [gﬂlﬂ d)’ AML (72)

where the first term is the Einstein-Hilbert action for gravity
and the second term is the exactly as given in Eq. (1) and
describes the inflaton and gauge fields with kinetic and
axial couplings. The potential of the inflaton field V(¢)
coincides with corresponding expression for the
Starobinsky model

4 2
e (1-eVidy (73)

V(g) =

while the kinetic and axial coupling functions have the

form
K 2 ¢ ?

Note that the dependence of these coupling functions on the
inflaton field is not postulated or constructed by hand, but is
deduced from a simple action (60) by rewriting it in the
Einstein frame. The only freedom, which is left, is con-
tained in the two dimensionless parameters x; and k,. The
general requirements for the kinetic coupling function
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[listed in a paragraph below Eq. (1)] are automatically
satisfied by I; in Eq. (74) if x; > 0. We will consider
different values of these parameters in the next section
devoted to a numerical analysis.

A few additional comments are in order. First of all, we
want to emphasize that the action in the Jordan frame,
Eq. (60), was intentionally chosen such that we obtain the
flat Starobinsky potential for the inflaton and a quadratic
Lagrangian for the gauge field in Einstein frame. The
former fact is important as we want an inflationary model
which is in agreement with recent CMB observations [15],
while the latter condition allows us to study also a non-
perturbative strong-field regime when backreaction of the
produced field significantly changes the background
evolution.

Another interesting observation is that the coupling
function in Eq. (74) has exactly the same form as in the
model of Higgs or Higgs-Starobinsky inflation (in the
metric formulation) with nonminimally coupled gauge field
through the terms o R*F,, F** and o R*F,, F* considered
by us in Ref. [81]. In that work we studied only the
perturbative regime where backreaction does not occur. The
study of the backreaction regime in that framework would
be not self-consistent because the higher-order terms were
omitted in the derivation of the gauge-field action in
Einstein frame. The model we chose in the present article
does not have such a restriction and, thus, our present
results may qualitatively describe the onset of the back-
reaction regime also in the model in Ref. [81].

Finally, before performing a numerical analysis, we
would like to make sure that the function A(F,,) in the
denominator in Eq. (60) is always positive during inflation.
Indeed, let us consider the vacuum expectation value
of Eq. (70) and express it in terms of bilinear quantities
(14)—(16):

(A(FL)) =1+ [k (BY = €9) + 26,60 (75)

Using the explicit form of the coupling functions (74), the
potential (73) and Eq. (71), it is straightforward to check
that

1@ ( 0(0) _ (0)y _ L&) 40)
_ o5 (€9 =BY) —2=G
(A(F)) = 1= VI (70

where the expression in the numerator of the long fraction
is the right-hand side of the Klein-Gordon equation (49),
while the denominator is the “drag force” term on the left-
hand side of the same equation. Note that a prime denotes a
derivative with respect to the inflaton. It is convenient to
introduce a dimensionless parameter which quantifies the
relevance of the backreaction term in the Klein-Gordon
equation, dgg, see Eq. (85) below. Then, we may estimate
the value of (A) as follows:

(A(F,)) > 1= e Vilhigy > 0. (77)

Indeed, as we will show in the next section, in the strong
backreaction regime Jpr =~ 1.* However, in Eq. (77), it is

¢
multiplied by a factor e_\/%m which is exponentially small
far from the end of inflation. On the contrary, close to the

end of inflation e_\/%”% < 1 while dggr < 1, because the
produced gauge field typically decreases toward the end of
inflation. Therefore, the product in the second term is
always smaller than unity and there is no danger that
(A(F,,)) would vanish during inflation.

V. NUMERICAL RESULTS

A. General remarks

In this section we perform a numerical analysis of
gauge-field production in the extended Starobinsky model
introduced in the previous section. First, we specify the
numerical values of our model parameters. As we discussed
earlier, the parameter £ which determines the magnitude
of the R? term in action (60) in Jordan frame and the
amplitude of the Starobinsky potential (73) can be fixed
from CMB observations because it also determines the
amplitude of the scalar power spectrum, A,. For the
Starobinsky potential, we have

H? N?
S T o 2as2 = ; ’ (78)
8n-Mgpe|y, — T2n°E
where ¢ = MT‘Z’ (%)2 is the first slow-roll parameter and

N, is the number of e-foldings before the end of inflation
when the scalar perturbation mode of the CMB pivot scale
k,/ay = 0.05 Mpc~! exits the horizon. Depending on the
details of reheating stage after inflation, N, typically lies in
the range 50-60. Taking for definiteness N, = 50, and
using the best-fit value of the parameter A, from the Planck
2018 data [15], A, = 2.10 x 107, we obtain

£, =1.68 x 10° (79)

and the amplitude of the potential V= Mp/(4&,) ~
1.5 x 1071°M¢. Even though the backreaction of the
produced gauge field may extend the inflation stage, for
definiteness, we will still use this normalization of the
potential in all our numerical computations.

In order to describe the gauge field production we
employ the gradient-expansion formalism introduced in

“In the case of purely axial coupling the corresponding
solution for the inflaton field in the backreaction regime is often
referred to as the Anber-Sorbo attractor since it was studied for
the first time in Ref. [55]; see the recent article [95] for the
analysis of (in)stability of this attractor.
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Sec. III. For this we need to choose the optimal truncation
order n,,,. This is done by increasing the value of n,,
until the numerical result for the generated energy densities
becomes independent of n,, (further increase of n,,
does not change the result). Initial conditions for the
inflaton are taken at the slow-roll attractor: the initial value
for the inflaton ¢(0) = ¢y is chosen to provide at least
60 — 70e-foldings of inflation while the derivative ¢(0) is
determined as

. 14 M3 |2 _ ik
¢(0):—$ﬁ—% é_e \/;"/41’ (80)

Concerning initial conditions for the bilinear functions
EM_ G and B, they may be chosen to be zero or some
nonzero values following from the contributions of vacuum
fluctuations outside the horizon at the initial moment of
time. The system quickly “forgets” these initial conditions
and the final result does not depend on them. More details
on the numerical procedure that we apply, additional
approximations that we do in the gradient-expansion
formalism, and the analysis of the accuracy of the gra-
dient-expansion result are discussed in Appendix B.

