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The propagation of time-harmonic electromagnetic plane waves in non-absorbing,
non-optically active, electrically and magnetically anisotropic media is considered.
Both homogeneous and inhomogeneous plane waves are considered. All such
solutions to Maxwell equations are obtained for crystals with arbitrary uniform
electrical permittivity and magnetic permeability tensors. The addition of the
magnetic anisotropy to the electrical anisotropy introduces qualitative changes. For
example, for homogeneous linearly polarized waves in magnetically isotropic media
the electric displacement vector D and the magnetic induction vector B are always
orthogonal, whereas for magnetically anisotropic media these vectors are generally
along the common conjugate radii of pairs of ellipses and are only orthogonal in
special cases. Also in magnetically isotropic media a homogeneous wave with D and
B both circularly polarized may propagate along an optic axis. However, for
magnetically and electrically anisotropic media there is in general no homogeneous
wave for which D and B are both circularly polarized. For inhomogeneous waves
there are similar qualitative changes for magnetically anisotropic media. The

— e . .

< description of an inhomogeneous plane wave involves two complex vectors, or
o > bivectors: the amplitude and slowness bivectors. By a systematic use of the properties
O H of bivectors and their associated directional ellipses, many of the results obtained are
oY, E given a direct geometrical interpretation.

= O

=wu

0. NOTATION AND TERMINOLOGY

The summation convention applies to repeated lower case latin suffixes. Lower case bold face
letters a, b, ..., represent real vectors. Real unit vectors are denoted by d, 5, .... Throughout the
paper the unit vectors mi, i are orthogonal. Upper case bold face letters, 4, B, ..., represent
bivectors, that is complex vectors. The superscripts + and — refer to the real and imaginary
parts: 4 = A*+iA", B= B*+iB",.... A bar denotes the complex conjugate: 4 = A" —iA4",
B = B"—iB". Throughout the paper C denotes the bivector C = mmi+ifi, where m is a real
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number. Two ellipses are said to be similar if they have the same aspect ratio (ratio of major
to minor axis). Two ellipses are said to be similarly situated if they are concentric, coplanar and
their major axes are in the same direction.

A section by a plane through the centre of an ellipsoid is said to be a ‘central elliptical
section’ or for brevity an ‘elliptical section’. Two ellipsoids are said to be similar and similarly
situated if, being concentric, every pair of central elliptical sections of the two ellipsoids is a pair
of similar and similarly situated ellipses.

1. INTRODUCTION

We consider the propagation of time-harmonic electromagnetic plane waves in homogeneous
electrically and magnetically anisotropic media which are non-absorbing and non-optically
active.

Both homogeneous and non homogeneous plane waves are considered. Inhomogeneous
plane waves, sometimes called ‘evanescent waves’ are those for which the planes of constant
amplitude are not the same as the planes of constant phase. They are of importance because
they are the basic building blocks that may be combined to form solutions that satisfy initial
and boundary conditions. Not only are they of mathematical interest but as Bryngdahl (1973)
has pointed out ‘their peculiar behaviour can be advantageously used for optical imaging
purposes’. Among the areas in which they may be used, Bryngdahl cites the investigation of
surface topography, film thickness, refractive index and also frequency conversion and
holography.

The study of homogeneous waves in magnetically isotropic but electrically anisotropic media
has a long history (see, for example, Born and Wolf 1980). Recently Hayes (1987) presented
a systematic investigation of inhomogeneous electromagnetic waves in such crystals, based
upon a method he had previously proposed (Hayes 1984).

Here we consider both electrical and magnetic anisotropy: the electrical permittivity « and
the magnetic permeability 4 are assumed to be arbitrary real positive definite symmetric
second-order tensors. There are many materials that exhibit magnetic anisotropy (see, for
example, Morrish 1965; Landolt-Bornstein 1986, 1988). Most classical studies of electro-
magnetic waves, especially in view of applications to optics, are restricted to the case of
magnetically isotropic media. But there are indeed cases when it is reasonable to take both
electrical and magnetic anisotropy into account when dealing with wave propagation. We
present some examples.

Even though ferrites (ferrimagnetic materials) at microwave frequencies (1 to 100 GHz) are
generally assumed to be magnetically anisotropic but electrically isotropic (see, for example,
Waldron 1970), the development of new materials and technologies for microwave applications
has led several authors to consider media for which « and u are both anisotropic (Graglia &
Uslenghi 1987; Morgan et al. 1987; Monzon 1988).

In the study of liquid crystals of the nematic type, the electrical permittivity « and the
magnetic permeability u are taken to be isotropic tensor functions of a single vector, the
director d. The tensors k and u have the form (Ericksen 1962 ; Leslie 1987) k = k, 1 +x,d ® d,
n= ,u01+,uadA® d, where Kk, K,, ftg, [ty are constants. According to Leslie (1987), #,, ‘the
diamagnetic anisotropy’ is generally positive for most nematics, while «,, ‘the dielectric
anisotropy’ may be either positive or negative, depending on the nematic under consideration.
Thus for nematic liquid crystals « and g are both anisotropic, but have the same principal axes

28-2
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so that the corresponding electromagnetic constitutive equations are a special case of those
considered in this paper.

Similarly, when studying the photoelastic effect in finitely deformed homogeneous isotropic
elastic materials, both the electrical permittivity « and the magnetic permeability 4 may be
assumed to be isotropic tensor functions of the finite strain tensor (Smith & Rivlin 1970). Then
k and p are both anisotropic but have also the same principal axes.

Also when studying electro- and magneto-optical effects in non dissipative polarizable and
magnetizable isotropic dielectrics (Boulanger et al. 1973 ; Toupin & Rivlin 1961), electrically
and magnetically anisotropic behaviours arise together as a consequence of an imposed strong
static electric or magnetic field.

High-temperature superconductors (such as YBa,Cu;O,_,) are known to have highly
anisotropic electrical and magnetic properties (Markiewicz et al. 1988; Dinger et al. 1987;
Crabtree et al. 1987). When considering optical properties of such materials it is important to
have available a theory that takes into account both the electric and magnetic anisotropy.

Finally, although crystals that are both electrically and magnetically anisotropic in their
natural state are uncommon, we note that BaMnF, and Cu(HCOO),.4H,O (cupric formate
tetra-hydrate) exhibit both electrical and magnetic anisotropic properties (Landolt-Bornstein
1987).

In the present paper we obtain all homogeneous and inhomogeneous wave solutions to
Maxwell’s equations for arbitrary uniform real symmetric electrical permittivity and magnetic
permeability tensors.

Throughout, in describing the waves we use complex vectors or bivectors (to use the word
of Hamilton (1853) and Gibbs (1881)). The link between bivectors and inhomogeneous plane
waves is that the field, for example the electric field E, corresponding to a train of such waves
is described in terms of two bivectors. Thus, E = [Eexpiw(S-x—¢)]". Here the frequency o is
real, the amplitude bivector § determines the ellipse of polarization and the slowness bivector
S determines the planes of constant phase, S**x = const., the planes of constant amplitude,
S”-x = const., the phase slowness |S*| and the attenuation factor |[S7|. For non attenuated
homogeneous waves the field has the form E = [Eexpi(k-x—w!)]" where k is the real
wave vector and the phase speed is w/|k|. Typically, for homogeneous waves, the direction of k is
chosen, and an eigenvalue problem is solved to determine the corresponding phase speeds and
the corresponding amplitude E. For inhomogeneous waves, on the other hand, the directions
of the normals to the planes of constant phase and to the planes of constant amplitude may not
be chosen arbitrarily. Instead, as suggested by Hayes (1984), we write § = NC, where C =
mm +iA, with i i = 0, || = |A| = 1, and m is a real scalar. If C is prescribed, then N and the
corresponding amplitude bivector E may be determined from an eigenvalue problem.
Prescription of C is equivalent to the prescription of an ellipse — the directional ellipse, to use
Gibb’s phrase — whose principal semi axes are of length |m| and 1, and lie along m and #
respectively. Thus, whereas a direction is prescribed in the case of homogeneous waves, a
directional ellipse is prescribed in the case of inhomogeneous waves. For given C, if N is known,
then the directions of the normals to the planes of constant phase and the normals to the planes
of constant amplitude are determined. They lie along a pair of conjugate directions of the
directional ellipse (Hayes 1984).

The medium is assumed to be such that the magnetic induction field B is linearly related to
the magnetic intensity field H through B = yH where g is the magnetic permeability tensor.
Also, the electric displacement field D is linearly related to the electric intensity field through
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D = <E where « is the electric permittivity tensor. In dealing with inhomogeneous plane waves
all the field quantities are assumed to have the form (B,D,E,H ) =[(B,D,E H)
expiw(S-x—1)]*, where the amplitude bivectors B, D, E, H are assumed constant.

Properties of magnetically isotropic crystals are described in terms of the k-metric ellipsoid
(Fresnel ellipsoid). For the analytical treatment it is then convenient to introduce cartesian
axes along the principal directions of . The crystals are classified according to the number of
central circular sections of the Fresnel ellipsoid (biaxial if there are two central circular sections,
uniaxial if there is one and isotropic if all central sections are circular). Here, however, where
the electrical and magnetic anisotropies are placed on an equal footing, the properties of the
crystals are described in terms of two ellipsoids, one corresponding to the magnetic
permeability # and the other corresponding to the electrical permittivity . We then introduce
a set of oblique axes that diagonalize simultaneously « and g, that is axes which are conjugate
together with respect to both ellipsoids. These oblique axes play the same role as the principal
axes of k in the study of magnetically isotropic media. The classification of the crystals is given
in terms of the two ellipsoids (chosen concentric without loss in generality), the basis of the
classification being that, in general, for any pair of ellipsoids there is at least one central plane
that cuts the two ellipsoids in a pair of similar and similarly situated ellipses. If there are two
such central planes the crystal is said to be biaxial, if there is only one such central plane the
crystal is said to be uniaxial, and if every central plane cuts the two ellipsoids in pairs of similar
and similarly situated ellipses the crystal is said to be pseudo-isotropic. For a pseudo-isotropic
crystal, the two ellipsoids are thus similar and similarly situated. The adjective ‘pseudo’ is used,
for the crystal need not be isotropic: the wave speed will depend upon the direction of
propagation. The classification we have introduced is consistent with the standard classification
of magnetically isotropic crystals, for in this case the y-metric ellipsoid is a sphere.

In §§2 and 3, we derive from the basic equations (§2) a propagation condition (§3) that may
be formulated either as an eigenvalue problem for the amplitude E of the electric field or as an
eigenvalue problem for the amplitude H of the magnetic field.

From the secular equation and propagation condition we derive (§4) orthogonality relations
for one wave solution. Many of these orthogonality relations are of the form PTgQ = 0 where
g may be u, p*, k or k' and P or Q may be E, H, D or B. These relations are interpreted
(Appendix B) through the introduction of the concept of orthogonal projection with respect to
the metric g or g-projection (the g-projection onto a plane a being the parallel projection along
the direction conjugate to the plane a with respect to the g-metric ellipsoid).

For given C there are in general two different non-zero roots of the secular equation. There
are corresponding orthogonality relations involving both fields. These relations are derived and
interpreted (§4.2). Typically, if E| and E, are the amplitude bivectors for the two waves, then
ETkE, = 0, which means that the «-projection of the ellipse of E, upon the plane of E, is
similar and similarly situated to the polar reciprocal of the ellipse of E; with respect to the
elliptical section of the x-metric ellipsoid by the plane of the ellipse of E,.

For certain choices of the directional ellipse the secular equation may have double non-zero
roots. Orthogonality relations for waves corresponding to these double roots are presented and
interpreted (§4.3). The interpretation is facilitated by generalizing the usual concept of
isotropy for a bivector A, namely 44 = 0, to that of isotropy with respect to a positive definite
symmetric matrix g(say), that is 47gA4 = 0. It is proved (Appendix C) that a necessary and
sufficient condition that the complex symmetric matrix X have an isotropic eigenbivector 4
with respect to the metric g (that is, X4 = AgA4, with A"g4 = 0) is that X have a double or
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triple eigenvalue with respect to the metric g (that is the equation det | X—Ag| = 0 has a double
or triple root for A).

General results are derived (§5.1) relating the mean energy flux (Poynting) vector and the
mean energy density for inhomogeneous waves. The form of the mean energy flux vector is
obtained for the combined motion of two waves propagating with the same slowness (§5.2).

Next (§6) we obtain universal relations involving the base speeds and attenuation factors.
These relations are valid independently of the choice of the constitutive tensors x and u.

Homogeneous plane waves corresponding to non-repeated eigenvalues are next considered
(§7). The waves are linearly polarized. For such waves propagating in the direction A, the
amplitude vectors B and D must lie along the common conjugate directions of the elliptical
sections of the k' and g '-metric ellipsoids by the plane I1(s) whose normal is A. (Every
pair of coplanar concentric ellipses possess one, and only one, pair of common conjugate
directions unless these ellipses are similar and similarly situated). If d; and d, are unit vectors
along the common conjugate directions, it is seen that two waves may propagate in a given
direction A, one with D field amplitude along d, (and B field amplitude along d,) and the other
with D field amplitude along d, (and B field amplitude also d,). Of course, the polarization
states of these two waves are in general not orthogonal, as is the case for magnetically isotropic
crystals (or electrically isotropic crystals). The slowness N, (say) of the wave propagating along
n with D along d, is equal to the area of the parallelogram formed by the radius along d, to
the k< *-metric ellipsoid and the radius along d, to the g '-ellipsoid. Similarly the slowness N,
(say) of the wave propagating along 7 with D along d, is equal to the area of the parallelogram
formed by the radius along d, to the g '-metric ellipsoid and the radius along d, to the p -
metric ellipsoid. This is the generalization of the classical result (e.g. Born & Wolf 1980, p. 673)
for magnetically isotropic crystals (4 = x1) in which the D field amplitudes of the two waves
are along the principal axes of the elliptical section of the k™'-metric ellipsoid by the plane IT(#)
and the slownesses of the two waves are equal to 4/ times the lengths of the principal semi axes
of this elliptical section.

In §8, circularly polarized homogeneous plane waves are considered. For magnetically
isotropic crystals it was shown by Hayes (1984) that circularly polarized fields are possible for
homogeneous waves if and only if the secular equation has a double root. It is shown here that
if for a given 7 (the direction of phase propagation) the secular equation has a double root, then
the elliptical sections of the k™' and g '-metric ellipsoids by the plane I7(#) orthogonal to 7 are
similar and similarly situated, and conversely, if the elliptical sections by the plane I7(n) are
similar and similarly situated then the secular equation has a double root. The corresponding
directions A are called ‘generalized optic axes’. For given « and u there is either one such
direction (uniaxial case), two such (biaxial) or an infinity (pseudo-isotropic case). These
directions are obtained using the set of oblique axes that diagonalize simultaneously « and .
For 7 along a generalized optic axis, D (or B) may in particular be chosen to be isotropic in
the plane I1(#), and then the ellipse of B (or D) is the polar reciprocal of the circle of D (or B)
with respect to either of the elliptical sections of the k™' and p~'-metric ellipsoids by the plane
II(7i). Then the D (or B) field is circularly polarized, whereas the B (or D) field is elliptically
polarized. Also, for 7 along a generalized optic axis, the bivectors D and B may be chosen to
be parallel so that their ellipses are similar and similarly situated. In this case, the fields D and
B are at any time along conjugate directions of these ellipses. This pair of conjugate directions
‘rotates’ (but not rigidly) with time. This generalizes the usual properties of circularly
polarized homogeneous waves in magnetically isotropic crystals.


http://rsta.royalsocietypublishing.org/

THE ROYAL A

PHILOSOPHICAL
TRANSACTIONS

o
A\
JA

THE ROYAL

PHILOSOPHICAL
TRANSACTIONS

A
s\

/
A

SOCIETY

ya

SOCIETY

P

OF

.

OF

Downloaded from rsta.royalsocietypublishing.org

ELECTROMAGNETIC WAVES IN CRYSTALS 341

For a biaxial crystal the directions of the generalized optic axes are the only two directions
in which homogeneous waves with D and B parallel may propagate. For a uniaxial crystal
there is one generalized optic axis; it too is the only direction in which homogeneous waves with
D and B parallel may propagate. For pseudo-isotropic crystals every direction is a generalized
optic axis, and homogeneous waves with D and B parallel may propagate in every direction,
as is the case for isotropic media. However, for pseudo-isotropic crystals the phase speed (or the
refractive index) of these waves in general depends upon the direction of propagation.

Inhomogeneous plane wave solutions for biaxial crystals are considered in §9. Explicit forms
of the secular equation and of the propagation condition are written down (§9.1) using the set
of oblique axes that diagonalize simultaneously x and u. Of course one root of the secular
equation for N? is always zero, but for certain choices of C both of the two other roots are also
zero so that no wave propagation is possible (§9.2). The existence of such zero roots is hardly
surprising when the ordinary wave equation V¢ = 0% /¢ is considered. For, letting ¢ =
aexpio(NC-x—t), we have N°C- C = 1. Taking C = m+i#, so that Cis isotropic (C- C = 0),
we note that there is no progressive plane wave solution of the wave equation with an isotropic
slowness bivector S. The choice of an isotropic C has to be rejected. However, we note that
¢ = aexpiwC:-x, with C-C = 0, is a time-independent solution of the wave equation, thatis a
solution of the Laplace equation V3¢ = 0. The directional ellipses corresponding to the choices
of C such that no progressive wave propagation is possible are here similar and similarly
situated to certain sections of the «x or u-metric ellipsoid. We call them ‘critical sections’: no
wave propagation is possible with a directional ellipse similar and similarly situated to a critical
section.

The condition for a double (non-zero) root of the secular equation leads to an equation that
has simple factors. It is seen (§9.3) that corresponding to the double root there is a wave for
which the bivectors D and B are parallel — that is the ellipses of D and B are coplanar — and
are similar and similarly situated.

The possibility of inhomogeneous waves with E and D, or B and H, linearly polarized is
next considered (§9.4). It is seen that these waves may propagate for certain choices of C.

For uniaxial crystals the secular equation has simple factors. In the case of homogeneous
waves the roots for N2 correspond to ellipsoidal slowness surfaces (§10.1). For inhomogeneous
waves, critical sections of the k and g-metric ellipsoid are obtained (§10.2). Also, it is seen
(§10.3) that corresponding to a double root of the secular equation, the ellipses of D and B are
both similar and similarly situated to either of the elliptical sections of the k™! and # '-metric
ellipsoids by the plane orthogonal to the generalized optic axis.

For pseudo-isotropic crystals the electrical permittivity tensor « is a scalar multiple of the
magnetic permeability tensor x. In this case the secular equation has a double root N7? for
every bivector C. For homogeneous waves this means the two slowness surfaces associated with
an uniaxial crystal coalesce into a single ellipsoid. It is seen (§11.1) that there is a double
infinity of eigenbivectors E or H corresponding to the double root of the secular equation. Also,
in this case, every section of the k or y-metric ellipsoid turns out to be a critical section (§11.2).
[t is also seen (§11.3) that for every choice of C that is not linear, there is an inhomogeneous
wave with E and D linearly polarized and another with H and B linearly polarized. These two
waves are combined (§11.4) to form the general inhomogeneous wave solution. Further (§11.5)
for every choice of C there are two waves for which the bivectors D and B are parallel (the
ellipses of D and B are both similar, and similarly situated, to a section of k™! or g '-metric
ellipsoids).
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2. BASIC EQUATIONS

In this section, time harmonic plane waves solutions of Maxwell’s equations for an
electrically and magnetically anisotropic material are introduced. Both homogeneous and
inhomogeneous plane waves are considered.

