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We study magnetogenesis in axionlike inflation driven by a pseudoscalar field ¢ coupled axially to the
electromagnetic (EM) field (5/M ,)$F,, F™ with dimensionless coupling constant 3. A set of equations for
the inflaton field, scale factor, and expectation values of quadratic functions of the EM field is derived.
These equations take into account the Schwinger effect and the backreaction of generated EM fields on the
Universe expansion. It is found that the backreaction becomes important when the EM energy density
reaches the value pgy ~ (\/Z/ B)pins (€ is the slow-roll parameter and p;,; is the energy density of the
inflaton) slowing down the inflaton rolling and terminating magnetogenesis. The Schwinger effect
becomes relevant when the electric energy density exceeds the value pp ~ agﬁ,[ (p2./ M‘),), where p =
3H2Mf, is the total energy density and agy; is the EM coupling constant. For large f, produced charged
particles could constitute a significant part of the Universe energy density even before the preheating stage.
Numerically studying magnetogenesis in the a-attractor model of inflation, we find that it is possible to
generate helical magnetic fields with the maximal strength 10™15 G, however, only with the correlation

length of order 1 pc at present.
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I. INTRODUCTION

Recently magnetic fields with very large coherence
scale Ag 2 1 Mpc were detected in cosmic voids through
the gamma-ray observations of distant blazars [1-5].
Combining the corresponding results with the data of
the cosmic microwave background (CMB) [6-10] and
ultra-high-energy cosmic rays [11] observations constrains
the strength of these fields to 1078 <B <107 G. It is
well known also that magnetic fields are present on much
smaller scales in the Universe [10,12-18], including
galaxies and clusters of galaxies. Observed intergalactic
magnetic fields may be of either astrophysical or primordial
origin and both magnetogenesis scenarios are currently
under active consideration and study. Although astrophysi-
cal mechanisms based on the Biermann battery [19-21]
have been proposed to generate the “seed” magnetic fields
and various types of dynamo can enhance them [22-25], it
is problematic to use these mechanisms for the generation
of magnetic fields with very large correlation length in
cosmic voids indicating on the primordial origin of these
magnetic fields. Clearly, this opens an intriguing possibility
to obtain important information on the physical processes
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in the early Universe and poses the problem of how these
fields were generated.

One of the natural mechanisms of primordial magnetic
field generation is connected to the phase transitions in
the early Universe. However, although they may lead to
magnetic fields of the necessary strength [26-31], the
coherence length is determined by the horizon size at the
moment of phase transition and is much less than Mpc
today. On the other hand, the inflationary magneto-
genesis [32,33] can provide the necessary seeds for the
observed magnetic fields and attain very large coherence
length.

In order to generate electromagnetic (EM) fields during
inflation, the conformal invariance of Maxwell’s action
should be broken because fluctuations of the EM field are
not enhanced in conformally flat inflationary background
[34]. The conformal invariance can be broken by intro-
ducing the interaction of EM fields with scalar or pseu-
doscalar inflaton field or with the curvature scalar (see the
pioneering works of Refs. [32,33,35,36]).

Inflationary magnetogenesis typically faces a backreac-
tion problem which can put strong constraints on the
parameter space of the model [37]. Usually in the study
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of inflationary magnetogenesis, one solves first the equa-
tions governing the evolution of the inflaton field and the
scale factor and then determines generated EM fields.
However, such an approach is possible only if generated
fields are weak enough not to influence the background
evolution. In the opposite case, one has to take into account
generated EM fields self-consistently and solve all equa-
tions of motion simultaneously. Clearly, this makes the
problem of inflationary magnetogenesis much more com-
plicated. Moreover, the backreaction of EM fields can
modify the inflaton dynamics, change the Universe expan-
sion, and make an impact on the spectrum of primordial
perturbations. In our previous work [38], we considered the
case of kinetic coupling between the scalar inflaton field
and the EM field introduced by Ratra [33] and revisited
many times in the literature [37,39—-47] and showed that the
backreaction of generated electric fields is indeed very
important because it strongly suppresses magnetogenesis.

Because of the Schwinger effect [48] the generated
electric fields can spontaneously create from vacuum the
pairs of charged particles. The simplest case of pair creation
in a constant and homogeneous background electric field
in de Sitter space-time was investigated by many authors
[49-62], where different space-time dimensions and the
various types of charge carriers were considered. However,
the case of a constant electric energy density is unphysical
because maintaining this regime would require the existence
of ad hoc currents that could violate the second law of
thermodynamics [63]. Nevertheless, the expressions for the
Schwinger current derived in this approximation have the
same functional dependence as in a time-dependent electric
background in the strong-field regime [64].

It should be noted that the cosmological Schwinger
effect contains interesting features [49,54,55,59,60] that are
absent in its flat-space counterpart such as (i) the infrared
hyperconductivity in the bosonic case when the conduc-
tivity becomes very large in the limit of a small mass of
charged particles and (ii) the negative conductivity in
the weak field regime eE < H? which can, in principle,
lead to the enhancement of the electric field [61]. However,
the definition of a finite part of the induced current is
ambiguous and depends on the subtraction scheme. Thus,
the negative conductivity is rather speculative [59,60] and
may be an artifact of the used subtraction scheme.
Moreover, in Ref. [65] it was shown that the negative
contribution to the conductivity is due to the nonlinear
corrections to the Maxwell action and the logarithmic
running of the coupling constant. Therefore, it cannot lead
to any enhancement.

In this paper we consider the axial coupling of the
EM field to a pseudoscalar inflaton field via the term
I(¢)F,, F* (here F* is the dual EM tensor) taking into
account the Schwinger effect and the backreaction of
generated EM fields on the background evolution. In the
case of the kinetic coupling model [38,42], the electric

component dominates the EM energy density causing strong
backreaction and spoiling magnetogenesis. Therefore, the
kinetic coupling model is unfavorable in contrast to pseu-
doscalar inflation [66]. Magnetogenesis in the latter model is
promising because it generates helical magnetic fields
[35,66-75] which are more stable against dissipation and,
in addition, their coherence length can be further increased
due to the inverse cascade process [76-82] in the chiral
primordial plasma. Since electric fields are also generated
in this model, the pair production due to the Schwinger
effect may become important and affect magnetogenesis.
The same applies to the backreaction problem due to
generated EM fields [35,66-74,83-87]. This means that
both the Schwinger effect and backreaction of EM fields
should be taken into account in the study of magnetogenesis
in pseudoscalar inflation.

Since the pseudoscalar inflation model looks promising
(pseudoscalar field may appear also as a Kalb-Ramond
axion in string theory inspired models [88,89]), this
provides the main motivation to extend our approach
developed in [38] to the case of pseudoscalar inflation
magnetogenesis. Since it is quite costly computationally to
solve directly the equations for the EM field for each mode,
our approach in Ref. [38] was connected with the derivation
of a self-consistent set of equations for the electric field
energy density, scale factor, and inflaton field taking into
account the pair production due to the Schwinger effect.
Perhaps not surprisingly, the implementation of this
approach for magnetogenesis in the pseudoscalar inflation
model turned out to be quite difficult. First of all, since
the axial coupling involves the scalar product E - B of
electric and magnetic fields, it is immediately clear that the
function E - B should be necessarily taken into account
in addition to the electric field energy density pp = E?/2.
Unfortunately, this strongly complicates the analysis
because then the self-consistency of equations for the
EM field requires the introduction of new quadratic
functions of electric and magnetic fields with additional
spatial curls. Therefore, the corresponding system of
equations governing the evolution of the EM field is
not closed, and one has to use certain physically reason-
able approximations which make it possible to close the
system.

This paper is organized as follows. We formulate a self-
consistent system of equations that govern the joint
evolution of the scale factor, inflaton field, and quadratic
functions of the EM field in Sec. II, taking into account the
backreaction of generated fields and the Schwinger effect.
In Sec. III, we derive the explicit form of the boundary
terms in the Maxwell equations which describe the quan-
tum-to-classical transition for modes undergoing the
tachyonic instability during inflation. Section IV is devoted
to the determination of initial conditions for the EM field
which should be imposed far from the end of inflation in
order to study the system numerically. In Sec. V we analyze
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the conditions when the Schwinger effect becomes impor-
tant and affects magnetogenesis. Section VI explains the
approximation scheme which allows one to truncate the
infinite system of equations and contains the numerical
results in the a-attractor inflationary model. The postinfla-
tionary evolution of generated magnetic fields is described
in Sec. VII, where the present day values of the magnetic
field strength and correlation length are determined.
Finally, the summary of our work is given in Sec. VIIL
Some technical details of the derivation of the initial
conditions are given in Appendix A. We use in this paper
the natural units and set 7 = ¢ = 1.

II. EVOLUTION EQUATIONS
We consider a spatially flat Friedmann-Lemaitre-
Robertson-Walker (FLRW) Universe with metric

—a*,—a?),

gﬂ,,:diag(l,—az, V-g=a* (1)
In order to study magnetogenesis in pseudoscalar inflation,
we use the following action for the inflaton field ¢ and the
EM 4-potential A,:

/ d*x\/=g [ 0, 0" — V(qb)—%F,wF””

—_I( )F F +[’charged( w)() ’ (2)

where V(¢) is the effective potential of the inflaton, I(¢) is
a coupling function, and F* = 1y F,  is the dual EM
tensor. In addition, % = "%/, /=g, where & is the
totally antisymmetric Levi-Civita symbol with £°123 = +1
and Lepareea(A,.x) is a gauge-invariant Lagrangian of a
charged field y interacting with the EM field A,. The
charged field y is a generic field which could stand for a
boson or fermion field as well as for any collection of them.
It can, in principle, interact also with the inflaton directly.
This interaction is crucial during the preheating stage
because it determines the production of charged particles
by the quickly oscillating inflaton. However, particle
production is not effective during the slow-roll inflation
because the inflaton field changes adiabatically slowly.
Since the preheating stage lies beyond the scope of our
paper, we will neglect the interaction between y and ¢.
Since F WF"” is a pseudoscalar, in order to preserve the
parity symmetry the coupling function of the pseudoscalar
inflaton field ¢ with F,,F* should be odd, I(—¢) =

—1(¢). In this paper, we consider the simplest axial
coupling function linear in ¢
¢
() = p—, 3
@ =3 )

where M, = (87G)~"/? % 2.4 x 10'8 GeV is the reduced
Planck mass and f is a dimensionless coupling constant.

The Euler-Lagrange equations corresponding to action
(2) and the Bianchi identity have the form

1 1 / Ty
\/_ Ou[v/=gF*) +1'(p)F**0,p = (5)
1 ~
\/—:gau[\/—_gF ] =0, (6)
where

. aEC arge AI/’% .
= Lot B 2) _ ) )
u

is the electric four-current. The right-hand side of Eq. (4)
could be neglected if the generated fields are weak. If they
are not, then the backreaction of these fields on the
background evolution should be taken into account and
a self-consistent system of equations should be solved.

According to the first Friedmann equation, the expansion
rate of the FLRW Universe is described by the 00
component of the stress-energy tensor. In the case under
consideration, the latter is given by

2 oS

T;w \/_59/“/ = ﬂ¢ab¢ gl F up g/w’CO +Ti (charged) ,
(8)
where Ly = %(845)2 -Vi¢) - 4F;wF"” and T(Chﬂge’d) des-

cribes the contribution due to the charged fleld - Notice
also that the axial coupling term does not contribute to
the energy-momentum tensor because it does not depend
on metric.

It is convenient to use the Coulomb gauge for the EM
field A, = (0,A), where divA = 0. Then electric and
magnetic fields are defined as follows:

1. 1
E = _EA’ B :?rotA, 9)
where a(7) is a scale factor of the FLRW background. The

components of the EM tensors are expressed through the
electric and magnetic fields as usual

1

FOi = EEi, FU = Clzgl‘jkBk,

PO -

FOI :—Bl, FU - _azgijkEk, (10)
a

where ¢€;; is the three-dimensional Levi-Civita symbol and

the Latin indices i, j, k on the right-hand side denote the

components of 3-vectors. We would like to note that the
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electric and magnetic fields defined in Egs. (9) and (10) are
physical fields measured by a comoving observer.

