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Abstract. Linear coupling of electromagnetic waves in weakly
inhomogeneous non-one-dimensional media is considered as a
manifestation of the polarization degeneracy of the Maxwell
equations. It is shown that the presence of two polarization-
degenerate normal waves imposes strong constraints on the
dielectric tensor components near the interaction region. As a
result, the possible types of linear wave coupling and the corre-
sponding wave equations admit a universal classification, which
is independent of the way in which the linear medium is modeled.

1. Introduction

Linear coupling of electromagnetic waves in weakly inhomo-
geneous media is a very important fundamental process in
plasma physics, crystal optics, electrodynamics of metama-
terials, etc. In each of these fields, the problem of linear
coupling is considered independently, with the specific
properties of the dielectric response in a given medium and,
not infrequently, problem geometry taken into account [1-8].
In this paper, we aim to look at the problem from a different
angle. Namely, we consider a linear nondissipative medium
with a dielectric permittivity tensor of the general form in
order to clarify the conditions that the dielectric response
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must satisfy to ensure the existence of effectively interacting
modes in an unbounded weakly inhomogeneous medium. We
proceed from the assumption that linear coupling between
two vector electromagnetic waves can occur only in the
vicinity of polarization degeneracy points with two linearly
independent solutions of the Maxwell equations for a single
wave vector k(w). This condition, which can actually be
regarded as the definition of linear coupling, is in itself
sufficient to impose strong constraints on the dielectric
tensor components and offer a universal classification of the
possible types of linear wave coupling independent of a
concrete medium model. Moreover, such an approach
permits overcoming a number of difficulties encountered in
the theory of linear coupling of electromagnetic waves in the
case of multidimensional strongly anisotropic and gyrotropic
media.

The modern coupling theory extensively uses the interact-
ing wave approximation [1, 4, 6, 8-12]:

D\Ey =nky, DiEr=n"Ey, (1)
where D; and D, are operators describing the propagation of
geometric optical modes with complex amplitudes E; and E,
in a weakly inhomogeneous medium whose properties only
slightly change over distances of the order of the wavelength,
and 7 is the mode coupling constant in the interaction region.
The propagation of the modes outside this region is described
by the equations D E; = 0 and D,E, = 0. From the physical
standpoint, these equations describe the propagation of two
modes separated in the r- or k-space by a nontransparent
layer whose thickness is proportional to |n|. Wave operators
in a weakly inhomogeneous medium can be associated with
their Fourier transforms D;(w,k) and D;(w, k), while the
original system of coupled waves corresponds to the disper-
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sion relation

Di(w,k) Da(w,k) = |n*. (2)

This relation defines two modes propagating independently
of each other in the framework of the geometric optics
approximation. Far from the interaction region, these
modes continuously pass into ‘decoupled’ modes satisfying
dispersion relations D;(w,k) =0 and D,(w,k) =0. The
geometric optics approximation is violated in the bounded
regions of space where wave numbers of both modes become
close to each other, such that the medium is no longer smooth
at the beat wavelength scales, i.e.,

ki —ks| L < 2m,

where L is the medium inhomogeneity scale. This condition is
realized only in the vicinity of the afore-defined polarization
degeneracy points of vector wave equations.! Inside this
region, the field must be sought by solving the original wave
equations (1) without using the geometric optics approxima-
tion. Far from the region of interest, these exact solutions are
asymptotically given by linear combinations of geometric
optics modes (2) with definite linear couplings between their
amplitudes. This means that the radiation incident in the form
of a single mode passes through the interaction region and/or
reflects from it in the form of two coherent modes propagat-
ing independently far from the interaction region but having a
fixed amplitude ratio depending on the conditions under
which the wave passes through the region where the
geometric optics conditions are violated. It is this process
that is basically meant by linear wave coupling. The pictorial
representation of this process is the ‘tunneling’ of radiation
through a nontransparency zone, equivalent to the transition
of a quantum mechanical particle through a one-dimensional
potential barrier [16].

We are aware of three cases allowing a rigorous
substantiation of the coupled wave model: one-dimension-
ally inhomogeneous media [1, 2, 4], weakly anisotropic
media [5, 6, 8], and conversion of electromagnetic modes
into quasielectrostatic ones, e.g., plasma waves [4, 7, 17].
Clearly, Eqns (1) in inhomogeneous media describe the same
radiation tunneling process through a nontransparency
region as in the one-dimensional case. Taking additional
dimensions into account in the wave operators only yields a
more exact value of the coupling constant (the effective
width of the nontransparency region), which is actually
computed in the framework of geometric optics. But the
Maxwell equations in weakly inhomogeneous anisotropic
and gyrotropic media do not always lead to relations similar

! For qualitative understanding, such points are convenient to represent as
a result of the intersection of two ‘noninteracting’ dispersion relations
D (0,k°) = 0and Dy(w,k°) = 0. Indeed, it is easy to see that given a small
enough interaction parameter |y|L < 2 |0D(w,k°)/k|, the region of
violated geometric optics is localized in the vicinity of the common root
k" of ‘noninteracting’ dispersion relations. In certain classic studies, the
transformation point is defined as the branching point of the solution of
the dispersion relation [4, 7]; however, this representation depends on the
parameterization of the dispersion relation and therefore lacks univers-
ality. For example, in the well-known case of coupling between ordinary
and extraordinary waves in a cold plasma inhomogeneous along x, the
branching point #2(x) at a constant wave vector across the inhomogeneity
corresponds to the turn of the extraordinary wave rather than a
transformation in the vicinity of plasma resonance [13-15].

to Eqns (1) for interacting waves. Formally, the cause is the
geometric optical coupling constant # — 0 for a sufficiently
wide circle of problems. In this case, the coupling constant
must be substituted by a differential operator that accounts
for the essentially non-one-dimensional character of the
linear wave coupling in free space [18-21]. We note that the
wave coupling condition itself does not change, because the
effective interaction is possible only in the vicinity of
polarization degeneracy points. The method described in
this paper allows thoroughly studying the conditions of
applicability of the widely used approximation (1) to the
Maxwell equations in weakly inhomogeneous media and
demonstrating the limitations of this model in many cases
important for applications.

We note that in numerous publications, coupled wave
equations (1) are considered as the starting point for
investigations of the influence of three-dimensional inhomo-
geneity on the linear coupling of electromagnetic waves in the
media where these equations can strictly speaking be
inapplicable [10, 22-29]. The approach used in all these
studies first yields a dispersion relation describing geometric
optical modes, which is thereafter used to restore the wave
equations describing mode coupling. This approach is not
technically flawless even if it gives correct results because the
same dispersion equation may correspond to various differ-
ential problems. Non-one-dimensional inhomogeneous pro-
blems are especially fraught with errors. This is why the
present analysis is focused on the search for degeneracy
points of the original Maxwell vector equations rather than
a simpler scalar dispersion relation.

2. Dielectric permittivity tensor
at the polarization degeneracy point

It this section, we consider an inhomogeneous medium
specified by a dielectric permittivity tensor &;(w) in a
Cartesian coordinate system xi, x», x3. For a plane electro-
magnetic waves propagating in this medium,

E = Eexp (ikr — iw?),

the Maxwell equations can be represented as a system of
linear algebraic equations for the Cartesian components of
the electric field Ej:

(k20:; — kik; — kgeij) B = 0, (3)

where ko = w/c is the vacuum value of the wave vector
corresponding to the given radiation frequency, k = [Kk|, d;;
is the Kronecker symbol, where indices i and j range from 1
to 3 and denote projections of vector values onto the
corresponding coordinate axes, and the repeated indices
imply summation. The condition for the existence of a
nontrivial solution of system (3) gives rise to the dispersion
equation

det (kzé,‘j — k,‘kj — kgs,-j) = 07

relating k and w medium eigenmodes. We assume polariza-
tion degeneracy, i.e., the existence of two linearly independent
vectors E [solutions of the system of wave equations (3)] for
certain k(w) satisfying the dispersion relation. We show in
what follows that this condition imposes rather strong
constraints on the dielectric tensor components, the possible
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polarization, and the direction of propagation of electro-
magnetic modes.