Maxwell’s equations, in the absence of current and charges, are

V-D =0, (2.1)
V-B=0, (2.2)
V xE+0B/dt =0, (2.3)
VxH—-3D/ot = 0, (2.4)

where E is the electric intensity, B the magnetic induction, D the electric displacement and H
the magnetic intensity.
The constitutive equations for the crystal are taken to be

D =«E, D,=«,E }

i =g

(2.5)
B=uH, B, =u,H,

Here k;; and p,; are respectively the electric permittivity and magnetic permeability tensors for
the medium. They are assumed to be constant, real, symmetric positive definite tensors. In
terms of the vacuum permittivity, k,, and permeability, u,, we have

Ky = Ko Kipy  phoy = o My, (2.6)

where K and M are respectively the relative permittivity and permeability tensors.
It is assumed that the fields are due to the propagation of an infinite train of inhomogeneous
plane waves in the crystal. Thus

(E,H,D,B) = (E, H,D, B) expio(S-x—1), | (2.7)

where the bivectors (complex vectors) E, H, D, B are independent of position and time, w is
the angular frequency of the waves (real) and x is the position vector of a generic point of space.
The bivector § is called the ‘slowness’ bivector and may be written

S =S +iS", (2.8)

so that S"-x = const. are the planes of constant phase and S -x = const. are the planes of
constant amplitude. The phase speed is 1/[S*|, and the attenuation factor is S|

The electric displacement D (magnetic induction B) represents an infinite train of
elliptically polarized waves, the plane of polarization being that of the directional ellipse
(Hayes 1987) of D (B).

The electric displacement D is linearly polarized if

DxD=0, (2.9)

where D = D*—iD" is the complex conjugate of D. In this case the vectors D* and D~ have
the same direction and the bivector D is said to be ‘linear’. By changing the time origin in (2.7)
D may then be taken to be real.
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ELECTROMAGNETIC WAVES IN CRYSTALS 343
The electric displacement D is circularly polarized if
D-D =0. (2.10)

In this case the bivector D is said to be ‘isotropic’ or ‘null’. Similarly, the magnetic induction
B is linearly polarized if Bx B = 0 (B s a linear bivector) and circularly polarized if B- B = 0
(B is an isotropic bivector).

The slowness bivector S may also be written (Hayes 1984)

S = NC, 2.11)
N=Teé% C=mm+in. (2.12)

where

Here N is a complex number with modulus 7" and argument ¢, m and # are orthogonal unit
vectors, and m is a real number. To determine all the possible slowness bivectors, S, the
complex number N has to be found for every choice of the bivector C, that is for every choice
of the orthogonal unit vectors m1, fi and of the real number m.

Associated with C is an ellipse, its directional ellipse, which has one semi-axis of unit length,
the other being of length |m|. Then, when N has been determined for a choice of such an ellipse,
S is known, and S* and S~ are conjugate semi-diameters of an ellipse similar and similarly
situated with respect to the ellipse of C (details may be found in Hayes (1984)).

For homogeneous waves S is a linear bivector, and we may assume that the bivector Cis a
real unit vector A (unit vector in the propagation direction):

§=NC where C=n. (2.13)

The number ¢ = N! is then the phase speed of the wave (It will be shown in §7 that
N7! is always real for homogeneous waves), and if ¢, denotes the speed of light in vacuum
(cg® = Ko lo), Co/c s the refractive index of the wave.

It is convenient to introduce the dual skew-symmetric tensor I” associated with the bivector

C:
IFy=—€;Co=—T; Ci=—%€,h, (2.14)
where €, is the alternating symbol. For any bivector P, one has

IP=CxP, I',P=(CxP), (2.15)

3. THE PROPAGATION CONDITION

Inserting the expressions (2.7) into Maxwell’s equations (2.1)—(2.4), and using (2.11) and

(2.15) gives C-D=0, C-B=0, (3.1a, b)
NCxE=B or NIE-=B, (3.1¢)
NCxH=—-D or NIH=-D. (3.14d)

Also, using the constitutive equations (2.5),
D =«E, B=uH. (3.2)
From the equations (3.2) and (3.1¢,d) we have
kE=—NIy'B=—N*u'IE, (3.3)
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344 PH. BOULANGER AND M. HAYES
and hence the propagation condition in terms of E is

(Ip'I'+ N3*)E=0. (3.4)
uH = NI'k'D = — N* Tk 'T'H, (3.5)

Similarly we have

and hence the propagation condition in terms of H is

(k' + N2u)H=0. (3.6)
We note in passing the relations

Ik 'I'+ N2u)H = N[k *(I'n'I'+ N %) E,
1 2
(I'p*r+N32)E=—NIu*(I'c '+ N %) H,

which show that equation (3.4) implies equation (3.6) and vice versa.

Equation (3.4) expresses the fact that E is an eigenbivector of the complex symmetric matrix
I'p™'I" with respect to the real positive definite symmetric matrix &, with eigenvalue — N2,
Similarly equation (3.6) expresses the fact that H is an eigenbivector of the complex symmetric
matrix 'k 'I" with respect to the real positive definite symmetric matrix u, also with eigenvalue
— N2

We now derive alternative forms of the propagation conditions (3.4) and (3.6). Recalling
(2.15), the equations (3.4) and (3.6) may also be written as

Cx {u(Cx E)}+ N*E = 0, (3.8)

and Cx{k ' (CxH)}+N?2*uH=0. (3.9)
Using now the identity (A 2) of Appendix A, these equations become

(detp) 'w{C(C"WE)— E(C"uC)}+ N*E = 0, (3.10)

and (detk) ',{C(C"«H)— H(C"kC)}+ N *uH = 0. (3.11)

So that waves may propagate, the equations (3.4) and (3.6) must have non-trivial solutions.
This gives two equivalent forms of the secular equation: either

det (I'p'I'+ N %) =0, (3.12)
or det (I'k 'I'+ N72u) = 0. (3.13)
That these equations are equivalent may be seen from the relations
det (Iu 'I'+ N %) (detk)™ = det (I'u 'k ™'+ N*1)
=det(Ik "Tp '+ N*1)
=det (I'k 'I'+ N2u) (detp)™, (3.14)

the second line following from the fact that for any two square matrices X and Y, the product
XY has the same eigenvalues as the product YX.

The secular equation (3.12) or (3.13) leads to the determination of N2 for given I or,
equivalently, for given C. Because det (I'u™'I") = det (I'k *I") = 0, one root of the secular
equation for N7* is zero. The other two roots are the solutions of the quadratic equation

N~detk+ N*[C™(kp k) C— (C"kC) tr (k™) ] + (C"kC) (C"wC) (detu) ™ = 0, (3.15)
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or equivalently
Ntdetu+ N2[C"(uk'p) C— (CTuC) tr (uk™) ]+ (CTuC) (C"kC) (detk) ™ = 0. (3.16)

These forms may be read off from the corresponding forms of the secular equation for
homogeneous waves given by Smith & Rivlin (1970), by replacing their unit vector n in the
propagation direction by our bivector C.

4, ORTHOGONALITY RELATIONS

In this section we derive results concerning the amplitude bivectors E, H, D, B fyom the
equations (3.1) for a single inhomogeneous plane wave solution. Further we examine the
consequences of the propagation conditions (3.4) and (3.6) and of the equations (3.1) when we
have two non-zero different roots or a double non-zero root of the secular equation for N~2. For
this we need the idea of orthogonality of a pair of bivectors with respect to a real positive
definite symmetric metric. Geometrical interpretation of such orthogonality is derived in
Appendix B. In a previous paper (Hayes 1984) it was shown that if two bivectors P, Q (say)
are orthogonal so that the scalar product P-Q = 0, then the planes of the ellipses of P and Q
may not be orthogonal in general and further the orthogonal projection of one (Q say) upon
the plane of the ellipse of P is an ellipse similar and similarly situated with respect to the ellipse
of P when rotated through a quadrant. Here, however, the orthogonality of two bivectors P,
Q is with respect to a real positive definite symmetric metric g and takes the form PgQ = 0.
It will be seen that many of the relations derived here are of this form, where ¢ may be either
u,kor ut ktand P, Q may be E, H, D, B. The ellipsoid x"gx = 1 will be called the ‘g-metric
ellipsoid’. To interpret the equation P'gQ = 0 it is convenient to introduce the concept of
orthogonal projection with respect to the metric g or g-projection. The g-projection onto a
plane « is the parallel projection along the direction conjugate to the plane a with respect to
the g-metric ellipsoid. Details may be found in Appendix B.

4.1. Orthogonality relations for one wave

As in Hayes (1987) we first note from equation (3.1a, 4) that the planes of the ellipses of D
and C, and of B and C may not be orthogonal, in general. Further the projection of the ellipses
of D and B upon the plane of the ellipse of C are similar and similarly situated. Also these
projected ellipses are similar and similarly situated with respect to the ellipse of C when rotated
through a quadrant.

From equations (3.1¢, d) we obtain

E-B=0, D-H=0, (4.1a, b)
and hence, using the constitutive equations (3.2),
D*«'B=0, D"uw'B=0, (4.2a, b)
Le. D,ky;'B; =0, D;u; B, =0,
and E'«xH=0, E"uH =0, (4.3a, b)
i.e. E,xy,H =0, Epu;H =0.

From equation (4.1a) (and (4.15)) it follows that the planes of the ellipses of E and B (D and
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346 PH. BOULANGER AND M. HAYES

H) may not be orthogonal in general, and that the projection of the ellipse of E (D) upon the
plane of the ellipse of B (H) is similar and similarly situated with respect to the ellipse of B (H)
when rotated through a quadrant.

Using the results of the Appendix B (property 4) it follows from equation (4.24) (and (4.25))
that the k™ (u') projection of the ellipse of B upon the plane of the ellipse of D is similar, and
similarly situated, to the polar reciprocal of the ellipse of D with respect to the elliptical section
of the k™ (x™!)-metric ellipsoid by the plane of the bivector D. In an analogous way, it follows
from equation (4.34) (and (4.35)) that the k (u)-projection of the ellipse of H upon the plane
of the ellipse of E is similar, and similarly situated, to the polar reciprocal of the ellipse of E

with respect to the elliptical section of the « (#)-metric ellipsoid by the plane of the bivector
E

Taking the dot product of (3.1¢) with H and the dot product of (3.14) with E, and adding,
we obtain

D-E=B-H=o, (4.4)
and hence, using the constitutive equations (3.2),
E'«E=H"uH = D"«'D =B 'B=g0. (4.5)
Moreover, using Maxwell’s equations (3.14, d) we obtain
DxB=NDx(CxE)= ND-E)C= NoC, (4.6)

with o given by (4.5).
Also, from (4.3) we deduce that if kE and pE are not parallel, then H must be of the form

H = B(KE) x (uE), (4.7)
for some scalar . Inserting this into (4.5) and using the identity (A 3) of Appendix A, we find
E*«E = 8* (detp) [(E"«ku 'kE) (E"wE)— (E"kE)?), (4.8)

and hence, in general, H may be obtained from
(det w)i[ (E"kpu'kE) (E"WE) — (E"«E)*:H = + (E"kE)}(kE) x (uE). (4.9)

Thus H is determined to within a sign by E. Equivalently, because E = «"'D, H is also
determined to within a sign by D. For given C, note from (3.1¢), that if E is changed to — E,
then B, and consequently H, must be changed to — B, and — H respectively. Equation (4.9)
involves even functions of E and it is for this reason that the ambiguity (+) in sign in equation
(4.9) must be retained. In a analogous way, E may be obtained in terms of H from

(det &)} (H uxuH) (H*kH) — (H*«H)*'E = + (H*uH )} (uH) x (H).  (4.10)

Of course, as H = ' B, E may also be obtained in terms of B. Similarly the relations between
B and D are

(det )3 [(D"k 'uk'D) (D"u" D) — (D"« 'D)*|:B= + (D"« 'D)}(x'D) x (u™'B),  (4.11)

(det)*[(B"u 'ku'B) (B*x'B) — (B’ 'B)*}!D = + (Bu'B)t (1 'B) x (k'B). (4.12)
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Finally, using the identity (A 3) of Appendix A and the equations (3.1), we obtain
D"y 'D = N*(Cx H)"yw ' (Cx H) = N*(detu) ™ (C*uC) (H uH)

(detp)”
= N*(detp) ' (CTuC) (D*x'D), (4.13)
B'x'B= N*(CxE)" ' (CxE) = N*detx)(C™«C)(E"KE) :
= N%(detx) " (C"kC) (B*u'B),
and E"ku 'kE = N*(det u) " (C™uC) (E™KE), } w14
H yux'uH = N*(detk) ™ (C"«C) (H uH). '

4.2. Orthogonality relations for two waves

Let N;? and N,? be two different roots of the secular equation and let E,, E, and H,, H, be
the corresponding eigenbivectors of the symmetric matrices I 'I" and I'k 'I” with respect to
k and g respectively. It is easily shown, by the standard argument, that E, and E, are
orthogonal with respect to «, that is ETkE, =0,

(4.15)
and that H, and H, are orthogonal with respect to u, that is
HuH, =0. (4.16)
Also, from the constitutive equations (3.2), the corresponding D’s and B’s satisfy
DY «'D, =0, (4.17)
BTy 'B, =0. (4.18)

Using the results of the Appendix B (property 4) it follows from equation (4.15) (and (4.16))
that the « (u)-projection of the ellipse of E, (H,) upon the plane of ellipse of E; (H,) is similar,
and similarly situated, to the polar reciprocal of the ellipse of E| (H;) with respect to the
elliptical section of the k () metric ellipsoid by the plane of the bivector E, (H,). Similarly,
one may read off conclusions from equation (4.17) (and (4.18)) by replacing E,, E,, « (H},
H, 1) by D,,D,, k" (B,, B,, ") in the previous sentence.

Moreover, using (3.1), we obtain

D,xB,=—N,(CxH,) x B, = N,(H,"B,) C = N,(H*uH,) C =0, (4.19)
D,xB,= N,D,x (CxE,) = N,(D,"E,) C = N,(EXE,) C = 0, (4.20)

which show that the bivectors D, and B, are parallel, as are the bivectors D, and B;. Hence
the ellipse of B, (B,) is similar, and similarly situated, to the ellipse of D, (D,).

4.3. Orthogonality relations for waves corresponding to a double root

Let N2 be a double root of the secular equation. Thus (— N~?) is a double eigenvalue of the
eigenvalue problems (3.4) and (3.6). Hayes (1984) has shown that a necessary and sufficient
condition for a complex symmetric 3 X 3 matrix to have an isotropic eigenbivector is that this
matrix has a double eigenvalue. It may be shown that this theorem, proved in Hayes (1984)
for eigenbivectors and eigenvalues with respect to the unit matrix, remains valid for
eigenbivectors and eigenvalues with respect to a real positive definite symmetric matrix, the
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usual concept of isotropic bivector being replaced by that of isotropic bivector with respect to
this matrix (see Appendix C).

Two cases have to be considered for the eigenbivectors E, H corresponding to the double
eigenvalue (— N7?).

Case 1: simple infinity of eigenbivectors

Corresponding to the double root N2, there is a simple infinity of eigenbivectors E (H) of
the symmetric matrix I'u™'I" (I'k 'I") with respect to k (u), and they are isotropic with respect
to k (), thatis E™kE = 0 (H"uH = 0). Thus corresponding to N2 there is one wave solution
such that o, given by (4.5), is zero:

E'«E=H"yH = D"«'D = B"y'B=0. (4.21)

Thus for this wave, D and B are isotropic with respect to k' and ™' respectively, and owing
to (4.6) they are parallel: DxB=0. (4.22)
So, D and B are isotropic together with respect to k' and p*

In the special cases of magnetically or electrically isotropic crystals (u,; = ud,; or k; = k6,)
conditions (4.21) and (4.22) imply that the fields D and B are circularly polarized, so that
a wave obeying (4.21) may be regarded as a generalization of a circularly polarized wave.

Case 2: double infinity of eigenbivectors

Corresponding to the double root N7* there is a double infinity of eigenbivectors E (H) of
the symmetric matrix I'y'I" (I'k 'I") with respect to k (). These eigenbivectors E (H) may
all be written as linear combinations of any two non parallel eigenbivectors E,, E, (H,, H,).
There are thus two wave solutions D,, E,, B,, H, and D,, E,, B,, H, corresponding to the same
slowness §' = NC, and any linear combination D = aD,+bD,, E = aE,+bE,, etc., with
possibly complex coefficients a and b, is also a wave solution with the same slowness.

The eigenbivectors E,, E, (H,, H,) may always be chosen to be orthogonal with respect to
k() so that the orthogonality relations (4.15)—(4.18) hold.

Writing (3.1¢) for E,, B, and taking the dot product with H,, writing (3.14d) for H,, D, and
taking the dot product with E,; and adding, we obtain

D, E, = B, H, (4.23)

as both wave solutions have the same slowness S. Thus the orthogonality relations (4.15) and
(4.17) imply the orthogonality relations (4.16) and (4.18) and vice versa. So, the two wave
solutions may always be chosen to be such that they satisfy all the orthogonality relations of
§4.2. Then, as a consequence, they also satisfy (4.19) and (4.20), so that the bivectors D, and
B, are parallel, as are the bivectors D, and B,.

Moreover, among all the linear combinations of two non parallel bivectors, there is always
a linear bivector, that is a real vector up to a possibly complex scalar factor (see Appendix C).
Thus D,, E, (B,, H,) may always be chosen to be linear bivectors, and then B,, H, (D,, E,)
are also linear bivectors when the second wave solution is chosen to be such that all the
orthogonality relations of §4.2 hold.

So, corresponding to the double root N7* there are two wave solutions satisfying the
orthogonality relations of §4.2, one with the fields D, and E, linearly polarized (B, and H,
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being then in general elliptically polarized) and the other with the fields B, and H, linearly
polarized (D, and E, being then in general elliptically polarized). Any linear combination
with coefficients a and 4 of the amplitudes of these two waves defines a wave with the same
slowness S = NC. There are two values of the ratio b/a such that E and H are isotropic with
respect to k and u respectively, and thus such that (4.21) and (4.22) are valid. These values
are given by

=+i-t, (4.24)

where o, and o, are the values of o defined by (4.4) for the two wave solutions.

5. ENERGY DENSITY AND ENERGY FLUX

At a point x in the crystal the energy flux (Poynting) vector R and the energy density W are
defined by R=ExH, W=D E+B-H). (5.1)

They fluctuate in time so that to get a measure of energy propagation and energy density we
calculate their mean values R, W over a cycle:

W 21/ w ) 21/ w

R=§1EJ; Rds, W=—QE , Wdt. (5.2)
In this section we first derive general results for R and W for inhomogeneous wave propagation.
Next we consider the case when several waves may propagate with the same slowness (see §4.3,
case 2).

