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KINETIC MODELING OF MULTIPLE SCATTERING OF
ELASTIC WAVES IN HETEROGENEOUS ANISOTROPIC MEDIA

IBRAHIM BAYDOUN, ERIC SAVIN, REGIS COTTEREAU, DIDIER CLOUTEAU,
AND JOHANN GUILLEMINOT

ABSTRACT. In this paper we develop a multiple scattering model for elastic
waves in random anisotropic media. It relies on a kinetic approach of wave
propagation phenomena pertaining to the situation whereby the wavelength
is comparable to the correlation length of the weak random inhomogeneities—
the so-called weak coupling limit. The waves are described in terms of their
associated energy densities in the phase space position x wave vector. They
satisfy radiative transfer equations in this scaling, characterized by collision
operators depending on the correlation structure of the heterogeneities. The
derivation is based on a multi-scale asymptotic analysis using spatio-temporal
Wigner transforms and their interpretation in terms of semiclassical operators,
along the same lines as Bal [Wave Motion 43, 132-157 (2005)]. The model
accounts for all possible polarizations of waves in anisotropic elastic media and
their interactions, as well as for the degeneracy directions of propagation when
two phase speeds possibly coincide. Thus it embodies isotropic elasticity which
was considered in several previous publications. Some particular anisotropic
cases of engineering interest are derived in detail.

1. INTRODUCTION AND SUMMARY

1.1. Modeling of wave propagation phenomena in random media. The
study of multiply-scattered elastic waves in heterogeneous, anisotropic media has
relevance to non destructive evaluation of materials and structures, seismic waves
characterization, acoustic emission and backscattered echo analyses, with possible
applications in geophysical prospection, biomedical imaging, or structural health
monitoring, among others. In this respect, the use of ultrasound to infer the mi-
crostructure of polycrystalline materials has been widely considered in the past
since the earlier work of Mason & McSkimin [37]. The nondestructive techniques
elaborated afterwards are based on the measurement of exponential rates of spa-
tial decay (attenuations) and speeds of averaged plane waves, i.e. coherent fields.
The difficulty raised by this approach is the impossibility to distinguish the vari-
ous sources of potential decays between scattering, geometrical spreading, internal
absorption, or the influence of the reflections at the opposite faces of the sample.
These shortcomings have prompted the development of probing techniques based
on the measurement of the evolution of the incoherent part of ultrasonic waves,
i.e. multiply scattered, possibly diffusive fields . The earlier attempts in this

Date: August 7, 2014.

Key words and phrases. Anisotropic elasticity, Elastic waves, Kinetic model, Transport equa-
tion, Radiative transfer.

Corresponding author: E. Savin, ONERA—-The French Aerospace Lab, 29 avenue de la Division
Leclerc, F-92322 Chétillon cedex, France (Eric.Savin@onera.fr).

1



2 I. BAYDOUN, E. SAVIN, R. COTTEREAU, D. CLOUTEAU, AND J. GUILLEMINOT

direction can be tracked back to the works of Guo et al. [22] and Weaver [54]. This
alternative approach has received a considerable attention in the last decade since
it was observed that the empirical cross-correlations of such diffuse fields could
be directly related to the Green function of the propagation medium [11}[14}[55].
The numerous developments and applications in geophysics which have followed
are described in e.g. [12] and references therein.

These advances call for accurate analytical models of ultrasonic wave propa-
gation phenomena in unstructured or structured heterogeneous media. Iterative
perturbation expansions for weakly random polycrystalline materials were consid-
ered in [251/26,/46153] in the spirit of the seminal developments of Karal & Keller [29].
Other approaches are based upon diagrammatic expansions in which the mean re-
sponse is governed by a Dyson equation, and the mean square response is governed
by a Bethe-Salpeter equation [18,52]. Both are analytically intractable unless low-
order truncations are enforced, typically a so-called first-order smoothing approxi-
mation (FOSA) for the Dyson equation, and a so-called ladder approximation for
the Bethe-Salpeter equation. These approximations have been used in [48-51}/54]
for the derivation of (i) scattering-based attenuation coefficients on one hand, and
of (ii) radiative transfer equations for the (renormalized) mean square wave fields
in the limit of small wavelengths (high frequencies) with respect to the macro-
scopic features of the medium on the other hand. The works evoked above have
been mainly confined to untextured or textured aggregates of cubic-symmetry crys-
tallites. Besides, radiative transfer models of high-frequency wave propagation in
heterogeneous media have a broad range of validity and were derived in many fields
from either phenomenological principles [13,27}/41,/44] or, more recently, systematic
formal multiple-scale asymptotic expansions [6}7}10}23},40].

Transport and radiative transfer equations describe the mesoscopic regime of
wave propagation when the wavelength is comparable to the characteristic length
of the heterogeneities, typically a correlation length in a random medium (hereafter
referred to as the fast scale). It corresponds to a situation of strong interaction
between waves and random heterogeneities which cannot be addressed by usual
homogenization and multi-scale techniques. Also it considers large propagation
distances compared to the wavelength, and weak amplitudes of the random pertur-
bations of the material parameters with respect to a bare, possibly heterogeneous,
background medium varying at a length scale (the slow scale) one order of mag-
nitude larger than the wave/correlation lengths. This corresponds to the so-called
weak coupling limit as defined in the dedicated literature, whereby an explicit sep-
aration of scales can be invoked. The analysis developed in [6}[7,{10L[23}/40] is based
on the use of a Wigner transform of the wave field, of which high-frequency, non-
negative limit captures the angularly resolved energy density in time and space. It
can be made mathematically rigorous as in |1,/19}/32] ignoring however the influence
of random inhomogeneities, except for some particular situations [15}[34].

The purpose of the research presented in this paper is to assess the influence
of material full anisotropy on the radiative transfer regime of elastic waves in ran-
domly heterogeneous media. Anisotropy is considered at two levels. The first one
is related to the constitutive law of random materials. The second level is related
to the correlation structure of these random materials, referred to as anisomery in
the dedicated literature [35]. More specifically we have developed formal models
for the consideration of anisotropy in the collision kernels of the radiative transfer
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equations pertaining to multiply-scattered elastic waves. These models describe
the evolution of their energy density in the phase space position x wave vector in
terms of the Wigner measure of the wave fields. The analysis follows to a great
extent the techniques used by Bal [6] and Akian [I] in that it handles a second-
order wave equation and introduces the spatio-temporal Wigner transform of the
elastic waves. However, as opposed to [6] it considers vector wave fields, and as op-
posed to [1] it considers the influence of random perturbations in the weak coupling
regime. Therefore our derivation generalizes those previous works and the classical
reference [40] to fully anisotropic bare elastic media with fully anisotropic random
perturbations.

1.2. Summary of the main results. We now summarize our main results. We
aim at describing elastic waves in a random medium taking into account the non-
uniformity of the background medium and their scattering by random inhomo-
geneities, with due consideration of the effects of coupling between their different
polarizations. We also consider the regime where the leading wavelength is com-
parable to the (small) correlation length of the heterogeneities, in order to ensure
maximum interactions with the waves. This is a necessary condition if we want to
probe the medium and its fluctuations. It defines the high-frequency range termi-
nology we shall use throughout the paper. At last, our fundamentally new results
are that this objective is achieved for arbitrary anisotropy of the random medium.
As a scalar wave propagates in a random medium with an incident wave vector
q, it can be scattered at any time ¢ and position x into any direction k and wave
vector k (such that k = k/|k|). Therefore it is relevant to consider an angularly
resolved scalar energy density a(t,x, k) for this wave, defined for all positions (x, k)
in phase space. In [6,40] it is shown that energy conservation takes the form of a
scalar radiative transfer equation:

(1) Ora(t,x, k) + Viw(x, k) - Vxa(t,x, k) — Vyw(x, k) - Via(t, x, k)
= /a(x, k,q)a(t,x,q)dq — X(x, k)a(t, x, k),

where w(x, k) is the frequency of the waves at x with wave vector k, and o(x,k, q)
is the rate of conversion of energy with wave vector q into energy with wave vector
k at position x—the so-called scattering cross-section. The total scattering cross-
section X is:

Y(x, k) = /a(x, k,q)dq,

such that the transport equation is conservative because the former relationship
yields:

//a(t,x, k)dkdx = Const

for all times. The scattering cross-section is explicitly determined by the power
spectral density of the inhomogeneities [6/40]. The transport equation also holds
when the waves are scattered by randomly distributed discrete scatterers, in which
case the scattering cross-section is the cross-section of a single scatterer multiplied
by their density. Here we only consider continuous random inhomogeneities.

For wvector waves we must in addition keep track of their state of polarization.
In a three-dimensional anisotropic elastic medium three orthogonal polarization
directions exist, corresponding to at most three different directionally-dependent
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phase velocities: one for quasi-longitudinal compressional wave, and two for quasi-
transverse shear waves. Labeling the polarization states by a = 1,2 or 3, each one
has its own energy density a,(t,x,q) but it may be converted to any other state
and any other direction k at any position x when scattered by the inhomogeneities.
Conservation of energy is now expressed in terms of coupled radiative transfer
equations for the energy densities of the different polarizations:

(2) Oian(t,x, k) + Viwa (x,Kk) - Vian(t,x, k) — Viwa (x,Kk) - Viaq(t,x, k)
3
= Z /Ja/g(x, k,q)ag(t,x,q)dq — 2o (x, k)aq(t,x, k), a=1,2,3,
p=1

where w, (%, k) is the frequency of the waves at x with wave vector k and polariza-
tion state «, and o,5(x,k, q) is the rate of conversion of energy with wave vector
q and polarization state § into energy with wave vector k and polarization state
a, at position x. The total scattering cross-sections ¥, are:

3
Yo(x, k) = Z/Uaﬁ()gk,q)dq, a=1,2,3,
B=1

such that the coupled transport equations are conservative since:

3
Z //aa(t7x7k)dkdx = Const
a=1

in the vector case. The scattering cross-sections o4 are explicitly determined in
terms of the power spectral density of the inhomogeneities—which may be charac-
terized by up to 21 coefficients in a triclinic medium. They were originally derived
in [40] for isotropic media solely, such that the quasi-transverse shear velocities
are the same everywhere and independent of the propagation direction. Here we
obtain generalized formulas for them accounting for all possible symmetry classes
of anisotropic media, namely Eq. together with the definitions of Eq. and
Eq. . In this latter equation the elasticity tensor Cgy of the background medium
and the elasticity tensor C; of the random inhomogeneities are formally allowed to
belong to different symmetry classes, and to vary at different scales. This implies
that they have different contributions to the wave dynamics:

e The variations of Cy at the slow scale contribute only to the left-hand side
of the radiative transfer equations and . They basically characterize
the phase velocities wq (X, 1A<) and polarizations « in this regime.

e The variations of C; contribute only to the right-hand side of these radia-
tive transfer equations in terms of the power spectral densities of its 21
elasticity coefficients. It describes how high-frequency waves are continu-
ously scattered by the material inhomogeneities at the fast scale, which is
also their (small) wavelength. These collision operators account for both
the elastic (change of direction without changing polarization) and inelastic
(with a change of polarization) processes.

