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Abstract. The axionic inflaton with the Chern-Simons coupling may generate U(1) gauge
fields and charged particles simultaneously. In order to incorporate the backreaction from
the charged particles on the gauge fields, we develop a procedure to obtain an equilibrium
solution for the gauge fields by treating the induced current as effective electric and magnetic
conductivities. Introducing mean field approximation, and numerically solving self-consistency
equations, we find that the gauge field amplitudes are drastically suppressed. Interestingly,
as the production becomes more efficient, the charged particles gain a larger part of the
transferred energy from the inflaton and eventually dominate it. Our formalism offers a basis
to connect this class of inflationary models to a rich phenomenology such as baryogenesis
and magnetogenesis.
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1 Introduction

Among various models of inflation, the axion inflation is particularly well motivated because
of the shift symmetry, which ensures the flatness of the inflaton potential [1, 2]. In order
to reheat the universe after the inflation, however, one needs to introduce the coupling of
the axion (inflaton) to the matter. Inclusion of the interaction term is acceptable if it also
preserves the shift symmetry in this case. From such a perspective, the Chern-Simons (CS)
coupling between the axion and gauge fields is naturally introduced since it can be rewritten
as the derivative coupling of the axion field.

If the CS coupling is present, gauge fields are generally sourced by the inflaton motion
during the inflation. For Abelian gauge fields, it is known that there is a helicity dependent
amplification of the magnetic fields due to the tachyonic instability [3-8]. As a result, polarized
gravitational waves are generated from the anisotropic shear-stress of the growing gauge
field [9-14]. In addition, in the case of U(1)y gauge field in the Standard Model (SM), such a
substantial production of the cosmological Hyper-magnetic fields in the early universe has
intriguing implications to particle cosmology. The intergalactic magnetic fields of U(1)em
hinted by gamma-ray observations from distant blazars [15-24] can be originated from helical
Hyper-magnetic fields [25-27]. The present matter anti-matter asymmetry of the universe can
be attributed to the helicity of the U(1) gauge fields through the quantum anomaly [28-33],
which can be originated from axion inflation [34-38]. In such circumstances, giving a precise
prediction for the gauge field production during inflation has significant importance.

However, the CS coupling to U(1)y gauge field introduces complications because Hyper-
charged SM particles are inevitably produced by the Schwinger effect of the sourced gauge
field [39-42]. Consequently, one needs to take into account the backreaction from the created



particles on the gauge fields. Nevertheless, the effect of charged particles during inflation is
mostly neglected in the above mentioned works except for a few recent attempts [37, 43-46].
The evaluation of such a process is quite challenging due to the non-linearity of the system
and the non-perturbative nature of the Schwinger effect. A systematic approximation of the
gauge-field dynamics, or their spectrum, has not been fully established. In order to deal with
these difficulties and provide a reasonable prediction, we develop an effective treatment of
the U(1) gauge field and the charged particles. Focusing on the dynamics in the middle of
inflation, we assume constant ¢ and Hubble parameter H for simplicity in this work.

As for the charged particles, our strategy is basically similar to that in refs. [37, 43]
where the authors evaluated the induced current and identified the effect of fermions as
the conductivity for the electromagnetic fields. Once the induced current is expressed in
terms of the gauge field, the equation of motion for the gauge field becomes non-linear. In
order to obtain the ansatz for the field dynamics, we develop a mean field approximation
for the gauge field which effectively reduces the equation of motion to the linear equation.
Roughly speaking, a single k-mode of interest, which is going to grow, is identified as the
perturbation. The other modes including the dominant mode, which behave as the static and
homogeneous background, are treated as the mean field. We are forced to introduce both the
electric and magnetic conductivity parameters of the Schwinger current for the perturbation,
which depend on the mean field strength.! Once the single mode starts to evolve, it becomes
dominant at some point and in turn behaves as part of the mean field with respect to the
subsequently generated mode. This requires the self-consistent condition that the solution
reproduces the mean field strength or the certain value of the conductivity parameters. By
numerically computing the self-consistent value of the Schwinger conductivity, we obtain the
equilibrium solution of the gauge field where the back-reaction from the charged particles is
effectively taken into account. We also carefully check the validity of our expression for the
induced current and the mean field approximation.

The rest of the paper is organized as follows. In section 2, we make a brief review of the
U(1) gauge field production in axion inflation with the CS coupling. Then we investigate the
effect of the charged particles in section 3, through the mean field approximation and the self-
consistent Schwinger conductivity. To simplify the analysis, single species of a charged particle
is concerned instead of the full SM. In order to discuss the validity of our approximation and
investigate the self-consistent solutions, we perform several consistency checks in section 4.
Section 5 is devoted to the conclusion.

2 The U(1) gauge field without charged particles

In this section, we briefly review the evolution of the U(1) gauge field without the charged
particles. We consider the following Lagrangian in which the inflaton ¢ is coupled with the
U(1) gauge field A, through the CS coupling;

1 1 1 -
L= 5 u?baugb - V(¢) - ZF,LWFMV - Hng,uszlwa (2'1)

where F),, = 0, A, — 0,A,, is the electromagnetic field strength and Fr = ehvpo v/ (2v/—9)
is its dual. The determinant of the spacetime metric is denoted by ¢ and the totally anti-
symmetric tensor is defined by €23 = 1. In this paper, we do not specify the inflaton

'This is in contrast to refs. [37, 43] and [45-47]. There, either the magnetic or electric conductivity is
introduced respectively, but not simultaneously. See also egs. (3.11) to (3.16).



potential V' (¢) or the value of the axion decay constant f. In the spatially flat FLRW universe,
ds? = a?(7)(dr? — dz?), and the Coulomb gauge in vacuum, Ay = 9;A4; = 0, EoM for the
comoving gauge field is given by

O2A = 0} A = (0 0)ess0,A1 = 0 (2:2)

where the conformal time is denoted by 7 and the rank-3 totally anti-symmetric tensor is
€123 = 1. Note that we ignore the perturbation of the inflaton ¢ and consider it as a function
of time. The gauge field is decomposed by the circular polarization and quantized as

RN (B) A (1, k), (2.3)

Ax(r, k )—aﬁj Ax(r k) + &_,TAA(r,k), (2.4)

where egi)(fc) are the right /left-handed polarization vectors which satisfy ik x e® (k) =
+ke® (k), and &;ciﬁ/&(i are the creation/annihilation operators which satisfy the usual

commutation relation, [ag‘), a7t = (2m)30(k + k)67
During inflation aH = —1 / 7, the EoM for the mode function is written as
{83 + k% + ok Ax(1, k) =0, (2.5)
T
with
9-¢ ¢
- _ 2.
¢ 2faH 2fH’ (2:6)

where dot denotes the cosmic time derivative. If £ > 0, for instance, A, modes undergo
an exponential enhancement around the horizon crossing. With Bunch-Davies vacuum and
constant £, one can find the analytic solution for A, as

Ay (k) = "W i 12(2ikT), (2.7)

1
V2k
where W, g(z) is the Whittaker W function. For brevity, we define this Whittaker function
and its derivative as

W(Z) = W—if,l/?(_2iz)) W/(Z) = aZW_i&l/Q(—QZ'Z). (28)

With this solution, the physical electromagnetic spectra for the + mode are given by

K kr[AHY
Pip(rk) = a= Piplr k) = 5ot 1A () = T ey (2 (29
K ErlHt
Php(T k) = a *Phy(r, k) = 521 10, AL (T, k)|* = ||77 £|W’ )|2, (2.10)
D+ —4p+ k4 * ‘kT‘4H4 € 1%
Prp(t,k) =a "Php(r. k) = —WA+(T, k)o; A% (T,k) = e W(=kr)W"™(—kT1),