The parameters k| and k,, which determine the kinetic and
axion coupling of the gauge field to the inflaton, respec-
tively, always enter the coupling functions in the combina-
tion k;,/&,. Thus, this combinations play the role of
coupling constants and therefore we will specify the
numerical values of these combinations rather than the
values of k; ,. However, one can easily infer the lx; , using
(79) for &,. In the three subsections below we study different
cases of interplay between the kinetic and axial couplings.
Therefore, we specify the values of k; , /£, which are used in
the computations, directly in the corresponding subsections.

As we already discussed above, x| can only be positive
in order to avoid the strong coupling problem during
inflation, while the sign of «, is not fixed. However, for
definiteness, we will also take it positive. In this case the
parameter &(¢) defined in Eq. (30) is negative and the mode
with left circular polarization (1= —1) undergoes
tachyonic instability and becomes enhanced. Changing
the sign of x, would lead to the enhancement of the
right-handed circular polarization and, thus, switch the sign
of all bilinear functions £t G2n) and B+ This
situation can be obtained from the case with positive x, by
means of a parity transformation; therefore, it suffices to
study only one sign of «,.

We have already noted that the backreaction may affect
both the Friedmann equation (48) through the energy
density of produced gauge fields and the inflaton equa-
tion (49) of motion due to a nontrivial source term on the
right-hand side. The first effect can be characterized by the
following dimensionless parameter

PGE 19 +BO)

_Par_3\& TZ ) 81
Pt 3"+ V() ®1)

ED

Since in the inflationary regime (accelerated expansion of
the Universe), the effective equation of state p = wp must
satisfy w < —1/3, this puts a constraint on the gauge-field
energy density which can be achieved during inflation,
namely,

_p :%d’z = V(¢) + 3PcE <1
P %ﬁbz +V($) +per ~ 3
= por < V() — ¢ (82)

Taking this into account, we conclude that during inflation
Sep < =24 (3V/pins) < 1. Nevertheless, its values of
order unity would mean that the gauge-field energy density
has already a tangible effect on the background expansion.

In order to characterize the importance of different terms
in the Klein-Gordon equation (49), we introduce the
following parameters:

|
e ’ Vi) (83)
_| 3H¢.
= ~[g *
[ T(#)(ED = BO) = 215() g
ok = MOV (®3)

The first of them, J,., quantifies the contribution of the
inflaton acceleration, the second one, dggr, allows us to
conclude whether the slow-roll attractor is realized (if
Osr =~ 1), while the third one, dgg, tells about the impor-
tance of the backreaction of generated gauge fields on the
inflaton evolution. In the following subsections we use all
four parameters to analyze different stages of evolution of
the coupled system “inflaton+gauge field.”

B. Axial-dominated limit x, > k;

We start with the axial-dominated case when k, > k.
In our previous work [81] where a similar type of coupling
between the inflaton and gauge field was treated perturba-
tively, we showed that for the coupling function (74) the
generated gauge field typically decreases in time in the
axially-dominated limit x, > k. Therefore, the backreac-
tion may occur only before a certain moment during
inflation and after that the usual slow-roll regime is
restored.

For definiteness, we choose the gauge-field coupling
parameters as k;/& = 1073, k,/&, = 0.15. In this case,
backreaction occurs at about 20e-foldings before the end of
inflation. In order to study this regime numerically, we
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(a) The dependence of the inflaton field ¢» on the number of e-foldings counted from the end of inflation in the absence of

gauge fields (red dashed line) and for the case /&, = 107>, k,/&, = 0.15 where the backreaction occurs (blue solid line). The inset
shows a part of the phase portrait of the inflaton field in dimensionless coordinates [¢p/Mpy, ¢/ (HMp,)]. (b) The §-parameters defined in
Eq. (81), (83)—(85) as functions of the number of e-foldings: the slow-roll parameter sy is shown by the blue solid line, the backreaction
parameter dgg—by the red dashed line, the inflaton acceleration parameter §,..—by the green dashed-dotted line, and the energy-density

parameter Sgp—by the purple dotted line.

employ the gradient expansion formalism with truncation
order in a range 7n,,,, = 150-200.

There are a few features in the backreaction regime that
should be noted. First, the inflaton field rolls more slowly
than in the absence of backreaction of generated gauge
fields; e.g., in a particular case shown in Fig. 1(a), in the
presence of backreaction, the inflaton field at any number
of e-foldings before the end of inflation is always smaller
than in the absence of backreaction. In other words, in order
to roll down from the same initial value of the inflaton field,
it takes 10 —15e-foldings more in the presence of back-
reaction. The same conclusion follows from the analysis of
the inflaton phase portrait which is shown in the inset in
Fig. 1(a). Indeed, in the backreaction regime (blue solid

line), the inflaton velocity is always smaller in absolute
value than in the absence of gauge fields (red dashed line).

Second, Figs. 1(b) and 2 clearly demonstrate that the
energy density condition pgp < pi,r 1S always satisfied
even in the backreaction regime, meaning that dgp ~ 1 is
not a necessary condition for the occurrence of back-
reaction. The presence of the gauge field in the equation of
motion for the inflaton field, Eq. (49), appears to be more
important. Indeed, the parameter dpp [shown by the red
dashed line in Fig. 1(b)] is of order unity all the time up to
20 e-foldings before the end of inflation. After that the
inflaton enters the usual slow-roll regime, see the blue solid
curve for dgg which tends to unity and the green dashed-
dotted line for §,.. which becomes much less than unity.
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Ela ﬂ:mﬁ“ @:0‘15 * o ¥ b @:10*32701’ E
10—12,< ) % & *;f++ ( ) & & {10712
b ot E
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1070 — o — 190 « e M) 1o
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FIG. 2. The dependence of the energy densities on the number of e-foldings counted from the end of inflation in the case
Kk /& = 107, ky /& = 0.15: magnetic energy density (red line), electric energy density (blue line), Chern-Pontryagin density G(*)
(green line), and the energy density of the inflaton (black line). Dots marked by symbols show the corresponding quantities computed in
the mode-by-mode approach: (a) when the backreaction is not taken into account, (b) when the backreaction modifies the inflaton
evolution (based on the inflaton time dependence taken from the result of the gradient-expansion formalism).
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Thus, in order to track backreaction effects, one needs first
to consider the parameter Ogg.

