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Abstract—A Gaussian beam is an asymptotic solution to Maxwell’s
equations that propagate along a curve; at each time instant its energy
is concentrated around one point on the curve. Such a solution is of
the form '

E = Re{eP'@) Ey(x, 1)},

where Ej is a complex vector field, P > 0 is a big constant, and 0 is a
complex second order polynomial in coordinates adapted to the curve.

In recent work by A. P. Kachalov, electromagnetic Gaussian beams
have been studied in a geometric setting. Under suitable conditions
on the media, a Gaussian beam is determined by Riemann-Finsler
geometry depending only on the media. For example, geodesics
are admissible curves for Gaussian beams and a curvature equation
determines the second order terms in 6.

This work begins with a derivation of the geometric equations
for Gaussian beams following the work of A. P. Kachalov. The novel
feature of this work is that we characterize a class of inhomogeneous
anisotropic media where the induced geometry is Riemannian. Namely,
if e, u are simultaneously diagonalizable with eigenvalues e;, 115, the
induced geometry is Riemannian if and only if g;1; = ;u; for some
1 # j. What is more, if the latter condition is not met, the geometry
is ill-behaved. It is neither smooth nor convex.

We also calculate Riemannian metrics for different media. In
isotropic media, g;; = eud;; and in more complicated media there
are two Riemannian metrics due to different polarizations.
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1. INTRODUCTION

When writing Maxwell’s equations using differential forms on a 3-
manifold these equations become completely differential-topological.
On the other hand, the constitutive equations become completely
metrical; these depend only on two Riemannian geometries. One
geometry describes permittivity and another geometry describes
permeability [1, 2]. This suggests that notions such as length, angle,
area, and volume, that is, geometry, is related to material properties.
For example, in vacuum, plane waves propagate along straight lines,
but at plane boundaries, the wave bends at an angle depending on the
material properties.

Unfortunately, the above two geometries have no direct
geometrical or physical interpretations related to wave propagation
(or, none has been found so far.) One sought feature could be that
geodesics would describe the path traversed by a ray of light. However,
since such a path depends on the polarization of the wave, and since
the above metrics do not take polarization into account, this is not the
case. In view of the above, it is motivated to study the relation between
media and the geometry determining propagation of electromagnetic
waves. This is the topic of the present work.

We assume that the media is anisotropic, non-homogeneous,
smooth, time-, and frequency-independent, and we assume that the
media matrices are simultaneously diagonalizable (see Section 4). In
addition, we shall work exclusively with Gaussian beam solutions to
Maxwell’s equations. These are asymptotic solutions that propagate
along a curve such that at every time instant the entire energy of the
solution is completely concentrated around one point on the curve. In
fact, the envelope of the solution is a Gaussian bell curve, hence the
name. A main property of these solutions is that their propagation
and form are completely determined by a curve on the underlying
manifold and three tensors on that curve. Since these solutions
depend on very little information, they are very convenient to work
with; the curve and the three tensors are determined by a Hamilton
equation and a Riccati equation, which are both ODE’s that are easy
to solve numerically. Gaussian beams are also closely related to the
classical Debye expansion [3], and they have been used to study the
anisotropic wave equation [4-6]. In recent work by A. P. Kachalov [7—
9], electromagnetic Gaussian beams have been studied in a Riemann-
Finsler setting; under suitable assumptions, Gaussian beams are
determined by Riemann-Finsler geometry depending only on the
media. The present work relies heavily on the last three articles [7—
9]. Essentially, a Finsler geometry on a manifold is a norm for tangent
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vectors whose unit spheres do not need to be ellipsoids (see for example
[10, 11]).

The main result of this work is to characterize a class of media
where Gaussian beams propagate using Riemannian geometry. This
result shows that when ¢ and p are simultaneously diagonizable, it is
not possible to model propagation of Gaussian beams using Finsler
geometries that are not Riemannian. This is not a dead end for
the geometrization of electromagnetism, or for Finsler geometry in
electromagnetism. For example, there are non-Riemannian Finsler
geometries related plane waves in crystals [12], and there is works
studying the geometry of electromagnetism on the tangent bundle
[13, 14]. There is also a vast literature on Finsler geometry in physics
in general [11, 12, 15]. However, the present result gives a class
of media where the theory of Gaussian beams is valid. This is of
both theoretical and practical use. The present work also motivates
the search for geometries on the tangent and cotangent bundle of
the manifold. For example, in symplectic geometry, physical objects
such as caustics might be non-smooth on the base manifold although
everything is smooth on the cotangent bundle. Lastly, let us emphasize
that Gaussian beams and equations governing these are independent
of local coordinates.

The work is organized as follows.  Section 2 reviews the
Hamilton-Jacobi equation, and in Section 3 we define Gaussian beams
and formulate geometric equations determining their propagation.
Section 4 contains the aforementioned characterization result, and
Section 5 gives examples of Riemannian geometries for different media.

2. DEBYE EXPANSION IN MAXWELL’S EQUATIONS

By a manifold M we mean a Hausdorff, second countable, topological
manifold with smooth transition maps. Its tangent and cotangent
bundles are denoted by T'M and T*M, respectively, and the set of
p-forms on M by QPM. Vector fields on M are denoted by X (M).
Let us also assume that I is an open interval (and sometimes also the
identity matrix). Starting from Section 3 we will also employ Einstein’s
summing convention.