We will assume that the inflaton field is spatially homo-
geneous (the question whether perturbations of metric and
the inflaton can always be neglected in the study of magne-
togenesis is important and deserves a separate investiga-
tion). Then the energy density reads as

1. 1
p= {5¢2+V(¢)} +§<E2+Bz> + Py =Pint T PEM TPy
(11)

where pi,s and p, are the energy densities of the inflaton
and charged particles produced by the Schwinger effect,
respectively. Since EM fields are generated through the
enhancement of quantum fluctuations, their energy density
pem = 3 (E* 4+ B?) is given by the expectation value of the
corresponding operator.

The Friedmann, Klein-Gordon-Fock (KGF), and
Maxwell equations define the following closed system of
dynamic equations:

1
H? :m(ﬂinf + PEM T+ Py)s (12)
.. . d
¢+3H¢+d;= I'($)(E - B), (13)

. 1 .
E + 2HE — —rotB + I'(¢)¢B = —aj, (14)
a

: 1
B +2HB + —rotE = 0, (15)
a

divB = 0, divE = 0. (16)
We express the current j of charged particles in terms of the
generalized conductivity o

.
i=- oE. (17)
The electric and magnetic fields are vector quantities and,
in addition to the absolute value, are characterized by the
direction. Since these fields are generated from quantum
fluctuations, they are chaotically oriented. Operating with
such vector objects is inconvenient. Even more crucially,
solving the system of equations (12)—(16) requires determin-
ing the dependence of electric and magnetic fields on spatial
coordinates that makes numerical calculations very demand-
ing. Therefore, we generalize our approach in Ref. [38] to the
case of the pseudoscalar inflation model and introduce the
following expectation values of scalar quadratic functions of
electric and magnetic fields:

£n = L g rorE), (18)

a

1
G"W = —— (E - rot"B), (19)
a
1
B™ = — (B - rot"B), (20)
a
where n =0,1,2,.... Note that we consider quadratic

correlators of electric and magnetic fields and spatial
derivatives of the latter through curls because the Maxwell
equations (14) and (15) contain spatial derivatives of electric
and magnetic fields only in the form of curls. As we will see
below, the functions with n > 1 are considered because the
evolution equations for the expectation values with n =0
and n = 1 do not form a closed system. Finally, we would
like to note that the position of curl acting on the first or the
second multiplier does not matter in view of the identity

(rotf - g) — (f - rotg) = div([f x g]) =0,

because the expectation value ([f x g]) does not depend on
the spatial coordinates.

In fact, functions (18)-(20) for n =0 are related to
the well-known characteristics of the EM field. Indeed,
£0/2 = pr. and B /2 = pp are the electric and mag-
netic field energy densities, respectively. Further, G =
—(E - B) is an important quantity which depends on helical
properties of the EM field and determines its backreaction
on the inflaton. Moreover, the quantity B(~!) defines the
magnetic helicity [we treat the quantity rot™'B in Eq. (20)
for n = —1 simply as a=2A in accord with Eq. (9)]

1
3

B =H =— (A -rotA) = % (A-B), (21)

a
which is crucial for the postinflationary evolution of the
magnetic field.

The Maxwell equations (14) and (15) relate the time
derivatives of the electric and magnetic fields to their spatial
derivatives (curls). Therefore, the evolution equation for
any function (18)—(20) always contains a function with one
additional spatial curl. This results in an infinite chain of
equations for the functions of different order. Indeed, by
using Egs. (14) and (15), we find

EM 4 [(n+4)H +26]EW =21 () pG™ +2Gn+D =[£M)],
(22)

g(n) +(n+4)H + G]g(") — gt 4 Blntl) _ I’(gb)qbl’)’(”)
= 16", (23)
B 4 (n+4)HB™ — 2600 = [BM], - (24)

We introduced also extra terms on the right-hand side of
the above equations. The reason for their appearance is the
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following. Electromagnetic fields are generated from quan-
tum fluctuations and can be treated classically only after the
corresponding modes exit the horizon [90] and undergo the
tachyonic instability [see the corresponding discussion
after Eq. (39)]. Therefore, the number of modes, which
undergo enhancement, changes as the inflation goes on.
This leads to additional (boundary) terms in the equations
of motion (22)—(24).

Adding Egs. (22) and (24) for n = 0 and dividing them
by 2, we obtain the equation governing the evolution of the
EM energy density

Pem + 4Hpey + 20pp = 1/(¢)¢g(0) + [Pemlp (25)

The term 20pg on the left-hand side of Eq. (25) describes
the dissipation of the EM energy density due to the
Schwinger effect. It will be considered in more detail in
Sec. V. The first term on the right-hand side corresponds to
the energy density transfer from the inflaton to the EM field
due to the axial coupling between them. Obviously, the
energy transfer term enters the equation for the inflaton
energy density evolution with the opposite sign [this
equation can be obtained from Eq. (13) multiplying it

by ¢]
Pint + 3H (ping + Pint) = —1/(4’)(;)9(0)’ (26)

where piyr = ¢°/2+ V() and pios = ¢°/2 = V().

In contrast to the case of the kinetic coupling model
studied in Ref. [38], Eq. (25) for the evolution of the EM
energy density and the KGF equation (13) do not form a
closed system of equations because they contain a new
quantity G©) = —(E - B). Equation (23) for G, in turn,
contains the higher-order functions £ and B("). Clearly,
this generates an infinite chain of equations and we need to
impose some additional approximations in order to termi-
nate it. Our approximation scheme will be discussed in
Sec. VI. As to the boundary terms on the right-hand side of
Egs. (22)—(24), their explicit expressions will be considered
in Sec. IIL

Before closing this section, let us estimate the value of
the EM energy density when the backreaction becomes
relevant. For this purpose, we consider Eq. (13) with the
coupling function (3) and compare the potential term V'(¢)
which determines the slow rolling of the inflaton with the
term on the right-hand side of the KGF equation. Previous
numerical studies of magnetogenesis in pseudoscalar infla-
tion [84,86] found that the electric and magnetic fields
make comparable contributions to the energy density, i.e.,
pE ~ pp (this is in contrast to the kinetic coupling model
where the electric component strongly dominates over the
magnetic one, see, e.g., Refs. [37,38,41,42,45]). Therefore,
we can estimate the scalar product E - B as follows:

(0)| ~VEORO) — 2\/PEPB ~ PEM- (27)

Consequently, the backreaction becomes important when
the EM energy density reaches the value

M, V2e
~—21y! ~ i 28
PEM ﬂ (¢)| ,B Pinf ( )
where
_ M (Ve
=7 () 29

is the slow-roll parameter and we used the fact that
Pint ~ V() in the slow-roll regime ¢ < 1. Since the typical
value of the coupling constant, for which the backreaction
can take place during inflation, equals f ~ 10 (see, e.g.,
Refs. [84,86]), we conclude that the corresponding EM
energy density is a few orders of magnitude less than that of
the inflaton. This means that generated EM fields affect
primarily only the evolution of the inflaton field while
contribute to the Friedmann equation only indirectly,
through the inflaton. It is worth noting that the same
picture holds also for the kinetic coupling model [38,42].

III. BOUNDARY TERMS

In this section, we determine the boundary terms for the
Maxwell equations (22)—(24), which describe the quantum-
to-classical transition for the modes crossing the horizon.
For this, we should consider the quantized EM field. There
is, however, one complication connected with the pair
production of charged particles by the classical electric
field due to the Schwinger effect. The current of these
particles backreacts on the EM field evolution making it, in
general, nonlinear. However, in order to define the boun-
dary terms, we will neglect the Schwinger effect. This is
possible because the boundary terms are important during
the early stages of inflation when the EM field is weak and
each new mode crossing the horizon makes a notable
contribution. Later, when the EM field is strong and a lot of
modes are outside the horizon, the contribution due to new
modes crossing the horizon is negligible. Vice versa, the
Schwinger effect is negligible at the beginning of inflation
and becomes important only close to the end of inflation
when the generated electric field becomes strong.
Therefore, the boundary term could be derived neglecting
the Schwinger effect and the Schwinger current can be
added phenomenologically in the final system of equations.

In the Coulomb gauge, the EM vector-potential operator
can be decomposed over a set of creation or annihilation
operators of two transverse polarizations

o Pk
A(1,x) 2/(2ﬂ)3/2

+¢;(k) z,kAﬁ(t’k)e_ik'x}’ (30)

{e1(k)byy A (1, k)e™x
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where €, (k) are two circular polarization 3-vectors, which
satisfy the following conditions:

koe(k) =0, &(k)=e_,(k).
ik x e, (k)] = ke, (k). ej(k)-ex(k) =8y (31)

The creation or annihilation operators have the standard
commutation relations

[E/I,k’ é},k’} - 5/1/1/5(3> (k - k/) (32)

Substituting decomposition (30) into Eq. (14) we find the
following equation governing the evolution of the mode
function:

2
A(1.K) + HA (1K) + [% - z%zgﬂ} A (k) =0 (33)

or in conformal time n = [*dt'/a(?),
Al(n,K) + [k* — 22kéaH]A;(n, k) = 0, (34)

where we introduced the parameter

1 _ 1 pp
2 H 2H 2MH

{= (35)

In order to define the unique solution of Egs. (33) or (34),
we chose the initial conditions for the mode function as
those in the Bunch-Davies vacuum [91] (see the corre-
sponding discussion in Sec. IV)

Le—ikﬂ
vk

Inspecting Eq. (33), we note that the tachyonic instability
takes place for the modes with helicity 1 = sign(£) and
k/(aH) < 2|&] and one can expect the exponential ampli-
fication of these modes. As was mentioned above, the
number of such modes changes in time. To derive the
explicit expressions of the boundary terms we need to
express Egs. (18)—(20) in terms of the Fourier modes of the
EM field. Using decomposition (30) and taking into
account that only one polarization with 4 = sign(£) under-
goes enhancement, we obtain

. n+3
g [k A
0

A;(n, k) = kn - —oo0. (36)

Ayt k
“an)

k" 2n%a"? ’ d (37)

ke dk K+t d
gn = [* T s AP G8)

k 4ﬂ2an+3 dt
ke dk kn+5
Bin — A N AR (39)

where k. = 2|£|aH is the critical momentum for which
the instability occurs. The upper integration limit in
Egs. (37)—(39) is defined by k. because subhorizon modes
have an oscillatory behavior and should be regarded as
quantum fluctuations. Therefore, such modes do not
contribute to the classical observables (18)—(20) and are
excluded from the integration. Throughout the paper, we
refer to a mode as subhorizon if its momentum is larger
than the critical one k > k, [its wavelength is smaller than
the effective horizon size 1/(2|é|H)] and superhorizon in
the opposite case.

In order to derive the boundary term, we note that
Eq. (34) by using the replacements

2mE
n < X, < —Zz ,
2mV
2amile o 2T 4w

can be rewritten in the form of the Schrodinger equation

Y 2m

E-V 0. 40
T (E=V(x) = (40)
For modes with momentum k < k., one can apply the
Wentzel-Kramers-Brillouin  (WKB) approximation and
find the following approximate solution of Eq. (34) with
the boundary conditions (36):

Aylkon) = - [ ounan]. @

1
—€X
2p/h p[ h

where £ = \/k? —2aH|&|k. This solution is applicable

when

()18l

dn
‘ W < 1. (42)

dnp

Here only the scale factor a has been differentiated as the
fastest varying quantity.