Third, the behavior of the generated energy densities as
well as the inflaton field in the backreaction regime are not
monotonic, but an oscillatory behavior is observed. This
can be explained by the retardation of the gauge-field
response to the changes of the inflaton field [68]: gauge-
field modes which are being enhanced at a certain moment
of time will become dominant in the energy density and
G only after some retardation time of a few e-foldings.
We discuss these oscillations in more details in Sec. V E.

Finally, we want to point out that the widely used
assumption that in the backreaction regime the inflaton
experiences a different form of a slow-roll behavior where
the drag force from the inflaton potential is almost exactly
compensated by the backreaction term on the right-hand
side of Eq. (49) [55] is not well justified. Indeed, the two
other terms, the inflaton acceleration and the Hubble
friction, appear to be of the same order of magnitude as
the potential term, see the red dashed line for dsg and the
green dashed-dotted line for 8, in Fig. 1(b). They both are
oscillating and acquire the values of order unity. Moreover,
they show the opposite behavior of the backreaction
parameter dgg: when it is maximal, they both are minimal
and vice versa; however, all three of them on average are of
order unity.

In order to do a consistency check of the numerical
results obtained in the gradient expansion formalism, we
apply the standard approach in momentum space and solve
the mode equation (29) for all physically relevant modes.
Then, integrating the spectral densities over the momenta of
all modes which have been amplified, we obtain the
generated gauge-field energy densities. First, the mode
equation is solved using the unperturbed time dependence
of the inflaton field (i.e., neglecting the backreaction of the
generated fields on the background evolution). The results
are shown by dotted lines in Fig. 2(a). As we see in this
figure, these results are in good accordance with the results
obtained using the gradient expansion formalism during the
last 10e-foldings of inflation, where the generated fields are
weak and backreaction is irrelevant. However, large devia-
tions occur at earlier times. In a second approach, we take
time dependence of the inflaton field and scale factor
from the numerical solution of the gradient-expansion
formalism and use it to solve the mode equation (29).
The numerical results of this mode-by-mode treatment are
shown in Fig. 2(b) by dotted lines. We see a very good
agreement between the two results although there is a small
residual error (typically less than 1% in the backreaction
regime reaching a few percent level during the last
3e-foldings of inflation). This analysis confirms that the
gradient-expansion formalism gives adequate results for the
generated gauge field in the strong backreaction regime.

The mode-by-mode treatment in momentum space also
allows to find the spectrum of the generated gauge fields.

We show the magnetic and electric power spectra in Fig. 3
by the red and blue lines, respectively. The dashed lines
show the spectra of the mode equation (29) neglecting
backreaction while the solid lines correspond to the case
when backreaction is taken into account.

We would like to mention that in the case of the gauge-
field production without backreaction in this model of
kinetic and axial coupling with the coupling function (74)
was studied by us in Ref. [81]. Therefore, in order to
analyze the spectra without backreaction, we can use some
of the results obtained there. In particular, the magnetic
spectral index in the axial-dominated regime reads as

Thus, choosing a sufficiently large value of the coupling
parameter k, /&, > 9/(8x) ~ 0.36, we may get a red-tilted
spectrum. In Fig. 3, we show the spectra for x,/&; = 0.15
[panel (a)] and for «,/&; = 0.4 [panel (b)]. In full accor-
dance with our analytical estimates, in the former case the
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FIG. 3. The spectra of the generated magnetic (red) and electric

(blue) energy densities at the end of inflation for x; /&, = 107>
and (a) ko /&, = 0.15 or (b) k, /&, = 0.4. The solid lines show the
spectra in the case when the backreaction is taken into account
while the dashed lines correspond to the case when backreaction
is absent. The thin green solid lines correspond to a constant
spectral index computed according to Eq. (86).
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spectrum is always blue-tilted while for the latter value it
becomes red-tilted [the thin green lines sketch the tilt of
spectrum with np given by Eq. (86)]. However, back-
reaction leads to drastic changes of the spectral shape in
both cases. First, for all modes which cross the horizon
in the backreaction regime the spectrum becomes blue-
tilted (on average) and the average spectral tilt is ng ~4
independent of the value of the coupling parameter «,/&,.
Second, the spectrum also shows oscillatory behavior
which reflects the inflaton oscillations in the backreaction
regime. Peaks in the power spectrum occur for the modes
which cross the horizon at the moment when the inflaton
velocity is maximal.

The final part of the spectrum, for modes which cross the
horizon during the last few e-foldings of inflation (when
there is no backreaction), has a spectral tilt which is close to
the value (86). This means, that for sufficiently large x, /&,
we can still get a red-tilted spectrum, although for a limited
range of modes which correspond to very small scales, see
Fig. 3(b). This may help to get a larger correlation length of
the produced gauge, however, only 2-3 orders of magni-
tude larger than the horizon size at the end of inflation.

Thus, we conclude that in the axial-dominated case,
due to the fact that the coupling function /, in Eq. (74)
always grows with the increase of ¢, we unavoidably
face a backreaction problem which is more severe further
from the end of inflation. This raises an important issue with
the spectra of primordial scalar perturbations. The modes of
scalar perturbations which cross the horizon 50-60 e-
foldings before the end of inflation make an imprint in
the CMB anisotropy spectrum. Therefore, backreaction
occurring at this time will definitely modify the predictions
of inflationary theory and may even contradict CMB
observations. If the coupling parameter is so small that
the backreaction is absent at 50—-60 e-foldings before the end
of inflation, then the resulting gauge field are negligibly
small. Consequently, we need another effect which may turn
off backreaction in the time interval when the modes relevant
for CMB cross the horizon. Fortunately, this can be easily
done by including a relevant kinetic coupling. We study this
possibility in the following subsections.