In Eq. the energy densities are scalars as long as the phase velocities are all
distinct. Our derivation considers the most general case when they may coincide
for some modes, though. This is the case for isotropic media for example, for
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which Eq. becomes a matrix system. This situation is fully addressed in the
subsequent analyses.

1.3. Outline. The rest of the paper is organized as follows. In Sect. [2] we intro-
duce the basic framework and notations used throughout. We more particularly
focus on the characterization of anisotropy in terms of the acoustic, or Christoffel
tensor of the bare medium, and the relevance of using a Wigner transform and its
non-negative limit measure for the analysis of multiple scattering phenomena in the
high-frequency range. This limit is simply the energy density a, introduced above
for each polarization state a. The corresponding transport model is derived in de-
tail in Sect. [3|ignoring the influence of random inhomogeneities in a first step. The
spatio-temporal Wigner transform and the formal mathematical tools used for the
subsequent analyses are also introduced there. The main contribution of the paper
is Sect. @ which outlines the extension of the previous transport model to account
for anisotropic random inhomogeneities. Matrix radiative transfer equations are
obtained in the most general case. Their collision operators are explicitly described
in terms of the correlation structure of the heterogeneities for all possible symme-
tries arising in elastic constitutive relations. In this respect, it should be noted that
the proposed theory requires a full characterization of the power spectral densities
of the tensorial random fluctuations (assumed to be statistically homogeneous at
the small wavelength scale), but no other statistical information. These data may
be obtained from the random matrix theory of the elasticity tensor developed re-
cently (see [21,47] and references therein) for example. We will however not pursue
the analysis presented here in that direction, considering that simplified correlation
models as classically encountered in the literature are sufficient for the purpose
and scope of this paper. Using these models, the collision kernels (the scattering
cross-sections) for some selected material symmetries are plotted in Sect. 5[ in or-
der to illustrate our results. Some conclusions and perspectives are finally drawn
in Sect.

2. ELASTIC BULK WAVE PROPAGATION IN A HIGH-FREQUENCY SETTING

In this section we establish the high-frequency setting we are interested in for the
derivation of the multiple-scattering kinetic (transport) model that will be detailed
in the subsequent parts of this paper. The material below is essentially adapted
from [43]. The primary objective is to introduce the main notations that will be
used throughout the paper.

2.1. Elastic wave equation. We first recall how the vector wave equation arises in
an elastic medium occupying an open domain O C R?, where R? stands for the usual
three-dimensional Euclidean space. That medium is constituted by a heterogeneous
linear viscoelastic material, of which density is denoted by o(x) and fourth-order
relaxation, or elasticity tensor is denoted by C(x), for x € O. Its displacement
field about a quasi-static equilibrium considered as the reference configuration is
denoted by u.(x,t) € R3, and its second-order Cauchy stress tensor is denoted by
o.(x,t). The subscript e stands for the (small) spatial scale of variation of the
initial conditions that will be imposed to the materials and will be propagated to
the displacement and stress fields at later times by hyperbolicity. Then the balance
of momentum in a fixed reference frame ignoring the action of body forces reads:

(3) 00?u.(x,t) = Div o.(x,t), x,t€OxR.
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Here the divergence of a second-order tensor A is defined by (DivA,b) = Vy -
(ATb) for any constant vector b, and V is the gradient vector with respect to x.
At last (-)T stands for the matrix transpose. The initial conditions for Eq. read:

(4) u:(x,0) =up(x;e), Ou(x,0) =vo(x;¢).

They are parameterized by the small parameter ¢, which quantifies the rate of
change of x — ug(x) and x — vo(x) with respect to the dimensions of O or the
propagation/observation distances. Since high-frequency waves will be generated
by an initial vibrational energy oscillating at a scale € < 1, the functions Vx ® ug
and vq shall be considered as strongly e-oscillating functions in the sense of Gérard
et al. [19]. The plane waves ug(x;¢) = A (x) e */¢ and vy (x; ) = B(x) ¥/ for
a given wave vector k € R? and i = v/—1, typically fulfill this condition.

In addition, the stress field o. is given as a function of the linearized strain
tensor €. by the material constitutive equation:

(5) o:.(x,t) = C(x)e-(x,t), €(x,t) = Vx®sus(x,t).

Both o and €. are parameterized by the scale € of the applied loads since u. also
is. Here ®; is the symmetrised tensor product of two vectors a ®s b = sym(a ® b).
The elastic wave equation for u. is derived plugging this relation into Eq. and
thus reads:

(6) L) =0dfu. — V.- (C:Vy®u.)=0, x,tcOxR.

Indeed, since o. and €. are symmetric the elasticity tensor C shall satisfy the
minor symmetries C¥* = Q7! = C¥'*  Invoking a thermodynamical reversibility
argument, it also satisfies the major symmetry C¥* = CFlij,

2.2. The Christoffel tensor. Let us define the 9 x 3 matrix M(k) by:

k 00
(7) Mk)=i|l0 k 0|, kecR?,
0 0 k

and the 9 x 9 symmetric, positive semi-definite matrix C(x) which is constituted
by the 21 independent coefficients of the elasticity tensor C(x). More precisely, C
is a 3 x 3 block matrix of which block (i, k) is the 3 x 3 matrix with elements C¥*!,
Then the second-order acoustic, or Christoffel tensor I'(x,k) of the propagation
medium is defined by:

(8) I'(x,k) = o(x) '"M*(k)C(x)M(k), x€O, kecR3,

where M* = MT stands for the conjugate transpose matrix. It is symmetric, real
and positive definite in @ x R3\ {k = 0}. So for a given direction k := k/|k| on
the unit sphere S? of R3 it has three real positive (possibly multiple) eigenvalues
w2 (x,k) for a = 1,2 or 3, and the associated eigenvectors p,(x,k) can be chosen
real and orthogonal. They can also be normalized such that:

3 3
9) I'(xk) = Z wi (%, k)pa(x, k) @ pal(x k), I= Z Pa(X, k) ® pa(x, k),
a=1 a=1
where I is the identity matrix of R3. The eigenvalues and eigenvectors of the
Christoffel tensor correspond to the phase velocities and polarizations of plane
waves propagating along the direction k in the medium O. Here we do not assume
any particular ordering of the eigenvalues with indices 1, 2 and 3. The polarization
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with the closest direction to k is called the quasi- longitudinal wave, the other two
components being the quasi- transversal Waves Also in view of Eq. ( . the eigen-
values w2 (x,k) have the form w?(x,k) = w2(x,k)[k|? := ¢ (x,k)|k[? where the
¢o’s have dimension of celerities. One has in addition p,(x,k) = pa(x,k). The
above spectral expansion of the Christoffel tensor is valid for all directions but the
so-called acoustic axes [4,8,39], along which two eigenvalues may coincide. For such
a direction k = k, of degeneracy where, say w1 (x,k,) = wa(x,Kq), the expansion
reduces to:

(10)  T(x,ka) = w?(x, ko) + (wg(x, ko) — w2 (x, Ra)) ps (%, ka) ® pa(x, ko) -

It follows from Eq. . ) that any vector which is orthogonal to ps(x, k «) 1S an
eigenvector of the Christoffel tensor T'(x, k a), i-€. it is an allowed polarization for
a wave propagating along k, with a wave celerity wi(x,k,). A common example is
elastic isotropy, when C = A QI+ 2uIX1I where A and p are the Lamé parameters
and (AXA)B := AB®A, for B® standing for the symmetric part of a square matrix
B. Then the Christoffel tensor reads:

(11) (x,k) = E(x)I+ (B(x) — A(x)) ko k, VkeS?,

where cp = /(A +2u)/0 and cs = +/p/0 are the velocities for compressive and
shear waves, respectively. The various properties of the Christoffel tensor for
anisotropic media are discussed in e.g. [3,/41[9L[28] and references therein.