By using k = 2|¢|laH (1 + &), we obtain that the semi-
classical solution (41) is applicable for

F2(1+6)12 > (417" (43)

Clearly, the semiclassical approximation fails when the left-
hand and right-hand sides in the above inequality are
approximately equal. A solution of the corresponding
equation can be easily found in the two limiting cases
] > 1 (5, ~ [4|¢]]7%/%) and & < 1 (5. ~ [4]£]]1/?) and
then fit to the exact solution with accuracy better than 3%
for all values of & by the following function:
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Be = (4[E)) 72 (1 + (41>, (44)

As usual, the WKB method is inapplicable near the
“classical turning point” k = k.. Still we can approximate
the value of A(#, k..) by its value at the boundary of validity
of the semiclassical approximation at a slightly larger
momentum k(1 + &,.). Using Egs. (41), (43), and (44),
we have

1

At k)P [0.(1 +8.)]72 = — 4

| A(t’ C)l 2kc[ C( + C)] ZkC Q( )’ ( 5)
. 1 k2 1 k2 1
At k)P ~—=51[5.(1+6,)]1? = 46
| l( c)| 2](6.612[ c( + L)] 2]( a Q(|§|) ( )
d 1 k. 1 1 1 k
— A (k)P = — =, (47
dt| (k) 2kca4|§|5~2/2(1+5c)1/2 2k, a (47)

where Q(|¢]) = 4[¢[8. ~ (41¢])"/2[1 + (4/¢])*°]7"/%. Then

the boundary terms equal

. k3 dink
()1 _ an c 2 c
(7], =4 WMA([’I%)‘ .
H 1
~— (2HE)"H . 48
a2 21" o )
. k4 d dlnk /1H
(n)1 _ gn n
GV, =4 +142—”+3dt|A‘( )P e (2HE)™4,
(49)
i ki3 dink, H
(B, = At ko) P 5 (2HE) 0(1€]).
(50)

Finally, let us comment on the magnetic helicity and its
connection with the correlation length of the magnetic field.
The energy density and helicity of the magnetic field are
given by [17,18]

= [ IR AR, D
PB= | Tk a2at D BN

H_/kg%i[lf‘ (Lo = A_(t. b (52)
o k2n2aTTY - '
and its correlation length equals
o= (228 L [dhne
BNk /o pelo k k dink
kedk  k*
== | = [A.(t,k)]*+|A_(t,k)|?].
| EamalA kR IA P
(53)

Comparing Egs. (52) and (53), we derive the so-called
realizability condition:

APs

H| < (54)

This inequality is correct for any configuration of the
magnetic field. However, in the case of maximally helical
magnetic field, where only one polarization is enhanced, it
approaches the equality

_aH|  2z[BY)
B PB -~ BO

: (55)

which can be used to determine the correlation length of the
magnetic field.

IV. INITIAL CONDITIONS

It is well known that in order to resolve several
cosmological problems, such as the flatness and horizon
problems, one needs at least 50-60 e-foldings of inflation.
Moreover, the primordial power spectrum inspected by the
CMB observations is generated also at 50-60 e-foldings
before the end of inflation. Therefore, although inflation
can last more e-foldings, it is natural in numerical analysis
to take the starting point of the simulation at 60 e-foldings
before the end of inflation. Then, in order to find a solution
to Egs. (22)—(24), one should specify the initial conditions
for the corresponding functions.

As we discussed above, modes deep inside the horizon
oscillate and correspond to solution (36) in the Bunch-
Davies vacuum. In this regime, they represent quantum
fluctuations and do not contribute to the classical observ-
ables. Later due to the Universe expansion, the physical
momentum of a given mode decreases and the square of
the effective frequency changes its sign causing a tachyonic
instability. The corresponding mode function stops to osci-
llate and can be interpreted as a classical field. Therefore, in
order to impose the initial conditions, we should take into
account all modes which underwent the tachyonic insta-
bility before the initial moment of time.

Let us consider how the parameter £ evolves during the
slow-roll inflation in the absence of the backreaction of
generated EM fields. Using the KGF equation (13) for the
inflaton and the Friedmann equation (12) in the slow-roll
regime, we find

r@)lgl (@) Vil I'(o)M, -
2H 2 3H* A "

&l = (56)

where ¢, is the first Hubble-flow function which coincides

with the slow-roll parameter € [see Eq. (29)] in the slow-roll
regime [92]. The rate of time evolution of £ is given by

1] 1"(¢h
EE‘: YT \/2€ += €2<<1 (57)

where €, is the second Hubble-flow function from an
infinite sequence of such quantities [92]
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d1n€n Hi
€nt1 = dina’ €0 = (58)

and H; is the initial value of the Hubble parameter, which is
used as a reference point.

For the axionlike coupling (3), only the second term in
Eq. (57) remains. Then we conclude that during inflation &
changes adiabatically slowly and can be considered as a
constant for a few Hubble times. On the other hand, over
long periods of time it slightly changes and its value is

determined by the current values of ¢ and H. In other
words, it could be taken as a constant parameter in the
Maxwell equations, therefore, the generation of EM fields
is governed only by the value of £ at a given moment of
time. We can also approximate the space-time metric by the
de Sitter one assuming that the scale factor grows strictly
exponentially

1

t)=ell' = ——.
a(t)=e Hn

(59)

Clearly, this approximation is valid with high accuracy in
the slow-roll regime far from the end of inflation. Then
Eq. (34) takes the form
Al(n, k) + {kz +A¥} A;(n, k) =0. (60)
Since the conformal time during the inflation stage has the
negative sign, the second term in brackets in Eq. (60) for
A = sign(€) is negative and, for a certain range of momenta
k/(aH) < 2|&|, it becomes larger than the first term and
causes the tachyonic instability for the corresponding
modes. This instability is absent for modes with another
polarization, therefore, generated EM fields are helical. For
|€| Z 1, the amplification is very effective and the corre-
sponding fields can be considered as maximally helical,
i.e., one can simply neglect the second circular polarization
as we do below.
According to Ref. [68], the solution of Eq. (60) can be
found in terms of Coulomb wave functions [93]. However,

it is more convenient to use the approximate expression for
the growing mode for k/(aH) < 2|£| found in Ref. [66]:

A= WIEKIQ). Ay= = W(E)2Ka ).
(61)
where  W(|g[) = [e"¥Ishalé]/(zle)]'2 2 = 2\/2[¢]x

Vk/(aH), and K, (z) is the Macdonald function.
Substituting these expressions into Eqgs. (37)—(39), we obtain
the initial conditions for the corresponding expectation values
as functions of the parameter & at the initial moment of time:

n an+4w2(|§0|) 4¢ol 2n+7 2

0 = S, T (€
H"™ W2 (&) [4lél
n _ gn+l 0 2n+8

G(0) =21 St [ KK (2
(63)

n n Hn+4W2(|§0|) 4ol 2n+9 g2
B )<O) - 23n+13ﬂ.2|§0|n+4/0 MUK (z)dz. (64)

These integrals can be expressed in terms of the Meijer G
function and the corresponding results are listed in
Appendix A [see Egs. (A1)—(A2)] together with their asymp-
totic expressions in the two limiting cases |&)| < 1 and
S0l > 1.

V. SCHWINGER EFFECT

In this section, we determine the Schwinger conductivity
o and the energy density of charged particles p, created via
the Schwinger process. For the Schwinger current, we will
use the expressions derived in the minimal subtraction
scheme in Refs. [49,54]. Since the general expressions are
rather cumbersome, it is more convenient to use their
asymptotics governed by the parameters

m eE £O
E , L= m =e F, (65 )
where m and e are the mass and electric charge of created
particles, respectively.

The typical value of the Hubble parameter, which can be
fixed from the observations of the amplitude of primordial
perturbations [94], is H ~ 107°M, ~ 10'* GeV. Since the
lightest charged spin-1/2 particle, the electron, has a mass
m ~ 1073 GeV and the lightest charged scalar particle, the
pion, has a mass m ~ 0.1 GeV, we are interested in the
small mass limit M < 1.

At the beginning of inflation, the parameter & is usually
small because it is proportional to the square root of the
slow-roll parameter ¢, see Eq. (56). Thus, we may use
Eq. (A4) to estimate the initial value of the electric energy
density. Then the parameter L equals

4e

where b =exp(yg) and yr=0.577... is the Euler-
Mascheroni constant. For a general model of inflation
consistent with the CMB observations, ¢ at 50-60 e-
foldings before the end of inflation can be expressed in
terms of the tensor-to-scalar power ratio as € = r/16 <
1073 (according to the latest CMB observations by Planck
Collaboration and BICEP- Keck Array [94], the upper limit
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on ris r < 0.064). Then, for the coupling constant  ~ 10,
we have || ~0.1 and Ly~ 107%.

On the other hand, close to the end of inflation and for
the sufficiently large couplings that can cause the back-
reaction, the electric energy density is given by £ /2 =
PE ~ P poy = 3\/ep H*M? [see estimate (28)]. Then
L~ee'*p712M,/H ~10°-10° for H~107M, and
f ~ 10. Therefore, the values of L can vary in a wide range.

In the weak-field regime, L <1, the fermionic
Schwinger conductivity has the form [54]

e*H m
= 6In——6y;—1
o1 187:2( g oTE )
2aEM m
= 6In——6y,—1|H, 67
ot (ol o7 - 1) (67)

where agy = €%/(4n) ~ 1/137 is the fine structure con-
stant. It is easy to notice that the conductivity is negative in
the low mass limit m < H and could, in principle, enhance
the electric field. Such a possibility was investigated in
Ref. [61] where it was found that the enhancement is
negligible compared to the damping of the field due to the
Universe expansion because the Schwinger conductivity is
much less by the absolute value than the Hubble parameter
for physically relevant particle masses. Moreover, the
authors of Ref. [65] claim that the negative conductivity
is spurious and corresponds to nonlinear corrections to
the Maxwell action and the logarithmic running of the
coupling constant. In any case, the ratio 6/H is always
small and the Schwinger effect is negligible in the small-
field regime.

For bosons, the conductivity is positive and attains very
large values in the low mass regime where it diverges like
1/M? for M — 0 [49,55]. In the literature this phenomenon
is known as the infrared hyperconductivity. Since such a
behavior is observed only in the extremely low field regime
when L <« M < 1, itis never realized in the problem under
consideration because as we showed above L cannot take
extremely small values. For L > M, the conductivity quickly
diminishes to values typical in the fermionic case (67) (see
Ref. [55]). Thus, the Schwinger effect does not play any role
in the weak field regime.

The strong-field expressions (L > 1) for the Schwinger
conductivity are similar for bosons and fermions and have
the form

S=nAme T S=bt (68)

where g, = 1 and g, = 2 are the number of spin degrees of
freedom (d.o.f.). Expressing the conductivity in terms of
the energy density and neglecting the particles mass, we
obtain

P 9563 v 5(0) _ AEMYs
12723 H 372

LH. (69)

Then we conclude that the Schwinger effect is important
only in the strong field regime when L > 377 /agy > 1.
The corresponding condition for the electric energy density
reads as

3 3 2
I 4 T Pt
=33 -

Bagy M,

. (70)

g 8oy
Therefore, the strong-field expression (69) could be used all
the time. Although this expression is not correct in the weak
field regime, this is irrelevant for the dynamics of EM
fields.

Finally, we need also an equation governing the evolution
of created particles. It is natural to require that the energy
dissipated by EM fields is transferred into created particles.
Then the energy density of produced particles can be
described phenomenologically by the following equation:

p){ + 4Hp)( = O'sg(())v (71)

where the term on the right-hand side is exactly the same as in
Eq. (25) for the electric energy density, however, has the
opposite sign. Since we consider the particle mass to be
smaller than the Hubble parameter, we treat the created
particles as ultrarelativistic that gives the factor 4H in the
above equation.

VI. NUMERICAL RESULTS

Having derived an infinite chain of Egs. (22)—(24), we
introduce in this section an approximation scheme which
allows us to truncate this chain of equations and then
numerically solve it in a certain inflationary model. The
crucial physical input that allows us to perform this
truncation is the assumption that electric and magnetic
fields contribute equally to the energy density. This is a
numerically well-justified approximation, especially for the
small values of the coupling constant # < 10 (see, e.g.,
Fig. 6 in Ref. [86]). The generalization of this approxima-
tion scheme to higher order quantities is straightforward.
Indeed, we can assume that £ = B for a given n. This
makes it possible to keep only 2 equations in the nth order.
The first is the equation for G, where £+ = Br+1) g
assumed and B is replaced by £,

G 1 [(n+ 4)H + o]g™ — IEW = [GM),.  (72)

The second equation for (") + B™))/2 = £,

E 4 [(n-+4)H ol ~IG0 = (W], + (B,
(73)
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is obtained as the sum of equations (22) and (24) divided
by 2. Clearly, the two above equations together with the
Friedmann equation (12) for the scale factor, the KGF
equation (13) for the inflaton, and the equation for the
helicity ‘H form a closed system of evolution equations.
Thus, in the approximation scheme of order n, we deal with
3n + 5 ordinary differential equations.

