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WIGNER MEASURES OF ELECTROMAGNETIC WAVES IN
HETEROGENEOUS BIANISOTROPIC MEDIA

JEAN-LUC AKIAN AND ERIC SAVIN

ABSTRACT. We study the propagation of high-frequency electromagnetic waves
in randomly heterogeneous bianisotropic media with dissipative properties.
For that purpose we consider randomly fluctuating optical responses of such
media with correlation lengths comparable to the typical wavelength of the
waves. Although the fluctuations are weak, they induce multiple scattering
over long propagation times and/or distances such that the waves end up
travelling in many different directions with mixed polarizations. We derive
the dispersion and evolution properties of the Wigner measure of the elec-
tromagnetic fields, which describes their angularly-resolved energy density in
this propagation regime. The analysis starts from Maxwell’s equations with
general constitutive equations. We first ignore the random fluctuations of the
optical response and obtain uncoupled transport equations for the components
of the Wigner measure on the different propagation modes (polarizations).
Then we use a multi-scale expansion of the Wigner mesure to obtain the ra-
diative transfer equations satisfied by these components when the fluctuations
are no longer ignored. The radiative transfer equations are coupled through
their collisional parts, which account for the scattering of waves by the random
fluctuations and their possible changes in polarization. The collisional kernels
describing these processes depend on the power and cross-power spectral densi-
ties of the fluctuations at the wavelength scale. The overall derivation is based
on the interpretation of Wigner transforms and Wigner measures in terms of
semiclassical pseudo-differential operators in their standard quantization.

1. INTRODUCTION

The analysis of electromagnetic wave propagation in complex, heterogeneous
media has relevance to a wide range of engineering applications, including radar
imaging and remote sensing [49], optical imaging [13], atmospheric physics [30], or
communications [25], among others. As the complexity of the propagation media
can not be known exactly but only assessed in a statistical sense, we model their
inhomogeneities (or imperfections) as random fields and thus consider Maxwell’s
equations with randomly fluctuating electromagnetic parameters. This approach
pertains to waveguides filled with dielectric materials having numerous imperfec-
tions, atmospheres and clouds, colloidal suspensions, biological tissues, or plasmas,
which is the type of media we have more particularly in mind here.

Asymptotic methods can be used to characterize both quantitatively and qual-
itatively the wave fields when some explicit scales can be identified and separated
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2 J.-L. AKIAN AND E. SAVIN

to describe the corresponding propagation regimes [3,46,48]. Recent mathematical
works on electromagnetic waves in random media have considered layered half-
spaces [22], waveguides [4], or beam propagation in open environments [11], for
example. In these works a preferred direction of propagation can be identified, and
the electromagnetic field can be decomposed into plane wave components trans-
verse to that direction. Their amplitudes are random fields of which evolution is
driven by the random fluctuations of the dielectric parameters and can be studied
in different asymptotic regimes. For example, the cumulative scattering effects in-
duced by weak inhomogeneities at large distances of propagation in a waveguide or
a beam are typically manifested in the exponential decay of the average fields, the
enhancement of their random fluctuations, and depolarization.

We rather investigate in this paper the situation where no preferred direction of
propagation can be identified beforehand as waves travel in open random media.
The wavelength and the correlation length of the random fluctuations of the elec-
tromagnetic parameters are small and comparable, while the propagation distance
and/or time lapse are large. The amplitude of the random fluctuations is also weak.
This high-frequency scaling is of interest if the objective is for instance to probe
some inhomogeneities from remote sensors. In this setting, waves are multiply scat-
tered by the inhomogeneities as they travel in all directions, and their polarization
and phase get randomized. It is then known that the energy density is the relevant
quantity to focus on, and that it can be evaluated from the Wigner transform of
the wave field and its non-negative high-frequency limit measure-the Wigner mea-
sure [23,36,38,54]. The evolution of the Wigner measure is described by radiative
transfer equations [15, 30,39, 52] with linear collisional operators of which kernels
depend on the correlation structure of the inhomogeneities [9,47]. Actually, the sole
information needed to account for the fluctuations of the electromagnetic param-
eters is their power spectral densities, i.e. the spatial Fourier transforms of their
auto-correlation functions. These radiative transfer equations for electromagnetic
vector waves were already derived in [40,47] for random fluctuations in isotropic
media, and subsequently in [18,19] for random fluctuations in bianisotropic media
with homogeneous mean background parameters and no dissipation. Our aim is
to extend these results to more general constitutive equations, for heterogeneous
materials with dispersive and dissipative properties.

Radiative transfer equations have a geometrical interpretation [34] notably in
terms of bicharacteristic rays that is, rays in phase space, which parallels classical
asymptotic ray methods [7,32]. The latter are applicable to synthetic aperture
radar (SAR) simulation for example [6], including the investigation of multipath
and vibration signatures in radar imaging and remote sensing or the computation
of antenna transfer functions in heterogeneous media whenever the approximations
of geometrical optics hold. Ray tracing solvers are needed in this respect [24].
One of the possible applications of this research concerns the development of ray
tracing algorithms in phase space for complex media such as plasmas [51]. Ray
tracing has been intensively developed in the last decade in the context of computer
graphics [28,42], notably, and one also expects that the application programming
interfaces that have been implemented in the video game industry, among others,
could be used in the context of computational electromagnetics alike.

The rest of the paper is organized as follows. In Sect. 2 we introduce the basic
physical framework and notations used throughout, and we summarize our main
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results. The relevance of considering a Wigner transform and its non-negative limit
measure for the analysis of high-frequency wave propagation phenomena is empha-
sized. We first consider the transport regime in the absence of fluctuations of the
optical response that models instantaneous effects, and then the radiative transfer
regime when weak random fluctuations are taken into account. The detailed deriva-
tion of the transport equations is outlined in Sect. 3, and the detailed derivation of
the radiative transfer equations is outlined in Sect. 4. We use pseudo-differential cal-
culus and the interpretation of Wigner transforms in terms of semiclassical pseudo-
differential operators, choosing the same quantization for both of them. We argue
that this choice clarifies the analyses as compared to other approaches where the
Wigner transforms and the operators have different quantizations. A summary and
outlook are finally drawn in Sect. 5.

2. MAXWELL’S EQUATIONS IN BIANISOTROPIC MEDIA AND MAIN RESULTS

2.1. Physical setting. We wish to analyze high-frequency electromagnetic wave
propagation phenomena in general heterogeneous, bianisotropic dielectric media.
The Ampere and Faraday laws read:

oD 0B
(1) 3t_VXH J, T V x E,
where B is the magnetic flux density, D is the electric flux density, or electric
displacement field, FE is the electric field, H is the magnetic field, and J is the
density of electric current. Taking the divergence of Eq. (1) the fluxes are subjected

to Gauss laws:
(2) V-D=p, V-B=0,

for p being the density of electric charge, which is then related to the current by
the equation of continuity of charge:

dp B
a%—V.JfO.

Here we consider open media in R3 with no external charge (p = 0) and no external
current (J = 0). Besides, Gauss laws hold for all times provided that they hold at
some initial time. The Ampere and Faraday laws are supplemented with constitu-
tive equations for general linear dispersive media with the properties of causality,
time-invariance, and locality (see e.g. [14,29,31]), which read:

D(z,t) = eo(®)E(z,t) + (€2 E)(x,1) + §o (@) H (2, 1) + (§q « H) (=, 1) ,
B(x,t) = Co(z)E(z, 1) + (Cq % E) (2, 1) + po(@) H (2, 1) + (g H)(, 1),

where €y () is the spatially variable permittivity tensor, u,(x) is the spatially vari-
able permeability tensor, and &,(x) and {,(x) are spatially variable magnetoelectric
tensors. Also x stands for the time convolution product:

(egx E)(x,t) = /0 ez, 7)E(x,t — 7)dr

with similar expressions for the other terms. In Eq. (3) P = €4 % E stands for
the polarization field and M = pg 1([,Ld * H) stands for the magnetization field,
but these constitutive equations also account for coupled magnetoelectric effects
through the magnetoelectric tensors. Here we consider the subclass of bianisotropic
materials for which the following symmetry relationships hold: ¢, = &g, i.e. the
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conjugate transpose of £y; and €y = €, py = py. These symmetry conditions
reduce the number of independent constitutive parameters in €g, p,, and &, to 21.