In dealing with a wave of the form (2.7) it follows that (Hayes 1980)

R=Rexp(—20wSx), W = Wexp(—2wS-x), (5.3)
where R and W are given by
R=LYExH)"=YExH+ExH), (5.4)

and W=YD E+B H)=YEE+H"uH) = X D"«'D+ B4 'B). (5.5)
We call R and W the ‘weighted energy flux’ and ‘weighted energy density’ respectively.
Because k and g (k! and ') are real symmetric positive definite, the weighted energy density
W is positive.

5.1. General results

In has been shown (Hayes 1980) for a train of inhomogeneous electromagnetic plane waves
propagating with slowness bivector S in a crystal characterized by the constitutive equations

(2.5) that
R S*=W, RS =0. (5.6)

A geometrical interpretation of (5.6) is given in Hayes (1987). For each wave solution that we
obtain in the sequel we will compute R and W and then use equations (5.6) as a check on their
validity.
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Moreover, using the identity (A 3) of Appendix A, we obtain
Ry (S*xS)=YExH+ExH) "y (SxS)
=1 (detp) '[(STRE) (S"pH)— (S"uH) (S"E)
+(STWE) (S"pH) — (S"uH) (STRE)]. (5.7)
From (3.14) and (3.2), it follows that S™uH = §*B = 0, and thus (5.7) reduces to
Rip™(S"x 87) = ydetu ' [(S"pH) (S"nH)]". (5.8)
Similarly, by interchanging the réles of k and px, we also obtain

R« (8™ x8) = 1det«'[(S"«H) (S"kE)], (5.9)
and hence

R™{(detp) '+ (detk) 1} S*x S~ = 3[(STuH) (STRE) + (S"«H) (STkE)]". (5.10)

We observe that when the crystal is magnetically isotropic, i.e. when p;; = ud;, (5.8) reduces
to o

R-(§"xS87) =3[(S-H) (S E)]", (5.11)
which was obtained in Hayes (1987). When the crystal is electrically isotropic, i.e. when «; =
Kkd;;, we recover equation (5.11) from equation (5.9). Thus, the result (5.11) holds whether the
crystal is magnetically isotropic (but electrically anisotropic) or electrically isotropic (but
magnetically anisotropic).

We also note using (3.1), (3.2) and the identity (A 2) of Appendix A that

ExH=Exu ' (SxE)= (detu) 'Ex (uS x uE)

= dety {(E"uE) pS— (S"RE) pE}, (5.12)
and hence
2R = dety {(E"WE) uS* —[(S"E) pE]"}. (5.13)
Similarly, we have
2R = detx Y{(H "«H)xS*—[(S"«H) kH]"}. (5.14)

Further using (3.1¢) and the identity (A 3) of Appendix A, we obtain
4W = E"kE+ (SX E)"u (S E)
= E"kE+detu [ (STuS) (E"E)— (S™uE) (STuE)], (5.15)
and similarly

4W = H "uH+ (Sx H)"«*(Sx H)

= H uH+detk '[(S"«S) (H"xH)— (S"«H) (S"xH)]. (5.16)

But, using the propagation condition (3.10) and (3.11), we note that
E"kE = det i {(S"uS) (E"uE) — (S"uE) (S"uE)}, (5.17)
H™uH = det k {(S"kS) (H «H)— (S"«H) (S"xH )}, (5.18)

and hence (5.15) and (5.16) become
2W = detpu {(S™uS") (E"uE) — (E™uS") (STuE)}, (5.19)
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and 2W = detk{(SkS*) (H"«H) — (H"kS") (S"xH)}. (5.20)

Taking the dot products of the right-hand sides of (5.13) and (5.14) with the slowness bivector
S, we obtain the right-hand sides of (5.19) and (5.20) respectively. Thus R-S = W, and we
recover (5.6) because R and W are real.

5.2. Energy density and energy flux for waves with a common slowness

It is of interest to consider here the case when two different waves may propagate with the
same slowness (see §4.3, case 2). Let D,, E,, B,, H, (with D, and E| linear bivectors) and D,,
E,, B,, H, (with B, and H, linear bivectors) be the amplitudes of the two waves propagating
with the same slowness § = 8" +1S~ and satisfying the orthogonality relations of §4.2. Let the
weighted energy densities and energy flux vectors for the two waves be denoted by W,, R, and

W,, R,. Then (5.6) holds for each wave:
R, S*=W, R, S =W,
(6.21)
RS =0, R, S =0.

Now, any linear combination D = aD,+bD,, E = oE, + bE,, etc., is also a wave with the
same slowness. Let the weighted energy density and weighted energy flux for these combined
waves be denoted by W and R.

As D,, E,, B,, H, may be taken to be real, we note, using (4.15)—(4.18), that

W = |al*W,+|b]*W,, (5.22)
that is, there is no interaction term in the energy density. There may be an interaction term
in the energy flux: R = |a]’R, +|b]’R,+1, (5.23)
where I is the interaction term. Then from (5.6), (5.22), (5.23),

|a>R, - S*+|b]?R, ST+ I S* = |a|* W, +|b|* W,, (5.24)

la*R,-S™+|b]*R,-S™+ 1S~ =0, (5.25)

and using (5.21), we obtain ISt — IS —o0. (5.26)
Hence for inhomogeneous waves, R is of the form

R = [a]’R, +|b|*R,+ vS* x S~ (5.27)

where v is some real scalar.

6. UNIVERSAL RELATIONS

Universal relations are valid for all crystals described by the constitutive equations (2.5),
independently of the choice of the constitutive tensors «, u. Here some universal relations
involving the phase speeds and attenuation factors are obtained.

Let us denote by N;*(C), N;*(C) the two roots of the secular equation (3.15) or (3.16)
corresponding to the bivector C. From (3.15) and (3.16) it is clear that the sum of these roots
is a quadratic form Q(C) in the components of the bivector C:

N2 (C)+ N,2(C) = C*dC = RO, (6.1)
29 Vol. 330. A
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where @ is the symmetric tensor given by

= (detk) ! [tr (kp™) k —kp k], (6.2)

or equivalently by = (det p) " [tr (ua~Y) p— p~ ). (6.3)

In the case of homogeneous waves, the bivector C is replaced by a real unit vector A, and
2(h) = N;%(R), c2(R) = N,2(A) are the phase speeds of the waves that may propagate along #.

Then (6.1) becomes () + 2() = ABA = Q(A). (6.4)
Now, using (2.125), the quadratic form Q(C) = C"®C may be written as
Q (mm +iR) = m*rm"®rm— A" ®fh + 2imm" ®h
= m*Q(rit) — Q(A) +im [Q/3(rh+h) — Qv/3(m—A)]. (6.5)

Together with (6.1) and (6.4), this identity gives the universal relation

Mw

é N_%(mm+iR) = m? i (m)—

a=1 a=1 a

e, (A )+1m2 [V +R) — v/ 3(m—h)]. (6.6)

~—

Taking the real and imaginary parts of (6.5) we obtain, in the same way, the universal relations

S N (i) + 3 N (mri— i) = 202 () —2 5 (), (6.7)
and a=1 2 a=1 a=1 A ) a=1
g N3+ i) — £ N;* (i) = 2im 2 [ ("72”) ('” - 2”)] (6.8)

The universal relations (6.6)—(6.8) are the same as those derived in Hayes (1987) for the case
of magnetically isotropic but electrically anisotropic crystals.
Now, let C,, C,, C, be any orthonormal triad of bivectors or vectors:

C,C,=¢ Yy =1,2,3). 6.9
From (6.1) it follows that 7 G =0 By ) 8.9
2
2 [NA(C) + N(Co) + N2 (Cy)] = Dyy(C, Gy Gy Gy + Gy Cyg). (6.10)
=1
Because A A A A A A
e Coy Coyt CoCoy+ Cy Coy = 84, (6.11)
we obtain 3 /2 R
> (Z N;Q(Cﬂ)) =tr® = (detk) ™ [(trk) tr (kp!) —tr (k2u™1)]
£=1 \a=1
— (detp)™ [(trp) tr () — tr ()], (6.12)
and using the Cayley-Hamilton theorem in order to eliminate k* or p?,
3 /2 ~
5 (2 26 = e ) = (), (6.13)
A=1 \a=1

Thus, the sum 3 2 )
2 X N? (Cy)
p=1a=1

is the same for every orthonormal triad of bivectors or vectors. In particular (6.13) holds when

A

C, = P, where p, (8 =1, 2, 3), denotes any orthonormal triad of real vectors:

% (2 ) = o e e = . (6.14)

p=1
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As in Hayes (1987) we then derive, using (6.7),

2 3
) ﬂZ [(N.2(rBy+iB,) + N.* (1B, —iP,)]
a=1 g,y=1

=2 1) ¥ X &) = 20— 1) [tr () tr (u ) —er ()], (6.15)

f=10a=1
where 7 is any real number.

Finally, suppose C, and C, are a pair of orthogonal unit bivectors, and let C; and €, be any
pair of orthogonal unit bivectors ‘coplanar’ with €, and C,:

C, = cos0C,+sin0C,, C,=—sin0C,+cosbC,. (6.16)

Then using (6.1) we obtain as in Hayes (1987) the universal relation

[NV,2(Ch) + N2(Cy)l. (6.17)

M

S (NG + N22(Cy)] =

a=1 a=1

7. HOMOGENEOUS WAVES

In this section we restrict attention to homogeneous plane wave solutions, that is solutions
for which the planes of constant phase are also planes of constant amplitude. The emphasis is
on the geometrical point of view. It is shown here for non repeated eigenvalues that the waves
are linearly polarized. For such waves propagating in the direction # it is shown that the
amplitude vectors B and D must lie along the pair of common conjugate directions of the
elliptical sections of the k™' and g~ '-metric ellipsoids by the plane IT(A) whose normal is A. (In
general any pair of coplanar ellipses possesses one pair of common conjugate directions. Of
course if the ellipses are similar and similarly situated they possess an infinite number of pairs
of common conjugate directions.) The case of repeated eigenvalues is deferred to §8.

To deal with homogeneous waves we assume that the slowness bivector §'is given by (2.13),
so that the skew symmetric tensor I” defined by (2.14) with C = 7 is now real.

As I'y™*I'" and T’k 'I" are now real symmetric matrices, their eigenvalues (— N~?) with
respect to k and u respectively, are real. Also, for non-repeated eigenvalues, the eigenbivectors
E and H, solutions respectively of the eigenvalue problems (3.4) and (3.6) are linear bivectors,
that is (possibly complex) scalar multiples of real vectors. Of course, from the constitutive
equations (3.2) it then follows trivially that D and B are also linear bivectors. In the case of
repeated eigenvalues, however, B, D, E, H may be bivectors.

Also, taking the dot product of (3.4) with E and the dot product of (3.6), with H, we obtain,
because I is skew symmetric and real,

(TE)"y“(T'E) = N*E"E, (TH)™x“(I'H)= N*H"uH. (7.1)

As k, p are positive definite, N2 is positive (if not zero), and hence N is real, which means that
the homogeneous waves are not attenuated.

Turning now to the orthogonality relations of §4.1, the equation (4.1) now means trivally
that the direction of E is orthogonal to the direction of B and the direction of D is orthogonal
to the direction of H. Also, from (3.1, ) D and B are in the plane II(A) whose normal is #.
Equation (4.2) means that the linear bivectors D and B must be along common conjugate
directions of the elliptical sections of the ™" and g~ '-metric ellipsoids by the plane I7(#). There

20-2
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is only one pair of such directions if these elliptical sections are not similar and similarly
situated, and in §8, it will be shown that these elliptical sections are similar and similarly
situated if and only if the secular equation (3.15) or (3.16) has a double root. Thus, we have
here two possibilities for the directions of D and B corresponding to the two different roots of
the secular equation (see figure 1a).

F1cure 1.The disposition of D, (B,) and B, (D,) corresponding to the two homogeneous plane waves propagating
along a direction 7 which is not along a (generalized) optic axis. In (a), both u and « are anisotropic: D, (B,)
and B, (D,) are along the common conjugate directions of the elliptical sections of the #™ and « '-metric
ellipsoids by the plane TI(#). In (b), p is isotropic: D, (B,) and B, (D,) are along the principal axes of the
elliptical section of the k™*-metric ellipsoid by the plane I(R).

The direction of E may be determined when the direction of D is known. For E = «™!D, and
hence E is parallel to the normal to the k< '-metric ellipsoid at the point M where the radius
in the direction of D intersects it. Similarly, because H = y~'B, H is parallel to the normal to
the #~'-metric ellipsoid at the point N where the radius in the direction of B intersects it.

Thus the directions of D, E, B and H are determined. As for their magnitudes, it follows from
equation (4.5) that if the extremity of D (taken to be real) is on the « '-metric ellipsoid, that
is D™k™'D = 1, then the extremities of E, H and B (also real) are respectively on the «, x,
pu'-metric ellipsoids (see figure 1a).

From the results of §4.2 for two different roots N7* and N,? of the secular equation the
vectors D, and B, are parallel and so are the vectors D, and B, so confirming the geometrical
interpretation obtained above. So, D, and D, (B, and B,) must lie along the common
conjugate directions of the elliptical sections of the k™ and u~'-metric ellipsoids by the plane
II(#si). The contrast between this and the classical case (p isotropic) is illustrated in figure 1.

Of course if D, and D, are conjugate radii of the k™ '-metric ellipsoid, then E, and E, are
conjugate radii of the k-metric ellipsoid. This follows because if DY «™'D, = 1, Dy x'D, = 1,
Di«™'D, =0, then ETKE, = 1, E;kE, = 1, E} kE, = 0. Then also B, and B, are conjugate
radii of the y~'-metric ellipsoid, and H, and H, are conjugate radii of the u-metric ellipsoid.

Also, for homogeneous waves, it follows from (5.4) that the weighted energy flux vector R
is orthogonal to the directions of E and H. This means that the direction of R is parallel to the
intersection of the tangent plane to the k™'-metric ellipsoid at the point M with the tangent
plane to the #™'-metric ellipsoid at the point N.

From equation (4.13), it follows that the slowness of the wave propagating in the direction
A with amplitude D, is given by

N? (detyr) ™ (A%A) (DY k' D,) = DXu~'D,, (7.2)
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and similarly for the wave with amplitude D,,
N (detp) ™! (A%pht) (D3 k7' Dy) = Dy ' D, (7.3)

We denote by ﬁl and 32, the unit vectors along D, and D, respectively, that is the unit vectors
along the common conjugate radii of the elliptical sections of the k™! and g '-metric ellipsoids
by the plane IT(/). We note that fisin@ = d, X d,, where 6 is the angle between d, and d,.
Using the fact that D, is parallel to B,, and that D, is parallel to B,, we have from (7.2),
(7.3) and (4.135),

T -1 -1
(detp)™ (A" un) 4, « ‘{1 = (detk) ' (A"kA) 2 CH ‘Ai2
T, a3k d 74
drcd drud '
= (detp) ' (A"uh) 2—=2 = (detk) ™ (ATkA) -L—2
R aTc'd

To make the consistency of these relations transparent we note first that
A{(p'd,) x (u7'dy)}sin 0 = (d, x dy){(u7'd,) x (u"'d,)}
= (dip7'd) (d3 p'dy), (7.5)
because dT y'd, = 0. Also, from identity (A 1) of Appendix A,
{7 dy) X (7t dy)} = (detp) e u(dy X dy)}

= (det u) ' (A*uh) sin 6. (7.6)
Thaus (A7) (@ 7ty = (det ) (67)sin® 0,

. N ) (7.7)
(@ xd,) (A2 k'dy) = (detx) ™ (A%A) sin?6, |

the second of these being derived analogously to the first. The expressions (7.4) are clearly
consistent.
Then, from (7.2), (7.3) and (7.7), we have

N% = (dT«7'd,) 7V (dF 7 dy)  sin® 0,}

P P g A (7'8)
= (dT«'d,) Y (dT ') sin® 6.

Now ((i’f x'd 1)1 is the square of the length of the radius to the ellipsoid X"« 'x = 1 along dl,
and ((i'zr,u'ltt) is the square of the length of the radius to the ellipsoid x"x 'x = 1 along d
Thus the slowness, N,, of the wave propagating along 2 with D amplitude along dl, is equal
to the area of the parallelogram formed by the radius along t?l to the k™ '-metric ellipsoid and
the radius along ti to the g~ '-metric ellipsoid. The slowness, N,, of the wave propagating along
A, with D amphtude along dz, is equal to the area of the parallelogram formed by the radius
along d to the k™ '-metric ellipsoid and the radius along d to the ™ '-metric ellipsoid.

Remark 1. Magnetically isotropic crystals

We retrieve well-known results (Born & Wolf 1980, p. 673) for the special case when the
crystal is magnetically isotropic, that is g = g1. Then the g~ '-metric ellipsoid is a sphere of
radius 4/p. The central sections of the ™' and «™'-metric ellipsoids by the plane II(#) are
respectively a circle of radius /¢ and an ellipse, in general. These have common conjugate
radii along the principal axes of the ellipse. Thus the amplitudes of the waves are along the
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principal axes of the ellipse. The slownesses of the waves are equal to 4/ u times the lengths of the
principal semi-axes of the ellipse.

For the homogeneous wave propagating along #, with the amplitude D along &1’ we find,
using A = (d, x dj) cosec ),

D,=d, B,= N,d*«d,) (cosect)d,,

E,=«'d,, H,= N,(d*«'d,) (cosec) y"'d,,
4w, = d*«k'd, + (d¥ p'dy) (dT k7'd,)2 N2 cosec? 0 = 2dT k™ 'd,,
2R, = N, cosec 0(dT k'd,) k'd, x p'd,.

(7.9)

Of course the amplitudes D, E,, B;, H, may be multiplied by an arbitrary scalar factor a. The
corresponding weighted energy density W, and energy flux R, are then multiplied by the
factor aa. This comment applies to any wave solution obtained in this paper and these factors
will not be written explicitly. We check that

2N, R, fi = N2cosec®0(dT x'd,)*(d2 p'dy) = d™k7'd, = 2W,,

so confirming (5.6).
Similarly, for the homogeneous wave propagating along #, with the amplitude D along d,,

we find, P
D,=d, B,=-— ( ) (cosec 49)

E,=«'d,, H,= —Nz(ti'zr x7'd,) (cosec ) ,u,_ltil,
. . (7.10)
2W, = d; k'd,,
2R, = N, cosec 0(d¥ k" 'd,) p'd, x kd,.
It is easy to check that N, R, s = W,, so confirming again (5.6).

Remark 2. Energy density and energy flux for the superposition of two wave trains
For given 7 and w, any linear combination

(E,H,D,B) =a(E,,H,,D,,B,) expiw(N,fi-x—1)+ b(E,, H,, D,, B,) expiw(N,fi-x — 1)
(7.11)
of the fields of the two wave trains (7.13) and (7.14), with slownesses N, 7i and N, #i respectively,
is also a solution of the field and constitutive equations (2.1)—(2.5). The fields (7.11) will be
called the ‘resultant fields’.

