PHYSICAL REVIEW B 110, 014410 (2024)

Schwinger mechanism of magnon-antimagnon pair production on magnetic
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Effective field theory of low-energy excitations (magnons) that describe antiferromagnets is mapped into
electrodynamics of a charged scalar field interacting with an external magnetic background. In this theory
magnons and antimagnons are described by a corresponding scalar field. If the external background is a constant
inhomogeneous magnetic field in the quantum version of the model, then there exists vacuum instability which
can be analyzed by an analogy with the scalar QED with electric potential steps. Here magnons and antimagnons
are treated as charged particles, whereas the magnetic moment plays the role of the electric charge such that
magnons and antimagnons differ from each other in the sign of this moment. The vacuum instability is related
to the magnon-antimagnon production from the corresponding vacuum by magnetic field inhomogeneities.
Characteristics of the vacuum instability can be calculated nonperturbatively using special exact solutions of
the Klein-Gordon equation. In particular, we consider examples of the magnetic field that correspond to some
regularizations of the Klein step. In the case of smooth-gradient steps, we have derived a universal behavior of
the flux density of created magnon-antimagnon pairs. It is noted that there exists an opportunity, for the first time,
to observe the Schwinger effect in the case of Bose particle creation. Moreover, it turns out that in the case of
the Bose statistics appears a new mechanism for amplifying the effect of pair creation, which we call statistically

assisted Schwinger effect.
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I. INTRODUCTION

Magnons, or quantized spin waves, occur in various types
of ordered magnets: antiferromagnet, ferromagnet, and ferri-
magnet. They present collective magnetic excitations of the
electron spin structure in a crystal lattice. The emerging field
of magnonics utilizes magnons for information processing;
see Ref. [1] for a review. Using magnons as information
carriers has various advantages, in particular, the low power-
consumption. Although spin systems are originally described
as lattice models, similar to Dirac models of nanostructures,
one can describe their low-energy dynamics based on a con-
tinuum field theory at energy scales much lower than the
inverse lattice spacing; see Ref. [2,3] and references therein.
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Descriptions based on effective field theories (EFT) of spin
systems at low energies also allow including external fields
in the model. The magnon EFT can incorporate various
symmetry-breaking terms. For example, it can be a Zeeman
term due to the coupling to an external magnetic field that
breaks the symmetry explicitly. It turn out that the magnon
EFT that describes antiferromagnets is relativisticlike. Our
special interest is the case of an inhomogeneous magnetic
field applied to an antiferromagnet in the collinear (homo-
geneous) ground state. It was recently shown [2] that the
magnon EFT with the easy-axis anisotropy can be mapped
into electrodynamics of a charged scalar field interacting with
an external electromagnetic potential. The mass of this field is
determined by the sum of the easy-axis potential and the ratio
of magnetization and condensation parameters. Magnetic mo-
ment plays here the role of the electric charge, and magnons
and antimagnons differ from each other in the sign of the
magnetic moment. In the framework of such a consideration,
it is important to take into account the vacuum instability (the
Schwinger effect) under the magnon-antimagnon production
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on magnetic field inhomogeneities. (an analog of particle-
antiparticle creation by constant inhomogeneous electriclike
fields). In this article, the leading imaginary part of the one-
loop effective action was calculated in the framework of the
semiclassical world-line formalism for the case of a linearly
varying magnetic field and agrees with the Schwinger’s for-
mula for a constant electric field [4]. In the presence of a
constant inhomogeneous external magnetic field, one can see
that the latter problem is technically reduced to the problem
of charged-particle creation from the vacuum by an electric
potential step. In this context, it is important to mention recent
works addressed the problem of magnon-antimagnon pair cre-
ation by a sufficiently high rectangular step (the Klein step)
and barrier, formed by magnetic field inhomogeneities. [5—8].
In these cases the world-line formalism does not work and
the problem is considered in the framework of the relativis-
tic quantum mechanics. In relativistic quantum mechanics,
problems of this type were considered in the relation to the
Klein paradox in the pioneer works [9-11] (a detailed histor-
ical review can be found in Refs. [12,13]). We note that to
avoid a confusion, the Klein paradox should be distinguished
from the Klein tunneling through the square barrier. This
tunneling without an exponential suppression occurs when
a particle is incident on a high barrier, even when it is not
high enough to create particles. It is known that attempts
to consider overlapping amplitudes as amplitudes of particle
transmission and reflection by the Klein step in the same
manner as in the relativistic quantum mechanics often leads
to contradictions and paradoxes. As it is known processes
with changing the number of particles have to be considered
in the framework of quantum field theory (QFT). Recently, a
consistent nonperturbative treatment of the vacuum instability
with respect to charged particle creation was developed in the
framework of strong-field quantum electrodynamics (QED)
with time-independent external electric potential steps (we
call them conditionally x steps) in Refs. [14—16]. In the case
of bosons, the latter nonperturbative treatment is based on
the existence of special exact solutions of the Klein-Gordon
equation with the corresponding x step. This enables the
consideration of pair creation by x steps of arbitrary form in-
cluding, in particular, the Klein step. We hope that the present
article will promote consistent application of strong field QED
methods in magnonics and will allow avoiding contradictions
and nonexistent paradoxes in the interpretation of the obtained
theoretical results.

In the present work we use the strong field QED to study
the magnon-antimagnon pair production on magnetic field in-
homogeneities.' The article is organized as follows: In Sec. II
the EFT model describing the low-energy dynamics of antifer-
romagnetic magnons is mapped into scalar electrodynamics
with x steps. In Sec. III, we construct a Fock space realization
of the EFT model in the framework of strong-field QED with x
steps. Initial and final one-particle states are constructed with
the help of stationary plane waves satisfying the Klein-Gordon
equation. Initial and final vacua are defined and initial and
final states of the Fock space are constructed. Mean num-
bers of magnons and antimagnons created from the vacuum

'Here we are using the natural system of units /i = 1.

are expressed via overlap amplitudes of the stationary plane
waves. Observable physical quantities specifying the vacuum
instability are determined. We calculate and analyze the fluxes
of energy and magnetic moments of created magnons. In
Sec. IV, we present characteristics of the vacuum instability
obtained for some magnetic steps that allows exact solving the
Klein-Gordon equation. In particular, we consider examples
of magnetic steps with very sharp field derivatives 9,U that
correspond to a regularization of the Klein step. In the case of
smooth-gradient steps, we describe a universal behavior of the
flux density of created pairs. In the last Sec. V, we summarize
the main results of the present work. Some details of the scalar
field quantization in the presence of critical potential steps are
placed in Appendix A. Examples of some exact solutions with
x steps are given in Appendix B.

II. EFT MODEL DESCRIBING LOW-ENERGY
DYNAMICS OF MAGNONS

The system under consideration consists of localized spins
which live on sites of a cubic-type lattice. These sites are num-
bered by the index n. The corresponding spin vector operators
are denoted by §” . It is assumed that the spins are involved
in the antiferromagnetic interaction. Its original SO(3) spin-
rotation symmetry is explicitly (but softly) broken due to an
external magnetic field B and an anisotropic interaction C
known as single-ion anisotropy. The Hamiltonian describing
such a system reads

d
Hain = ) ) J85i35 % = 3 (1B (r)3) + 8,57
i=1

n n

ey

Here §7 denote spin operator components on the site
n ([8,, 8] = ie;, 87); J > 0 is the antiferromagnetic inter-
action coupling constant. To describe the nearest-neighbor
pairs, the direction 7 = 1,2, ..., d with a spatial dimension
d is introduced. The sum over i means summing over nearest
neighboring spins and the sum over » means summing over
sites n of a cubic-type lattice. B%(r,) are external magnetic
field components on the site n, they depend on the coordi-
nates r, = (X, Y, Z,) of the site; u > 0 is the modulus of
the magnetic moment projection onto the direction of the
magnetic field, which is called magnetic moment in what
follows; the single-ion anisotropic interaction is presented by
the term C“ 578, where the C b s a constant symmetric rank-
two tensor. Here 7 is a vector of the length / (/ is the lattice
spacing) pointing in the i direction. The Kronecker § §4” and
the Levi-Civita symbol €., are used for the internal spin
indices, a, b = 1,2, 3, and the summation over the repeated
indices is implied.

We only consider the simple cubic-type lattice and the
G-type antiferromagnet, in which the Néel order appears
along all the spatial directions. In the absence of explicit
symmetry-breaking terms (uB“ = 0 and C* = 0) Hamilto-
nian (1) enjoys SO(3) symmetry. We can study effects of
symmetry-breaking terms using the background field (spu-
rion) method if these terms are small enough compared to the
symmetric interaction (uB¢, C* « J).
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A continuum field-theoretical description of magnons is
given by a O(3) nonlinear sigma model, in which a three-
component unit vector n = (n', n?, n?) with nn, = 1 plays
a role as a dynamic degree of freedom. This unit vector ex-
presses the Néel order parameter. Taking the continuum limit
of the background field, B%(r,) — B“(r), and following the
way described in Ref. [2], one can construct a SO(3) gauge
invariant effective Lagrangian. The corresponding space-time
is parametrized by coordinates X = (¢, r), t = X r=X/=
(x,y,2), j =1,2,3. The local SO(3) transformation simply
acts on the vector field n as n — g(X)n with g(X) € SO(3),
as in the lattice case. One can identify the background field B¢
as the SO(3) gauge field on which the local SO(3) transfor-
mation acts as follows:

B* — g(X)Bg ' (X) + g(X)dog " (X). 2

The smallness of the terms uB“/J and C*/J allows us to
neglect their higher orders in the future. The only effect of
the symmetry-breaking term B¢ is that the constant piece of
B“(r) is used to tune the collinear ground state. In this case,
as it will be seen further, the field B*(x) can be treated as
zero component Ag(x) of the electromagnetic potential in the
theory of the charged scalar field. However, the constant part
of B%(r) is a physical quantity.

In the leading order of the derivative expansion at low-
energies, namely, preserving derivatives only up to the second
order, the SO(3) gauge invariant effective Lagrangian can be
written as

2 2
L= %(Donﬂf =2 @n +rCtnmy, )

where the covariant derivative Dy with the SO(3) background
gauge field is defined as
C))

Don® = 9on‘ — €, n’uB, 9y = v
and low-energy parameters f;, f;, and r can be determined
from the underlying lattice model by the matching condition.

Suppose that our spin system possesses a potential with
an easy-axis anisotropy and develops the collinear ground
state. We apply an inhomogeneous magnetic field along the
spin direction of the ground state. We assume that the mag-
netic field points to the direction of axis z and depends on
the coordinate x, B%(x) = B(x)8%, and the sign of the field
is positive, B(x) > 0. This field gives the collinear ground
state with the Néel vector pointing to the direction of axis z
as (n) = (0,0, 1). Then one can introduce magnon complex
scalar fields ®(X) and ®*(X) as fluctuations on the top of the
ground state, which parametrize the vector n as

O+ O* O — O

- (+—,—,¢1—<1>*<1>>, 5)
V2 V2i

where the constraint n°n, = 1 is explicitly solved. Substitut-

ing this parametrization into Eq. (3), one obtains the effective

Lagrangian of magnons at the quadratic order of fluctuation
fields around the ground state in the following form:

£(2) — ﬁZ(DOcD*DOq) _ AZCD*CI)) — fféijaicb*ajd),
Dy® = (3 + iU)®, Dyd* = (3 — iU )®*, ©)

where the notation U = uB and rC® = % fPA2853853 are
used. We see that the field-theoretical description of an-
tiferromagnetic magnons embedded into an external inho-
mogeneous magnetic field B can be realized in terms of
scalar electrodynamics where a charged complex field ®(X)
(with @ playing the role of an electric charge) coupled
to the zero component of the electromagnetic potential
Aog = B. Here the constant vy = f;/f; plays the role of
the speed of light and the energy gap A plays the role
of a mass term. We note that the constant v, iS not re-
lated to the speed of the light ¢ and is relatively small,
e.g, A~ 1meV and v, ~60m/s for antiferromagnetic
MnF, [17].

It follows from the effective Lagrangian (6) that the corre-
sponding wave equation for the field ®(X) is a modification
of the Klein-Gordon equation,

(Dg — v7879;9; + A*)D(X) = 0. (7

Summarizing, we can say that in the example under con-
sideration, the EFT model describing low-energy dynamics of
antiferromagnetic magnons can technically be identified with
the theory of a charged scalar field interacting with an external
constant electric field, which in our terminology is an x step;
see Refs. [14—16]. In this theory, the wave equation describing
the corresponding charged particles has the form of Eq. (7). A
nonperturbative study (with respect to the interaction with the
external field) of various quantum effects in such a system,
in particular, the study of the vacuum instability, can use
the technique [with the necessary modifications due to the
specifics of the wave equation (7)] developed earlier by two
coauthors (Gavrilov and Gitman) for strong-field QED with
x-potential steps and presented in Refs. [14,15]. In the next
section, we study the vacuum instability in the system of
low-energy magnons following the formulated idea.

