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Abstract
Comparison of the conductivity and polarization currents of the electron-

positron plasma (EPP) created from vacuum under action of the linear-
polarized strong time-dependent electric field is carried out. All in this work
calculations are perfomed on the basis of kinetic equations derived nonper-
turbatively by equations of motion of QED. Regularization of currents is
fulfilled in the framework of the counter-term procedure. In spite of expec-
tations it is found to be that the polarization current dominates both on the
quasiparticle stage of EPP evolution and in the out-state. This result can be
important when describing the observed effects accompanying generation of
EPP and also for the hydrodynamic and kinetic theory of the quark-gluon
plasma.

1 Introduction

The Schwinger effect of vacuum particle creation under action of a strong
fields of different nature is the subject of modern scrupulous researches. In
particular, intensive investigations are carried out in QED in range of the
subcritical fields with strength E . Ec = m2/e ' 1016 V/cm in connection
with programms of experimental detection of this effect on the superpower
laser installations of the next generation (e.q., [1]). In such external mod-
erately strong fields one can neglect by inner currents and fields generated
by producted particles. However, there are the physical systems with ultra-
strong fields E > Ec (gluon fields generated at heavy ion collisions, black
holes, cosmology; e.q., [2]). In similar systems consideration of the internal
currents becomes an essential element of the back reaction problem.

In the present work we would draw attention to particular dominant role
of the polarization currents in comparison with the conductivity currents.
As a basis for the consideration we select D = 3 + 1 QED with a strong time
dependent space homogeneous linear polarized electric field with the vector
potential An = (0, 0, 0, A(t)). Vacuum creation of e−e+ plasma (EPP) in
such fields allows the kinetic description that is a strong consequence of the
basic equation of motion QED [3].
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2 Basic equations

The basic kinetic equation describing vacuum EPP creation in the considered
electric field model is [3]

ḟ(p, t) =
1

2
λ(p, t)

t∫
t0

dt′λ(p, t′)[1− 2f(p, t′)] cos θ(t, t′), (1)

where

λ(p, t) = eE(t)ε⊥/ε
2(p, t), (2)

θ(t, t
′
) = 2

∫ t

t‘
dτ ε(p, τ). (3)

Here λ is the amplitude of the vacuum transitions, and θ is the high-frequency
phase describing the vacuum oscillations which are modulated by the external
field. Furthermore, the quasienergy ε, the transverse energy ε⊥ and the
longitudinal quasimomentum P are defined as

ε(p, t) =
√
ε2⊥(p) + P 2, ε⊥ =

√
m2 + p2⊥, P = p‖ − eA(t), (4)

and p⊥ = |p⊥| is the modulus of the vector p⊥ perpendicular to the field
(and to p‖).

The quasi-particle distribution function f(p, t) is zero in the in-vacuum
state where the external field strength is zero (Ein = 0 corresponds to Ain =
A(t0)), i.e. Eq. (1) is complemented by the initial condition f(p, t0) = 0.

It is assumed also that the electric field is switched off in the out-state
(Eout = E(t → ∞) = 0 and Aout 6= Ain). Thus, the in- and out-vacuum
states are different. The non-Markovian integro-differential equation (1) is
equivalent to a system of three time-local ordinary differential equations

ḟ =
1

2
λu, u̇ = λ (1− 2f)− 2ε v, v̇ = 2ε u, (5)

where u(p, t), v(p, t) are auxiliary functions describing vacuum polarization
effects. The dynamical system (5) has the following integral of motion:

(1− 2f)2 + u2 + v2 = 1. (6)

wrote with regards to the initial conditions f(t0) = u(t0) = v(t0) = 0.

3 Currents

The current density in the quasiparticle representation consists of the con-
ductivity and polarization currents [4]
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j(t) = jcond(t) + jpol(t), (7)

jcond(t) = 4e

∫
dp

(2π)3
p‖

ε(p, t)
f(p, t), (8)

jRpol(t) = 2e

∫
dp

(2π)3
ε⊥(p⊥)

ε(p, t)
[u(p, t)− eĖ(t)

ε⊥(p⊥)

4ε4(p, t)
]. (9)

The conductivity current (8) does not need in a regularization. The
expression (9) contains the regularizing counter-term which is the leading
term in the asymptotic decomposition of the function u(p, t) in the series in
1/p [5].