2.3. High-frequency setting. The high-frequency limit ¢ — 0 in the previous
setting shall be considered for quadratic observables of the wave displacement field
u. as explained now. We rely on the simple following example which was already
discussed in [42,|43]. The real function x + u.(x) oscillating with an amplitude
a(z) about its mean wu(x):

(12) ue(x) = u(z) + a(x) sing, 0<ex,

has no strong limit when ¢ — 0, although the functions a and u vary slowly.
However for any smooth function ¢ with compact support on R, one can obtain a
vague limit as:

(13) lim [ (@) (ue())” do = / p(x) <(U(x))2 + 1(@(»’5))2) dr

e—=0 Jr R 2
Thus the purpose of the observation function ¢ is to compute a smoothened version
of the "energy” of u.(z) as given by u(z)? + 1a(z)?. It allows to estimate the
deviation of oscillations with amplitude a(x) about the mean at any point x selected
by the support of ¢. This feature is illustrated on Fig. [I]

A mathematical generalization of this idea is possibly given by the notion of
Wigner measure [11|7,[19]/36},/40]. Let us now consider that the observable function
( is an arbitrary 3 x 3, compactly supported matrix function of both the space
variable x and the wave vector k € R3. For a vector field u € [L?(R?)]3, the
functional space of R3- valued square integrable functions equipped with the scalar
product (u,v)z2 = [Lsu(x) - v(x) dx, consider the (semiclassical) operator:

1

(14)  @’(x,eD)u(x) = ) /RS . el Y (1 — 0)x + Oy, ek)u(y) dydk,
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FIGURE 1. The energy limit of a strongly oscillating sequence: the
oscillating function u. () (thin line), the mean function u(z) (thick
line), and the square-root limit (u(x)? + %a(m)z)% (thick dashed
line). After [43].

for @ € [0,1]. This parameter defines the so-called quantization of the operator.
The case 8 = 0 corresponds to the standard quantization. It is simply denoted by
p(x,eD) such that:

1 ik-x o~
@) /]R3 e ¥ p(x, ek)u(k) dk,

where U(k) 1= [p; e"**u(x)dx stands for the Fourier transform of u(x). The
case 0 —% corresponds to the Weyl quantization, which is usually denoted by

W(x,eD). Then for a sequence (u.) uniformly bounded in [L?(R?)]3, there exists
a p051t1ve, Hermitian measure Wu,| such that, up to extracting a subsequence if
need be:

(15) ¢ (x,eD)u(x) =

(16) lim (¢’ (x,eD)u.,u.) 2 = Tr p(x, k)Wu](dx,dk), Ve,

e—0 R3 xR3

independently of the quantization 8. Wu,] is the so-called Wigner measure of the
sequence (u.) because it can also be interpreted as the weak limit of its Wigner
transform W_[u.,u.] := W_[u.]. Indeed, if the latter is defined for R3-valued tem-
perate distributions u, v by:

_ 1 ik-y o g Y
(17) W, [u,v](x,k) = @) /Rs e u (X 5 ) Qv (X+ )dy,
then one has:

(" (x,eD)u,v) 2 = Tr/ p(x, k)W [u, v](dx, dk) .
R3 xR3

Thus W]u.] describes the limit energy of the sequence (u.) in the phase space
R3 x R}. Asin Eq. (13), the matrix function ¢(x, k) is used to select any quadratic
observable or quantity of interest associated to this energy: the kinetic energy, or the
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free energy, or the power flow, etc. For example, the high-frequency strain energy
Ve(t) := 1 [, Ce. : e-dx in O may be estimated with ¢(x,k) = o(x)I'(x,k):

(18) Vo) =5 [ oGoPeI) s Wil 0)](dx, ).
OxR3

2
up to some possible boundary effects on dO. Similarly, the kinetic energy 7.(t) :=
3 [, 0|0 dx is estimated by:

(19) lim 7:(t) = 1/@ . o(x) Tr W[edsu. (-, t)](dx, dk) .

e—0 2
The vibrational energy density &, := V. + 7. does not solve a closed-form equation
in the high-frequency limit ¢ — 0. However the Wigner measure, which provides
a decomposition of these quantities in the phase space, does so as explained in the
subsequent derivations. This is another reason why we shall now focus on such
limit measure rather than u. directly or quadratic quantities of u..

3. WIGNER MEASURE OF HIGH-FREQUENCY ELASTIC WAVES

In this section we show how to obtain explicitly the Wigner measure of the
high-frequency solutions of the elastic wave equation in the setting outlined
in the foregoing section. Indeed, it is needed in and for the computation
of the evolution of the strain and kinetic energies, for example. The objectives
are also to outline its main properties for a slowly varying medium, as well as
the (formal) mathematical tools used for its derivation. Both will prove useful in
the subsequent Sect. 4] where elastic waves in a rapidly varying random medium
with correlation lengths comparable to the small wavelength ¢ are considered. The
analysis presented here is derived from [19], where first-order hyperbolic systems
with constant and slowly varying coefficients are addressed, and [1], where arbi-
trary order hyperbolic systems with slowly varying coefficients are addressed. The
dispersion properties of the elastic Wigner measure are derived in Sect. and its
evolution properties are derived in Sect. Here it is shown that its components
in the eigenspaces of the Christoffel tensor, the so-called specific intensities, satisfy
transport equations of the Liouville type. The latter states that the energy densities
in these eigenspaces are transported in phase space with celerities corresponding to
the associated eigenvalues. Before doing so, we shall need some formal mathemati-
cal tools in order to compute the Wigner transform and its limit for high-frequency
elastic waves. They are introduced in Sect. and Sect. below. Now in order to
hopefully clarify the subsequent derivations, we start by reformulating the elastic
wave equation in a form that is adapted to the analysis developed in the remaining
of the paper.

3.1. Elastic wave equation as a semiclassical operator. Here we write Eq. (@
in a more convenient form for the derivation of the high-frequency regime ¢ < 1. We
shall first consider a slowly fluctuating medium characterized by an elastic tensor
C(x) which is independent of the small parameter €. The corresponding Christoffel
tensor being given by Eq. as T'(x,k) = o(x)"'M*(k)C(x)M(k) where M has
been defined in Eq. (7), the elastic wave equation (6]) then reads [1]:

(20) (ie)?L(u.) = (o(x)(eD¢)’u. — Lo (x,eDx)) u- =0, x,t€ O xR,



10 I. BAYDOUN, E. SAVIN, R. COTTEREAU, D. CLOUTEAU, AND J. GUILLEMINOT

with Dy = 1V, D; = 19,, and the operator L.(x,eDx) = M*(eDyx) o C(x) o
M(eDy). The latter may be expanded as:

(21) Le =Lo + §L2 ;

where:
Lo(x,k) = o(x)T'(x, k),

(22) Lo, k) = 0(0T(x, k) = VieM* (k) - V C(x)M(K)

with the notation VA - V4B = Z;’:l((‘?ij)(ijB) for two matrices A and B.
It should be observed that La(x,eDx) is a first-order partial differential operator
(independent of time), and that Ly = 0 in a homogeneous medium.

3.2. Some formal rules of pseudo-differential calculus. Let (k) be a smooth
matrix-valued observable defined on R3, we recall the notation of Eq. for the
homogeneous semiclassical operator ¢(¢Dy) in the standard quantization. We then
have (see e.g. |6]):

eDy

Wlp(eDouvi] = o (1 5% ) Welue v,

(23)

" eDy
W [u., p(eDx)ve] = W lue, vy <k— 5 ) )

Here we assume that the differential operator Dy within the observable ¢ acts on

W_[u,v,] so that, for instance, W_[u., v.]p*(k — 513") should be interpreted as

the component-wise inverse Fourier transform of the matrix W [u., v.]-¢*(k — ).
These relations can be extended for a non homogeneous semiclassical operator

p(x,eDx) (as in Eq. again) in the form [6}/19)]:

(24) Welp(x, Dy, ve] = (o )W [ue, ve] + g {oo, Welue, ve])
- %Vx - Vip(x, k)W ue, ve] + O(e?),
and:
(25) W_.[ue, p(x,eDx)ve] = Welue, ve]e*(x, k) + %{Ws [ue,ve], "}
+ 5 Wefu., Vo] Vi V" (x, k) + O(?).

since W_[u., v.] = W.[v.,u.]". Here {A,B} := VA V,B -V A VB stands
for the usual Poisson bracket such that {A,B}* = —{B* A*}.

3.3. Spatio-temporal Wigner transform. In the sequel, the Wigner measure of
the solutions of Eq. shall be obtained using a spatio-temporal Wigner transform
of that equation and its high-frequency limit as ¢ — 0. This is because the spatial
and temporal scales in the wave equation play a symmetric role, and their
oscillations should be accounted for altogether. Therefore a larger phase space than
the one considered in the definition has to be introduced. For two sequences
(u.) and (v,) of square-integrable functions, the spatio-temporal Wigner transform
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W_[u,,v,]| is defined as:

(26) We[u57vg](t,w,x, k) =

Note that if it is applied to u. and v. = u., W[u., u.] will be denoted by W_[u,]
as implicitly done in Eq. . The spatio-temporal Wigner transform is re-
lated to the (time-dependent) spatial Wigner transform by W.[u.](t,x,k) =
Jz Welu](t,w, x, k)dw, where w arises as the dual variable of ¢. Besides, one should
observe that the rules expounded in Sect. [3:2] above can be extended further on to
a time-dependent observable ¢(t,w) or a space-time observable ¢(t,w,x,k). It
suffices, for example, to redefine the Poisson bracket in Eq. as a differential
operator with respect to the space-time variable (¢,x) € R* and the impulse variable
(w,k) € R4 {A, B} :=V, A V,,B—V, A -V, B.

3.4. Dispersion properties. The pseudo-differential calculus and the spatio-temporal
Wigner transform are now used for the wave equation . Computing the space-
time Wigner transform of L(u.) and u,, yields:

W. [((th)QI ~T(x,eDy) — %I‘Q(x, ng)) u., ug} ~0.

But the partial derivative with respect to time reads:
> dw
t iw N
C2 pr)= (%) 10 = [ 32 Qo).
1 R 21
where Q(w) := w?. Thus invoking the rules of calculus of the previous section, we
get:

2
29 (w 50) Wilud = P OW. fu] + {0 W fu])

€ €
— 5V Vil (x, k) Welu] + =T (x, k) We[u.] + 0(e?).
Considering the leading-order term, one obtains:
(29) (WI-T(x,k)Wu] =0,
for the Wigner measure Wu.] of the sequence (u.) given by Eq. (16). Owing to
the properties @ of the Christoffel tensor, one thus has:
R
(30) > YalloWu] =0 onX:=R, x O xR;,
a=1
where 7, (w, x, k) = w? — w2 (x,k) and:
11, (Xa k) = Pa (Xa k) & Pao (Xa k)
= pa(x, k)P, (x, k) .
Here R < 3 is the number of different eigenvalues of the Christoffel tensor I', and
Po = {Pa,rf1<r<r, is the family of eigenvectors associated to the positive eigenvalue
w2 of which order of algebraic multiplicity is 7,. It is assumed in the remaining
that these multiplicities remain constant in phase space. We shall however see in

Sect. 5 following [81|39], that this is not always true for the classes of symmetry
considered there and that the eigenvalues of the Christoffel tensor may coincide at
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some points or lines. The analysis of such crossings in terms of Wigner measures
is a difficult task which has been addressed mathematically in [16L|17]. An explicit
transition coefficient can be obtained in terms of the gap between the eigenvalues
thanks to a proper rescaling of the crossing process. However, the extension of
the results presented in these works to elasticity is not straightforward and requires
further analyses out of the scope of the present publication. Going back to Eq. ,
the R families of eigenvectors pn, 1 < a < R, form an orthonormal basis of R®:
P.P8 = Pa - Pg = 0agla, where I, is the ry X 1, identity matrix and d,p stands
for the Kronecker symbol. Then the II,’s are projectors, implying that each term
in the sum above cancels. Thus:

YoIIaWlu JIIg =0 on X, Va,p5.