2.1. Maxwell’s equations in differential forms

Suppose M is a 3-dimensional oriented manifold. Then the dynamical
Maxwell’s equations read

0B

dE = ——
ot’
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where E,H € (Q'M) x I and B,D € (Q22M) x I are the smooth

electromagnetic field quantities depending on time t € I. Also, we
assume that the constitutive equations can be written as

dH =

D = x.FE,
B = x,H,

where *. and %, are the Hodge star operators induced by time-
independent Riemannian geometries g., g, respectively [1, 2].

We always assume that E, D, B, H are real. However, we also
need complex forms, which we denote by QP(M,C). These are simply
p-forms whose component functions are possibly complex valued.
Similarly, we define 7%(M, C). Since the transition functions are real
valued, the real part R{-} of a complex form is well defined. On a
Riemannian manifold, the (complex) Hodge star operator is the linear
operator

x: QP(M,C) — Q" P(M,C)

that maps basis elements of QP(M, C) as

\/detggill1 _

*(dz" A - Nda'P) = (n—p)!

.o giplpell---lp lp+1---lndxlp+l N /\dl-l"7
where € (# ¢) is the Levi-Civita permutation symbol. Also, since g;;

is real, the R-operator commutes with the Hodge operator, that is,
x oIt = R o x. Also, on a 3-manifold, * = x~! for p =0,1,2,3.

2.2. Debye Expansion

We next perform a Debye expansion [3] in Maxwell’s equations. That
is, we assume that the electric and magnetic fields E, H are of the form

N
BE(z,t,P) = { iPo@b) ZEH £ } (1)
k=0

N
H(z,t,P) = {Zpgxtzfikxt}, (x,t)e M xI, (2)
k=0

where N > 0, P > 0 is a (large) positive constant, Ej, H; €
QYM,C)x I,and § € C®°(M x I) is a complex valued phase function.
In what follows we will only be interested in solving the phase

function. Intuitively, one can think of # as a function that determines
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how the wave propagates. For example, if F is a plane wave, then
PO = z-p—wt, so in this case 0 determines the direction of propagation.
A discussion on the role of P can be found in [6], and equations for
E;, H; are studied in [9]. Let us also point out that we do not have any
sources or boundary conditions. We only study how Gaussian beams
propagate assuming that they have been generated in some way.
Plugging the above trials into Maxwell’s equations and equating

terms of equal power (in the ﬁ variable) inside R{-} yields
conditions
00
df N HO = E *e Eo, (3)
a0
dONEy = ot *,, Ho, (4)
and for k=1,..., N — 1, conditions
00 OHj,
—de/\Ek+1— E*H Hk+1 = *NW—’_dEk’
00 OFy
dONHp 1 — — *. E = *.—— — dH}.
K+l — oy *e Lg41 * ot k

Our next aim is to derive the Hamilton-Jacobi equation (equation
12) for the phase function. This yields a sufficient condition on 6 to
solve equations (3)—(4) that does not involve Ey and Hy. The idea is
to show that @ is determined by the spectrum of a linear operator (L
in equation (6)) involving only the medium parameters. This is the
key result which makes it possible to study propagation of Gaussian
beams without solving the whole field.

With matrix notation equations (3)—(4) read

v 0 0 AT\ [ B \_ [ E
(0 *u><—d9/\f 0 ><H0>—§ Hy ) oML

where df A I is the operator a+— df A a for o € QP (M, C).
Let us define the following family of linear operators:

L:T*(M,C) — ((QL(M,C))? — (2L(M,C))?),

*: 0 0 AT
=5 2 ) (o 70" ) wemao. @
Here we have not introduced any local coordinates. Thus L(n)
and its spectrum are well defined for each n € T*(M, C).
Next we formulate equation (5) in local coordinates. For this
purpose, let z¢ be local coordinates for M on a set U C R?, and let
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U C M be the corresponding chart. Furthermore, let e, h:U x I — C?
be complex covector fields representing FEy, Hy in these coordinates,
and let us denote by 6 also the local representative 8:U — C of
0: M — C. From the argument of @ it will always be clear which 6
is meant. Then equation (5) restricted to U x I is equivalent to

e 90 [ e
L’(a:,V@)(h):E(h)onUxI, (7)
where V6 is the usual gradient in R?, and

L'(z,2) = xYx)J(2), (z,2)eUxC3,

0 zx I
J(z) = (—zx[ 0 ), z € C3,

e 0
= on U.
* ( 0 n )
Here z x I is the 3 x 3 matrix representing the mapping p — z X p for

p € C3. Also, ¢, p are the 3 x 3 matrices (defined on U) whose (4, 5):th
elements are

eV =\/detg. g¥, pY =\/detg, gi. (8)
It follows that € and p are symmetric positive definite matrices. In
fact, these are the “usual” matrices appearing in R? [19].
Let us further rewrite equation (7) in a slightly different form. For
this purpose, let us introduce M:U x C* — C®*6 and v:U x I — C3,
by

M2 = I ),
v = @ (5.

whence equation (7) is equivalent to
06
M(.CC,VH)’U:EU on U x I. 9)
If n € T*(U,C), we denote by M(n) the matrix M evaluated at

the local coordinates for 1. We also denote the spectrum of a matrix
L or a linear operator L by o(L).

Lemma 2.1 (Properties of the M matrix) Let n € T*(U,C).