III. CONSIDERATION IN THE FRAMEWORK
OF STRONG-FIELD QED

A. Solutions of the Klein-Gordon equation with critical x steps

Solutions of the Klein-Gordon equation with critical x
steps are known in the form of stationary plane waves. A
complete set of such solutions reads

¢m(X) = exp (—iSt + ierL)(pm(x)’
r, = (0’ Y, Z), m = (87 pJ_) (8)

In fact these are stationary states with well defined the total
energy of a particle ¢ and with definite momenta p, in the
perpendicular to the axis x directions. Substituting Eq. (8) into
Eq. (7), we obtain a second-order differential equation for the
function ¢,,(x),

[v202 +[e — U — 72 }pm(x) =0,

L= /vpl + A2 (9

Before considering the case of inhomogeneous magnetic
field, where it is necessary to use the recently developed in
Refs. [14-16] approach to strong field QED with x steps, it
is useful to discuss a simple case of homogeneous magnetic
field with Ay = B = const > OsuchthatU = uB < A.Inthis
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case, the field ®(X) is a free field satisfying equation (7)
with the constant U. A complete set of solutions of this equa-
tion reads

P (X) = ND exp(—ie®r + ipr),

e® —U = £,/v2p? + A2, (10)

where N®&) is a normalization factor. A time-independent
inner product of solutions of the Klein-Gordon equation is
proportional to the matrix elements of a field charge given by
the following integral over a spatial volume:

/{d)*(iao —U)® + ®[(idy — U)PT}dV. (11

This integral is positive (negative) for any superpositions of
L (¢4, The collective excitation described by the clas-
sical fields P and ¢, are fluctuations of the Néel vector
on the top of the ground state, that is, semiclassically speak-
ing, these fields describe the fluctuations of the spin vector
with clockwise and counterclockwise rotation seen from the
north pole. The realization of the scalar field in a Fock space
implies that field quanta be boson particles (with the positive
frequency &™) and the effective charge 1) and antiparticles
(with the negative frequency £~ and the effective charge
—w). In this case, the Hamiltonian of the quantum scalar
field is positive defined and the corresponding vacuum is the
uncharged Fock state with minimal energy. The normalized
plane waves ¢t and ¢~ describe a single-particle state with
the energy ¢ > 0 and a single-antiparticle state with the
energy —e™) > 0 as well as with Zeeman energy terms for
positive and negative projections of a single-magnon magnetic

moment,
+e® = Jv2p? + A2+ uB. (12)

This is a charge conjugation rule. It implies also the fol-
lowing interpretation of momentum quantum number: the
quantum number p is the physical momentum of a parti-
cle while the physical momentum of an antiparticle is —p.
One sees that 4=(¢® — U) are kinetic energies (the energy
gap A is included in the definition) of a particle and an
antiparticle, respectively. In this way, we establish a relation
between particle-antiparticle and quantum magnon interpreta-
tions. This reminds the electron-hole interpretation of states
in semiconductors. In the framework of the effective scalar
QED the collinear ground state with the given Néel vector
can be considered as a vacuum state. Then a single-particle
(antiparticle) is a quant of the quantum magnon field with pos-
itive (negative) magnetic moment projection p (—u) onto the
direction of the magnetic field, respectively. In which follows,
keeping in mind this particle-antiparticle interpretation, we’ll
call these quanta with opposite effective charges magnon and
antimagnon, respectively.

In general case with inhomogeneous x-dependent B field
of a step form, we chose the potential energy U(x) in the
form of a monotonically decreasing function, a,U (x) < 0. If
the field derivative 9,U (x) is not very big, then the terms
+[e — U(x)] can be considered as kinetic energies of particle
and antiparticle, respectively. One sees that the kinetic energy
of the particle (antiparticle) would grow monotonously along

(in inverse direction of) the axis x, that is, the magnon and
antimagnon accelerate under the influence of the field deriva-
tive 9,U (x) in opposite directions and form a spin current.

If the field derivative 9,U (x) (playing here the role of the
electric field in the scalar electrodynamics) acting on magnons
produces big enough work, then the magnon-antimagnon pair
production from the corresponding vacuum may take place.
We assume that the action of the field derivative contributes
significantly to mean numbers of created pairs in the restricted
region Sj, between two planes x = x;. and x = xg during the
sufficiently large (macroscopic) time period 7. It is either
negligible or switches off in the macroscopic regions Sp =
(xpL, x1.] on the left of the plane x = x1 and in Sk = [xRr, Xrr)
on the right of the plane x = xg. We also assume that the
points xp;, and xpg are separated from the origin by macro-
scopic but finite distances. In this way, the magnetic field
B plays the role of an electric potential step, which we call
shortly an x step. Its magnitude is

SU=U,—Ug >0, U, =U(—00), Ug = U(co). (13)

We distinguish two types of x steps, noncritical U < 2A,
and critical U > 2A. The pair production from the vacuum
occurs due to the critical x step.

Nonperturbative calculations of the vacuum instability ef-
fects in the framework of strong-field QED with x steps are
possible if there are special complete sets of exact solutions
of the corresponding relativistic wave equations (solutions of
the Klein-Gordon equations in the case under consideration)
orthonormalized on a f-const. hyperplane; see Ref. [14]. In the
strong-field QED with x step, which acts during the macro-
scopic time 7', one can construct such sets of solutions, see
below. In our work these solutions are chosen in the form of
stationary plane waves with given real longitudinal momenta
p" and pR in the regions S and Sg. Moreover, it is necessary
to construct two types of complete sets of solution in the
form of Eq. (8). The first one ¢,,(X) is constructed with
the help of the functions ¢, (x) denoted as ,¢,,(x) and the
second one, ¢ ¢,,(X ), with the help of functions ¢,,(x) denoted
as ‘@,,(x). Asymptotically, these functions have the following
forms:

cPm(x) = (N explip“(x — x0)], x € Si,
Com(x) = ‘N explip®(x — xr)], x € Sk,

=S i@ - =,

s

ﬁ=§ﬂmmﬂwi (14)

S

where ¢ =+, N and ‘A are normalization constants
that shall be determined below. We introduce the quantities
mo(L/R) = & — U ,r. Note that mo(R) > mo(L).

By analogy with how this is done in the time-independent
potential scattering due to noncritical steps, it is assumed
that there exist time-independent observables in the presence
of critical x steps. For example, it seems quite natural that
the pair-production rate and the flux of created particles are
constant during the macroscopic time 7. This means that a
leading contribution to the number density of created particle-
antiparticle pairs is assumed to be proportional to the large
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dimensionless parameter /v,|d,U|T and is independent from
switching-on and -off if this parameter satisfies inequality

T > (v,|0,UD)™"? max{1, A /v,|a, U1} s)

It is clear that the process of pair creation is transient. Never-
theless, the condition of the smallness of backreaction shows
there is a window in the parameter range of d,U and T where
the constant field approximation is consistent [18].

For any two solutions ®(X) and ®’(X) of the Klein-
Gordon equation, the inner product on the hyperplane x =
const has the form of a longitudinal flux:

(@, D), = i/[CID’(X)‘ade*(X) — &*(X)3, D' (X)]dtdr, .
(16)

Note, that this flux is proportional to the effective charge
current. We consider the system under consideration in a large
space-time box that has a spatial area V, = K,K; and the time
dimension T, where all K, K;, and T are macroscopically
large. In general the wave packets ®(X) and ®'(X) can be
decomposed into plane waves ¢,,,(X) and ¢, (X). Along with
the introduced plane waves, it is assumed that all the solu-
tions ®(X) are periodic under transitions from one box to
another. Then the integration in integral (16) over the trans-
verse coordinates runs from —K;/2 to +K;/2, j =y, z, and
over the time ¢ from —7/2 to +7/2. We assume that the
macroscopic time 7T is the system surveillance time. Under
these suppositions, one can verify, integrating by parts, that
the inner product (16) does not depend on x.

Nontrivial solutions ;¢,,(X) and ¢¢,,(X) exist only for the
quantum numbers m that obey the following relations:

mo(L/R) > )

mo(L/R) < -, A7)

[7o(L/R)> > 72 = {
In the case of critical x steps and for 27, < §U there exist
five ranges €2, k = 1, ..., 5, of quantum numbers m,

mo(L) >, if me Q,
|mo(L)| < 7y, mo(R) > 7, if m € Q»,

mo(L) < —my, mo(R) 2 7y if m € Q3,

mo(L) < —my, |[mo(R)| <y if m e Qyq,

mo(R) < —m if m € Qs, (18)

where the solutions ,¢,,(X) and ¢ ¢,(X) have similar forms
and properties for a given 7, . The manifold of all the quantum
numbers m is denoted by €2, so that Q = QU ---U Qs.In
the ranges €2, and €24 we deal with standing waves completed
by linear superpositions of solutions +¢,,(X) and jE(1),,1(X )
with corresponding longitudinal fluxes that are equal in mag-
nitude for a given m. In fact, ¢,,(X) for m € Q, are wave
functions that describe an unbounded motion in x — oo direc-
tion while ¢,,(X) for m € Q4 are wave functions that describe
an unbounded motion toward x = —oo. It was demonstrated
in the framework of strong-field QED with x steps; see Secs. V
and VII and Appendices C1 and C2 in Ref. [14], by using one-
particle mean currents and the energy fluxes that, depending
on the asymptotic behavior in the regions Sy, and Sg, the plane

waves +¢,,(X) and id)m (X)) are identified unambiguously as
components of the initial and final wave packets of particles
and antiparticles.

The plane waves are subjected to the following orthonor-
mality conditions:

(;‘(bm’ (/(/J)m/)x = §8§,§/8m,m’a
(C¢'nv é—/¢)m’))c = ;8{,5’8m,m" (19)

In fact, integrals (19) represent the flux densities of particles
with given m . The normalization factors with respect to the
inner product (16) are

N = CY, "N =*cy, Yy =Wv.T)"?
(C = 2p%712, fC = 2pR 72 (20)

In the K; — oo and T — oo limits, one has to replace §,, v
by the factor §(¢ — ¢')8(p, — p’,) in the normalization condi-
tions (19) and then to set Y = (27)~@—1/2,

Stationary plane waves of type (14) are usually used in
potential scattering theory, where they represent one-particle
states with corresponding conserved longitudinal currents. It
is clear that in the ranges 2| and €2, we have deal with states
of a particle whereas in the ranges €24 and 25 the plane waves
describe states of an antiparticle. In these ranges particles and
antiparticles are subjected to the scattering and the reflection
only. Such one-particle consideration does not work in the
range 23, where the many-particle quantum field theory con-
sideration is essential. Note that the range 23 is often referred
to as the Klein zone. In contrast to the case 2; (and 25),
where signs of my(L) and 7y (R) coincide, they are opposite in
the Klein zone. This reflects the fact that the interpretation of
overlapping between amplitudes ;¢,,(X) and ¢, (X) using
the quantities 7o(L/R) by analogy with potential scattering
theory can be erroneous.

Indeed, it is known that attempts to consider the overlap-
ping amplitudes in the range €23 as amplitudes of particle
transmission and reflection as its works in the relativistic
quantum mechanics led (and often still lead researchers) to
contradictions and paradoxes, before the advent of consistent
consideration in the framework of QFT. Therefore, we will
discuss this issue again below.

It is assumed that each pair of solutions ¢, (X) and
$¢$,,(X) with given quantum numbers m € Q| U Q3 U Qs is
complete in the space of solutions with each given m. Due
to Eq. (19) the corresponding mutual decompositions of such
solutions have the form:

Con(X) = 1PnX)g(+I) — —n(X)g(- 1),
(X)) = TnX)g("1) — “n(X)gClo), 2D

where decomposition coefficients g are given by the relations:
(B> & P e = S5,
gCl)=gI), meQUQBUQs.  (22)

Substituting Eq. (21) into the orthonormality conditions
(19), we derive the following unitary relations for the
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decomposition coefficients:

gC 18G5 — gC1)g (L) = ¢8¢c 1,
818t o) — 817 le) = ¢80 (23)

In particular, these relations imply that

18I = 18GIDI, 18GDIP = lg 1D,

g1 gt

g7 &(tls)
One can see that all the coefficients g can be expressed via
only two of them, e.g., via g(4|*) and g(|~). However, even

the latter coefficients are not completely independent, they are
related as follows:

(24)

8GO = 18GIDIP = 1. (25)

Nevertheless, in what follows, we will use both coefficients
g(+]7) and g(4|*) in our consideration. This maintains a cer-
tain symmetry in important relations.

In canonical quantization of field theory, state vectors in
the Fock space are global objects, that is, the definition of
vacuum and particle (antiparticle) states has to be realized
in the whole space in a given time instant. To this end one
has to use a time-independent inner product of solutions of
the Klein-Gordon equation. In the case under consideration,
this inner product must be adopted for the stationary plane
waves (8). We recall that the inner product between two solu-
tions of the Klein-Gordon equation can be defined on 7-const.
hyperplane as a charge (in the case under consideration, the
role of an effective charge plays the magnetic moment). Note
that physical states are wave packets that vanish on the remote
boundaries, that is why the effective charge of the scalar field
is finite. It allows one to integrate by parts in the inner product
neglecting boundary terms. The latter property provides the
inner product to be time independent. However, considering
the stationary plane waves (8) that are generalized states,
which do not vanish at the spatial infinity, one should take
some additional steps. In the case under consideration, the
motion of particles in the x direction is unlimited, therefore
the corresponding wave functions cannot be subjected to any
periodic boundary conditions in the x direction without chang-
ing their physical meaning. For this reason one has to use a
special kind of the volume regularization; see Sec. C2 and
Appendix B in Ref. [14] and Sec. 2.1 in Ref. [15] for details.
Following Refs. [14,15], we mean that the strong field d,U
under consideration is located inside the region Sj, during
the time 7. Consequently, causally related to the area Sjy
can there be only such parts of the areas Sy, = (xpL, xr.] and
Sr = [xr, Xgr), Which are located from it at distances not
exceeding v,T. The field derivative 0,U is either negligible
or switches off in these macroscopic regions. We assume that
there exist some macroscopic but finite parameters K&/ of
the volume regularization which are in spatial areas where
the contribution of the field 8,U is negligible, |xg | > K© >
x| > 0and xpr > K® > xz > 0.