Likewise, Wu] being hermitian, v4sWu.]IIg = 0 on X and consequently one has
eI, Wu.]IIg = 0 on X for all o, 3. Taking the difference of these equalities
yields:

(Yo —73) o W[uJIIg =0 on X, Va,5.

But v, # 73 on X as soon as a # 3, and II,W[u.]IIg = 0 in this case. Expanding
W/u.] on X on the basis {IIl, }1<a<r such that 25;1 II, =1

Wiu.] = Z I, Wlu.] = Z I, Wu ]I,
a=1 a.f=1

the expansion on X finally reduces to the diagonal terms a = § solely:
R
(31) Wiu.| = Z Walu], Wilu] =TI, W[uIl,,
a=1

where supp W [ue] C {(w,x,k) € X; vo(w,x,k) = 0}. So the Wigner measure
Wu,] of the e-oscillating elastic wave fields (u.) is expanded into the finite sum
of its orthogonal projections onto the different energy paths of the propagation
operator with symbol w?I — I'(x, k). These paths are determined by the equation
Ya(w,x,k) = 0, 1 < a < R, in phase space. They correspond to the rays for
the medium arising in classical Hamiltonian dynamics, as shown in the subsequent
section.

3.5. Evolution properties. On the other hand, considering the Wigner transform
of the adjoint wave equation £*(u.) and u. we have:

W, [ue, ((sDt)2I ~I(x,eDy) — ?FQ(X, EDX)) ua] —0,

since the wave operator is actually formally self-adjoint, £* = L. This yields:

(32) (w - €2Dt> W] = Welu PG k) + o (Wefu], T)

n %ws[ug}vx Vil(x, k) — %WE[uE]I‘S(x,k) 102,
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or, upon substracting Eq. and Eq. (32), multiplying by 1, and observing that
T = V- Vi - T

(33) 200,W.lu] = 1 (TW.[u] - We[a]T) + 3 ({0, W.ul} — (W.[u.].T})
£ [0~ LV VD, W] +0(e).

Here [A,B] := AB — BA stands for the Lie bracket. One should observe that the
matrix K := 'y — 1V, - Vi.I" above is skew-symmetric. Following [40], we then
introduce the r, X 7, matrices w, = pj;Wu|p, for 1 < a < R such that W[u,.] =
Za 1 PaWapy, with suppW [uc] C {(w,x,k) € X; vo(w,x,k) = 0}, and compute
the projection of Eq. ( on the eigen directions p,. Thus multiplying Eq. .
by p}, on the left side and by po on the right side, one first obtains:

. , L1
paKpa = pa]-‘Qpa + Ka - i(vx . ka(Ql)Ia

where K, = Vip},(w2I —T) - Vp,. Indeed, the normalization condition p},ps =
daply yields (Ok; Py )Ps = —P5 (0K, Ps) and a similar relation for the partial deriva-
tives 0,,. We then use this relation and its derivatives recursively in the compu-
tation of the projection of Vy - Vi I'. Secondly, we consider the projection of the
Poisson’s brackets in Eq. . It is derived from the following identity:
PZ (ak] F) = akj (pa ) (ak pa)
= 01, (w2p) — (01, LT
(ak w ) (ak pa)(w F)v

and a similar result for the partial derivatives p,(9;,T). Likewise:

(azjw[us})pa = 8xj (W(u]pa) — W[UE}aiEj Pa
= axj (pawa) - W[ue]aa:j Pa
= paamjwoz + (awj pa)wa - W[ue]awjpa 5

and a similar result for the partial derivatives (Oy, W[u,])pa. Therefore one has:

pZ{I‘a W[ue]}pa = {wfwwa} + pZ{wi’ pa}wa + th{wiv p;}pa + QKZWa s
pZ{W[ue]v F}pa = {Wom wi} + WapZ{wiv pa} + {wiv p:;}pawa + 2WaKZ s

where A? stands for the skew-symmetric part of a square matrix A. Here one should
observe that p’{w?,pa.} = —{w?2,p’}pa owing to the normalization condition.
Now combining all these results in Eq. and passing to the limit ¢ — 0 one
obtains the transport equations:

(34) 200 wo = {w2, Wo} 4+ [No,Wa|, 1<a<R,

where N, := K, + p’{w?,pa} + P, I2Pa is skew-symmetric. Note that the ma-
trix N, vanishes in an homogeneous medium, and that the Lie bracket in Eq.
does so whenever r, = 1.

Now we show how the transport equations above localize the energy on rays
as described by classical Hamiltonian dynamics. Indeed, introducing the following



14 I. BAYDOUN, E. SAVIN, R. COTTEREAU, D. CLOUTEAU, AND J. GUILLEMINOT

system of Hamiltonian equations:

(35) g; = Viva(w(7),x(7),k(7)), ;_ = Vuva(w(r),x(1), k(7))
T = Ve x(m).k(T), T = =Via(w(n).x(7), k(1) =0,

with initial conditions satisfying -, (w(0),x(0),k(0)) = 0 and ¢(0) = 0, then its
solutions 7 — (t(7) = 2wT,w(T) = w, X (7), k(7)) are the so-called null bicharac-
teristics such that v, (w, X4, Ke) remains constant (and null) since one observes by
a straightforward application of the chain rule that ddi: = 0. Thus the energy rays
supporting the Wigner measures W,[u.] may be constructed by solving the ordi-
nary differential equations (provided that the usual conditions for the local
existence, uniqueness and smoothness of its solutions with respect to the initial
conditions are fulfilled, see e.g. [24]. This issue is however much beyond the scope
of this paper). From the Hamiltonian system and the definition of 7, one can
notice that the above equations read:

A ()0, %0 (7). ko (7)) = [Navwal, 1<a <R,

dr
with ¢ = 2wr. Asin |19, Remark 6.2], if one introduces the matrix U, satisfying:
dU,
=N,U,, U,(r=0)=1,,
dr (7 )

and w, = U,w,U?%, then Eq. reduces to:

d
(36) d—VNVa(t(T),w,xa(T),ka(T)) =0, 1<a<R.

T

We finally conclude this section by observing that from Eq. we further obtain
that d(’i‘t“ = Fc, whenever w = +w,, where ¢, = Viw, is the group velocity for
the mode «. This shows that the specific intensity w,, propagates in the ”forward”
direction ¢, on the energy path x, for w = —w,, and in the "backward” direction
—¢&, for w = w,. Formally writing it w, = ald(w + w,) + a, d(w — w,) for the
forward and backward traveling components, the so-called specific intensities at,
respectively, the transport equations yield:

(37) dat + {wy,aZ} +[Nf af]=0, 1<a <R,

where +2w,NZ = N,. The Liouville transport equations above generalize
Egs. (3.99) and (3.100) of [40] to an arbitrary anisotropy of the elastic medium. The
isotropic case considered in this latter publication is recovered as briefly explained
below.

3.6. The isotropic case. For isotropic elasticity for example, R = 2 with a = P
or a = S and rp = 1, rg = 2. The eigenvalues of the Christoffel tensor are
wp(x,k) = cp(x)k| and ws(x,k) = cs(x)|k|, with the velocities cp and cg for
the compressional and shear waves are as in Eq. . Then pp(x,k) = k and
ps(x, k) = [21(k), 25 (k)] such that (k,z,2,) forms an orthonormal triplet, and the
projectors are Ilp = k®k and Ilg = I —k®k. The Wigner measure is then
expanded as:

(38) W/u.] = wpppPp + PsSWsPS

where wp is a scalar and wg is a 2 X 2 matrix. Thus the multiply-scattered wave
energy in an elastic medium may be characterized by five parameters, four for the
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transverse waves and one for the longitudinal wave. They correspond to the elastic
Stokes parameters introduced in [50,/51]. Other particular anisotropies shall be
described later on in the Sect. Bl

4. RADIATIVE TRANSPORT EQUATIONS

We now turn to the weak coupling regime of high-frequency waves in a random
anisotropic medium. The weak coupling regime denotes the situation whereby
(i) propagation distances are large compared to the wavelength e, and (ii) the
perturbations of the elasticity tensor of the background medium are weak and
vary at the same scales as the wavelength (meaning that their correlation lengths
scale as €). The subsequent analysis is derived from [6] where scalar (acoustic)
waves are considered, and [10] where general first-order anti-selfadjoint systems
are considered. The main result of this section is the (matrix) radiative transfer
equation which couples all wave polarizations in an arbitrarily anisotropic
elastic medium. Radiative transfer equations are linear Boltzmann equations which
describe the kinetics of particles in a lattice of randomly distributed inclusions, for
example. Thus high-frequency wave propagation phenomena may be very well
understood in terms of a gas kinetics analogy. It involves collisional processes
characterized in terms of differential and total scattering cross-sections, of which
expressions are precisely given by Eq. and Eq. , respectively, for the present
case of arbitrarily anisotropic random elastic media. The different steps for this
derivation are the following. The mathematical form chosen for modeling such
inhomogeneities is first given in the next Sect. The random perturbations of
the elasticity tensor of the bare anisotropic medium considered in the previous part
are assumed to vary at the fast scale X as opposed to the slow scale of variation x
of the latter. Therefore one has to introduce a two-scale expansion of the Wigner
transform of the wave fields in this situation (Sect. , and a dedicated rule of
pseudo-differential calculus accounting for both scales and generalizing those of the
previous part (Sect. . A major consequence of this separation of scales and of the
scaling of the amplitudes of the random inhomogeneities in Sect. is that the fast
scale does not modify the spectral (dispersion) properties of the Wigner measure
already derived in Sect. Sect. shows why this property holds. However,
the fast scale modifies the next-order contribution to the Wigner transform and
consequently the evolution properties of the Wigner measure. The contribution of
the fast scale of variations of the random inhomogeneities to the two-scale expansion
of the Wigner transform is given explicitly in Sect. This correction actually
gives rise to the collision operator characterizing the multiple scattering process of
high-frequency waves on the random inhomogeneities. It is therefore responsible for
the modification of the transport equations of Sect. for the bare elastic medium
into radiative transfer equations for the randomly perturbed elastic medium. The
final Sect. .6l outlines how this modification arises.