(i) If n is real, then M(n) is symmetric and has real eigenvalues.
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(ii) Ifn is real and non-zero, then M(n) has four non-zero eigenvalues,
and 0 is an eigenvalue of multiplicity 2.

(iii) 0 is an eigenvalue of multiplicity at least 2, and if X is a non-zero
eigenvalue of M(n), then —\ is also an eigenvalue.

(iv) The spectra of L, L' and M coincide,

o(L(n) = o(L'(n)) = o(M(n)),
and the latter two spectra do not depend on the local coordinates.

Proof. Property (i) is immediate. For Property (ii), let (x,z) be
local coordinates for n. As x(z) is invertible, rank M(n) = 2, so
dimker M (n) = 2. Since M is symmetric, it is diagonalizable [16];
there is an orthogonal matrix R such that M(n) = R™'AR where
A is an diagonal matrix containing the eigenvalues of M (n). Thus
dimker A = 2, and 0 is an eigenvalue of multiplicity (precisely) 2, and
property (ii) follows. For property (iii), let (x,2) € U x C3, and let

A=eV2a) 2x T u~V2(2),

o= 4 5 )-

If L is an invertible 3 x 3 matrix, then

L A\ I 0 L 0 I LA
AT L )\ AT 1)V 0o L—ATL1A )\ 0 I ’

whence

whence

det(M(n) — M) = —det(ATA - \I), XeC (10)

and property (iii) follows. The first equality in the last property follows
as L'(n) is the matrix representation of L(n) in the basis (dz*, dx’). The
last equality follows since 0(AB) = o(SABS™1) = 0(SAS) when A, B
are invertible matrices and B = S? (]

Using equation (10) and the fact that roots of polynomials can
continuously be parametrized by functions that are lexicographically
ordered [17], one can prove existence of continuous functions

hy,h_:T*U,C) — C,
such that these parametrize the spectrum of L,

O'(L(’I?)) = :|:{0, h+(77)7 h— (77)}7 ne T*(u’ C),
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and hy are strictly positive on T*U \ {0}. However, the hi-functions
are not uniquely determined by L. For example, if they coincide
on a sphere in U, one can glue together an alternative continuous
parametrization of the spectrum. Nevertheless, these functions will
be important in what follows; under suitable assumptions on the
media, the functions induce Riemannian geometries and Gaussian
beams propagate along geodesics of these.

In the above we have only studied the hi-functions locally. This
should be enough for almost all practical electromagnetic applications.
Global questions about the phase function are considerably more
involved [18].

From the definitions of the hi-functions it follows that a sufficient
condition on # to be a solution to equation (5) is that [7]

00 00

a = 0, or E = :thi(d@), (11)
where the +-signs are independent. Essentially, df is the direction of
propagation. Thus if % = 0, equations (3)—(4) state that Fy, Hy are
parallel to the direction of propagation. Typically such solutions decay
exponentially. Therefore we shall not study these. The first £-sign in
equation (11) is also irrelevant as reversing time exchanges this sign.
In conclusion we have shown that the phase function 8:U x I — C can
be solved from

2 _
ot

This equation is known as the Hamilton-Jacobi equation.

h(dB). (12)

3. GAUSSIAN BEAMS

Next we study the Hamilton-Jacobi equation on a curve and assume
that the phase function is a second order polynomial on that curve.
Such phase functions will be called Gaussian beams. We shall do all the
analysis in local coordinates. However, once we have derived equations
for Gaussian beams we show that everything is coordinate independent.

Let us choose one of Ay and denote that by h. In U the Hamilton-
Jacobi equation then reads

00

E—l—h(m,V@) = 0 onUxI.

Here h is the (known) local representative h:U x C* — C of
h:T*(U,C) — C, and 6:U x I — C is the local representative of the
unknown phase function 8:U x I — C.
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Logically, we could insert Section 4 right after Section 2; it only
calculates the hi-functions for specific media. However, for a more
coherent presentation, Section 4 follows this section. Nevertheless, by
Proposition 4.3, we can assume that h? restricted to real arguments is
a smoothly varying positive definite quadratic form on 7. That is,
for some smooth positive definite 2-tensor g* on M,

hME) = 97 @)&&, e TiU,

and g;; = (¢”)~! is a Riemannian inner product on U. For the rest of
this section, we assume that h has this form for real arguments, but
by the previous section we also know that h is defined for complex
arguments. We will see that Gaussian beams do not depend on the
complex behaviour of h.

Let L: T*M — T M be the Legendre transformation given by h,

c(e) = £i(e) 2

o CETIM,

where £(¢) = ¢"(x)¢;. The inverse Legendre transformation is
L7 y) = L7 (y)da', yeTyM

where E;l(y) = gij(x)y’. Let F;k be the Christoffel symbols,

1 (0g; dgi; 0y,
Ty = 5( gzk+ 9ij gﬂc>’

oxJ  Oxk  Oxt
;‘k = girrrjka F;"k = 2;
On overlapping coordinates (%), we have transformation rules
ot . 9% OF" 07° =,
Oxi I T 9xd 9k T O dxk T

Let us introduce functions N JZ on the tangent bundle defined as [10]

NI =Tiy" (13)

We will also need the Riemann curvature tensor, with components

ory arg?

m __ 0% 9%" HF° Hx™ RP
ijk — Oxt OxJ Oxk OTP ~Vlrs®

and transformation rules R
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3.1. Gaussian Beams

Definition 3.1 (Gaussian beam) Suppose 0:U x I — C is a
smooth function, c¢:I — U is a smooth curve, and cy:1 — U is
its local representation. Furthermore, let ¢:1 — C, p:I — C3, and
H:T — C3>*3 be coefficients in the Taylor expansion of 6 on cy,

6(0) = Ofeuo). )
pilt) = oileu(®) )

2
Hlt) = 50 (eu(t), ).

Then we say that 0 corresponds to a Gaussian beam at c(t) if

p(t) = (pi(t)) is non-zero,

o(t) and p(t) are real,

The matriz H(t) = (H;j(t)) has positive definite imaginary part.