Following Refs. [14,15] we propose the time-independent
inner product between two solutions ®(X) and @'(X) of the

Klein-Gordon equation on ¢-const. hyperplane as

1 K®
(P, d) = —2/ drl/. U (X))o W (X)dx,
Vs Jvy -K®

idy —lU(x)> D(X), (26)

v(X)= (
where the integral over the spatial volume V, is completed
by an integral over the interval [K™, K®)1] in the x direction
and o is a Pauli matrix. The parameters K“/® are assumed
sufficiently large in final expressions. First, we note that states
with different quantum numbers m are independent, therefore
decompositions of wave packets ® into the plane waves (8) in
Eq. (26) do not contain interference terms. That is why it is
enough to consider Eq. (26) only for a particular case of plane
waves ¢ ¢, and ¢ $m with equal m. Assuming that the areas S
and Sk are much wider than the area Sj,,,

KV — x|, K® — xg > xg —xp, 27)

and the potential energy U (x) is a continuous function, the
principal value of integral (26) is determined by integrals
over the areas x € [-K®™, x;.] and x € [xg, K®], where the
field derivative 9, U is negligible small. Thus, it is possible
to evaluate integrals of the form of Eq. (26) for any form of
the external field, using only the asymptotic behavior (14)
of functions in the regions Sy and Sg where particles are
free. The form of the field d,U in the area Si, affects only
coefficients g entering into the mutual decompositions of the
solutions given by Eq. (21). One can see that the norms
of the plane waves ¢,, and ¢, with respect to the inner
product (26) are proportional to the macroscopically large
parameters 7 = K® /v and t® = K® /yR, where v' =
v2[pt/mo(L)] > 0 and vR = v2|pR/mo(R)| > 0 are absolute
values of the longitudinal velocities of particles in the regions
Sp. and Sg, respectively; see Sec. IIIC.2 and Appendix B in
Ref. [14] for details.

It was shown (see Appendix B in Ref. [14]) that the fol-
lowing couples of plane waves are orthogonal with respect to
the inner product (26),

(¢Pm: dm) =0, me QUQs; (;¢m." ¢w) =0, m € Qs,
(28)

if the parameters of the volume regularization t“/®) satisfy
the condition

™ —® = o), (29)

where O(1) denotes terms that are negligibly small in compar-
ison with the macroscopic quantities 7™/®), One can see that
7® and ™ are macroscopic times of motion of particles and
antiparticles in the areas Sg and Si, respectively, and they are
equal,

D = ® _ ¢ (30)

It allows one to introduce an unique time of motion t for
all the particles in the system under consideration. This time
can be interpreted as a system monitoring time during its
evolution. Under condition (29) the norms of the plane waves

014410-6



SCHWINGER MECHANISM OF MAGNON-ANTIMAGNON PAIR ...

PHYSICAL REVIEW B 110, 014410 (2024)

on the ¢-const. hyperplane are

1, mEQ]
-1, mEQ5’

(§¢ma {¢m) = (€¢m, C‘Pm) =kMpy, kK = {

(¢m9 ¢m) = Mm’ me Q; (d)mv d)m) = _va m € 2y,
(§'¢m’ (d)m) = _((d’m’ gd)m) = Mm’ me QS,

1gG 1)1, me Q1 UQs
1, mGQZUQ4 5 (31)

eGP, me Q3

see Appendix B in Ref. [14] for details. The + signs of
integrals in Eq. (31) correspond to the signs of the effective
charge (magnetic moment) of a particle; see Appendix A) for
details.

Thus, there are constructed two linearly independent cou-
ples of complete on the t-const. hyperplane states with a given
m that are either initial (“in”) or final (“out”) states,

M, =25

in states : ™) = +Pm, s i) = "y

my my

S = s, ST = s
O = G BT = s
out states : 0" 7 = _@y,, P = T
¢’S§)5ut,—) = s, ¢r(:5ut,+) = s
= b G = Ty my € Q.
(32)

Note that standing waves ¢,,(X) for m € Q, U Q4 are the
same for initial and final sets. In the ranges €2; and €2, we have
deal with states of a particle whereas in the ranges €24 and
25 the plane waves describe states of an antiparticle. In these
cases, description of the one-particle scattering and reflection
in the framework of strong-field QED is the same as in the
framework of the potential scattering. In particular, the sign
of the flux density, given by Eq. (19), allows one to determine
initial and final states, this fact was already used above. In
doing so we take into account the charge conjugation, which
implies that the physical longitudinal momentum of an an-
tiparticle differs in sign from the quantum numbers p* and
pR; see Appendix A for more details. We also note that in the
range 23 the choice of initial and final states is not so obvious
and will be justified below.

B. Quantization in terms of particles

In the absence of an explicit time evolution of physical
quantities presented by the stationary plane waves (8), an
interpretation of these plane waves as states of initial and
final particle or antiparticle in the Klein zone €23 requires
consideration the process of breaking vacuum stability, taking
into account the effects of switching on and off. It is clear
that the effect of pair creation is transient and therefore must
be limited in time. However, it can be assumed that moderate
intensity of pair creation one can neglect backreaction and that
the external field remains unchanged for some macroscopic
period of time T'. Then physically it make sense to believe that
the field of the x step, d,B(x), should be considered as a part of

a time-dependent inhomogeneous field Ejgine directed along
the x direction, which was switched on at the time instant
t; sufficiently fast before the time instant #,, by this time it
had time to spread to the whole area Sj,; and disappear in the
macroscopic regions Sy and Sg. Thus, in the region Sj, a time-
independent field configuration Epgine = 0,B(x) is formed,
whereas in the two regions Sy, and Sk the field 9,B(x) is zero.
However, there are two different uniform fields B(xp) 7% 0
in Sp. and B(xg) # 0 in Sg; u[B(xL) — B(xg)] = 8U. Such a
field configuration remains unchanged for quite a long time
T. Then at time instant #, the field Epgine is switched off
sufficiently fast just after the time instant t,, = t;, + 7. The
main effect of the pair creation occurs in the region Si,; during
the time period T. However, the switching on and off of an
external field Epgine may also lead to a pair creation. We
believe that its contribution is much less then the one in the
region Sjy. The created magnons and antimagnons enter in the
regions S, and Sg, respectively, already as free particles and
remain there separately after switching off the field Epgine-
Thus, by observing over a long period of time T fluxes of cre-
ated particles crossing the boundaries of the field at the planes
x = xp and x = xg, respectively, it is possible to determine the
parameters of these fluxes without waiting for switching off
the field Epigine- This can be done using stationary plane wave
solutions of the Klein-Gordon equation in the framework of
approach presented in Ref. [14]. (We note that some relevant
details of scalar field quantization in the presence of critical
potential steps is given in Appendix A).

Now you can set a quantitative criterion that allows one
to evaluate the accuracy of the approximation in which the
effects of switching on and off are neglected. Let N™¢ be
the total number of pairs created from the vacuum due to
field Epristine from the time it is turned on #; to the time it is
turned off #,, and N be the total number of pairs created from
the vacuum by the field 9,B(x) from a moment #;, > | to a
moment foy = tin + 7T

According to a widely accepted formulation of QED with
a strong background there exist initial |0, true in) and final
|0, true out) vacua of free particles related by an unitary trans-
formation under the condition that N'™° is finite; see, e.g.,
Refs. [19,20]. In the Heisenberg representation these vacua
are null vectors for particle number operators N(#) and N(1p),

N(@)|0, true in) = 0, N(,)|0, true out) = 0, (33)

where N(t;) is free particle number operator at the time 7,
and N (1) is free particle number operator at the time #,. The
difference of the true final vacuum from the initial one can
be specified by the total number of pairs created from the
vacuum,

N'™ =3 N = (0, true in|N (2)[0, true in),  (34)

and N are differential mean numbers of created from the
vacuum pairs with given quantum numbers m. If there exists
a complete set of solutions of the Klein-Gordon equation with
the background under consideration, then one can find all
the numbers N'"°. From general considerations, it is possi-
ble to establish some properties of these numbers without
knowing their form explicitly. It seems quite natural that
the pair-production rate and the flux of created particles are
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constant during the macroscopic time 7. It means that a lead-
ing contribution to the number density N"° is assumed to be
proportional to the large dimensionless parameter «/v,|0,U|T
and is independent from switching-on and -off if this parame-
ter satisfies inequality (15). In this case, the numbers N"™° can
be approximated by N,

Niue — N1+ O( vS|BxU|T]71)}’
NG — Z N, (35)

I‘I‘IEQ}

where the terms N&¥ = N if m € Q3 appear due to the
time-independent part of the field Epgine = 0:B(x) and do
not depend on the oscillations related to fast switching-on
and -off of the field Epgine. This possibility does exist due to
the fact that both fast switching-on and -off produce particle-
antiparticle pairs with quantum numbers in a tiny range of the
kinetic energy, such that one can neglect the corresponding
contributions to total characteristics of vacuum instability that
are determined by sums over all the kinetic energies; see
Ref. [15] for more details.

The numbers N can be found by using the decomposition
coefficients g, given by Eq. (22). Here one interprets stationary
plane wave solutions of the Klein-Gordon equation as states
of initial and final particle or antiparticle in the Klein zone €23.

Neglecting effects of fast switching-on and -off, one can
use instead of the true vacua |0, true in) and |0, true out) some
states |0, in) and |0, out), respectively. Namely, we choose
these states as ones with minimum Kinetic energies (kinetic
energies of the states |0, in) and |0, out) are the same) and
such that the leading contribution to the quantity N™° is de-
termined by the number N°. In the Heisenberg representation
these vacua are null vectors of the particle number operators
N(in) and N (out),

N(in)|0, in) = 0, N(out)|0, out) = 0. (36)

The difference between these vectors is determined by the
total number of created pairs,

N = (0, in|N (out)|0, in). (37)

In what follows, the number operators N (in) and N (out)
will be expressed via corresponding annihilation and creation
operators and the states |0,in) and |0, out) are called the
initial and the final vacua, respectively. Accordingly, magnon
and antimagnon excitations over these vacua are called initial
and final particles, respectively. Mean fluxes of the effec-
tive charge and the energies of the vacuum states |0, in) and
|0, out) are quite distinct. That allows us to define unambigu-
ously these vacua and to construct initial and final states in a
Fock space, using the plane waves (8); see Appendix A for
details.

One can decompose the Heisenberg operators of the scalar
fields ﬁ>(X ) and CTD(X )" into solutions of either the initial
or final complete sets (32). It is useful to represent &)(X )
(and ®(X)T, respectively) as sums of five operators, dX) =
22:, &, (X), where the operators &, (X) are defined in the
ranges 2i; see Eqs. (A13) and (A14) in Appendix A for de-
tails. The operators ﬁDk(X ), k = 1,2, are decomposed via the
creation and annihilation operators a and a' of the magnons,
while the operators CTDk(X ), k =4, 5, are decomposed via the

creation and annihilation operators b and b' of antimagnons.
In the range 23 the operators <i>3(X ) and é;(X ) are decom-
posed via creation and annihilation operators of both magnons
and antimagnons,

O3(X) = D M2l _ap(in) _¢pu(X) + ~b},(in) ~n(X)]

meQ;

=Y M, 'L an(0ut)¢n(®X) + b}, 0ut) ¥, (X)].
mEQ3

(38)

Here M,, are normalization factors given by Eq. (31). All
the operators labeled by the argument “in” are interpreted as
the operators of the initial particles, whereas all the operators
labeled by the argument “out” are interpreted as the operators
of the final particles. This identification can be confirmed
as follows. The equal-time commutation relations given by
Eq. (A3) in Appendix A yield the standard commutation rules
for the creation and annihilation in- or out-operators intro-
duced. The vacuum vectors |0, in) and |0, out) are null vectors
for all annihilation operators a and b given by Eq. (A14) in
Appendix A. In particular, in the range €23 nonzero commuta-
tors are

[+an(in/out), a’ (in/out)]
= [Fb,,(in/out), Fb! (in/out)] = 8, (39)

and one-particle states of initial (final) magnon and anti-
magnon have the form

+a),(in/out)|0, in/out), ¥b (in/out)|0, in/out). (40)

Using the both alternative decompositions (38) for ﬁ>3(X )
and the orthonormality conditions (19), one can find the
following linear canonical transformation between the intro-
duced in- and out-creation and annihilation operators

+am(out) = g("|4) 'g("1-) —an(in) — g("|4) " Tb) (in),
b (out) = —g(_|") ™" _au(in) + g(— ") 'g(_|7) b (in).
41)

One can verify that the transformation is unitary; see
Sec. VIID in Ref. [14]. The inverse transformation reads

_ay(in) = g("12)"'g(*14) yam(out) + g(t|-)~" b (out),
“bl(in) = g(+17) ! Lan(out) + g+ 7)1 IT) B, (out).
(42)

The = sign of integrals in Eq. (31) corresponds to the sign
of the effective charge (magnetic moment) of a particle, which
justifies the above interpretation of states as magnons and
antimagnons in the ranges €2, kK =1,2,4,5. In the ranges
Q; and Q5 the flux densities of particles through the surfaces
x = x, and x = xg given by Eq. (19) allow one to define initial
and final states of particles. In particular, it can be seen that the
sign of the flux densities of magnons with a given m is equal
to ¢ in the range €2, while the sign of the flux densities of an-
timagnons with a given m is equal to —¢ in the range 25. The
corresponding reasons in the framework of QFT are presented
in Appendix A. One can see that the partial vacua in the Fock
subspaces with a given m are stable in 2, k =1,2,4,5. In
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the ranges €2; and 25 we meet a realization of rules of the
potential scattering theory in the framework of QFT and see
that relative probabilities of reflection and transmission (under
the condition that the vacuum remain the vacuum),

IRnl* = g1 eI 1Tl = 18I DITE (43)

coincide with mean currents of reflected particles Jz = |R,,|>
and transmitted particles J;r = |T,,]?. The correct result Jg +
Jr = 1 follows from the unitary relation (25).