(2.11)

where 73))\()( are the comoving spectra and 73?33 = (PgE)*. Figure 1 shows the auto-power
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Figure 1. The electromagnetic power spectra, H74?5§B (blue) and H’475'E"E (orange) for £ = 5,
given in egs. (2.9) and (2.10). Their peak amplitudes are much larger than the Hubble scale, while the
peak length scale and the damping time scale are roughly given by the Hubble scale. Pgp is larger
than Ppp by O(£2).

spectra, 75§E and 75§B, in the case of £ = 5. One observes that 75§E is larger than 75};3 and
their peak amplitudes greatly exceeds the Hubble scale. Namely, the physical electromagnetic
fields, F = ¢ 2FE, B = a~ 2B, have a hierarchy,

E> B> 0> (2.12)

Note here that one may show E ~ £B for £ > 1, which leads to the first inequality. The
power spectra reach their peak amplitudes at |k7| ~ ¢~! and thus the correlation length scale
is roughly estimated as

S
Lem = 7. (2.13)

After passing their peaks, the physical spectra decay as ~ a*, and their dynamical time scale
is given by

tem =~ ——. 2.14
n 1 (214)

The net electromagnetic field values can fluctuate within this time scale as these modes are
continually generated and diluted, but on average, they are understood to be in stable equilib-
rium. One can also show that the phase rotations of W(—k7) and W'(—k7) stop at around
|kT| = 2, and their terminal phases always satisfy W (—k7)W"™ (—k1) = W*(—kT)W'(—kT) =
—|W (=k7)||W"™(=kT)|. Using it, we obtain

VPEePhs
This relation implies that the produced electric and magnetic fields take the anti-parallel
configuration, E - B = —1, where E and B are the unit vectors E/|E| and B/|B|. This is
a manifestation of the parity violating nature of the axion and the CS coupling, while the

minus sign here is merely the consequence of our choice, £ > 0. For £ < 0, the electromagnetic
fields would be parallel. Note that this relation becomes a good approximation soon after

~1. (2.15)



|kT| = 2¢, particularly including the peak mode |k7| ~ 1/£. Therefore, the electromagnetic
fields can be safely assumed to be anti-parallel (or parallel for £ < 0) in average.

In summary, we have observed the following four properties of the electromagnetic fields
sourced by the axionic inflaton in the case without the charged particles: (i) for £ 2 O(1)
of our interest, strong electromagnetic fields are produced: E, B > H 2 (ii) the correlation
length scale is Ley ~ 1/H, (iii) the dynamical time scale is tem ~ H ™1, and (iv) the electric
and magnetic fields are anti-parallel, E- B~ —1, for &> 0.

3 Charged particles as the conductivity

3.1 Schwinger current

In this section, we develop an effective method to take charged particles into consideration.
We first introduce a matter field charged under the U(1) gauge symmetry. To be concrete, let
us consider a Dirac fermion which has a unit charge e and mass m. Our interaction term
between the U(1) gauge field A, and the Dirac fermion ¢ is

V=9l = —a'eJlA,,  JF =yt (3.1)

where the gamma matrix satisfies {y#,7”} = ¢g"”. Under an environment of strong electro-
magnetic fields, the charged fermions are generated through the Schwinger effect and they
backreact onto the gauge field EoM as an induced current. We consider the small mass regime,
m? < eF, where the Schwinger production and the backreaction are the most efficient.

Let us assume the charge neutrality Jo = 0 and the current conservation 9;J; = 0 on the

scales of our interest. Then we can formally incorporate the above interaction into the EoM
for A; (2.2) as

2
83A 82A + gewla A = a’el;. (3.2)

It is generally difficult to perform a precise calculation of the induced current because one
has to solve the coupled dynamics of the gauge field and the Dirac field. However, one can
solve the fermion dynamics under the assumption of homogeneous, static, and anti-parallel
physical electromagnetic field, and estimate the production of the induced current as [43]

3
O-(a’e;) = e2izE oth <7TE?> (3.3)

Note that this expression remains valid when scattering among the produced fermions is
negligible compared to the acceleration due to the Schwinger effect. Hereafter we assume that
this is the case for our system and a qualitative discussion is summarized in appendix A. More
essentially, £ /a? = E ~ const., B/a?> = B ~ const., and E-B = —EB are assumed in eq. (3.3).
Although these assumptions are not exactly fulfilled, the properties of the electromagnetic
fields (i)—(iv) summarized at the end of section 2 imply that the above expression is the
leading approximation of the induced current in our system. A typical comoving wave length
of the Dirac fermion right after the Schwinger production is Ly ~ 1/ VeE, and a typical time
scale of the Schwinger production is also ¢, ~ 1/ VeE. The properties of the electromagnetic

*Eq. (4.14) of ref. [43] says eJP™ o a® instead of eJ; o a in our Eq. (3.5). This apparent discrepancy
comes from the differences in definition. In ref. [43], JPM is a comoving current which is defined after rescaling
fermion fields appropriately. However, our J; is just a current of a lower index without rescaling fermions. This
implies JPM = —Ji = —a'J" = d®J;.



fields (i)—(iii) indicate that we have a significant scale separation between the fermions and
the electromagnetic fields,

Ly ~ty~ (eB) Y2 & Loy ~ tom ~ H™L. (3.4)

Thus the Dirac fermions see the electromagnetic fields as a static and homogeneous background.
For the time being, we also assume the anti-parallelism of the electromagnetic fields which is
apparently ensured by the property (iv). There is a subtlety and we will address it in the next
subsection. One might worry that the backreaction of the Dirac fermions could significantly
change these properties of the electromagnetic fields. We will confirm its validity at the end
of this section.

Now the Dirac fermions are effectively integrated out and the coupled equations, (3.2)
and (3.3), only in terms of the gauge field describe our system. However, they are still hard to
be solved as they are non-linear equations in A; due to the Schwinger current (3.3). In order
to solve them, we then introduce two approximations; constant physical electromagnetic fields
and mean field approximations. The first approximation is that the physical electromagnetic
fields are static, E, B ~ const., for a longer time scale than the Hubble time, H~!. This
approximation allows us to integrate eq. (3.3) and obtain

&3 BE; 7B
; >~ ———coth | — | . .
eJ; T cot < 7 ) (3.5)

Since the correlation time of the electromagnetic fields is about the Hubble time, teym ~ H ™1,
this approximation may not be very accurate. Nevertheless, our entire system is stationary
which is driven only by the constant energy injection from the inflaton, and we expect that
the time-averaged physical amplitude of the electromagnetic fields is constant. Moreover,
tem ~ H~! implies that we would have at most an O(1) correction to eq. (3.5) because no
shorter time scale is involved. We will check the validity of this approximation in section 4.1.

3.2 Mean field approximation

By substituting eq. (3.5) into the right hand side of eq. (3.2), the coupled equations are
reduced into a single equation of motion describing our system. However, the resultant EoM
is still non-linear and it is generally difficult to be solved. In order to seek the possible form
of the solution, we here utilize the mean field approximation for the gauge field which can
reduce the EoM to the linear equation. Let us decompose the electromagnetic fields into a
mean part and a perturbation part as

E(r,x) ~ Ey +0E(T,x), B(r,x) ~ By + 0B(T,x). (3.6)

Here, we identify the perturbation part JE(7,x) and dB(7,x) as the contribution from a
single k-mode in Fourier space and the mean part Ey and By as the summation of all the
other modes.? This decomposition enables us to consider the evolution of the single mode
§A;(1,k) (perturbation) as a function of the static physical background Ey and By (mean
field). The self-consistency condition is required by the assumption that the background fields
themselves consist of the summation of these perturbations. That is, we assume that the
amplitudes of the background fields are given by

Eo =/ 2pE(E0,Bo), Bo =/ 2pB(E~0,B0), (37)

3In this sense, the mean part is implicitly labeled by k. Here we assume that any single mode is subdominant
compared to the mean part and thus mean field approximately take common value Ey and By for all k.




on average, where pg and pp denote the physical energy densities of the perturbations 0 E
and 0B (see eq. (3.23)). The consistent background amplitudes Ey and By will be found so
that the input Ey and By return the same values through the condition (3.7). Below, we
further assume that the background fields are anti-parallel, Ey - By = —FEy By, because they
are mainly contributed by sufficiently superhorizon modes |k7| < 2¢. In such a way, we will
approximately solve the fully non-linear coupled equations (3.2) and (3.3). The validity of
these approximations on the mean field will be checked in section 4.