Now plugging Eq. (3) into Eq. (1), we arrive at Maxwell’s 6 x 6 system for the
electric field E and magnetic field H:

o glle Bl B @)l ) -

where I is the 3 x 3 identity matrix. We introduce the following matrices of elec-
tromagnetic tensors:

_ 60(-'3) £0(w) _ ed(w7t) 5d($7t)

o i =@ B0 Ken=[E0) HE]

K is called the optical response, or (generalized) susceptibility tensor, and models
instantaneous effects, while K, is called the (generalized) susceptibility kernel,
and models memory as well as dissipation effects [29,31]. We assume throughout
the paper that K, which is Hermitian, is also positive definite, as in [18,19]. A
negative definite optical response gives rise to a negative index of refraction, as in
metamaterials [53].

Example 1. An isotropic, lossless medium is Ko(x) = diag(eo(x)I, po(x)I) and
K, = 0. A chiral medium is a reciprocal bi-isotropic medium with €y = €ol,
o = tol, and a purely imaginary magnetoelectric tensor &, = i&I, where ¢y and
Lo are the permittivity and permeability constants, and & € R is the magnetoelectric
constant. An example of a dissipative, local homogeneous material (in the termi-
nology of [14]) is the Lorentz model with damping in [45] with:

. 601 0 = o Ed(w)I 0
(©) Ko= { 0 MOI} » Kalw) = [ o o]’
where €4(w) = % is the susceptibility (in frequency domain), wp, is the
—w*Hiwl'+wg 9 Ne? . 7
plasma frequency such that w, = s s Wo iS @ characteristic frequency for the

motion of an electron with mass m and charge e, N is the electron density, and
I’ is a damping loss rate. The Fourier transform in time domain is Kg(w) =
Jee @t K 4(t)dt. Drude material is T = 0 and wy = 0. Other examples are de-
scribed in e.g. [14,18, 19, 31].

We then introduce the scalar product (u,v) = (Kou)*v = u*Kov (for Kj =
K where K stands for the conjugate transpose of Kj), and the electromagnetic
energy density £(x,t) and the energy flow density (Poynting vector) F(x,t):

- 1{(5)-(5))

%E(ax, 1) eo(2) E(w, t) + %H(m,t)*uo(w)H(w,t)
+ Re{ B, )&y (x)H (@,1)} |
F(x,t) = E(x,t) x H(x,t),

such that in the undamped case K 4(x,t) = 0:

o0& d
EJrV-]:—O, a/é‘(w,t)dwfo.

The conservation law above establishes how the energy density is spread in space,
but it does not describe how it propagates. Our main objective in this paper is to

—~
EN|
~
|
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describe how this quantity evolves both in space and direction for high-frequency
waves induced by, say, strongly oscillating initial conditions, and for a randomly
fluctuating optical response and a non-vanishing susceptibility kernel K 4. In the
next section we show how this goal can be achieved using Wigner transforms of the
wave fields and their high-frequency limits. We illustrate it with the wave equation
with constant speed, before we turn to Maxwell’s system (4) and state our main
results in Sect. 2.3.

2.2. High-frequency limit and Wigner transform. Maxwell’s equations (4)
are subjected to highly oscillating initial data for the electromagnetic field v =
(E,H) at t = 0. Consider for example the WKB form [21, 23,50]:

(8) u(x,0) = uXVKB(a:) = Re{us(z) eésl(w)} ,

where u; is a square integrable function on R3; S; is an integrable scalar function
on R3 (at least locally), as well as its derivative V;Sr; and Re stands for the
real part. The small parameter € represents the typical wavelength of oscillations
of these data. These oscillations are inherited by the actual electromagnetic field
u(x,t) satisfying (4) at all times, which prevents it from converging nicely as the
wavelength e gets smaller and smaller in the high-frequency limit. A way to tackle
this shortcoming is to consider quadratic observables of u instead, as emphasized
in e.g. [1,8-10,26,27,44,47] for different types of waves. In particular, the Wigner
transform [23, 36, 38, 54] of the solutions of Eq. (4) shall be considered since its
evolution in the limit ¢ — 0 can be derived explicitly. It provides a phase space
description of how the associated energy density propagates in this very limit. The
advantages of this approach over more classical methods such as the WKB method,
which is suggested by the type of data (8), are discussed in [21,50] for example.
Notably, the Wigner transform needs much lower regularity assumptions on u; and
St than in the WKB method, and evades the singularities (focal points or caustics)
that can develop in finite times with the latter method.

Let ¢ € [0,1]. For temperate distributions w,v defined on R™, the Wigner
transform is:

1
(2m)™

0 Wluol@k) = g [ Vule s -0y’ (@ +0y) dy.

We denote by W [u] := W?[u, u] the self Wigner transform of u. Now let (u.) be a
bounded sequence in L?(R™), the set of square integrable functions defined on R™.
Then it can be shown that, up to extracting a subsequence if need be, W? [u.] has
a weak limit (in the sense of temperate distribution) as € — 0 which is independent
of the choice of ¥ in Eq. (9). Also if Wu,] is such a limit, it is a non-negative,
Hermitian matrix-valued measure. These results are detailed in e.g. [23,54]. Here
the notation of [23, p. 330] is used for the limit W (independent of ¢) of the family
(u:) (dependent of &) but clearly the measure Wu.] is independent of e. The
scalar Wigner measure is the trace of the latter Wu.] = Tr W[u,] and can be
directly related to the energy density of the sequence (u.) in the high-frequency
limit. Taking the Wigner transform of the sequence of WKB data (8) for example,
one obtains:

W [ul P (z, k) = ur(z)uj(@)d(k — VaSi(x)),
WuP)(z, k) = |ur(@)[*6(k — VaSi(x)).
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If these data are propagated by the wave equation in R? with constant speed c:
1 0%u,
2 ot?

8;? (2,0) = ulV¥B(x), xcR3,

then for ¢ > 0 Kirchhoff’s formula yields [17, §2.4]:
dQx(p)

uc(x,t) = /2 tuY KB (x — cpt) yr
s

where 52 is the unit sphere of R? centered at 0, and d(Q is its surface differential
element. The scalar Wigner measure of u.(-,t) reads [23, §3.3]:

—Au. =0, zcR? t>0,

ue(xvo) =0,

Wu](x, k, t) = % > Jur(@ + ackt)P6(k — V. Si(x + ackt))
a=+

with the usual notation k = % for k # 0. It provides a characterization of the
evolution of the associated energy density both in space and direction. Because of
the assumed low regularity of u; and Sj, a classical WKB method could not be
used with these data. Note that more general data can be considered as well as
shown in [23].

2.3. Main results. We derive the Wigner measure W of the high-frequency elec-
tromagnetic field w which obeys Maxwell’s 6 x 6 system (4) when the optical re-
sponse K exhibits in addition random fluctuations. That is:

(10) % (K(m)u(m, t)+ /0 Ki(x, m)u(x,t — T)dT) + M(V)u(x,t) =0

for ,t € O x R% in some open domain O C R3 and for highly oscillating initial
conditions at ¢t = 0 characterized by the small scale ¢ < 1. Here:
0 —Q(k)
Q(k) 0
is the symmetric Maxwell operator for €2(k) being the skew-symmetric matrix such

that Q(k)a = k x a for any vector a € C3. Also the actual optical response K ()
reads:

(1) M) - |

K(z) = Ko(z) [I +oV (Zc)] :

where the dimensionless random matrix V represents random fluctuations of the
optical response K of the background medium, and is such that KoV = V*K
to preserve the Hermiticity of the actual optical response K. It is assumed that
(V(y), y € R?) is a second-order, mean-square homogeneous (spatially stationary)
random field with zero mean E{V (y)} = 0 and integrable fourth-order autocorre-
lation tensor R such that:
(12 R-y)=EV@eVE)) = [ 0 Rk,

R3
where E {-} stands for the mathematical expectation, or average. The second equal-
ity above stems from Bochner’s theorem and the fact that y — R(y) is positive
semi-definite. The power spectral density of that random field is the matrix:

(271r)3 /R3 e *Y R(y)dy

(13) R(k) =
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which is positive. The autocorrelation tensor is normalized such that [, R(y)dy =
O(1) and R(0) = O(1). The length scale £, is the correlation length and the
dimensionless scalar ¢ > 0 quantifies the amplitude of the fluctuations. These
parameters are of the same order for all correlations of the fluctuations in the
proposed model.