4.1. Elasticity tensor of a randomly perturbed anisotropic medium. In
the setting invoked above it is assumed that the elasticity tensor now reads:

(39) Clax) = Co (x) +VEC1 (2.

where Cy is the elasticity tensor of the anisotropic background medium, and C; is
its fluctuation with amplitude /. This fluctuation is modeled by a tensor-valued,
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second-order stochastic field:

{Ci(y); y e R?},

which has mean zero and is mean square homogeneous (stationary). The latter
property means that the cross-correlations of the perturbations at two different
locations y; and ys depend on y; — ys solely; it is referred to as anisomery in
the geophysical literature (see [35]). If the cross-correlations depend on |y; — yo|
the medium is statistically isotropic, but this does not preclude it from being
anisotropic. At last, the inhomogeneities are small as expressed by their O(aé)
amplitude. This size is the unique scaling which allows them to significantly mod-
ify the energy spreading in the transport regime at long propagation distances; see
e.g. [6,140]. Larger fluctuations could lead to localization of the waves, a situation
beyond the scope of kinetic models. The fluctuation tensor C; introduced in
does not necessarily have the same symmetry as the mean elasticity tensor, as ex-
emplified in e.g. [26,46,48|. Thus it depends on twenty one coefficients {d; }1<i<21
in the general case. The model of correlation between these coefficients is given as
follows:

(10) E{di(@)d;(p)} := (27)*d(a + p)Ryj ().
where the correlation function is R;;(y1 — y2) := E{d;(y1)d;(y2)} and:

sl [ G R ().

In the above E{-} stands for the mathematical expectation (average). We stress
that the phase function q — R;;(q) is even, such that R;;(—q) = R;;(q).

We note at this stage that a randomly perturbed density may be accounted
for as well in the subsequent developments. However we ignore that possibility in
the remaining of the paper for clarity purposes. The analysis could be carried on,
though, along the same lines as in |6, Sect. 7].

=)

4.2. Multiple scale expansion of the Wigner transform of the elastic wave
equation. Having introduced the random fluctuations of the elasticity tensor, we
can write the elastic wave equation accounting for these inhomogeneities in a similar
form of Eq. as follows. Let us introduce the Christoffel tensor I'y of the
slowly varying background, such that To(x,k) = o071 (x)M*(k)Co(x)M(k). We
also introduce the second order tensor I'; corresponding to the random fluctuations
Ii(x,y,k) == 071 (x)M*(k)C;(y)M(k). The elastic wave equation is now
considered with the operator L. defined by:

(41) L.=Lo+e3L, + %LQ £ O(e3),
where:
LO(X’ k) = Q(X)FO(Xv k) y
(42) L, (X, ;,k) = o(x)T (x7 ;,k) ,
La(x,k) = o(x)T2(x, k) = ViikM*(k) - V,Co(x)M(k) .

Then by applying the space-time Wigner transforms W.[-, u.] and W¢[u,,-] to
Eq. with (eD¢)?u. = Q(eDy)u. of Eq. and L. given by Eq. , we
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obtain respectively:
(43)
X
WE[Q(EDt)uau ue] = We [Fo(x, EDx)usy ue] + \/EWE |:F1 (X7 g, EDx) Ug, usi|

)

3
2

+ EWE [To(x,eDyx)us, u.] + O(e
i
and:
(44)
x
W [u., Q(eDy)u.] = W.[u., To(x,eDy)u.] + e W, [ug, r, (x, g,er> ug}
- ?Wa[ua, s(x, Dy )u.] + O(2) .

Taking the difference of Eq. and Eq. and recalling the rule for Q(eDy),
yields:

(45) 2w(eDy)W [u] = W [Ty (x,eDx)uc, u.] — Welue, Top(x, Dy )u]
x x
+ \/;:WE [Fl (Xv ) EDX) Ug, us] - \/;:WE [usv Fl (X, y EDX) us:|
€ €

+ ?WE [[Co(x,eDyx)ue, u.] + ?Ws [ug, T (x,eDy)uc] + O(e

wjw

).

Eq. for the case of a randomly inhomogeneous medium is the counterpart of
the Wigner equation for a slowly varying medium, before the rules and
introduced in the Sect. are applied. The main difference lies in the terms
involving I'y, which must be carefully evaluated in an asymptotic analysis since they
contain both scales x and *. We may then make use of the aforementioned rules
of calculus, and an additional one for pseudo-differential calculus with oscillating
coefficients (see Sect. below). In view of these considerations, we also introduce
a two-scale version of W_[u.]| as follows:

W [u](t,w,x, k) = W, (t7w7x, §7k) .

Moreover, letting y := %, the differential operator Dy acting on the spatial variables
should be replaced by Dy + %Dy in Eq. 7 such that the previous asymptotics
in this new set of variables can now account for the fast oscillations of the medium.

Eq. thus reads:
(46) 2w(eDy)W. = W_[[y(x,eDy + Dy)u., u.] — W_[u., T(x, Dy + Dy )u.]

+ \/E(WE [Fl(xa Yy, EDx + Dy)usv ue] - We [um Fl(xv Yy, E:Dx + Dy)u6]>
+ = (W.IP2(x, eDx + Dy Ju., u.] + Wefue, Do (x,eDy + DyJu] ) + O(cH).
Using finally an asymptotic expansion of V~V€(t, w,X,y, k) as:

(47) WE (t7 UJ, X7 y7 k)

= Wo(t7 w, X, k) + \/EWI (t7 W, XY, k) + EW?(ta w, Xy, k) + O<€) )
we equate like-powers of ¢ in Eq. to obtain a sequence of three equations
for the orders O(g?), O(E%) and O(e). This procedure follows [6, Sect. 7] for the

scalar case but is extended in the following to a vector wave equation with matrix
coefficients. Thus we can follow the analysis developed in the Sect. [3]to account for
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the influence of the random perturbations characterized by the operator L; above.
The O(£°) terms yield the dispersion properties of Wy as in Sect. while the
O(e) terms yield its evolution properties as in Sect. The O(e2) terms yield a
linear relation between W, and W that explicit the contribution of the random
inhomogeneities on the evolution properties of the latter. To obtain it, a formal
rule of pseudo-differential calculus with oscillating coefficients is needed, as already
noticed above. It is given in the next section.

4.3. A rule of pseudo-differential calculus with oscillating coefficients. Let
V(x,y) be a (real) matrix-valued function. Then, we have that [6]:

W, [V (x, ;) ug,vs} = /]R3 _dp_ ¢lEP V(x, p)W.[u., v] (x, k — E) +0(e),

@) 5
W [u v (x2)v.| = /R (2(17")3 e FPW.fue,ve] (x k+ 2 ) V' (x,p) +0(e)

where \Af(x, p) is the component-wise Fourier transform of V(x,y) with respect to
the second variable. In the above we have dropped the dependency of W [u., v]
with respect to t and w for clarity purposes. Applying the above formula for highly
oscillatory fluctuations in random media with y = % yields:

(48) W.[Iy (x,y,eDx) u., vl (x,y, k) =

dp_ iyp Dy p Dy p
/]R3 (2ﬂ)3e H(xk+ > ,P,k—2+ 5 W.[u.,v,.] (X,y,k—2>—|—0(g)7

and:

(49) W.|u., T (x,y,eDx) v ](x,y,k) =

[ aB e Weluevi (xy o+ 2)m (x,k+ DDy p- DY>+0<6>,
R

s (2m)3 2 2 2
where the 3 x 3 matrix H is defined by:
(50) H(x,k,p,q) := ¢~ (x)M" (k)Ci(p)M(q).

Note that it is useful for the sequel to observe that from this matrix verifies
the following property:

(51) H(x,k,p,q) = H (x,q,p,k).

These formulas will be used in the subsequent derivation of the evolution proper-
ties of the Wigner measure accounting for a randomly perturbed elasticity tensor.
Similar results can be established if one also considers random perturbations of the
material density at the small lengthscale ¢.

4.4. Dispersion properties. We start by establishing the connection between the
temporal and spatial oscillations of the waves in the high-frequency limit, the so
called dispersion relation. It is given by the leading order terms O(g°) in Eq. .
Since the symbol of the operator Ly of Eq. is identical with the Christoffel
tensor for the case C = Cy up to o~ !, we adopt the same notations for the
eigenvectors and eigenvalues of T'g(x,k) as in Eq. (J). Thus we denote the lat-
ter by {pa(x,k)}i<a<r and {wa(x,k)}i<a<r, respectively, with r, the order of
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multiplicity of the eigenvalue w,. Then:

R
(52) FO(X7 k) = Z wi (X7 k)pa (X7 k)PZ (X, k) )

a=1
with p’ (x,k)pg(x, k) = dopls (the family {pa(x,k)}1<a<r forms an orthonormal
basis of R? for any (x,k) € O x R3). Consequently, any 3 x 3 real matrix A(x,k)
can be expanded on this new basis by a spectral decomposition as follows:

R
A(x,k) = Z Pa (X, k)Aqs(x, k)ps(x, k),
a,B=1
where A,5(x,k) = pl(x,k)A(x,k)ps(x, k). Now the matrix-valued Wigner mea-
sure Wy (t,w, x, k) being Hermitian and positive definite, it is expanded as:
R
(53) Wo(t,w,x,k) = Z Pa(x, k)W, (8, w,x, k)p (%, k) .
a=1
On the other hand, letting ¢ — 0 in Eq. , and invoking the rule (24]) and the
first line of , we deduce the following eigenvalue equation:

(54) w2W0(taw7X7k) = ]-‘O(xv k)WO(t,w,x,k) ’

which is of course the same as Eq. (29). Therefore, multiplying by pi(x, k)
on the left side and by p,(x,k) on the right side, and using the spectral decom-
position of Wy, we get that the eigenvalues for the system are identical
to {w?(x,k)}1<a<r. Consequently, let (w, x,k) be such that w? = w?(x, k), which
uniquely defines the polarization mode « for this choice of frequency, position and
wave vector. Then the coefficients of the decomposition can be rewritten as:

(55) Wo(t,w,x, k) = aq (£, %, k) (w? — wl(x,k)) .