We shall also say that an electromagnetic field as in equations
(1)-(2) is a Gaussian beam on c if 6 is a Gaussian beam on ¢(t) for all
t. Let us first motivate the name and then show that the definition

does not depend on local coordinates.
If ¢,0,p, H are as above, then for (z,t) € U x I,

0w,t) = () +pi(t) 2+ 3 Hin(t) 275 + o |2,
z = z(z,t) =z —cy(t) € R (14)

To see this, fix t € I and let s(z) = (cy(t) + 2,t). The above formula
then follows by expanding 8 o s using Taylor’s theorem. Thus

|€iP9(:E,t)| ~ efP/Q 2T .QH-z (15)
As P > 0 is large, this means that a Gaussian beam decreases very
rapidly away from c(t). This motivates the name Gaussian beam and
the assumptions on ¢,p and H. The above equation also shows that
Q' H represents the “shape” of the Gaussian beam.
Transformation rules for ¢,p, H

If (') are other coordinates overlapping the (z*)-coordinates, then the
coefficients ¢, p;, H;; transform as
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. ox"
Bt = 0% o) pi),
- oz" Ox® 0%z

and Definition 3.1 is well defined.

3.2. Equations for c,¢,p, H

Suppose ¢: I — U is a smooth curve, z is as in equation (14), and
1 4
O(z,t) = o(t) + p;(t) 27 + §ij(t) 2k

is a Gaussian beam for all . Next we derive sufficient conditions on
¢,p, H for 6 to be an solution to the approximate Hamilton-Jacobi
equation

00

E(CU(t), t) + h(z, VO(cy(t),t)) = o(|z]>) onU x I. (16)
By differentiating we obtain
00 do  dod dp; A\ . 1dHj
- = o A 5 P P9 SRt LA P
ot (dt pjdt>+<dt ) e Ta
a0 ,
07 i + Hjr 2",

where ¢y = (¢!, ¢2, ¢?). It follows that

hz,VO(x,t) = h(z+cu(t),pr + Hps(t)2%)

= hi(z,1),
where h* is defined on the last line, and expanding h* yields
oh* .1 9%h* ,
— h* - J -z ik 3
h(z,VO(x,t)) = h*(0,t) + 927 (0,t) 27 + 59279k (0,t) 272" + o(|z]°).

By the chain rule,
h*(0,t) = ho~y(),

oh* oh oh
@(O,t) = @O’Y(t)%-a?ko (t)H g,
O2h*

5950t = (BH+ HBT + HCH + D),
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where v: I — U x R*\ {0} and matrices B,C, D: I — C3*3 are defined
by

) = (e(t), (1)),

9%h
k
. 9%h
J
9%h
Djk(t) 927 0F © v(t),

such that j is the row index and k is the column index. Let us denote
by vy the curve v: I — T*U induced by . Then the above equations
for B, C, D are also valid when we replace v with ;.

From the above we obtain the following sufficient conditions on
¢, ¢, p, H to solve equation (16):

dp  ded
%—pjﬁ—i—hoy_o, (17)
dp; ~ Oh oh dck
e A oy ——)Hy =0 18
dH -
~—~ +BH+HB" + HCH + D =0. (19)

dt

Hamilton equations for v = (¢, p)

Taking the imaginary part of equation (18) yields

dc? Oh
- 20
i~ og ) (20)
and combining this with equation (18) yields
dpj o oh
o o (21)

These equations are the Hamilton equations for the curve ~v:I —
U x R3\ {0}. Let us equip T*U \ {0} with the canonical symplectic
structure, and let X} € X (i) be the Hamiltonian vector field induced
by h. By basic results from symplectic geometry (see e.g., [19, 20]), it
follows that a sufficient and necessary condition for «y to solve equations
(20)—(21) is that 7 is an integral curve of X},. This is the coordinate
invariant construction for . To solve -y, we need an initial condition



Progress In Electromagnetics Research, PIER 60, 2006 277

70 € T*U \ {0}. Since 7y is real, it follows that vy is real, so p satisfies
the condition in Definition 3.1. We can normalize the initial condition
such that h(vyp) = 1. In fact, if 4y, is a solution from an initial condition
~o € T*U\ {0}, then Ay is a solution from the initial condition Ay for
A > 0. With this normalization, it follows (again by basic symplectic
geometry) that h o~ = 1 identically.

Appendix A shows that solutions to Hamilton’s equations for h
are in one to one correspondence with geodesics of g;;. In particular,
Gaussian beams propagate along geodesics.

¢ is constant

Combining equation (17) and (20) yields ‘2—t = (gk%) oy—ho~,so

¢ is constant by Euler’s theorem for homogeneous functions [19].