At first, the random fluctuations of the optical response are disregarded, setting
o =0. Let:

Lo(x, k) = Kq ' (z)M(k),

(14) vy
Li(z,w) =iwK, (x)K4(x,w),

where /IEd(w,w) is the Fourier transform of K 4(x,t) with respect to t. Lg being
symmetric for the scalar product (-), let us introduce the eigen-expansion:

(15) Lo=) wel,

where IT, is the projector on the a-th eigen-subspace with associated real eigenvalue
Wq, such that Za II, = I and K(II, = II;,Ko. The right eigenvectors b, =
(b(ll,...bé) are such that (by,bg) = (Koba)*b,g = apl 4, where A is the order
of multiplicity of the a-th eigenvalue and I4 is the A x A identity matrix; also
> A = 6. Letting ¢, = Kb, be the left eigenvectors, one has therefore:

Lob, = wyb,, ,
(16) c Ly =w,c,,
IT, = b,c), .
Then it is shown that:
(17) W => 6w+ wa)Wa,

where W, = II,W = WII, = II,WIL, are 6 x 6 matrix-valued measures for
each mode of propagation «.
Alternatively W may be written:

(18) W =) 5w+ wa)bawaby, ,

where w,, = ¢, W,c, are A x A matrix-valued measures. In Sect. 3, the latter are
shown to satisfy the transport equations:

(19) OwWo + {Wa, Wa  + laWa + Wollh + ToWo — Womtg =0,

where {wa, Wao} = Viws - Vews — Vaw, - View, stands for the usual Poisson
bracket, n, is a A x A skew-symmetric matrix given below by Eq. (44), and £, =
c; L1b,. Taking the trace of Eq. (19) yields:

Opweo, + {Wa, Wo } +2Tr(Liwy) =0,
where w, = Trw, = Tr(Ko W), and £, = %(Za + £} is the symmetric part of
£,. The high-frequency energy density and Poynting vector (7) are then:
1 1
Ex,t)== | Tr(Ko(x)W(z, k,t)dk = = Z/ we(z, k, t)dk
o) 2 Js 22 Jys
20

1 1
F(x,t) = 3 /L, Tr(VieM (k)W (z, k, t))dk = 5 Z/]RS W (x, k, 1) Viwadk .
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The evolution of the energy density and flow in phase space are thus described
by >, wa which can also select the different modes of propagation. We observe
however from Eq. (14) with Eq. (11), that wp = 0 (o = ”07) is always an eigenvalue
of Ly with multiplicity A = 2 and eigenvectors (k,0) and (0, k) for k # 0. This
mode is non propagative, though.

Secondly, we analyze the influence of random fluctuations of the optical response
K of the background medium by setting o > 0. We consider the scattering regime
where /. is of the order of the typical wavelength A, which is the scale of variation
of the strongly oscillating initial data, i.e. it is small with respect to the typical
propagation distance L:

le A
21 —_ " = =
(21) TN =¢
Besides, the amplitude of fluctuations is also small with the scaling:
14
22 E S
(2) ot

For a large distance of propagation L the electromagnetic waves are multiply scat-
tered by the fluctuations of the background medium and their energy is spread
over many directions of propagation. Considering these fluctuations, it is shown
in Sect. 4 that the transport equations (19) are modified to the coupled radiative
transfer equations:

(23) O Wo + {Wa, Wa} + (ba + o) Wao + Wa(lo + 20)" + NoWs — Wang,

= ;/}RS d(wp(x,p) — wo(z, k))ous(x, k,p) : wa(z,p,t)dp,

where 0,4 is a linear operator called differential scattering cross-section, and X,
is a A x A matrix called total scattering cross-section. They are explicitly given
in terms of the power spectral density matrix (13) of the random fluctuations V'
(see Eq. (72) and Eq. (73), respectively). The A x A x B x B tensor oqs(x, k, p)
describes how, in the multiple scattering process, the B x B matrix wg for the
mode § with multiplicity B in the direction p is locally converted to the A x A
matrix w, for the mode o with multiplicity A in the direction k:

(0as(@ kD) : Wa(@,p, o = > [Gap(@, k. D)]aarer [Ws (@, P, )by
1<b,b'<B

for 1 < a,a’ < A. The A x A matrix 3, (x, k) describes how the matrix w, in
the direction k is locally converted to all other modes 8 and directions. Lastly, the
Dirac measure in the integral indicates that scattering occurs with possible mode
conversion whenever for some directions p and k one has wg(x,p) = wq(x, k).
This includes the situation when no mode conversion occurs, & = 3, and w, has
locally the same value for possibly two different directions. For an isotropic, lossless
background medium with Ko(x) = diag(eo(x)I, uo(x)I) for example, one has three
modes each of multiplicity 2 with eigenvalues wy = 0 (non propagative), wy (x, k) =
+co(x)|k|, and wo(x, k) = —co(x)|k|, where co = 1/\/€opuo [47]. Our results (19)
and (23) generalize [47] to general bianisotropic dielectric media, and [18,19] to the
situation where these media are in addition heterogeneous and dissipative.

We now turn to the detailed analysis of the high-frequency limit ¢ — 0 of
Eq. (10) and how these results are derived. For that purpose, we use a classical
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pseudo-differential calculus, which also contributes to significantly simplify these
derivations.

3. TRANSPORT OF HIGH-FREQUENCY ELECTROMAGNETIC WAVES IN
BIANISOTROPIC MEDIA

In this section the transport equations (19) for bianisotropic dielectric media are
first derived. They describe the evolution of the high-frequency electromagnetic
energy density without random fluctuations of the optical response. As illustrated
in Sect. 2.2, the high-frequency limit € — 0 in the previous setting shall be derived
for quadratic observables of the electromagnetic field w. More particularly, we in-
troduce the spatio-temporal Wigner transform of that field and its high-frequency
limit, i.e. its Wigner measure, as in e.g. [2]. This is because the spatial and tem-
poral scales in Maxwell’s system (10) play symmetric roles, and their oscillations
should be accounted for altogether. The main objective here is to outline the (for-
mal) mathematical tools used for the derivation of the Wigner measure’s properties.
They will prove useful in the subsequent Sect. 4 where the effects of the random
fluctuations of the optical response will be considered. The analysis is derived
from [23], where first-order hyperbolic systems with constant and slowly varying
coefficients are addressed, [1], where arbitrary order hyperbolic systems with slowly
varying coefficients are addressed, and [2], where time-varying random media and
consistent pseudo-differential calculus and Wigner transforms with a single quanti-
zation are used. In this way we first recall in Sect. 3.1 how Wigner transforms are
linked to semi-classical pseudo-differential operators [38,54]. Then writing (10) as
a semi-classical operator applied to a rescaled version of the electromagnetic field w
in Sect. 3.2, the dispersion properties of the Wigner measure (related to the Stokes
parameters of the electromagnetic waves) are derived in Sect. 3.3, and the transport
equations (19) are obtained Sect. 3.4.