2.1 Representation in the basis

of medium eigenpolarizations

We assume for definiteness that a medium is dissipation-free.
Then the dielectric permittivity tensor is Hermitian and can be
‘diagonalized’ with the help of a unitary transition matrix:

€1 0 0
0 & 0]. (4)
0 0 &3

d _ pr-1 o
& = Uy emnUnj =

Here, U,; is the transition matrix composed of the eigenvec-
tors of the dielectric tensor, U, ! is the inverse of the transition
matrix, and ¢; are the eigenvalues of the dielectric tensor. The
columns of the transition matrix can generally be interpreted
as the components of three complex eigenvectors defined in
the initial Cartesian coordinate system as

e; = (Ui, Uy, Usj),

where i = 1,2, 3. Because the transition matrix is unitary, the
complex scalar products of these vectors satisfy the ortho-
normalization conditions ee; = Uk,vU,f_,- = Uk,-Uj;l = J;j.
Thus, the transition matrix diagonalizing the dielectric
permittivity tensor of a nondissipative medium defines the
orthonormalized basis ey, e;, 3. We note that the absence of
dissipation is a sufficient but not necessary condition for the
analysis that follows. Our calculations remain valid for a
dissipative medium once its dielectric tensor can be diagona-
lized in a certain orthonormalized basis because we nowhere
use the property of realness of s,-‘} distinguishing Hermitian
media. Such a dissipative medium is exemplified by a
magnetoactive plasma with collisions (see the example at the
end of Section 2.1).

The analysis of the set of wave equations significantly
simplifies after transition to the field representation in terms
of projections onto the new basis vectors, E = &; e; or

Ei = Uy, &= Uik
In what follows, the eigenvectors e, e, e3 of the dielectric
permittivity tensors are referred to as the medium eigenpolar-
izations, and the vector

E=(&1,6,8)

as the electric field representation in the eigenpolarization
basis. As is easy to see, multiplication of the complex
eigenpolarization vector by a constant exp (ip) preserving
the normalization reduces the vector to the form e; = a + ib,
where a and b are two orthogonal real vectors satisfying the
condition |a|* + [b]> = 1. The vectors a and b determine
elliptic polarization of an electric field with the amplitude &;.
The real vector e; [or a vector reduced to a real one after
multiplication by a complex constant exp (i¢)] corresponds to
linear field polarization, i.e., b = 0.

Wave equation (3) in the medium eigenpolarization basis
takes the form

Dijgf = Oa Dij = Uﬁl(kZ(smn -

im kmkn - k()28n1n) Unj . (5)
We stress that normal mode polarizations defined as
eigenvectors of the matrix D;; generally do not coincide with

medium eigenpolarizations defined as eigenvectors of the
matrix ¢;;. The wave operator can be represented in a form
invariant with respect to the choice of the initial Cartesian
coordinate system:

(1—\K1|2)n2—81 —n’KiKs —n’K{ K3
D;j= —nzxz*xl (1—|K2|2)n2—82 —n2K2*K3 ,
—nKiK —n%KkiKy (1—|r3*)n> e

(6)
where n = ck/w is the refractive index of the medium and
k; = ejk/k = U;;k;/k are coefficients of the decomposition of
the unit vector along the wave vector direction in terms of
medium eigenpolarization vectors (i.e., coordinates of k/k in
the new basis). The coefficients k; can take complex values
related by the normalization condition

i1+ ol + s = 1. (7)

It follows from (5) that the dispersion relation det D;; = 0
can be represented in the symmetrized invariant form

(2 = n?) (a3 — n?) erlii [P + (a1 — n?) (63 — n?) ealrca?
+ (&1 —n?)(e2 —n?) eslis|* = 0. (8)

In what follows, it is assumed that the solution of this
equation agrees with the finite refractive indices n2. In this
way, we exclude electrostatic waves corresponding to
n% — oo (as a rule, spatial dispersion of the medium becomes
essential for such waves [4, 7, 17]).

As mentioned, the numerical triplet (£;,&,,€3) can
formally be regarded as components of a vector &. In the
case of polarization degeneracy, there are two linearly
independent vectors £ and £ satisfying linear wave
equations (5). Evidently, any linear combination of £ and
&2 is also a solution of the set of wave equations. Hence,
there is a distinguished direction in the case of polarization
degeneracy,

T = [5(1)5(2)] ,

such that any vector lying in the orthogonal plane, £ L 1,isa
solution of the wave equation. From the standpoint of wave
equations (5), the three eigenvectors of the medium are
equivalent, which permits fixing one vector projection, e.g.,
13 = —1. It then follows from the orthogonality condition
&t =0 that &3 = 1,&| + 12&,, where 1) and 1, are certain (in
general, complex) constants. Substituting this expression in
system (5), we obtain

(D +1Di) &1+ (Din+1D13)E =0,

(D21 +11D23) E1 + (D +12D23) €2, =0,
(D31 +11D33) E1 + (D32 +12D33) €, = 0.

These relations must be satisfied for any £; and &,. Obviously,
this is possible if and only if all coefficients of &£ and &,
vanish:

Dy +11D13 =Dy +12D13 = Doy + 11 D3
=Dy + 12Dy = D31 +11D33 = Dy +12D33 = 0. (9)
It is worth noting that these equalities automatically imply

dispersion equation (8). We consider all situations in which
these equalities can be satisfied.
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Let n? = 0. It then follows from definition (6) that all off-
diagonal components of the tensor D;; vanish and from
conditions (9) that the diagonal components also vanish;
moreover, ¢, = & = &3 = 0. In other words, this case corre-
sponds to complete polarization degeneracy at which all
components D;; = 0; therefore, any field polarization satis-
fies the system of wave equations. We assume below that
n? > 0.

Let neither 7; nor 7, be zero. It then follows from the
hermiticity of D;; and conditions (9) that

2 2 2
[72]" D11 = |t1| Dy = |1172| D33 = 1175, D12
2 2
= —11|12| D13 = —12|71| " Da3.
The expressions for off-diagonal terms, D;; = —n’k/K;

(i#)), can be used to deduce relations between polariza-
tion coefficients x; at the polarization degeneracy point,

K1 = —T1K3, Ky = —T72K3 .

With these relations, we find that the relation

Dy = —|ii*n?
is satisfied for all e.g., D=
—11D13 = n’kj(tix3) = —n’k{Kk). Hence, &) = &y = &3 = n?,
i.e., the case being considered corresponds to complete
isotropy of the dielectric response of the medium. The
components of this field are related to the polarization
degeneracy condition £ _Lt, where t = (k1,k2,K3). Evi-
dently, t is merely the wave vector k in the eigenpolarization
basis. Therefore, this condition in the original Cartesian
framework is equivalent to the field transversality condition,
E Lk, natural for an isotropic medium.

Let either 7, or 7, be nonzero, e.g., for definiteness, t; = 0
and 1, # 0. It then follows from (9) that

diagonal elements,
2

Dy = D31 =Dp+1:Di3=0,
Dy = Dy + 1Dy = D3 +1D33=0.

Relations (10) are equivalent to the conditions kx| =
kyk; = 0 and can be satisfied in two cases, k, = k3 =0 or
k1 = 0. We consider the first case. As follows from normal-
ization condition (7), |x;| =1, i.e., the eigenpolarization
vector must be parallel to the wave vector k. Relations
(11) give &; = 0 and & = &3 = n?, meaning that D;; = 0, i.e.,
the case of interest corresponds to the complete polarization
degeneracy. In the second case, k| = 0, expressions (11) can
be rewritten as

2
nt—e =0, |K3|n2—82:rzn21{2"1€3,

‘cz(|1cz|2n2 - .53) = n2K3*K2.

In the last two expressions, we use the relation
lia]* + |i3]* = 1. By eliminating t,, we finally obtain the
conditions
&¢
&1 :%:nz at k1 =0.
elia|” + &3]k

We note that in this case, the eigenpolarization vector e; is
orthogonal to the wave vector k. By determining 7, we find
that the polarization of degenerate normal modes is orthogo-

nal to the vector t = (0, &2k2, e3k3), €L 1. Obviously, this
condition in the original Cartesian coordinate system is
equivalent to the relation ¢;;k;E; = 0 that follows directly
from the Maxwell equation divD = 0.