Riccati equation for H

It remains to analyze equation (19) which is a matrix Riccati equation.
The below proposition shows that it is uniquely solvable, and if H
satisfies the condition in Definition 3.1 at ¢ = 0, then H satisfies the
condition for all ¢.

Proposition 3.2 ([5]) Suppose Hy is a symmetric 3 X 3 matriz such
that SHy is positive definite. Then equation (19) has a unique solution
H on I such that

(i) H(0) = Ho,
(i) H is symmetric and SH is positive definite for all t.

The Riccati equation is scaling invariant with respect to the
normalization of 7. In fact, suppose H is a solution to equation (19)
on a curve v from an initial condition Hy. Then for A > 0, AH is a
solution to equation (19) on the curve Ay from AHy. This follows as C
is (—1)-homogeneous, B is 0-homogeneous, and D is 1-homogeneous.
In view of this invariance, it suffices to study equation (19) on a curve
~ satisfying h oy = 1. Let us also point out that H depends only on
h for real arguments.

Let us define

Gij(t) = Hj(t) — (TL) o Lo(t).
Then
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is a 2-tensor on ¢ with complex components (see Appendix B) and
QG = SH. In other words, by perturbing the real part of H we have
made H into a 2-tensor.

To find the equation for G, let us treat G;; as a matrix, and let
A be the symmetric matrix A;; = (F%E;l) oLo~. Then G=H — A,
and equation (19) is equivalent to

d R R X
d—f+BG+GBT+GCG+D:o,

where
B = B+AC,
. dA A .
D = D—I—E+BA+AB — ACA.

The next lemma will enable us to give a coordinate independent
equation for G. It is proven in a Riemannian setting in [5], and in a
Riemann-Finsler setting in [7] (see also [19]). An outline of the proof
(in the present Riemannian setting) is given in Appendix C.

Lemma 3.3 Assuming that ho~y =1, quantities C, and D satisfy
C7 = (¢7 —y'y)od
Dij = —Ryo¢
where ¢: I — TM is the canonical lift of ¢, and
Rij = RyPC !
By equation (B1), it follows that the equation for G is

=0.

((DC-G)U +(GCG)i; + Dij) Az @ da? "

Since each term in the parenthesis is a 2-tensor on c¢, this is a coordinate
independent equation for G. From the equations in local coordinate
we also know that from an initial condition the equation has a unique
solution.

Finally let us point out that SG defines a positive definite inner
product on Ti;) M for all t. This gives an second “geometry” induced
by an electromagnetic media. Its study would provide an interesting
topic for further study.
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4. ELECTROMAGNETIC MEDIA

As in the previous section we consider a local chart U C R3 of M,
and assume that e, :U — R3*3 are the positive definite matrices
representing the electromagnetic media on U as in equation (8). Let
us further assume that e, 4 can be written as

e=R AR, p=R'A,R onU (22)
for a smooth orthogonal matrix R:U — R3*3, and for some smooth
diagonal matrices A, = diag (e1,e2,¢e3), A, = diag (w1, p2, 13)
containing the strictly positive eigenvalues of € and pu.

Let us recall that a matrix is orthogonally diagonalizable if and
only if the matrix is symmetric [16]. In consequence, € and p can always
pointwise be diagonalized separately. Our next aim is to calculate
the hi-functions in different media. To obtain explicit, and not too
complicated expressions for x these, we assume that equation (22)
holds. Examples of media satisfying this condition are:

(i) Isotropic media where € and p depend only on two scalar functions.
(ii) e is positive definite, and p is isotropic.
(iii) p is positive definite, and ¢ is isotropic.
(iv) p and € are proportional [1].

Of these, the second class is maybe of most interest, as it can be
seen as a model for biological tissue. Namely, in biological tissue there
is no magnetic activity, but due to muscles and bones (which have a
fibred structure), € is anisotropic.

In this section we will only study the hi-functions for real
arguments (see beginning of Section 3). Let us also point out that
this section contains many algebraic computations which are most
conveniently done with a computer.

4.1. The hi-functions
If Q € R**3 is invertible and u,v € R3, then
QT (u x v) = det Q (Q 1) x (Q ).
Therefore, if € is the mapping z — £(z) = det R Rz, it follows that

M(z,z) =

<R 0 >1<A5 0 )1/2< 0 §><I> <A€ o>1/2<R 0>
0 R 0 A, —&xI 0 0 A, 0 R)



280 Dahl

If (z,2) € U xR3 and ¢ = £(2), then (using computer algebra) we
find that A € o(M(x, 2)) if and only if

N =[S €PN+ | F-€l* |V -€)1%) =0,

where

S = diag <\/e%m§ + e3m3, \/e%mg + e3m?, \/e%mg + e%m%) ,

F diag (eqes, e1es, e1e2),
N = diag (mamg, mims, mima),
€ = 1/\/6_27 m; = 1/\/ His
/- is the positive square root, and || - || is the Euclidean norm. Hence

dwuaz»\{mc:{if%vHS¢m%t¢5}, (23)

where £-signs are independent and D is the 4-homogeneous polynomial
D(z,z) = |IS-&||* — 4l|lF - €|* |V - €]