3.1. Semi-classical operators and Wigner measure. From now on let us intro-
duce the space-time variable s = (z,t) € O xR and its dual variable £ = (k,w) € R*
in the wave vector-frequency Fourier domain. Let L be a smooth, compactly
supported real matrix-valued function of both the space-time variable s and im-
pulse variable &. For a vector field u in L?(R*) endowed with the scalar product
(w,v) > = [za u(s) - T(s) ds where T stands for complex conjugation, consider the
(semiclassical) pseudo-differential operator:

1 .
(24) LY(s,eD)u(s) = 7/ T L((1 - 9)s + I7, c€)u(r) drdE
(2m)* Jraxpe
for ¥ € [0,1]. This parameter defines the so-called quantization of the operator LY.
The case ¥ = 0 corresponds to the standard quantization. It is simply denoted by
L(s,eD) such that:

(25) L(s,eD)u(s) =

(271r)4 /]R4 ¢'®® L(s,e8)u() dg,
where:

u(é) = e €% y(s)ds
(26) © = [ e ul

stands for the space-time Fourier transform of u(s). The case ¢ = 1/2 corresponds
to Weyl quantization, which is usually denoted by L' (s,<D).
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Now let u, v be temperate distributions defined on R* and let W7 [u, v](s, £) be
their Wigner transform (9) (with m = 4 here). Then one has the trace formula [23]:

(27) (Lﬂ(s7 eD)u, 'u) =Tr L(s, &)W’ [u,v|(ds,d¢).

L2 R4 x R4
For a sequence (u.) uniformly bounded in L?(R%), one can establish in particular
that there exists a positive measure Wu,| such that, up to extracting a subse-
quence if need be (see e.g. [54, Theorem 5.2)):

e—0

. 9 _
(%) i (L(s,eD)u.,u.) | = ﬂA4XR4L(s,5)W[uE}(ds,dg), VL,

independently of the quantization 9. We thus recover the Wigner measure W [u,]
of (u.) invoked in Sect. 2.2, which can also be interpreted as the weak limit of its
self Wigner transform W_f_[us, ue] := WP[u.]. Tt describes the limit energy density
of the sequence (u.) in the phase space R% x Ré. The observable L(s, &) is used
to select any quadratic observable or quantity of interest associated to this energy:
the kinetic energy, or the free energy, or the Poynting vector as in Eq. (20) for
example.

Next, we recall some formulas of pseudo-differential calculus which involve Wigner
transforms and semiclassical pseudo-differential operators. In [8] for example,
varjous formal rules of pseudo-differential calculus were given for quantities like
W Z[L(x,eDg)u.,v.], mixing the quantization chosen for the Wigner transform
(9) (¥ = 3) and the standard quantization of the semiclassical operator L(x,eDg)
(9 = 0). These formulas have been revisited in [2] using the same standard quan-
tization for both the Wigner transforms and pseudo-differential operators, which
seems more natural in view of the trace formula (27). They also contribute to sig-
nificantly simplify the calculations below. They are recalled here, extending slightly
the results of [2] for scalar-valued Wigner transforms to matrix-valued Wigner trans-
forms. The proofs are straightforward applications of the proofs in [2, Appendix
B| for the scalar case. For the chosen standard quantization ¥ = 0, the Wigner
transform (9) reads:

1

(29) W.lu.,v](s,§) = (@n? /R4 €T u (s —eT)vi(s)dT,

dropping the superscript ¢ from now on. The self Wigner transform W _[u., u.]| is
denoted by W [u,], as implicitly done in Eq. (28). Let L(s, §) be a smooth matrix-
valued function defined on R% x R‘é of which derivatives increase only slowlyi and
recall the notation of Eq. (25) for the operator L(s,eD) with © = 0. Then one has:

(30) W.[L(s,eD)u.,v.] = L (s,&) W.[u.,v.] — ?VSL VW [u., v.]

- § (Ve VeL) Wlug,v.] + O(c2),

IThat is, L satisfy for some m > 0 [23, Prop. 1.8]:

|8§a§L(375)| < Cap(l+€)™, Va,BeNt.
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(31)
W [uc, L(s,eD)v.] = (L(s,& — eD)W [u.,v.])"

= W_[u.,v.]L"(s,£) — ?vsws[us, v.] - VeL* +0(e2).

Here V,A - V¢B = V,A - VB + 0,A0,B, and the differential operator eD
within the observable L acts on W _[u., v.] so that:

L(s,§ —cD)W_[u.,v.|(s,§) = ﬁ /R4 elns L(s, &— 5n)ﬁ\/g[u5,vg](n7£)dn,

where W . [uc,v.](n,§) is the Fourier transform (26) of W_[uc,v.](s,&) with re-
spect to the space-time variable s.

3.2. Maxwell’s equations as a semiclassical operator. Here Eq. (10) is con-
veniently written as a pseudo-differential operator for the derivation of the high-
frequency regime ¢ — 0. We consider slowly varying materials characterized by the
Hermitian optical response K(x) which is independent of the small parameter &
and we ignore its random fluctuations for the time being (¢ = 0). Premultiplying
it by £, Maxwell’s system (4) reads:

(32) L.(s,eDg)u. =0, s=(x,t) € O xR,

where Dg = (D, Dy) for D, = %Vw, D; = %@- The pseudo-differential operator
L. is given by:

(33) L.(s.8) = wI + Lo(@, k) + - Li(2,w).

where the 6 x 6 matrices Lo(x, k) and Li(x,w) are given by Eq. (14), and the
symmetric Maxwell operator M (k) is given by Eq. (11). In Eq. (33) it is assumed
that the rescaled susceptibility kernel K ; acts as:

t
(Kg*ue)(x,t) = / K, (ac, g) u.(x,t —7)dr.
0
A similar model is adopted in e.g. [35]. Also u.(x,t) stands for the electromagnetic
field satisfying Eq. (32) for highly oscillating initial conditions characterized by the
small scale e. We derive its Wigner measure and its evolution properties inside
O in the subsequent subsections, ignoring boundary effects for now. They can be
addressed as in [1] for example, at least for the hyperbolic-elliptic set.

Remark 1. All derivations involving the Wigner transforms and Wigner measures
of (u) in the subsequent Sect. 8.8 and Sect. 3.4 are formal. They can be made rig-
orous as follows. For all s € O x R, let U be an open set such that UcOx R*,
sclU, and let ¢ € C5°(O x RY) with ¢ =1 on U. Multiplying Eq. (32) by ¢, we
obtain an alternative equation where u. is replaced by pue, with additional terms.
The Wigner measures related to these additional terms are concentrated outside U
because of the semiclassical pseudo-differential calculus [54, Theorem 4.24]. Be-
sides, it can be shown that Wpu.](s, &) is actually independent of ¢ chosen as at
the beginning of this remark. In the sequel we shall define the Wigner measure of
(u:), Wu](s, &) for s € O xRY, € € R\ {k = 0}, as W{pu.](s,£), with this
choice of p.
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3.3. Dispersion properties. The foregoing pseudo-differential calculus and space-
time Wigner transform of Sect. 3.1 are now used with Maxwell’s system (32). Com-
puting the space-time Wigner transform (29) of u. from Eq. (32), yields:

(34) Ws [LE(SaeDS)uEa us] - Wa [u€7 La(sast)us] =0.

However, invoking the rules (30) and (31) we get:

(39) WelLe(s.eDa)ucsu] = (@I + Lo+ TLo) Welue] = S VaLo - ViW-fud]
B %(Vm - ViLo)W_[u] + O(e?),
and:
(36) Welue, Lols,eDy)uc] = Welue] (I + L = £ L7) = {0 [ud]
vt vt v

Considering the leading-order term, one obtains as € — 0 (see also for instance
[54, Theorem 5.3]):

(37) LO(wv k)W(S,é) - W(S,ﬁ)LS(CB, k) =0

for the Wigner measure W := Wu,| (independent of ¢) of the sequence (u.)
(dependent of €) given by Eq. (28) in phase space (s,€) € O x RY x Rg \ {k =0}.
Again, the notation of 23, p. 330] is used and the left-hand side in Eq. (37) above is
clearly independent of e. The Wigner measure is a non-negative, Hermitian matrix.
Besides, reminding Eq. (15) one deduces from Eqs. (35)-(37):

(38) W => 6w+ ws)Wa,

where W, = II,W = WII}, = II,WII; this is Eq. (17). We note that here
we do not consider eigenvalues crossing, When their multiplicities possibly change.
We leave this case for future works. It is considered for example in [20] for the
Schrodinger equation.