Below we provide numerical solutions of the system of
equations discussed above for the inflationary model with
concave and even potential. The latter property ensures the
parity symmetry is preserved for the pseudoscalar inflaton
field. The requirement for the inflaton potential to be
concave follows from the recent CMB observations [94].
The best correspondence with observational data have the
plateau models. The T model of a attractors with hyper-
bolic tangent potential [95-97]

¢
VeaM,

is a typical representative of the plateau models. Here a is
a free parameter. For given values of a and the number of
e-foldings before the end of inflation when the pivot mode
crosses the Hubble horizon N,, one can determine the scalar
spectral index n, and the tensor-to-scalar power ratio r:

8N, + 6a +2+/3a(3a + 4)
4N? 4+ 2N, \/3a(3a + 4) + 3a’

(75)

(76)

V(p) = A*th? (74)

ng=1—-6¢,+2n, =1

48a
4N? 4+ 2N,\/3a(3a +4) + 3a

Varying @ and N, one can fill the region on the (ng,r)
diagram and compare the predictions of the model with the
constraints set by the CMB observations of Planck

r=16e, =

0 02 04 06 08
Myt
(a)

FIG. 1.

Collaboration [94]. In particular, for N, = 60, we found
that the range of @ compatible with the 68% C.L. constraints
is a < 20. For definiteness, we use @ = 1 in the numerical
analysis. For this value of the parameter «, the potential has
the form which is very similar to that of the well-known
Starobinsky model, which is another typical plateau model.

Finally, we should determine the strength of the potential
which gives the correct value of the scalar power spectrum
amplitude in Eq. (84) below,

A\ 6
(—) = 12224, ¢
M, 4N? +2N,\/3a(Ba + 4) + 3a

" 4N, +3a+ /3a(3a +4)
4N, = 3a++/3a(Ba+4)

Thus, fixing N, and a, we fully determine the inflaton
potential. Further, for a certain value of the coupling constant
p, we calculate &, and use it to determine the initial conditions
given by Eqgs. (A7)—(A9). For definiteness, we consider the
case of fermion charged particles created due to the
Schwinger effect and then calculate their electric conduc-
tivity by using Eq. (69). Then, we apply the nth order
approximation scheme and compute numerically the time
dependence of the inflaton, scale factor, and EM quadratic
functions (18)—(29).

Only relatively small values of the coupling constant
p < 10 are physically allowed, because for larger values the
reheating stage is spoiled and large non-Gaussianities in
primordial spectra are generated [84,86]. Nevertheless, we
will apply our method also for larger values of f in order to
study its applicability and to show more clearly some
characteristic features of the magnetogenesis process.
Figure 1 shows the time dependence of the inflaton field
[panel (a)] and the EM energy density [panel (b)] during the
inflation stage calculated in the approximation scheme with

(77)

107"}
n=I

10714} — Dot f=0
= o — = pem, B=10
% —-= pent, B=20

10720 PEM, =40

107>

10—26

The time dependence of the inflaton field (a) and the EM energy density (b) calculated using the approximation scheme with

n =1 for three different values of the coupling constant: f# = 10 (red dashed line), f = 20 (green dashed-dotted line), and f = 40
(purple dotted line). The blue solid lines show the time dependence of the inflaton field and the total energy density

Prot = 3H*M3, for f = 0.
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n = 1 for three nonzero values of the coupling constant. The
curves for the smallest value f = 10 are shown by the red
dashed lines. In this case, the inflaton field evolves in the
same way as in the absence of the coupling # = 0 (shown by
the blue solid line), meaning that the backreaction of the
generated EM field on the inflaton evolution is negligible.

On the other hand, for larger values of the coupling
constant f = 20 and f = 40 shown by the green dashed-
dotted line and the purple dotted line, respectively, the time
dependence of the energy density at a certain moment of
time begins to deviate from the unperturbed solution and
changes from fast exponential growth to almost constant
until the preheating stage when it starts to decay. As we
showed in Sec. II, the critical value of the EM energy
density when the backreaction becomes relevant is of the
order ppy ~ (V2€/ ) pins- In addition, for larger couplings,
the initial values and the boundary terms are larger too
leading to the generation of stronger fields. Consequently,
the backreaction takes place earlier for larger coupling
constant. These features are easily seen in Fig. 1(b). The
inflaton field also changes its behavior in the backreaction
regime, evolving more slowly and reaching the potential
minimum where it oscillates with small amplitude. Slowing
down of the inflaton rolling stops the generation of EM
fields which attain constant values.

Now, let us study how the results depend on the order of
the approximation scheme n and how different components
of the energy density evolve with time. The corresponding
results are shown in Fig. 2 for f = 10 for which the
backreaction is irrelevant. Panel (a) compares different
approximation schemes. The blue solid line corresponds to
the exact solution of the mode equation (34) with the
Bunch-Davies initial condition (36) in the assumption that

T T T T T

10714 |

10—16 L

4

[ 10718 |

10—20 I

PEM/

10—22 I

1 0724 |

10—26

0 0.2 0.4 0.6 0.8
Myt
()

the backreaction of the generated fields and the Schwinger
effect do not affect the background evolution. The purple
dotted line, green dashed-dotted line, and red dashed line
show the EM energy density calculated using the approxi-
mation schemes with n = 0 (equipartition between electric
and magnetic energy densities), n = 1, and n = 2, respec-
tively. First of all, it is very important that during the whole
inflation stage all three used approximation schemes give
results very close to the solution obtained by the numerical
integration of Eq. (34) without taking into account the
backreaction and Schwinger effect, see the main plot in
Fig. 2(a). The inset shows the time interval close to the end
of inflation in more detail. Inspecting it, we conclude that
higher approximation schemes are closer to the exact
solution. We should note, however, that the convergence
is asymptotic and higher order approximation schemes with
n > 3 deviate from the exact solution at late times. Perhaps
this can be explained by a large number of equations
(3n +5) which we have to deal with when applying the
scheme with large n as the computational errors increase
rapidly with n.

Figure 2(b) shows the different components of the
energy density calculated in the approximation scheme
with n = 2. The red dashed line gives the magnetic energy
density, the green dashed-dotted line shows the electric
energy density, the purple dotted line corresponds to the
energy density of charged particles created due to the
Schwinger effect. Finally, the blue solid line gives the total
energy density. We see that the EM energy density is
almost equally distributed between its electric and magnetic
parts. This was observed previously in numerical lattice
simulations performed in Refs. [84,86]. At the beginning of
inflation, the evolution of the EM field is determined by the

10—13
SN oz0
\ 7
T el
10717 o/"h |
X RE
N
10 _=2T
—-—--"‘"‘h-——-:-—- 4"'
10—25 - N ol N
0.7 0.8 0.9 1.0x107
Mt
(b)

FIG. 2. Panel (a): the time dependence of the EM energy density for the coupling constant = 10 calculated using three different
approximation schemes: n = 0 (purple dotted line), n = 1 (green dashed-dotted line), and n = 2 (red dashed line). For comparison, the
blue solid line shows the result obtained by numerical integration of Eq. (34) for all relevant modes without taking into account the
backreaction and Schwinger effect. The inset shows in more detail the region close to the end of inflation. Panel (b): the time dependence
of the total energy density (blue solid line), the magnetic energy density (red dashed line), the electric energy density (green dashed-
dotted line), and the energy density of charged particles generated due to the Schwinger effect (purple dotted line) calculated in the
approximation scheme with n = 2 for = 10. The thin black dashed line shows expression (70) which defines the electric energy

density when the Schwinger effect becomes important.
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FIG. 3.

competition of two processes: the Hubble damping due to
the Universe expansion [the second term on the left-hand
side of Egs. (22)—(24)] and enhancement due to new modes
crossing the horizon [the boundary terms on the right-hand
side of Egs. (22)—(24)]. Since for £~ 1 the magnetic
boundary term is larger than the electric one, see
Egs. (48) and (50), and the Hubble damping has the same
form, the ‘“equilibrium” value of the magnetic energy
density is larger than the electric one. However, close to
the end of inflation, the electric energy density starts
growing faster and crosses the magnetic energy density
curve, see Fig. 2(b). This growth can be explained by a
faster rolling of the inflaton and by the presence of the term
—2I'()pG in Eq. (22) for n = 0, which has the negative
sign and, thus, increases the time derivative. Note that such
a term is absent in Eq. (24) for the magnetic counterpart.
The second crossing of these curves is explained by a fast
decrease of the electric energy density due to the Schwinger
effect coming into play at the end of inflation. The energy
density of charged particles is negligibly small compared to
that of the EM field during almost the whole inflation stage.
Only close to the end of inflation, the electric field becomes
strong enough to satisfy condition (70) whose lower bound
is shown in Fig. 2(b) by the thin black dashed line. After
that, the Schwinger effect produces the charged particles
more intensively and their energy density quickly becomes
comparable to that of the EM field.

Further, let us consider larger values of the coupling
constant. The plots similar to Fig. 2 are shown in Fig. 3 for
f = 20. According to panel (a), the backreaction becomes
important close to the end of inflation. Consequently, the EM
energy density suddenly stops growing and deviates from the
result obtained neglecting the backreaction (blue solid line).
As in the case of small f, higher order approximation
schemes are in better correspondence with the exact solution,
however, only for small n. Finally, Fig. 3(b) shows that the
Schwinger effect comes into play a bit earlier than for f = 10
and produces much more charged particles. Close to the end
of inflation, their energy density becomes larger than that of

%
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e
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0.7 0.8 0.9 1.0x107
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The same as shown in Fig. 2 for the coupling constant § = 20.

the EM field and, due to the decrease of the inflaton energy
density, it finally becomes the dominant part of the energy
density of the Universe. Thus, the Schwinger effect helps to
fill the Universe with charged particles even before the stage
of inflaton fast oscillations. In the literature, this is known as
the “Schwinger preheating” scenario [38,57].

We also studied how the Schwinger effect influences the
electric field. Figure 4 shows the time dependence of the
electric energy density for three values of the electric charge
of created particles. The blue solid line corresponds to the
case without the Schwinger effect (e = 0). Here, after
entering the backreaction regime, the electric energy density
remains almost constant with small oscillations. For nonzero
electric charge, the Schwinger effect turns on near the end of
inflation and suppresses the electric energy density compared
to the case e = 0. This suppression is stronger and occurs
earlier for larger values of the electric charge. Indeed, the
lower bound for the electric energy density (70), when the
Schwinger effect becomes important, depends on the electric

10—13 |
n=1, £=20
= 10716} =0
- — e=¢
g —-— e=2e
S 1070 -
10722 |
0.7 0.8 0.9 1.0x107
Myt

FIG. 4. The time dependence of the electric energy density
calculated in the approximation scheme n = 1 for the coupling
constant f =20 and three values of the charge of spin-1/2
particles: ¢ = 0 when the Schwinger effect is turned off (blue
solid line), e = ¢ (red dashed line), and e = 2¢ (green dashed-
dotted line). Here ey = v/4zmagy is the absolute value of the
electron charge.
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Vi
(a)

FIG. 5.

0.0

(b)

The dependence of the energy density (a) and the correlation length (b) of the generated magnetic field on coupling constant

at the end of inflation calculated by using three approximation schemes: n = 0 (blue solid line), n = 1 (red dashed line), and n = 2

(green dashed-dotted line).

charge as e~%. Therefore, increasing the charge twice should
suppress the electric field by 2° = 64, which is in nice
correspondence with the results in Fig. 4.

Finally, we calculated the magnetic energy density and the
magnetic correlation length at the end of inflation. These
quantities, determined in three approximation schemes with
n =20, 1, and 2, are given in Fig. 5 as functions of the
coupling constant . Panel (a) shows that the magnetic
energy density at first grows with § and then starting from
B ~ 10 approaches a constant value pg ~ 107'2M7, which
slightly depends on the applied approximation scheme. The
latter behavior can be explained by the fact thatfor # > 10the
backreaction regime occurs prior to the end of inflation and
the growth of the EM field terminates. Thus, for large /3, the
backreaction imposes a universal upper bound for the
magnetic energy density generated during inflation which
does not depend on . The correlation length Az always has
the same order of magnitude, namely, Az ~ 10°M,", whichis
of the same order as the horizon at the end of inflation
Ay = 1/H,.Forlarge values of 3, all approximation schemes
give almost the same results recovering the universal
behavior in the backreaction regime. However, for small
p, different approximation schemes produce the results
differing by a factor 2 to 5. The correlation scale (53) is
proportional to the ratio of B(%) to B(-") and changes in a
small range. Thus, even relatively small differences in B in
different approximation schemes [see, e.g., Figs. 2(a) and
3(a)] lead to visible deviations in Ag.