C. Kinetic-dominated limit x; > «,

Another limiting case is the domination of the kinetic
coupling when x; > k,. However, this regime is less
interesting as far as magnetogenesis is concerned. Let us
discuss its features in more details. First, we note that for a
meaningful value of x;/& ~ 1072 — 1, most of the time
during inflation the second term in the coupling function
(74) dominates; only during the last few e-foldings of
inflation, the unity in Eq. (74) also becomes relevant.
Therefore, most of the time x; cancels everywhere in
equations of motion except in the terms with axial coupling
function 7, where it remains in the combination k, /x;. This
is because the coupling function /; enters equations of
motion either in the form of I (¢) /I, or I)(¢)/1,. This fact
has different consequences for parity-odd and parity-even
bilinear gauge-filed functions. If the function is parity-odd,
namely €271, B+ or G it is significantly sup-
pressed compared to the parity-even functions of the same
order, G2t £27 and B, Indeed, in the spectral
representation of parity-odd functions, contributions of
modes with left- and right-handed circular polarization
enter with opposite signs, see Eqs. (24)—(26). The two
polarizations evolve differently only because of nonzero
axial coupling which is controlled by the ratio x,/x; < 1.
Therefore, for small values of x,/k; the two polarizations
evolve similar and parity-odd functions are suppressed.
At the same time, parity-even functions remain almost
insensitive to the value of k,/x; and, thus, to any of them.
These features are clearly seen in Fig. 4, where panel
(a) shows the parity-odd function GO while panels (b)
and (c) show the parity-even functions pp=& /2 and
pp =B /2, respectively.

Even if we consider parity-even functions, e.g., the
electric and magnetic energy densities, the produced values
of these quantities appear to be very small. This can be
explained by the fact that the logarithm of the coupling
function /,—the only thing which is important for parity-
even quantities—is a slowly varying function during slow-

roll inflation, In (7,(¢)) ~2+/2/3(¢p/Mp) + const. This
problem cannot be resolved by increasing the coupling

p/Mp

i 10723

11027

11020
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FIG. 4. The dependence of (a) the Chern-Pontryagin density G, (b) the electric energy density, and (c) the magnetic energy density
on the number of e-foldings counted from the end of inflation in the case x,/&, = 1072 for three values of the parameter «,: /&, =
0.01 (red solid lines), x; /&, = 0.1 (blue dashed lines), and «; /&, = 1 (green dashed-dotted lines).
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(a) The dependence of the inflaton field ¢» on the number of e-foldings counted from the end of inflation in the absence of

gauge fields (red dashed line) and for the case k; /&, = 1.5 x 1073, k,/&, = 0.4 where the backreaction occurs (blue solid line). The
green dashed-dotted line shows the inflaton evolution without backreaction shifted by approximately 14 e-foldings so that it matches the
blue curve far from the end of inflation. The inset shows a part of the phase portrait of the inflaton field in dimensionless coordinates
[¢/Mp],(j5/ (HMp)]. (b) The S-parameters defined in Egs. (81), (83)—(85) as functions of the number of e-foldings: the slow-roll
parameter dsg is shown by the blue solid line, the backreaction parameter dgg—by the red dashed line, the inflaton acceleration
parameter J,..—by the green dashed-dotted line, and the energy-density parameter ogp—by the purple dotted line.

constant k, because, as we discussed above, it disappears
from equations of motion.

In the last few e-foldings of inflation, when the second
term in the coupling function (74) becomes subdominant
compared to unity, i.e., for p < Mp\/3/21n[1 + (i /&,)7"/?],
the dependence on k; recovers. However, the functions

~(k;/&)e \/;MP( Vi _ 1) are decreasing in time (since
(;5 decreases) and this leads to the decrease of all bilinear
functions (see the final part of the curves in Fig. 4). Thus, we
conclude that in kinetic-dominated case, generated gauge
fields are always very weak.

D. Mixed case

Finally, let us consider the case where both types of
coupling, kinetic and axial, have an important impact on the
resulting gauge field. Naively, one would expect that this
happens when «, ~ ;. However, in this case we still find a
strong domination of the kinetic coupling; this situation
was discussed in the previous subsection. Therefore, we
must consider k, > ki, although by only 1 or 2 orders of
magnitude. As previously, we can separate two stages:

() ¢ > Mp+/3/21n[1 + (k,/&)~"/?] when the second
term in the kinetic coupling function (74) dominates and
(ii) the opposite, ¢ < Mp+/3/21n[1 + (k;/&;)7"/?], when
I, ~ 1. The former regime shows the same features as in the
kinetic-dominated case considered in Sec. V C, while the
latter stage is very similar to the axial-dominated case
discussed in Sec. V B. Taking into account the drawbacks
of both previously considered cases, it is easy to conclude
that we should take such values of x; and x, for which
the transition between stages (i) and (ii) happens
well before the end of inflation (to allow for a significant

gauge-field amplification) and at the same time at less than
50-60 e-foldings from the end of inflation (so that back-
reaction does not spoil the perturbation modes relevant for
CMB observations).

For the Starobinsky potential (73), employing the slow-
roll approximation and neglecting backreaction from the
produced gauge fields, we find the following dependence
of the inflaton field on the number of e-foldings before the
end of inflation (here N = lnﬁ < 0):

—2\/7Mpe s

ie%&~§|L

¢ _
dN

2V

(87)

Using this result, we can estimate the range of the
coupling parameter x; for which the transition occurs at
0 < |N| < 50. Taking the relevant range to be 15<
IN| <35, we get the following result:

K 9

& 16N

~(0.5-2.5) x 1073. (88)

At the same time, x, must be much greater than x; in order to
achieve the strong gauge-field amplification in the second
stage. For definiteness, in our numerical computations we
take k; /&, = 1.5 x 1073 which lies in the desired range and
ky/E; = 0.4. For these values of coupling parameters, it
suffices to truncate the system of equations of the gradient-
expansion formalism at the order n,,,, = 150.