In contrast to the ranges €2; and €25, one can see from
Eq. (31) that in the range €23 the magnetic moment of the
particle states ¢, is positive while the magnetic moment of
the particle states °¢,, is negative. This allows us to use the
magnon/antimagnon classification for the creation and anni-
hilation operators in Eq. (38). Considering diagonalized forms
of the kinetic energy and magnetic moment operators given
by Eq. (A21) in Appendix A, we see that such identification
is also confirmed in the framework of QFT. In particular, we
see that the spectrum of the kinetic energy operator is posi-
tively defined and one-particle states ,¢,, represent magnons
with the kinetic energy .E,, > 0 and the magnetic moment
w, whereas one-particle states ¢¢,, are antimagnons with the
kinetic energy — *E,, > 0.

Since transformations (41) and (42) entangle annihilation
and creation operators, the vacua |0, in) and |0, out) are
essentially different. The total vacuum-to-vacuum transition
amplitude ¢, is formed due to the vacuum instability in the
range 23. Differential mean numbers N;;(out) and ijl(out),
m € 3, of the magnons and antimagnons, respectively, cre-
ated from the vacuum are equal, N%(out) = N%(out) = N,
and have the forms

N“(out) = (0, in| ;a (out) ;a,(out)|0, in)
= |g(+|)I 72,
N’ (out) = (0, in| Tb (out) *b,,(out)|0, in)
= gD, (44)

where the coefficients g are given by Eq. (22).

To distinguish initial and final states in the range €23, one
needs to consider one-particle mean values of the operators of
the fluxes, of the energy and the effective charge (that is, the
magnetic moment current) through the surfaces x = xp. and
X = xR, given by Eqs. (A11) and (A12) in Appendix A. In the
beginning we note that in the range 23 the spatial distribution
of physical states, presented by wave packets of plane waves,
is the same as in the ranges €2, and €24. Therefore, it can be
shown that particles (magnons) can be situated only in the
region Sg, whereas antiparticles (antimagnons) can be situated
only in the region Sy . The field 9, U (x) does not allow particles
to penetrate through the region Sy, and turns them in the
opposite direction. For the plane waves such a behavior can be
easily seen in the case of weak external fields (but still strong
enough, U > 2m, to provide the existence of the {23-range)
using a semiclassical approximation. If N;' tends to zero,
then |g(;|7)|*> — oo and, at the same time, |g(;|T)|> = oo
in accordance to relation (25). Relations (21) imply that for
an arbitrary m € €23 the magnon densities | ,¢,,(X )|? are
concentrated in the region Sg, whereas the antimagnon densi-
ties | ¢¢,,|* are concentrated in the region S .

In the general case when the quantities N, are not small, it
is natural to expect a similar behavior, namely: the region Sy, is
not available for magnons, and the region Sk is not available
for antimagnons. However, when the quantities N, are not
small, the latter property may hold only for the corresponding
wave packets, but not for the separate plane waves. That
means that these plane waves may be different from zero in
the whole space. Namely, this fact leads often to a misin-
terpretation, since the behavior of these plane waves looks
like the one in the ranges 2| and 25, where they represent
one-particle densities both in the region S;, and Sg. However,
this similarity is misleading. Indeed, within our context it is
assumed that the magnons and antimagnons in one of cor-
responding asymptotic regions may occupy quasistationary
states, i.e., they should be described by wave packets that
pertain their form a sufficiently long time in these regions.
Note, that in the ranges 2| and 25, the sign of the longitudinal
momentum p“/R is related to the sign of the mean energy
flux in the region Sy r. In the range 23 the magnon states
¢®m are states with a definite quantum number pr, whereas
the antimagnon states ¢ ¢,, are states with a definite quantum
number pR. This fact together with relation (21) implies, for
example, that a partial wave ; ¢,, of a magnon, in the region
where this particle can really be observed, i.e., in the region
Sk, is always a superposition of two waves *¢,, and ~¢,,
with opposite signs of the quantum number pR. Thus, the
sign of the mean energy flux in the region Sg cannot be
related to the sign of an asymptotic momentum in this region.
Similarly, one can see, for example, that the partial wave ¢,
of an antimagnon, in the region Sy, is always a superposition
of two waves with quantum number p“ of opposite signs
and, therefore, the sign of the mean energy flux cannot be
related to the sign of an asymptotic momentum in the region
where this particle can really be observed. However, as it will
be demonstrated, these are states with well-defined asymptotic
energy flux and, therefore, with a corresponding well-defined
asymptotic field momentum. Namely, these properties of the
constituent plane waves are responsible for the fact that stable
magnon wave packets can exist only in the region Sg, whereas
stable antimagnon wave packets can exist only in the region
Si; see Appendix D in Ref. [14] for details.

Taking into account such a space separation of the
magnons and antimagnons one can use the one-particle mean
values of fluxes, of the kinetic energy, and the magnetic mo-
ment, given by Eq. (A23) in Appendix A, to differ initial and
final states in the range 3. So if the flux of the magnetic
moment and the kinetic energy in the region Sg coincides with
the acceleration direction of a magnon in the region Sj,, then
the state under consideration is a final state of the magnon,
since such a particle can only move away from the region
Sint (x — 00). And viceversa, if these fluxes are opposite to
the acceleration direction of a magnon in the region Sj,, then
the state under consideration is an initial state of the magnon,
since such a particle can only move to the region Sjy. In the
case of antimagnons, the direction of the flux of the kinetic
energy coincides with the direction of the flux density, but is
opposite to the direction of the flux of the magnetic moment.
The antimagnons do exist in the region Sp, only. Therefore, if
the direction of the flux of the kinetic energy in the region Si.
coincides with the acceleration direction of the antimagnon
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in the region Sj,, then the state under consideration is the
final state of an antimagnon. And viceversa, if the direction
of the flux of the kinetic energy in the region S is opposite
to the acceleration direction of an antimagnon in the region
Sint, then the state under consideration is an initial state of an
antimagnon. Namely, in such a manner initial and final states
in Eq. (32) are defined.

C. Observable physical quantities specifying
the vacuum instability

Above, using representations (44) only differential mean
number of magnon-antimagnon pairs created from the vac-
uum were calculated. However, one can obtain additional
characteristics of the vacuum instability. This section is de-
voted to their study.

The probability of the transition from the vacuum |0, in) to
the vacuum |0, out),

PU = |cu|25 CU = (0’ Outlov in)v (45)

is related to the mean numbers Ny as

nPy= > npu pn=(1+NS)"5 (46

WIGQ:;

see Appendix A in Ref. [14] for details. However, this proba-
bility can be represented via the imaginary part of a one-loop
effective action S by the seminal Schwinger formula [4],

P, = exp (—2ImS). 47

A relation of this representation with the one that fol-
lows from the locally constant field approximation for the
Schwinger’s effective action was found in Ref. [21]. The prob-
abilities of the magnon reflection and the magnon-antimagnon
pair creation can be expressed via the mean numbers N, as
follows:

P(+|+)mm = {0, out| ;a,(out) _a; (in)0, in)|*
=81+ NP,

m

P(+ = |0} = [{0, out| yay(out) *b,(out)|0, in)|>
= 8N (1+NS) P, (48)

m

The probabilities of the antimagnon reflection and the
magnon-antimagnon pair annihilation coincide with the quan-
tities P(+|+) and P(+ — |0), respectively. In the case of
bosons in a given state m any number of pairs can be created
from the vacuum and from the one particle state. By this
reason probabilities (48) are not representative if the mean
numbers N[ are large. In the partial state with a given m
the probability of the creation of any pairs with given m is
1 — p,, where p,, is the probability that the partial vacuum
state remains a vacuum, given by Eq. (46). If all the mean
numbers N, are sufficiently small, Ny’ < 1, then the simple
relations p,, ~ 1 — N, and 1 — P, N « 1 hold true in
the leading approximation. In this case P(4|+);.m ~ 1 and
P(+ — 10),,m ~ N;. Therefore, information about the quan-
tity P, allows one to estimate the total number N. It is in
this case that the Schwinger’s effective action approach [4]
to calculating P, turns out to be useful. We note that this
approach is a base of a number of approximation methods;

see, e.g., Ref. [22] for a review. In this relation, it should be
noted that the probability P, by itself is not very useful in the
case of strong fields when P, < 1.

Taking into account Eq. (44), the total number of pairs
created from the vacuum reads

NT= ) Ny= ) lsGIDI (49)

meS23 meQ3

Magnons and antimagnons created with quantum numbers m
leaving the area Si; enter the areas S;, and Sg, respectively. At
the same time, the magnons continue to move in the x direc-
tion with a constant velocity vR. The motion of the magnons
forms the flux density

(o) = Ny (TVL)™!, (50)

in the area Sy, while the antimagnon motion in the opposite
direction with the constant velocities —v™ forms the flux
density —(jy ), in the area Sp. Here it is taken into account
that differential mean numbers of created magnons and anti-
magnons with a given m are equal. The total flux densities of
the magnons and the antimagnons are

() = D (i = NT(TVL)™! (51)

m€Q3

and —(j,), respectively. The effective charge (the magnetic
moment) current density of both created magnons and anti-
magnons is Ji" = w(j). This corresponds to the spin current
(jx)- It is conserved in the x direction.

During the time 7, the created magnons carry the mag-
netic moment u(j,),T over the unit area V| of the surface
x = xg. This magnetic moment is evenly distributed over the
cylindrical volume of the length v®T. Thus, the magnetic
moment density of the magnons created with a given m is
wil(R), where jo(R) = (ji)n/vR is the number density of
the magnons. During the time 7, the created antimagnons
carry the magnetic moment p(j,),7 over the unit area V,
of the surface x = x; . Taking into account that this magnetic
moment is evenly distributed over the cylindrical volume of
the length v™T', we can see that the magnetic moment density
of the antimagnons created with a given m is —u jO (L), where
jSI(L) = (j)m/V" is the number density of the magnons. The
total magnetic moment density of the created particles reads

=Y ea JmL), x €St
ZWLGQ} ]1(1)1(R)’ X € SR
Due to a relation between the velocities v™ and vR, the total

number densities of the created magnons and antimagnons are
the same,

P =p (52)

S A=Y AR (53)

me3 me3

We also note that the created magnons and antimagnons are
spatially separated and carry magnetic moments that tend to
smooth out the inhomogeneity of the external magnetic field.

In the same manner, one can derive some representation for
the nonzero components of EMT of the created particles:

Y e, JnW)lmo(L)], x € St

T (x) = . ’
> ea, IaR)T(R), x € Sg

T
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T“( ) Zm€Q3 <jx>m|pL|vx € SL
X) = s
¢ S e, (idml PRI x € Sk
m <.)l‘ﬂ( )2 | Ll’xeS
Tk ge) = | 2o U ) T k=23,
Zmefh (Jx)m (D) /|P |7x € Sr
—L1 3 ea, Undnlmo@)l, x €S
Uy me Jx ml/t0 ) L
W ={ " . (54)
N Zme§23 (J)mTo(R), x € Sy

Here T (x) and T (x), k = 1,2, 3, are energy density and
components of the pressure of the particles created in the areas
St and Sy, respectively, whereas T.'%(x)v,, for x € S, or x €
SR, 1s the energy flux density of the created particles through
the surfaces x = xp, or x = xg, respectively. In a strong field,
or in a field with the sufficiently large potential step §U, the
energy density and the pressure along the direction of the axis
x are near equal.