VII. POSTINFLATIONARY EVOLUTION
OF THE MAGNETIC FIELD

Another important issue in the study of magnetogenesis
is to determine how magnetic fields generated during
inflation evolve through the sequence of cosmological
epochs until the present. After the end of inflation, the
preheating takes place when the inflaton field oscillates in

the potential minimum and decays into different particles.
The EM field could be amplified during the preheating
stage due to the interaction with the rapidly oscillating
inflaton, e.g., through the mechanism of parametric reso-
nance [73,74,84,98]. However, our method is inapplicable
at this stage for several reasons: (i) the boundary terms were
derived for the inflationary background when new modes
cross the horizon, while during the preheating stage they
reenter the horizon; (ii) the expressions for the Schwinger
current were derived for the de Sitter-like background
where H is almost constant; (iii) finally, our approximation
scheme assuming £ = B would break down because
the Schwinger effect suppresses the electric component
compared to the magnetic one. Moreover, the backreaction
regime, which is favorable for obtaining large magnetic
fields, slows down the inflaton evolution decreasing its
oscillation amplitude and reducing the efficiency of the
parametric resonance. Another source of the magnetic
field amplification could be the power exchange with the
electric field due to the Faraday law [99]. However, this
mechanism requires electric fields much stronger than the
magnetic ones, which is not the case in the problem under
consideration. Therefore, we will assume in what follows
that the magnetic field is not enhanced during the preheat-
ing stage.

Further, during reheating, the plasma of created particles
thermalizes and the Universe enters its hot radiation
dominated phase. We will assume that at this stage the
turbulent regime does not occur and the magnetic field and
its correlation length evolve adiabatically, i.e., the corre-
sponding comoving quantities remain constant:

Bltws) = B(1,) = Bz, (—0)

In(tn) = Za(t0) = Ap(10) 22, (78)

e

where the rescaling factor ag/a, is determined below.
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There are many models describing reheating in the
literature, see Refs. [100-104] for a review. However, the
lack of observational data does not allow one to discriminate
between them. Nevertheless, this stage can be described
phenomenologically by two parameters such as the temper-
ature at the end of reheating 7';, and the effective equation of
state w which is defined as follows [92,105]:

1 Nrch
W= —- N)dN, 79
v Nreh_Ne /V() W( ) ( )

where w(N) = p/p is the current value of the equation
of state parameter and N, and N, are the numbers
of e-foldings at the end of inflation and reheating, respec-
tively. Using the energy conservation law

p+3H(p+p) =0, (80)

we can relate the scale factors and energies at the end of
inflation and reheating through w as

Ureh _ (preh) _m (81)

e Pe

The energy density at the end of inflation depends on the
inflationary model and in the absence of the backreaction of
EM fields can be expressed in terms of the inflaton potential

3
=V.. 82
Ve (52)
Indeed, using Eq. (80) and the Hubble equation
H? = p/(3M3%), we find the following relation between
pressure and the energy density:

p =p<§61 - 1), (83)

where ¢ is the first Hubble flow parameter, see Eq. (58).
Taking into account that ¢; = 1 when inflation ends, we
obtain p, = —p,/3 which implies Eq. (82). Moreover,
Eq. (82) can be also used as an order-of-magnitude estimate
of the energy density at the end of inflation even in the case
when the backreaction occurs, because, as we see from the
numerical results in, e.g., Fig. 3(b), the energy density is
distributed between the inflaton, the EM field, and charged
particles in comparable amounts.

Further, the CMB observations [94] provide constraints on
the amplitude and spectral properties of the primordial
perturbations which, in turn, can be expressed through the
inflaton potential at the moment when the pivot scale &, exits
the Hubble horizon (in what follows we mark all quantities at
this moment by asterisk). In particular, the amplitude of the
power spectrum of scalar perturbations equals

H2 2
Ay = ( : )
27|

Pe =

1V,
.  24x%e, M‘Iﬁ '

(84)

The tensor-to-scalar power ratio depends on the first slow-
roll parameter according to r = 16¢,. Combining these two
equations, we find the corresponding value of the inflaton
potential

3
V, = EﬂzAer‘I‘,. (85)
Then the energy density at the end of inflation is given by
9 V.
Do :ZﬂzASI’V—*M‘;,, (86)

where A; ~2.1 x 107 is the spectral amplitude of scalar
perturbations. The tensor-to-scalar power ratio is bounded
from above by r < 0.064 [94] and its typical value in the
plateau models is of order 0.01. We would like to note that
V,/V,.~O(0.1) in the majority of inflationary models
except the case of the large-field inflation V(¢) o ¢", which
is strongly disfavored according to the results of the Planck
mission [94]. Then the typical value of the energy density at
the end of inflation is

pe~10719M7 ~3.3 x 109 GeV. (87)
The energy density at the end of reheating can be

expressed through the corresponding temperature as usual

7 .
Preh = %grehTreh’ (88)

where g, 1S the effective number of relativistic d.o.f. at that
time. Using the entropy conservation relation, we can relate
the scale factors at the end of reheating and the present time

as follows:
ap — (greh> 1/3 Treh (89)
Areh 90 TO '

where T, =2.725 K =2.35x 10713 GeV is the present
CMB temperature and gy =2 + 3 x 2 x % X 14—1 =~ 3.9 is the
effective number of relativistic d.o.f. at present. Collecting
all together, we obtain the rescaling factor

1 3w—1

W 2\ ——
ap W) 3w 30w =1 —1/3 [ T 3(14w)
— = Pe Treh Greh T() 90 % ’ (90)
ae

which determines the comoving quantities (78) at the end
of reheating.

Further, in the radiatively dominated epoch, the plasma is
highly dense and conductive with extremely large kinetic
and magnetic Reynolds numbers. In this turbulent regime
the helical magnetic fields undergo the inverse cascade. The
comoving helicity conservation and the equipartition of
energy between the kinetic motion in plasma and the
magnetic field imply [17,18,106]

B iy g3, (91)
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where # is the conformal time. The spectrum of the
magnetic field shifts to larger wavelength and lower
magnitude and is self-similar all the time.

The inverse cascade takes place only in the turbulent
regime which occurs when the Reynolds number is large.
However, during the radiation domination epoch the
turbulent phases alternate with the MHD viscous stages
which include the periods of adiabatic evolution with 15 =
const and the periods of rapid damping due to the free-
streaming of the neutrinos or photons giving the major
contribution to the viscosity. It was shown in Ref. [106] that
the evolution during the viscous stage gives approximately
such values for the comoving magnetic field and its
correlation length as if the viscous stage were absent at
all. In other words, for numerical estimates of the comoving
quantities, it is possible to assume that the magnetic field
from the end of reheating until recombination evolves in the
inverse cascade regime.

Taking into account that 7 « a o« T~! during the radia-
tion dominated stage and # «x a'/?> « T~'/? during the
matter dominated epoch, we obtain the following comoving
quantities at the moment of recombination:

~ ~ Teg\'3 (Tree \ /0
B(tree) = B(t.) =)
Treh Teq

- ~ T -2/3 /T -1/3
Ap(tee) = Ag(t,) [ =2 = . 93
B( rec) B( e) <Treh> <Teq> ( )

where Ty = 6.54 x 10*Q,0h* K~9.16 x 10° K is the
temperature at the matter-radiation equality and 7 ..~
4 x 10 K is the temperature at recombination.

If the correlation scale of the magnetic field becomes
larger than the cosmic diffusion length Ly ~ 1 A.U., then
the magnetic field after recombination will undergo the free
adiabatic evolution and Egs. (92) and (93) give the present
day values of the magnetic field and its correlation length. On
the contrary, if the correlation length is smaller than L g, the
modes with shorter wavelengths than Lg; decay after
recombination. In this case, in order to find the present

(92)

day value of the magnetic field, we should know the spectral
index np which parametrizes the magnetic power spectrum
dpg/dInk « k"5, Assuming that ng > 1 (this is correct for
magnetogenesis in pseudoscalar inflation, see Refs. [17,66]),
we obtain the following present day value of the magnetic
field and its coherence length for Ag(tee) < Lai:

n

= Blan [2212)]

Ldiff

vl

B(ty) Ag(to) = (94)

L diff -

We will see below that for realistic values of the inflaton
energy density and reheating temperature the correlation
length at recombination appears to be larger than the cosmic
diffusion scale and rescaling (94) is not needed.

Finally, using Egs. (78), (90), (92), and (93), we derive
the general formulas for the present day magnetic field and
its coherence length:

30p€ - liw 2/’; 9 1/6
2 grehTreh g T (TrecT ) s

Bl1o) = 2p3<te>{
(95)

30p,
Aalio) =) g

reh” reh

= 3(l+n —~1/3
T5W+1:| 9% / T (TrecT ) 1/3‘

(96)

In order to estimate the numerical values of the present
day quantities (95)—(96), we consider two possible equa-
tions of state during reheating, namely, w =0 if the
preheating is described by decaying oscillations of the
inflaton and w = 1/3 if the Schwinger effect is strong
enough to transfer almost all energy density into ultra-
relativistic charged particles or assuming that reheating is
instantaneous. Choosing 10'* GeV as a reference point for
the reheating temperature, we obtain

16 2z 1/2 2B 1y V3 -
B(t ) 4.6 <10 <16"2M4) (10-‘0M4) (1014 éeV) ’ for w =0, (97)
R PRINSTSE G( )”2( ) '/2( Ty )‘1/3 for = 1/3
10~ 12M4 10~ lOM4 10 GeV ’ -
13 13 _
P L1x 107 Mpc(loﬁ( )‘) (lo-/‘)SMé) / (10]{%6\’) "L for @ =0, 08
slto) = v It \ (e \VA(_ T \2/3 _ %)
3.7 x 10~" Mpc DRI ANTRTH TExsY , forw=1/3.

Since the correlation scale is typically lower than 1 Mpc, in order to compare our results with the data of gamma-ray

observations [ 1-5], we find the following expression for the effective field B.iy = B 1/ 15/ (1 Mpc) by using Egs. (97) and (98):
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4.8 %107 6 (onfier) " (st

10~ 12M4
B (ty) =

N2 N-U2( 1, \1/2 _
e e rel p—
M 10-10A7% 07 Gey) - forw=0,

(99)

We determined in the previous section the numerical
values of the magnetic energy density and correlation
length at the end of inflation in the a-attractor model. By
using them we estimate now the present day values of the
magnetic field and its correlation scale. The energy
density at the end of inflation is of order p, ~ 107'M3.
In the most optimistic case, the magnetic energy density is of
order pp(t,) ~ 107'2M? and the correlation scale is always

Ap(t,) ~10°M;'. Then, for the equation of state with
w = 0, we obtain By~ 5 x 10710 G(~—5=—

TGk V)1/3 and Az =~
10~ Mpc( 014“(}‘} V)1/ 3. The effective magnitude of the
magnetic field is equal to By =5 x 1071 G(5ro) /.
For w=1/3, the present day quantities are B~

41071 G(igho) '3, Ago =4 x 1077 Mpe(igretg)'/?,
and By ~2.5 x 10718 G.

Higher values of the magnetic field are generated for larger
reheating temperature 7,;,. However, the latter cannot
exceed T ~ 10" GeV for which all energy density of
the inflaton p, instantaneously transfers into radiation during
reheating. In general, lower values of 7', lead to lower B,
except for w = 1/3. However, in this case, the correlation
scale decreases with T, so that the effective strength of the
magnetic field on the Mpc scale always remains of order
1078 G. Therefore, even the most optimistic estimate can
hardly explain the strength of the intergalactic magnetic
fields from the distant blazar observations [1-5].