Remark 2. As noticed in Sect. 2.3, the non propagative mode wy = 0 (for o= "0")
is always an eigenvalue of Lo with multiplicity 2, with the eigenvectors a; = (k 0)
and as = (0, k) for k # 0. Recall that the optical response K is positive definite
and let IC be the 2 x 2 matriz with elements K;, = (a;,ar), j,k = 1,2. One has
K =Q"Q where:

z éo
Q: \/5 \/g,\
Y ’

éo

with éy(x, k) = k eo(x)k, fio(z, k) = k po(@)k, and & (z, k) = k & (x)k for
k # 0. Then the orthonormal eigenvectors with respect to the scalar product (-, -)
are b}, = Q 'a; since ajay = Oji, yielding:

a o= (F). b52><1%>=1<‘§%’5>.
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3.4. Evolution properties. Gathering the first order terms proportional to € in
Eq. (34) one obtains in the limit ¢ — 0:

(40)

OW + VoW -V L —VLo- ViW — (Vg - Vi Lo)W + LW +WLT =0.
Next we multiply Eq. (40) on the left by II, and on the right by IT},. From the
property of projectors Il 11z = 6,511, we first derive:

1,9,, Lo = I1, Z ((0,wp) g + wp(0y,TIg))
B
= (0, wa) s + (02, T1,) (wa — Lo) -

The same holds for partial derivatives with respect to k;. Besides:
(O, W)II}, = Oy, (WII},) — W (0, IT)
= O, Wa — W(akjl'[a)*

where again the same holds for partial derivatives with respect to x;. Therefore
(with summation over the repeated index j):

TL, (9, Lo) (O, W)TTY, = (0y,w0) (O, (Tla W o) — (0, T )W oy — W o (9, T1a)")
+ (0, TLy) (Wa — Lo) (O, Wa — W (0, TI,)")
— (O, Wa) (O, Wy — (0, T )W oy — W o (95, T1,)")
— (0, 1) ((Ok, (War — L0))W o + (wa — Lo)W (35, L))

since (wq — Lo)W, = 0. Because 0y, and 0, play symmetric roles, one also
obtains:

I, (00, W) (O, L)L, = (Ia(Ok, Lo) (0z;, W)IL,)
= (Op,wa) (00, Wa — (02, TI0 )W o — W (8,,11,)")
(Wi, (00 — L) + (0, T W (e — L5))(0h, TL)"
Gathering these expressions, Eq. (40) yields:
(41)
OW o+ {wa, Wat + (Vaews - VIl — VII, - VLo —II,V, - Vi Ly W,
~Wo(Viws - Volly — ViIl, - ViLo) + LW, + WL =0,

where {wo, Wao} = Viws - VoW, — Vaw, - VW, and L, =11, L.

Next consider the matrix My = O, wa0k, o — 02,1100k, Lo — I14(0x, 0k, Lo);
then:
Ma = 8kj [(8mjwa)l'[a] — (8Ej8kjwa)l'[a — 8%. (Haakj L())

- akj W_ waamjl_-[a} - (axjakjwa)na - azj W_ (ak_,-Hoz)LO]

= — (O, Wa) (0, Iy) = (Ok,; 02, T1o) (wa — Lo) — (0, 0k, wa )Mo + (Ok, 1o ) (0, Lo) -
Letting (because again (wy, — Lo)W 4 = 0):
1
(42) No=Villy - VoLo = Viwa - Volla = 5(Va - Viwa)l
Eq. (41) finally reads:
(43) OW o +{wa, Wal+ (La + No)Wo+Wo (Lo + No)" =0.
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Alternatively, one may wish to expand the Wigner measure W of Eq. (17) onto
the eigenvectors b, as:

W = Zé(w +wo )W, = Zé(w + Wa )b Wb,

where w, = ¢} W ,c,. The evolution properties of the so-called specific intensity,
or coherence matrices w, are derived multiplying Eq. (43) by ¢}, on the left-hand
side, and by ¢, on the right-hand side. Firstly:

o (Or;wa ) (0, W o) o = (O, wa)[02;Wa — (Or, €)W aCa — i, W 0,0z, €0

= (Ok,wa) [0z, Wa — (02, €5 )baWo — Wo b, 0, Ca

Tj~o

= (O, Wa) [0z, Wa + € (02,b0)Wa + Wa (0, by,)Ca)

owing to the orthonormality condition ¢}bs = 054 which yields (0.,¢c})bs =
—c},(0z,bs) (and a similar property with dy,). Likewise:

€ (02,00) (0, W ) o = (02,00) [0, War -+ € (9h,ba)War + W (0, B2 )l
and consequently:
CAwa, Watea = {wa, Wat + € {wa, bo }Wa + Wo{wa, bl } o -
Secondly:
(caIla) = (Or; o) Mo (0, Lo)baWa
(I = T1,)[0s, (Loba) — Lody, balWa

(I — TL)[0s, (waba) — Lods, bolWa
(I —II,)(wa — LO)(awjba)Wa
(Wa - LO)(azJ boz)woc

=—c, [ak]‘ (wa = LO)](axj bo)Wa

J

and:

C (O, wWa ) (0, Lo )W oo = (Ok;wa) [0, (ciI1a) — (0, €5 ) TLaJboa W
(Ok;wa)(0z;c5) (I —TIa)bawy
0.

Thirdly:
¢ {tar ba} — €410k, (wa — L0)J0s,ba = 5[0k, Lo) (02, ba) — (Da,00) (D, ba)]

Letting:

ng = ¢, ({wa, ba} + Noby)

(44) . 1
= Ca(VkLO - Vaby — Vawg - kaa) - §(Vac : kaoz)IA s

one can show that n, is skew-symmetric owing to Eq. (14). Indeed:
¢ (0, Lo)ba = LK (@) (D, M (k))ba
= b, (0, M)b,,
= (akj wa)IA .
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Then (0,,b,,)(0k, M )ba + b, (0, M)(9z,ba) = (0r; Ok, wa )l 4, or:

0k, L0) (02, ba) = (0, 00,wa )L 4 — (b}, (0, M) (9z,b4))"
(45) = (Oz;0k;wa)I A — (¢}, (Ok,; Lo) (Ox,; ba))";
besides:
(Oz;Wa)ChOk,ba = —(0r,;wa)(Ok,; €} )ba
(46) (00, 0) (Dbl

thus one concludes with (45) and (46) that n, = —n},. Therefore, setting £, =

«

c; L1b,, Eq. (43) for the specific intensities w,, finally reads:
(47) OWo + {wa, Wa } + LaWo + Woll + NoWo — Wany, = 0.

One can check in particular that for the eigenspace (39) associated with the null
eigenvalue (o =707), one has ng = ¢ VgL - Vzbo = by Vi M (k) - Viby = 0.
The geometrical structure of transport equations (47) is analyzed in e.g. [34].
Here we show how solving Eq. (47) amounts to track w, on its bicharacteristic
rays in O x R3. Consider the bicharacteristic (Hamiltonian) equations associated

t0 wo (x, k):

d(:fTQ = kaa(moe(t)’ k@(t)) ’
(48) dk,,
- = —Vawa(Ta(t), ka(t)),

with initial conditions 4(0) = @x¢ and k,(0) = ko lying in the support of the
Wigner measure W of the initial conditions u.(-,¢ = 0). Also introduce Q, =
£, + n, and the A x A matrix R, which is such that:

dR,
(49) dta = _Qa(ma(t)a ka(t))Ra(t) ) Ra(o) =14
Then:
* dROé —1 * —ldRZ
Qow, + W, = % R, 'w, — w,(R) i
dR,, . N . AR},
=g Volte m RaWa=g "

if one lets W, = R, 'w,(R}) ™!, and owing to Eq. (48) the transport equation (19)
reads:

dw dR, . . . dR;
at T “elta ~ RaWa=g® =0,
or:
d .