Figure 5(a) shows the evolution of the inflaton field in
the presence of gauge fields (blue solid line) compared
to the case without gauge fields (red dashed and green
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FIG. 6. The dependence of the energy densities on the number of e-foldings counted from the end of inflation in the case
K1 /E = 1.5x 1073, K, /&, = 0.4: magnetic energy density (red line), electric energy density (blue line), Chern-Pontryagin density
(green line), and the energy density of the inflaton (black line). Dots marked by symbols show the corresponding quantities computed in
the mode-by-mode approach: (a) when the backreaction is not taken into account, (b) when the backreaction modifies the inflaton
evolution (based on the inflaton time dependence taken from the result of the gradient-expansion formalism).

dashed-dotted lines). Here we observe that the inflaton field
tends to match the free solution at more than 40 e-foldings
from the end of inflation and during the last 10 e-foldings of
inflation. This is also clearly seen from Fig. 5(b), where the
parameter dgg (shown by the blue solid line) tends to unity
in these two limiting cases thus manifesting the slow-roll
regime. In the intermediate stage, however, backreaction
strongly affects the inflaton evolution, see, e.g., the strong
modification of the inflaton phase portrait shown in the
inset in Fig. 5(a) or the red dashed curve for the parameter
ogr in Fig. 5(b).

The evolution of electric and magnetic energy densities
as well as the quantity G (often called the Chern-
Pontryagin density) of the generated gauge field are shown
in Fig. 6 by the solid lines. As in the axial-dominated case,
here we also present the results obtained by considering
separate Fourier modes of the gauge field in momentum
space. The dotted lines in Fig. 6(a) correspond to the gauge
field generated on the free inflaton background without
backreaction while the similar lines in Fig. 6(b) are
computed on the inflaton background affected by the
backreaction (the time dependence of the inflaton and
scale factor are obtained with the gradient-expansion
formalism). Thus, Fig. 6(b) compares the values of the
gauge field directly computed by the gradient-expansion
formalism with the corresponding values obtained in the
mode-by-mode treatment on the inflationary background
taken from the gradient-expansion formalism. Although the
latter value cannot be considered as a true reference
solution since it is based on the partial results of the
gradient-expansion formalism, nevertheless, it can be used
to perform a consistency check of our method. As we see
from Fig. 6(b), the dots match the solid lines with a good
accuracy which numerically appears to be less than 1%

during the whole time interval under consideration (for
more details, see Appendix B).

Finally, let us say a few words about the spectra of
generated fields. The magnetic and electric spectral
energy densities are shown by the blue and red lines
in Fig. 7. The dashed lines show the spectra generated
on the free inflaton background while the solid lines
show the spectra in the case when the backreaction is
taken into account. In full accordance with the inflaton
evolution, one can distinguish three regions with differ-
ent properties. For a better understanding, let us con-
sider the behavior of the parameter ¢ introduced in
Eq. (30), which determines the gauge-field production if
Kk, > k. Using the slow-roll approximation for ¢ and
H, it can be expressed as

FIG. 7. The spectra of generated magnetic (red) and electric
(blue) energy densities at the end of inflation in the case
k1 /E =15x 1073, ky/& = 0.4. The solid lines show the
spectra in the case when the backreaction is taken into account
while the dashed lines correspond to the gauge field generated on
the free inflaton background.
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-1

(89)

For modes crossing the horizon at more than 30 e-
foldings before the end of inflation (when the inflaton
field decreases monotonically) the spectral curves are
monotonic and approach the unperturbed spectra in the
limit of long-wavelength modes k — 0. In this regime, the
second term in the coupling function /; dominates; there-
fore, the parameter & takes the form:

Ky 1

S e 3sinnip) (Vomp)]

(90)

which is an increasing function of time (since ¢ always
decreases). As a result, the spectrum is blue-tilted with the
spectral tilt close to ng = 4.

For modes which cross the horizon between 30 and
10 e-foldings prior to the end of inflation, when strong
backreaction occurs, the spectrum shows an oscillatory
pattern which corresponds to the inflaton oscillations in the
backreaction regime. On average, the spectrum is also blue-
tilted with ng =~ 4.

Finally, the modes which cross the horizon during the
second slow-roll phase (during the last 10e-foldings of
inflation) have a red-tilted spectrum. This follows from the
fact that the kinetic coupling function /; ~ 1 at this stage
and the parameter ¢ has the form

4 70
el =5 eV, o1

which is a decreasing function of time. Therefore, the
earlier mode crosses the horizon, the stronger it is ampli-
fied. Although, the red-tilted spectrum leads to a larger
value of the coherence length of the produced gauge field,
the range of such modes is very limited and spans over 2-3
orders of magnitude at maximum. Therefore, one may
expect the coherence length just 2-3 orders of magnitude
larger than the horizon size at the end of inflation.

E. Oscillatory behavior in the backreaction regime

In this subsection we comment on oscillations of the
inflaton and generated gauge fields in the backreaction
regime. In Fig. 8 we show the oscillations in the gauge-field
energy density (upper panel) and in the parameter |&| (lower
panel) which occur in the axial-dominated case with
Kl/&s = 10_4 and K‘z/és = 0.15.

Note, that similar oscillations have already been reported
in Ref. [68], where it was shown that axial coupling of the
inflaton field to gauge fields through the Chern-Simons
term leads to a resonant enhancement of the gauge field
production, resulting in oscillatory features in the inflaton

10-14
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FIG. 8. The dependence of energy densities (upper panel) and
the gauge-field production parameter || (lower panel) on the
number of e-foldings from the end of inflation for x; /&, = 107*
and x,/&, = 0.15. A clear anticorrelation is observed (i.e., the
oscillations of the two are shifted by a phase A¢ ~ 7). A period of
oscillations in e-foldings, Ty ~ 4 is roughly in accordance with
the prediction Ty ~21n(&?/2) ~ 4.15 (for |&| ~4) of Ref. [68].

velocity as well as in the gauge field spectrum. Since, the
backreaction is relevant only in the axial-dominated case
Ky >> K1, the similar arguments should be applicable also in
our model.