Let us consider effects of the backreaction on the ex-
ternal field due to the vacuum instability, to establish the
so-called consistency conditions. We assume that the volume
V =V, (xg — xr) contains the area Sj,; = (xr, xr ). The total
energy of the created particles in the volume V is given by the
corresponding volume integral of the energy density T2(¢, x).
The corresponding energy conservation low reads

9 ®
— | dr, / T, x)dx = — yg u T @dfe,  (55)
at Vi XL z

where ¥ is a surface surrounding the volume V and dfy,
k=1,2,3, are the components of the surface element df.
Taking into account that 7,2°(¢, x) does not depend on the
transversal coordinates, and Tclﬁo(x) =0 for k # 1, we find
using Eq. (54) that the rate of the energy density change of
the created particles in the region Si, per unit of the spatial
area V) is

9 [
& [ = [T - W]
XL

— U j,. (56)

It characterizes the loss of the energy that the created particles
carry away from the region Sj,;. At the same time, the constant
rate (56) determines the power of the constant effective field
Episiine = 0,U (x) spent on the pair creation. Integrating this
rate over the time duration of the field from ¢, to ., and
using the notation

Tout a
AT®(x) = — / ETC(SO(t, x)dt,
1;

in

we find the total energy density of created pairs per unit of the
area V, as
Ccr

XR N
f AT (x)dx = 8U —. (57)
XL VJ_

In strong-field QED it is usually assumed that just from the
beginning there exists a classical effective field having a given
energy. The system of particles interacting with this field is
closed, that is, the total energy of the system is conserved.”
It is clear that due to pair creation from the vacuum, the
constant effective field Epgine = 0xU (x) is losing its energy
and should depleted with time. Thus, the applicability of the
constant field approximation, which is used in the formulation
of strong field QED with x step, is limited by the smallness
of the backreaction. The relation (57) allows one to find
conditions that provide this smallness, we call these relations
the consistency conditions. These conditions can be obtained
from the requirement that the energy density given by Eq. (57)
is essentially smaller than the energy density of the constant
effective field per unit of the area V.

Note that the presence of the matter in the initial state
increases the mean number of created bosons. It is an ob-
vious consequence of the Bose-Einstein statistics. In the
case of fermions, the presence of the matter at the initial
state prevents the pair creation. Assuming that N (in) and
N{7)(in) are the mean numbers of particles and antiparticles
with quantum numbers m at the initial time instant, one ob-
tains that the differential mean numbers of final particles and
antiparticles are

N = (14+ NSNS () + N [1+NSDGm)], (58)

respectively. The differential mean numbers of particles and
antiparticles created by the external field are given by an
increment AN$) = N — N©)(in). One can see that the in-
crements of the numbers of particles and antiparticles are
equal,

ANSH = AN = AN,
AN,, = N1+ NSP(in) + N7 (@in)). (59)

In contrast to the previously used methods for studying the
production of bosonic pairs by external fields, our approach
allows us to consider the case of special inhomogeneous
external fields supporting the spatial separation of particles
and antiparticles (in the case under consideration, these are

2One can, however, imagine an alternative situation when these
effective charges are getting out of the regions S;. and Sg with the
help of the work done by an external storage battery. For example,
dealing with graphene devices, it is natural to assume that the con-
stant electric strength on the graphene plane is due to the applied
fixed voltage, i.e., we are dealing with an open system of fermions
interacting with a classical electromagnetic field. In that case there
would be no backreaction problem. Note that the evolution of the
mean electromagnetic field in the graphene, taking into account
the backreaction of the matter field to the applied time-dependent
external field, was considered in Ref. [26].
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magnons and antimagnons) in the Klein zone. In such a way,
one can see that the equal increments of mean numbers of
particles in the area Sk and antiparticles in the area S do
not depend on the symmetry between the mean numbers of
particles and antiparticles in the initial state. For example,
assuming the absence of the initial antiparticles, N,ff)(in) =0,
with the number of initial particles being not zero in the Klein
zone, N,ff)(in) # 0, one can see that the number of created
antiparticles is growing in comparison with the one created
from the vacuum, AN,, = NJ[1 + N,§1+)(in)]. Therefore, the
flux of created antiparticles in the area S is growing pro-
portionally to the flux of coming particles from the area Sg.
Such a behavior can be called statistically assisted Schwinger
effect.

That is why operating with the concept of probability turns
out to be unfruitful in the case when the mean number N’
is not relatively small. In our considerations the presence of
particles in the initial state implies that these are ingoing
particles and the mean numbers N¢)(in) are proportional to
densities of ingoing fluxes,

(i), = N )TV (60)
Densities of outgoing fluxes are
(i), = NO@v)™. (61)

Both ingoing and outgoing magnons are situated in the area
Sr while both ingoing and outgoing antimagnons are situated
in the area Sp. For example, assuming the absence of initial
antiparticles, N7 (in) = 0, the presence of particles in the
initial state, Nlﬁf)(in) # 0, leads to the fact that the density of
the outgoing particle flux turns out to be more than the density
of incoming particle flux,

GVl /G ()Y, = 14+ N + 1/NSP(in)).  (62)

Thus, the flux proportional to Ny of particles born from the
vacuum is added to the total flux of reflected particles. A
similar picture is observed for antiparticle fluxes in the case
when N(P(in) = 0 while N{7)(in) # 0. In the areas of Q3
adjoining the borders of the ranges €2, and 24, the pair cre-
ation is absent, N; — 0, and the only the total reflection takes
place. However, in general, in the Klein zone, fluxes due to the
total reflection cannot be separated from the fluxes due to the
pair creation, that is one more reason not to use probabilities
of the reflection.

IV. EXAMPLES OF EXACT SOLUTIONS WITH X STEPS

In this section, we present a collection of external magnetic
fields that allow calculating magnon pair production charac-
teristics based on exact solutions of Eq. (9). For the sake of
convenience, we discuss examples separately and list perti-
nent results only. Further details are placed in Appendix B.

A. Differential quantities
1. L-constant step
The L-constant magnetic step is a model of magnetic field
inhomogeneity that grows linearly with x within Sj,; and is

constant outside of it, B(x)|y<y 7 B(X)|yx>x,. We call this
field “L-constant” magnetic step due to its analogy with the

“L-constant electric field,” which is a type of electric field
that creates electron-positron pairs from the vacuum if it is
strong enough; see Ref. [31] for a discussion. The field has
the following form:

B'L/2, x €8 = (—o0,—L/2],
B(x) = { —Bx, x € Sine = (—L/2,L/2), (63)
—B'L/2 xe€Sg=[L/2,+00),
where B'> 0, L >0, and we set xp = —L/2 = —xg for
simplicity.

Beyond the intermediate interval potential energies are
constants, Uy, = +uB’'L/2 and Ug = —uB’L/2, and exact so-
lutions to Eq. (9) are plane waves, classified according to
Egs. (14). As for the intermediate interval, Si,, we perform
a change of variable

&+ uB'x
Eny = 2T (64)
v uB

to rewrite Eq. (9) as

d? 2 _ _ ”i
<F +§ —A)wm(é)—O, K—m~ (65)

This is Weber’s parabolic cylinder differential equation [32],
whose independent sets of solutions are D,[(1 —i)&],
D_,1[(1 +0)§], or Dy[—(1 —i)§], and D_,_i[—(1 + D)E],
where v = —iL/2.

With the aid of the exact solutions (B1) and the coefficient
(BS) discussed in Appendix B, the differential mean numbers
of magnon-antimagnon pairs created from the vacuum by the
external field (44) has the form

N S e e
m —  — —1J1 2)J2 1
VEE — A8 — A
— fEN O EDI (66)

Here, & = &(x1), §& = £(xg), and

j d
fl(i)(g) = (1 + \/ﬁ%)D—v—l[i(l + D],
j d
126 = (1 + \/ﬁ&)m[ﬂl — gl (67)

Optimal conditions for the magnon pair production occur
when step (63) is high enough and stretches over a wide region
of the space, characterized by the inequalities

|uB'| A?
L> max{l, ——¢. (68)
Vg v uB’

If these conditions are met and +/X is fixed, in the sense that
VA < K|, where K| is areasonably large number obeying the
conditions «/[uB'[/vsL/2 > K3 > max{l, A?/v;uB'}, then
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|&1] and &, are large

|uB'| L |uB'| L
52 2 ~ ~ < 51 < _K7
vy 2 v, 2
B|L
K} <K < I |§, (69)
Vs

which means that we can use asymptotic representations
of Weber parabolic cylinder functions (WPCFs) given by
Egs. (1)-(3) in Sec. 8.4 of Ref. [32], to show that the mean
numbers acquire the form

Ny =exp (=an)[1+ 0061 +0(57)]. (70

In the limit where the inhomogeneity of the field spreads over
the entire x axis, i.e., when L — oo (thus |&| — o0, & —
00), we obtain

N — N"™ = exp (—mh). (71)

This is a well-known expression that was originally ob-
tained in the context of electron-positron pair creation from
the vacuum by a constant uniform electric field [34]. Its max-
imum value max N = N'|, _o becomes pronounced if the
derivative B’ is of the order of the critical value B, = A?/v,u,
which plays the role of the Schwinger’s critical field [4] in the
case under consideration.

Another configuration of the external field worth of discus-
sion is when its spacial inhomogeneity varies “abruptly” along
the x direction. We call this configuration “sharply varying” or
“steep” field configuration. A steep L-constant magnetic step
is characterized by the set of inequalities,

U = |uB'|L = const > 2A, SUL/v; <1, (72)

which, in turn, implies in the conditions

max <|JT()(L)|£, 7T0(R)£) < 1, (73)
Us Us
as quantum numbers are bounded in the Klein zone 23. As
a result, coefficients involving asymptotic momenta are also
small since |p*/R| < |mo(L/R)|. In this case, the argument of
the WPCFs are sufficiently small in €23 and we may use the
power-series expansion to show that

or 41pM11PR|
Nm ~ R .27
P~ — IPR| + io]|

B/
0=|:|pL||pR|+(i+)»)|'U;) |:|L. (74)

N

Notice that the limit L — 0 is admissible provided the dif-
ference ||p"| — |pR|| is larger compared |o|. In particular, if

J

[1P%] = IpR1] > |o|, then the mean number (74) admits form

N~ (75)

(1—4k)
where k = |pR|/|p"|. It is in agreement with results obtained
at p; = 01in Refs. [9,10,12,13] for the case of the Klein step
formed by an electric field. Additionally, Eq. (75) can also be
reproducible by other magnetic steps, as shall be seen below.

2. Sauter-like step

The Sauter-like magnetic step’—a more realistic,
smoothed version of the L-constant magnetic step—is another
example of magnetic field inhomogeneity for which exact
solutions of Eq. (9) are known. The Sauter (or Sauter-like)
electric field is a popular example of an electric field that may
violate the vacuum stability; see Ref. [14] for an extensive
discussion of the phenomenon in QED with x steps.

In the present case, the Sauter-like magnetic step has the
form:

B(x) = —B'Lgtanh (x/Ls), B' >0, Ls > 0. (76)

At remote regions x — Fo0o, the magnetic field is constant
B(F00) = £B'Lg, which means that U, = uB'Ls = —Ug.
Therefore, the magnitude of the potential step (13) in this case
is U = UL — UR = 2,LLB/L5.

Performing the change of variable

x(x) = 1[1 + tanh (x/Ls)], (77)
and seeking for solutions in the form
Pu(x) = xBI2Q = B2 p 0, (78)

allows us to express Eq. (9) in the same form as the differential
equation for the Gauss hypergeometric function [32],

x(L=)f"+le—(a+b+ Dylf —abf =0, (79

provided

1. | (LssU\?
a=3 iLs(Ip| — 1p*) + 1+ <S ) —-1],
1] ® . | (LsSU\?
b=§ iLs(Ip”| = Ip"D+1—i -1,
Vg
_ _- L )
c=1—iLg|p-|. (80)

Using the exact solutions (B8) and (B9) and the coefficient
(B11) discussed in Appendix B, we find that

sinh(r Ls|p*|) sinh(w Ls | p"|)

lg(+1 ) =

sinh? [7Ls(|pR| — |p-1)/2] + cosh? (2/(LssU /v,)* — 1)’

81)

$We name the field (76) “Sauter-like,” in reference to F. Sauter [11], who first solved relativistic wave equations for a charged particle with a

potential step of the form —«FE tanh(x/«).
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Result (81) holds in the ranges i, 25, and $23. Tak-
ing into account relation (25), one finds |g(,|*)|?>. Using
these coefficients in Eq. (43), one can calculate the rela-
tive probabilities of the reflection, |R,|*> =1 — |T,,|%, and
the transmission, |T},|> = [1 + |g(+|7)|?]~"! in the ranges €,
and Qs. In the range €23 according to relation (44) the co-
efficient |g(,|7)|~2 gives the differential mean numbers of
the magnon-antimagnon pairs created from the vacuum, N
In particular, for any m; # 0, one of the following limits
holds true:

lg I ~ ILspRl = 0, g7 ~ ILsp"| — 0.

(82)

This means that in the range €23, the mean numbers tend to
zero, N — 0, while in the ranges ©; and 25 the relative
probability of the transmission reads |7;,|*> — 0 if m tends to
the boundary with either the range 2, (|p~| — 0) or the range
Q4 (IP%] — 0).