(50) awa(wa(t), ko(t),t)=0.
Consequently:
(51) Wa(@a(t), ka(t), t) = Ra(t)We (o, ko) Ry (t)
where wl = ¢ Wc,, and one comes down to solving Eqs. (48)—(49) in order to

track w, on its bicharacteristics ¢t — (x4(t), ka(t)).



16 J.-L. AKIAN AND E. SAVIN

Example 2. For the Lorentz model with damping (6) one has three eigenvalues
wo =0 (a="70"), wi(k) = +colk| (@ = "+7), and w_(k) = —colk| (o = "—"),
each of multiplicity two (A =2), co = 1//eopro, with associated eigenvectors [47]:

== (5) . o= (7).

and fora=1,2:

éu(k)
(52 LR = e | ek Let ek
¥er

such that (k, e1(k), és(k)) form a right-handed orthonormal system. Besides €owq =

0 since w = —wy = 0 on the support of wq, and:
iwey (w
Ej: = ;( )127

such that for the propagating modes wi (k) = +colk|:

Liwy +wily = Re{iwer (w)}wy

£ B wgcg|k|2f
(53) = G ZPR 1 QR
=D(co|k|) W .

Also ny = 0 for an homogeneous material. Therefore the solution of Eq. (47)
reads:

(54) wy(x, k,t) = e~ Teolkl)t wi(x T cokt, k)

where wi(x, k), (x,k) € O x R3, are the initial (incident) specific intensities sup-
ported in some subset of the physical domain O. Note that similar results were
obtained in [5,43] for memoryless viscoelastic media. Recently a semi-linear radia-
tive transfer model has been derived in media with non linear absorption [33)].

4. RADIATIVE TRANSFER

In this section the radiative transfer equations (23) for a bianistropic dielec-
tric medium are now derived. They describe the evolution of the high-frequency
electromagnetic energy density accounting for random fluctuations of the optical
response. We resort to the same formal pseudo-differential calculus as recalled in
Sect. 3.1. However additional rules are needed to account for the dependency of
the optical response on both the slow scale of variation of the background medium,
and the fast scale of variation of the random fluctuations. In Sect. 4.1 below we
start by rewriting Maxwell’s system as a pseudo-differential operator when these
random fluctuations are considered. In Sect. 4.2 we give the additional rules of
pseudo-differential calculus for this situation, and we finally obtain in Sect. 4.3 the
radiative transfer equations by a multiscale analysis.
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4.1. Maxwell’s equations with random perturbations. In view of the scat-
tering regime of Eqgs. (21)-(22), the rescaled optical response K (x) in Eq. (10) is
written :

K(z) = Ko(z) [I +VEV (%)} .

The power spectral density matrix R of the homogeneous random field (V(y), y €
R3) is given by Eq. (13) and satisfies:
(55) E{V(p)®V(@)} = 2m)°Rp)i(p+a),

E{V(p) @ V(q)} = (2m)°S(p)s(p—q),
for the Fourier transform V of V; see Eq. (26). Besides, homogeneity (spatial
stationarity) also implies that:

(56) Rijpim(P) = Rimje(—p), 1< j,k,l,m <6.
We remind that in order to preserve the Hermiticity of the actual optical response

K, it is assumed that Ko(z)V(y) = V(y) " Ko(z) for all z € O, y = £. The
pseudo-differential operator L. of Eq. (33) is then modified to:

(57) L (s,2.€) = Lo(s.6) + VELos (Z.w) .

where again s = (x,t), £ = (k,w), and Lo 5(y,w) = wV (y). This additional term
arises from the random fluctuations of the optical response. Since it depends on
the fast variable y = Z, the rules (30) and (31) have to be adapted.

e

4.2. Rules of pseudo-differential calculus with oscillating coefficients. The
rules (30) and (31) hold true if the Wigner transform W [u., v.] does not depend on
2. If however it depends on this fast variable they have to be modified accordingly.
Let 7 — A(7) be a smooth matrix-valued function. Then we have:

W[ (%) v = G [ @AW vl (5.6 = m) .
W [ue, 4 (2) 0] =W, vga(2)

where A(n) is the Fourier transform (26) of A(7). Applying these formulas for a
matrix-valued observable A(2)L(s,§) yields:

(59) W, {A (S) L(s,eD)uE,vg]

B / 81(52.7’:)(1772(77)[’(375 —m)Welue,ve] (s, € —m) + O(e),

and:

(©60) W [u., A (g) L(s,eD)v.] = (4 (g) L(s,& — <D)W. [ua,vg])* ,

owing to Eq. (30) and Eq. (31). The proofs of these formulas are given in [2,
Appendix C] for scalar fields. Their extensions to vector fields u. and v. are
straightforward. Consequently one has:

W, [Lo.s (§7ED1§) u@us} =

/ 2PV (p)Welu(s, k — p,w)dp,
(61) R3

@)

W, [u Los (%,wt) u] — (w— D)W [u.](s,6)V (g) .
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Considering again the rules (30) and (31) one obtains that the Wigner transform
W . |u.] satisfies now:

(62) LO(CU, k)WE [Ua] - <L0($7 k — EDm)We[UE])*
Ve <<2w7r)3 /R TPV ()W lue](s, k — p,w)dp — wW.[u]V (f)*)

+§ (O;W .Jus] — VoL - ViWelu.] — (Ve - VilLo)W[u.] + VoW lu.] - Vi L)

).

[S[)

9 9 *
+ ;Llwa[us] + ;Wa[ua]Ll = 0(8

4.3. Multiscale expansion. Because of the two-scale dependency of L. in terms
of the slow variable z and the fast variable y = Z, we expand W[u,] as:

(63) Ws [us} (87 6) = WO(Sa 6) + \/gWO.5(Sa Y, 6) + 5W1(S7 Y, E) + 0(5) )

and replace Dy by eDg+D,, in Eq. (62). The 0-th order equation (37) is recovered
for W which is independent of the fast variable y, so that it is given by Eq. (17)
alike:

(64) Wo(s,k,w) = > 6w+ wa(@, k) Wa(s, k).

The O(c2) half-order terms yield:
(65) Lo(z, k)Wo.s(s,y,&) — (Lo(x,k —Dy)Wos)(s,y,€)

+

w N .
(%)3/ VPV (p)Wo(s, k —p,w)dp — wWi(s,k,w)V(y) =0.
R3

Taking the Fourier transform with respect to y of the above equation yields:

(66) Lo(z, k)Wos5(s,p, k,w) — Wos(s,p, k,w)Li(x, k — p)
+wV(p)Wo(s, k —p,w) —wW(s, k,w)V(—p) =0.

The corrector W0,5 is then expanded as (we remove the s and w dependences from
now on for clarity purposes):

Wos(p. k Zb )Was(p, k)bj(k —p),

where from Eq. (66) one deduces that:

*

ws(k — p)V (D)W 5(k — p) — wa (k)W o (k)V (~p)
wa (k) —ws(k —p) —i0

Here it is implicitly understood from Eq. (64) that w = —ws(k—p) on the support of
W 3(k—p) and that w = —w, (k) on the support of W, (k), while these terms vanish
away from these supports. Also the regularization parameter € R is introduced
to evade the case wq (k) = wg(k — p) for the time being. It will eventually be sent

Was(p, k) = o (k) cs(k—p).
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to 0 at the end of the derivation. Therefore one has:2
(67) ﬁ\/o‘s(Py k) =

Zwﬂac P)IL, (k) V (p)W 5(k — p) — wo (k)W o (k)V (—p) Ts(k — p)°
wo (k) —ws(k —p) —i6

a,pB
At last, the O(e) terms yield:

OWo—VgLo - ViiWo— (Ve - ViLo)Wo+ VoW -ViLi+ LiWy+W,Lj
iw D S . "
+ s [PV Wos(y. ke~ pldp — WWos(y. K)V ()
(27(') R3
+iLo (k)W + (iLg(k — Dy, )W;)" = 0.