Remember that the backreaction first becomes important
due to the term (I5/1;)G” in the Klein-Gordon equa-
tion (49) which creates additional friction and slows down
the inflaton motion. Naively, one would expect that this
immediately suppresses the gauge-field production and the
system finds another stable state (different from the slow-roll
attractor) which smoothly evolves in time. However, the
total generated gauge field value is retarded with respect to
the changes in the inflaton. Indeed, the mode function with a
given momentum k gets enhanced only in a narrow time
interval around its horizon crossing k ~ k;,. For an axial-
dominated coupling, this happens when k < ky, ~2|&|laH
and the maximal growth rate is achieved at the moment of
time #; for which k =~ (1/2)k, () = |E(#4)|a(t;)H(t;). The
growth rate and final amplitude of the mode k is thus
determined by the inflaton velocity (or the parameter &) at the
moment of time t;. However, the fotal generated gauge field
is a superposition of all modes with k < 2|&|aH and the
leading contribution to it is made by modes which were
enhanced at a slightly earlier time. In fact, in Ref. [68] it is
shown that the leading contribution to the integral in G is
made by modes around kg = (2/|£|)aH. These modes
were enhanced AN = In[ky,/(2kieqq)] = In(£2/2) e-foldings
before the actual moment of time. This causes the retardation
in response of the gauge field to the variations of the inflaton
velocity and leads to the oscillatory behavior. One may use
this result to estimate the period of oscillations. It is easy to
understand that the maximal amplitude would occur if the
cause (the change in the inflaton velocity or in £ parameter)
and a consequence (the corresponding change in the
generated field) are opposite, i.e., they delay by 7 in phase
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with respect to each other. Then, the period of oscillations in
the e-foldings scale is just twice the retardation time

Ty = 2AN ~21n(£2)2). (92)

These features can indeed be seen if we simultaneously plot
the £ parameter and the generated fields, see Fig. 8. Their
variations have opposite phase and the period of oscillations
is in a good accordance with an estimate (92).

We also note that in a recent paper [95], another attempt
to analyze this behavior was made. The authors study the
deviations from the “would-be” equilibrium solution in the
absence of retardation and conclude that this solution is
unstable. Moreover, the corresponding exponent is com-
plex which corresponds to oscillations with an increasing
amplitude around the equilibrium solution.

VI. CONCLUSION

In this work, we study general features of inflationary
magnetogenesis with strong backreaction from the
produced gauge fields. For this purpose, the gradient-
expansion formalism previously proposed for the descrip-
tion of inflationary magnetogenesis in purely kinetic or
purely axial coupling models, was extended to the case
when both types of couplings are present. This formalism
operates with a set of scalar bilinear functions (14)—(16)
which are quantum expectation values of scalar products of
electric and/or magnetic field three-vectors with an arbitrary
number of spatial derivatives. Since these quantities are
defined in position space, they include all physically relevant
Fourier modes of the gauge field at once and, thus, allow to
self-consistently take into account backreaction of the
generated fields on the background evolution. The latter
phenomenon makes the gauge-filed dynamics strongly
nonlinear and couples all Fourier modes to each other;
consequently, the standard mode-by-mode approach oper-
ating in momentum space becomes extremely complicated
as it requires to evolve simultaneously a huge number of
coupled Fourier modes.

In general, the vacuum expectation value involves
contributions from all Fourier modes with momenta from
zero to infinity. However, modes with large momenta
(subhorizon modes) are almost unaffected by the coupling
to the inflaton and quickly oscillate in time—they corre-
spond to vacuum fluctuations of the gauge field. Thus, to
capture the effect of gauge-field production due to kinetic
and axial coupling it is important to separate it from the
contributions of vacuum fluctuations. This was performed
by taking into account only modes with momenta k < ky,,
where the threshold value k;, is defined in Eq. (38). This
threshold is chosen such that a term in the mode equa-
tion (33) describing the free evolution of the mode is equal
in absolute value to terms originating from the kinetic and
axial couplings. The introduction of this momentum cutoff
allowed us to extract from an infinite vacuum expectation

value a finite part containing information about the pro-
duced gauge field.

Since the threshold momentum is an increasing function
of time during inflation, the equations of motion for the
quantities EM G B" must take into account the
additional time variation due to new modes which cross
the horizon and start contributing to these quantities. This is
done by introducing boundary terms on the right-hand side
of Egs. (17)—(19). Analyzing the evolution of the mode
function around the moment of horizon crossing, we
derived explicit expressions for the boundary terms in
terms of Whittaker functions.

Using this newly introduced gradient-expansion formal-
ism we studied the gauge-field production in extended
Starobinsky model which includes the gauge field non-
minimally coupled to gravity. This model is constructed in
such a way that, rewritten in Einstein frame, it possesses a
number of important features: (i) it acquires a scalar degree
of freedom (similarly to the usual Starobinsky model)
which plays the role of the inflaton and has an asymptoti-
cally flat potential as favored by CMB observations [15];
(ii) its Lagrangian is quadratic in the gauge fields and has
the form of kinetic and axial couplings to the inflaton;
(iii) for positive values of the coupling parameter «; it
avoids the strong coupling problem during inflation; (iv) the
absence of higher order terms in the gauge fields allows us
to study the gauge field nonperturbatively and take into
account its backreaction on the evolution of the inflaton.
Thus, this model is perfectly suitable for analysis by the
gradient-expansion formalism.

In this model, significant gauge-field production
occurs only if the axial coupling is much stronger than
the kinetic one; i.e., k, > k;. However, this inequality
does not imply that the kinetic coupling plays no role and
can be neglected. In the mode equation (33), parameter

s = 2111—‘]] + zé—;]l - 4[—;—%2’ is indeed much smaller than the

I, ]
2HI,"
function 7, enters the expression for £ in the denominator.
Therefore, it modulates the magnitude of the axial coupling
and makes an impact on the resulting gauge field. This
property is extremely important as it helps to suppress
gauge-field production (and its backreaction on the back-
ground evolution) at 50-60 e-foldings before the end of
inflationin order not to spoil the behavior of perturbation
modes relevant for the CMB.