Since o(M) is real, D > 0 for all (x,2) € U x R3. Our next task is
to define h4-functions from the above spectrum as in Section 2. Since
h+ should be positive, it is clear that the first +-sign should be + for
all (z,2) € U x R3. The choice of the second =£-sign is, however, not
so clear. For example, if for fixed x € U, D vanishes on a small closed
curve of ||z|| = 1, then there are two ways to define hy and h_ inside
that curve. In the below (Lemma 4.2) we prove that D has no such
zeroes; either D vanishes identically, or it vanishes at finitely many
points on ||z|| = 1. By a topological argument (see [19]) one can then
show that for fixed x € U, the second £-sign can not depend on z. It
is therefore motivated to define

haw.2) = S5 \/IS- €12 £ VD, (@.2) €U xS

It is clear that h4 are now continuous. However, these functions are not
necessarily uniquely determined by o(M(x, z))\{0}. For example, if D
vanishes on a sphere in U, there are two ways to define the hi-functions
inside that sphere. We shall not study this somewhat problematic issue
further.

Let us point out that the hi-functions are 1-homogeneous and
hi(z,z) = 0 if and only if 2 = 0. Furthermore, the hy-functions do
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not change value under reflections in the z-variable. In particular, hi
are symmetric; h(z,z) = h(zx,—z). In general, the hy-functions are
non-convex and non-smooth. Therefore they do not induce Finsler
geometries [10]. However, in Propositions 4.3 and 4.4 we characterize
when they are Finsler geometries. This yields a negative result.
Whenever the hi-functions define Finsler geometries, the geometry
is Riemannian.

4.2. The A;;-symbols

Fori,7=1,2,3 let
A= e?mjz — e?m?.

These symbols will be central in what follows. We will show that the
h4-functions behave qualitatively differently depending on how many
of these A;;-symbols vanish. To prove this we will need two lemmas,
which rely on some alternative expressions for D:

D = AL+ ALEG + AL
+2093 0136165 — 2003126765 + 20130126565 (24)
(Ag3&} + A13&3 + A1283)% — 40120938765 (25)
= (A93E? + A1362 + No1£2)? — 4Ag A13E362 (26)
= (Qnff + A&l + A12él)? — 4813058765 (27)
The first lemma shows that if two A;;-symbols vanish, then the

third symbol also vanishes. The second lemma gives all the real zeroes
of D in &-coordinates.

Lemma 4.1 (A;;-symbols) Suppose i,j,k € {1,2,3} are distinct.
(i) If Aij = 0, then
sign A, = sign Ay,

where sign is the signum function; sign (t) = 1, sign (—t) = —1
fort >0 and sign (0) = 0.

(it) If one A;j-symbol is zero, then
VD = [Agsle] +[A13l¢5 + [ArlE. (28)

(iii) If Aij > 0 and Ajk > 0, then Ay > 0.
(i) If all Agg,Ag3, A1 are mnon-zero, then the possible sign
configurations are:
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1 2 3 4 5 6
Az |+ + + — — —
A |+ + - + — -
Ap |+ — — + + -

Proof. Property (i) follows since Ay, = (m;/m;)?Ax, Property (ii)
follows using (i) and equations (25)—(27), and property (iii) follows
by a direct calculation. Property (iv) follows since Property (iii)
implies that sign configurations Ags > 0,A3;1 > 0,A15 > 0, and
Aszo > 0,A13 > 0,As; > 0 are impossible, and all other configurations
are achieved by media e?, m? € {1,2}. O

Lemma 4.2 (Real zeroes of D)

(1) If two (or all) of the A;;-symbols are zero, then D is identically
zero.

(it) If only A;; = 0, then the zeroes of D are the line {(&1,£2,63) €
R*:¢ =0, & =0}

(i) If all A;j-symbols are non-zero, then the zeroes of D (modulo
scalings and reflections) are

(a) &= (1,0, ﬁ—fg) for sign configurations 1 and 6,

(b) £€=(0,1, —ﬁ—i;’) for sign configurations 2 and 5,
(c) &€= ( —ﬁ—;g, 1,0) for sign configurations 3 and 4.

Proof. The first two properties follow from the previous lemma. If sign
configuration 2-5 holds, then Aj9A93 < 0, and equation (25) gives two
possibilities,

&1 = 0, A& +ApREs =0,
& = 0, Aol + A3 =0.

Since we are seeking roots only modulo scaling, we can assume that
& =1 or & = 0. However, we can dismiss the latter alternative as
&9 = 0 implies that £ = 0. The choice & = 1 yields two possibilities

[ Aqg
= =1 = —
51 07 52 ’ 53 A127

Aqz
fl: A 52:1) 53:05
Ao
where we have excluded the —-branches; these can always be recovered
by reflection of the coordinates. Inspecting the signs yields roots (b)
and (c). If sign configuration 1 or 6 holds, then Ay A3 < 0, and a
similar analysis to the above gives root (a). O
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4.3. Classification of Media

Using the A;j-symbols we can divide media into three classes of
increasing complexity: 1° all symbols vanish, 2° one symbol vanishes,
or 3° none of the symbols vanish.

If two of the A;;-symbols vanish, then the third also vanishes, and

@, 2) = ho(@2) = =15 €],

Here it is clear that the hi-functions are uniquely determined from
the spectrum; the functions do not depend on the choice of the second
+-sign in equation (23).

The equivalence of (ii) and (iii) in the next lemma was proven in

[8].

Proposition 4.3 (Characterization of media I) The following are
equivalent:

(i) At least two of Aas, A1, A1o vanish for all z € U.
(i) hy =h_ on U x R3.
(i1i) The medium matrices satisfy

e=p’p (29)
for some strictly positive smooth function p:U — R.