In order for the perturbative prescription, we further have to decompose the Schwinger
current. As already mentioned, the expression for the induced current (3.5) is only applicable
to the static, homogeneous, and anti-parallel electromagnetic fields. Thanks to the scale
separation (3.4), the contributions to the electromagnetic fields even from the modes under
the tachyonic instability on sub-horizon scales seem to be sufficiently static and homogeneous
for the fermions. Based on this observation, ref. [43] uses the Schwinger current (3.5) even
for the perturbation part and solve the perturbation equation self-consistently by regarding
it as a magnetic conductivity, edJ = opdB. Refs. [45, 46] instead identify the Schwinger
current (3.5) for the perturbation as an electric conductivity, dJ = cgdE.

However, as seen in eq. (2.15), the contributions from such modes at |k7| ~ 2§ are not
necessarily anti-parallel. In other words, the perturbation part, 0 E and d B, may not be
anti-parallel, while we expect that the background part, which is dominantly contributed by
longer modes |k7| < 2¢, approximately takes the anti-parallel configuration. Thus, we need
to generalize the expression for the induced current in eq. (3.5) by relaxing the anti-parallel
condition of the perturbation part. As we will see soon, this forces us to introduce the both
electric and magnetic conductivities simultaneously in the perturbed equation of motion.

As is well known, one can always find a coordinate frame where the electromagnetic
fields are anti-parallel and eq. (3.5) is valid. Then one obtains the expression for the induced
current in the original frame through the Lorentz boost. As we describe in appendix B, at
the leading order of perturbation in € ~ 0E/Ey ~ 6 B/ By, it turns out that the amplitude of
the full current is simply expressed by eq. (3.5) with E(7, ) and B(7,x), but its direction is
given by

i_ L Eo0E, — BydB. EodFE — ByoB
= — [ _—
EZ + B? i E;+B2

(3.8)

where we took the direction of the background electric field as z-direcion without loss of
generality and hat denotes the normal vector, J = J/|J|. As a result, the induced current
can be expanded as follows:

a’ed = a’e(Jy+0J),

3BoE B
aQeJoze 0 0coth<7T O)ez,

6m2aH Ey
3 3 3
0J = th | — BydE,+ EgdB,)—— csch” | — >
a‘e T K G co o +(BodE.+ Ey0B,) 5 csc 2} e
E2By0E — B3Ey0B coth (TFB())
E}+B? Eo /| (3.9)

Here Jj is the contribution from the mean field which is balanced with the mean part itself.
Since the induced current is now expressed in the linear order of §A;(7,x), the EoM is



approximately reduced to the linear equation and we can find the solution for the §A;. Note
again that these expressions for Jy and dJ assume the static physical electromagnetic fields
for both background and perturbation Ey, By, 0F, 8B ~ const. as well as the antiparallelism
of the background fields, Ey - By ~ —1 before solving the linearized EoM. We will confirm
the validity of this treatment in section 4.1.

3.3 Self-consistent evolution

We are ready to study how the backreaction of the induced current affects the evolution of
the electromagnetic fields. Since we obtained the expression of the Schwinger current in the
mean-field approximation, let us plug it into the perturbed version of eq. (3.2). Moving to
the Fourier space, we find the EoMs for the mode function AS‘:) including the effect of the
induced current (see appendix C for derivation)

Y+ X sin? Op,
T

02 — Oy + k% + é (26 = (%5 + B sin? ak))] A9 (r k) =0,  (3.10)

where |AS‘: )| > |A(f)| is assumed. Here 6y, is the angle between Ey and k, and then we have
Ey - ei(lgz) = —sinfy/v/2.* The superscript (o) indicates that we include the conductivity
parametrized by

Sy = 65;;[2 (Eg]ing coth <7TEBO°)) , (3.11)
Y= 6;23;;73{2 (Egjing coth <7TEBO°)> : (3.12)
e = 1252520112 (EgigBS coth (735)(]) i 7;55? cseh” <7§J)> (313
B = 12¢erzaE20H2 <E§i833 coth (735?) - 7TEJ}?)O cseh” (ﬁ)) (314

When the physical mean electromagnetic fields are static, Ey = E, /a? =const. and By =
Bo/a? =const., these conductivity parameters are also constant.
Let us solve eq. (3.10). Changing the time variable into z = —k7, the EoM reads

b 28 o
[ag—azﬂ— Seit] 4(0) — g, (3.15)
z z
with
_ .2 _ 1 .2
N =g + Y sin? 0, geﬁ:g—g(zBJrzB/sm ek). (3.16)

This equation clearly shows the need of both the electric conductivity > and the magnetic
conductivity Y p(pr). The effect of non-zero electric conductivity ¥ appear as a friction term,

4Without loss of generality, we can take the z-axis in parallel with Ey. A polarization vector with k
pointing to (0, ¢) is given by et (k) = (cospcos® Fising, sin¢gcosd +icosp, —sinb)/v/2. Thus, one finds
Ey - et (k) = —sinb/v2.



while the magnetic conductivity Y p(p) reduces § effectively.” The general solution of the
FoM is found as

A(f)(ﬂ k) = \/127: eméen/2,%/2 [Clw o, (5+1)/2(—2i2) +C2M—i§eg,(2+l)/2(_212)}7 (3.17)
where ¢; and ¢y are integration constants and M, g(z) is the Whittaker A function. In the
sub-horizon limit, the scale of the electromagnetic fields becomes smaller than that of the
fermions and our approximation based on eq. (3.4) is no longer valid. Moreover, the induced
current should vanish in deep subhorizon because a deep UV mode is not influenced by any
environment involving IR modifications. Thus, at some early time 7 = —v/k parametrized by
7, we connect the above solution to the original solution without the conductivity eq. (2.7)
so that it corresponds to the vacuum in deep subhorizon.® The integration constants are
obtained as

1 = ieBe-ey R S ) o) = W) M) + 5 WM ()]

(3.18)
er = e €y BRI L) [y (W 0) = W) W) + 5o WEIWs(o)].
(3.19)

where Wx(2) = W_je o 145)/2(=2i2), Mx(2) = M_je; (14%)/2(—2i2), and X' = 0, X (z) for
X = Wy, and My,. One might wonder if this connection should be at around the fermion
scale Ey ~ VeE, which is higher than 26H. In such a regime, however, one cannot apply
the expression of induced current (3.5) obtained by integrating out the fermions. In the
following, we set v = 2£ so that the electromagnetic fields start to be affected by the fermion
backreaction immediately after they leave the vacuum state. We will see that these two scales
are not so different practically.
Using the mode function (3.17), we write the power spectra as

5+(0) HY e ats 2

Pps (2 06) = | 5™z ‘61W2 + Myl (3.20)
5+(o) H* wlott JAFE / / )y 2

Pep (2,0k) = e off 2 aWs, + coMy, + 5 (c1Ws + eoMy)| (3.21)

(o H* by *
PESE )(27 Or) = meﬂ&“ZHZ (CIWE + C2M2) <61W2 + oMy, + — P (et Wy + 02M2)> ,
(3.22)

and 75}::( (73+(U)) . Note that these power spectra depend on 6 through ¥ and &.¢. The
physical energy densities of these perturbations are given by

/dcow/ —PB (2,0), /dcose/ dz PED(2,0), (3.23)

5The minus sign of the friction term originates in the time variable = which is positive but decreases as
time goes on. If one changes the time variable from x into the cosmic time ¢, the friction term would have a
positive sign.