For the fields the mean energy flux and energy density are defined by (5.2) as in the case of
a single wave train. The mean energy density W for the resultant fields is given by

W=W,+W, =W, +W, (7.12)

the sum of the weighted energy densities for the individual waves. The mean energy flux R for

the resultant fields is given by . . . . -
R=R,+R,+)J=R,+R,+}, (7.13)

where J, which is a function of x, is given by

J = Habexpio(N,— N,) A~ x}*J, (7.14)
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with P . " B p . p p
J={N,(dik'd)) k'd, x p'd,— N,(d; k'd,) k*d, x p~'d,} cosec 6. (7.15)

Now, because dT k*d, = d* ~'d, = 0, it follows that the vector  'd, X s *d, is along d, and
that the vector K_lél xlu’ltil is along d,. Thus J-7 = 0 and we obtain

RA=R,-A+R, i=W,N'"+W,N;", 7.16
1 2 1 2472

confirming the result obtained by Hayes (1980, equation (6.27)).

8. CIRCULARLY POLARIZED HOMOGENEOUS WAVES: GENERALIZED OPTIC AXES

For magnetically isotropic, electrically anisotropic crystals, it was shown (Hayes 1987) that
waves with both fields D and B circularly polarized are possible for homogeneous waves if and
only if the secular equations has a double root. In this section we consider homogeneous waves
and investigate when the secular equation (3.15) and (3.16) (with C = #) has a double root.

In §8.1, it is shown that if for given A the secular equation has a double root, then the
elliptical sections of the k™! and g~ '-metric ellipsoids by the plane II(#), orthogonal to A, are
similar and similarly situated. Next, in §8.2, it is shown conversely that if the elliptical sections
of the k™! and p'-metric ellipsoids by the plane II(#) are similar, and similarly situated, then
the secular equation has a double root. ‘

In the case of a double root of the secular equation (3.15) (and (3.16)), the amplitude D (B)
may be any bivector in the plane I1(i) and owing to (4.2) the ellipse of B (D) is similar, and
similarly situated, to the polar reciprocal of the ellipse of D (B) with respect to either of the
elliptical sections of the k™! and g '-metric ellipsoids by the plane IT(##). Also, because the
double root N2 is real and positive, N is real, and the real and imaginary parts of (3.1¢), (3.14)

read B* = Nax E', B = NixE-, (8.1)
D*=—NaxH', D =—NnxH. (8.2)
It follows obviously that

E''B*=E B =D"H'=D H =0, D""E*=B""H' D""E =B -H, (83)

so that D"« 'B* = D*"4'B* =0, D*"x"'D* = B*"y B, (8.4)
and
D« 'B =D"y'B =0, D"« 'D =B"y'B". (8.5)

Thus, D* and B" are conjugate with respect to either of the elliptical sections of the «™! and

w~-metric ellipsoids by the plane I1(#), and so are D™ and B~. Also, if D" (D7) is a radius to
.the k~'-metric ellipsoid, then B* (B”) is a radius to the g '-metric ellipsoid. The contrast
between this and the classical case (u isotropic) is illustrated in figure 2.

Next, in §8.3, we seek the directions A for which the sections of the k™ and px™'-metric
ellipsoids by the plane II(fi) are similar and similarly situated. We call these directions
‘generalized optic axes’. We find that, for given « and u, there is either one such direction

1

(uniaxial case), two such directions (biaxial case), or an infinity (pseudo-isotropic case).

For 7 along a generalized optic axis, D (B) may in particular be chosen to be isotropic in
the plane 7(A) orthogonal to #, and then the ellipse of B (D) is the polar reciprocal of the circle
of D (B) with respect to either of the elliptical sections of the k™' and ™ '-metric ellipsoids by
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(a) ()

Ficure 2. Propagation of elliptically polarized homogeneous waves along a (generalized) optic axis. In (a), both x
and « are anisotropic: the sections of the #™! and «*-metric ellipsoids by JI(#) are similar and similarly situated
ellipses; D* (D~) and B* (B") are along conjugate directions with respect to these ellipses. In (b), 4 is isotropic:
the sections of the #™* and «x '-metric ellipsoids by II(A) are both circles; D* (D") is orthogonal to B* (B~).

the plane II(7A). In this case the D (B) field is circularly polarized while the B (D) field is
elliptically polarized.

Again, in particular, the ellipse of D (B) may be chosen to be similar and similarly situated
to either of the elliptical sections of the k™' and g '-metric ellipsoids. Then it follows (Remark
1 of Appendix B) that the ellipse of B (D) is similar and similarly situated to the same elliptical
sections. In this case D and B are parallel bivectors and both the fields D and B are elliptically
polarized. Also, in this case D™ and D~ are along conjugate diameters of the same elliptical
sections, and so are B" and B~. With (8.4) and (8.5) this implies that D™ is parallel to B~ and D~
is parallel to B*. This is illustrated in figure 3¢, d, which presents remarkable special cases of
figure 2. Note that in figure 3¢ the ellipse of D has been chosen identical with the elliptical
section of the k '-metric ellipsoid by the plane IT(#). The type of wave described by figure 3¢
may be regarded as a generalization of the classical circularly polarized wave.

Also, in particular, D (B) may be chosen to be any real vector in the plane I7(#) orthogonal
to A, and the B (D) is also a real vector, and both are conjugate with respect to either of the
elliptical sections of the k! and g '-metric ellipsoids by the plane II(#i). The wave is then
linearly polarized. This is also illustrated in figure 3 (2 and 4). Note that, in figure 3a, D has been
chosen to be a radius of the « '-metric ellipsoid.

Finally, in §8.4 we present analytical details for homogeneous wave propagation along a
generalized optic axis. The solutions are written as linear combinations of two linearly
polarized waves. Of course these waves may be combined to give two waves polarized as shown
on figure 3¢ and of opposite handedness.

8.1. Double roots

Let us first assume that the secular equation (3.15) (and (3.16)) with C = 7 has a double root.
This root is then a double eigenvalue of the eigenvalue problem (3.4) (and (3.5)) for the real
symmetric matrix Ik 'I" (I'n'I") with respect to the metric k (#). Then, to this eigenvalue
correspond two linearly independent real eigenvectors E;, E,, (H,, H,) and any linear
combination of them with real or complex coeflicients is an eigenvector or eigenbivector
corresponding to this same eigenvalue (see, for instance, Goldstein 1950, ch. X).

From the constitutive equations (3.2), D, = «E,, D, = kE,, (B, = uH,, B, = uH,) are two
linearly independent real vectors. From (3.1a, 4) these are in the plane II(#A), so that D (B)


http://rsta.royalsocietypublishing.org/

Downloaded from rsta.royalsocietypublishing.org

ELECTROMAGNETIC WAVES IN CRYSTALS 359

(a) B (o)

) 8

P

A

A
I
i

()

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

u!

Ficure 3. Propagation along a (generalized) optic axis (special cases). Figures (a) and (b) are special cases of figure
2a. In (a) the wave is linearly polarized: D and B are conjugate radii of the similar and similarly situated
elliptical sections of the 4™ and «™!-metric ellipsoids by 7(ri}). In (c) the wave is elliptically polarized: the
ellipses of D and B are both similar, and similarly situated, to the elliptical sections of the x™* and «™*-metric
ellipsoids by IT(A). Figures (b) and (d) are special cases of figure 24. In (4) the wave is linearly polarized with
D orthogonal to B. In (d) the wave is circularly polarized with B* (D) orthogonal to D* (B").

corresponding to a double root of the secular equation may be any real vector or bivector in
this plane. Recalling (4.2), the real vectors D and B must be along common conjugate
directions of the elliptical sections of the k™
follows that in the case of a double root for the secular equation these elliptical sections must

and p'-metric ellipsoids by the plane IT(#). It

<
—
< N have an infinity of common conjugate directions. This means that these elliptical sections are
E - similar, and similarly situated.
=
E 5 Remark
O We present an alternative proof based on the results of § 7. Let d, and d, be unit vectors along
= common conjugate directions of the elliptical sections of the «™'- and g ™'-metric ellipsoids by

the plane JI(#). The lengths ¢, and a, of the conjugate radii along d, and d2, to the k™ '-metric
ellipsoid, and the lengths 4, and b, of the conjugate radii along d and d2, to the u '-metric
ellipsoid, are given by

=(d «d)", 2= (d u'd)’, a=1,2 (nosum).

PHILOSOPHICAL
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The slownesses N, and N,, of the waves with amplitude D along t?l and t22 respectively, are
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given by the equations (7.8). Now, if N; = N,, it follows from (7.8) that a, b, = a, b,, that is
by/a, = b,/a,. This expresses the fact that the lengths of the conjugate radii (along c?l, 32) of the
elliptical section of the #~'-metric ellipsoid are proportional to those of the elliptical section of
the k '-metric ellipsoid. Thus the two ellipses are similar, and similarly situated.

8.2. Similar and similarly situated elliptical sections

Conversely, let us now assume that 7 is such that the elliptical sections of the «! and x'-
metric ellipsoids by the plane I1(#) orthogonal to 7 are similar, and similarly situated. We have

then for some real scalar A # 0, W'l = A« (8.6)
To see this suppose the x;-axis is chosen along s. Then #, = 4,3, and the only non-zero
components of I are I}, = —1 = —TI,;. Then equation (8.6) expresses the fact that

/K = iz /Kon = iz /Kia = A, (8.7)

so that A is the similarity factor that transforms the elliptical section of the k™ '-metric ellipsoid
by the plane II(#A) into that of the g '-ellipsoid.
Then the two equivalent forms (3.12) and (3.13) of the secular equation reduce to

det ATk '+ N7%) =0, det(A Tu'I'+N2u) =0. (8.8)
Thus, in the explicit form (3.15), x~' may now be replaced by ™

(3.16), k' may now be replaced by x#~*. This leads to

and in the explicit form

(AR"kR— N2detk)® =0, (A 'A"uA— N*detu)® =0, (8.9)
which shows that the secular equation has the double root

N2 = A(detk)'A%kn = A7' (det u) 'R uh. (8.10)

8.3. Generalized optic axes

! and g '-metric

We now seek the directions # such that the elliptical sections of the «~
ellipsoids by the plane II(#) orthogonal to 7 are similar, and similarly situated. This problem
is a generalization of the problem of finding the circular sections of a given ellipsoid. Indeed,

one knows (Bocher 1907) that there exists a real non singular matrix 7" that diagonalizes

simultaneously the two real symmetric positive definite matrices ™, p™*:
m* 0 0 K0 0
% T={ 0 m' 0 % 'T= 0 &K' 0 (8.11)
0o 0 mg'/’ 0 0 k'

To obtain the matrix 7, it is necessary to solve the eigenvalue problem for the matrix ' (¢™")
with respect to the metric x~'(k7'), that is

(W= V=0. (8.12)

The columns of the matrix 7" are three independent eigenvectors (V,, V,, V) orthogonal with
respect to the k! and p '-matrices:

T=(V\V,V,), VW, =V 'V,=0 (i#)), (8.13)
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and the real positive eigenvalues A,, A,, A, are the ratios

_ m_fl_ Vie'v,
A= KT OVIkY) Ax

_my' _Viu'V,

=TT T T Oy _m_Van b,
ky Vi 'V’

Tk VI,

A (8.14)

For the sake of simplicity, the eigenvectors V,, V,, V, may be chosen to be equal in
magnitude, and such that det 7= 1. Then, from (8.11),

detp™ = (mymymy)™", detk™ = (k; kyky) ™" (8.15)

In the case of magnetically isotropic crystals, the vectors V', V,, V, are then unit vectors along
the principal axes of the k™ '-metric ellipsoid (dielectric ellipsoid) or of the k-metric ellipsoid
(Fresnel ellipsoid). They are of course orthogonal. However, in the present case, when y and
k do not have the same principal axes, the vectors V,, V,, V, lie along oblique axes.

It is convenient to introduce the reciprocal set V3, V3, V3 of the set V,, V,, V,, defined by

Ve V,=0, or Vi=k«*V,=mpu'V, (nosum), (8.16)
because V7 must satisfy (#—A;'k) V% = 0 (no sum). Alternatively
Ve=2"V,xV,, V=g, Vix Vi, (8.17)

on using equation (8.15). We note that ¥, and VY are orthogonal and identical unit vectors
if and only if the tensor « has the same principal axes as the tensor u. This case arises in
photoelasticity (Smith & Rivlin 1970).

The matrix 7, defined by T, = (VLVE| VD), (8.18)
is such that

T T, =1=T:T, (8.19)

and diagonalizes simultaneously the matrices « and u:

m; 0 0 kk 0 O
TynTy = (0 my 0 TikTy=|0 k O (8.20)
0 0 myl/’ 0 0 ky/°
Three cases have to be considered: either the three eigenvalues (8.14) are all different, or
two of them are equal, or all three are equal.
Case 1. Biaxial crystal: A, > Ay > Ay

In this case there are two and only two planes I1, and II_ (say) such that for each plane its
intersections with the k™' and #~'-metric ellipsoids are similar and similarly situated ellipses.
The plane 1, is spanned by the vector V, (along the ‘intermediate axis’) and the vector V',
defined by
Vi=vyVi+aVs, (8.21)
and the plane II_ is spanned by the vector V, and the vector V_ defined by

V_=vyV,—aV,, (8.22)
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with y and « given by

Y= (klmz—m)% _ (ml<Agl—Agl>)%

T\ =2y \my(Agt—Ath))”
2( 1 3) 1 2( 3 1 l (8.23)

o= (k?)(/\l_/\2))§ _ (ms(/lgl_/\fl))f.

ky(A1—23) my(A3"' —ATY)
We note the identities
mztat+mityt =myt, kitaP+ktyR =k (8.24)
For future reference we introduce here the bivectors 4, 4_, defined by

A, =xyV +iV,+aV,. (8.25)

Then, the ellipse of the bivector A, (A_) or of its complex conjugate is similar, and similarly
situated, to either of the elliptical sections of the k™' and x~'-metric ellipsoids by the plane IT,
(7).

The directions of the generalized optic axes are along normals n, (say) to the planes /7, of
the bivectors 4, and are thus given by the cross products ¥, x A, . Indeed, by using (8.17),

n,=+aV,—yVs. (8.26)

These are the only two directions in which homogeneous waves with either the field D or the
field B circularly polarized may propagate.
In the special case when the crystal is magnetically isotropic, that is u,; = ud,;, (8.23) reduces

r=(eai) == (i) sm

to

where k; > k, > k; are now the principal values of the tensor «. In this case the vectors n, given
by (8.26) are along the well-known optic axes (Born & Wolf 1980) of the biaxial crystal,
because Vi, V3, V3 are now unit vectors in the principal directions of the tensor «.

Case 2. Umaxial crystals: Ay = Ay > Ay 01 A; > A, = A,

In this case there is one and only one plane I, (say) such that its intersections with the x™*

and g '-metric ellipsoids are similar, and similarly situated, ellipses.

The plane 11 is spanned by the vectors V;, ¥, when A; = A,, and by the vectors V,, ¥, when
Ay = A

For the purpose of further reference we introduce here the bivector 4, defined by

Ay = (k k)P V, +iV, = (my/m,)i V,+iV,, (8.28)
or Ay =iV, + (kg /k,)EVy = iVy+ (my/my) Vs, (8.29)

respectively for the case when A; = A, or the case when A, = A;. Then the ellipse of the bivector
A, or of its complex conjugate is similar and similarly situated to either of the elliptical sections
of the k™! and g '-metric ellipsoids by the plane 17,

The optic axis is along the normal n, (say) to the plane II; of the bivector A4,:

n,= V3, (8.30)
or n,= Vi, (8.31)
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respectively for the case when A, = A, or when A, = A,. This is the only direction in which
homogeneous waves with either the field D or the field B circularly polarized may propagate.

In the special case when the crystal is magnetically isotropic, that is u,, = ud,;, we have
ky = ky > kg or k; > k, = k; where £k, k,, k; are now the principal values of «, and n, is
respectively along the third or first principal direction of k. This is the well-known optic axis
(Born & Wolf 1980) of the uniaxial case.

Case 3. Pseudo-isotropic crystal: Ay = Ay = A3

In this case the k™'- and ™ '-metric ellipsoids are similar, and similarly situated, so that the

elliptical sections of these ellipsoids by any plane are also similar and similarly situated. In this
case, every direction is a generalized optic axis, and homogeneous waves with either the field
D or the field B circularly polarized may propagate in all directions, as is the case for isotropic

media. However, as may be seen from (8.10), the phase speed (or the refractive index) of these
waves in general depends on the propagation direction #, which shows that the crystal is not

isotropic. In the special case when the crystal is magnetically isotropic, that is u;; = ud;, we
have also «;; = xd,;, and the crystal is isotropic.

8.4. Analytical results for wave propagation along an optic axis
Case 1. Biaxial crystal: A, > Ay > A,

Let us consider the propagation of homogeneous waves along the direction of the generalized
optic axis n, = aV}, —yV%. The corresponding double root N? of the secular equation is given
by (8.10) with n = n_,. Using the identities (8.24) we obtain

N2 = (kymy)~. (8.32)

As the bivector D may be any bivector in the plane orthogonal to n,, it may be written as a
linear combination with arbitrary coefficients of the vectors V, and aV,;+7yV,. Thus, using
(3.1), (3.2) and (8.24) we get

D = akiV,+bki(yV, +aV,),

E = akt f’i+bki(7k;‘Vi+dk? Vi, (8.33)
B=—bmi V,+ami(yV,+aVy),

H = —bm3i Vi +ami (ym* Vi +amz V3),

where a and b are arbitrary, possibly complex, coefficients.

We note that for a = +1b we obtain two waves with the bivectors D and B parallel. With
the plus sign, D and B are parallel to the bivector A, defined by (8.25), and with the minus
sign they are parallel to its complex conjugate A,. These two waves are of the type described
by figure 3 and are polarized with opposite handedness.

Also denoting by D,, E,, B,, H, the fields of the wave corresponding to a = 1, 5 = 0 and by
D,, E, B, H, the fields of the wave corresponding to a =0, b =1, we note that the
orthogonality relations of §4.2 are satisfied by these two linearly polarized waves. The
corresponding weighted energy densities and energy fluxes are given by

W, = %) R, = 3(m, ma)'l/\E%(aml Vi—ymy V) = 3(my mz)_l/\géﬂnw (8.34)
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364 PH. BOULANGER AND M. HAYES
and 1 1 —131 1 -1y1
Wo=13 Ry=35(kiks) " As(ak, Vi—vks V) = 5(ki k3) " Aikn,. (8.35)
For the combined wave (8.35) we obtain
: : W= 3(lal*+10%), (8.36)
in accordance with (5.22), and
R = [a*R, + bRy —3(ab)* (ky my)*(ky ky) oty (A, —Ay) V. (8.37)

The interaction term in R is orthogonal to the propagation direction n, in accordance with
(5.26).

Taking oblique axes along R,, R, and V,, we note that for a and & real, the square of the
component of R along V, is equal to the product of the components along R, and R, multiplied
by a constant. For a and b complex, the square of the component of R along ¥, may take any
value less than the product of the components along R, and R, multiplied by this constant.
Thus for a and b real the corresponding energy fluxes R lie on an elliptical cone, while for a
and b complex R may be any vector inside this cone. The vector R, + R, is inside this cone and
the vectors R, — R, and V, are parallel to conjugate directions of any elliptical section of this
cone by a plane conjugate to the direction of R, + R,.