Finally, let t; = 0 and 1, = 0. Then D33 can take any value
and all the other components D;; vanish. This is equivalent to
the condition xjx; = kK| = KkjK, = 0 satisfied when any
two of the coefficients vanish. In view of normalization (7),
this means that one of the eigenpolarization vectors e; is
parallel to the wave vector, the corresponding coefficient
being |x;| = 1. It can be shown that

e =0, e =n" if kil =1,
e=n% &=0 if [K]=1,
er=n%, e=n"if |k]=1.

We further note that &3 can take any value, thus eliminating
the complete polarization degeneracy considered above.
Polarization of degenerate modes is orthogonal to the
eigenpolarization vector es.

Up to permutations of indices, we have listed all possible
combinations of parameters at which polarization degener-
acy can occur. To summarize, there are five characteristic
cases in which polarization degeneracy occurs.

2.1.1 Polarization degeneracy under conditions of partial
anisotropic degeneracy. This case is realized when one of the
medium eigenpolarization vectors is codirectional with the
wave vector and the corresponding eigenvalue of the
dielectric permittivity tensor differs from zero, while the
other two eigenvalues coincide:

eina 8f7é0a 8j:8k:n2 (l#k#l) (12)
That the eigenvalue of the dielectric permittivity tensor is
equal to the squared refractive index automatically follows
from the above conditions. Degenerate mode polarizations
are orthogonal to the eigenpolarization vector e;. Strictly
speaking, the condition & = ¢ requires not only the
isotropy of the dielectric response in the plane orthogonal
to e; but also the absence of gyrotropy along e;. For brevity,
we use the notion of partial anisotropic degeneracy to also
mean the simultaneous degeneracy of gyrotropy.

2.1.2 Polarization degeneracy in the vicinity of a medium
resonance. Polarization degeneracy without the anisotropy
degeneracy is realized in the vicinity of a medium
resonance when one of the eigenpolarization vectors is
codirectional with the wave vector and the corresponding
eigenvalue of the dielectric permittivity tensor is zero
while the other two eigenvalues are not equal to each
other (with one of them being automatically equal to the
squared refractive index):

ek, =0, g=n* e#n’ (jEk#i). (13)
Polarizations of degenerate modes are orthogonal to the
eigenpolarization vector e.

2.1.3 Complete polarization degeneracy. If the wave vector is
codirectional with one of the eigenpolarization vectors, the
corresponding eigenvalue of the dielectric permittivity tensor
is zero (medium resonance), and the other two eigenvalues are



February 2012

Structure of the Maxwell equations in the region of linear coupling of electromagnetic waves 151

equal,

ek, &=0, 6/=3k=”2 (j#k#1i), (14)
then the complete polarization degeneracy is realized, with
any field polarization satisfying the system of wave
equations. This case corresponds to only a partial degen-
eracy of anisotropy because the medium reserves the
distinguished direction e;.

2.1.4 Complete degeneracy of medium anisotropy. When all
three eigenvalues of the dielectric tensor are equal,

s=;=e=n", (15)

polarization degeneracy occurs under conditions of the
complete degeneracy of medium anisotropy. Evidently, this
condition is satisfied in the absence of spatial dispersion for
all wave propagation directions. Polarizations of degenerate
modes are orthogonal to k. In the special case of the medium
resonance at n2 = 0, complete degeneracy is realized for both
wave polarization and medium anisotropy.

It follows from the above conditions that the wave
vector at the polarization degeneracy point is parallel to a
certain eigenpolarization vector. In the case of propagating
waves with real k, the parallel eigenpolarization vector must
be either real or reducible to a real one. In other words, one
of the eigenpolarizations of the medium must be either
linear or oriented along the degenerate mode propagation
direction. However, this is not the only situation possible.

2.1.5 Wave vector orthogonal to the medium eigenpolarization
vector. Polarization degeneracy can occur without both the
anisotropy degeneracy and medium resonance. In this case,
unlike all preceding ones, the wave vector is orthogonal to one
of the eigenpolarization vectors, while the conditions

& = =n® (j#k#i)

el + el

&8k

eiJ-k7 (]6)

are imposed on the eigenvalues of the dielectric permittivity
tensor. For a real eigenpolarization vector e;, these condi-
tions define the vector k (the first condition specifies the
plane while the second sets the direction in this plane and the
modulus of k) but do not impose any additional constraints
on the dielectric tensor components and normal mode
polarization, besides the solvability conditions for
Eqns (16). In the general case, the vector e; may not be
reducible to a real one by a complex vector. In that case, the
first condition uniquely defines the direction of the wave
vector k||[Ree; x Ime;] and the second establishes an
additional relation between the dielectric tensor eigenva-
lues. This case is more convenient to study in the representa-
tion of principal optical axes considered in the next section.

2.1.6 Examples of polarization degeneracy in a nondissipative
medium. We consider the most typical cases that can occur in
a nondissipative medium. The medium can have a gyrotropy
axis and be isotropic in the plane across this axis. The most
common type of such a medium is plasma in a magnetic field,
where one of the eigenpolarization vectors is real and is
directed along the gyrotropy axis, while the other two
eigenpolarization vectors are complex. It follows from the
above conditions that the coupling between waves with real k
is possible only when the wave vector is parallel or orthogonal

to the gyrotropy axis.” If the medium is a uniaxial or biaxial
crystal, all its three eigenpolarization vectors are real and are
directed along the principal optical axes of the crystal. The
linear interaction of propagating waves is possible if the wave
vector is either parallel or orthogonal to one of the principal
optical axes. Finally, if an anisotropic crystal has a gyrotropy
direction that does not coincide with the principal optical axes
(e.g., the one induced by an arbitrarily directed external
magnetic field), then all three eigenpolarization vectors are
complex (not reducible to real ones). Then the only possibility
for propagating waves to interact linearly is realized as in
case 2.1.5 with complex e;. The description of this rather
exotic case requires a somewhat different formalism, dis-
cussed below.

To illustrate applications of the above classification, we
consider the propagation of high-frequency waves in a cold
magnetoactive plasma. If the wave frequency is much higher
than all ion frequencies and the effective collision rate, then
the medium is described by the gyrotropic dielectric permit-
tivity tensor [2, 5, 30]

e ig 0
&jj = —lg &1 0 s
0 0 FH
where
2 2 2
Wpe Wpe DoeWpe
=1= 1= _
éL = 2 20 € > 8= 2 2y
w ce CU(CU - wce)

with e and . being electron cyclotron and plasma
frequencies. This tensor is written in the Stix coordinate
system where the x3 and x, axes are directed along the
external magnetic field and across k. The eigenpolarization
vectors of the medium and the corresponding diagonal
elements of the dielectric tensor can be defined as

2

e <1 i 0) P 1 Dpe
= \—7= —7=> ) g =& —g=1l-—7-7,
1 \/5 \/5 1 1 — & w(a)—wce)
1 i w?
e=(—=,-——7=,0), a=¢+tg=1-—-"——
’ <¢z NG ) PTETET T (ot o)

63:(0,07 1), & =g .-

We note first of all that the plasma is isotropic in the
plane orthogonal to the magnetic field, and the condition
&1 = & of partial degeneracy of the anisotropy actually
reduces to the gyrotropy degeneracy condition g — 0. This
condition is realized in three cases: when radiation escapes
into the vacuum (wpe < o, |w + wc|), at weak magnetiza-
tion (we. < ), and in a strong magnetic field (wee > @, Wpe).
In the first two cases, linear wave coupling occurs under
conditions of complete anisotropy degeneracy (case 2.1.4)

2 For definiteness, we assume that e; € R is directed along the gyrotropy
axis and e, and e; are complex. In then follows from the orthonormality
condition for these vectors that e; =cosya+isinyb and e; =sinya—
icosyb, where a, b, and e; make an orthonormalized triplet of real vectors.
Conditions (12)—(14) can be satisfied only at k|| ey, i.e., for propagation
along the gyrotropy axis. We assume that condition (16) is satisfied at
k Le,, ie., at k La and k Lb. Then necessarily k| e;, i.e., case 2.1.5
reduces to the case of anisotropy degeneracy 2.1.1. Therefore, without
loss of generality, it suffices to consider case 2.1.5 with k Le; € R, i.e.,
propagation across the gyrotropy axis.
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and in the last case, under partial anisotropy degeneracy
(case 2.1.1); radiation must be outside the plasma cut-off
region. Case 2.1.2 is realized in the vicinity of the plasma cut-
off frequency, w — wp., when the transition to complete
polarization degeneracy (case 2.1.3) occurs in a strong
magnetic field (we > wpe). It is easy to show by direct
substitution that case 2.1.5 can be realized in a magnetized
plasma only if wpe = 0 or w¢. = 0; in other words, it does not
exist as a separate case. Physically, this situation can be
interpreted as resulting from the impossibility of the intersec-
tion of dispersion branches of the ordinary and extraordinary
waves propagating strictly across the magnetic field. Thus,
the wave vector of interacting modes is always aligned with
the magnetic field except in the case of the complete
anisotropy degeneracy. Taking collisional wave dissipation
[2] into account does not change the picture because the
vectors e; remain unaltered (the effective collision frequency
enters only the diagonal elements ¢;, thereby making them
complex); the emerging imaginary part of the wave vector is
codirected with the real one.