SWithout such a prescription, the friction term even decreases the vacuum fluctuation which would not
be acceptable. Furthermore, this suppression depends on the initial time of inflation (see refs. [45, 46]). Our
prescription successfully avoids these problems.
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Figure 2. (Left panel) The self-consistent values of By (blue) and Ey (orange) in the H? unit against
¢ obtained by numerically solving the self-consistency condition (3.7). Dashed lines denote the same
quantities without the current effect. (Right panel) The corresponding conductivity parameters Xp
(blue), X/ (blue dashed), ¥ (orange), and X (orange dashed) defined by egs. (3.11)—(3.14).

with an UV cutoff at —k7 = 2£, which contains all the relevant modes subject to the instability
and the backreaction from the fermion production.”

Now let us seek the self-consistent solution through the condition (3.7). We numerically
find the solution as follows. First, the background Ey and By are initialized by some random
values. The output Ey and By are then calculated through eqs. (3.7) and (3.11)-(3.23). If
the input and output values are different, the next input values are chosen between the
previous input and output values. This procedure is repeated until the output values coincide
with the input ones within 1% errors. The left panel of figure 2 illustrates the resultant
self-consistent background values, Ey and By while the right panel shows corresponding
conductivity parameters (3.11)—(3.14). We take e = 0.55 which roughly corresponds to the
coupling constant of the hyper U(1) gauge interaction in the SM at energy scale E ~ 10 GeV
computed by two-loop renormalization group evolution (see, e.g., ref. [48]). Unlike the SM,
however, we consider one species of Dirac fermions coupled only to the U(1) gauge field
for simplicity. One finds that the effect of the charged particles drastically suppresses the
electromagnetic amplitudes and turns their exponential dependence on £ into a moderate
one. Consequently, the fermion scale Ey ~ VeE becomes comparable to 26 H. For example,
VeE ~ 50H and 26H = 20H with ¢ = 10. This result a posteriori justifies our practical
choice of the connection at v = 2£. Let us briefly compare our result with the previous
studies. In refs. [37, 43], the authors estimates the maximal bound for the amplitude of the
electromagnetic fields based on the stationarity of the system. By comparing the left panel of
figure 6 in ref. [43], one can see that our self-consistent amplitude of electromagnetic fields
are within this bound.® This is in contrast with ref. [46] where the amplitude of electric field
tends to slightly exceed the maximal bound as shown in the left panel of figure 1 in ref. [46].
In addition, our self-consistent amplitude of the magnetic field becomes comparable to that

"Precisely speaking, pg sB with an UV cutoff at —k7 = 2 contains both mean part and perturbation
part. Here we assume that the contribution from the single mode of interest (i.e., the perturbation part) is
subdominant and approximate Eo / By ~ | /2pg/p for any k mode. Although this approximation breaks down
when the mode becomes dominant, we do not expect substantial correction since our assumption holds for
most of the evolution of the modes. We discuss this issue more in the next section.

8Note that our value of the gauge coupling ¢ = 0.55 is different from the one used in ref. [43]. This makes
the maximal bound for the magnitude X?/H* larger by a factor 5 in our case according to the coupling
dependence in eq. (4.18) in ref. [43].
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Figure 3. (Left panel) H*475§§;) (solid) and H*4ﬁ§g) (dashed) at the angle of maximum am-
plitude, 0 = 0. We adopt the consistent conductivity parameters as {{,Xg, X%, 25,35} =
{3,0.043,0.0128,0.0204, 0.0285} (blue), {6,1.81,0.571,0.733,1.19} (orange), {9,5.017,1.48,2.57,3.30}
(green), {12,8.20,2.43,4.78,5.26} (red) and {15,11.6,3.70,7.90,7.03} (purple). (Right panel) Their
angular dependence at the times of maximum amplitude. We normalize them by the values at 6 = 0.
The plot scheme is the same as the left panel.

of the electric field when & gets large. Such a behavior was not observed in the equilibrium
estimation for the field amplitude in refs. [37, 43], which is based on the perturbed induced
current of edJ = opdB.

In figure 3, we present the electromagnetic power spectra, ﬁgéa)(—kﬂ 0r) and

75;(30)(—]{57', 01), with the self-consistent conductivity parameters. One observes in the left
panel that the power spectra reach their peak values slightly earlier as £ increases, contrary
to the case without the charged fermions where the peak scale is |k7| ~ ¢~1. This is mainly
caused by the effective friction from the induced current in eq. (3.15). Note that these spectra
still possess the properties (i)—(iv) introduced in section 2, which validates the discussions
based on them. Moreover, the right panel shows that the angular dependence tends to be
enhanced as ¢ increases because ¥, and Y5 become larger. Although the angular depen-
dence of £ = 15 is slightly weaker than that of £ = 12, it gets stronger again for a larger &.
sThis result implies that under the influence of the background electromagnetic fields, new
perturbation fields are most likely produced in the direction perpendicular to the background
fields (cf. Ey - e* (k) o sinfy, = 0 for 6, = 0). It is intuitively reasonable because the induced
current preventing the production of the perturbations flows parallel to the background fields.

4 Consistency checks of the approximations

In this section, for consistency checks of our treatment, we scrutiny four equations; (I)
87(a2e5J) X a4, (H) EO . BO = —EN'()B(), (HI) E@ . jo = ono, and (IV) the stationarity of
the gauge field energy density p4 = 0. The first two equations are assumed in deriving the
expression for §J (3.9). The latter two are expected to hold when the mean field approximation
is valid. We also present the energy distribution between the electromagnetic fields and the
induced current which is transferred from the inflaton.

4.1 Perturbed expression for the induced current

Here we check the validity of the approximated expression for the Schwinger current (3.9).
Let us first investigate the equation (I), 0, (a?edJ) o a*. Assuming only that the background
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By and Ej, are anti-parallel and static over the fermion time-scale ty, one can obtain the
perturbed version of eq. (3.3) as

3 2 2
2 e EOB()(SE—BOE()(SB <7TB())
- ~— h{—
Or(a“edJ) 52 [ B2+ B2 cot o
BS’5EZ—E85BZ 7By 7By 5 (B
th BydE, + EgdB.)—— csch® | — 2| -
+< BB (Eo>+(0 +EdB.) g, ose (E0> ©
(4.1)

This equation reproduces eq. (3.9), if one additionally assumes that all Ey, By, 0E, and 6B
are proportional to a? over the Hubble time, tey ~ H !, and hence 0, (a?edJ) a*. However,
as we saw in figure 3, JE and d B experience a tachyonic growth, and thus their evolution is
not simply given by oc a?. Nevertheless, we below confirm that the approximation (3.9) is
justifiable by comparing with the exact solution of the differential equation (4.1).