Proof. By the previous lemma, (i) implies (ii). On the other hand, if
(ii) holds, then D is the zero polynomial, that is, by equation (24),
all A;:s are zero. If property (iii) holds, then m; = pe;, and property
(i) follows. The other direction follows using the definition of the A;-
symbols. O

Proposition 4.4 (Characterization of media II) Pointwise the
following are equivalent:

(i) At least one of Agg, A13, Ajg vanishes.
(i) The functions h% are positive definite quadratic forms of &.
(ii) hy, h_ are smooth on R3\ {0}.

(iv) h_ is convex on R3.

Proof. ((i) = (ii)) Suppose that one of Agz, A1z, Ajg is zero. (If two
of these are zero, then the third is also zero, and the claim follows.)
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Then by equation (28), we have

1
hL = §<(e§m§ + egm3 £ |Ags|)EF
+(eim3 + e3mi £ [Ags))E3
+(efm3 + e3m? £ |A12))€3).

Since e?mj? + e?m? +|A;;| is always positive, the claim follows. For the
other direction (ii) = (i), suppose that h2 are quadratic forms and all

A;; are non-zero. Then VD must be a polynomial, say, a®> = D, and
« must be of the form

a=a1&] + asé3 + asé3
for some real a;. Thus
D = i€} + a3&3 + a3€5 + 201096765 + 201036765 + 2a2a36363,

and equation (24) implies that

ajay = Ao3Aq3,
araz = —AzAq2,
agaz = A13A12.

This means that two of ajas, aias, asas are positive and one is negative.
This is a contradiction, so at least one A;; must vanish. It is clear that
(ii) = (iii). To prove (iii) = (i), suppose that hi are smooth on
R3\ {0} and all A;; are non-zero. Let us furthermore assume that
sign configuration 1 or 6 holds. (The analysis for the other cases is
completely analogous.) In view of Lemma 4.2, let

A
v(t) = (1,t,4/=2), teR,
A12

whence

VD oxy = \/12A13(4A05 + Ay3t2).

Since Ajs, Ags are non-zero, \/4A23A13 + A2;t2 > 0 is smooth, and
V2 = |t| is smooth; a contradiction. The implication (i) = (iv) is
clear. To complete the proof, let us show that (iv) = (i). Suppose
h_ is convex and all A;; are non-zero. Then we can introduce new
coordinates n = n(§) = n(z),

1 1 1

1= —— &= mm, §3 = mn&

n,
VA '
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Then .
hi(x,z) = E\/O%TI% + 1373 + a3 + VD,
where
D = i+ + 03+ 20230130705 — 20230121103 + 20130127373,
N eizm? + e?m? B e?m? + e?m% o signA--
. - - b T - 7
! Al lefm — edmi|” Y !

Let us first assume that sign configuration 1 or 6 holds. Then
n=(1,0,1) is a root for D, so let

a=(1,0,1+¢t), b=(1,0,1—1¢), te(0,1)
in n-coordinates. As h_ is convex, h_( <

by < L1h_(a) + $h_(b), so

2Vags +arz < Vags+ona(1—1)2— (2 )t
Va3 +ap(l+6)2—(2+1t)t, te(0,1),

a contradiction with Lemma 4.5. If sign configuration 2 or 5 holds,
then n = (0,1,1) is a root for D, and considering

a=(0,1,1+¢), b=(0,1,1—¢), te(0,1)

yields the result. If sign configuration 3 or 4 holds, then n = (1, 1,0)
is a root for D, and considering

a=(1+¢1,0), b=(1-1t10), te(0,1)
yields the result. [l

Lemma 4.5 (An inequality for the square root) Suppose o,y > 0.
Then there exists a t € (0,1) such that

Vat+ry1—t)2 -2 -t)t+Va+y(1+1)2 - (2+t)t <2v/a+ 7.

Proof. The claim follows by squaring the contrapositive inequality
twice with computer algebra. (]

5. GEOMETRIES INDUCED BY MEDIA

Example 5.1 (All A;;-symbols are zero) If ¢ = p?yu, then m; = pe;
and

hi(z,z) = p||diag (ezes, eres,e1e2) - £||.
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In particular, if the medium is isotropic, that is, €1 = g9 = e3,
p1 = p2 = pi3, then
1
hi(z,2) = h_(2,2) = ———=|2l|.
er(z)pr(z)
H ize the “ph locity” ——L—— which i
ere we can recognize the “phase velocity OOk which is now

a function of x € U. O

Example 5.2 (One A;;-symbol is zero) Suppose Asz = 0, and
A1, A13 > 0. Then
hi(z,z) = |diag (eams,e1ms,eima) - &||,
h_(z,z) = |diag (e3ma,esmq,eamy) - &||.
In particular, if Ac = (e1,€2,€2), Ay = (1, po2, p12), then
hi(z,z) = maldiag (e2,e1,e1) - |l
h_(:v,z) = 62”diag (m27m17m1) f”

These expressions are somewhat surprising; the order of e; and eo
are reversed. Another interesting special case is A. = (e1,€2,€2),

AM = (:ulaula/”’l)a whence
hi(z,z) = mal/diag (e2,e1,e1) &,
h(z,2) = mie|z]|.