Since the coupling functions 7, given by Eq. (74) are
decreasing in time, the generated field is also decreasing
toward the end of inflation. Therefore, if the produced
gauge field at the end of inflation is not extremely small,
backreaction is typically occurring when we go back into
the past. We would like to point out a few general features
of the backreaction regime which were observed. First,
backreaction always occurs due to terms on the right-hand
side of the Klein-Gordon equation (49) for the inflaton

parameter & = Nevertheless, the kinetic coupling
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field. Moreover, contrary to a rather common lore in the
literature, it is completely irrelevant in the Friedmann
equation, because the energy density of the produced
gauge field remains suppressed by 3-4 orders compared
to the energy density of inflaton. Therefore, the back-
reaction criterion based on the gauge-field contribution to
the total energy density is incorrect. Here we have shown
that even when the gauge field energy density is much
smaller than the one of the inflaton, backreaction is
relevant.

Second, the time behavior of the inflaton velocity and
generated gauge-field energy density in the backreaction
regime shows regular oscillations in their absolute values
(although the sign of ¢ does not change in course of these
oscillations meaning that the inflaton remains a monoton-
ically decreasing function of time). These oscillations
originate from the retardation between the changes in
the inflaton field and the corresponding response in the
gauge field. This feature was known in the literature before
[68,95], however, to the best of our knowledge, such a
regular oscillatory pattern in a realistic inflationary model is
reported for the first time.

Third, despite the oscillatory behavior in backreaction
regime, for any given value of the inflaton field its velocity
is always smaller in absolute value than the corresponding
velocity in the absence of backreaction. Therefore, it takes
more time for the inflaton field to roll down to the minimum
of its potential and finish the inflation stage. As a result,
rather than spoiling it, backreaction increases the duration
of inflation by several e-foldings, depending on the model
parameters. This behavior, in some sense similar to the
ultra-slow-roll regime in potentials with an inflection point,
may be important for generation of strong small-scale
scalar perturbations and for primordial black hole
production.

Forth, backreaction has a strong impact on the spectra of
the generated gauge fields. As it was shown in Ref. [81], in
the absence of backreaction, by choosing a sufficiently
large value of parameter «,, it is possible to achieve a scale-
invariant or red-tilted magnetic power spectrum and, thus,
obtain a large correlation scale for the produced gauge field.
Backreaction drastically changes this behavior. For gauge-
field modes which cross the horizon in the backreaction
regime, the spectrum also reveals oscillatory behavior and
the average spectral index appears to be close to np = 4.
Since backreaction turns off a few e-foldings before the end
of inflation, one can still get a part of the spectrum which is
red-tilted, although for a limited range of modes spanning
over 2-3 orders of magnitude. Therefore, the resulting
coherence length of the produced gauge fields may be at
most 2-3 orders of magnitude larger than the horizon size at
the end of inflation.

All particular features mentioned above lead us to the
conclusion that theories with decreasing coupling func-
tions, although they seemingly imply a potentially larger

coherence length of the generated gauge fields, unavoid-
ably run into a backreaction regime which has two major
consequences: (i) It limits the resulting magnitude of the
produced gauge field because in the backreaction regime,
the gauge-field energy density is smaller than that of the
inflaton by several orders of magnitude, while once back-
reaction switches off the field can only decrease.
(i1) Backreaction does not allow for a significant increase
in the magnetic correlation length as it turns a red-tilted
spectrum into a blue-tilted one. In our previous work [81],
where the same type of coupling functions arose in the
Higgs-Starobinsky inflationary model, but the self-
consistent description of the backreaction was not possible
(because of higher powers of gauge fields present in the
action in that model), we have concluded that it is possible
to obtain a scale-invariant or even red-tilted spectrum that
implies very large correlation length of the generated fields.
A nonperturbative analysis of the backreaction performed
in the present work, unfortunately, made the constraints on
the magnetic correlation length much more severe than
in Ref. [81].

Let us finally emphasize that the gradient-expansion
formalism developed in this work is not restricted to this
type of models with decreasing coupling functions. It can
be used for the description of gauge-field production in a
wide range of models of inflationary magnetogenesis
described by the action (1). Since the generated fields
are extremely strong during inflation, it would be inter-
esting to take into account also the Schwinger pair
production. This may be interesting also for the model
considered in the present study because the Schwinger
effect in some cases helps to avoid backreaction [70].
Another important problem is to study the impact of
produced gauge fields on the spectra of primordial scalar
and tensor perturbations. Requiring these spectra to be in
accordance with CMB and BBN observations, one can
strongly constrain the parameter space of magnetogenesis
models (see, e.g., Refs. [46,56,72-74]). We plan to
address these issues elsewhere.
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APPENDIX A: PROPERTIES OF THE
WHITTAKER FUNCTIONS

The differential equation

d*w 1 x 1/4—=u4?

e a0
is known as the Whittaker equation and has two linearly
independent solutions M, , and W, ,. For the our purposes,
however, only the function W, , is relevant. It can be
expressed in terms of the Tricomi confluent hypergeometric
function U as follows:

(A1)

Wou(y) = e?Py 12U (= +1/2: 1 4 21y). (A2)

Using Eq. (13.5.2) in Ref. [96], one can derive the
following asymptotical expression of the Whittaker func-
tion at |y| — oo:

Woeu(y) = ey [1+007)]. (A3)

The mode equation (33) has the form of the Whittaker
equation (Al) with x=—id, p==+./1/4+s, and
y = 2iz. Its solution must satisfy the Bunch-Davies vac-
uum boundary condition (34). Comparing it with Eq. (A3),
we conclude that the W function indeed has the correct
asymptotic. Therefore, the solution to the mode equation
has the form (40).

In the derivation of boundary terms we used the
expression for the derivative of the Whittaker W function
which is given by (see Eq. (13.4.33) in Ref. [96])

in,u(y) = (y/2 - K)W}{.ﬂ(y) -

o (A4)

y W}H»l,/,t(y)'

APPENDIX B: DETAILS OF NUMERICAL
COMPUTATIONS

In this Appendix, we give more details on the numerical
analysis of the model discussed in the main text. In
particular, we discuss two approximations which can be
used in order to simplify the numerical implementation of
the boundary terms.