It is more convenient to express eq. (3.9) and eq. (4.1) in the momentum space for the
comparison:

aQe(SJA,gapp) e (k)
.92 a7' N .2 k N
~ (ZE + X sin Qk) 7A+(T, k) + (EB + Xprsin 9k> ;A_F(T, k), (4.2)
0-(a2es J™™) - e~ (k)
-2 a7' n .2 k N
~ 3aH (ZE + Y g sin Hk) 7A+(T, k) + (EB + Y prsin Gk) ;A+(T, k). (4.3)

We explicitly distinguish them by the superscript (app) or (num). One can define the spectrum
for the physical induced current as

- k3
—_ 2 2
Pr=a"P;= 27T2a2’j+(7_,k)’ ) (4'4)

where the mode function Jy (7, k) is defined as
e dy e~ (k)= a\" T, (r k) + a5 (r k). (4.5)

Note that here we have neglected the contribution from .A(_U). In order to check the validity of
the approximate formula for the induced current eq. (4.2), we compare the spectra analytically
evaluated from eq. (4.2) and the one numerically evaluated from eq. (4.3) with the self-

)

consistent solution for the gauge field A(f . From eq. (4.2), one can obtain

a H?
j_;'(_ pp)(T,k) = EZ{

which results in the analytical expression for the spectrum as

X0, — (EB + Y sin? Hk) } («5’”5'3”?/2,22/2 [cl Wy (2) + co My, (z)D , (4.6)

Plewe) _ f?f; {20, = (So+ Swsin? 0,)} (/222 {clwz(z)—l—cQME(z)D‘Q. (4.7)

On the other hand, one can numerically evaluate jfrnum) (1,k) from eq. (4.3) as
jJ(rnum) (7_’ k)
3H?

z
V2k

[ L {500~ (S Bsin o)} (225 [ W) + i)
(4.8)
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Figure 4. Physical current spectrum with approximated formula (4.7) (dashed line) and with
numerical evaluation of eq. (4.8) (dots) are shown. One can see that our approximate formula well
reproduces the numerical values for |k7| 2 1 where the gauge field grows. While they differ from one
another for |k7| < 1, the induced current does not play an important role in the super-horizon regime
and it should not be a serious problem for our purpose.

(num)

and compute the spectrum P 7 . Here we take the upper limit of the integral to be 2&
where we connect the consistent solution to the vacuum one.

In figure 4, we compare ﬁﬁapp) and ﬁgnum) with varying £ and 6. Independently of
¢ and 6, the approximated formula (4.7) and the numerical evaluation (4.8) show similar
behaviors. In particular, they agree well for |k7| 2 1, while O(1) discrepancies are seen for
|kT| < 1. We expect that these discrepancies have little impact on finding the self-consistent
electromagnetic amplitudes in section 3.3. This is because the gauge field stop evolving after
the exponential growth, A(f) ~ const. for |k7| < 1, and then the induced current does not
affect its evolution. Moreover, since the physical spectra rapidly decay, the contributions from
the super-horizon modes (|k7| < 1) to pp and pg are subdominant. On the other hand, the
effect of the induced current on the evolution of the gauge field is the most important during
its growing phase, 2§ > |k7| 2 1, which determines the peak amplitudes of the electromagnetic
fields. Thus, figure 4 confirms the validity of our approximation in the growing regime and
justifies the use of the induced current formula (3.5).

Next, let us check the equation (II), the anti-parallel assumption E, - By = —EyBy.
Our expressions for §J, Egs. (3.9) and (4.1), assume it, while we do not demand that the
background fields obtained in the mean field approximation satisfy Ey- By = —1. In the
left-panel of figure 5, we present the integrated E-B cross spectrum

5B 1t xd ~+(o ~+(o
<E : B> = f/ dcos@ / & [73;}(3 )(2,9) + PEJ(E )(z,O)} , (4.9)
4 ) 4 0 Z

which is normalized by the mean field amplitude Ey = /2pg and By = /2pp. Since we
have identified the mean part as the summation of all the perturbation modes, we interpret
the integrated E-B cross spectrum (4.9) as the inner product of the mean electromagnetic
field Ey - By. However, as seen in the left panel of figure 5, the self-consistent solution is
not completely anti-parallel for smaller £&. This £ dependence of the anti-parallelism of the
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background fields can be understood as follows. As discussed in eq. (2.15), only the modes
for |k7| < 2¢ contribute to the anti-parallel configuration. As depicted in the left panel
of figure 3, the peak amplitudes of the power spectra of the field significantly grow as £
increases while the position of the peak is mostly unchanged. This means that, for large
&, the mean part is dominated by the modes with |k7| ~ 1 < 2¢ whose phase rotation has
terminated. As a consequence, the anti-parallel assumption on the mean part holds. In
contrast, the contributions from |k7| ~ 2§ cannot be neglected for smaller £ and the mean
part deviates from the anti-parallel configuration. Nevertheless, the deviation is at most
about 10% and hence our calculation based on Eo . Bo = —EOBO gives a reasonable estimate
even for a small .

4.2 Consistency of the mean field approximation

We examine the validity of the mean field approximation by investigating the equations (III)
Ey - Jy = EypJy and (IV) pa = 0 in order. Under the mean field approximation, we have
imposed the self-consistent condition (3.7) to the amplitudes By and Ey. However, we do not
impose any condition between Jy and the summation of éJ, which should coincide with each
other if the approximation is valid. Instead of directly comparing |Jy|? with the integration of
the current spectrum ﬁ}app) in eq. (4.7), here we compare the inner product of the electric field
and the current, which is a physical quantity relevant to the energy transfer as discussed below.

Using egs. (3.9) and (3.11), one can derive
6E0‘J~0 :HEE(E3+B(2)) (4.10)
In the same way as eq. (4.9), we identify the following integration of the self-consistent solution
with eEO . J(]Z
28 dz
z
1 1 2¢ d - (o (o
_ ZH/ dcosO(Sp + S sin® O) / CPes) (2.0) + PED(2.0)] . (4.11)
—1 0 z

.- 1 -
e<E-J> = ;H/_ldcose(EE—i-EE: sin20k)/0 ng)(z,e)

In the right-panel of figure 5, we plot the ratio of these two different expressions for eEj -
Jo, egs. (4.10) and (4.11). Again, they agree well for a large £. Such behavior can be
understood as follows. The power spectra of the fields 75§?) show the stronger angular
dependence for larger £ and the dominant contributions come from 6 ~ 0, as depicted

in figure 3. Then, the terms with ¥p/ /g sin? @ can be ignored in eq. (4.11), and the
right hand side reads H (EEE?) + ZBEOBO) = HXpg (Eg + B(Q)) = eE’o . jo. We note that
the integration of ﬁgapp) in eq. (4.7) also approaches to H? (EEEg + 2% X gEoBy + Z%Bg)

= H?Y?2, (Eg + Bg) JE} = |Jo|? for larger £, and thus reproduces the mean current amplitude
as well. For a small £, on the other hand, the discrepancy between egs. (4.10) and (4.11)
becomes non-negligible. Although up to 30% deviations are observed in the right panel of
figure 5, its effect on the dynamics of the entire system is limited. This is because the induced
current is small in the small £ regime, as we will quantitatively see below.

Finally, let us check whether the obtained mean field is an equilibrium solution which
balances the energy transfer by studying the equation (IV), p4 = 0. In our system, the growth
of perturbations sourced by the inflaton, their dilution due to the cosmic expansion, and the
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Figure 5. (Left panel) The degree of anti-parallelism is evaluated through the E-B cross correla-
tion (4.9) normalized by EoBy = 2,/pepp- The anti-parallel assumption on the mean field is valid
for a large €. (Right panel) The two different expressions for the mean value of E - J, egs. (4.10)
and (4.11), are compared. They agree with sufficient accuracy for a large £&. However, for £ = O(1),
our mean field expressions have O(10%) errors in the both panels.

backreaction from the Schwinger current are balanced in a complicated manner, and it is not
easy to directly check their relations. We hence confirm the consistency by focusing on the
energy transfer. The energy density of the gauge field is given by
1 _
pA = ia 4 [(87—141)2 + (8jAl~)2 — 8214]8]142} . (4.12)
Note that the CS coupling does not contribute to the energy density. Taking the time
derivative and the volume average, we obtain [43]

(pa) = —2H(E?* + B*) —26H(E - B) — ¢(E - J), (4.13)

where we used the EoM for A;. The first, second, and third terms on the right hand side
in eq. (4.13) denote the dilution of the electromagnetic fields, the energy injection from the
inflaton through the CS coupling, and the energy drain to the charged fermions, respectively.
When the total energy is conserved, these three terms are cancelled out.