In cases where the magnetic step is high enough and
stretches over a wide region of the space, such that
LséU /vg > 1, the mean number of created pairs can be ap-
proximated as

cr as —TT
N, =N, =e ",

T = Ls(2|uB'|Ls/vs — [p}| — Ip"D).
(83)

When LsSU /v — oo, one obtains N — N where N'™ is
given by Eq. (71).
Sharp-gradient configuration

8U = |uB'|Ls = const > 2A, SULg/v; < 1, (84)

corresponds to a very sharp field derivative d,U, highly con-
centrated near the origin x = 0, described by a very “steep”
potential step. This configuration has a special interest be-
cause it corresponds to a regularization of the Klein step
(originally an electric step potential)

_JUif x<0
U(x)_{UR ifx>0" 85)

where Ur and Up are constants, and may be useful in
a discussion of the Klein paradox. In the ranges €2; and
Qs the energy |e| is not restricted from the above, that
is why in what follows we consider only the subranges,
where max{Ls|p"|, Ls|p®|} < 1. Note that in these ranges
l|p~] — |pR|] > 8U, then the parameter k = |pR|/|p"| does
not achieve the unit value, k # 1. Then one has

PO [ p— (36)
8+ (1 _ k)2
and obtains the transmission coefficient as
4k
|Tl? ~ 7 (87)
(1+k)

that is in agreement with results of the nonrelativistic consid-
eration obtained in any textbook for one-dimensional quantum
motion. In the range 23 for any given 7, the absolute values
of |pR| and |p"| are restricted from above,

0 < |Ip" — 1P} < VU SU —2m)). (88)

As it follows from Eq. (81), in the range €23 the differential
mean numbers of created magnon-antimagnon pairs read
41p81pR)

Nyt =182~ 3 :
(%57%)" + APt = 1pRD?

(89)

They have a maximum at k = 1 that can be quite large,

« 4 21 \*
max N, = ———|1— (—) . (90)
(LsdU /vy) sU

The limit Lg — 0 in Eq. (89) is possible only when the differ-
ence |p"| — |pR| is not very small, namely when

2 2
(‘”; fs> < (pH = PRI 1)
US
Only under the latter condition one can neglect an Lg -
depending term in Eq. (89) to obtain the form given by
Eq. (75). Thus, we have an another example of the regular-
ization of the Klein step.

3. Exponential step

We present here an example of the magnetic field inho-
mogeneity whose analytical form is a piecewise, continuous
exponential functions of x. In this case we have a possi-
bility to consider various asymmetric peak configurations.
The electric-analog of this field in QED was considered in
Ref. [33]. The magnetic step has the form

k(1= e,
k(e =1,

xel=(—00,0]

. 92)
x eIl = (0, +o0)

B(x) = B’{

where k;, j =1, 2, are positive constants that characterizes
how steep or smooth the field decays from x = —oo to
x = +o00. Similar to the preceding examples, the exponential
magnetic step (92) reaches constant values at remote regions
which means that U = /LB’kl_1 and U = —MB/kz_l. As a
result, the magnitude of the potential step is U = U — Ug =
uB' (ki + k5.

To solve Eq. (9) with this field, we perform the change of
variables

_ 2uB’

. kix
n =ihe, h=—5—, xel
kZ vy
2uB’
= ihye %, By = k’;—v xell, (93)
1VUs

and represent the scalar functions in the form
on(x) = e R;(n)),

L
i|p|

Vv = A , 2
1

ll UR|
= y 94
k2 ( )

to learn that the functions R;(n;) obey the confluent hyperge-
ometric equations

7’}]‘R;/+(Cj—77j)R;-—ajRj=0, (95)

014410-14



SCHWINGER MECHANISM OF MAGNON-ANTIMAGNON PAIR ...

PHYSICAL REVIEW B 110, 014410 (2024)

provided
Cj = 2Vj —+ 1,
. 1 imy(L)
ay=v;+ ) klvs 5
1 imp(R)
= - = . 96
a; =vy + 5 o (96)

Fundamental pairs of solutions to Eq. (95) with special
asymptotic properties at remote regions are proportional
to confluent hypergeometric functions ®(aj, c;;n;) and
njfc.fe”.fcb(l —aj, 2— Cj; —77j).

Using exact solutions and their connection via g coeffi-
cients discussed in Appendix B, we find

4| p&||1pR|
exp [—m (k' 1pH — k5 PRI)]

le+17)17% =

-2
X

L A R
ldn] 2 Zdnz 1 -0
©7)

Taking into account relation (25) one finds |g(|")|?. In the

ranges €2; and Q25 use of these coefficients in Eq. (43) gives
the relative probabilities of the reflection, |R,, |2, and the trans-
mission, |T;,]>. In the range Q3 according to relation (44) the
coefficient (97) gives the differential mean numbers of pairs
created from the vacuum, N'. In particular, if either |p®| or
|p"| tends to zero for any 7, # 0, then one of the following
limits holds true:

eI~ PR =0, 1gTIOI2~ P — 0. (98)

If the step is high enough and stretches over a wide region
of the space, so that the conditions are satisfied,

A? k
. L —fixed,  (99)
US[LB/ kz

then it is possible to show based on the results of Ref. [33] that
the mean numbers of created pairs, given by Eq. (97), admit
simpler forms,

Ny = 181172
_[exp{ = Flmo@)l = 1411}
exp { — Zlmo®R) — P11},

min (hy, hp) > max {l,

O<8<UL_7TJ_,

Ugp +7m, <e<O.
(100)

When hy, hy — 00, one obtains Ny — N,‘,;“i.

One can consider an essentially asymmetric configuration
with k; > k.

By choosing large parameters k;, k, — oo with a fixed
ratio k; /k», one can obtain sharp gradient fields that exist only
in a small area in a vicinity of the origin x = 0. We assume
that the corresponding asymptotic potential energies Ur and
UL define finite magnitudes of the potential steps AU; and
AU, for increasing and decreasing parts,

U, = AU, Ur = —AUs, (101)
respectively, and satisfy the following inequalities:
AU [k <1, AUy ky < 1. (102)

This case corresponds to a very sharp peak with a given step
magnitude U = AU + AU,. In the ranges ©; and Qs the
energy |e| is not restricted from the above, that is why in what
follows we consider only the subranges, where
max (|o(L)|/k1, [mo(R)I/k2) < 1. (103)

In these ranges taking into account that ||p"| — [pR|| > §U we
obtain that the |g(;-|~)|~2 and the transmission coefficient can
be presented by the functions (86) and (87) of the parameter
k= 1pR1/1p 1.

In the range Q3 the difference ||p*| — |pR|| are restricted
from above by Eq. (88) and can tend to zero. That is why the
differential mean number of pairs created is

N 41p-||pR|
" (P = IpRD + B

20U, [ AU 2AU, [ AU.
s Rl R )

- L - R
0 2 + |mo(L)| I 2 + mo(R)

(104)

It has a maximum at k=1 that can be large, N, =
4|p"||pR|/b?. Under the condition b* < (|p*| — [pR])? one
can verify that the mean number N; is given by Eq. (75).
Thus, we have additional example of the regularization of the

Klein step.

4. Inverse-square step

As a last example, we present below a model of the
magnetic field inhomogeneity that is also a piecewise and
a continuous function of x. In QED, we call the electric
field corresponding to the potential step inverse-square elec-
tric field, whose solutions to relativistic wave equations were
found by us recently in Ref. [35]. The magnetic step has the
form:

_plell—0=x/en™, xel=(-00,0]
el +x/0)7 =11, xell=(0,+00)
(105)

B(x)

where g;, j = 1,2, are positive constants that characterize
how the field grows/decays along the x axis. The magnitude of
the potential step for this field is U = Uy, — Ur = uB'(01 +

02).
By performing the change of variables

z1(x) = 2ilp“loi(1 — x/01), x €1,

2(x) = 2i|pRlor(1 + x/02), x €1l (106)

we may write the second-order differential equation (9) as
2 1 ok 14—l
— - + e + —_— J (pm(x) =0, (107)
de 4 Zj Zj

whose solutions are proportional to the Whittaker functions
Wi, n;(z;) and W_.. , (e7"z;), provided the parameters «;
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and u; have the form

. uB'ot mo(L)/ s

B0} mo(R) /v,
K| = —i — Ky =1 —_

Vs Izl v PR
_ 1 uB' o 2 1 wB 03 2
H1 = 4 v, , M2 = 4 v, .

(108)

Using the exact solutions (B18), (B21) and coefficient
(B24) that connects different solutions as is discussed in Ap-
pendix B, we obtain

d
+ w;(Z1)|PR|d—Zzwf(Z2):|

NE = pM PR

d
pr%(m)d—w;(zl)
21

-2
(109)

x=0

Finally, considering cases where the step is sufficiently
high and stretches over a wide region of the space, specified
by the conditions

. A? 01
min (ULo1, |Ur|@2) > max {1, , — = fixed,
uuB ) 02
(110)

it is possible to demonstrate based on our previous results [35]
that the mean numbers (109) admit the asymptotic forms

0<8<UL—7TJ_,
Up+7m <e<0,

+
o exp2rw;),

m - (111)
expLrw, ),

where

Wi = ilky £ pr)

_ b | <2ULQ1)_2 " mo(L) /vy
Uy vy P

0y = Filia £ )

’

_WUrloa | [, (2Url02) 7, moR)/v,
Vs Vg |pR|

When U1, |Urlo2 — 00, we have NS — N where N0,
One can see that all of the above presented examples in the
model of smooth-gradient step can be seen as regularizations
of linearly growing magnetic field.

Another field configuration worthy of discussion is the case
where the step is still sufficiently high but the field inho-
mogeneity is concentrated in a narrow region of the x axis,

characterized by the inequality

U U
max (L—Ql, ﬂ) <1, a fixed.
Q2

Us Us

(112)

(113)

In the range 23, the most significant contribution to the mean
numbers (35) comes from values for |¢| that are sufficiently
away from the borders with €2, and €24, in the sense that the
supplementary inequalities

<|7T0(L)|Q1 mo(R)02
max ,

Us Us

><<1, O fixed  (114)
Q2

are also satisfied. In this case, the argument of the Whit-
taker functions (B18) are also small, which means that one
can use the connection formulas given by Eqs. (119) in
Ref. [35] and expand the Whittaker functions M, ,(z;)
around the origin, i.e., My; ;. (z;) = M2 — 2/ 2uj +
1) + O(z%)], to show that the differential mean numbers of
magnon-antimagnon pairs created from the vacuum is approx-
imately given by the equations

N 41p"||pR|
"pt = PR+ @2
mo(L) mo(R)
d =—=Ip"Po1 + ——P* 0. (115)
UL, Ur

Similar to the previous examples, the limit in which the field is
infinitely steep, given by o; — 0 and g — 0, is admissible as
long as the difference ||p"| — |pR|| is larger compared to |d|.
If, in particular, ||p“| — |pR|| > |d|, then we find the same
expression obtained for the Klein step, given by Eq. (75). In
addition to the previous examples, the compatibility between
Eq. (115) and (75) shows that the field (105) is also a regular-
ization of the Klein step.

B. Integral quantities

According to the discussion in preceding section, the total
number of the magnon-antimagnon pairs produced from the
vacuum by magnetic steps is a sum of the differential numbers
over the quantum numbers within the Klein zone 23, given
by Eq. (49). The created magnons continue to move in the
x direction and form the flux density j,, given by Eq. (51),
in the area Sy, while the antimagnon motion in the opposite
direction form the flux density — j, in the area Sp.. These flux
densities can be represented in an integral form as

1 ULfnl
Je de / dp.NC'. (116)

27)* Jugsm,
In general, analytical integration in Eq. (116) is impossible.
Nevertheless, due to the analogy between QED with x steps
and the present study, we may use universal expressions in
a strong electric field from Ref. [21] to conclude that if
the magnetic step is sufficiently high but evolves gradually
along the x axis (smooth-gradient step), one can approximate
Eq. (116) as

1 R :
'x’f‘\"’.xz_ dXU,)C d Numx,
Jx ] (271)3/ ()/mn()

AL

uni T Jz_
N,"(x) = exp |: T vsU’(x)i|’ (117)
where the prime over the potential denotes differentiation with
respect to x, U'(x) = udB(x)/dx. The quantity N;“i(x) has
a universal form which can be used to calculate any total
characteristic of the pair creation effect. Integrating the latter
expression over dp one obtain the final form,

X 2

. ~ 1 R / 2
Jx Ry = m/XL dxU'(x)” exp |:—7T

UXU/(X)]. (118)

For the examples discussed in Secs. IV A 1-IV A4, the
total density of the magnon pair production has the following
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form:
1, for L-constant step
sU §/2, for Sauter-like step
7 = o 2
Jx |LB'| G(2, nm), for exponential step ’
%G(%, /4 ﬁZB’I)’ for inverse-square step
(119)
where U = U, — Uy is the magnitude of the step in all the
examples,
B A2
r = nB| exp | —m , (120)
(2m)? vs|uB’|
and

_ o0 tA2
5 =/ dtt™"2(1+ 1) exp (— z )
0 U€|MB|
1 A2
= \Ij _7_2; 5
v <2 7TvSIMB/I>

® d
G(a,z)=/ =
1

sotl

D = e XT (—a, x). (121)
Here ¥(«, B;2z) and I'(B, z) denote a confluent hypergeomet-
ric function and an incomplete I" function, respectively.

From the general expression for the vacuum-to-vacuum
transition probability, given by Eq. (46), the universal form of
the vacuum-to-vacuum transition probability for the present
case reads

v.T > -1 /XR U,(X)z
P, ~ - — -1 d
eXp{ 2y IEZI (=D a X

IA?
X exp |:—7T m} }

Representation (122) coincides with the vacuum-to-vacuum
transition probabilities obtained from the imaginary part of
an effective action in the locally constant field approximation
[23,24]. In this approximation, the effective action S is ex-
panded about the constant field case, in terms of derivatives of
the background field strength F),,,

(122)

S =SOFL] + SPFu, 0,Fp] + ..., (123)

where S© involves no derivatives of the background field
strength F},, (that is, S© is a locally constant field approxi-
mation for S that has a form of the Heisenberg-Euler action),
while the first correction S@ involves two derivatives of the
field strength, and so on; see Ref. [25] for a review. Using
representation (47), one can see that in the locally constant
field approximation the probability P, is given by Eq. (47)
where the action S is replaced by S©.