However such procedure of elimination of an ultraviolet divergence is
formal and noneffective for numerical calculations and comparative analysis
with the conductivity current (8). We will use below some modification of
this procedure in order to avoid these shortcomings. We will base also on the
asymptotic decompositions of the functions f, u, v in the ultraviolet region of
the momentum space and selection of the first leading terms in decomposition
of the functions f and u which ensure convergence of the integrals (8) and
(9). Such calculations can be fulfilled in different parametrizations which
can be adequate in different parameter regions of external fields [6, 7]. Below
we will select the electron mass as the scale parameter [6]. The distribution
function was calculated in this work in the leading approximation,

f4 = (λ/4ε)2 = (λ̃/4ε̃)2, (10)

where, for example, ε̃ = ε/m. This approximation insures convergence of the
integral (8).

Analogous calculations of the vacuum polarization function lead to the
following results:

u3 =
1

2ε̃
(
λ̃

4ε̃
)′, (11)

u5 = − 1

2ε̃

( 1

2ε̃

( 1

2ε̃
(
λ̃

2ε̃
)′
)′)′

, (12)

where the notation was introduced, (′) = d/d(mt). As it follows from Eq. (9)
(the first addend), the approximation (11) does not insure convergence of the
polarization current and should to be deleted in a spirit of the counter-term
regularization procedure.

Thus, we obtain the regularized expressions for the currents which are
suitable for comparison and numerical analysis,

jcond(t) =
m5

Ec

E2(t)

E2
c

∫
dp̃

(2π)3
p̃‖ε̃

2
⊥(p)

ε̃7(p, t)
, (13)

jRpol(t) = −m
5

8Ec

∫
dp̃

(2π)3
1

ε̃(p, t)

( 1

ε̃(p, t)

( 1

ε̃(p, t)
(
E(t)ε̃⊥(p)

Ecε̃3(p, t)
)′
)′)′

. (14)

Now we can compare the currents (13) and (14). The main feature is
dominance of the polarization current (14) over the conductivity current (13)
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if the effect is estimated accoding to the parameter β = E/Ec � 1. Indeed,
jcond ∼ β2 ∼ α whereas jpol ∼ β ∼ α1/2, where α = e2/4π.

An other feature is locality of these currents relatively field E(t). However
the current (14) contains derivatives up to the third order that is a sign of
nonlocality of the polarization current in more general case.

Because locality of the currents (13) and (14) their action is discontinued
together with the field E(t). In this connection, behaviour of currents in
the infinite fields of the type the Schwinger field Esch = E = const and
the Sauter pulse Esaut = E/ cosh2(t/τ) with the time scale τ are of interest
in the limiting case t → ∞. In the first case the vector potential is equal
Asch(t) = −Et and then ε(t) → ∞ at t → ∞ so the currents (13) and (14)
are off in the out-state. The same conclusion can be obtained also on the
basis of the general Eqs. (8) and (9).

The limiting value at t→∞ of the Sauter vector potential

lim
t→∞

Asaut(t) = lim
t→∞
{−Eτ tanh(t/τ)} = −Eτ, (15)

corresponds to the Schwinger potential Asch(t) = −Et. Therefore the cur-
rents (13) and (14) are finite for τ <∞ and vanish at τ →∞.

4 Summary

We considered the conductivity and polarization currents accompaning the
Schwinger effect of the vacuum creation of the EPP under action of a time
dependent external electric field of the linear polarization. We compare these
currents after fulfilment of the regularization procedure based on the asymp-
totic decompositions of the distribution function and the function of the
vacuum polarization. It turns out that the polarization current is linear,
jpol ∼ E/Ec, whereas the conductivity current is quadratic, jcond ∼ (E/Ec)

2,
i.e. the polarization current is dominate above the conductivity one. As a
rule, both currents are finite in the out-state when the external field van-
ish. The used approximation leads to the Markovian field dependence of the
currents. In this case the currents are absent in the out- state for any finite
fields. However, in the non-Markovian limit currents are reinstated in the
out- state and the dominance of the polarization current, apparently, remains
in force.

The current densities of the created from vacuum EPP was obtained
also in the work [8]. However partitioning of currents into conductivity and
polarization parts was not fulfilled and comparison of these currents was
impossible.

These conclusions can be usefull for physics of the EPP vacuum creation
in strong laser fields and also in the kinetic and hydrodynamics description
of the QGP generated by heavy ion collisions.

We thank V.K. Lukyanov and P.I. Smolyansky for the useful comments.
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