The stationarity of the gauge field energy density, (p4) = 0, can be recast as

o5

(B + B) _ AT
T %H|(E-B)|

¢(E - B)|

Rem + Ry =1, Rem J (4.14)

where Rey and Ry indicate the ratio of the energy which the electromagnetic fields and the
fermion gain from the inflaton, respectively. In the left-panel of figure 6, we present them
evaluated with self-consistent solution. Since it is a solution to the perturbed EoM, our
self-consistent solution satisfies eq. (4.14) within a few % accuracy as expected (recall that
we allow 1% errors in our numerical procedure to find the consistency solution).

Next, we evaluate Rey and Ry with our static background E; and By. The stationarity
condition of the mean part are written as

E2+B} E}+B3
5'120-30] " ¢EyBy’

eEy-Jy _ Sp(Ei+B)
ng\EO.BO\_ 26 Fo By
(4.15)

R

e

O+RY =1, RO R =

)
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Figure 6. (Left panel) The blue dot represents the accuracy of the stationarity condition for full
field, Rem + Ry = 1, given in eq. (4.14). Except for a few cases, the sub-percent level accuracy of the
stationarity condition is achieved as expected. The orange square represents that for the background

field, Ré?ﬁ + RSO)7 which shows the violation of the stationarity condition in small £. (Right panel) The
energy distribution between the electromagnetic fields Ry, (blue dot) and the charged fermions R

(green square). That of background field RO (orange diamond) and RE,O) (red triangle) is also shown.
As € increases, more energy density transferred from the inflaton is injected to the charged fermions.

where we used |Ey - By| ~ EyBy and eq. (4.10), namely the equations (IT) and (ITI), which
are studied in figure 5. The accuracy of the stationarity condition, <p'(£)> = 0, is shown in
the left panel of figure 6. One can see that the sum of Ré?}l and RSO) becomes closer to unity
as & becomes larger, which again indicates that our mean field approximation works well
with a larger value of £. For a small &, however, Ré?r)l + Rl(]o) deviates from unity by at most
about 10%. This error comes from the violations of the equations (II) and (III). In the
smallest ¢ regime, the 10% overestimation in Ey - By dominates the error and the effect of
the 30% underestimation in Ej - Jy is invisible, because almost all energy is transferred to
the electromagnetic fields.

In the right panel of figure 6, we individually plot Rem, Ry, and their background

counterparts to present the distribution of the total energy injected from the inflaton. RE;))

(0)

receives both the errors from the violations of the equations (II) and (III), while Rem does

only from the equation (II). However, since the former becomes subdominant RSO) < Ré?g for
¢ <5, its deviation from Rj; does not significantly worsen the stationarity condition for the
mean field. Interestingly enough, R; overwhelms Ry, for £ 2 10, and the charged fermions
gain a dominant part of the total energy injected by the inflaton. Such fermion domination is
also observed in ref. [43].

Since all of the four equations (I)—(IV) are validated, especially with a sufficiently large
value of £, we conclude that our treatment with the approximated expression for dJ and the
mean field approximation can be applied to the system. The equation (I), which approximates
the time dependence of the induced current, holds independently of £ in the relevant regime
where the gauge field perturbation grows. The others (II)—(IV) exhibit O(10%) errors for
a small value of £. Although the violation of the equation (IIT), which estimates the mean
current, becomes the largest for a small &, its error does not significantly propagate to the
electromagnetic fields or the stationarity of the gauge field energy density. The assumption
of the anti-parallel configuration of the mean electromagnetic fields is also violated at most
about 10%. In order to give a more reliable prediction for smaller values of £, we may need to
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remove the anti-parallel assumption in all the calculations, which might further complexify
the problem.

5 Conclusion

In this paper, we studied a coupled system where the axionic inflaton generates the elec-
tromagnetic fields via the CS coupling, and simultaneously the charged Dirac fermions are
produced as well as accelerated by the electromagnetic fields. This model is well motivated
as an inflationary model and is naturally linked to an interesting phenomenology such as
baryogenesis and magnetogenesis. All the gauge symmetries in SM have associated charged
particles and realistic studies on the related phenomenology need to include their effects.
Hence, it is crucially important to take into account the charged particles in the analysis.
However, except for a few recent attempts [37, 43—46], most of the previous works neglected
the backreaction from the charged particles, and hence this complicated system has not been
investigated thoroughly.

We developed a procedure to obtain an equilibrium solution for the electromagnetic
fields under the effects of the charged particles and the inflaton with a constant velocity
in a self-consistent manner. We pointed out that there is a scale separation between the
electromagnetic fields and the fermions produced by the Schwinger effect, which enables
us to integrate out the fermions. Then, the induced current is described as a function of
the electromagnetic fields, but it makes the EoM highly non-linear. We introduced the two
approximations, constant physical electromagnetic fields and the mean field approximation,
to find a linearized EoM for the perturbed gauge field, which has an analytic solution. By
numerically solving the self-consistency equations, we obtained the electromagnetic spectra
and the conductivity parameters and found that the current effect drastically suppressed the
electromagnetic amplitudes.

We also carefully examined the validity of our approximations. For larger £ = ¢/(2fH),
our treatment was validated with sufficient accuracy. When £ = O(1), the approximated
equations are subjected to O(10%) errors. In this small £ regime, however, the energy transfer
to the induced current is subdominant and the uncertainty arising by the fermions does not
significantly propagate to the estimate of the electromagnetic fields. The main source of the
error originates in the anti-parallel assumption of the mean electromagnetic fields and hence
developing a generalized formalism without this assumption would be a fascinating future
work. It is also interesting to compare our treatment with existing literatures refs. [37, 43]
and refs. [45, 46]. The former study also tried to find an equilibrium configuration of the
gauge field but assuming that the induced current for the perturbed mode only has the
magnetic conductivity. The latter studies introduced the spacial gradient expansion of the
electromagnetic fields to treat the dynamics but assuming that the induced current only has the
electric conductivity. As commented in footnote 6, the prescription of the vacuum fluctuation
is also different. In contrast, our approach focuses on finding an equilibrium solution and
involves both the electric and magnetic conductivities for the perturbed equation of motion.
The comparison between these approaches would be beneficial for a better understanding of
the system.

One can extend our procedure in multiple directions. First, we expect that the energy
transfer from the inflaton to the gauge-fermion sector should be most efficient at the end
of inflation where £ reaches its maximum value. However, the slow-roll approximation and
hence our ¢ = const. assumption are violated there, and the stationarity condition for the
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gauge field is also expected to be broken. One needs to restore the inflaton from the external
energy source into a dynamical field and simultaneously solve it. Second, the ) dependence
of the electromagnetic spectra may imply that the mean field constantly changes its direction,
which is not incorporated in our procedure. The stochastic formalism [49-52] is known to be
capable of tracking the time evolution of mean fields, to which perturbations are continually
added, and may be useful to accommodate the rotational behavior. Finally, we considered
only one species of Dirac fermions charged under the U(1) gauge symmetry for simplicity.
The SM contains more U(1) charged particles as well as non-Abelian gauge sectors, which
may also be coupled to the axionic inflaton. Adding these ingredients to our procedure would
be interesting. We leave them for future work.
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A Thermalization of the fermions

As discussed in ref. [43], one should pay careful attention to the scattering of the fermions
after the Schwinger production during inflation. If the produced particles get thermalized due
to the scattering, the property of the plasma is just characterized by the temperature 7' and
chiral chemical potential us. This results in a expression for the current as J=cE+ ,u5B for
E, B < T? where the thermal electric conductivity is o ~ T /a, which is different from the
one (3.3) we used. To verify our expression of the induced current (3.3), here we qualitatively
discuss that scattering might not be frequent enough to prevent the acceleration by following
the discussion in ref. [43] with our self-consistent electromagnetic fields.