V. CONCLUSION

In this work we present a Fock space realization of the
effective field model describing low-energy dynamics of the
antiferromagnetic magnons. Mapping the model to the theory
of a charged scalar field interacting with an external constant
electric field we apply recently developed approach of the

strong-field QED with step potentials to study the Schwinger
effect of the magnon-antimagnon pair production on magnetic
field inhomogeneities. Initial and final one-particle states are
constructed from stationary plane waves satisfied the Klein-
Gordon equation. Initial and final vacua are defined and initial
and final states of the Fock space are constructed. Mean num-
bers of magnons and antimagnons created from the vacuum
are expressed via overlap amplitudes of the stationary plane
waves. Observable physical quantities specifying the vacuum
instability are determined. The fluxes of energy and magnetic
moments of created magnons are analyzed. Characteristics of
the vacuum instability obtained for the number of magnetic
steps that allows exact solving the Klein-Gordon equation are
presented. In the case of a smooth-gradient step, universal
behavior of the flux density of created pairs is described and
the relation to the imaginary part of a one-loop effective
action S in a locally constant field approximation is estab-
lished. The results are quite general and are not limited to
the simple cubic-type lattice and the G-type antiferromagnet.
The presented study demonstrates a consistent application
of strong field QED methods in magnonics avoiding contra-
dictions and nonexistent paradoxes in the interpretation of
the obtained theoretical results. As a result, one can now
apply many of the results known from strong-field QED in
magnonics.

Condensed matter systems provide a possibility for ex-
perimental verification of quantum vacuum effects stimulated
by strong fields, in particular, a laboratory observation the
Schwinger effect of the violation of the vacuum instability due
to particle-antiparticle pair production, previously considered
possible only in supercritical fields in astrophysical situations.
This is due to the fact that in many cases low energy dynam-
ics of quasiparticle excitations in condensed matter systems
can be described by the Dirac model in which quasiparticles
are virtually massless. That is why external field intensities
needed for breaking the vacuum stability are relatively small
and can be observed in the laboratory conditions. Usually the
literature discusses the possibility to observe effects related to
the electron-hole creation from vacuum in the case of Dirac
and Weyl semimetals, such as the graphene and topological
insulators, where the low energy excitations are fermions; see,
e.g., Refs. [22,27,28] for the review. Since, the low-energy
magnons are bosons with small effective mass, then for the
first time it becomes possible to observe the Schwinger effect
in the case of the Bose statistics, in particular, the bosonic
Klein effect in laboratory conditions. As was already men-
tioned above, in the case of the Bose statistics appears a
new mechanism for amplifying the effect of the pair cre-
ation, which we call statistically assisted Schwinger effect. A
possible way to detect the Schwinger mechanism of antifer-
romagnetic magnons in experiments is discussed in Ref. [2].
For example, one can experimentally confirm this mechanism
by detecting the spin (the magnetic moment) current using an
inverse spin Hall effect.
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APPENDIX A: SOME DETAILS OF SCALAR FIELD
QUANTIZATION IN THE PRESENCE OF CRITICAL
POTENTIAL STEPS

The Heisenberg operator of the Klein-Gordon field $(X ) is
assigned to the scalar field ®(X). It is convenient to consider
the canonicalA pair of the field operator (X) and its canonical
momentum IT(X) as a column V¥ (X),
iﬁ*(X))

dX) (AD

U(X)= (

The latter satisfies both the Klein-Gordon equation (7) given
in the Hamiltonian form,

[ido — U ()P (X) = H"¥(X),

ki (0 —v;878;0; + Az), (A2)
1 0
and the equal time canonical commutation relations
[P0, (X)) li=r =0,
[P0, U XD li=r = 8(r =)o, (A3)

where HX" is the one-particle kinetic energy operator; see,
e.g., Refs. [29,30]. It follows from Eq. (A2) that

i (X) = [idy — U(x)]9(X), (A4)

The Hamiltonian H of the quantized scalar field has the
form

—~ . 1 " ~
A= f &7 (X )01 U () (X,
ﬁkin — f TO()dr — Hy,,

700 = i\iﬁ(X)o [ido — U )]¥(X)
- vz 1 0 x 9

(A5)

where HX" is a kinetic energy operator, which, just from the
beginning, we write in a renormalized form with a constant
(in general, infinite) term H, that corresponds to the kinetic
energy of vacuum fluctuations. In the case under consider-
ation, in the similar manner as discussing the inner product
(26), it is possible to evaluate integrals (AS5) for arbitrary field
U (x), using only the asymptotic behavior (14) of functions in
the regions Sp and Sg where particles are free. Decomposing
the field W(X) over the complete set (8), and dividing inte-
gral (AS) in three integrals within the regions Sp, Sin, and
Sr, we reduce calculating the quantity (AS) to calculating
its one-particle matrix elements in the regions S; and Sg;
see Sec. IVB.1 and Appendix B in Ref. [14] for details.
One can see that the matrix elements of the Hamiltonian
H depends on the total energy of a particle ¢. However,
probabilities of the magnon scattering, reflection, and the
magnon-antimagnon pair production depend on the kinetic
energy terms 7o(L/R) = & — U g, which is a combination
of & and Uy /. This is due to the fact that not the field U (x)
itself, acting on the magnons, does the work, but its derivative

d,U (x). That is why in the field-theoretical description of
magnons embedded into an external inhomogeneous magnetic
field namely eigenvalues of the operator H*" define vacuum
states and other state vectors in the Fock space.*

The formal expression of the effective charge (magnetic
moment) operator Q is

A

o= / pdr. p =518 (00, FOOL, (A6)

where [A, B] = AB + BA stands for the anticommutator. The
eigenvalues of the operator HX", together with one-particle
mean values of the effective charge, allow one to distinguish
particles and antiparticles.

Before proceeding to the definition of the operators of
interest (operators of fluxes), which usually are not considered
in QFT, it is useful to note that even in the framework of the
corresponding classical field theory an observable F can be
realized as an inner product of type (26) of localizable wave
packets ®(X) and F ®'(X),

F(D, D) = (&, FD), (A7)

where F is a differential operator, whereas ®(X) and ®'(X)
are solutions of the Klein-Gordon equation. Assuming that
an observable F(®, ®') is time-independent during the time
T one can represent it in the form of an average over the
period T,

1 [+T2
(F) = —f F(p, ¢"dt. (A8)

T J_rp

In general, the wave packets ®(X) and ®'(X) can be decom-
posed into plane waves ¢,,(X) and ¢/, (X),

OX) =Y ann(X), X)) = e, g, (X). (A9

where ¢,,(X) and ¢,,(X) are superpositions of the solutions
¢@m(X) and £¢n(X). Taking into account the orthogonality
relation (19), one finds that the corresponding decomposition
of (F) does not contain interference terms,

(F) =Y F(cnum. ). (A10)

A physical quantity useful for the further analysis is the av-
erage over the period T of the effective charge current through
the surface x = const. Since the regions Sy, and Sg supposed
to be macroscopic and the particles that come there are
free, then such a semiclassical statement of the problem seems
to be justified. Moreover, this is how the problem statement
is formulated in the theory of the potential scattering. The
corresponding QFT operator of the effective charge (magnetic
moment) current is proportional to the inner product on this

“In QED, where U are potentials of an electromagnetic field,
the operator Akin s gauge invariant, which implies that it is an
observable physical quantity in contrast with the Hamiltonian H. In
the case under consideration the constant values Uy r are physical
quantities and are used to tune the collinear ground state within the
regions S;, and Sg.

014410-18



SCHWINGER MECHANISM OF MAGNON-ANTIMAGNON PAIR ...

PHYSICAL REVIEW B 110, 014410 (2024)

surface given by Eq. (16),

~ 1.
T =— [ jdidr,,
T,/ L

Jo = %{[cb(xx 3T X} — [DT(X), 8. D(X)]4). (ALD)

Here J, is the longitudinal component of the operator of the
effective current density J. Note that by virtue of Eq. (7) the
latter operator and the operator of the effective charge density
0 satisfy the continuity equation Vi+ap=0.

In what follows, we consider the energy flux of the scalar
field through the surface x = const. Its QFT operator has the
form

T _l ~10
IF(x)_T vy Vdtdr

T10) = —[3, " O (X) — T1(X)d, D(X), (A12)

where 70 is the component of the operator of the energy
momentum tensor; see Refs. [14,15] for more details.

One can decompose the operator ®(X) into solutions of
the either initial or final complete sets (32) to construct in-
and out-states in an adequate Fock space:

d(X) =Y " M, P[4 (X) + B], (in)p " (X)]
- Z M, [ A (out)p P (X)

+ B}, (out) ¢\ (X)].

The operator-valued coefficients can be determined with the
help of the inner product (26),

M (o). @)

(A13)

Am(ln) = —(¢£n~+) ¢§'}ln,+)) )
M2 (pin) &
m s Pm
oy M, 0)
m - ’
(d)r(r:)ul,Jr)’ ¢’(7;)ut,+))
K MI/Z (oul.—)7 (’1‘)
B (out) = —2 (@ )

(o7, o)

where M,, are normalization factors given by Eq. (31). These
operators define annihilation and creation operators of initial
or final particles in each the range 2, (m; € ;) as follows:

Ay, (in) = 4a,, (in), B], (in) = ~a,, (in);

A, (out) = *a,, (out), BIm (out) = _a,, (out);

Ay, (in) = Ay, (out) = a,,, Bj, (in) = B}, (out) =0;
Apy(in) = _ay,(in), B}, (in) = ~b}, (in);

A, (out) = 4a,,(out), BLS(out) = +bfn3(out);

Ay, (in) = A, (out) = 0, B}, (in) = B, (out) = b}, ;
Aps(in) = Tb] (in), B} (in) = _b} (in);

Aps(out) = ;b (out), B (out) = ~b) (out).  (Al4)

Here a and b are annihilation and a' and b' are creation
operators, the operators a and a’ describe magnons and the
operators b and b' describe antimagnons. The vacuum vectors
|0,in) and |0, out) are null vectors for all the annihilation
operators a and b. Operators labeled by the argument “in”
are interpreted as initial particle operators, whereas operators
labeled by the argument “out” are interpreted as final particle
operators. Indeed, the commutation relations (A3) yield the
standard commutation rules for the introduced creation and
annihilation in- or out-operators. One-particle states of initial
(final) magnon and antimagnon are

a’ (in/out)|0, in/out), b’ (in/out)|0, in/out),  (A15)

where aL(in/out) and bjn(in/out) are given by Eq. (A14) for
each the range €2 . The unitary transformation (21) implies a
canonical transformations between the in and out-operators.

Interpretation of the magnons and the antimagnon states
which follows from in Eqgs. (A14) is consistent with a spec-
trum analysis of the kinetic energy operator HN" and the
effective charge operator (. Inserting decompositions (A13)
in Egs. (A5) and (A6), we obtain diagonal representations for
these operators in terms of the introduced creation and annihi-
lation operators. The operators H" and O can be represented
as sums of five contributions, each one in the range €2,

5 5
S 3D DL 3 o

(A16)
k=1 meQ k=1 meQ;
Note that a stationary state
m U m X
000 = <[s (01 )>’ A7)
¢ (X)

where ¢, is one of the solutions from Eq. (32), satisfies the

following eigenvalue problem:
H W, (X) = [, — U X)), (X). (A18)

This implies that the kinetic energy term of the one-particle
state reads

K®)
E, = (¢ma ¢m)71/ dri/
Ve —KL

X [&m — UX)] ¥, (X )dx,

U (X)o

(A19)

where the quantities ( ¢,,, ¢,,) are positive for m € Q| U 2,
and are negative for m € Q4 U Qs. In the range Q23 we have
that ( ; ¢, ($n) > 0, while ( SPm, Sém) < 0. Note that the
kinetic energy terms . E,, corresponding to the states ;¢,, and
the terms ¢E,, corresponding to the states ¢, are different
in the general case. The principal value of integral (A19) is
determined by integrals over the areas x € [-K @ x.] and
x € [xg, K®], where the field derivative 3,U is negligible
small. Thus, it is possible to evaluate integrals (A19) for any
form of the external field, using only the asymptotic behavior
(14) of functions in the regions S;, and Sg where particles are
free; see Sec. IV and Appendix B in Ref. [14] for details. Note
that ¢,, — U (x) = mo(L/R) in the regions S /Sg, respectively.

It can be easily seen from Eq. (A16) that in the range
Q) U Q; a one-particle state is the state of a magnon with the
kinetic energy E, > 0 and the magnetic moment u whereas
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in the range 24 U Q5 a one-particle state is the state of an an-
timagnon with the kinetic energy —FE,, > 0 and the magnetic
moment — L.