VIII. CONCLUSION

In this work we investigated the influence of the back-
reaction of the EM field and the Schwinger effect on
magnetogenesis in the pseudoscalar inflation model with
the axial coupling of the EM field to the inflaton via the
term (/M ,)F WF #_In order to perform a self-consistent
study of this system, we extended the framework proposed
in Ref. [38], where magnetogenesis in the kinetic coupling
model was studied. Its essence is a closed set of ordinary
differential equations that describe the self-consistent
evolution of classical observables in the form of quadratic
functions of the electric and magnetic fields with an
arbitrary number of the curls. The quantum origin of these
observables is incorporated in the form of boundary terms
in the corresponding evolution equations. These terms
come from the contribution of EM modes which cross
the horizon and undergo the quantum-to-classical transition
transforming from the Bunch-Davies vacuum state to a
state with large filling number.

-18 s(te) \1/2 ( 2s(1.)
2.5 % 1078 G () (i

20, \-3/8
]7] 10_]0M‘}7 ’

for w=1/3.

The evolution equations for the expectation values of
quadratic functions of the electric and magnetic fields
contain terms with an extra power of the spatial curl.
This results in an infinite chain of equations for the
corresponding classical observables. Therefore, some
additional physical arguments should be used in order to
terminate this system of equations to a finite set of
equations. Since the coupling to the inflaton is symmetric
with respect to the electric and magnetic fields, the
physically reasonable approximation could be to set
(E - (rot)"E) = (B - (rot)"B) for a certain n. For n =0,
this corresponds to an approximate equipartition of the
energy density between the electric and magnetic com-
ponents as found in the previous numerical studies [84,86]
for small coupling constant. Going to higher order in n
seems to be a natural straightforward generalization.

The backreaction of the generated EM fields occurs
when their energy density exceeds the value pgy ~
(V2€/P)pins slowing down the inflaton rolling along the
slope of the potential. This makes the magnetogenesis less
effective and the energy density of the EM field terminates
the exponential growth of electromagnetic fields which
remain almost constant until the preheating stage.

The generated strong electric fields lead to the charged
particles production via the Schwinger process. Although
there is also a particle production by the time-dependent
metric of the expanding Universe, this contribution can be
neglected in the strong field regime py > H*/agy. Analytic
expressions for the Schwinger current can be derived only in
the simple case of a constant electric field in de Sitter
background [49-56,58-60]. However, as was shown in
Ref. [62], the form of the current for a time-dependent
electric field in the strong field regime is the same as in the
case of a constant field. We analyzed the importance of the
Schwinger effect and found that it can affect magnetogenesis
only if the inequalities pp > (97°/8)H*/aiy, > H*/apy
are satisfied, i.e., only in the strong field regime.

For numerical analysis, we used the a-attractor model,
which is a typical representative of the plateau models of
inflation. The strength of the potential was chosen from the
requirement of generation of the correct scalar power spec-
trum amplitude. We considered only the last 60 e-foldings
of inflation although it can last much more. Taking this into
account we imposed the initial conditions for the EM obser-
vables. Although the previous numerical studies [84,86]
excluded the range of coupling constants > 10 in view of
large inflaton perturbations and non-Gaussianities in the
primordial spectra, we consider also large values of f in
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order to test our method and to demonstrate more clearly
the features of the backreaction regime.

We applied three approximation schemes with n = 0, 1, 2,
and compared their results with those found via the exact
integration of the mode equation (34), which does not take
into account the backreaction and the Schwinger effect. For
early times when the EM field is weak and does not cause the
backreaction, all approximation schemes give the results
which satisfactorily agree with the exact result. Close to the
end of inflation, the backreaction takes place for # > 10 and
we observe the changes in the behavior of the EM energy
density as predicted analytically. The Schwinger effect comes
into play also only near the end of inflation. It suppresses the
electric energy density and produces charged ultrarelativistic
particles which can make the Universe radiation dominated
even before the reheating stage. Indeed, for large values of the
coupling constant # = 20, the energy density of created
particles becomes comparable with that of the inflaton at
the end of inflation. This means that the Schwinger preheating
should be also considered as an important complementary
scenario to the standard one with the inflaton perturbative
decay and parametric resonance.

Finally, we took into account the postinflationary evo-
lution of the magnetic field and estimated its present day
value. Because of the fact that the axial coupling to the
inflaton enhances only one circular polarization of the EM
modes, the generated magnetic fields have nontrivial
helicity. Moreover, if the enhancement is significant, then
the generated magnetic field is close to maximally helical
because the second polarization may be neglected at all.
The evolution of such a magnetic field is not described by
the adiabatic decay due to the Universe expansion B « a™>.
In the turbulent plasma the magnetic field undergoes the
inverse cascade when the magnetic energy is transferred
from the short to large scales due to the helicity con-
servation. This helps to increase the correlation scale of the
generated magnetic field and, as a result, to avoid the
cosmic diffusion after the recombination stage. Taking
the most optimistic estimate, the present day value of the
magnetic field cannot exceed 10715 G with the correlation
length of 1 pc. This means that the effective magnetic field
strength, which should be compared with the distant blazar

observations, equals B = Bgy/4z0/(1 Mpc) ~ 10718 G
and can hardly explain the observational data.

In this work we did not consider the inflaton and
curvature perturbations generated by the EM field. Since
the EM field affects the inflaton evolution, it can spoil the
spectrum of the scalar and tensor perturbations probed by
the CMB observations. This can also be used to constrain
the parameter space of the model. However, the self-
consistent inclusion of these perturbations into the system
of equations would significantly complicate calculations
and, therefore, it should be addressed elsewhere.
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APPENDIX: DERIVATION OF THE
INITIAL CONDITIONS

In this Appendix we present the explicit expressions for
the initial values of the EM quadratic functions (18)—(20).
They can be calculated in the approximation of an
adiabatically slow change of the parameter ¢ defined in
Eq. (35). Substituting the approximate solution (61) into
Egs. (37)—(39), we obtained the initial conditions (62)—(64)
in the integral form as functions of &,, which is the value of
¢ at the initial moment of time when the simulation starts.

The corresponding integrals can be calculated in terms of
Meijer G functions [93]. We have

H 4 em%lsh(rr| &) 1;n+9/2
£ Q) = 0 G3-1<16 2 ’ > Al
0) 23t 5/2| g |n 3 724 %0 n+4,n+4,n+40 (A1)
H"+eml%lsh(r|&)) 1;n+9/2
() (Q) = Ant! 07 G31( 16£2 ’ , A2
g I3 gS/2 g [t T2 %), +4,n+4,n+5;0 (A2)
H"Hemolsh(z|&|) Lin+11/2
B (0) = 0V G 1622 ’ . A3
(0) 23+ 75/2| g |ntS 24 %0 n+4,n+5n+6;0 (A3)

For further convenience, we derive also the asymptotic expressions in the limiting cases of small and large |&,|. For |&)| < 1,
we can expand the Macdonald functions to the leading order for z — 0 and then the integrals can be easily calculated:
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Hn+4(2|§ |)n+6
(M (0) m A 20
£m(0) 27%(n +4)3

—2(n+4)In(2b|&|) + 1],

[2(n +4)*In(2b1,)
(A4)

H" 4 (2]&o )"

g(n)(o) ~ gl [1 -2(n+4) ln(2b|§o|)]’

47*(n + 4)?
(AS)
B (0) LD (A6)

4r*(n+4)

where b =exp(yg) and yg=0.577... is the Euler-
Mascheroni constant. In the opposite case || > 1, the
upper bound of integration in Egs. (62)—(64) can be extended
to infinity. Then by using Eqgs. (A10)—(A12), we obtain

an+462n\§U\ [(n+3)!]4

EMW(0) ~ A :
( ) 7[3‘§O|n+3 2n+5(2n+7)!

(A7)

" H 420l [(n 4+ 3)1)*(n + 4)
”3|§0|n+4 2n+7(2n + 7)y ’

G (0) ~ A (A8)

JHMHS [(n+)]* n+5

BM™(0) ~ A )
0) &5 27 (2n 4 9)!n + 4

(A9)

We present here also the integrals used in the derivation
of Egs. (A7)—(A8):

00 il B 2"_1(1’1!)3
/O 2K (z)dz = CTESNE (A10)
© i 27 M= 1)l (n+1)!
A 2R3 (z)dz = ZEDI . (ALl
A " 2 Ko(2)K ) (2)dz = w (A12)

[1] A. Neronov and I. Vovk, Evidence for strong extragalactic
magnetic fields from Fermi observations of TeV blazars,
Science 328, 73 (2010).

[2] E. Tavecchio, G. Ghisellini, L. Foschini, G. Bonnoli, G.
Ghirlanda, and P. Coppi, The intergalactic magnetic field
constrained by Fermi/LAT observations of the TeV blazar
1ES 0229+200, Mon. Not. R. Astron. Soc. 406, 1.70
(2010).

[3] A.M. Taylor, I. Vovk, and A. Neronov, Extragalactic
magnetic fields constraints from simultaneous GeV-TeV
observations of blazars, Astron. Astrophys. 529, Al44
(2011).

[4] C.D. Dermer, M. Cavadini, S. Razzaque, J. D. Finke, J.
Chiang, and B. Lott, Time delay of cascade radiation for
TeV blazars and the measurement of the intergalactic
magnetic field, Astrophys. J. Lett. 733, L21 (2011).

[5] C. Caprini and S. Gabici, Gamma-ray observations of
blazars and the intergalactic magnetic field spectrum, Phys.
Rev. D 91, 123514 (2015).

[6] P.A.R. Ade et al. (Planck Collaboration), Planck 2015
results. XIX. Constraints on primordial magnetic fields,
Astron. Astrophys. 594, A19 (2016).

[7] D.R. Sutton, C. Feng, and C.L. Reichardt, Current and
future constraints on primordial magnetic fields, Astro-
phys. J. 846, 164 (2017).

[8] K. Jedamzik and A. Saveliev, A Stringent Limit on
Primordial Magnetic Fields from the Cosmic Microwave
Backround Radiation, Phys. Rev. Lett. 123, 021301
(2019).

[9] D. Paoletti, J. Chluba, F. Finelli, and J. A. Rubino-Martin,
Improved CMB anisotropy constraints on primordial

magnetic fields from the post-recombination ionization
history, Mon. Not. R. Astron. Soc. 484, 185 (2019).

[10] M. Giovannini, Probing large-scale magnetism with the
cosmic microwave background, Classical Quantum
Gravity 35, 084003 (2018).

[11] J.D. Bray and A.M.M. Scaife, An upper limit on the
strength of the extragalactic magnetic field from ultra-high-
energy cosmic-ray anisotropy, Astrophys. J. 861, 3 (2018).

[12] P.P. Kronberg, Extragalactic magnetic fields, Rep. Prog.
Phys. 57, 325 (1994).

[13] D. Grasso and H.R. Rubinstein, Magnetic fields in the
early Universe, Phys. Rep. 348, 163 (2001).

[14] L. M. Widrow, Origin of galactic and extragalactic mag-
netic fields, Rev. Mod. Phys. 74, 775 (2002).

[15] M. Giovannini, The magnetized Universe, Int. J. Mod.
Phys. D 13, 391 (2004).

[16] A. Kandus, K. E. Kunze, and C.G. Tsagas, Primordial
magnetogenesis, Phys. Rep. 505, 1 (2011).

[17] R. Durrer and A. Neronov, Cosmological magnetic fields:
Their generation, evolution and observation, Astron.
Astrophys. Rev. 21, 62 (2013).

[18] K. Subramanian, The origin, evolution and signatures of
primordial magnetic fields, Rep. Prog. Phys. 79, 076901
(2016).

[19] L. Biermann, Uber den ursprung der magnetfelder auf
sternen und im interstellaren raum. (About the origin of the
magnetic fields in stars and in the interstellar space), Z.
Naturforsch. A 5, 65 (1950).

[20] R. E. Pudritz and J. Silk, The origin of magnetic fields and
primordial stars in protogalaxies, Astrophys. J. 342, 650
(1989).