The a,’s are the (possibly matrix-valued) specific intensities for high-frequency
waves in a randomly varying elastic medium. They are Hermitian and positive
definite since the limiting Wigner measure Wy is Hermitian and positive definite.

4.5. Half-order correction O(E%). From now on, we drop the (¢,w,x) depen-
dence for clarity purposes, it being understood that we will come back to this
dependence once the derivation has been completed. By considering the 0(52)
terms in Eq. (46) we can calculate Wl(p7 k), the Fourier transform of Wy (y, k)
with respect to y, in terms of Wy(k). This expression will be used in the sequel for
the derivation of the evolution properties of Wy. So, by inserting the asymptotic

expansion in , and making use of . ., and .7 we obtain the

following O(ez) terms
D, D
0= FO (k + 2) Wl(y7 k) - Wl(Y7k)FO (X,k - 2}’)
+

dp oiYP Dy P p
(56) +/ DR H<k+ 5 Pk — O o)

dp  iyp p Dy D,
— [ Povew, (k+ 2)H (k- X pk+ 2.
/Ra (2m)3 ¢ 0( +2) 2 P +2 2
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Taking the Fourier transform of with respect to y and using the above defini-
tion, yields:

(57) 0="Tq (k+ %) Wi(p,k)— Wi(p.J)To (k= 2 ) +i6Wi(p, k)
(s Bk B Wl 5w (ks D) (k- B ).

since W is independent of y so that Wo = (27)36(0)W . Here 6 is a regularization
(limiting absorption) parameter as in [6] that will be sent to 0 at the end of the
derivation. As {pa(k)}1<a<g form a complete basis of R? for all k (and for all x),
the following expansions of W1 and H hold:

R

Wi = 3 b (14 5) Wan(pdops (k= 3) .
(58) R

H(k, p, q) = Z pa(k)Haﬁ (ka p, q)pZ} (q)

a,B=1
=H"(q,p, k),
where:
~ o 1%

(59) Wags(p, k) == pg, (k+ ) Wi(p, k)ps (k - 5) ;

Hus(k,p,q) == p,(k)H(k, p,a)ps(q) -

Injecting the two equations of into (57), with the expansion To(k +8) =
> wi(k+ P) xII,(k £ §) obtained from Eq. (53), and multiplying by p},(k + )
on the left blde and by pg( — &) on the right side, we deduce that:

o (v ) = () +10]pa (1 5) Wasto ks (- 5)

o 2t i B B B

2 2
i D) i D) B D) (6 B) <o

so that:

(60) Wap(p,k) =
Wa (K 2) Bl (K 2,9,k — %)~ Flus (K 2,p.k — 2) wa (k- 2)
w2 (k+8)-wi(k—5)+i0 '

4.6. Evolution properties. The evolution equation for Wy is finally obtained
from the O(e) terms in Eq. (46)). It is:

(61) QWtho(k) ( )Wg(y, ) (y’ K
M %({ro(k)vwo(k)} — {Wo(k), T ) 41

dp  yp D, p D, P
YPH (k+ Y pk-2ir ¥ |w ( k- )
+/]Rp,(%)?'e TPk o S Wiy k-

dp  iyp P D p D
R W(,k —)H* k——Y pk+2_2¥)
/]RS(QW)Se AL g PETS T

o (k)

)
[I‘g(k }Vx - ViIo(k), Wo(k)}
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As is usual in homogenization approaches, we may assume that Wy is orthogonal
to Wy in an averaged sense in order to justify the asymptotic expansion with
respect to ¢, so that we can drop the terms with Wy in Eq. . On the other
hand, since p is a dummy variable in the integrals of Eq. , we can interchange
p and q so that it becomes (ignoring the Wy terms for the reason invoked just
above):

(62)
2D, Wo(l) = o ({To(), Wo(k)} — {Wo(k), To(k)} )
1
+f{ —fV VkFO(k)vwo(k)]
da  iyq Dy _a. Dby _4
+/R3 2n)3 ¢ H(k+ 5 k5T Wl(y’k 2)
pE
o dq 1y-q ﬂ * _ ¥y g _ Y
[ e W (v )0 (k- Daker § - 5
Zs

The next step consists in computing the integrals Z; and Z, above using the results
obtained in the previous Sect. for W in terms of Wy. This closure, together
with averaging in Eq. , gives rise to a collisional linear radiative transfer equa-
tion for the average of Wy. Its collision operator is shown to depend on the phase
functions of the random inhomogeneities, R;;(q) in Eq. . We obtain here a
general form of the collision kernel accounting for all possible symmetry classes of
elasticity tensors, including the isotropy class which was already considered in [40].
This result is the main contribution of this paper. We detail in the next two sub-
sections how it is derived.

4.6.1. Averaging Fq. . The averaging of Eq. requires more specifically the
computation of the averages E{Z;} and E{Z}. We first consider E{Z;}. Injecting
the inverse Fourier transform p — y of Wy(y,k — 9), we deduce that:

dqdp D, q
63) I, = elv(atP) | (k ak- 1" P)w ( k—7>.
(63) 1 / @ny + 5 5 L(pk—
We inject the expression of W, (p, k — 1) obtained from Eq. (58) with Eq. (60):

(64) VAVl(nk—%): XR: pa(k—q;p)waﬁ(p,k—g) (k—q_;p)

a,f=1
_ i Po (k — 952) wa (k — 95P) Hog (k — 932, p, k — 932) pj (k — 93P
22 (k= 952) — o (k= 952) +16
P (k= 952) Hly (k= 352 p ke — 932) wy (k= 342) pj (k- 94P)
T ) ) |
Now because of , we see that the average of Z; in Eq. (63) with Eq. (64) will
give rise to the Dirac factor 6(q + p). Thus introducing the change of variables:
q—-p q+p
2

— —0

B q,

)
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allows us to write:

_ dq

a,f=1
H(k,q,k — q)pa(k - q) [Wa(k —a)Hap(k — q,—q,k)

_Haﬁ (k —-q,—q, k)Wﬁ (k)] plg (k)} .

A similar calculus gives E{Z,} as:

dq
A(OEAL2}) = ;11[2{ /]Rs wi(k)*wg(k+q)+19x
Pa (k) [wa (k)Hab’ (ka —q, k + q)

—Hupk, —q,k + q)wg(k + q)| ps(k + q)H"(k,q,k + q)} :

4.6.2. Matriz radiative transfer equation. Now we insert in Eq. the foregoing
expressions of E{Z;} and E{Z,}. Multiplying Eq. on the left side by p* (k)
and on the right side by p,(k), then using the results of Sect. for the projection
of the Poisson and Lie brackets (see Eq. (34)), we have:

(65) 0(0)2wiE{w,}(k 0) {w3(k), E{wa } (k) } + 6(0)[Nq(k), E{wq} (k)]
dq Hask,q,k — q)Hga(k — q, —q, k)wa (k
IZE{/ q s(k,a,k — q)Hga(k — q, —q, k)wa (k)

wi(k — q) — wZ (k) +16

+ / dg w, (k)Ha,B (k, —q, k + q)Hﬁa (k +4q,q, k)
s (2m)6 w2 (k) —wi(k+q)+1i0

- / dq Haﬁ(ka q, k- q)W[g(k B q)Hﬁa(k —q,—q, k)
o 2 Alk—q) w3 () +10

3 / dg Hag(k,—q,k+q)wg(k +q)Hpa(k +q,9,k)
( b

s (2m)6 w2 (k) —w3(k +q) +i0

where we recall that 5} = iDt Here we have used the fact that Hyp(k,p,q) =
Hj,(q,p, k) from Eq. and Eq . On the other hand, we have in the
sense of distribution ﬁ - L+ Omd(x) as @ — 0, where § stands for the sign

of 8. Consequently, the prev1ous equation implies by letting § — 0 and changing
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properly the variables q + k — q and k — q — q in their respective integrals, that:

(66) 06(0)2wdE{wq (k)} = 6(0) {w? (), E{wa(k)}} + 6(0) [Na(k), E{wa (k)}]
~ diq 5 (02 (k) w2 i
QZE{/ < 6( a(k) B(q>)+w%(q)w?x(k)> X

H.s(k,k —q,q) [Hﬁa(% q -k k)wa(k) — wa(q)Hga(q, q — k, k)]
dq 9 5 i0
+ /Rg (20 (775 (wi(a) —wa (k) + 20— 2@ W%(q)> x

[Wa (k)Haﬁ (ka k—q, q) —Hap (k7 k—q, q)Wﬁ (qﬂ Hg. (CL q—k, k)} :

We finally proceed as in Eq. (37). At first, we observe that:
1
2(q) — w2(k) = —— — wa(K)).
S(A(@) — w3 () = g d(en(a) - wo(k)

Second, as for Eq. , we split w,, into its ”forward” traveling components aZ for
which w = —w,, and its "backward” traveling components a;, for which w = wg:
w, = ald(w+ wa) + a, d(w — wy). Third, 6 has to be chosen negative to preserve
causality, so that we obtain with Eq. :

(67) 6<0>(af1E{a K)} + {wa(k), E{af (k)}} + [N (k), E{a} (k)}]) =

dgq d6(w wea (k))
Z / o 45; L)wﬁ(;) D {H, 5k k - a, @)a} () Hsa(a.q — k. K)}

1 dq §(wa(k) —wp(q))
{/3 (2m)5  dwa(k)ws(q)

: B{Hoo(k K~ 4.0 Hou(a.a - K )| Baf ()

- gElac0) | [ i 2t g e k- @, @B (0. - K R0)|

; dq (E{Has(k,k —q,9)Hsa(q,9 -k k)} o
/Ra (2m)° ( 2000 (K) (@3 () — w2 (k) )1 Efaq (k)}

a i dq E{Haﬁ (ka k- q, q)Hﬁa (qa q-— k7 k)}
+Elac () l L@ ( 20 () (3 (K) — WA (@) )] |

+

In the above derivation we have invoked a crucial mixing assumption as in |6l
40|: indeed, it is expected that E{H,sHpgsal} ~ E{H,sHg,}E{al} since both
quantities H and a} vary on different scales. On the other hand, we have from
the correlation model (40) that E{d;(p)d i(=p)} = 8(0)(27)3R;;(p). Therefore
we shall introduce the following deﬁnltlon of the so-called differential scattering
cross-sections 0.8, 1 < a, 8 < R:

(68) 6(0)(27)30ap(k,q)[A(q)] :=

S (R & (Hos (ko k — 4, ) A(Q)Hsa(a,q ~ k. k)
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for any rg X rg square matrix A(q), such that o.s [ag] = o-aﬁ[IE{a;}] invoking
the aforementioned mixing assumption. From this definition it can be verified
straightforwardly, at least in the scalar case rg = 1, that the differential scattering
cross-sections satisfy the following general reciprocity relationships:

Jaﬁ(ka q) = Jﬁa(_qv _k) )

oup [ wa Y _, [ wd wk
P\ eall) cs@ )~ T\ es(@) ea(k) )

as expected from wave physics. We also define the total scattering cross-section
matrices 3., 1 < a < R as:

R
(69) Ta(k) = ;Z{/ Zestic it (q)_wa(k))@d:)?’