In other words, if there is no magnetic anisotropy, then h_ will be a
scaled Fuclidean norm. O

Example 5.3 (All A;j-symbols are non-zero) If all A;j-symbols
are non-zero, then the h4-functions are non-convex and non-smooth.
In Figure 1, hy are plotted in mediam; = 1,1 =3,e5 = 2,e1 =1,
whence all A;; > 0. The first figure shows that both functions have a
| - |-singularity in the y = 0 plane. From the figures we also see that
h_ is not convex. O

Example 5.4 (Induced Riemannian geometries) In isotropic
media the induced Riemann geometry is

9+,ij(w) = er(z)p1(2) ;5.
and in the media of Example 5.2,
giij(z,2) = (R diag (eap3,e1p3,€102) - R)ij,
g—ij(z,z) = (R -diag (e3p2,e311, €2101) - R)ij.
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Figure 1. Cross sections of unit spheres of hy (solid line) and h_
(dashed line) in the (z > 0, y > 0)-quadrant for different values of y.
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APPENDIX A. HAMILTON EQUATIONS AND
GEODESICS

Let us first derive some identities we shall need in Appendix A and C.

Using 397; = Dyji + Tjir and the identity (A1) = —A71A’A™!
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for the derivative of an inverse matrix we obtain:

oLy ;

gar = Wige +Tyan)y', (A1)

oLI )

i — "™ (Cpmk + Dotie) £, (A2)

oL : oL;!

= gk ) _ 4.

agk; g, ayk gjk) (AS)
2

% — T, LML, (A4)
oh 1

Gk = T LmaL™LY o EF#0, (A5)
on 1.,

I E[’ ) £#0. (A6)

The last identity implies that if v = (¢,p) is a solution to
Hamilton’s equations with h o v =1, then

dc’

dt

Proposition A.5 If v = (¢,p) is a solution to Hamilton’s equations

such that hoy =1, then c is a pathlength parametrized geodesic, i.e.,

=L'oy, or é=Lon. (A7)

d?ct i dc? dc*
P T (48)
dct dcd
i g — b (A9)

Conversely, if ¢ is a pathlength parametrized geodesic, then v = L 1 o¢
solves Hamilton’s equations and ho~vy = 1.

Proof. In the first claim, gij%‘f% =1 follows from equation (A7), and
equation (A8) follows by differentiating % = L' o~. For the other

claim, let p; = C;l o¢ = gy occfd—il. Then v = (¢,p), and hoy = 1.

Equation (20) follows by expanding its right hand side, and equation

(21) follows since both sides expand to T’ ijkcé—f%. O

APPENDIX B. COMPLEX TENSORS ON A CURVE

Let ¥(M,C) (k = 1,2,...) be the space of complex k-tensors on
M. That is, an element in £¥(M,C) is a smooth mapping taking a
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point € M into a complex k-tensor in T)(M,C) ® --- ® Tx(M,C).
If :I — M is a smooth curve on M, then by a smooth k-tensor
(k = 1,2,...) on ¢ we mean a smooth mapping a:I — &E¥(M,C)
such that m o &« = ¢ on I, where m is the canonical projection
ﬂ'igk(M, C) — M. Then locally there are smooth functions oy, i,
such that

a(t) = aiy..q () da" @ - @ dz™)
c(t)
where (2%) are local coordinates near c(t). A O-tensor on c is just a
function I — C. '

Suppose M is a Riemannian manifold and N; is defined as in
equation (13). Then the covariant derivative D, for tensors on a curve
c is the linear mapping that takes k-tensors on ¢ into k-tensors on c
defined as follows. For a function f:1 — C, D.f = Z—Jz, and for a
1-tensor o = a;dz’ on ¢,

doy . )
Dea = (% —a,NJ o c> dz’|..

What is more, if o, 6 are smooth p- and g¢-tensors on ¢, then
Di(a® B) = (Dir) ® B+ a @ (Dep).

From the transformation properties of Fé-k, it follows that D is
well defined. ' '
For example, if G(t) = Gj;(t) da' ® dz’| ;) is a 2-tensor, then

(B1)

c

dGl ~ . . .
D:.G = ( dt] —GiTN]roc—NfocGrj> dr' ® dx?

APPENDIX C. PROOF OF LEMMA 3.3

In the below proof we shall make heavy use of identities (A1)—(A6)
and the assumption h oy = 1. Let us also simplify the notation and
write v when we mean ;. Let us also assume that in local coordinates
v = (¢,p). For C* we then have

. 0 1 .
vy - —rj
C o <h£)o'y

= (g7 —y'y’) o¢,

and the first claim follows. By the definition R;;, we have

oN™  oI'™ B
R = ( o oV N — N;T;) c,t.
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Since

Bl = (=N] - gThLyt + NeLyT) o

(2

it follows that

Next we expand each term in D. For D;; we obtain

~ 555 (rmEnc) oy

- Oad
ONI™
ol

= - KN;%N;’%;l + — NiT? — g"'T; Fm.c;l) ﬁ—l] o ¢é.

n- gr m

Using that c is a geodesic yields

dAij ory 1
= s L N™TS. 5
dt [( oxs y + N Loy |oé

and the last three terms in D are

(BA+ABT)y; = [(=NTY = NI, o é,

m

(ACA)i; = [(=NINJ'L + gV T, 0Lt £t oe.

in- jr~s m

Substituting all these expressions into D yields the result. O
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