Case 2. Uniaxial crystal: A; > A, = A,

Let us consider the propagation of homogeneous waves along the direction of the generalized
optic axis ny = V7. The corresponding double root N2 of the secular equation, given by (8.10)
. N2 = (kymy)™ = (kymy)™". (8.38)
As the bivector D may be any bivector in the plane orthogonal to n, = V7, we obtain, using
(3.1) and (3.2), D= ak% V2+bk§ v,

E = akg? V% + bk3iV3,

) X (8.39)
B = —bmyV,+amV,,
H = —bmziV%i 4 amziV3,

where a and b are arbitrary possibly complex coeflicients.

We note that for a = +ib we obtain two waves with the bivectors D and B parallel. With
the plus sign, D and B are parallel to the bivector A4, defined by (8.29), and with the minus
sign they are parallel to its complex conjugate A,. These two waves are of the type described
by figure 3¢, d and are polarized with opposite handedness.

The weighted energy density and energy flux of the combined wave (8.39) are given by

W = 3(la]*+5*), (8.40)
R = }(kymy)*(lal?+|b]%) V, = N'WV,. (8.41)
Thus in this case there is no interaction term in the weighted energy flux of the combined wave,
which always lies along V.
Case 3. Pseudo-isotropic crystal: A, = Ay = A4

Any direction is a generalized optic axis. To obtain analytical results for the propagation
along the direction n, we here may choose Vi, = n. Then V7 and V¥ may be chosen along any
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pair of conjugate directions of either of the elliptical sections of the «™'- and p '-metric

ellipsoids by the plane conjugate to n with respect to either of these ellipsoids. With such a
choice of V3, V2, V3 the results are given by (8.38)—(8.41).

9. BIAXIAL CRYSTALS

In this section, the propagation of inhomogeneous plane waves in biaxial crystals is
investigated in detail.

First, in §9.1, explicit forms of the secular equation and of the propagation conditions are
derived referring C, E and H to the basis V7.

In §9.2, the possibility of the secular equation (3.15) or (3.16) for N~® having zero roots is
considered. It is shown that this equation has a double zero root (no wave propagation) when
the ellipse of C is similar and similarly situated to one of the elliptical sections of the k- or p-
metric ellipsoid by the planes conjugate to the generalized optic axes with respect to this
ellipsoid. There are four such elliptical sections (two of the x-metric ellipsoid, and two of the
u-metric ellipsoid). We call them critical sections. No wave propagation is possible with a
slowness bivector whose ellipse is similar, and similarly situated, to a critical section. Next it is
shown that the secular equation has only one zero root (one propagation mode) when the
ellipse of C is similar, and similarly situated, to an elliptical section of the k- or u-metric
ellipsoid other than a critical section.

Next, in §9.3, the condition for a double (non zero) root N2 of the secular equation (3.15)
or (3.16) is written down. It turns out that this condition may be factored. It is then shown that
corresponding to the double root there is a wave for which the bivectors D and B are parallel.
The ellipses of D and B are then both similar, and similarly situated, to either of the elliptical
sections of the k™!~ and #~'-metric ellipsoids by the plane orthogonal to a generalized optic axis.
The ellipse of E is then similar, and similarly situated, to a critical section of the x-metric
ellipsoid, while the ellipse of H is similar, and similarly situated, to a critical section of the u-
metric ellipsoid. This wave is the only one corresponding to the double root when none of the
components of the bivector C in the basis V¥ is zero.

Finally, in §9.4, the possibility of inhomogeneous waves with E and D, or B and H linearly
polarized is considered. It is shown that these waves may propagate when one of the
components of the bivector C is the basis V% in zero.

9.1. Secular equation — propagation condition
Let C be referred to the basis V%,. We write

C=CVi. 9.1)

Then the quadratic forms C™«C, C*uC, C"kp 'k C, C"uk™'uC entering the secular equation
(3.15) and (3.16) may be written as sums of squares as follows:

3 3
C™«C = 3 k,C2, C™uC =3 m,C? (9.24, b)

i=1 i=1

3 3
C xpu'kC = X mk2C:, CTux'uC =3 k;'m; C}. (9.3a,0)
i=1

i=1
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So, using (8.15), the quadratic form C*®C where @ is defined by (6.2) or (6.3) may also
be written as a sum of squares:

CT'®C = (ky'mz* +k3'my") C+ (ky'mi* + k'myt) Co+ (ki'my* + k3 'mi ) CE. (9.4)
Thus the secular equation (3.15), (3.16) reads

N = N2C™®C + (detx) ™ (det )™ (CTuC) (CTkC) = 0, (9.5)
where the quadratic forms CT®C, C"uC, C"«xC must be replaced by their expressions (9.4)
and (9.2).
When C is such that C*uC 96 0, it may also be written as

m; k; C?
ZZIN‘Zm (CT,uC) k,detpu =0

(9.6)

which generalizes the Fresnel’s equation given in Born & Wolf (1980). Analogously, when C
is such that C"«C # 0, it may also be written as

23: kym; C} _
A N*%,(C"kC)—m,detk

Finally, using (9.2), (9.4) and (8.15), it may be checked that (9.5) is equivalent to
{N72=25" (det ) H(CTuCHNT = A, (det k) (CTk C)}
— N7%my (detk) (A, —A,) (A, —A,) C2 =0, (9.8)

(9.7)

OF (NF—25t (det) N(CTUC)}N A, (detk) " (CTRC)}
— N3, (detp) (5" = A7) (31 =251 CE= 0. (9.9)

As, from (9.2) and (9.4), it is clear that the secular equation (9.5) remains unchanged by
cyclic permutations of the indices 1, 2, 3, other forms of the secular equation may be written
down by cyclic permutations of the indices in (9.8) or (9.9). From (9.8) and (9.9), and the
equations obtained from these by cyclic permutations of the indices, it turns out that the secular
equations factors when one of the components of the bivector C in the basis VY, is zero.

Now, let E and H be also referred to the basis V7, :

E=EV. H=HV. (9.10)

Then, owing to (8.15) and (8.16), the propagation conditions (3.10) and (3.11) for E and H,
written in components, read

(N"%ky mymy—my C2—my C2) E; 4+ C,Comy Ey+ C, Camy Ey = 0,
CyCymy E\+ (N %kymym; —my Co2—m, C2) E,+ C, Cymy Ey = 0, (9.11)
CyCimy Ey+Cy Cymy Ey+ (N 2kymymyg—m, C2—my C2) E; = 0,
and, by interchanging the roles of k,, k,, k3 and m,, m,, m,,
(N“2my ky kg — ky C2— ki C2) Hy + C, Cy ky Hy+ C, Cy by Hy = 0,
CyCrkyHy+ (N mykyky—ky C2—k, C?) Hy+ C, Cy ky Hy = 0, (9.12)
Cy Cy by Hy+ Cy Co by Hy+ (N“2my ky ky— ky C2—k, C2) H, = 0.


http://rsta.royalsocietypublishing.org/

A
A

4
{

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

JA

¥y L
s \

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

ELECTROMAGNETIC WAVES IN CRYSTALS 367

9.2. Zero roots

As pointed out in §3, the secular equation (3.12) or (3.13) for N* has always one zero root.
The two other ones are the roots of the quadratic equation (9.5) for N2, Here we seek the
bivectors C such that this equation has two zero roots (no propagation), or one zero root (only
one mode of propagation).

9.2.1. Both roots zero — no propagation

There are two cases when equation (9.5) has two zero roots, namely when C'«C =
C™®C = 0 or when CTuC = C"®dC = 0.

Case 1: C"™kC = CT®C = 0. From (9.24) and (9.4) we find that when C"«C = C"®C = 0,
the bivector C is given, up to a scalar factor, by C'P, defined by

CPY =thokyyVitiks by Vi+k kyaVy, (9.13)

or their complex conjugates, with y and a defined by (8.23).
Then using (8.26), we note nkC® =0, nkCY =0, (9.144, b)

and from ‘the definition (8.25) of 4, we find

A, CP=0, A_-CY=0. (9.15)
We also have KCO = (det) A, (9.16)

Using the Appendix B (remark 2), we note that CO'kCP =0 (CY'kC® = 0) means that
the ellipse of C (C?) is similar, and similarly situated, to an elliptical section of the xk-metric
ellipsoid. Also (9.14a, b)) means that the plane of the bivector C{ (C) is conjugate to the
direction of the real vector n, (n_) with respect to the k-metric ellipsoid. Further, because the
generalized optic axis n, (n_) is orthogonal to the plane of 4, (4_), (9.15) means that the
projection of the ellipse of C{ (C") onto the plane orthogonal to the generalized optic axis
n, (n_) is similar, and similarly situated, to the ellipse of A, (4_) when rotated through a
quadrant.

Thus, in a biaxial crystal, no wave propagation is possible with a slowness bivector § = NC
whose ellipse is similar, and similarly situated, to one of the sections of the k-metric ellipsoid
by the planes conjugate to the generalized optic axis with respect to this ellipsoid. These
sections will be called critical elliptical sections of the «x-metric ellipsoid.

Finally, we note that r
CP uCP = (detp) k3ay* (A, —A,)* # 0. (9.17)

Case 2: C™uC = C™®C = 0. Analogously, interchanging the roles of x and u, we find that
when CTuC = CT™®C = 0, the bivector C is given, up to a scalar factor, by C? defined by

CP =tmymyyVi+imgm, Vi+m myaVy, (9.18)
or their complex conjugates, with y and a defined by (8.23).
Then using (8.26), we note W pC® = 0, A uC® =0, 9.19)
and from the definition (8.25) of 4, we find

A, C»=0, A -C?®=0. (9.20)
30 Vol. 330. A
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Iso h
We also have pC® = (detp) A, . (9.21)

By using the Appendix B as in case 1, we conclude that in a biaxial crystal no wave
propagation is possible with a slowness bivector S = NC whose ellipse is similar, and similarly
situated, to one of the sections of the u-metric ellipsoid by the planes conjugate to the
generalized optic axes with respect to this ellipsoid. These sections will be called critical
elliptical sections of the u-metric ellipsoid.

Finally, we note that O o 3 3 a1 ive
CP kCP = (detk) myo®y*(A;'— A7) # 0. (9.22)

From the analysis of cases 1 and 2, we conclude that there are four critical elliptical sections
(two sections of the x-metric ellipsoid, and two sections of the y-metric ellipsoid) such that no
wave propagation is possible with a slowness bivector whose ellipse is similar, and similarly
situated, to one of these sections.

Remark. When the crystal is magnetically (electrically) isotropic, = u1 (k = k1), the pu-
metric ellipsoid (k-metric ellipsoid) is a sphere and there are thus two circular critical sections
and two elliptical ones. The bivectors CP (CP) are both isotropic, the optic axes n_ being
normal to their planes.

In the case of magnetically isotropic crystals this is consistent with the result of Hayes (1980)
who stated that no wave propagation is possible with an isotropic slowness vector in a plane
orthogonal to an optic axis. The existence of two elliptical critical sections (case 1) was not
noted by Hayes (1980). However, it is clear from his equations (6.31) and (6.32).

9.2.2. One root zero — one propagation mode

The equation (9.5) has one zero root when C"«C = 0 and C"®C # 0, or when C"uC = 0
and C"®C #0.

Case1: C"kC = 0, C*®C # 0. This case occurs when the ellipse of the bivector Cis similarly,
and similarly situated, to any elliptical section of the x-metric ellipsoid other than one of the
two critical sections. Then, one root of the secular equation (9.5) is zero and, using (6.2), it is
seen that the other one is given by

N2 = — (detk) " CT,ku 'k C = — k3 k3 (A, —Ay) C2+ kT (A, — ;) €2 (9.23)

Then, using (3.11), (3.1d), (3.2), (5.14) and (5.16) and the identity (A 1) of Appendix A, we
find

D =—NCx (u'kC) =—N (det ) *u(uC x kC),
B=«xC, E=«'D, H=u"'B,

o _ _ _ (9.24)
4W = C"kp 'k C+ NNdetk {(C"kC) (C"kp 'k 'k C) — (C"ku 'k C) %},

2R = detk M{(CTkp 'k 'k C) kS — (CTkp 'k C) kxS,
where N is given by (9.23).

Now, ST«kS =0 and S"ku'kS = —detk. Hence, taking the imaginary parts we have
STkS* =0 and S”"kp'kS* = 0, so that S* and S~ are conjugate directions with respect to
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the k-metric ellipsoid and also with respect to the k4 'k-metric ellipsoid. It follows immediately
that R-S™ = 0. We also check that

8R-S* = —detk(CTku "k C) (Nku 'k C+ Nxu~'kC) - (NC+ NC)
+det kY (CTkpuku~ 'k C) (NkC+ NkC)- (NC+ NC) = 8W.
To illustrate these results we present a specific example.
Example. Let C = VL +i2ht Ve 458,

so that the ellipse of C is similar, and similarly situated, to the section of the k-metric ellipsoid
by the plane orthogonal to the vector k%l V —ki V,.
Then C"kC = 0, and CT®C # 0 provided that 21, # A, + A;. We here assume 21, > A, +A,.

Then, from (9.23), N = (det K)%(2/\2——/\1—/13)_1,

and from (9.24),
D = (20, — A, —Ay) Hi(5k,) TNy — Ag) Vi — K (A, — Ay) V,+i(5k,)H(A, — Ay) Vs,
E = (20,— A, — A) " Mi(2k,) F( Ay — Ag) Vi —k3(A, — Ay) V2 +i(2k,) (A, —A,) V3,
B = BV, +i(s,) V,+k V,,
H = m{'k Vi +img (5,) V2 +m;'k V3,
QW = 22,4+ A, + 225+ (20, — A, — A3) H{ (A, —A5) 2+ 2(A, — A5) 2 + (A, — A,) %),
2R = (det &) (22, — A, —A) "HA 224+ A2—24, 4, — A, A,) V),
FR(2AEH A2 20,0, — A, A,) Vb
Case 2: C"uC =0, C"™®C # 0

This case occurs when the ellipse of the bivector C is similar, and similarly situated, to any
elliptical section of the u-metric ellipsoid other than one of the two critical sections. Then, one
root of the secular equation (9.5) is zero, and, using (6.3), it is seen that the other one is given

Y N = —(detp) Ok UC = my'm (A5 = AT G (G = A5 €3 (9.25)
Thf:n, using (3.10), (3.1¢), (3.2), (5.13), (5.15) and the identity (A 1) of Appendix A, we find
B=NCx (k™ 'C) = N (detk) 'k (kC x uC),
D=uC, H=u"'B, E=«"D,

_ _ ~ _ _ 9.26
4W = C™ux'uC+ NNdetp {(C™uC) (CTux ' puk "' uC) — (C ux'uC)%, (9.26)

2R = det u {(C uk " uk ' uC) uS*— (CTux"'uC) ux™"uS*},

where N is given by (9.25). As in case 1 (results (9.23) and (9.24)) we confirm (5.6).

Remark. When the crystal is magnetically (electrically) isotropic, # = u1 (k = k1), then in
case 2 (case 1), C is isotropic, but not in a plane orthogonal to an optic axis. From equations
(9.26) ((9.24)), we note that the corresponding single propagation mode is such that D (B) and
S are parallel and isotropic. The D (B)-field is thus circularly polarised (see Hayes 1987, §6.5
for the case of magnetically isotropic crystals).

In case 1 (case 2), however, C is not isotropic. The fact that only one wave may propagate
30-2
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370 PH. BOULANGER AND M. HAYES

in magnetically isotropic crystals with a slowness bivector whose ellipse is similar, and similarly
situated, to any section of the x-metric ellipsoid other than one of the two critical sections was
not noted by Hayes (1987). However, it is clear from his equation (6.5).

9.3. Double roots: D and B parallel

The condition that the secular equation (9.5) have a double root is
(CT®C)* = 4detc 'detuy ™ (C™uC) (C"xC). (9.27)

Then, as shown in §4.3, two cases may occur. In case 1, corresponding to the double root
there is one wave solution obeying (4.21) and (4.22), with D and B parallel and isotropic
together with respect to k' and #™'. In case 2, corresponding to the double root there are two
different wave solutions and any linear combination of the fields of these two waves is also a
wave solution with the same slowness. Here it is shown that, for a biaxial crystal, case 1 occurs
when the bivector C satisfying (9.27) has no zero components in the basis V% (general case),
whereas case 2 occurs when it has one zero component (special cases). The corresponding wave
solutions are obtained.

By using (9.2), (9.4) and (8.15), the condition (9.27) for a double root may be written in the
O (=) G A=) G Ry A) € = (4, —4,) (A=A CECE, (928

or, equivalently

{m1(/\§1 - /\;1) C% + mz(/\gl - A#) Cg + ms(/\gl —/\Il) C§}2 = 4m, ma(/\gl - /\;1) (A?Tl _/\;1> C? Cg

Equations (9.28) and (9.29) may also be written (9.29)
{P'CL+ G+ &CRF = 4a’y*Ci C, (9.30)

with y and a defined by (8.23). There are thus two pairs of possibilities:
vCi+alCy = FiC,, (9.31)
that is A, C=0 or A,C=0, (9.32)
and vC,—aCy = +1C,, (9.33)
that is A-C=0 or A_-C=0. (9.34)

We assume here that C, is not equal to zero for otherwise from equation (9.31) or (9.33) the
ratio C;/C; is real so that C is a linear bivector and hence the corresponding wave is
homogeneous, a case which has been studied in §8. Then, for cases (9.31) and (9.33) the double
eigenvalue (— N7?) of the eigenvalue problems (3.4) and (3.6) is given respectively by

N2 = (k3'aC,—ki'yCy) (m5taCy —mityCy), (9.35)
or N7 = (k'aC,+ k'Y Cy) (m3*aCy+mi'yCy), (9.36)

and the system (9.11) for the determination of the corresponding eigenbivectors E reduces
respectively to

Cl{Agky Cy—oyky(A, —Ay) G} E, +A;CCoky Ey+2,C, Cyky Ey = 0,
Ay Crky By +iky (YA, Cr+ad, Cy) E,+ A, Cyks Ey = 0, (9.37 a—c)
Ay CyCrky Ev+ 24, Cy Coky By + Co{A, ky Cy+ayky (A, —Az) C1} Ey = 0,


http://rsta.royalsocietypublishing.org/

A
A

4
{

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

JA

¥y L
s \

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

ELECTROMASGNETIC WAVES IN CRYSTALS 371

or

CilAs by Cy+ayky (A —Ag) Co} By + A3 €y Coky By + 4, Cy G kg Ey = 0,
Ay Crky E tiky(—yA; Cr+ad, Cy) Ey+ A, Cyky By = 0, (9.38a—)
Ay CyCLk  Ei+ A, Cy Coky Ey+ Cy{A  ky Cy—ayky (A, —Ay) Ci} By = 0.
The corresponding forms of the system (9.12) for the determination of the eigenbivectors H
may be read off from (9.37) and (9.38) by interchanging the roles of k,, k,, k3 and m,, my, m,.