Eq. then reads:

(70)  Brag (t,x, k) + {wa(x,k), a5 (t, x, k) } + [NL (x, k), a (¢, x, k)] =

5 [ ok (. )ltes ) — e x10)
e Jpe 70T T ARG (2m)3

- X.(x,k)al (t,x,k) —al(t,x, k)2 (x, k),

still denoting the averages E{al} by af. In the above we have re-introduced the
space-time dependence of all quantities whenever applicable. Contrary to the result
of Eq. , the specific intensities a, for the R modes propagating in the medium
get coupled by its random inhomogeneities. The radiative transport equations ((70))
above generalize Eqgs. (4.32) of |40] to arbitrary anisotropy of the elastic medium,
in that the differential and total scattering cross-sections we have derived embed
all possible cases of elastic constitutive models. We note here that if the order
of multiplicity of all modes is one, the specific intensities al are scalars satisfying
the system . Eq. above considers the most general case when some modes
possibly have a multiplicity higher than 1, as for an isotropic medium. Now some
particular classes of practical significance in engineering mechanics are discussed in
the next section.

5. EXAMPLE CALCULATIONS

The aim of this section is to apply the formula for the differential and total scat-
tering cross-sections derived in Sect. Eqgs. and , for some usual classes
of anisotropy. We consider cubic, transverse isotropic (hexagonal) and orthotropic
(orthorhombic) materials. Elastic isotropy is also detailed in order to demonstrate
that the analysis developed in the foregoing section is consistent with some already
known results. The elasticity tensor C = [CY*!] of Eq. (39)) is a fourth-order tensor
satisfying the minor (C¥* = CJ*l = C¥'*) and major (C”kl CHiJ) symmetries
invoked in Sect. 2.1} For clarity purposes we adopt Voigt’s notation in this section.
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It considers the following one-to-one correspondence between a symmetric pair (i, )
of three-dimensional indices and a multi-index I ranging from 1 to 6:

1141,224:2,333,23¢4,31c5, 1246.

We can thus represent the elasticity tensor C or its counterpart Cy for the un-
perturbed background medium as a symmetric 6 x 6 matrix with the following
equivalence:

Cllll 01122 Cll33 01123 01131 Clll2 Cll 012 Cl3 Cl4 Cl5 CIG
C2211 02222 02233 02223 02231 02212 022 C23 024 025 CZG
C N 03311 03322 03333 C3323 03331 03312 . 033 034 035 036
C2311 02322 C2333 02323 C2331 02312 = C44 C45 C45
03111 03122 03133 03123 03131 03112 055 056
01211 C1222 C1233 C1223 C1231 01212 CGG

For the following applications it is first necessary to identify the eigenvalues and
eigenvectors of the Christoffel tensor I'gy of the bare medium from the components of
Cy corresponding to each case of anisotropy, and compute the tensor H(x, k, p, q) of
Eq. . Then we shall be able to deduce the differential and total scattering cross-
sections, o.s(x,k, q) and 3, (x, k) respectively, for the considered cases. Now the
correlation functions y — R;;(y) of Eq. are normalized such that:

4 Feo . .
gmfj =/ dey/ dQ(y)Ri; (vy),
0 S2

where y = |y|, ¥ = y/vy, and S? is the unit sphere of R? with the uniform prob-
ability measure 2. This normalization introduces the correlation lengths a;;. We
may assume in the following examples and without loss of generality that these
parameters are all equal to a single parameter a. Different models of the phase
functions q — R;;(q), which are the three-dimensional Fourier transforms of these
normalized correlation functions (NCF), may be invoked as discussed in e.g. [33]
and references therein. We will adopt here a Markov (exponential) model, by which:

@1
72 (1+ (ala)?)?”

for @ = 6"3a. The 0:;’s are scalars quantifying the amount of correlation between
d; and d; for 1 < 4,j < 21. Indeed, it is argued in [45] that this model describes
fairly well the correlation structure of both continuous and discrete materials. This
particular choice does not however restrict our results in any respect. At last,
we assume in the following examples that the fluctuation tensor C; and the mean
tensor Cy belong to the same symmetry class. Our analysis, though, allows different
morphological and crystallographic textures to be considered at the slow and fast
scales since Cy and C; are allowed to vary independently with the position. So this
simplifying choice, again, does not restrict it, its physical relevance being out of the
scope of this paper in any case. Our objective here is only to demonstrate that our
derivation can effectively be used in practical applications.

(72) ﬁij(q) = 0i5 X Rij(Y) = Qij X €Xp (—M) 5

a

5.1. Isotropic case. We start by considering the case of elastic isotropy already
derived in |40]. Our purpose is to show that the theory developed in Sect. embeds
the existing results for that particular symmetry class. The elasticity tensor Cy of
the background medium depends on the two Lamé’s coefficients A and p. In view
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of Eq. it thus reads:

(73) Co

COoOT®T OO0 O
oOxT oo oo
T OO0 o0

The Christoffel tensor is given by Eq. as To(x,k) = (cB(x) — E(x)k @k +
c3(x)|k*T and we have R = 2 (&« = P or S) and 7p = 1, rs = 2 as outlined
in Sect. Its eigenvalues are wi(x,k) = c&(x)|k|? and wi(x,k) = cZ(x)|k|?,
corresponding to the eigenvectors:

(74) pP(X7 k) = k7 pS(X, k) = l;l = [il(k)v ig(k)] 5

where 71 (k) and Z3(k) are such that (R,il,ig) forms an orthonormal triplet. On
the other hand, we deduce from Eq. using the notations of Eq. , that:

H(x.k,p,a) = o' (x) [d\(p)k @ a + du(p)a @k + du(p) (k- @)1 -
By a straightforward calculation inserting into Eq. we have:
Hee (x,k, p,a) = ¢~ (0)lkllal [du(p) +2(k - @)%d,,

Hps(x,k,pa) = 0~ (x)2(k - @), (p) (k- 21 (),
Hgs(x,k, p,q) = 0~ '(x)|k|a|d, (p)G' (k.q)

oL
°
o

>
N>
no
—~
fle]
~
—

where G/(k,q) = G(k,q) + (k- §)T(k,q), and G(k,q) and T(k,q) are the 2 x 2
matrices given as in Eqgs. (1.11) and (1.20) of [40] by:

Gr(k,q) = (2;(k) - @)(2k(q) - k), Ti(k,q) =2,;(k)-2x(q), 1<jk<2.

The differential scattering cross-sections of Eq. are then derived as:

et lor] = 5 b [Ruse—a)+ 40k @R k- @
+4(k - @) 'Ry (k — @) ar (@),
vsthalas] = 5 A (- 7Ry - @G0k as(a).
oss(h las] = 5 LRy (- )16 0 alfas @6 ()],
oselle.alar) = T e PR, (k- )Gk @)ar(a).

2 op

in full agreement with the results of [40, Sect.4.5], up to a proper normalization of
the fluctuation tensor and its power spectral density functions p — R;;(p).
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5.2. Cubic anisotropy. Here, the elasticity tensor Cy of the background medium
depends on three coefficients c1, co and c3 and reads:

Ci Co2 Co 0 0 0

Ca C1 Co 0 0 0

Cp — Cy Co C1 0 0 0
710 0 0 ¢ 0 0
0 0 0 0 c3 O

0 0 0 0 0 cs3

Then the Christoffel tensor I'g of Eq. reads:
(75) FO(X7 k) = Q_l(X) [(CQ + C3)k ®@k+ C3|k‘21 + ‘Adlag(ki k%? k%)]

in a cartesian frame (€, €2, €3), with A = ¢; —cy—2c3. Notice that if this anisotropy
factor A = 0, the Christoffel tensor relative to cubic anisotropy becomes
identical with that of the isotropic case for co = A and c3 = p. If the anisotropy
factor A # 0, the eigenvalues and eigenvectors of the Christoffel tensor cannot
be computed explicitly. However it can be shown [2}8] that cubic crystals have 7
acoustic axes independently of the elasticity constants, provided that co + c3 # 0
(which correspond to ”special” crystals). These axes are the three coordinate axes,
and the axes (£1,+1,£1) (with one change of sign at a time). On the other hand,
we deduce from Eq. using again the notations of Eq. , that:

H(x,k,p,q) = 07! (x) [az(p)k ©q+ds(p)a @k + ds(p) (k- q)T
+ (d(p) — da(p) — 25(p) ) ding(k1a1, kaaz, hoas)]
gﬁi :Haﬁ’s of Eq. are all scalars such that Hap(x,k,p,q) = Hga(x,q, p, k)
Has(x,k,p,q) = 07 (x) k|| [HQ(D)(R -Pa(x,k))(4 - Ps(x,q))
+ds(p) (@ Palx k) (k- pa(x,a)) + (k- &) (Pa(x,k) - Pa(x,q)))
+ (di(p) — da(p) — 2d3(p) ) Tr(k © 4 ® pa(x, k) © Pa(x, @) -

We apply our results to nickel (Ni), which according to the results in [38] as cited
in [31, Table 6], has mean elasticity constants ¢; = 253.0, ¢z = 152.0, cg = 124.0
(in GPa) and density o = 8910 kg/m3. We first plot on Fig. [2| I the three velocity
surfaces k cq (k) for keS? and a = 1,2,3, such that ¢; < ¢o < ¢3 where the
equality ¢; = c5 holds on the acoustic axes solely. The latter are also displayed on
the pseudo-transverse velocity surface plots. We also plot on Fig. [3] the normalized
partial scattering cross-sections E = Xu3/2q, where the non normalized partial
scattering cross sections Yqg, and total scattering cross sections X, are given by

Eq. as:
S P A S (T I TG
Ea,@ (%(f{)) = 21w /S2 c%(q) Oap <Ca(k)’ Cﬁ(él)) dQ(q) R

wk i wk
Ea —=_ = Ea —=_ .
<0a<k>> 52 ’ (c&<k>>
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FIGURE 2. Velocity surfaces k — cq (k) for single crystal nickel.
Left: pseudo-transverse mode o = 1, middle: pseudo-transverse
mode o = 2, right: pseudo-longitudinal mode a = 3. The dashed
lines display the 4 acoustic axes out of coordinate planes.
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FIGURE 3. Normalized total scattering cross-sections k — Efﬂ (k)
for single crystal nickel with fixed frequency parameter alk| = 1
and Markov model for the NCF.