Equations (41)-(46) give full expressions for the boun-
dary terms. There are two ingredients in these expressions
which may strongly complicate the numerical analysis: the
presence of Whittaker functions and the factor dIn k;/dt.
Let us consider them separately.

The Whittaker W function belongs to the class of
confluent hypergeometric functions (see Appendix A),
i.e., is a special function. Therefore, its presence in the
numerical program requires using some additional pack-
ages which include this function (e.g., in C 4+~ or Python)
and/or in some cases requires computations with a

precision exceeding the standard machine precision
(e.g., this happens in Wolfram Mathematica for large
values of parameter &; see Ref. [70]). In such a case, it
could be useful to have approximate expressions for the
boundary terms only involving elementary functions. For
the case of a pure axial coupling such expressions
have been derived in Ref. [70] both in the absence and
presence of the Schwinger effect. In the present work,
expressions in Eqgs. (44)—(46) are more complicated than
the pure axial coupling case; however, if we assume that
I,/1, is a slowly varying function and neglect its time
derivative, the expression for the horizon-crossing momen-
tum in Eq. (39) takes the form

to(6) = mas a1 )

P'<t

syeO e el h ®

where o(7) is the parameter introduced in Eq. (47). This
expression now coincides (up to an additional modulus
sign) with the corresponding expression for the horizon-
crossing momentum in the case of purely axial coupling in
the presence of Schwinger effect; see Eq. (51) in Ref. [70].
The correspondence between these two cases can be
revealed replacing the Schwinger conductivity by the
quantity 7,/I,. The only difference between these cases
is that the conductivity is always positive while 1,/1, is
typically negative when gauge-field amplification occurs
[this explains the presence of additional modulus sign
under the square root in Eq. (B1)]. The above mentioned
correspondence allowed us to use in the present work
approximate expressions for the functions E;, G,, B,
derived in Ref. [70], namely Egs. (B15)—(B20), with a
replacement s> + s — |6 + ¢|. These expressions have an
error less than 0.5% (compared to corresponding expres-
sions in terms of Whittaker functions) for |£| > 4. For lower
values of || we used the boundary terms expressed through
the Whittaker functions.

Another issue that may cause numerical complications is
the derivative dInk;,/dt. Indeed, the momentum of hori-
zon-crossing mode, ki (¢), given by Eq. (39) is a maximal
value of a certain expression over the whole time interval
from 7 = 0 until time ¢. A possible way to compute the
time derivative of such an expression is the following [51].
Let us denote

Ky = max[y(1')]

<t

(B2)
Then,

dky _ dy(r) [dy(1)
dr  dt '9[

7} “Oly(1) = ky(1)],  (B3)
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FIG.9. Upper panels: The dependence of the energy densities on the number of e-foldings counted from the end of inflation in the case
K1 /& = 1.5 x 1073, k, /&, = 0.4: magnetic energy density (red line), electric energy density (blue line), and the Chern-Pontryagin
density (green line). Lower panels show the relative discrepancy between the result obtained using the gradient expansion formalism and
the corresponding mode-by-mode solution (based on the inflaton time dependence taken from the result of the gradient-expansion
formalism). Panel (a) corresponds to the case where dk;/dt is computed as in Eq. (B3) while panel (b) shows the result when an

approximation (B4) was used.

where 6|x| is the Heaviside unit step function. Since the
function y(r) is already rather complicated, Eq. (B3)
appears to be very cumbersome and, since it appears in
all equations for the bilinear functions, it requires a lot of
computational resources. In axial-dominated and mixed
cases, we used an approximation y(f) = 2aH|&| which is
well-justified since |o| < |&| in these cases. The consis-
tency check performed by comparison with the result of the
mode-by-mode approach shows that the relative discrep-
ancy is typically less than 1%; see Fig. 9(a).

Moreover, one can simplify dk;, /dt even further and take
into account only the time derivative of the scale factor a
because it has the fastest (quasiexponential) change in time.
In this approximation,

— =~ Hk,.
dt h

(B4)
This approximation ignores the fact that in the backreaction
regime & may also change very fast and the function y(r)
may be even nonmonotonic. However, it allows to accel-
erate computations by several times. The consistency check
with the mode-by-mode solution shows a discrepancy of up
to 20%—-25%. Such an accuracy should be enough for a
qualitative analysis and order-of-magnitude estimates;
however, in order to obtain a more precise result one must
use Eq. (B3).

We compare the consistency of numerical results
obtained by the gradient-expansion formalism in the mixed
case k/& =1.5x1073, k,/& =04 in Fig. 9, where
panel (a) corresponds to the time derivative dk;/dt

computed according to Eq. (B3) and panel (b) shows the
result of approximation (B4).

Finally, let us mention that in some cases the program
which solves the system of equations of the gradient-expan-
sion formalism fails to proceed toward the end of inflation
because the number of equations is very large (it reaches 500
in the case of strong backreaction) and the computational error
accumulates rapidly. In this case, the following algorithm has
to be used to reach the end of inflation:

(1) Using the gradient-expansion formalism with a
certain truncation order n.,,; (chosen in such a
way that the result does not change when 7,,,, 1 is
increased) obtain the numerical solution on the time
interval from ¢ = 0 to a certain ¢t = #; < ¢, which is
still well before the time when the program
breaks down.

(2) Generate a table of values of all bilinear functions
and background quantities at t = ¢, and use it as an
initial condition for a new run of the gradient-
expansion formalism with lower truncation or-
der Mmax,2 < Mmax,1-

(3) Repeat this procedure a few times if needed. The full
solution is then obtained as a piecewise function. Its
consistency with the mode-by-mode solution has to
be checked in the same way as for a single
continuous function.

This procedure was used in our computations in the axial-
dominated and mixed cases where the derivative dk;, /dt was
calculated according to Eq. (B3). For the simplified case
employing Eq. (B4) such a problem never occurred and it was
possible to reach the end of inflation in a single run of the code.
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