2.2 Representation in the basis of principal optical axes
In this section, we consider an alternative approach to the
description of polarization degeneracy conditions based on
the field representation in terms of linear polarizations, i.e.,
in a basis of real vectors. Compared with the method in
Section 2.1, this approach looks somewhat more ‘physically
sound’ because it explicitly discriminates between gyrotropic
and anisotropic effects, even if in most cases this leads to more
complicated linear interaction equations. Nevertheless, this
approach proves to be more convenient and informative for
the analysis of one special case (namely, 2.1.5) in which the
wave vector is orthogonal to one of the eigenpolarization
vectors.

We divide the Hermitian dielectric permittivity tensor into
symmetric and antisymmetric parts,

"
e = e tie, &) = ek &,

where &/ ;jand 3 ' are respectively symmetric and antisymmetric
matrlces with real coefficients, ¢;j is the antisymmetric unit
tensor, and summation over the index k is implied. In the
second relation, we used the known fact that in a three-
dimensional space, an antisymmetric tensor can be deter-
mined by a three-dimensional vector. In the present case, this
is the real vector g with Cartesian components gi, known as
the gyration vector [16]. The symmetric part ¢/; can be
diagonalized by passing to a new real orthogonal basis e/
that determines directions of the principal optical axes of the
medium [16]. The full set of basis vectors forms the transition
matrix U/ - We emphasize that the principal optical axes basis,
unlike the eigenpolarization basis considered in Section 2.1, is
always real by construction, i.e., corresponds to linear
polarizations.

We consider wave equations in the basis of principal
optical axes. We represent the electric field in the form of an
orthogonal linear polarization expansion E = £e/. In the
new basis, the antisymmetric part of the dielectric tensor is
naturally defined by the same gyration vector g whose
components are G;= U/;g;. As a result, the complete
dielectric tensor in the new basis has the form

&{ iG3 —iG2

Ul e U= |-Gy & iGy

iG2 —iG1 &3/

The corresponding wave operator can be constructed
similarly to (6):
(1—r{2)n? ¢

Di/j = | —n’xk{x) —iG;

2.1
—-n KK2+1G; —I’IKK3 G,

(1=x;

2.1 :
—n K2K3 1G

Nn?—ey —n’kikh +iG

(1=13%)n? — &

)

—-n Kl Kz +1G,

K/ = e/k/k are real coordinates of the unit vector along the
direction of the wave vector in the new basis.

Next, we introduce the vector T = (17, 12, —1) determining
the plane of polarization of degenerate modes and repeat the
logic of the preceding section. In the system of principal
optical axes, conditions (9) then become

ns +ni —e =11(iGy +nin3), (17)
ni+ni—e) = —12(iGy — mn3), (18)
iGy —nminy = —t1(n{ +nj —&}), (19)
Gy +mny = 1a(nf +nf —e}), (20)
iG3 — niny = 12(1G2 + mm3) (21)
iG3 + niny = 11(1G) — myn3) (22)

where n; = nk; are coordinates of the vector k/kq in the new
basis. The consistency conditions for these equations impose
additional constraints on the polarization, the wave vector,
and the components of ¢; at the polarization degeneracy
point. For example, Eqns (21) and (22) define the vector .
The substitution of this vector in (19) and (20) and elimina-
tion of the factor (nf +nj —¢j) yield the consistency
condition for (19)—(22):

n1n2n3(G1n1 + Gony + G3n3) =0.

Similarly, substituting the vector t in (17) and (18) and setting
the imaginary part equal to zero gives

G1G,G3 = n1n2n3(01n1 + Gony + G3Vl3) =0.

Hence, the wave vector must be orthogonal either to one of the
principal optical axes or to the gyration vector if the
consistency between the above equations is to be achieved.
Moreover, the gyration vector must be orthogonal to one of
the principal optical axes.

Let both 7; and 1, be nonzero. Two cases are possible,
k L e/ and k L g. For definiteness, we examine the case k L e,
i.e.,, n; = 0. As follows from Eqn (21), 7, = G3/G, is a real
quantity. Setting the imaginary part in (18) equal to zero, we
find that G| = 0, i.e., the gyration vector must be orthogonal
to the same optical axis e[ as the wave vector. Finding
71 = —iG3/myns from Eqn (22) and eliminating t from the
equations, we arrive at the polarization degeneracy condition
in the form

(I’l2 — Sll) n3ny = G2G3 5
(n? —&])(ni —&3) = G5,
(n? —e))(n3 —&3) = G5,

where n? = n} + n3. Solving this set of equations for 7, 3 and
&) yields the modulus and direction of the wave vector and an
additional condition for the dielectric permittivity tensor:

182G 4563

/N 1!
K,6,Gr + K36:G3 = 0
8£G22+83'G32 ’ 272 33 ’

G? G?
g —nt=—24-3.
& &
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Table 1. Polarization degeneracy conditions in the representations of eigenpolarizations and principal optical axes. Some (unprimed) quantities in the
right column correspond to the medium eigenpolarization representation. This means that they coincide in both representations. This is possible either at
g = 0 (when the two representations are identical) or at g || e/ (when the unit vectors coincide, e; = e/).

Case Representation in the basis Representation in the basis of principal optical axes
of medium eigenpolarizations
2.1.1 kile;, & #0, ¢ =& g—0, kle, & #0, ¢ =g
2.1.2 ke, & =0, & # & kle/llg, &=0, (n*—¢)(n* —¢) =¢*
2.13 ke, & =0, & =¢ g—0, kle, 6=0, ¢ =g
2.1.4 & =& =¢&3 gHO, & =& =¢&3
G} G2 ¢’°G}+¢[*G}
kle/, klé'g, gle, e/=—"L 4k T J "k &
5 ) 2 2
! ! Loy g §/G7 + &[G
&jek
2.1.5 k Le, Si:% ' / , I G/’2
gl + exlrei| klg, gle/, ¢=¢, ¢ —¢=—"5
T
elef — g2
'k
kle €R, gle/, Y R
A k™ k

The first two relations give a condition of the same form
as (16):

Ial
2 283

T
The condition for the direction can also be interpreted in
the invariant form as k L &’g. We consider the second case,
k L g. One of the G; components must be zero, e.g., G; = 0.
Eliminating t from Eqns (17)—(22) and using the orthogon-
ality condition k L g (i.e., Gany + Giny = 0), we obtain

(G3 +nin?)(n? — &3) = Gama(Gamy + Ganz) =0,
(G} + nin)(n? — &}) = G3n3(Gany + Gyns) =0,
(n? — g )mny = G,Gs

2 2 _

where n? = n? +n3 +nj. Hence, ¢j = ¢; =n’and ¢] —n
G}/ni = Gi/ni. In nongyrotropic media, this case corre-
sponds to complete anisotropic degeneracy (15). It follows
that the two cases considered correspond to (16) with a
complex eigenpolarization vector (k Le; € C) because they
completely determine the wave vector and specify one
additional condition for the components of the dielectric
tensor.