9.3.1. General case: C; # 0, C, #0, C; #0

For case (9.31), when C,; #0, C, # 0, C, # 0, we note using the constitutive equation
D' =k, E, (nosum) and C- D = 0, that equation (9.37a) gives aD'—vyD?® = 0, or equivalently,
n.D=0. (9.39)
Then, using C-D = 0, it may be shown that if the upper (—) sign is taken in (9.31), then D
is parallel to 4, defined by (8.25), whilst if the lower (+) sign is taken, then D is parallel to
A,. Thus there is a simple infinity of eigenbivectors E (one wave solution) corresponding to the
double eigenvalue (— N7?) given by (9.35).
On choosing the upper (—) sign in equation (9.31) we find

D = (m3'aC,—m'yC,)iA,, B=i(k;'aC,—k'yC,)iA,, )

E = (detk)™ (m5'aC, —m;'yCy): CP,

H = i(det )™ (k3" C, — kv C,)E C2), (9.40)
2W = ky'Im5 o Cy—myty Gyl + my k5 o Cy — k1 y G,

2R = detk ' det g (m3'aCy —m;yCy)i(k3'aC, — ki'yCy)t CV x CP) )
where 4,, CP, C? are defined by (8.25), (9.13) and (9.18). In the derivation use has been
made of (9.16) and (9.21) and the identity (8.24). Thus both the ellipses of D and B are similar
and similarly situated to either of the elliptical sections of the k' and g '-metric ellipsoids by
the plane 7, orthogonal to the generalized optic axis n,. The ellipses of E and H are similar,
and similarly situated, to the critical sections respectively of the k-metric ellipsoid and of the
pu-metric ellipsoid by the planes conjugate to n, with respect to these ellipsoids.

Analogously, on choosing the lower (+) sign in equation (9.31) we find

D = (m;'aC,—m; yCy)id,, B=—i(ky'aC,—ki'yCy)iA,, )

E = (det k)™ (my'aCy—my 'y Cy):C{Y,

H = —i(det ) (k;'aC,— k;'yC,) C2, (9.41)
2W = k3t my aCy —myty Gyl + myt |y o Cy — ki y Gyl

2R = detxdet u Y (m5 o C, —m; yCy) (ks aCy — ki'yCy) FCP x CO

The geometrical interpretation is the same as for (9.40) except that the ellipses of D, E, B, H
have now the opposite handedness.

For case (9.33), when C,#0, C,#0, C3#0, we now find from (9.384) that

aD'+vyD? = 0, or equivalently n-D=0. (9.42)

As in case (9.31) it may be shown that if the upper (+) sign is taken in (9.33), then D is parallel
to A_ defined by (8.25), whereas if the lower (—) sign is taken, then D is parallel to 4_.
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372 PH. BOULANGER AND M. HAYES
On choosing the upper (+) sign in equation (9.33) we find
D = (m;'aC,+m;'yCy)iA_, B =i(k;'aC,+k'yCy)iA_, W
E = (det &)™ (m3 o, +m; "y Cy):CD,
H = i(det ) (k3'aC, + k;'yCy):C®, (9.43)
2W = kY |mz aCy +miyCyl + my k3 o Cy + k' y Gyl

2R = detk ' det g (m; aCy +m;yCy)i (k3 ol + k 'y Cy)iCD x CPY~,

where A_, CY C® are defined by (8.25), (9.13) and (9.18). In the derivation use has been
made of (9.16), (9.21) and the identity (8.24). Thus both the ellipses of D and B are similar,
and similarly situated, to either of the elliptical sections of the k™! and p~*'-metric ellipsoids by
the plane I7_ orthogonal to the generalized optic axis n_. The ellipses of E and H are similar,
and similarly situated, to the critical sections respectively of the x-metric ellipsoid and of the
u-metric ellipsoid by the planes conjugate to n_ with respect to these ellipsoids.

Analogously on choosing the lower (—) sign in equation (9.33) we find

D = (m;'aC, +m"yC,) A, B=—i(k3'aC,+ki'yCy)iA_, \
E = (detk) ™ (m;'aCy +m;yCy)iCDY,
H = —i(det p) " (k3 'aCy + k; 'y Cy)iC?, (9.44)
2W = k3 mz aCy+ mity Gyl + my k3 o Cy + kT My Gy,

2R = detk M det g Y (m; aC, +m; yCy)i (k3 aC, + ki 'y Cy):CV x C®Y-,

The geometrical interpretation is the same as for (9.43) except that the ellipses of D, E, B, H
have now the opposite handedness.

Remark. For a magnetically (electrically) isotropic crystal, 4 = 1 (k = k1), A, and A_ are
isotropic (see equation (8.25)), and the optic axes n, and n_ are orthogonal to their planes. Also
from equation (9.21) and (9.16), the bivectors CP (CP) are parallel to the bivectors 4. It
follows that for each of the solutions (9.40), (9.41), (9.43) and (9.44), the amplitude bivectors
D, B and H (D, B and E) are parallel and isotropic. Such solutions have been considered by
Hayes (1987, §6.4) for the case of magnetically isotropic crystals.

9.3.2. Special cases

In this section we consider the possibility of one of the components C,, C,, C; being zero.
We note first that if C, = 0, it follows from either (9.31) or (9.33) that C is a linear bivector
either along the generalized optic axis n, or along the generalize optic axis n_. Propagation of
homogeneous waves along a generalized optic axis has been studied in §8: corresponding to the
double eigenvalue (— N~?) of the eigenvalue problem (3.4) or (3.6) there is a double infinity
of eigenbivectors E or H (see analytical results of §8.4). Accordingly we now deal with the two

possibilities : C, =0, vC,=TFiC,, (9.45)
C, =0, alC;=7FiC,. (9.46)

For both possibilities (9.31) and (9.33) coalesce. Then one of the equations (9.37) is satisfied
identically and the other two reduce to C-D = 0. There is thus a double infinity of
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eigenbivectors D corresponding to the double eigenvalue (—N7?) given by (9.35) or (9.36).
Then, as shown in §4.3 (case 2), corresponding to N~* there are two wave solutions D,, E,, B,,
H, and D,, E,, B,, H, satisfying the orthogonality relations of §4.2, and with the fields D,, E,
and B,, H, linearly polarized. Any linear combination of the amplitudes of these two waves
defines a wave with the same slowness S = NC.

Possibility (9.45): Cy =0, yC, = FiC,
For the two wave solutions we find
D, =kaV, B,=+imi(yV,+iV,),
E, = kaV3, H,=+imi(ym'Vi+im;'V2), (9.47)
W, = (2my)7'm,, R, = (2my) " A;taV,,

and D, =Fik(yV,+iV,), B,=niaV,

E, = Fiky(yk' Vi £ik* V2), H, = mgiaV3, (9.48)

Wy = (2k)) 'k, Ry, = (2k)"AiaV,.
It is easy to check that the relations (4.15) to (4.20) are satisfied. Both waves have the
common slowness S given by S = oL (kymy NV +iyV2), (9.49)

and both waves have their mean energy flux vector along V.
For a combined wave solution D = aD,+bD,, E = aE,+bE,, etc., we find that the
weighted energy density is given by

W = (2k, my) " (|al*k, my+ |b)%ky m,), (9.50)
in accordance with (5.22), and that the weighted energy flux is given by
R = |al’R, + |bI*Ry £ 1(ab) 7y (ky my) (kT m5  + k3 'miiY) V. (9.51)
The interaction term in R is orthogonal to ¥V} and V3 in accordance with (5.26).
Remark 1. Energy flux for combined waves
The weighted energy flux R given by (9.51) may be written
R = L(kymy)¥(@®+ b%) {aV, +sin 2@ sin (6 — &) AV}, (9.52)
where a=lde? b=1ble?, d=lal/(kymy)t, b= ]/ (kyms), (9.53)
tgp = /b, 2h = y(kykymymy)b(kiimz' + k3 mi).

As |a|, |8], @ and & are varied, R varies from lying along a ¥V, + 4V to lying along a ¥V, — AV, and
may take any intermediate direction between these two extremes.

Remark 2. Waves with D and B parallel

We note that for b = ia, the combined wave reduces to the wave (9.40) with C; = 0 when
the upper signs are chosen in (9.47), (9.48) and to the wave (9.43) when the lower signs are
chosen. Also for b = —ia, the combined wave reduces to the wave (9.44) with C; = 0 when the
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374 PH. BOULANGER AND M. HAYES

upper signs are chosen in (9.47), (9.48) and to the wave (9.41) with C; = 0 when the lower
sign is chosen.

Thus, when the upper signs are chosen in (9.47) and (9.48) the amplitude bivectors of any
combined wave may also be written as linear combinations of the amplitudes (9.40) and (9.44).
When the lower signs are chosen the amplitude bivectors of any combined wave may also be
written as linear combinations of the amplitudes (9.43) and (9.41). The amplitudes of any
combined wave are thus also linear combinations of the amplitudes of two waves for each of
which D and B are parallel. For one wave the ellipses of D and B are similar, and similarly
situated, to either of the elliptical section of the k™! and g '-metric ellipsoids by the plane IT,
orthogonal to the generalized optic axis n,, and for the other the ellipses of D and B are similar,
and similarly situated, to either of the elliptical sections of the k™ and p~'-metric ellipsoids by
the plane II_ orthogonal to the generalized optic axis n_.

Possibility (9.46): C, = 0, aCy = FiC,

Analogously, for the two wave solutions, we find

D, =k yV,, B,=Fim(tiV,+aV,), \
E, = kiiyVL, H,=Fimi(+im;'Vi+am;'V3), (9.54)
Wy = (2my)'my, Ry = (2my) ATy V,, )
and
= +iki(+iV,+aV,), B,=miyV,, )
+ik( ik VE+aks V), H,=miy Vi, (9.55)

D4
E, =
Wy = (2ky) 'k, Ry = (2k;) Ay V.
Both waves have the common slowness S given by

S =y 'k m1>%(ii0‘ Vit Vi), (9.56)

and both waves have their mean energy flux vector along V.
For a combined wave solution D = ¢D;+dD,, E = cE,+dE,, etc., we find that the
weighted energy density is given by

W = (2kymy) ™" (|el*ky my + |dI*ky mg) (9.57)
in accordance with (5.22), and that the weighted energy flux is given by
R = | Ry+|d* Ry & 5(od) "ou(ky my) (kg 'my + k') V. (9.58)
The interaction term in R is orthogonal to V% and V3 in accordance with (5.26). Remarks
analogous to those of possibility (9.45) may be easily formulated.

9.4. Linearly polarized inhomogeneous waves

We first note that if the amplitudes E, D, B, H are all linear bivectors, that is if all the fields
E, D, B, H are linearly polarised, then the wave is necessarily homogeneous. Indeed, assuming
E, D, B, H to be linear bivectors, the orthogonality relations (4.2) imply that D and B have
different directions, and C-D = C- B = 0 show that C is along the direction orthogonal to the
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plane of D and B. Thus C'is a linear bivector, which means that the wave is homogeneous. We
disregard this case here because homogeneous waves have been studied in §§7 and 8.

Let us now assume that E, D are linear bivectors, whereas H, B are not linear bivectors.
Then the orthogonality relations (4.2) imply that both ™ 'D and g ™'D are orthogonal to the
plane of the bivector B. Thus for some scalar A we have (u™*— k™) D = 0, which shows that
D must be along one of the eigenvectors V;, V,, V; of the matrix g " with respect to the metric
k7. Then, C-D = 0 implies that one of the components C,, C,, C, of the bivector C must be
zero.

Analogously, assuming that H, B are linear bivectors while E, D are not linear bivectors, we
arrive at the conclusion that one of the components C}, C,, C, of the bivector C must be zero.

We thus study the inhomogeneous waves corresponding to a bivector C with one zero
component in the basis V7.

Let us assume C; = 0. Then the systems (9.11) and (9.12) for the determination of the
eigenbivectors E, H reduce to

(N_2k1 Mg My — My Cg_ma Cﬁ) E, =0,
(N, m,—C2% E,+C, C,E; =0, (9.59)
C G Ey+ (N_2k3 ml*Cg) E; =0,

and

(N2my kyky—k, C2—ky C2) H, = 0,
(N®myk,—C3) Hy+ C, Cy Hy = 0, (9.60)
C3CyHy+ (N *my k) — C3) Hy = 0.
The equations (9.59) and (9.60) yield non-trivial solutions for E and H provided N~? is given

cither by N = k7 (3 C2 4 m3'C2) = (detu) " AT*CTuC, (9.61)
or
N = m (k5" C2 4+ £5'C2) = (detk)™A, CkC, (9.62)

We assume that they are distinct and both non-zero, because the cases of double roots and of
zero roots have been studied in the preceding sections.
With N given by (9.61), we find

D=k V, B=N(C,V,—C,V,),
E=V. H= NCym;'VieCymi'V3),

AW = by + | NP (mgmy) ™ (my| Cof2 + mg|Cyl?) = &, +m, (det )" SuS, |

2R = (mymy) ' (my S3 Vy+my Ss V) = my (det ) uS™.

(9.63)

The expressions in (9.63) for W and R may be read off from equations (5.15) and (5.13)
respectively on noting that E«E = k,, E"uE = m,, STwE = m,; S* V, = 0. For this wave, the
fields E, D are linearly polarized along V} and V, respectively, whereas the fields B and H
are elliptically polarized. The mean energy flux vector is along the normal to the y-metric
ellipsoid at the point where the radius in the direction of S* intersects it.
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376 PH. BOULANGER AND M. HAYES
With N given by (9.62), we find
D=—N(CV,—C,V,), B=mV,,
E=—N(Cyh7'VE—C,k;'V3), H= V.,
AW = my +| N2 (kg ky) M (o|C,l2 + kgl Cyl?) = my + £, (det k) S ™)S,
OR = (kyky) " (ky S5 Vot ky SIV,) = ky (det &) k™.

(9.64)

The expressions in (9.64) for I/ and R may be read off from equations (5.16) and (5.14)
respectively on noting that H"uH = m,, H"«xH = k,, S"«H = k, S V, = 0. Here the fields H,
B are linearly polarized along V and V| respectively, whereas the fields E and D are
elliptically polarized. The mean energy flux vector is along the normal to the x-metric ellipsoid
at the point where the radius in the direction of S* intersects it.

Finally we note that similar results may be obtained in the case when C, or Cj is zero.

10. UNIAXIAL CRYSTALS

Now the propagation of inhomogeneous plane wave¥ in uniaxial crystals is investigated in
detail.

In §10.1 we note that the secular equation may be factored. In the case of homogeneous
waves the roots for N2 correspond to the slowness surfaces, which are ellipsoids. Referring C,
E and H to the basis V7, and D, B to the basis V,, the amplitudes are obtained for each mode,
assuming that the two roots N2 are distinct and non zero.

In §10.2 the possibility of the secular equation (3.15) or (3.16) for N* having zero roots is
considered. It is shown that this equation has a double zero root (no wave propagation) when
the ellipse of C is similar, and similarly situated, to the sections of the x and u-metric ellipsoid
by the plane conjugate to the optic axis with respect to these ellipsoids. These sections, which
are both similar and similarly situated, are called critical sections. Next it is shown that the
secular equation has only one zero root (one propagation mode) when the ellipse of C is similar,
and similarly situated, to an elliptical section of the « or g-metric ellipsoid other than the
critical section.

Next, in §10.3, the possibility of a double root N2 for the secular equation is considered. It
is shown that, if C is not along the generalized optic axis (that is if the wave is not
homogeneous), the amplitudes D, B, E, H corresponding to this double root are determined
up to an arbitrary scalar factor. In particular, D and B are parallel and the ellipses of D and
B are both similar, and similarly situated, to either of the elliptical sections of the k™! and p~*-
metric ellipsoids by the plane orthogonal to the generalized optic axis. The ellipses of E and
H are both similar, and similarly situated, to the critical sections of the « and p-metric
ellipsoids.

Finally, in §10.4, the possibility of inhomogeneous waves with E and D, or B and H linearly
polarised is considered. It is shown that these waves may propagate either when the ellipse of
C is in the plane conjugate to the generalized optic axis with respect to the x and u-metric
ellipsoid, or when the ellipse of C is in a plane passing through the generalized optic axis.
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10.1. Propagation condition
We here assume that AL > A, = A, (10.1)

The case A, = A, > A; may be dealt with in a similar way.
By specializing (9.8) or (9.9) we note that the secular equation for N2 is now factored:

{N2—2;" (det ) *CTuC}H{N?*—Q, (detk) *C"«xC} = 0. (10.2)
The solutions are thus N2 = 23" (det ) *CTuC, (10.3)
and N2 = ), (detk)*C*kC. (10.4)

[f C is a real unit vector 7 (homogeneous waves) the slowness surfaces corresponding to (10.3)
and (10.4) are both ellipsoids. For want of a better terminology we relate the names of the two
waves to the forms these surfaces would have if the crystal is magnetically isotropic. Thus with
My = udy;, the ellipsoid related to (10.3) is a sphere and hence we call the wave solution
corresponding to (10.3) an ‘ordinary wave’. Similarly, if u; = ud,;, the ellipsoid related to
(10.4) becomes a spheroid and the wave solution corresponding to (10.4) is called an
‘extraordinary wave’.

Throughout this section we assume that no two of the components C, are zero. For if this is
so the wave is homogeneous, a case that has been considered in §7.

10.1.1. Ordinary wave

Introducing (10.3) into the propagation condition (3.10) for E, and referring C and E to the

basis V', we obtain m, Cy(C™uE) — (my— ;') (C™uC) E, = 0, «l

my Co(CTUE) =0, myCy(CTuE) = 0. J

From this and from (3.2), (3.1¢) we obtain the amplitudes E, D, B, H of the ordinary wave.

We find E = mymy C, Vi —mymy, Cy V3, \
D = ), (detu) (C, V,—C, V,),

(10.5)

B = N{—my(my C3+my C3) Vi +mymy C, Cy Vy+mymy C, Cy Vi,
H = N{—(my C3+my C3) Vi +m, C, Gy Vitm C G, Vids

2W = my(my|Cy|? + my|Cy|?) S*TuS™ + 2 det u{| N| (C, C;) 7},
2R = my (my|Cyf? + my|Col?) uS* +2det u(Cy C)~ (S5 Vo= S5 V). |

(10.6)

The expressions in (10.6) for W and R may be read off from (5.19) and (5.13) respectively, on
noting that STuE = 2iNdetu(C,C;)~, E*uS* = —iNdetu(C,C,)™, and that S™"uS" =0 as a
consequence of (10.3). Also, using S~"uS" = 0, we recover easily (5.6).
10.1.2. Extraordinary wave

Introducing (10.4) into the propagation condition (3.11) for H, and referring C and H to

the basis V* btai
€ basis ¥y, we obtain k1C1(CTKH)_(kl_A2m1)(CTKC>H1=0"]\

(10.7)
ky Co(C™kH) = 0, ky Cy(C™xH) = 0.)
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378 PH. BOULANGER AND M. HAYES

From this and from (3.2), (3.1d), we obtain the amplitudes E, D, B, H of the extraordinary

wave. We find
E= N{(kz C§+k30:23) V=1|="k1 G, G, V?k_kl G Ca V?k})

D = Nk (ky C24 ks C2) Vy =k  ky C, C, Vy—k ks C, Cy V),
B = X;'detk(Cy V,—Cy V), H =k kyCyVi—k kyC, V3, (10.8)
QW = ky (ky|Cyl2 + k4| Cyl?) STk S* +2 det k{| N] (C, Cy) ™},
2R = ky (ky|Cyl* + k5|Cyf?) kST + 2 det k(Cy Cy) (S5 Vo= S5 V).