Inserting decompositions (A13) in operators (All) and
(A12), we obtain a renormalized (with respect to the corre-
sponding vacua) in- and out-operators of the effective charge
(magnetic moment) current and energy flux flowing through
the surfaces x = x, and x = xR, respectively,

J(in) = J — (0, in|J 10, in),
T(out) = J — (0, out|J |0, out),
F(x|in) = F(x) — (0, in|F ()0, in),

F(xJout) = F(x) — (0, out|F (x)[0, out). (A20)

The one-particle mean values of the fluxes, the kinetic
energy, and the effective charge through the surfaces x = xp.
and x = xg, given by Egs. (A20), are proportional to the inner
product on these surfaces given by Eq. (19), that is, these
fluxes are proportional to the flux densities of the particles
with given m. Of course, in the range €2, U €24 the flux densi-
ties of particles, given by standing waves, are zero.

With account taken of the charge conjugation, it can be
seen that the sign of the flux densities of magnons with given
m is equal to ¢ in the range 2;, whereas the sign of the flux
densities of antimagnons with given m is equal to —¢ in the
range 25 . In the ranges €2 and Qs an initial state may be
localized both in the regions St and Sg. This follows from the
way of choosing initial conditions. Taking into account direc-
tions of motion of magnons and antimagnons in the regions
St and Sy, we define initial and final states as it is done in
Egs. (A14) and (32).

J

In the Klein zone 23 the identification of states demands a
special consideration. To this end, we represent explicitly the
operators H,, and Q,, as follows:

H, =4 En 1a,(out) 1a,(out)
—TE, b (out) Tb,,(out)
=_E, _a},(in) _ay(in)

—~" E,, _b! (in) _b,(in);

O = pl1af,(out) 1a,(out)
—+ bfnz (out) b, (out)]
= [-a}, (in) _a,,(in)

—_ b} _(in) _b,,(in)], m € Q3.

m3

(A21)

Here E,, and °E,, are principal values of integral (A19) for
¢ W, and ¢ W, respectively. They read

sU -
CEm=7T()(R)+7|g(+| )l 2,

E, = mo(L) — 37U|g(+|7)|72‘ (A22)
Thus, we see that in the range €23 the one-particle state W,
is the magnon state with the kinetic energy .E,, > 0 and
the magnetic moment y whereas the one-particle state ¢W,, is
the antimagnon state with the kinetic energy — ¢E,, > 0 and
the magnetic moment — /.

Let us find one-particle mean values of fluxes of the kinetic
energy and the effective charge through the surfaces x = x.
and x = xg, given by Egs. (A20), in the range 3. With the
help of Eq. (19) we obtain:

Ji,(in) = (0, in| _am(in):lf(in) _a’ (in)|0, in) = —pu(M,, T)7 ",

m

J (out) = (0, out| +am(0ut)j(0ut) +afn(0ut) |0, out) = u(M,, )",

m

Jb(in) = (0, in| ~b,,(in)J (in) ~b! (in)[0, in) = —u(M, T)~",

Jb (out) = (0, out| Tb! (out)J (out) *b! (out)|0, out) = (M, T)™";

F“(out) =

m

0, out| 4 a,,(out)F (xg, out) 1., (out)|0, out) = (M,,T) "' 7o(R),

Eb(in) = (0, in| ~b,,(in)F (x., in) =5} (in)|0, in) = (M, T) " |mo(L)|,

Eb(out) = (0, out| *b! (out)¥ (xr, out) *5! (out)|0, out) = —(M,T) " |mo(L)|.

Taking into account the space separation of magnons and
antimagnons in the region Sg and S;, one can use the mean
values (A23) to distinguish initial and final states in the
range 23.

The QFT operators of the effective charge (magnetic mo-
ment) current density J, and energy flux density v,7'° flowing
through the surfaces x = xp, and x = xg, that were introduced
above in the framework of the approximation under consid-
eration, are time-independent. It is clear that these operators
are defined up to certain C-numbers, which may affect explicit

(
(
(
(
F%(in) = (0, in| _a,,(in)F (xg, out) _a’ (in)|0, in) = —(M,,T) " 'mo(R),
(
(
(

(A23)

(

forms of the corresponding vacuum means. This circumstance
allows one to relate matrix elements of these operators with
matrix elements of the corresponding exact strong-field QED
operators (which are time-dependent in the presence of the
time-dependent field Epgine). This can be done based on
the following physical considerations: Let us consider a re-
lation of the time-independent quantity J¢', obtained in the
framework of approximation under consideration, to the ma-
trix elements of the time-dependent longitudinal component
f;“’e(t) of an exact current density operator of the strong-field
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QED. According to the general theory the difference 5/
of the true final vacuum from the initial one is due to the
contribution of the current density of the created particles and
antiparticles,

8JM = (0, true in|[J™°(t) — J(11)]10, true in), (A24)
where t| < #i; and #; > ., are the time instants of switching
on and off of the field Epsine, Tespectively. Assuming that
effects of fast switching-on and -off are small, we can use
approximation (35) for the total number of created pairs. In
this case we obtain

I = IS+ O(Iu 0, UITTH). (A29)

We see that the quantity J{' can be represented as the follow-
ing mean value with respect to the |0, in) vacuum:

(A26)
|

JE A (0, in|[J (1) — J™ (21110, in).

With the help of this result we may find a relation of the op-
erators J:‘Cr U (f,) and J e (41 ) with the time-independent current
density operator J, given by Eq. (A11). In particular, we see
that the difference f;"“e () — f;"“e () can be approximated by
a C-number,

T (6y) — () =~ I (A27)

Then, for example, the current density operator J}“‘e(t 1) can be
approxnnated by the time-independent current density opera-
tor J,, J;“‘e(tl) ~ J.. In this case, we have J:‘Cr“e(tz) ~ J + J&,
therefore the normal form of both J™(z,) and J™(z,) with
respect to the in- and out-operators of creation and anni-
hilation are the same. Thus, calculating one-particle mean
values of the effective charge current in Eq. (A23) one can
use the operator fx. In a similar way, one can relate the
time-independent operator 7''°(x) to time- dependent compo-
nents of the exact operator EMT, for example, 7;!% (#, x) ~
7'°(x) and Ttrll?e(tz, x) ~ T10%x) 4+ TC}O(x) In addition, calcu-
lating one-particle mean values of fluxes of the kinetic energy
in Eq. (A23) one can use the operator 710 (x).

APPENDIX B: EXAMPLES OF EXACT SOLUTIONS WITH X STEPS

In this Appendix, we provide additional information on the computation of differential quantities that are relevant to the
investigation of magnon pair production stimulated by the external fields mentioned in Sec. IV. We present results only and refer
the reader to Refs. [14,31,33,35] for more comprehensive discussions.

For the L-constant magnetic step (63), solutions of Eq. (9) to all intervals can be expressed in the form

TPn(x) =Y
~Cexpl—i|pR|(x — xR)],
+(pm(x) =Y +C{b/lDV[(1
+CexplilpR|(x — xg)],

+Cexplilpt|(x — x)1g(+|7) — ~Ceexpl—ilp"|(x —x)lg(-[7), x € Sy,
“C{b1Dy [~ (1 = DE] + baD—y 1 [—

XESR,

+Cg(¢ M) explilp™|(x — x)] = ~Cg(- ") exp[—ilp"|(x —x)], x € S,
—DE]+ LD, [(1 +DE]} x € Sing,

XESR,

where b, b’i, g(¢ le), (¢ |§') are constants, which can be obtained via the continuity conditions:

Tomlr —0) =

d

- -0
o Tomr —0) =

By demanding continuity of the above functions and their derivatives at x = xg we find

bj = (=" exp [%(v + 2)},/ £ o),

b, = (~ 1)/ exp|: 5 (U—i— 2>:|,/ & - f(+)(§2)

(I+ D1, x € Sine, (B1)
(B2)
T (xR +0),
d
_§0m(xL/R +0). (B3)
(B4)

where A = 3 /u;uB’ and f;i)(é ) were defined before; see Eqgs. (67). Now, by imposing the continuity of the functions and
derivatives at x = x;. we obtain the coefficients g(,.|™) and g(,|7):

g7 = e3 0+

o,

FOED AT ED = A7) A7 ED] (B5)
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Z+)) VE‘ V

g1 =e> [FPEVRT &) — APEDFTED] (B6)

where

D_, i [F( +DE],

F(£) —
() = (1 \/7d§)

i) = (1 4+ )Du[:F(l — DE] (B7)

NS

For the Sauter-like magnetic step (76), solutions of Eq. (9) and (79) with real asymptotic momenta (14) in remote regions
x — Foo read

@) = (N exp(ic|p“0)[1 + exp (2x/Ls)]HEPHPDR Ly (x),
o) = N exp(ic|pR o)1 + exp (=2x/Lg) W P2 £y (1), (BS)
where
_up(x) = F(a, b;c; x),
tupx)=F@a+1—-c,b+1—-c;2—c;x),
“up(x) =F(a,bja+b+1—c;1—y), (B9)
tu,(x) =F(c—a,c—byc+1—a—b;1 —y),

where yx (x) is the change of variable defined in Eq. (77) and a, b, ¢ are given by Egs. (80). Using the above solutions and
Kummer’s connection formulas [32]

e—a—b + _F(c+1—a—b)F(1—c) Fec+l—-a-DbD)I'(c—-1) _.
(I=x) Uy (x) = rd — o —b) _ U (X) + Fe —a)Fc —b) Xty (x),
_ _Tla+b+1—-0)I'(1—-c) Fa+b+1—-c)l'(c—-1) |_.
U (X) = Fat1—orbri—o —U(X) + T @I ®) X (), (B10)

we conclude that

TNT(+1—a—-bl(c—1)

+y
= T Te—are—n
. “NT(@+b+1-0l(c—1)
g+1m) = N T@r o) (B11)

For the exponential step (92), general solutions of Eq. (9) with such a field can be presented as a linear combination of two
functions, y{(n;) and y5(n;),
() = e @y ¢jin))
= "] @(cj — aj cjs—n)),
Vo) = Py (1l —a;, 2 — ¢ji—n;)
267”//271;‘)/@((1]‘—61‘4—1,2_Cj;77j), (B12)

where 7;(x) are defined in Eqs. (93) and the parameters a;, c; by Eqgs. (96). In particular, solutions with special asymptotic
properties in remote regions x — Foo are classified as

con(x) = L Ne ™ 2yian),
—on(x) = _Ne™ 2y (),
Tom(x) = TNy (), (B13)
Ten(x) = “Ne ™ 2yi(n).
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With the aid of this classification, we may express solutions to all intervals in the form

+Om()EG ) — —om(g(-["), xel,
(@) = 2, (B14)
TN e 2y3 (), xell,
_ +@m(0)g417) — —em()g(=17), x €l
Om(x) =1 _ im0 (B15)
Ne T /2yi (), x eI,
where I = —0co < x < 0, and I =0 < x < 400. To calculate the decomposition coefficients g(, |6 D, dl ¢'), We impose conti-

nuity of the functions and their derivatives at x = 0:
“om(x = 0) = *@n(x +0),

d d
I Comx —0) = — (pm(x+0) (B16)
In particular, the coefficients g(,|~) and g(,|") have the form
_exp[F i+ w)] d d
g(+|+) = klhlyz yz + kZhZYQ YQ )
2y/1pMIPR| di dm™"/ =0

_ exp[F(vi — 1) ( , d d
gl = — P 2 S ) b kohayl 32 )|
i s i )|

Last, exact solutions to Eq. (9) with inverse-square magnetic steps (105) can be represented as a linear combination of
Whittaker functions W, ;1. (z;), W, ., (77 2),

j — 2
U){ (Z]) =e il WK] Hj (ZJ)

wi(z)) = e TIPWL, (€77 2), (B18)

B17)

where the variables z;(x) are given by Eqgs. (106) and the parameters «;, 1; by Egs. (108). Their Wronskian determinant W
reads [36]

) d d .
W = w{(zj)d—zj d—ij{(zj) =1. (B19)

Sometimes, it is convenient to represent the set of solutions (B18) in terms of confluent hypergeometric functions

; i 1 . ¢ L .
w{(zj) = e&xp |:_7<Kj — M= §>j|€ Zf/2|Zj| f/z\lf(aj, CiyZj)s

wj(z;) — wi(z))

; in 1 _ N .
w;y(z;) = exp [—7<Kj + o+ §>}e1//2|z,-| P& — a;, E e 7)), (B20)

inwhicha; = u; —x; +1/2,¢; =1+ 2u;.
Based on asymptotic properties of the Whittaker functions with large argument [36], solutions with real asymptotic momenta
(14) in remote regions x — FFoo are classified as follows:

o) = S Nwl(@), —gu(x) = _Nw)(z)),
Ton(x) = TNwI(22), “onx) = "Nwi(z). (B21)

Thanks to the above classification, we may represent solutions valid at all x in two equivalent forms:

+(pm('x)g(+|+) - —¢m(x)g(—|+)v X € L

T on(x) = B22

#n() TNw3(z), xell, B22)
+Pn()8(+17) — —pm()g(-17), xe€l,

- m - B23

#n) “Nwi(z), x ell (523)

Demanding continuity of the solutions and their derivatives at x = 0 (B16) we discover that g(;|7) and g(,|~) admit the
forms

)

x=0

Ip Iwg(zz) wz(Z1)+|p Iwg(m) w%(Zz)}

1
+ =
= L
1

g 7)) = ——
i SR L

(B24)

|p |w1(Z2)—w2(Zl)+w2(Z1)|PR|—w1(Z2):|
x=0
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