Let only 7; or 7, be nonzero, e.g., for definiteness, 7, = 0
and 1, # 0. It then follows from Eqns (19) and (22) that
Gy =Gy=mm =mnn3 =0, ie., ¢/|g and either k L g or
k|g. As follows from the condition ef|g, one of the
eigenpolarization vectors of the medium is real and coincides
with the principal optical axis e; and corresponds to the
eigenvalue ¢/; moreover, G| = £|g|. In the case k L g, the
consistency conditions reduce to

Il 2

;. && & )

& _s’x’2+s’x’2_n
272 33

This case corresponds to case (16) with a real eigenpolariza-
tion vector (k L e; € R) because it determines only the wave
vector (its modulus and direction). In the case k||g, the
consistency conditions reduce to

6 =0, (n*—e)(n® —e5) =g’

This case corresponds to (13) or, for g — 0, to (14).

Finally, let 7, =0 and 7, =0. It then follows from
Eqns (19)—(21) that the medium becomes nongyrotropic,
g = 0; this case reduces either to (12) or to special case (13).

2.3 Comparison of the two representations

We have found some constraints on the dielectric tensor of
the medium at the polarization degeneracy point. The
results of this analysis are summarized in Table 1. It can
be seen that the representation in the basis of principal
optical axes allows obtaining somewhat more detailed
information about the dielectric tensor structure at the
polarization degeneracy point because it is based on a
more detailed model of dielectric response where gyrotro-
pic effects are described by a separate vector g. The next
step is to construct truncated wave equations in the vicinity
of the polarization degeneracy point in a weakly inhomo-
geneous medium. Such an analysis is possible for both field
representations considered above; however, the use of
principal optical axes involves much more cumbersome
calculations than the crude description in terms of medium
eigenpolarizations. The methods of analysis are identical in
both cases. Therefore, we confine ourselves in the next
section to a more demonstrative analysis of wave equations
in the eigenpolarization representation.

3. Reference equations
describing linear wave coupling in the vicinity
of polarization degeneracy points

It is known that polarization degeneracy is removed in
spatially inhomogeneous media. We consider a weakly
inhomogeneous medium without spatial dispersion with the
Hermitian dielectric permittivity tensor &;(w,r) varying in
space more slowly than the wavelength far from the
interaction region,

koL > 1,

where L is the characteristic scale of variation in medium
dielectric properties. This condition permits distinguishing
normal waves propagating independently in the geometric
optics approach [2, 5, 6]. But this approach tends to be
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violated in the vicinity of the polarization degeneracy points
found in Section 2, resulting in the coupling between normal
waves (linear interaction) in a weakly inhomogeneous
medium. In this case, the electromagnetic field distribution
can be described by reference wave equations derived from
the truncated Maxwell equations in the vicinity of polariza-
tion degeneracy points. In this section, we find and classify
such equations.

For this, we diagonalize the tensor &;;(r) at each point in
space as described in Section 2.1. This yields a diagonal
matrix ¢(r) with elements &(r) and a transition matrix
U;;(r) composed of medium eigenpolarization vectors e;(r).
All these quantities have a smooth coordinate dependence
with a characteristic variation scale L that may be different
for &;(r) and e;(r). For example, a rotation of vectors e; and e,
under anisotropy degeneracy conditions (g; ~ ¢;) typically
occurs much faster than ¢; and ¢; change. In such cases, L is
set equal to the smallest of the scales. Let there be a point in
space at which one of the polarization degeneracy conditions
found in Section 2.1 for a plane electromagnetic wave with a
certain fixed wave vector k® is satisfied. We consider a
neighborhood of this point under the assumption that
components of the dielectric permittivity tensor and of the
eigenpolarization vector of the medium are continuous and
do not substantially differ from the corresponding quantities
at the polarization degeneracy point,

Uylr) = Uy +8U5(r). 30| <|Uf

or

e(r) = & + e (), [de] < el

The polarization degeneracy point may be infinitely distant or
even nonexistent, as in the case where the medium smoothly
passes into the vacuum [2, 5, 8]. But this does not preclude
considering the neighborhood of this point defined as a region
in space where the medium and field parameters almost
satisfy the polarization degeneracy conditions. We stress
that the requirement of continuity of eigenpolarization
vectors makes the choice of these vectors unique in the cases
corresponding to a degeneracy of the medium anisotropy.

As in a homogeneous medium, we seek the wave field in
the eigenpolarization representation,

E(r, ) = &i(r) e;(r) exp (ikr — iw?) ,

where &;(r) are slow functions on the wavelength scale. The
equations for slow wave field amplitudes can be derived by
formally substituting a differential operator for the wave
vector in Eqns (5):

. 0

k—-k=k"—i—.
or
In the vicinity of the polarization degeneracy point, the
spatial derivative is small compared with the ‘carrier’ wave
vector kg, which allows restricting to first-order terms when
calculating bilinear operators:

Here, we have chosen a Cartesian coordinate system such that
the x3 axis is parallel to the wave vector k. The reflective
index 1 = |k°| /kyo is calculated at the polarization degeneracy
point. As a result, the system of truncated wave equations
takes the form

b[jgj = 07 ﬁ[j = U;ikmn Unj — k0285~7 (23)
where
0 0
2 — i
kon 16x3 0 laxl
- 0 0
Kmn =k k —2i— i
on 0 on IGX3 1 o
0 0
. 0 . 0
! ax1 ! axz

Evidently, the coordinate derivatives entering the operator
D;; act not only on the wave field but also on the components
of medium eigenpolarization vectors defined by the matrix
U,;. However, if we confine ourselves to the terms of the
zeroth and first order in 6U;;, then wave operator (23) can be
readily rewritten in the form with the derivatives with respect
to coordinates acting only on the wave field:

DAij _ UO * UO

mi ~ nj

IA(mn - kOZP,% + 6Dij ’ (24)

6Dij = kgl’lz(BU* U, UO*O'mnBUnj) )

mi nj ~ mi

where 6, = dun — 03m93,. The term 6.D;; describes the ‘shear’
part of the wave operator associated with the rotation of the
distinguished directions in the medium, i.e., optical axes or
the gyrotropy axis. This term can be somewhat simplified,
using the orthonormality of the vectors e;(r) at each point in
space. Indeed, it follows from the equality e;(r) e;(r) = J;; up
to the first-order terms that U,Z-SUn*j + SUW-U,%;‘ =0, which
means that the matrix o,,, in (24) can be replaced by the
simpler matrix g,,, = —d3,,03,, in which all elements except
the last element on the diagonal vanish.

There is a clear physical meaning in the fact that
derivatives of medium eigenpolarization vectors (23), unlike
derivatives of electric field components, can be neglected
except in come special cases. Indeed, the terms taken into
account in (23) have the form (x;/L)E; and (k' 0/0x)E;,
where L is the inhomogeneity scale of the dielectric response
of the medium. It is easy to see when comparing these terms
that the wave field changes on the characteristic scale
L/\/koL < L, i.e., faster than the dispersive properties of
the medium. The eigenpolarization vectors of the medium
vary on the scale L, and hence their derivatives can be
dropped, in contrast to the first derivatives of the field
amplitude, gj 8U,4‘,-/6xk < U,‘j 68,-/6xk.