The expressions in (10.8) for W and R may be read off from (5.20) and (5.14) respectively on
noting that STk H = 2iNdet«(C, C,)", that H™xS* = —iNdet«(C,C,)7, and that $~"xS* = 0
as a consequence of (10.4). Also, using S~"«xS" = 0, we recover (5.6).

10.2. Zero roots
Here we seek the bivectors C such that the secular equation (10.2) has two zero roots (no
propagation), or one zero root (only one mode of propagation).

10.2.1. Both roots zero, no propagation

The two roots (10.3) and (10.4) are zero when C"xC = C"uC = 0. Setting to zero the right-
hand sides of (9.24, b) with (10.1), we find that when C"«C = C"uC = 0 the bivector C is
given, up to a scalar factor, by C = C, or C = C,, where

Co = (ilks/ k) Vit V3) = (ilma/ma)t Vit V). (10.9)
Then using (8.31), we note
ny kCy = ng uC, =0, (10.10)
and from the definition (8.29) of 4,, we find
A, Cy=0. (10.11)
We also have . A
kCy = (kyk3)id,, pCy = (mymy):A,. (10.12)

By using the Appendix B, we note that the ellipse of the bivector C is similar, and similarly
situated, to either of the elliptical sections of the x and g-metric ellipsoids by the plane
conjugate to the generalized optic axis with respect to either of these ellipsoids (plane spanned
by the vectors V2, V3%). The section of the k or g-metric ellipsoid by this plane will be called
a critical section.

Thus, in a uniaxial crystal, no wave propagation is possible with a slowness bivector S =
NC whose ellipse is similar and similarly situated to the critical section of the « or g-metric
ellipsoid, that is with a slowness bivector parallel to the bivector C, defined by (10.9).

Remark. In the case of a magnetically (electrically) isotropic crystal, g = 1 (k = k1), and thus
C, is an isotropic eigenbivector of «(x), and the optic axis n, is orthogonal to its plane. Thus
no wave propagation is possible with a slowness bivector which is isotropic in the plane
orthogonal to the optic axis. For the case of magnetically isotropic crystals, see also Hayes
(1987, §7.4).
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10.2.2. One zero root. One propagation mode

The equation (10.2) has one zero root when C'«C = 0 and C"uC # 0 (no extraordinary
wave), or when C"uC = 0 and C"«xC # 0 (no ordinary wave).

Case 1: C"kC = 0, C"uC # 0. No extraordinary wave. This case occurs when the ellipse of the
bivector C is similar and similarly situated to any elliptical section of the x-metric ellipsoid
other than the critical section. Then the root (10.4) of the secular equation is zero, whereas the

root (10.3) reduces to N2 = — k% (A, —A,) C2, (10.13)

which may be obtained as a special case of (9.23).
The corresponding field quantities are given as in the biaxial case by (9.24), or by (10.6).
Case 2: C™uC =0, C"«kC # 0. No ordinary wave. This case occurs when the ellipse of the
bivector C is similar, and similarly situated, to any elliptical section of the g-metric ellipsoid
other than the critical section. Then the root (10.3) of the secular equation is zero, while the

root (10.4) reduces to N2 = my'mg (A — A1) C2 (10.14)

which may be obtained as a special case of (9.25).

The corresponding field quantities are given as in the biaxial case by (9.26), or by (10.8).

Remark: When the crystal is magnetically (electrically) isotropic, g = #1 (k = «1) and then,
in case 2 (case 1), C is isotropic but not in the plane orthogonal to the optic axis. As is the
biaxial case, we note that the corresponding single propagation mode is such that D (B) and
S are parallel and isotropic (see Hayes 1987, §7.4 for the case of magnetically isotropic
crystals).

In case 1 (case 2), however, C is not isotropic. Indeed only one wave may propagate when
the ellipse of C is similar and similarly situated to any section of the k-metric ellipsoid (u-metric
ellipsoid) other than the circular section.

10.3. Double roots: D and B parallel
The condition (9.28) or (9.29) for a double root reduces, owing to (10.1), to

ky C3+k3 C3 =0, (10.15)
, ivalently,
o equivalently my C2+my C2 = 0, (10.16)
that is o L . .
Cs = Fi(ky/k3)? Cy = Fi(my/my)? C,. (10.17)

We here assume that C, is different from zero, for otherwise C obeying (10.17) is along the
generalized optic axis V}, and thus the corresponding wave is homogeneous. This case has been
studied in §8.

Then, from either (10.3) or (10.4), the double eigenvalue (—N7?) of the eigenvalue
problems (3.4) and (3.6) is given by

N2 = A'my ' my CF = A, ky k' CE, (10.18)
and, assuming C; # O (the case of a double zero root has been considered in §10.2.1), it follows

from (10.5) and (10.7) that there is a simple infinity of eigenbivectors E and H corresponding
to this double eigenvalue.
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380 PH. BOULANGER AND M. HAYES

The corresponding field quantities may be obtained by introducing (10.17) into (10.6) or
(10.8). In this way we find, on choosing the upper (—) sign in (10.17),

D =k,mi A, B=imykiA,
E=mC, H=ikC, (10.19)
W =kymy, R =ky(mghk3")PV,
corresponding to the slowness
S = (kym){(Vi+C'Cy VE—i(ky k" )ECTIC, V3. (10.20)

Thus, the ellipses of D and B are similar, and similarly situated, to either of the elliptical
sections of the k™ and y*-metric ellipsoids by the plane I1, orthogonal to the generalized optic
axis n, (plane spanned by the vectors V,, V;). The ellipses of E and H are both similar, and
similarly situated, to either of the elliptical sections of the « and the u-metric ellipsoids by the
plane conjugate to the generalized optic axis with respect to either of these ellipsoids (plane
spanned by the vectors V%, V%), that is similar, and similarly situated, to the critical sections
of the x and u-metric ellipsoids. Similarly, on choosing the lower (+) sign (10.17) we find

D=kym A, B=—imkA,

E=mC, H=-ikC, (10.21)
W =kymy, R=ky(myk;")iV,,
corresponding to the slowness
S = (kymy)i (Vi +C'C, VE+i(ky k31)CTIC, V). (10.22)

The geometrical interpretation is the same as for (10.19) except that the ellipses of D, E, B,
H have now the opposite handedness.

10.4. Linearly polarized inhomogeneous waves

As in §9.4, we note that if all the fields E, D, B, H are linearly polarized, the wave is
homogeneous and we now disregard this case.

Let us now assume that E, D are linear bivectors whereas H, B are not linear bivectors.
Thus, using the argument of §9.4, we have, for some scalar A, (u™' —Ax™!) D = 0, which here
shows that D must be either along the eigenvector ¥V, of the matrix 4! with respect to the
metric k%, or in the plane spanned by the eigenvectors V,, V; corresponding to the double
eigenvalue A, = A;. Then, C-D =0 implies that either C; =0 or that the ratio of the
components C,, C, is real.

Let us first assume C; = 0. The roots (10.3) and (10.4) of the secular equation corresponding
respectively to the ordinary and extraordinary wave then become

N2 = 25" (det ) *CTuC = m* (k3'Ca+ k;*C2) = A, (detk)'C '« C (10.23)
(ordinary wave) and
N2 =2, (detk) 'C "k C = k' (mz'C3+my'C3) = AL (detu) 'C™uC (10.24)

(extraordinary wave).
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The field quantities (10.6) associated with the ordinary wave then reduce up to a scalar
factor to (9.64), so that the fields H and B of this wave are linearly polarized along ¥V} and
V, respectively, whereas the fields E and D are elliptically polarized.

The field quantities (10.8) associated with the extraofdinary wave reduce up to a scalar
factor to (9.63), so that the fields E and D of this wave are linearly polarized along V), and ¥,
respectively, whereas the fields H and B are elliptically polarized.

Next we assume that C; # 0 and that the ratio of the components C,, C, of the bivector C
is real. This includes the cases when C, or C; is zero. Then, the ellipse of the bivector C lies
in a plane passing through the vector n, = V}, that is a plane passing through the generalized
optic axis. Now (10.6) shows that for the ordinary wave the fields E and D are linearly
polarized in the plane spanned respectively by the vectors V%, V3 and V,, V, (plane I1,),
whereas the fields H and B are elliptically polarized. Also (10.8) shows that for the
extraordinary wave the fields H and B are linearly polarized in the plane spanned respectively
by the vectors V%, Vi and V,, V; (plane I1,), whereas the fields E and D are elliptically
polarized. Moreover, because the ratio of the components C,, C, is real, we have (C,C,)” = 0
and the mean energy flux of the ordinary wave lies along x#S* while the mean energy flux
of the extraordinary wave lies along «S™.

11. PSEUDO-ISOTROPIC CRYSTALS

Now we consider the case of pseudo-isotropic crystals. Then the electric permittivity tensor
Kk is a scalar multiple of the magnetic permeability tensor u.

In §11.1 we note that the secular equation has in this case a double root N2 for every
bivector C. In the case of homogeneous waves this means that the two slowness surfaces
associated with a uniaxial crystal coalesce into a single ellipsoid. The propagation condition
then shows that D or B may be chosen to be any bivector orthogonal to the bivector C. There
is thus a double infinity of eigenbivectors E or H corresponding to the double root of the secular
equation.

In §11.2 we note that the double root of the secular equation is zero (no wave propagation)
when the ellipse of C is similar and similarly situated to the section of the x and u-metric
ellipsoids by any plane. All these sections are called critical sections.

Next, in §11.3, we show that for every bivector C (not linear) there is an inhomogeneous wave
with E and D linearly polarized, and another one with H and B linearly polarized.

In §11.4, these two waves are combined to form the general inhomogeneous wave solution.

Finally, in §11.5, we show that for every bivector C, there are two waves for which the
bivectors D and B are parallel. The ellipses of D and B are both similar, and similarly situated,
to a section of the k™ or g™'-metric ellipsoid. Also, the bivectors E and H are parallel and their
ellipses are both similar and similarly situated to a critical section of the x or g-metric ellipsoid.

11.1. Propagation condition

We h that
e here assume tha A=A, =N =A, (11.1)

that is K = Au. (11.2)

1

The « and p-metric ellipsoids are similar, and similarly situated, and so are the k™ !- and x'-


http://rsta.royalsocietypublishing.org/

A
r \

{

k P

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

JA

¥y L
s \

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org
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metric ellipsoids. For actual isotropic media all these ellipsoids are spheres. Introducing (11.2)
into (3.15) and (3.16) we note that the secular equation then reduces to

{N2—A""(detp) (C"uC)}* = 0, (11.3)

or, equivatently, o {N2—Q (detx) " (CTkC)} = 0. (11.4)
This equation has thus always the double root

NZ2= X" (detu) (C"uC) = A(detk) ' (C"kC). (11.5)

Introducing (11.2) and (11.5) into the propagation conditions (3.10) and (3.11) for E and
H, we note that they reduce to

C"wE=0, or C"kE =0, (11.6)
and C'«xH=0, or C"uH=0. (11.7)

Thus, recalling (3.2), D (B) may be any bivector orthogonal to the bivector C. Then, E (H),
B (D), H (E) are determined from (3.1¢, d).

11.2. Zero roots

The double root (11.5) of the secular equation is zero when the bivector C is such that
C™«C = C"uC = 0. Thus, in a pseudo-isotropic crystal, no wave propagation is possible
with a slowness bivector § = NC whose ellipse is similar, and similarly situated, to any section
of the « and p-metric ellipsoids. All these sections will be called critical sections.

Remarks. In the case of isotropic crystals, 4 = u1 and «k = «1, no wave propagation is possible
with an isotropic slowness bivector (see Hayes 1987).

11.3. Linearly polarized inhomogeneous waves

For any bivector C whose ellipse is not similar and similarly situated to a critical section, D
or B may be chosen to be any bivector orthogonal to the bivector C. Let us here assume that
C is not a linear bivector since the case of homogeneous waves has been considered in §§7 and
8. Then, D or B may be in particular chosen to be a linear bivector in the direction orthogonal
to the plane of C = mm+ 1A, that is in the direction m X A.

We denote D by D, when it is in the direction m x Ai. Then the corresponding field quantities
Dy, By ete,are fy _ ixh, E, = (detk) xrft X ki,

B, = N (det«™) k{th(A"kC) — r(m"« C)},
H, = N (detk™) N{m(A"«C) —A(m"«C)}, (11.8)
2W, = A (detk™) {(m x A) "k (th x i)} S*"kS*,

2R, = A (detk ™) {(ma x A)"k " (M x A)} kS*. J

In deriving (11.8) use has been made of the identities (A 1), (A 2) and (A 3) of Appendix A.
The expressions in (11.8) for W, and R, may be read off from (5.19) and (5.13) respectively
on noting that STuE, = A"'S"D, =0, and that S""«S* = §"uS* = 0 as a consequence of
(11.5). Also, (5.6) may be easily checked.

The fields E, and D, are linearly polarized while the fields H, and B, are elliptically
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polarized. Also, from (11.8), we note that the bivector H, is in the plane of the bivector C.
Thus, from (11.7) we conclude, using Appendix B, that the ellipse of H| is similar, and similarly
situated, to the polar reciprocal of the ellipse of C with respect to either of the elliptical sections
of the k and u-metric ellipsoids by the plane of C.

Next we denote B by B, when it is in the direction #1 x Ai. Then the corresponding field
quantities D,, E,, etc., are

B,=mxh, H,= (detu)'umxun,

D, = — N (detu™) (A" uC) — A(m"pC)},

E, = — N(det ™) A"t (A"uC) — A("uC)}, (11.9)
2W, = A7! (detu™) {(r x A)"p " (e x )} ST pS”,
2R, = A" (det 5 ™t) {(rh x A) " (rFr % )} uS™. )

The expressions in (11.9) for W, and R, may be read off from (5.20) and (5.14) respectively
on noting that S"«H, = AS* B, = 0, and that S""«S* = S "uS* = 0. Also, (5.6) may be easily
checked.

Now, the fields H, and B, are linearly polarized whereas the fields E, and D, are elliptically
polarized. Also from (11.9), we note that the bivector E, is in the plane of the bivector C. Thus,
from (11.6) we conclude, using Appendix B, that the ellipse of E, is similar, and similarly
situated, to the polar reciprocal of the ellipse of C with respect to either of the elliptical sections
of the x and g-metric ellipsoids by the plane of C.

11.4. General inhomogeneous wave solution

As there is a double infinity of eigenvectors E and H satistying respectively the propagation
conditions (11.6) and (11.7), any linear combination with possibility complex coefficients @ and
b of the amplitude of the waves (11.8) and (11.9) defines a wave (general inhomogeneous wave
solution) with the same slowness § = NC. Also, it is easy to check that the amplitudes of the
waves (11.8) and (11.9) satisfy the relations (4.15)—(4.20) so that these two wave solutions are
those considered in §4.3 (case 2) and in §5.2.

For the general inhomogeneous wave solution D = aD, +bD,, E = aE| + bE,, etc., we find
that the weighted energy density is given by

2W = A(lal2+ AlB]?) (det &™) {(rh x A)"k 7} (7 x A1)} S* kS, (11.10)
in accordance with (5.22), and that the weighted energy flux is given by
R = |a]*R, +|b>R, + (ab) ™A% (det k') {(m x i) k' (1A x A)} S* x S~ (11.11)
in accordance with (5.27). This may be written
R = {(|a]>+ A|B]?) {kS* +sin 2psin (6 — &) AiS* x S}, (11.12)
a=lde’, b=ble’, tgp= |a|/<A%|bl>,}

21 = A (detk™) {(rf x )" k71 (1t X )}

where

(11.13)

Thus as |al, [6], @ and & are varied, R varies from lying along xS* +A#8* x S~ to lying along
kSt —AiS* x §~ and may take any intermediate direction between these two extremes.

31 Vol. 330. A
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11.5. D and B parallel

Among all the waves that may propagate in a pseudo-isotropic crystal, there are, for every
bivector C, two waves such that D and B are parallel.

Indeed, from (4.6), we conclude that D and B are parallel when o given by (4.5) is zero.
Then, computing E"«E, or H*uH, or D"x'D, or B"y~' B for the general inhomogeneous wave
solution, we obtain

o= (A®+Ab?) (X A)"k (X i) = A7 (a®+ Ab®) (mx A)"p ™' (M X R). (11.14)
Thus o = 0, and hence D and B are parallel, when
a=~+iAdb. (11.15)

For these waves the ellipses of D and B are both similar, and similarly situated to an elliptical
section of the k™! or u'-metric ellipsoid. From (3.2) and (11.2), it is clear that E and H are
also parallel. As o = 0, the ellipses of E and H are both similar and similarly situated to an
elliptical section of the « or y-metric ellipsoid (critical section). However, in general the plane
of the bivectors D and B is not the same as the plane of the bivectors E and H.

We are greatly indebted to X. Hubaut for valuable discussions concerning the geometry of
ellipses and ellipsoids. We thank A. Gribaumont, X. Hubaut and E. Cox for their help with the
diagrams and D. Heffernan for his advice concerning high temperature superconductors.

We thank the Department for Foreign Affairs of Ireland and the Ministere de la
Communaute Francaise de Belgique for support under the joint Cultural Agreement.

APPENDIX A. THREE IDENTITIES

Let g be a real symmetric non-singular matrix. Let P, Q, R, T be any four bivectors or
vectors. Then we have the following identities

(detg) g ' (Px Q) = gPxgQ, (A1)
(detg) g {Pxg ' (@xR)} = Q(P"gR)—R(P"gQ), (A2)
(detg) (Px Q)"¢ ' (Rx T) = (P"gR) (Q"¢T)— (P"¢T) (Q"¢R). (A 3)

For the identity (A 1) see for example Milne (1948). The identities (A 2) and (A 3) then follow
by application of (A 1).

APPENDIX B. ORTHOGONALITY OF BIVECTORS WITH RESPECT TO A METRIC

Here we give a geometrical interpretation of the orthogonality of a pair of bivectors with
respect to a metric g. Associated with each bivector is an ellipse. In part I we consider the case
when these ellipses are coplanar. The orthogonality means that one of the ellipses is similar, and
similarly situated, to the polar reciprocal of the other ellipse with respect to the section of the
g-metric ellipsoid by the common plane of the two ellipses. In part II, the ellipses need not be
coplanar. The plane of one ellipse may not contain the conjugate direction to the plane of the
other ellipse with respect to the g-metric ellipsoid. Moreover, the g-projection of the first ellipse
onto the plane of the second ellipse is similar, and similarly situated, to the polar reciprocal of
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the second ellipse with respect to the section of the g-metric ellipsoid by the plane of the second
ellipse.