063523-18


https://doi.org/10.1126/science.1184192
https://doi.org/10.1111/j.1745-3933.2010.00884.x
https://doi.org/10.1111/j.1745-3933.2010.00884.x
https://doi.org/10.1051/0004-6361/201116441
https://doi.org/10.1051/0004-6361/201116441
https://doi.org/10.1088/2041-8205/733/2/L21
https://doi.org/10.1103/PhysRevD.91.123514
https://doi.org/10.1103/PhysRevD.91.123514
https://doi.org/10.1051/0004-6361/201525821
https://doi.org/10.3847/1538-4357/aa85e2
https://doi.org/10.3847/1538-4357/aa85e2
https://doi.org/10.1103/PhysRevLett.123.021301
https://doi.org/10.1103/PhysRevLett.123.021301
https://doi.org/10.1093/mnras/sty3521
https://doi.org/10.1088/1361-6382/aab17d
https://doi.org/10.1088/1361-6382/aab17d
https://doi.org/10.3847/1538-4357/aac777
https://doi.org/10.1088/0034-4885/57/4/001
https://doi.org/10.1088/0034-4885/57/4/001
https://doi.org/10.1016/S0370-1573(00)00110-1
https://doi.org/10.1103/RevModPhys.74.775
https://doi.org/10.1142/S0218271804004530
https://doi.org/10.1142/S0218271804004530
https://doi.org/10.1016/j.physrep.2011.03.001
https://doi.org/10.1007/s00159-013-0062-7
https://doi.org/10.1007/s00159-013-0062-7
https://doi.org/10.1088/0034-4885/79/7/076901
https://doi.org/10.1088/0034-4885/79/7/076901
https://doi.org/10.1515/zna-1950-0201
https://doi.org/10.1515/zna-1950-0201
https://doi.org/10.1086/167625
https://doi.org/10.1086/167625

BACKREACTION OF ELECTROMAGNETIC FIELDS AND ...

PHYS. REV. D 100, 063523 (2019)

[21] N. Y. Gnedin, A. Ferrara, and E. G. Zweibel, Generation of
the primordial magnetic fields during cosmological reio-
nization, Astrophys. J. 539, 505 (2000).

[22] Ya.B. Zeldovich, A. A. Ruzmaikin, and D. D. Sokoloff,
Magnetic Fields in Astrophysics (Gordon and Breach, New
York, 1990).

[23] H. Lesch and M. Chiba, Protogalactic evolution and
magnetic fields, Astron. Astrophys. 297, 305 (1995).

[24] R. Kulsrud, S.C. Cowley, A.V. Gruzinov, and R.N.
Sudan, Dynamos and cosmic magnetic fields, Phys.
Rep. 283, 213 (1997).

[25] S. A. Colgate and H. Li, The origin of the magnetic fields
of the universe: The plasma astrophysics of the free energy
of the Universe, Phys. Plasmas 8, 2425 (2001).

[26] C.J. Hogan, Magnetohydrodynamic Effects of a First-
Order Cosmological Phase Transition, Phys. Rev. Lett. 51,
1488 (1983).

[27] J. M. Quashnock, A. Loeb, and D. N. Spergel, Magnetic
field generation during the cosmological QCD phase
transition, Astrophys. J. 344, L49 (1989).

[28] T. Vachaspati, Magnetic fields from cosmological phase
transitions, Phys. Lett. B 265, 258 (1991).

[29] B.-L. Cheng and A. V. Olinto, Primordial magnetic fields
generated in the quark-hadron transition, Phys. Rev. D 50,
2421 (1994).

[30] G. Sigl, A. V. Olinto, and K. Jedamzik, Primordial mag-
netic fields from cosmological first order phase transitions,
Phys. Rev. D 55, 4582 (1997).

[31] J. Ahonen and K. Enqvist, Magnetic field generation in
first order phase transition bubble collisions, Phys. Rev. D
57, 664 (1998).

[32] M.S. Turner and L.M. Widrow, Inflation-produced,
large-scale magnetic fields, Phys. Rev. D 37, 2743
(1988).

[33] B. Ratra, Cosmological ‘seed’ magnetic field from in-
flation, Astrophys. J. 391, L1 (1992).

[34] L. Parker, Particle Creation in Expanding Universes, Phys.
Rev. Lett. 21, 562 (1968).

[35] W.D. Garretson, G. B. Field, and S. M. Carroll, Primordial
magnetic fields from pseudo Goldstone bosons, Phys. Rev.
D 46, 5346 (1992).

[36] A.D. Dolgov, Breaking of conformal invariance and
electromagnetic field generation in the Universe, Phys.
Rev. D 48, 2499 (1993).

[37] V. Demozzi, V. M. Mukhanov, and H. Rubinstein, Mag-
netic fields from inflation?, J. Cosmol. Astropart. Phys. 08
(2009) 025.

[38] O.0. Sobol, E.V. Gorbar, M. Kamarpour, and S.I
Vilchinskii, Influence of backreaction of electric fields
and Schwinger effect on inflationary magnetogenesis,
Phys. Rev. D 98, 063534 (2018).

[39] M. Giovannini, Variation of the gauge couplings during
inflation, Phys. Rev. D 64, 061301(R) (2001).

[40] K. Bamba and J. Yokoyama, Large-scale magnetic fields
from inflation in dilaton electromagnetism, Phys. Rev. D
69, 043507 (2004).

[41] J. Martin and J. Yokoyama, Generation of large scale
magnetic fields in single-field inflation, J. Cosmol.
Astropart. Phys. 01 (2008) 025.

[42] S. Kanno, J. Soda, and M. Watanabe, Cosmological
magnetic fields from inflation and backreaction, J. Cosmol.
Astropart. Phys. 12 (2009) 009.

[43] R.J.Z. Ferreira, R. K. Jain, and M. S. Sloth, Inflationary
magnetogenesis without the strong coupling problem, J.
Cosmol. Astropart. Phys. 10 (2013) 004.

[44] R.J.Z. Ferreira, R. K. Jain, and M. S. Sloth, Inflationary
magnetogenesis without the strong coupling problem II:
Constraints from CMB anisotropies and B-modes, J.
Cosmol. Astropart. Phys. 06 (2014) 053.

[45] S. Vilchinskii, O. Sobol, E. V. Gorbar, and 1. Rudenok,
Magnetogenesis during inflation and preheating in the
Starobinsky model, Phys. Rev. D 95, 083509 (2017).

[46] R. Sharma, S. Jagannathan, T.R. Seshadri, and K. Sub-
ramanian, Challenges in inflationary magnetogenesis:
Constraints from strong coupling, backreaction, and the
Schwinger effect, Phys. Rev. D 96, 083511 (2017).

[47] O. Savchenko and Yu. Shtanov, Magnetogenesis
by non-minimal coupling to gravity in the Starobinsky
inflationary model, J. Cosmol. Astropart. Phys. 10
(2018) 040.

[48] J. Schwinger, On gauge invariance and vacuum polariza-
tion, Phys. Rev. 82, 664 (1951).

[49] T. Kobayashi and N. Afshordi, Schwinger effect in 4D de
Sitter space and constraints on magnetogenesis in the early
Universe, J. High Energy Phys. 10 (2014) 166.

[50] M. B. Frob, J. Garriga, S. Kanno, M. Sasaki, J. Soda, T.
Tanaka, and A. Vilenkin, Schwinger effect in de Sitter
space, J. Cosmol. Astropart. Phys. 04 (2014) 009.

[51] E. Bavarsad, C. Stahl, and S.-S. Xue, Scalar current of
created pairs by Schwinger mechanism in de Sitter
spacetime, Phys. Rev. D 94, 104011 (2016).

[52] C. Stahl, E. Strobel, and S.-S. Xue, Fermionic current and
Schwinger effect in de Sitter spacetime, Phys. Rev. D 93,
025004 (2016).

[53] C. Stahl and S.-S. Xue, Schwinger effect and backreaction
in de Sitter spacetime, Phys. Lett. B 760, 288 (2016).

[54] T. Hayashinaka, T. Fujita, and J. Yokoyama, Fermionic
Schwinger effect and induced current in de Sitter space, J.
Cosmol. Astropart. Phys. 07 (2016) 010.

[55] T. Hayashinaka and J. Yokoyama, Point splitting renorm-
alization of Schwinger induced current in de Sitter space-
time, J. Cosmol. Astropart. Phys. 07 (2016) 012.

[56] R. Sharma and S. Singh, Multifaceted Schwinger effect in
de Sitter space, Phys. Rev. D 96, 025012 (2017).

[57] W. Tangarife, K. Tobioka, L. Ubaldi, and T. Volansky,
Dynamics of relaxed inflation, J. High Energy Phys. 02
(2018) 084.

[58] E. Bavarsad, S. P. Kim, C. Stahl, and S.-S. Xue, Effect of a
magnetic field on Schwinger mechanism in de Sitter
spacetime, Phys. Rev. D 97, 025017 (2018).

[59] T. Hayashinaka and S.-S. Xue, Physical renormalization
condition for de Sitter QED, Phys. Rev. D 97, 105010
(2018).

[60] T. Hayashinaka, Analytical investigation into electromag-
netic response of quantum fields in de Sitter spacetime,
Ph.D. thesis, University of Tokyo, 2018.

[61] C. Stahl, Schwinger effect impacting primordial magneto-
genesis, Nucl. Phys. B939, 95 (2018).

063523-19


https://doi.org/10.1086/309272
https://doi.org/10.1016/S0370-1573(96)00061-0
https://doi.org/10.1016/S0370-1573(96)00061-0
https://doi.org/10.1063/1.1351827
https://doi.org/10.1103/PhysRevLett.51.1488
https://doi.org/10.1103/PhysRevLett.51.1488
https://doi.org/10.1086/185528
https://doi.org/10.1016/0370-2693(91)90051-Q
https://doi.org/10.1103/PhysRevD.50.2421
https://doi.org/10.1103/PhysRevD.50.2421
https://doi.org/10.1103/PhysRevD.55.4582
https://doi.org/10.1103/PhysRevD.57.664
https://doi.org/10.1103/PhysRevD.57.664
https://doi.org/10.1103/PhysRevD.37.2743
https://doi.org/10.1103/PhysRevD.37.2743
https://doi.org/10.1086/186384
https://doi.org/10.1103/PhysRevLett.21.562
https://doi.org/10.1103/PhysRevLett.21.562
https://doi.org/10.1103/PhysRevD.46.5346
https://doi.org/10.1103/PhysRevD.46.5346
https://doi.org/10.1103/PhysRevD.48.2499
https://doi.org/10.1103/PhysRevD.48.2499
https://doi.org/10.1088/1475-7516/2009/08/025
https://doi.org/10.1088/1475-7516/2009/08/025
https://doi.org/10.1103/PhysRevD.98.063534
https://doi.org/10.1103/PhysRevD.64.061301
https://doi.org/10.1103/PhysRevD.69.043507
https://doi.org/10.1103/PhysRevD.69.043507
https://doi.org/10.1088/1475-7516/2008/01/025
https://doi.org/10.1088/1475-7516/2008/01/025
https://doi.org/10.1088/1475-7516/2009/12/009
https://doi.org/10.1088/1475-7516/2009/12/009
https://doi.org/10.1088/1475-7516/2013/10/004
https://doi.org/10.1088/1475-7516/2013/10/004
https://doi.org/10.1088/1475-7516/2014/06/053
https://doi.org/10.1088/1475-7516/2014/06/053
https://doi.org/10.1103/PhysRevD.95.083509
https://doi.org/10.1103/PhysRevD.96.083511
https://doi.org/10.1088/1475-7516/2018/10/040
https://doi.org/10.1088/1475-7516/2018/10/040
https://doi.org/10.1103/PhysRev.82.664
https://doi.org/10.1007/JHEP10(2014)166
https://doi.org/10.1088/1475-7516/2014/04/009
https://doi.org/10.1103/PhysRevD.94.104011
https://doi.org/10.1103/PhysRevD.93.025004
https://doi.org/10.1103/PhysRevD.93.025004
https://doi.org/10.1016/j.physletb.2016.07.011
https://doi.org/10.1088/1475-7516/2016/07/010
https://doi.org/10.1088/1475-7516/2016/07/010
https://doi.org/10.1088/1475-7516/2016/07/012
https://doi.org/10.1103/PhysRevD.96.025012
https://doi.org/10.1007/JHEP02(2018)084
https://doi.org/10.1007/JHEP02(2018)084
https://doi.org/10.1103/PhysRevD.97.025017
https://doi.org/10.1103/PhysRevD.97.105010
https://doi.org/10.1103/PhysRevD.97.105010
https://doi.org/10.1016/j.nuclphysb.2018.12.017

SOBOL, GORBAR, and VILCHINSKII

PHYS. REV. D 100, 063523 (2019)

[62] J.-J. Geng, B.-F. Li, J. Soda, A. Wang, Q. Wu, and
T. Zhu, Schwinger pair production by electric field
coupled to inflaton, J. Cosmol. Astropart. Phys. 02
(2018) 018.