We analyze the cases of polarization degeneracy identified
in Section 2.1. In cases 2.1.1-2.1.3, the condition ¢; = (0,0, 1)
is imposed on the medium eigenvector basis because the x;3
axis is directed along the carrier wave vector k°. It is easy to
see that the unitary matrix Ug-, up to a permutation of indices,
has the general form

cosycos@ —isinysing sinycos¢ +icosysing 0
Ug: cosysing +isinycos¢ sinysing —icosycos¢p 0
0 0
(25)
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The coordinates axes x; and x, can always be rotated with
respect to the x3 axis such that ¢ = 0; in this case, the
coordinate axes are directed along the axes of the ellipses of
medium eigenpolarizations in the plane (x;, x2). The remain-
ing parameter y characterizes the axial ratio of the ellipses of
medium eigenpolarizations. In what follows, we deal with
exactly such a coordinate system, denoted by (x, y, z), where
the z = x3 azis is directed along the wave vector and is
simultaneously parallel to the real eigenvector of the
medium. After the substitution of the above matrix U}} at
¢ = 01in (24), the system of wave equations D;;&; = 0 reduces
to the truncated form

bllgl +[)1353 =0,

Dynér + D&y =0, (26)
D1*3€1 + DZ*SSZ = 8383 s
where
R 0
Dy =n? —¢ —2ink;! —
1n=n €] 11K 07
R 0
Dy =n? — &y — 2ink; ' —
22 n & 171, 0 0z 5
D13 = n*(8ez  cosy — ides3; sin y)
Jrinko_l <cosy — —isiny —> ,
ﬁf3 = (663A cosy + ides, siny)
. k71
+ ink, (cosy o > ,
Dy = (8e3x siny + 18e31 cos?y)
+ink; " siny — +icos) ,
nk; ( /a + /a >
D3y = n*(8escsiny — ide3, cos y)
+ ink ! siny 0 1€0S) 0
0 ) ox / dy)
In deriving these expressions, we used the relations
Dy =—&, Din=Dy =0, Dy =Dy, Dyn=D3,

where the asterisk denotes Hermitian conjugation of an
operator. We note that the longitudinal derivative (along the
wave vector) enters only the diagonal operators Dy and Do,
while all off-diagonal operators contain only transverse
derivatives. We further stress that rotation of eigenpolariza-
tion vectors of the medium contributes to the linear wave
coupling; however, this contribution is determined solely by
transverse perturbations de; of the distinguished eigenvector
e3 along which the wave vectors of the interacting waves align.
We recall that the component &3 in the above equations
defines the longitudinal electric field E, = &3, with eg’ I K.

3.1 Polarization degeneracy under conditions

of partial anisotropy degeneracy (case 2.1.1)

In the case of polarization degeneracy under conditions of
partial anisotropic degeneracy, the following relations are
satisfied in accordance with (12):

> —e| <1, |n?—e <1.

It follows that all ﬁ,jfk-like terms in Eqns (26) are small
quantities of the same order. On the other hand, the medium
must be far from the longitudinal resonance; therefore, we
can assume that & ~ 1 or, to be precise, [Df], |Dj;| < é.
Hence, by virtue of the last equation in (26), the longitudinal
electric field is small, & < &, &,. Disregarding the small
component of the electric field yields a set of two decoupled
equations:

In this approximation, two transverse modes with polariza-
tions matching two eigenpolarizations of the medium
propagate independently, in accordance with geometric
optics equations. Physically, this means that the coupling is
due to the disregarded higher-order terms and occurs on
geometric optical scales of the order of L rather than L//koL,
as in the derivation of the truncated equations. With those
terms included, the equations for interacting geometric
optical modes can be written in form (1),

d
(dl 1k0n]>E1 = 7’[E27

d
(d[ 1k0n2>E2 =n E1 s

where the derivative is taken along the geometric optical path
[, E1» and ny , are the amplitudes and refractive indices of
normal modes, and 7 is the coupling coefficient between the
modes. Such equations for coupled modes in weakly aniso-
tropic media were systematically investigated in [6, 8]; we do
not dwell on this well-known issue here. As noted in the
Introduction, mode coupling in the case under consideration
is effectively one-dimensional because the effect ‘accumu-
lates” as the waves propagate along the geometric optical
path.

3.2 Polarization degeneracy

in the vicinity of the medium resonance (case 2.1.2)
Wave equations have a quite different character in the case of
polarization degeneracy in the vicinity of the medium
resonance. By virtue of conditions (13), one of the diagonal
operators, either Dy, or Dy, is not small. For definiteness, let
the following conditions be satisfied in the vicinity of the
polarization degeneracy point:

n? —e| <1, [n?—e 21, 3] <1. (27)
This means that Dy in (25) is not small, while all the
remaining parameters are of the same order and small
compared with Dy,. The component & < &1,&;3 can there-
fore be omitted and Eqns (26) take the form

{ D&+ Di3és =0,

. (28)
Dl*381 - 8353 =0.

To the best of our knowledge, equations of this type were
first introduced in [18] in application to gyroropic plasma
electrodynamics; an understanding of the physical meaning
of these equations and their solution were obtained in [19] and
independently in [20]. These papers were followed by a large
number of publications devoted to the analysis of wave
processes described by these equations. A detailed discussion
of interaction between ordinary and extraordinary waves can
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be found in [19, 20, 31-36] for a two-dimensionally inhomo-
geneous magnetoactive plasma and in [37] for a three-
dimensionally inhomogeneous plasma. In Ref. [21], the
problem was generalized to a case unrelated to magnetoac-
tive plasma electrodynamics.

The above equations describe a totally new type of wave
coupling that does not comply with the standard picture. This
can be illustrated in the framework of the geometric optics
approach. Formally, this approximation is inapplicable here,
but it gives a clear qualitative insight into the main properties
of the linear interaction in the case of interest. The dispersion
relation corresponding to conditions (28) for propagation
angles ky, k, < k.= nky can be written as

kzcos 3 +k251n _k283 F—l—l 29
Y Y

This condition is easy to obtain by setting 0, = ik,, 0, = ik,,
0. = 0, and de3, , = 0 in the initial equations. Obviously, the
waves described by this dispersion relation can propagate in
the regions where the right-hand side of (29) is positive. The
opposite condition, &;(e; — n?) < 0, defines the nontranspar-
ency region for the modes being considered. The third mode
with a nonzero &, ‘decouples’ and cannot propagate within
this region in principle.

Figure 1 shows the structure of the linear interaction
region in (a) one-dimensional and (b) two-dimensional
cases. The regions of propagation of waves with a fixed
linear wave number are separated by a nontransparent
(evanescent) region with the ‘radiation cut-off surfaces’
g1 =n? and &3 =0 serving as its boundaries. The mode
nomenclature is introduced such that a mode of some type
propagates on the one side and the mode of a different type on
the other side.

In the one-dimensional case, the cut-off surfaces can be
considered parallel in the first approximation, with the width
of the evanescent region depending on the wave number. At a
certain optimal longitudinal wave number n, the cut-off
planes may coincide; then the evanescent region is absent
and the wave propagates perfectly freely, which corresponds
to the case of complete transformation of one mode into
another. In the presence of the evanescent region in the
geometric optics approximation, radiation is reflected back
and no interaction with another mode occurs. However,
tunneling of electromagnetic radiation through the nontran-
sparency region is possible beyond the framework of
geometric optics; for a sufficiently thin layer, it may lead to
an effective transformation [13-15].

The situation in the two- and three-dimensional cases is
topologically different: the cut-off surfaces intersect in space
along a certain line perpendicular to the plane of the figure.
There is no evanescent region for a geometric optical beam
crossing this line, which formally corresponds to complete
transformation. In this case, in contrast to the one-dimen-

Figure 1. Cut-off surfaces &; = n? and &3 = 0 in one- and two-dimensional
cases. The evanescent region is hatched.

sional one, such a beam exist not for a single optimal » value
but for a certain continuous range of values at which the line
intersecting the cut-off surfaces exists. A change of n within
this range results only in a shift of the transformation region
following the intersection line between the cut-off surfaces.

Clearly, the above geometric optical description becomes
incorrect in the mode-coupling region, but a comprehensive
wave analysis of the transformation effect yields a similar
result. Once the cut-off surfaces intersect in a given geometry,
there is an optimal field distribution at which the incident
wave beam passes through the interaction region without
being reflected.