Let P=P"+iP", Q = Q*+iQ be two bivectors orthogonal with respect to the real
positive definite matrix g:

P30 =0, (B 1)
or equivalently, P40 — P Q" =0 (B2)
P7gQ +P"gQ" =0. (B 3)

With the bivectors P, Q are associated directional ellipses (Hayes 1984) defined by the
parametric equations . _ p+.os9+ P-sinf), x = Q*cos6+ Q" sin 0. (B 4)

Part I: P and Q coplanar

To analyse (B 1) let us first assume that the ellipses associated with the bivectors P, Q are
in the same plane. If x denotes the position vector of a generic point of this plane, then

xTgx =1 (B 5)
is the equation of an ellipse. We call this the ‘g-metric ellipse’ or the ‘metric ellipse’ for brevity.

ProprERTY 1. The ellipse of Q is similar, and similarly situated, to the polar reciprocal of the ellipse of
P with respect to the metric ellipse. The ellipses of P and Q are described in the same sense (see figure 4).

Fiure 4. The ellipse of P, is the polar reciprocal of the ellipse of P with respect to the ellipse g. The polar of P*
touches the ellipse of P, at P}, and the polar of P~ touches the ellipse of P, at Py. The ellipse of Q is similar,
and similarly situated, to the ellipse of P,.

Proof. The polar reciprocal of the ellipse of P with respect to the metric ellipse is by definition
the envelope of the polars of all the points of the ellipse of P with respect to the metric ellipse.
Its parametric equation, with 6 as parameter, may be obtained by solving for x the system

PtcosO+P sinf)"gx =1, (—P'sinf+P cosf)gx = 0. B 6a,b)
g

Indeed, (B 64) is the equation of the polar of the point P* cos @+ P~ sin 6 with respect to the
metric ellipse, and (B 6b) its derivative with respect to 6.

We introduce in the plane of P the set of vectors P}, P, reciprocal to the set P*, P~ with
respect to the metric g. Thus PPL—0, P7gPL—1, B7)
and PP, =0, P"gP,=1. (B 8)

The vector P} is in the conjugate direction to the direction of P~ with respect to the metric
ellipse and has its extremity on the polar of the extremity of P* with respect to the metric

31-2
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ellipse. Similarly the vector P is in the conjugate direction to the direction of P* and has its
extremity on the polar of the extremity of P~ (see figure 4).
Then, it may be easily checked that the solution of (B 6) for x is given by

x = Pjcos0+ P sin0, (B9)

so that the polar reciprocal of the ellipse of P with respect to the metric ellipse is the ellipse
associated with the bivector P, = PL+iP,. It results from (B 7) and (B 8) that

PP, = 0. (B 10)

Then, because P, and Q are both in the plane of P, equation (B 10) together with (B 1), implies
that Q and P, are two parallel bivectors, which means (Hayes 1984) that the ellipse of Q is
similar and similarly situated to the ellipse of P,.

Moreover, the pairs of vectors (P*, P7) and (Q", Q) have the same orientation, because

POt PYT.0
= |pite prp| = (PP S0 (B 1)

(detg) f:—’ gi

This means that the ellipses of P and Q are described in the same sense (Hayes 1984).

Remark 1. The polar reciprocal of any ellipse W with respect to an ellipse similar, and
similarly situated, to W is again an ellipse similar, and similarly situated, to W.

Remark 2. Taking Q = P, we note that
PP =0, (B 12)

means that the ellipse of P is similar, and similarly situated, to its own polar reciprocal with
respect to the metric ellipse. Then the bivector P is said to be isotropic with respect to the
metric g. In this case, (B 2) and (B 3) reduce to

PgPt = P "gP, P"gP =0, (B 13)

so that P* and P~ are in conjugate directions of the metric ellipse, and their extremities are on
an ellipse similar and similarly situated to the metric ellipse. Thus, (B 12) has the following
geometrical interpretation: the ellipse of P is similar, and similarly situated, to the g-metric
ellipse.

Part II: P and Q not coplanar

Let us now assume that the ellipses associated with the bivectors P, Q are not necessarily in
the same plane. In three-dimensional space, (B 5) is the equation of an ellipsoid. We call this
the ‘g-metric ellipsoid’ or the ‘metric ellipsoid’ for brevity.

It is convenient to introduce here the concept of orthogonal projection with respect to the
metric g, or g-projection. Let a be a given plane through the origin. Let n be a vector along
the conjugate direction to a with respect to the metric ellipsoid. Then the equation of the plane
o is T

ngx =0. (B 14)

It is easily seen that every vector x may be decomposed in a unique way as the sum of two
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8
Ficure 5. The plane a passes through the centre of the ellipsoid g. It is parallel to the tangent plane to g at the point

where the vector n meets the ellipsoid. Any vector x may be decomposed into the sum of a component along
n and a component in the plane e, which is called the g projection of x onto the plane a.

component vectors, one in the plane «, and the other parallel to n. We denote the component
in the plane a by x, (see figure 5). Then x may be written
x=x,+An, with n"gx, =0, (B 15)

for some scalar A.
The vector x, will be called the ‘g-projection’ of the vector x onto the plane c.

ProPERTY 2. If P is a linear bivector, P = us (say), then Q is any bivector in the conjugate plane to
s with respect to the g-metric ellipsoid.

Proof. In this case, (B 1) reduces to
s'¢Q" = 5740 =0, (B 16)

which expresses the fact that @* and Q™ are in the plane conjugate to s with respect to the
metric ellipsoid.

PrOPERTY 3. If neither P, nor Q is a linear bivector, the plane of the ellipse of Q may not contain the
conjugate direction to the plane of the ellipse of P with respect to the metric ellipsoid.

Proof. Let n # 0 be a vector in the conjugate direction to the plane o of P*, P~ with respect

to the metric ellipsoid :
Pgn = P "gn = 0. (B 17)

We now show that n may not lie in the plane of @* and Q™. For, suppose that n lies in this
plane. Then, for some real scalars v and y (V2 +7y% # 0),

n=vQ"+yQ", (B 18)
and (B 17) then reads

vP gQ" +y P Q™ = vP "gQ +yP "gQ™ = 0. (B 19)
Eliminating v and y from these equations gives

(P™gQ*) (P"¢Q7) = (P*™gQ7) (P "¢Q"), (B 20)
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and then using (B 2) and (B 3) we obtain

(P*gQ")*+ (PgQ7)* = (P"¢Q7)*+ (P "¢Q")* = 0. (B 21)
NOW, from (B 21) FTgQ+ — P—-TgQ+ — 0, (B 22)

which means that Q* is in the direction conjugate to the plane of P* and P~ with respect to
the metric ellipsoid. Again from (B 21),

P7gQ™ =P "0 =0, (B 23)

which means that Q7 is also in the direction conjugate to the plane of P* and P~ with respect
to the metric ellipsoid. This means that Q" and Q~ are parallel contrary to hypothesis.

Remark 3. In the special case when g = g1, the g-metric ellipsoid is a sphere. The direction
conjugate to any plane with respect to the sphere is the normal to that plane. In this case
equation (B 1) reads P-Q = 0 and property 3 is a statement that the planes of P and of Q may
not be orthogonal (see Hayes 1984).

PROPERTY 4. If neither P nor Q is a linear bivector, the g-projection of the ellipse of Q onto the plane
of the ellipse of P is similar, and similarly situated, to the polar reciprocal of the ellipse of P with respect
to the section of the g-metric ellipsoid by the plane of the bivector P.

Proof. Let n # 0 be a vector in the conjugate direction to the plane a of P* and P~ with
respect to the metric ellipsoid, so that (B 17) holds, or equivalently,

P'gn = 0. (B 24)

The vectors QF, Q™ may now be decomposed as in (B 15):
Q" =Q:+A'n, with n"gQ! =0, (B 25)
QO =0,+A™n, with n"gQ, =0, (B 26)

for some scalars A™ and A™, and where QF, Q; are the g-projections of Q*, @~ onto the plane
a of the bivector P. In terms of bivectors, (B 25) and (B 26) may be written

Q0=0,+An, with n"gQ, =0, (B 27)
with Q, = QF +iQ; and A = A" +iA". Introducing (B 27) into (B 1) and using (B 24), we note
that (B 1) is equivalent to PTeQ. = 0. (B 28)

The bivectors P and Q, entering (B 28) have their ellipses in the same plane «, so that they
obey property 1 where the metric ellipse is the elliptical section of the g-metric ellipsoid by the
common plane a. Thus the ellipse of Q, is similar, and similarly situated, to the polar reciprocal
of the ellipse of P with respect to the elliptical section of the metric ellipsoid by the plane .
This completes the proof because the ellipse of Q, is the g-projection of the ellipse of Q onto
the plane o.


http://rsta.royalsocietypublishing.org/

A
A

4
{

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

L A

A

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

ELECTROMAGNETIC WAVES IN CRYSTALS 389

APPENDIX C. ISOTROPIC EIGENBIVECTORS OF A COMPLEX SYMMETRIC MATRIX
WITH RESPECT TO A METRIC

Let X be a complex symmetric 3 X 3 matrix, and g a real symmetric positive definite 3 x 3
matrix. The eigenbivectors P and the eigenvalues A of the matrix X with respect to the metric
g are the solutions of the eigenvalue problem

XP = \gP. (C1)

A bivector P will be said to be an isotropic eigenbivector of the matrix X with respect to the
metric ¢ when it is a solution of (C 1) satisfying

PP =0. (C2)

A geometrical interpretation of (C 2) is given in Appendix B (Remark 2).

Here it is shown that a necessary and sufficient condition that the complex symmetric matrix
X have an isotropic eigenbivector with respect to the metric g is that this matrix have a double
or triple eigenvalue with respect to the metric g.

We first assume that P is an isotropic eigenbivector of X with respect to the metric g and show
that the corresponding eigenvalue A is at least double. Next we assume that A is a double
eigenvalue of the eigenvalue problem (C 1) and show that corresponding to A there is either
a simple or a double infinity of eigenbivectors P. In the case of a simple infinity they are all
isotropic with respect to the metric g; in the case of a double infinity there are two non parallel
isotropic eigenbivectors with respect to this metric, each defined up to an arbitrary scalar
factor. Finally we assume that A is a triple eigenvalue of the eigenvalue problem (C 1) and show
that corresponding to A there is either a simple or a double or a triple infinity of eigenbivectors
P. In the case of a simple infinity they are all isotropic with respect to the metric g; in the case
of a double infinity there is one isotropic eigenbivector with respect to this metric, defined up
to an arbitrary scalar factor; in the case of a triple infinity every isotropic bivector with respect
to the metric g is an eigenbivector.

ProprerTY 1. If P is an isotropic eigenbivector of the matrix X with respect to the metric g, then the
corresponding eigenvalue A is at least double.

Proof. As P"gP is positive and because eigenbivectors may be multiplied by an arbitrary
scalar factor, it may be assumed without loss of generality that

PP = 1. (G 3)

Let n be the real vector defined (up to a + sign) by
P"n=P"gn=0, n"gn=1. (C4)
Then the matrix 7 defined by T = (P|Pln) (C 5)

is non singular because P, P and n are linearly independent. From (C 1)-(C 4) it follows that
this matrix 7" transforms g and X into ¢ and X given by

010 0 A O
§=T"%T=\{1 0 0), XR=T"XT= (/\ 2 ﬂ), (C6)

00 1 0 B u
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where a=P'XP, u=n"Xn, pB=n"XP. (C7

The equation det (X—xg) = 0, or equivalently det (X—xg) = 0 for the determination of the
eigenvalues x thus reads (x—A)2(x—p) = 0 (C8)

which shows that the root A is at least double.
Remark 1. If A and B are any two bivectors, isotropic with respect to the metric g, and also satisfying

B'gA4 =0, (G9)
then A and B are parallel.

Proof. As g is positive definite symmetric it possesses the square root gi. Then, writing

A =gA, B =gB, (C 10)
we have A A=BB=B-A4=0. (C 11)
It then follows from the result of Synge (1966) that A” and B’ are parallel: A" = AB’ for some
A, and hence A = AB.

PrOPERTY 2. If the matrix X has a double eigenvalue A and a simple eigenvalue y # A with respect to
the metric g, then, corresponding to the eigenvalue A, either

(a) X has a simple infinity of eigenbivectors with respect to the metric g, all isotropic with respect to this
metric, or

(b) X has a double infinity of eigenbivectors with respect to the metric g; among these there are two non-
parallel eigenbivectors, isotropic with respect to this metric, defined up to an arbitrary scalar factor.

Proof. Let Q be an eigenbivector corresponding to the simple eigenvalue w. It is not isotropic
with respect to the metric g for otherwise u would be at least double (property 1). Without loss
of generality, the bivector Q may be normalized with respect to the metric g:

XQ = pugQ, Q%Q=1. (C12)

For the eigenbivectors corresponding to the double eigenvalue A, two possibilities have to be
considered: either they are all isotropic with respect to the metric g, or at least one of them is
not isotropic with respect to this metric.

Possibility (a). Suppose that all the eigenbivectors corresponding to the double eigenvalue A
are isotropic with respect to the metric g. Let P and P’ be any two of them:

XP =AgP, XP =)gP, P"gP =P P =0. (C 13)

Then P+ P is also an eigenbivector corresponding to the eigenvalue A, and from the
assumption of possibility (a) it has to be isotropic with respect to the metric g:

(P+P)'g(P+P)=0, (C 14)
and hence

PgP = 0. (C 15)

Thus, P and P’ are both isotropic with respect to the metric g and are orthogonal with respect
to this metric. This implies that P and P’ are parallel (remark 1). Thus, for possibility (a) all
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the eigenbivectors are parallel. Hence X has a simple infinity of eigenbivectors corresponding
to the double eigenvalue A, all isotropic with respect to the metric g.

Possibility (b). Suppose now that corresponding to the double eigenvalue A there is an
eigenbivector which is not isotropic with respect to the metric g. Let P be this eigenbivector.
Without loss of generality, it may be normalized with respect to the metric g:

XP = AgP, PTgP=1. (C 16)

Because P and Q are both eigenbivectors of the matrix X with respect to the metric g
corresponding to different eigenvalues, it is easily shown by the standard argument that they
are orthogonal with respect to the metric g:

P'g0 = 0. (C17)
Now choose the bivector R such that P, @, R form an orthonormal triad with respect to the
metric g PR =Q"sR=0, R'4R=1. (C18)
Then the matrix 7 defined by 7 = (P|Q|R) is such that
1 0 0 A0 0
T%T=(0 1 0), T"XT=({0 u 0 . (C19)
0 0 1 0 0 R'XR

But A is a double eigenvalue of the matrix X with respect to the metric g. Therefore A = R*XR.
Hence R defined by (C 18) is an eigenbivector of the matrix X with respect to the metric g
corresponding to the eigenvalue A. Any linear combination aP+b6R of P and R with
coeflicients a and 4 is also an eigenbivector corresponding to the eigenvalue A. Thus, for
possibility (b), X has a double infinity of eigenbivectors corresponding to the eigenvalue A.
Among these the bivectors P+iR, P—iR and their scalar multiples are isotropic with respect
to the metric g.

To complete the proof we note that both possibilities (a) and (b) are allowed. Indeed take
for example

2 1 0
g=(1 1 0). (C 20)
0 0 1
Let P and n be given by
P" =271, —1+i,0), n®=(0,0,1). (C21)

The bivector P is isotropic with respect to the metric g, and P and n satisty (G 3) and (C 4).
Choose any complex numbers A, u, a, f (with u # A), and consider the matrix X defined by
(C 6) with T given by (C 5):
2) +ia A=L1=Da 273(1+1)B
X= (/\—%(1—0@ A—1a 274 )
2H(1+0)8 278 7

This matrix X has the double eigenvalue A and the simple eigenvalue g with respect to the
metric g. Then % # a(u—A) leads to possibility (a) and f* = a(#— A) leads to possibility (4).

(C 22)

Remark 2. Among all the linear combinations aP+ bR of two non parallel bivectors P, R
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there is always a linear bivector, that is a real vector up to a possibility complex scalar factor.
Indeed, aP+ bR is a real vector when the coefficients ¢ = a* +ia~, b = b* +1ib~ are such that

(aP+bR)" =a"P +a P'+b*R +b"R* = 0. (C 23)
As P*, P~, R*, R™ are four vectors in a three-dimensional space they are linearly dependent,
and thus equation (C 23) has a non-trivial solution for a*, a~, 6%, 6.

PrOPERTY 3. If the matrix X has a triple eigenvalue A with respect to the metric g, then, corresponding
to the eigenvalue A, either

(a) X has a simple infinity of eigenbivectors with respect to the metric g, all isotropic with respect to this
metric, or

(b) X has a double infinity of eigenbivectors with respect to the metric g; among these there is one
etgenbivector isotropic with respect to this metric, defined up to an arbitrary scalar factor, or

(¢) X has a triple infinity of eigenbivectors with respect to the metric g; thus any bivector (in particular
isotropic with respect to the metric g) is an eigenbivector of the matrix X with respect to this metric.

Proof. For the eigenbivectors corresponding to the triple eigenvalue A, two possibilities have
to be considered : either they are all isotropic with respect to the metric g, or at least one of them
is not isotropic with respect to this metric.

Possibility (a). Suppose that all the eigenbivectors corresponding to the triple eigenvalue A are
isotropic with respect to the metric g. Then using the same argument as in the proof of property
2 (possibility (a)) we note that all the eigenbivectors are parallel. Hence X has a simple infinity
of eigenbivectors corresponding to the triple eigenvalue A, all isotropic with respect to the
metric g.

Possibility (b, ¢). Suppose now that corresponding to the triple eigenvalue A there is an
eigenbivector which is not isotropic with respect to the metric g. Let P be this eigenbivector.
Without loss of generality, it may be normalized with respect to the metric g:

XP = )gP, P"gP=1. (C 24)

Now choose the bivectors Q and R such that P, Q, R form an orthonormal triad with respect
to the metric g:

PR =P"gQ0=Q"gR=0, Q"0 =R"gR=1. (C 25)
Then the matrix 7" defined by 7= (P|Q|R) is such that
1 00 A 0 0
T"¢T={0 1 0], TTXT=(O vy 6. (C 26)
0 0 1 0 ¢ v
with
y=Q"XQ, v=R"XR, &é=QTXR. (C27)

But A is a triple eigenvalue of the matrix X with respect to the metric g. Therefore,
Yy =A+id, v=A-Iid. (C 28)

Subcase (b): & # 0. For 6 # 0, the eigenbivectors of the matrix 77X T with respect to the unit
matrix are (1,0,0), (0,i,1) and any linear combination of these two vectors. Thus the
eigenbivectors of the matrix X with respect to the metric g are P, i@+ R and any linear
combination aP+5(iQ + R) of these bivectors with coefficients a and 4. Thus X has a double
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infinity of eigenbivectors corresponding to the triple eigenvalue A. Among these only the
bivector iQ + R and its scalar multiples are isotropic with respect to the metric g.

Subcase (¢): 8 = 0. For § = 0, one has 7" XT = Al and thus X = Ag. Then any bivector (and
in particular any isotropic bivector with respect to the metric g) is an eigenbivector of the
matrix X with respect to the metric g.

To complete the proof we note that the three possibilities (a), (), (¢) are allowed. Indeed,
as in the proof of property 2, take g and X respectively given by (C 20) and (C 22), but now
with # = A. Thus the matrix X has now the triple eigenvalue A with respect to the metric g.
Then g # 0 leads to possibility (a), f# = 0 and a # 0 leads to possibility (5), and f = & = 0 leads
to possibility (¢).
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