Practically, it is difficult to follow the dynamical process of thermalization. Instead,
let us adopt an extreme assumption that the produced fermions were thermalized within
one Hubble time 1/H, and see whether our estimation could be modified. The would-be
temperature under this assumption is given as

~ o\ 1/4
30e£.J eE
Tup ~ <7r2g*H> ~0.1x (eB)* <H> , (A1)

where we used eq. (3.5) and g, ~ 102. The first nontrivial check is whether the fermions can
remain thermalized, once they somehow get thermalized. By comparing the typical scattering
rate in the thermal plasma, a?Typ, and the Hubble parameter H, we find that the fermions
remain thermalized for

~\ L ~ ~ 19
eB\* ek E 6 0.55\ 3

Here we used E ~ B, which holds for the parameters of our interest as shown in figure 2.
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Another question is how the fermions would get thermalized; in other words, what is the
bottleneck process for the fermions to be thermalized. If the scatterings are negligible, the
typical momentum of fermions after 1/H is eE /H owing to the acceleration by the electric
field, which is much larger than the would-be temperature T+1,. This efficient acceleration is
implicitly assumed in the derivation of the Schwinger current given in eq. (3.3), and hence we
need to clarify the regime of validity. The interaction rate of such high-energy particles is
suppressed by the Landau-Pomeranchuk-Migdal effect as I'py ~ a?Tab/Twb /p for p > Ty,
with p being a momentum [53-57]. Here we quote the result in the presence of non-Abelian
gauge interactions, having in mind a realistic situation based on the SM, where almost all
fermions except for the right-handed leptons are charged under non-Abelian gauge fields.? If
this process is efficient I';,py; > H, a typical momentum after acceleration would be eE /TLpm
instead of eE /H. Inserting p ~ eE /T'Lpm back into the inequality I'tpy(p) > H, we obtain
the following self-consistency condition for thermalization [43]

37
5

~\ 3 ~\ L ~
_5 4feB\*[eE\? E 7 0.55

In the parameters of our interest (see e.g., figure 2), neither of these conditions, (A.3)
nor (A.2), is satisfied. Thus, the acceleration is much more efficient than scatterings (A.3).
Furthermore, even if the produced fermions were thermalized somehow, scatterings could not
maintain thermal equilibrium (A.2). Based on these estimations, we adopt eq. (3.3), which is
derived by neglecting scatterings, as a reasonable approximation for the induced current.

B Lorentz boost

As we only know the expression of the Schwinger current for anti-parallel electromagnetic
fields, let us consider the Lorentz boost to make general electromagnetic fields anti-parallel.
Note that hereafter we basically focus on the linear response in 6E/Ey ~ dB/By ~ € on the
anti-parallel background Ey and By.

Suppose the constant and homogeneous (physical) electromagnetic fields E = Ey + 0 E
and B = By + 6B on the anti-parallel background Eg and By. Without loss of generality, E
and B can be assumed in the zz-plane as E = (E,,0, E,)” and B = (B,,0, B.)" (note that
the background Ejy and By are not necessarily in the xz-plane). We can further assume that
E and B are almost anti-parallel along the z-direction as E, > 0 and B, < 0, and also the
z-axis can be chosen so that E, > 0 and B, > 0. They can be expressed with angles ¢ and

¢B as

E, Esingg B, Bsingp
E=]0|= 0 , B=]|0]|= 0 . (B.1)
E, FEcosop B, —Bcos¢p

The configuration is schematically illustrated in figure 7. Note that the angles ¢ and ¢p
can be expected as small as O(e) because one could take ¢pp = ¢p = 0 without 6 E and I B,
which is justified later.

9In non-Abelian gauge field theories, the LPM suppressed rate for a high-energy particle with energy E to
emit a gauge field with energy w is T'pm ~ a®T/T/w. On the other hand, the same rate in Abelian gauge

field theories is FESI\)I ~ o*T+/wT/E2. This difference originates from the fact that the non-Abelian gauge
fields are charged under themselves. One can see that the LPM suppressed rate in Abelian gauge field theories
is smaller than that in non-Abelian gauge field theories (because of E > w).
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¢E ~ @(S) y

B,=-B+ 0(c?

Figure 7. The schematic image of the configuration of the electromagnetic fields and the Schwinger
current. Electromagnetic fields in the zz-plane can be parallelized by a Lorentz boost in the y-direction.
Up to linear order in € ~ §E/Ey ~ 6 B/ By, the amplitudes of the electromagnetic fields do not change.
The Schwinger current is also found to be along the z-axis both in the x# and Z* coordinates with the
same strength to the linear order. Note that the z-direction is defined to be E, in the main body. In

this definition, the current direction is found as eq. (B.18).

Regarding the spacetime, we can fix the scale factor as, e.g., a = 1 in the conformal flat
metric ds? = a?(7)(dr? — dz?) for a while as the dynamics of the Schwinger current is much
faster than the time scale of the universe’s expansion. Then we consider the Lorentz boost in

y-direction:

T= 7(7— _ﬂy)7 T = 7(%+ﬁg)a
T =z, T =z,

<~
§=(y—B7), y =(9 + B7),
zZ=2z, z=2,

where v = 1/4/1 — 2. The electromagnetic fields transform as

E, =~y(E; + 8B.), By =(B, — BE.),

B, = E,, B, = By,

E. =~(E. - BB,), B. =~(B. + BE,),

E, =~(E, — 8B.), By = (B, + BB.),
s B, =E,, B, = B,,

E. =~(E. + BB,), B. =~(B. — BE,),

which can be checked as the transformation of the field strength tensor
0O FE, E, E.
F = -E, 0 —-B. B,
i -F, B, 0 -B;
-E, -B, B, 0
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We then seek the Lorentz boost with which the transformed electromagnetic fields become
anti-parallel in the z-direction as E = (0,0, E,)T and B = (0,0, B.)".

The values of E, and B, themselves are easily obtained, making use of the Lorentz
invariance of F,, F* = —2(E? — B?) and ¢""*°F,,,F,, = —8E - B, as

E? — B2+ \/(E? — B?)2 + 4E2B2 cos? ¢
z = 2 Y
- 2E%B? cos® i

B? =
* E?-B2+./(F?-DB?)2+4E2B2cos? ¢pp’

(B.5)

where ¢pp = ™ — ¢ — ¢p is the angle between E and B. However, as one can expect
o ~ ¢p ~ O(e), cospgp can be approximated by unity to the linear order because

cosgppp =1+ O((m — ¢EB)2) =14 O(€?). One then finds that E. and ‘Bz
to the original lengths E' and B to the linear order:

are equivalent

E,~F~FEy+0Fcosfg, B,~—-B~—By—dBcoslp. (B.6)

Here we also show the expansion of the original lengths F¥ and B with use of the angles 0
and 0p between Ey and 0 E and between By and d B. Note that 0z and g are not necessarily
small in contrast to ¢ and ¢pg.

In the Z* coordinate, the electromagnetic fields are anti-parallel in the Z-direction
with the amplitudes F and B, and therefore the evolution of the Schwinger current in this
coordinate is expected as [43] (see also eq. (3.3))

¢’BE L (TB L
et =4 a2 O\ E ) HTA

0 otherwise.

(B.7)

Its inverse boost reads

OB (7B,
—(v0r +vBOy)eJH = { 2x? 0 E) P&

0 otherwise.