Equations (28) can be conveniently analyzed in the
approximation of planar cut-off surfaces. As is shown
below, these equations describe wave coupling on smaller
scales than the medium inhomogeneity scales. Therefore, in a
localized linear coupling region, we can confine ourselves to
variations of coefficients in Eqns (28) that are linear in
coordinates:

k0(81 - n2) =a\x+ ay+azz, koez =bix+ byy+ b3z,
where a; = k¢ 0¢1 /0x, by = k¢ 0¢3 /0x, etc. are assumed to be
constants. Here, we took into account that rigorous condi-
tions of polarization degeneracy are satisfied at the origin:
&1 = n? and &3 = 0. To simplify calculations, we consider the
simplest case of a fixed gyrotropy axis in the medium when the
direction of the eigenpolarization vector ez in the vicinity of
the interaction region can be considered constant (a variable
gyrotropy axis is considered in [37]). As a result, Eqns (28)
become

0 0 0
in(cosy a—isiny 3 )837<a1x+a2y+ azz+ 2in % )51,

0 0
m(cosy a—+1smy 3 )51 (b1x + byy+b3z) & (30)

An important special case is given by a two-dimensionally
inhomogeneous medium in which all parameters vary across
a distinguished axis parallel to the eigenpolarization vector e;,
i.e., the gyrotropy axis. In such a medium, a3 = 0, b3 = 0, and
0/0z =k, = const. The corresponding wave equations
describe the propagation of independent Fourier harmonics
along z, and the general solution of these equations is
constructed as their superposition. As can be readily seen,
the term with the wave number & in the above equations can
be taken into account by shifting the origin along the x and
y axes, which results in the same set of equations for each
Fourier harmonic. Rotating coordinate axes and rescaling the
fields, we reduce (30) to the reference equations

—i— 8 6 &= (x'cosa+y'sina)&],
ox’ ay
(1)

.0 0 .
_(16’ Gy)gl (x"cosa—y'sina)&] .

The new coordinates are located in the linear interaction
region as shown in Fig. lb, where x’ and y’ axes are
directed along bisectors of the angles formed by the
intersecting vectors Val = (a1 COS Y, d> smy,O) and Ve =
(b1 cosy, by siny,0). The coordinates are normalized to the
characteristic interaction scale

Ly = Vi (k3|Ve|[Ves) /.
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The degree of the problem ‘non-one-dimensionality’ is
determined by the single dimensionless parameter « (half-
angle between Ve, and %3); as o — 0, transition to a one-
dimensional problem occurs.

The above equations admit a complete analytic solution
[19, 21, 31]. They describe linear coupling on the scale
Ly ~ L/\/koL < L that is smaller than the medium inhomo-
geneity scale. This justifies the use of the approximation of
linear variations of wave equation coefficients with respect to
coordinates. We note, however, that in transparent media, the
scale Ly ~ A/ koL > 7 is large compared with the radiation
wavelength. In the two-dimensional geometry, new effects
absent in the standard one-dimensional model arise, such as
the existence of aperture-limited wave beams undergoing
complete (reflectionless) transformation and the absence of
symmetry between the processes of direct and reverse wave
transformation in gyrotropic media.

In a three-dimensionally inhomogeneous medium,
Eqns (30) can almost always be reduced, with a certain
degree of accuracy, to Eqn (31), which admits a complete
analytic solution. This permits regarding Eqns (31) as a new
standard problem in the wave propagation theory, which
implies a wide range of applicability. Specifically, it can
typically be assumed in solving problems pertinent to
magnetic plasma confinement that the equilibrium plasma
density is rapidly redistributed along magnetic field lines;
therefore, the condition Ve L Bisa good approximation. The
results presented in Section 2.1.6 give reason to suppose that
the z coordinate is directed along the magnetic field, b3 =0
and y = nt/4. Then the substitution

L2
. 1aszz
El =& exp | ik.z +
1,3 1,3 €Xp < z n
eliminates the coordinate along the magnetic field from the
equations, and the problem becomes two-dimensional:

. (0 .0
ll’l(a—la—y>g3/ = \/§(a1x+a2y—2nk;)51/,

(9 .0
1n(a+1a—y>€{:\/§(b1x+b2y)€§.

It is easy to see that shifting and rotating coordinates reduces
the problem to reference equations (31). We also note that the
plasma density in strong external fields varies along the
magnetic field; in this context, Ves||B is of interest, i.e.,
by = b, = 0. The substitution

£l L = E1sexp {_ 1z(a1x+a2y)}
' 2n

eliminates the explicit dependence on the transverse coordi-
nates x, y from Eqn (30) and thereby reduces the problem to a
one-dimensional one:

(0 0\, 1 o, el
m(a—1$>€3fz(al—1a2)z<€3+2\/§1n§,
(8 .0 1 1 )
‘”(a*‘a?)ff:(5‘1'*5“’2*“51’3)”3'

The resultant set of wave equations describes the independent
propagation of Fourier harmonics along x and y in a medium
that is inhomogeneous along z.

The case of an anisotropic nongyrotropic medium
deserves special attention. Such a medium is characterized
by real eigenpolarization vectors and therefore linear polar-
ization of all normal waves. In our notation, without loss of
generality, y = 0. Wave equations (28) corresponding to this
case can be written as

.0 . 0
kon?desy +in — | &5 = | a1x + apy + azz + 2in — ) &7,
Ox Oz

<k0n25€3x +in %)g{ = (blx + by + ng) gé .

For generality, we included additional terms responsible for
the change in the direction of the optical axis e; in the vicinity
of the interaction region; the absence of gyrotropy implies
that des, = dej.. As in the preceding cases, we assume that
this direction in the vicinity of the polarization degeneracy
point is subject to linear variation in space, kodes, =
¢1X + ¢2y + ¢3z. Then the substitution

2

€13 =CE13exp {—i” (% + ooxy + cpcz) + —4’1;21} ,

where y = a;1b3 — azb, — 2n*bsc3, removes the explicit depen-
dence on the longitudinal coordinate z from the equations:

!

. o& . 0 .
in—3 = |:(a1 —2n2C3)x’+a2y+2m—+21n——]8{,

ox’ 0z by Ox’

a !

in % = (bix"+ bay) &5.

Formally, the system of wave equations thus obtained
describes the independent propagation of Fourier harmonics
over z in a medium inhomogeneous along the x’ axis. The
y coordinate enters these equations as a parameter without
affecting their dimensionality. Hence, wave coupling in
anisotropic media without gyrotropy can always be regarded
as a one-dimensional process in an effective plane-layered
medium. Despite the one-dimensionality of this process, it
cannot be described in terms of geometric optics due to its
small scale, Ly < L.

3.3 Complete polarization degeneracy (case 2.1.3)

We recall that in the case of complete polarization degeneracy
in a homogeneous medium, any field polarization at the
degeneracy point satisfies the Maxwell equations. In an
inhomogeneous medium, in view of (14), the following
conditions are satisfied in the vicinity of the complete
polarization degeneracy point:

n? —ei| <1, |n® —e| <1, [es] <1.

It then follows that all terms in Eqns (26) are small quantities
of the same order. Therefore, these conditions describe three
coupled modes, with the field components & and &;
transverse to the propagation direction related through the
longitudinal field £3. We do not consider this exotic case.

In the foregoing, we represented wave equations in form
(26) corresponding to eigenpolarization matrix (25). This
representation is inconvenient for characterizing the remain-
ing case 2.1.4, and is inapplicable to the case in 2.1.5.
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3.4 Complete anisotropy degeneracy (case 2.1.4)
Complete anisotropy degeneracy, in which all three ¢;
components become nearly the same in a certain neighbor-
hood, can be analyzed with the use of equations resulting
from diagonalization of the dielectric permittivity tensor;
however, this implies rather cumbersome calculations.

We consider a simpler approach. By virtue of conditions
(15), the dielectric permittivity tensor at the polarization
degeneracy point has the form &; = n?d;; in the basis of
eigenpolarization vectors; exactly the same form is preserved
in any other orthogonal basis. We choose the Cartesian
coordinate system (x, y, z) with the z axis directed along the
carrier wave vector. It then follows from the wave equation in
the vicinity of the zeroth-order degeneracy point that E. = 0;
therefore, this wave field component can be neglected in the
first-order equations for transverse field components. Hence,
it suffices to take into account only the part of the dielectric
permittivity tensor that describes the dielectric properties of
the medium in the plane orthogonal to the wave vector, i.e.,

2P = o oo

Eyx &y

In a nondissipative medium, this tensor is Hermitian and as
such cannot be diagonalized in a unitary basis e{(r), e;(r) that
varies continuously in a neighborhood of the degeneracy
point. The transverse electric field can be expressed through
the new basis as

E, = &/(r)e](r) exp (ikr — iwi) .