We plug Eq. (67) into the above equation, multiply it on the left by ¢, (k) and on
the right by ¢, (k), and finally take the average E {-} with respect to the random
perturbations V' with due consideration of Eq. (55). The terms in W vanish once
they are averaged since E{W} = 0 for E{W_[u.]} = E{W} by construction,
and one gets:

(68) OE{ws} + {wa, E{wo}} + LaE{w,} + E{w,} €,
+nE{w,} —E{ws}n, =E{Z;} —E{L},
where:

(69)
Iy = iwey (k)Wos(y, k)V (y)ca(k)

w? (k —p)sap(k,p, k — p)ws(k — p)ssa(k — p,—q, )dpdq
— iy-(p—q) 5
Z// (wa(k) —ws(k —p)) + 0 (2m)"

*

s wW efiy'(P*Q) So‘ﬁ(k’ a.k— p)sﬁa(k —_ b, P k) dpdg :
Akwa(k) | D // i(ws(k—p)—wak) 10 (0 )

and:
(70)

2 = iwer ) ([[ 275 V@ Wos(a.k - )0t ) ealh)
_Z<// - (ptq) Wik — P — @)Say(k, Pk —P)sys(k—p, g,k —p— q)ws(k —p— q)bs(k—p—q) dpdq>ca(k)

i(wy(k—p) —wg(k—p—q))+0 (2m)8

iy w2 (k — p)sa~(k,p, k — p)w~(k — p)sys(k — p,q,k — p — q)bj(k — p — q) dpdq
_ iy-(p+q) v e
2 <//e (o (k—p) sk —p ) 10 m)ﬂ) calk):

In the above relationships we have introduced:

Sap(k,p,q) == c,(k)V (p)bs(q) = sgala, —p. k)",

where the second equality stems from KoV = V*K| by the Hermiticity of the
optical response. By the change of variable —q — g, the use of Eq. (55), and then

2This result should be compared with [18, Eq. (35)] or [19, Eq. (35)] where no coupling
between modes is considered.
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the change of variable k — p — p, the average of the first sum in Eq. (69) reads:

vpiq V5K —P)E{sas(k,p,k — p)ws(k — p)ssa(k — P, q.k)} dpdgq
EiTu) = Z// ' i(wa(k) —ws(k—p) + 0 2n)°

dp

_ wi(k — p)Rap(k, k — p) : E{ws(k — p)}
_Z/ i(wa(k) —ws(k —p)) +0

w(p aﬂ ,p) : E{ws(p)}
- Z dp
i(wa(k) —ws(p)) + 0
where the hnear operator R a8 is:
[Rap(k,p)laarsey = ca(k) @ b3(p) : R(k —p) : ¢ (p) @ b5, (),
for 1 <a,a’ <Aand1<bb < B, Aand B being the orders of multiplicity of the
modes « and (3, respectively.i _Here we have used a mixing assumption by which
expectations over products of V' and over wg are independent and get decoupled,

because both quantities vary on different scales. Now using the changes of variable
—p — p, and then k + p — p, the average of the second sum in Eq. (69) reads:

(71)

w iy-(g—p) E{Saﬁ(k q7k p)sﬁa(k b, - k)} dpdq
)= Z// sk —p)—walk) 10 (20

iy-(g+p) E{Sas(k, g,k +p)spa(k + p,p,k)} dpdg
Z// i(ws(k +p) —wa(k)) + 0 (2m)®

kk+p):IB
_Z/ w5k+p —wa(k))+0dp
B fzaﬁ k,p):Ip
Z/ (ws(p) — ))+9d”

Besides, taking the average of Eq. (70), one has with Eq. (55):
w2(k)1??, (k k—p):Ig
E{Z;} = a SR dp | E{w.(k

k p av(kk D) ]E{W“/(k_p)}
‘Z/ i(ws(k — p) — wa(k)) +0

dp

(Z/ i(wy(p ivw’z p;)—#& )E{Wa(k)}

a'y k p) E{W’Y(p)}
_Z/ p)walk) 10 P

3This result should be compared with [18, Eq. (42)] or [19, Eq. (42)] where no coupling
between modes occurs and this operator rather reads:

[Ro (K, D)]aarpy = ca (k) @ bY(p) : R(k —p) : ¢ (k) © bY (p).
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where G stands for the order of multiplicity of the mode ~.
The last step is to let § — 0, which is done thank to the (formal) identity
imi—é — & + 0ré(x), for 6 being the sign of 6. This yields:

E{L}-E{D} =Y / 9706 (o (k) — w3(p))w3(P) Rop (k. ) : E {ws(p)} dp
B

*

- w L 7rA w —w, w2 R :
2wt} | 5 J Gy + 00 ®) —ul0) ) 209 Rushp) T

— 1 7TA w — W (A.)2 R . W,
>/ (oo 0a(e) ~ ok ) 2 (6) R () : T | % o, )

Consider § = 1 (for causality purposes) and let:

(72) oas(k,p) = ZWwa(k)WB(p)ﬁaﬁ(kap) )
and:
(73)

Uaﬁ k p
Z/awﬁ —wa(k))ous(k,p) : Tpdp— %27( ol )dp,

where the second integral holds as a Cauchy principal value; then Eq. (68) finally
reads as the radiative transfer equations:

(74)
OE{Wa} + {wa, E{wWa}} +LaE{wa} + E{w,} £ + noE{w,} —E{w.}n,

-y / 5(w5(P) — wa (K)o ap(k, p) : E {ws(p)} dp
B8
B (R)E (Wa ()} — E {wa(k)} Salk)"

possibly coupling all modes of propagation while keeping the frequency constant:
wg(p) = wa(k) in the scattering processes. This result extends [47, Eq. (4.32)]
for isotropic dielectric media to the case of general bianisotropic dielectric me-
dia.i It revisits the derivation in [18,19] by considering the time-dependent case
with damping effects, and possible coupling between the modes. Moreover, it uses
Wigner transforms and pseudo-differential calculus in the same standard quanti-
zation rather than mixing it with the Weyl quantization. Matrix-valued radiative
transfer equations of the form (74) can be solved numerically by the Monte-Carlo
method, which is based on their probabilistic representation in terms of a jump
Markov process as outlined in [41]. It extends ray tracing to scattering media.

Remark 3. In [12] the derivation of a radiative transfer equation of the form
of Eq. (74) is proved rigorously for the scalar wave equation with a random speed
of sound. Here it is shown that the average Wigner transform of the wave field
converges (weakly) to the solution of a linear Boltzmann equation similar to (74),
provided that the initial conditions satisfy some adhoc boundedness and tightness
conditions and that the random fluctuations fulfill some regularity assumptions as

4The sole difference lies in the sign of the imaginary part of ¥, and the 1/7 factor, to be
compared with [47, Eq. (4.34)].
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well. A self-averaging property is also demonstrated, by which the deviations of the
Wigner transform from its average are shown to vanish in the high-frequency limit.
This means that Eq. (74) would also hold for we and not only E{w.}, a result
that is implicitly acknowledged in the statement of Eq. (23). The proofs in [12] are
however quite involved and very technical so that their extension to the present case
is much beyond the scope of this research. Radiative transfer equations can also be
rigorously derived for some particular configurations as in [16, 37].

Example 3. For the Lorentz model with damping (6) the scattering cross-sections
(72) are the ones derived in [47] for isotropic media with eigenvalues wi (k) =
+co|k|, each of multiplicity two, for the propagating modes. Couplings in Eq. (74)
occur only for those eigenvalues with the same wave numbers |p| = |k| and signs.
The corresponding right eigenvectors bf_L(IE:) are given by Eq. (52) and the left eigen-
vectors are for a =1,2:

Besides, the dimensionless random fluctuations V (y) read:

V(y) = {61%’)[ m((;)l} :

where (e1(y), y € R3) is the dimensionless random fluctuation of the permittivity

€0, and (p1(y), y € R3) is the dimensionless random fluctuation of the permeability

po- Both are real-valued, second-order, mean-square homogeneous random processes

with zero means. Their power spectral density functions are denoted by R, (k) and

R, (k), respectively, and their cross-power spectral density function is denoted by

R, (k) = Ruc(—k). Introducing the 2 x 2 matrices T(k,p) and X (k,p) such that:
) (P x &(p)),

Tu(k,p) = ea(k) - &,(p), Xap(k,p) = (k x &q(k

k)
we have T(k, p) = T(p, ), X(k,p)" = X(p,k), and T(k, p)X (b, k) = (k- p)I.
The differential scattering kernels in Eq. (74) then read:

Taa(k,p) s Wa(p) = S EIkllp|| Re(k — p)T (k. D)wa ()T (B, k)

and o.5 : wg = 0 whenever B # «, o, € {+,—}. If in addition the random
fluctuations e; and py are isotropic, which means that R.(k), Ru( ), and REH( )
depend on |k| solely, it can be shown that [, 0o (k,p) : T2dQ(P) is proportional
to the identity matriz. Then the total scattering cross-sections (73) are diagonal
and real, and the formula of [47, Eq. (4.46)] is recovered; see Appendiz A.