[63] M. Giovannini, Spectator electric fields, de Sitter space-
time, and the Schwinger effect, Phys. Rev. D 97, 061301
(R) (2018).

[64] H. Kitamoto, Schwinger effect in inflaton-driven electric
field, Phys. Rev. D 98, 103512 (2018).

[65] M. Banyeres, G. Domenech, and J. Garriga, Vacuum
birefringence and the Schwinger effect in (3 + 1) de Sitter,
J. Cosmol. Astropart. Phys. 10 (2018) 023.

[66] R. Durrer, L. Hollenstein, and R. K. Jain, Can slow roll
inflation induce relevant helical magnetic fields?, J. Cos-
mol. Astropart. Phys. 03 (2011) 037.

[67] M. M. Anber and L. Sorbo, N-flationary magnetic fields,
J. Cosmol. Astropart. Phys. 10 (2006) 018.

[68] M. M. Anber and L. Sorbo, Naturally inflating on steep
potentials through electromagnetic dissipation, Phys. Rev.
D 81, 043534 (2010).

[69] N. Barnaby, E. Pajer, and M. Peloso, Gauge field pro-
duction in axion inflation: consequences for monodromy,
non-Gaussianity in the CMB, and gravitational waves at
interferometers, Phys. Rev. D 85, 023525 (2012).

[70] C. Caprini and L. Sorbo, Adding helicity to inflationary
magnetogenesis, J. Cosmol. Astropart. Phys. 10 (2014)
056.

[71] M. M. Anber and E. Sabancilar, Hypermagnetic fields and
baryon asymmetry from pseudoscalar inflation, Phys. Rev.
D 92, 101501(R) (2015).

[72] K.-W. Ng, S.-L. Cheng, and W. Lee, Inflationary dilaton-
axion magnetogenesis, Chin. J. Phys. 53, 110105
(2015).

[73] P. Adshead, J.T. Giblin, Jr., T.R. Scully, and E.L
Sfakianakis, Gauge-preheating and the end of axion
inflation, J. Cosmol. Astropart. Phys. 12 (2015) 034.

[74] P. Adshead, J.T. Giblin, Jr., T.R. Scully, and E.L
Sfakianakis, Magnetogenesis from axion inflation,
J. Cosmol. Astropart. Phys. 10 (2016) 039.

[75] Yu. Shtanov, Viable inflationary magnetogenesis with
helical coupling, arXiv:1902.05894.

[76] M. Joyce and M. E. Shaposhnikov, Primordial Magnetic
Fields, Right-Handed Electrons, and the Abelian Anomaly,
Phys. Rev. Lett. 79, 1193 (1997).

[77] J. Cornwall, Speculations on primordial magnetic helicity,
Phys. Rev. D 56, 6146 (1997).

[78] A. Boyarsky, J. Frohlich, and O. Ruchayskiy, Self-
Consistent Evolution of Magnetic Fields and Chiral
Asymmetry in the Early Universe, Phys. Rev. Lett. 108,
031301 (2012).

[79] M. Sydorenko, O. Tomalak, and Yu. Shtanov, Magnetic
fields and chiral asymmetry in the early hot Universe,
J. Cosmol. Astropart. Phys. 10 (2016) 018.

[80] A. Boyarsky, J. Frohlich, and O. Ruchayskiy, Magneto-
hydrodynamics of chiral relativistic fluids, Phys. Rev. D
92, 043004 (2015).

[81] E. V. Gorbar, I. A. Shovkovy, S. Vilchinskii, I. Rudenok,
A. Boyarsky, and O. Ruchayskiy, Anomalous Maxwell
equations for inhomogeneous chiral plasma, Phys. Rev. D
93, 105028 (2016).

[82] E. V. Gorbar, 1. Rudenok, I.A. Shovkovy, and S.
Vilchinskii, Anomaly-driven inverse cascade and inhomo-
geneities in a magnetized chiral plasma in the early
Universe, Phys. Rev. D 94, 103528 (2016).

[83] V. Domcke and K. Mukaida, Gauge field and fermion
production during axion inflation, J. Cosmol. Astropart.
Phys. 11 (2018) 020.

[84] T. Fujita, R. Namba, Y. Tada, N. Takeda, and H.
Tashiro, Consistent generation of magnetic fields in axion
inflation models, J. Cosmol. Astropart. Phys. 05 (2015)
054.

[85] A. Notari and K. Tywoniuk, Dissipative axial inflation,
J. Cosmol. Astropart. Phys. 12 (2016) 038.

[86] J.R. C. Cuissa and D. G. Figueroa, Lattice formulation of
axion inflation. Application to preheating, J. Cosmol.
Astropart. Phys. 06 (2019) 002.

[87] T. Fujita and R. Durrer, Scale-invariant helical magnetic
fields from inflation, arXiv:1904.11428.

[88] S. Basilakos, N. E. Mavromatos, and J. S. Peracaula, Do
we come from a quantum anomaly?, Int. J. Mod. Phys. 28,
1944002 (2019).

[89] S. Basilakos, N.E. Mavromatos, and J.S. Peracaula,
Gravitational and chiral anomalies in the running vacuum
Universe and matter-antimatter asymmetry, arXiv:1907.
04890.

[90] D.H. Lyth and D. Seery, Classicality of the primordial
perturbations, Phys. Lett. B 662, 309 (2008).

[91] T.S. Bunch and P. C. W. Davies, Quantum field theory in
de Sitter space: Renormalization by point splitting, Proc.
R. Soc. A 117, 360 (1978).

[92] J. Martin, C. Ringeval, and V. Vennin, Encyclopzdia
inflationaris, Phys. Dark Universe 56, 75 (2014).

[93] Y. L. Luke, The Special Functions and Their Approxima-
tions (Academic Press, New York, 1969), Vol. 1, p. 350.

[94] Y. Akrami et al. (Planck Collaboration), Planck 2018
results. X. Constraints on inflation, arXiv:1807.06211.

[95] R. Kallosh and A. Linde, Universality class in conformal
inflation, J. Cosmol. Astropart. Phys. 07 (2013) 002.

[96] S. Ferrara, R. Kallosh, A. Linde, and M. Porrati, Minimal
supergravity models of inflation, Phys. Rev. D 88, 085038
(2013).

[97] R. Kallosh, A. Linde, and D. Roest, Superconformal
inflationary a-attractors, J. High Energy Phys. 11 (2013)
198.

[98] J. T. Deskins, J. T. Giblin, Jr., and R. R. Caldwell, Gauge
field preheating at the end of inflation, Phys. Rev. D 88,
063530 (2013).

[99] T. Kobayashi and M. S. Sloth, Early cosmological evolu-
tion of primordial electromagnetic fields, Phys. Rev. D
100, 023524 (2019).

[100] L. Kofman, A. Linde, and A. A. Starobinsky, Towards the

theory of reheating after inflation, Phys. Rev. D 56, 3258
(1997).

[101] B. A. Bassett, S. Tsujikawa, and D. Wands, Inflation

dynamics and reheating, Rev. Mod. Phys. 78, 537
(2006).

[102] R. Allahverdi, R. Brandenberger, F.-Y. Cyr-Racine,

and A. Mazumdar, Reheating in inflationary cosmology:
Theory and applications, Annu. Rev. Nucl. Part. Sci. 60, 27
(2010).

063523-20


https://doi.org/10.1088/1475-7516/2018/02/018
https://doi.org/10.1088/1475-7516/2018/02/018
https://doi.org/10.1103/PhysRevD.97.061301
https://doi.org/10.1103/PhysRevD.97.061301
https://doi.org/10.1103/PhysRevD.98.103512
https://doi.org/10.1088/1475-7516/2018/10/023
https://doi.org/10.1088/1475-7516/2011/03/037
https://doi.org/10.1088/1475-7516/2011/03/037
https://doi.org/10.1088/1475-7516/2006/10/018
https://doi.org/10.1103/PhysRevD.81.043534
https://doi.org/10.1103/PhysRevD.81.043534
https://doi.org/10.1103/PhysRevD.85.023525
https://doi.org/10.1088/1475-7516/2014/10/056
https://doi.org/10.1088/1475-7516/2014/10/056
https://doi.org/10.1103/PhysRevD.92.101501
https://doi.org/10.1103/PhysRevD.92.101501
https://doi.org/10.6122/CJP.20150909
https://doi.org/10.6122/CJP.20150909
https://doi.org/10.1088/1475-7516/2015/12/034
https://doi.org/10.1088/1475-7516/2016/10/039
http://arXiv.org/abs/1902.05894
https://doi.org/10.1103/PhysRevLett.79.1193
https://doi.org/10.1103/PhysRevD.56.6146
https://doi.org/10.1103/PhysRevLett.108.031301
https://doi.org/10.1103/PhysRevLett.108.031301
https://doi.org/10.1088/1475-7516/2016/10/018
https://doi.org/10.1103/PhysRevD.92.043004
https://doi.org/10.1103/PhysRevD.92.043004
https://doi.org/10.1103/PhysRevD.93.105028
https://doi.org/10.1103/PhysRevD.93.105028
https://doi.org/10.1103/PhysRevD.94.103528
https://doi.org/10.1088/1475-7516/2018/11/020
https://doi.org/10.1088/1475-7516/2018/11/020
https://doi.org/10.1088/1475-7516/2015/05/054
https://doi.org/10.1088/1475-7516/2015/05/054
https://doi.org/10.1088/1475-7516/2016/12/038
https://doi.org/10.1088/1475-7516/2019/06/002
https://doi.org/10.1088/1475-7516/2019/06/002
http://arXiv.org/abs/1904.11428
https://doi.org/10.1142/S0218271819440024
https://doi.org/10.1142/S0218271819440024
http://arXiv.org/abs/1907.04890
http://arXiv.org/abs/1907.04890
https://doi.org/10.1016/j.physletb.2008.03.010
https://doi.org/10.1098/rspa.1978.0060
https://doi.org/10.1098/rspa.1978.0060
https://doi.org/10.1016/j.dark.2014.01.003
http://arXiv.org/abs/1807.06211
https://doi.org/10.1088/1475-7516/2013/07/002
https://doi.org/10.1103/PhysRevD.88.085038
https://doi.org/10.1103/PhysRevD.88.085038
https://doi.org/10.1007/JHEP11(2013)198
https://doi.org/10.1007/JHEP11(2013)198
https://doi.org/10.1103/PhysRevD.88.063530
https://doi.org/10.1103/PhysRevD.88.063530
https://doi.org/10.1103/PhysRevD.100.023524
https://doi.org/10.1103/PhysRevD.100.023524
https://doi.org/10.1103/PhysRevD.56.3258
https://doi.org/10.1103/PhysRevD.56.3258
https://doi.org/10.1103/RevModPhys.78.537
https://doi.org/10.1103/RevModPhys.78.537
https://doi.org/10.1146/annurev.nucl.012809.104511
https://doi.org/10.1146/annurev.nucl.012809.104511

BACKREACTION OF ELECTROMAGNETIC FIELDS AND ... PHYS. REV. D 100, 063523 (2019)

[103] A. V. Frolov, Non-linear dynamics and primordial curva- [105] J. Martin and C. Ringeval, First CMB constraints on the

ture perturbations from preheating, Classical Quantum inflationary reheating temperature, Phys. Rev. D 82,
Gravity 27, 124006 (2010). 023511 (2010).

[104] M. A. Amin, M. P. Hertzberg, D. I. Kaiser, and J. Karouby, [106] R. Banerjee and K. Jedamzik, Evolution of cosmic
Nonperturbative dynamics of reheating after inflation: magnetic fields: From the very early Universe, to recom-
A review, Int. J. Mod. Phys. D 24, 1530003 (2015). bination, to the present, Phys. Rev. D 70, 123003 (2004).

063523-21


https://doi.org/10.1088/0264-9381/27/12/124006
https://doi.org/10.1088/0264-9381/27/12/124006
https://doi.org/10.1142/S0218271815300037
https://doi.org/10.1103/PhysRevD.82.023511
https://doi.org/10.1103/PhysRevD.82.023511
https://doi.org/10.1103/PhysRevD.70.123003