The use of a procedure analogous to that described at the
beginning of this section allows finding truncated wave
equations for the new electric field amplitudes & (r) near the
complete anisotropic degeneracy point. These equations split
into two independent ones:

3
<n2 — ¢ — 2ink," 6—)5; =0,
4

d
(n2 — &) — 2ink, " a-)s; =0.
z

Hence, the case of complete anisotropy degeneracy is
analogous to case 2.1.1, in which polarization degeneracy
occurs under conditions of partial anisotropy degeneracy. It
differs from 2.1.1 only in that the eigenvalues ¢; and ¢} and
eigenpolarizations e and e} are sought not for the full
dielectric permittivity tensor but only for its ‘transverse’ part.

3.5 Wave vector orthogonal to the eigenpolarization vector
of the medium (case 2.1.5)

In conclusion, we consider the last case, in which the wave
vector is orthogonal to one of the eigenpolarizations of the
medium. The general analysis of this problem requires bulky
computations, and we therefore confine ourselves to a
particular case reflecting all of basic physics. In many
applications, at least one of the eigenpolarizations can be
regarded as linear, i.e., corresponding to a real vector e;. As
mentioned, the nontrivial case 2.1.5 is realized only if the
wave vector is orthogonal to a real eigenpolarization vector.
We assume for definiteness that

k' Lel, e} €R,

and direct the x axis along €? and the z axis along the carrier
wave vector k°. Then the unitary matrix U,'O/ in the most
general form is defined by two free parameters and can be

represented as

1 0 0
Ul?], = |0 exp(ip)cosy exp(ip)siny
0 —siny cos y

Substituting this matrix in (24) yields the operator D; jand the
corresponding set of wave equations D;;€; = 0. For brevity,
we do not write this complicated system containing all three
components of the vector £ However, the system can be
simplified by singling out coupled modes. We recall that £ 1 t
in the vicinity of the polarization degeneracy point. In the case
under consideration, t L e? as well; therefore, the wave field
can be decomposed in terms of three orthogonal vectors t, €Y,

andu = [te)]:

E= Ele? +Eu+ &,
where

e) = (1,0,0), u=(0,e3c08y,¢esiny),

Tt = (0,—¢siny,e3cosy) .
When the field in this form is substituted in the truncated
equations, the £, component is small in the vicinity of the

degeneracy point and can be neglected. The following set of
equations is valid for the remaining two components:

2in 0 in 0
Ay —— — el, —— — u—VY,
(l%&yﬁ(mzhmy 0
in 0
’7<5elz % 6x> &

2in [0 283 0 -
—l—[A“—i—éu—k—O(&—ncosq)?@)}&,—0,

(32)

where

2
€1 .
n=(e—&)|l— sinycosy, A =n’—¢,
283

283
A, =n?—

. )
& sin’ y + &3 cos?

S, = 2nn(e2 sin z Re (e3.) + &3 cos y Re (3ea.)) -

These equations describe a linear coupling of two modes
that pass into the modes with dispersion relations 4; = 0 and
A, = 0 outside the interaction region. The linear coupling
results from the medium anisotropy across the x axis and/or
gyrotropy along this axis. Indeed, at ¢, = &3, the coupling
coefficient # =0, and the modes in this approximation
propagate independently; it can be verified that taking the
next orders into account leads to a one-dimensional coupling
described by equations of type (1). Moreover, the mode
coupling disappears at y = 0 or y = ©/2, which corresponds
to the case of partial anisotropy degeneracy (case 2.1.1). We
recall that in the interaction region, all coefficients in
Eqns (32) are small quantities smoothly varying in space on
the scale L. For  # 0, the characteristic scale of the linear
interaction region is Ly ~ L/+/koL < L, as in the case of the
interaction in the vicinity of medium resonance (case 2.1.2),
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and the linear coupling can be essentially non-one-dimen-
sional.

As an example, we consider a biaxial crystal with
0 < & < & < e&;. It is easy to verify that the sole possibility
for polarization degeneracy in this case is realized under
conditions (16), which can be satisfied only for k Le;. In a
crystal with a constant direction of optical axes, Eqns (32)
take the form

inn 688 <koA1 — 2in §>51 ,

d 3 d
iny g _ <koAu —2in (§ —q @)) &,

where n’ = neyes/e;. Expanding in the vicinity of linear
coupling,

(33)

koA, = a1 x + @y +asz, koA, = bix + b2y + b3z,

and substituting

ixé

gll‘u:ghuexp57 &= +az,

(al—b);7

we eliminate the x coordinate from the equations:

n(i—l—m 6)5/ = <a2y+a3z—21n a)fl,

&, .0 o . 0 /a /
n(z—l—max & = | by + b3z —2in et 3 &,

Considering these equations for an individual Fourier
harmonic with respect to x, we transform them to the form

0
Z’g;:(czy’+C3Z 1C2 ?—13a >81,
0
id; -
—id; o )514

Here, we rotated the coordinate axes such that z’/ = ¢/qay.
Importantly, the differential operators in these equations are
linearly independent at n # 0, i.e., w=cjd;{ — c¢jdy # 0. This
allows the substitution

Z'El = (d2y1+d3z —idy — 5

) y’z/ ) y/2
51 L= Sl’,uexp {1(c2’d2 — 0dy) 7—&- i(cady — c3da) E}

that eliminates the y’ coordinate from the equations:

0
&) = <c§/z/—1c2 5 —ic3 5 )5
d/ "
—idy o )5

The resulting system of equations describes the indepen-
dent propagation of Fourier harmonics along y’ in a one-
dimensionally homogeneous medium. Therefore, linear wave
coupling in a three-dimensionally inhomogeneous crystal can
be represented as a one-dimensional process in a certain
effective plane-layered medium. Despite the one-dimen-
sional character, this interaction is not of a ‘geometric
optical’ nature because it occurs on a fast scale Ly < L.

It can be readily seen that a change in the direction of the
optical axes in the crystal does not alter the above conclusion

0
& = <d3” ! 1612’a -

as long as we confine ourselves to linear variations. Indeed, it
follows from (32) that variations des, are taken into account
additively together with variations of 4, and variations of
kodei: = fix + fry + f3z at de;. = de;, by the quadratic phase
substitution

/ . flx2
gl,u = El,uexp —1n (T +ﬁxy +f3XZ> )

after which the equations can be reduced to (33). This brings
us back to the conclusion that the non-one-dimensional
character of linear wave coupling can manifest itself only in
gyrotropic media. In the case of interest, ‘non-one-dimension-
ality’ occurs because de- # dey..

4. Conclusion

We have demonstrated that linear coupling of electromag-
netic waves in unbounded weakly inhomogeneous media
follows two distinct scenarios. In the case of simultaneous
anisotropy and gyrotropy degeneracy (cases 2.1.2 and 2.1.4),
the linear wave coupling is realized on a slow scale L
determined by the scale of parameter variations. This
situation can be interpreted as a scalar coupling of two
geometric optical modes described by equations of type (1).
Because the coupling occurs along the rays, the wave
conversion is a one-dimensional process. In the vicinity of
medium resonances (cases 2.1.2 and 2.1.3) and in the special
case of transverse propagation (case 2.1.5), the fast wave
coupling scenario is realized; in this case, the conversion
occurs on a small scale Ly < L, at which the geometric optics
approximation is no longer valid. Wave coupling in gyrotro-
pic media is typically essentially non-one-dimensional. In
anisotropic media without gyrotropy, it can always be
described as a one-dimensional (small-scale) process in an
effective plane-layered medium.

To summarize, the conclusions in Section 2 concerning
the classification of polarization degeneracy points,
obtained in the approximation of a homogeneous medium,
hold for spatially dispersive media. They are equally
applicable to magnetic media because any linear medium
characterized by dielectric and magnetic susceptibility can
be equivalently described as a ‘nonmagnetic’ medium with
spatial dispersion [5]. These results are of interest for the
rapidly developing electrodynamics of metamaterials. At the
same time, the conclusions in Section 3, where wave
equations in weakly inhomogeneous media were consid-
ered, hold only for spatially dispersionless media and are
therefore inapplicable to magnetic media.

This work was done under state contract
No. 14.740.11.0607 with the Russian Ministry of Education
and Science and supported by the RFBR grants 09-02-00972
and 10-02-00441.
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