Example 4. A chiral medium has optical response:

EoI 1XI:|

KO - |:—iXI ,U()I
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where x € R is the magnetoelectric constant and k = cox is the chirality parameter,
which is such that |k| < 1 to preserve positivity of Ko. We consider biisotropic
perturbations as in [18]:

_ [aly)T iZeb(y)I
V(y) = Mg ay)I |

i

where Zo = \/pio/€o is the impedance, and (a(y), y € R3) and (b(y), y € R?) are
real-valued, second-order, mean-square homogeneous random processes with zero
means. Their power spectral density functions are denoted by R.(k) and Ry(k),
respectively, and their cross-power spectral density function is denoted by Rap(k) =
Ryo(—k). Then Lo has four non-zero simple eigenvalues:

k k k
won (k) = colk| _ colk| colk|

= = k =
14+ k"’ 1+k’ w3() 1—«x

_ colk

1—k

) U.J4(k) =

~—

WQ(IC

associated to the right eigenvectors:

and:

=
N
—~
>
~
I
= >0

letting &) (k) = J5(ié1(k) — éx(k)) and &y(k) = J5(ie1(k) + és(k)). The left
etgenvectors are then:

€0 ~ €0 . ~
i e (k) ) Dl (k)
cl(k): 1+I{ L 9 Cg(k): 1+/€ o )
07 N 07 N
7’? X ell(k) — 7,@ X e/z(k)

All scattering cross-sections are scalars and couplings in Eq. (74) possibly occur for
those eigenvalues with the same signs and |p| = |k|, or (1 £ &)|p| = (1 F k)|k|.
However one obtains o13(k,p) = o24(k,p) = 0 and only self-couplings occur with

5Note that for k = 0, the eigenvectors (52) are recovered taking the summation and difference
of by and b3 on one hand, yielding bﬁ_ and bi, and the summation and difference of by and by

on the other hand, yielding b and b2 .
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scattering cross-sections:

otk p) = 2P GTES ) (Rt )+ Rl p) + 220k )
sl ) = L) )| (Rulte— p) + Ralh =) + 2R 0~ )
st p) = OB GG ) (Rt )+ Rl p) 230k~ )
otk p) = TP GTE & ) (Rt p) + Rulh ) 230 (k )

for ﬁ;b(k) = %(Eab(k) + Eba(k)) The total scattering cross-sections for statisti-
cally isotropic perturbations of the optical response are then:

1K) = (k) = 25 [ (1402 R (1120~ 0)) 47 (12T - 6)
+2Ra (IkIV2(1 - ) e,

since Eab(|k|) = Ryo(|k|) in the isotropic case, and:
(k) = Za(k) = S5 [ (14002 [R, (1120~ 0)) 4R (12T~ 6)
2Ry (k1v/2(1-0)) 0.

5. SUMMARY AND OUTLOOK

We have derived a system of coupled radiative transfer equations to describe
the propagation of high-frequency electromagnetic waves in randomly fluctuating
bianisotropic dielectric media including dispersive and dissipative effects. The fluc-
tuations are weak and vary at the same length scales as the typical wavelength. We
have used a Wigner functional approach and its interpretation in terms of semiclas-
sical pseudo-differential operators to derive the transfer equations from a multiscale
analysis. Radiative transfer equations have a geometrical interpretation in terms of
bicharacteristic rays that is well suited for their numerical integration by ray meth-
ods and ray tracing solvers. Our results extend this approach to heterogeneous
bianisotropic media or plasmas beyond the classical applications of ray tracing in
homogeneous or piecewise homogeneous isotropic media. In future works one aims
to derive the diffusion limit of the radiative transfer model, which describes the
evolution of the energy density in physical space solely after the waves have trav-
elled several scattering mean free paths and have lost the memory of their angular
distribution at earlier times. The issue of deriving boundary conditions adapted to
the Wigner distribution from the boundary conditions applied to the electromag-
netic fields is also worth considering, for applications in radar imaging or remote
sensing with scenes exhibiting sharp interfaces for example.
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APPENDIX A. TOTAL SCATTERING CROSS-SECTIONS FOR THE LORENTZ MODEL

We show here that fs2 ooal(k,p) : I4dQ(p) is real and proportional to the iden-
tity matrix for isotropic fluctuations of the permittivity and permeability. Then we
derive the total scattering cross-sections (73). We first obtain by direct computa-
tion:

(p- él(’%)A)z —(p-ei(k))(D- éz(’;’))} 7

and:

X (k,p)X (p,k) = { L (p-e(k))? (f)-é1(k))(i)-é2(k))} |

(b-er(k)(D-ex(k) 1= (p-eu(k))?
We then write p = [p|(sin 6 cos ¢, sin § sin ¢, cos 6)" in the right-handed orthonor-
mal frame (é;(k),éz(k), k), such that k-p = cosf and dQ(p) = sinfdfd¢ =
—d(cos0)d¢ for 6 € [0,7] and ¢ € [0,27]. Consequently one obtains:

RPN A Lz N S PN 1 — sin® 6 cos? ¢ 7%sin205in2¢ .
/52 Rc.(k — p)T(k,p)T(p, k)AQ(P) = /0 /o Re(k — p) [7% ain 0 sin 2 1- in @ sin2 ¢i| sin 0d0d¢

— </0” R. (\/|k|2 ¥ 1p|? — 2|kl|p] cos 9) (1 + cos? 6) sin eae) I
provided that k — R.(k) depends on |k| solely, or:

1
[ R (VIR 2R96) 1+ 6710 ) 1
1

Likewise, one obtains:

5 R, (k — p)X (k,p) X (p, k)dQUp)

= ( / 11 R, (/IR + PP~ 2K[[p[O) (1 + @%d@) I

provided that k — ﬁu(k) also depends on |k| solely. Lastly:
[, (Rl = DI 6.) X )+ Repp = 1) X (b 2)T (. ) a2

1
— i ([ B (VIRE S P = 2W916) €00 ) 1
—1

provided that k ]%W (k) depends on |k| solely. Now if the power spectral density
functions R., R,, and R,, are real, we see that the second integral (the Cauchy
principal value) in Eq. (73) is real, proportional to the identity, and thus its con-
tribution to the radiative transfer equation (74) vanishes. These conditions are
equivalent to:

R.(k)=R.(—k), R,(k)=R,(—k), R (k)= R (-k),
which actually hold when these functions depend on |k| solely. They also hold when
the covariance functions y — Rc(y), y — Ru(y), and y — R, (y) (see Eq. (12))
are even.
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Gathering all these results, we conclude that the total scattering cross-sections
3, of Eq. (73) are:

Bk = 5 [ | 3en®) = wol)na (k) : Tadp
=5 [ steutpl k) [ ountion): Laces)) 1plalp
- ([ o o) (R (uvaTB) 4 iy )

+40R,, (|k:|\/2(1 - @)) ]d@) I,
ignoring the contribution from the Cauchy principal value. Indeed the latter reads:
aalk,p): I +°° ook,
Wa(p) — wa (k) e—0 ipl— k= Cco(lp| — [K[) |k\)
that is, integrals on spheres which are real and proportional to the identity. Once
multiplied by i, they do not contribute anymore to the radiative transfer equation
(74) as already stated above.
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