(B.8)

We then suppose the expansion of the current as J* = J}' 4+ §J* with the background current

— 2, 7i _ e3BoEo;
edoi = —a“eJy = ozl

be O(e) and JY is spatially homogeneous by definition, one finds that the current equation

reduces to
¢’BE o (WB) -
—0reJH ~{ 272 €0 E) HT

0, otherwise,

coth (”E—BO(’) Noting that the boost parameter § is also expected to

(B.9)

to the linear order. Restoring the cosmic expansion as —J¢ — —a*J! = a?J; (see eq. (3.1)),
and assuming the physically constant electromagnetic fields as F, B o a2, this current equation
can be solved as

e3BE " (WB)
———— o — =z
a*ed, ~ { 6m2aH E) * ’

0, otherwise.

(B.10)
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The Schwinger current thus flows in the z-direction even in the original coordinate to the
linear order.

We have to then specify the z-direction in the E B-plane, i.e., the angles ¢ and ¢p.
They are obtained by the conditions E, = B, = 0. Recalling 8 ~ O(e), one finds

{oz E, = y(Ey + BB.) = Eopr — BB, (B.11)
0= B, =(By — BE;) ~ Bo¢p — BEy,
to the leading order. Therefore the boost parameter g is given by

Ey By
= V= Yn. B.12
p B, ¢E Fo ¢B (B.12)
In other words, two angles ¢ and ¢p are determined as
B} E}
_ _ =9 (7— B.13
0¥ 2+ B2 (m —dEB), ¢B B2+ B2 (m — ¢EB), (B.13)

once ¢pp, the angle between E and B, is fixed via # — ¢pp ~ sin¢ppp = |E x B|/EB.

For the convenience in the A;’s EoM, let us redefine the z-direction to the Ey-direction as
Ey, = (0,0, Ey) and By = (0,0, —Byp), and then find the current direction J in this coordinate.
As J is in the EB-plane, it can be expressed as

J=aE + B, (B.14)
with some coefficients a and b. Here we assume a > 0 and b < 0 because J is almost parallel

to E. The angles ¢ and ¢p (B.13) between J and E and between —J and B are related to
the coefficients a and b via

O ~singp = ‘j X E‘ = —b)B X E‘ = —bsinpgp ~ —b(m — PrB),

o R R (B.15)
¢B ~singp = ‘J X B’ = a‘E X B‘ =asinggp ~ a(m — ¢pB).
Comparing it with eq. (B.13), one finds
Ef Bj
0= ———, b= ————. (B.16)
E§ + B3 E§ + B§
Therefore, making use of
A 0F, oF . 0B, 0B
E~|1- —, B~—(1 — B.17
( E0>6Z+E07 (+Bo>ez+Bo7 ( )
the current direction is revealed as
A Ey0E, — BoéBz] EyFE — ByéB
J=1|1- —_— B.18
[ E§ + B§ ‘ E§ + B§ (B.18)

C Derivation of the perturbed EoM for the gauge field
Substituting eq. (3.9) into the perturbed version of eq. (3.2), we have

2
872_ 0A; — 812 0A;+ éeiﬂajéAl

3 3 _ 3
e KBoéEZ anBzCoth(fo>+<BO<SEZ+E0(SBZ)”&)CSC}12(7”-%))62 o

~ 6n2aH E}+ B2 0 Ey Ey
E?BySE — B2Ey6B B
00 3 g 0 coth (M> .
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Considering 6E = —0,6A and 6B = V x 0 A, this is a linear equation with respect to J A.
Thus, to find the EoM in Fourier space, we make the following replacements:

Z e;” (k) Ax(T, k),
OE Z e; k)0, Ax(T, k), (C.2)

Z e (k)Me Ay (T, k).

We obtain

>

A==+
e3 By Bg 7By 7TB0 7By sin 6},
= coth —— csch? T AN(T, k)
6m2a2H? E02—|—B2 (Eo)+ Eo <E0> ( > Z AT
e3Ey Eg 7By 7By m By sin @y, k
th — h? (== | (- A= AN(T, k) | e.
T \ B2 B <E0> B, (Eo> ( \/§> 2 ATk fe
6330 Eg TI'B() ~
L Ax(r,k)eM (k
T B+ ( ) Z A (&)
S Ey B2 7By .
h Ax(r,k)eM (k
t oz \ B2y B2 ¢ (E0> ZA A7 k)er (k).
X R (C.3)
Note that we take Ej - et (k) = e, - e (k) = — si

—sinf/+/2 as discussed in the footnote 4. To
extract each polarization mode, we multiply this equation by e and use e™ -e™ = e~

02 +k2+2Ak5] eM A,(1,k)
T

-—0
and e - e~ = 1. Then the above equation is split into
[83 2ot Al
T
3 2
(& B() E 0-,—
= coth —A
6m2a2 H2 <E2 B¢ < Eo )) T
e3Fy BO 7By k
th —A
+ 6m2a2 H? + B2 «© ( Eyp ) Tt (C.4)

A=+

63Bo BO 7TBO TI'BQ 7TBO
th —— ¢sch? 29 LA
+ P22 2 E2 +32 co ( 7y ) + o cse < £y ) sin” 6y, Z - A
e3Ey E? mBo\ 7By 7By k
coth — esch? ([ — in? 6 A=A
METT=rye E? —|—BO ( Ey ) Ey e ( Eqy ) o )\2:;: )
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and

[az + k2 — 2/@5} A
T

By E? cth(ﬂ—Bo) %A
- 672a2H? \ E3 + B} Ep o

e3Fy B2 coth (ﬂBo) k A
6m2a2H? \ B2 + 32 Ey T (C.5)
e3 By Bg 7By 7By 7By 0.
th —esch? (=== ) | sin?6 LA
+ 2r2a2H? \ B2 + B2 co ( o ) + Eo csc < o > sin” Ok /\gi A
e Ep Eg 7By By 7By k
coth — —“csch? [ —— ] | sin?0 A=Ay .
* 1272a2H? \ E2 + BO ( Ey ) Eo e ( Ey ) Tk );: T

On the right hand side, both A and A_ appear, because of the non-linearity brought by the
induced current. As we saw in section 2, only A, is amplified by the tachyonic instability
for a positive &, and we expect the hierarchy |A;| > |A_| remains even in the present case
with the induced current. Thus we drop the contributions from A_ on the right hand side in
eq. (C.4) as sub-leading effects. Then eq. (C.4) reads eq. (3.10) straightforwardly. On the
other hand, we cannot ignore the terms with A_ on the right hand side of eq. (C.5), because
they may be comparable to the left hand side terms. Eq. (C.5) is rewritten as

T

Y g + Yp sin?
laz_ Bt p s 9’687+k2_k(gg—zB—EB/sm?ek)] A
T

Or

= sin2 Hk (ZE’ + ZB’ k) A+. (06)

This equation implies that A_ is sourced by A;. When we quantized A4 (7, k) in eq. (2.4), A_

carries only the creation/annihilation operators for the minus mode, &é ) and a( )T However,

to take into account the source effect from A, we generalize it so that A_ contams the
creation/annihilation operators for the plus mode,

A, _ a’(c )A(mt) +a TA (int)= ](:_)A(_SN:) +d(_—i;€)TA(_src)*’ (07)

where the mode functions A™ and A" denote the intrinsic (homogeneous) solution and

the sourced (inhomogeneous) solution, respectively. We know AT g negligibly small and

(src)

hence focus on A . Then one obtains

Sp + S sin?
laz— B+ 2E S 9’“67+/<2—k(25—(EB+ZB,sin29k))] A (7 k)

T T

— sin? 0 (258 + EB/k> A (7, k), (C.8)

where A denotes A(_m), and Agf) is the solution of eq. (3.10).
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