Here all modes have multiplicity one so that R = 3 and the scattering cross-
sections are scalars. The non-dimensional frequency parameter is alk| = 1, and the
correlation coefficients g;; of Eq. are all equal for 1 < 4,5 < 3 (this hypothesis
may be physically unrealistic but such a discussion is for the present out of the
scope of the paper). We use the product Gaussian quadrature rule studied in
e.g. for the computation of the integrals on the unit sphere S? above. We may
comment on these plots by noting that they have symmetries reminiscent of the
underlying material symmetry. It is however hardly possible to elaborate more on
this topic since to our knowledge the present results are new. The scattering cross-
sections displayed here characterize the attenuation of waves by multiple scattering
in the weak coupling regime. Therefore they may be used for the interpretation
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of ultrasonic experiments, for example. In particular, they can be directly related
to some average measure of materials grain sizes in different scattering regimes,
including those covered by the present theory [20].

5.3. Transverse isotropy. Here, the elasticity tensor Cy of the background medium
depends on five coefficients cy, ca, c3, ¢4 and c5 and reads:

Ci1 Co C3 0 0 0
co ¢ cg 0 O 0
C3 C3 Cg 0 0 0

Co 0 0 ¢ 0 0

0 0 0 ¢ 0
0 0 0 0 9%

Then the Christoffel tensor I'y of Eq. reads:

o O O

(76) To(x,k) =0 '(x)x

Clk% + LECZ k% + C5k§ L;Cz k1ko (03 + C5)k1]€3
CI;Q k1ko %k% + Clk% + C5k§ (C3 + C5)k2]€3
(Cg + C5>k1k‘3 (C3 + 05)/{32]63 C5(k% + k‘%) + C4kj§

On the other hand, we deduce from Eq. using again the notations of Eq. ,
that:

H(x,k,p,q) = 0~ ' (x)x

[ krgrdi (p) + kagads(p) skoq (di(p) — da(p)) = ~ ]
Y A A k1g3ds(p) + k3q1ds(p
+3k2q2(d1(p) — d2(p)) +k1g2d2(p) 193d3(P) + k315 (p)
. . N ~ .
5k1g2(d1(p) — d2(p)) k2g2d1 (p) + k3gads(p) = a2
2 A o ~ kogqsds(p) + k3qeds(p
+k2q1d2(p) +3k1¢1(d1(p) — da2(p)) 2033(p) + ks0:05(p)
] A A A ks + ko)
k3q1d3(p) + k1g3ds(p) k2q3ds(p) + k3g2d3(p) ( 1q—ik . %qj()p;,(p)
L 343 i

The elasticity coefficients are related by the constraints for positive definite energy
density:
C%<C%, C§<C1C4,
2c103 + 403 — 2c903 < ciey,
and cy,cyq,c5 > 0. There are at most either 1 acoustic axis €3, or this very axis and
a circular cone of axis é; for this symmetry class [8] (ignoring the ”special” and
”pathological” cases dealt with in detail in this latter reference).

We apply our results to zinc (Zn), which according to the Landolt-Bornstein
database [30] as cited in [8, Table 5], has mean elasticity constants ¢; = 165,
co = 31.1, ¢cg = 50.0, ¢4y = 61.8, ¢5 = 39.6 (in GPa), and density o = 7140
kg/m3. The sole acoustic axis is 3. We first plot on Fig. 4] the three velocity
surfaces k ca(l;) for k€ S? and o = 1,2,3, such that ¢; < ¢y < ¢3 where the
equality ¢; = co holds on the acoustic axis solely. We also plot on Fig. |5| the
normalized partial total scattering cross-sections Efﬁ defined as in Sect. Here
all modes have multiplicity one, so that R = 3 and the scattering cross-sections
are scalars as for nickel. The non-dimensional frequency parameter is alk| = 1,
and the correlation coefficients g;; are all equal for 1 < 4,5 < 5 (with the same
reservation for this assumption as for the case of nickel). Regarding symmetries,
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FIGURE 5. Normalized total scattering cross-sections k — Efﬂ(f{)
for single crystal zinc with fixed frequency parameter a|k| = 1 and
Markov model for the NCF.

the same comment as for cubic anisotropy may be done for these plots.

- -5000

5.4. Orthotropy. Here, the elasticity tensor Cgy of the background medium de-
pends on nine coefficients ¢y, cq, c3, ¢4, C5, Cg, C7, Cg and cg and reads:

C1 Cg C3 0 0 0

Coa C4 Cjy 0 0 0

Co — C3 Cs Cg 0 0 0
710 0 0 ¢ 0 0
0 0 0 0 cg O

0 0 0 0 0 cg
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FIGURE 6. Velocity surfaces k — ca(lA() for single crystal celestite.
Left: pseudo-transverse mode « = 1, middle: pseudo-transverse
mode a = 2, right: pseudo-longitudinal mode « = 3. The dashed
lines display the 10 acoustic axes.

Then the Christoffel tensor I'y of Eq. reads:
(77) To(x,k) = o' (x)x

Clk% + Cgk% + Cgk% (C2 + Cg)klkg (C3 + Cg)klkg
(C2 + Cg)klkg Cgk% + C4k§ + C7k§ (C5 + C7)k2k3
(C3 =+ Cg)klkg (C5 =+ C7)k2]€3 Cgk% + C7I€% + C6k§

On the other hand, we deduce from Eq. using again the notations of Eq. ,
that:

H(x,k,p,q) = 07" (x)x

[ kiqd, (p) +A/€2Q2ag(p)
+k3q3ds(p)

k1g2do(p) + kaq1d2(p)

k1g2d2(p) + kagidy (p) k1g3d3(p) + k3q1ds(p)

k‘ﬂhag(P) +Ak2Q2a4(P)
+k3q3dz(p)

/ﬁq?,as(l)) + k3Q183(P) szJ3a7(P) + k3Q2as(P)

k2q3ds(p) + k3gadz (p)
F101ds(p) + kag2d7 (p)
+k3qzds(P)

The elasticity coefficients are related by the constraints for positive definite energy
density:

C% < c1C4, C% < C1Cq, C% < C4Cq ,
clcg + C4C§ + 06(2% — 2coc3C5 < C1C4Cq
and ¢y, ¢y, Cg,C7,C8,C9 > 0. There are at most 16 acoustic axes for this symmetry
class [8] (ignoring again the ”special” and ”pathological” cases dealt with in detail
in this latter reference).

We apply our results to celestite (SrSOy4), which according to the Landolt-
Bornstein database [30] as cited in [8) Table 1], has elasticity constants ¢; = 104.0,
Co = 770, Cg = 60.0, Cq = 106.0, Cy; = 62.0, Cg — 123.0, C7 = 13.9, Cg = 27.9, Cg =
26.6 (in GPa), and density o = 3960 kg/m?. There are 10 acoustic axes computed
as (0,0.77,£0.64), (0,0.70, £0.71), (0.49, £0.87,0), and (£0.43, +-0.88, £0.22) (with
one change of sign at a time), in agreement with the data given in [8] Table 2]. We
first plot on Fig. [0] the three velocity surfaces K cq (R) forkeS?and a =1,2,3,
such that ¢; < co < c3 where the equality ¢; = co holds on the acoustic axes solely.
The latter are also displayed on the pseudo-transverse velocity surface plots. We
also plot on Fig. [7] the normalized partial total scattering cross-sections Zfﬁ de-
fined as in Sect. Here again all modes have multiplicity one, so that R = 3 and
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FIGURE 7. Normalized total scattering cross-sections k — Efﬂ (k)
for single crystal celestite with fixed frequency parameter alk| =1
and Markov model for the NCF.

the scattering cross-sections are scalars as for nickel or zinc. The non-dimensional
frequency parameter is alk| = 1, and the correlation coefficients g;; are all equal
for 1 <i,5 <9 (with the same reservation for this assumption as for the cases of
nickel and zinc).

6. CONCLUSIONS

In this paper, the radiative transfer equations describing the propagation of high-
frequency elastic (vector) waves in arbitrarily anisotropic, random media have been
derived. These results generalize the models elaborated in for isotropic media
and in @ for scalar waves. In this respect they achieve the main extension iden-
tified in this latter publication for the proposed theory based on a second-order
formulation of the elastic wave equation and the use of a spatio-temporal Wigner
transform. It is believed that this generalization has interesting applications in the
passive imaging techniques which have been developed recently in the geophysical
literature, in the non destructive evaluation of heterogeneous polycrystalline ma-
terials, or in the understanding of mesoscopic phenomena such as the enhanced
coherent back-scattering effect or the refocusing properties of time-reversed waves
in random media. An immediate perspective of the present work consists in deriv-
ing the diffusion limit of the radiative transfer equations applicable to anisotropic
media . Another direction is to consider the influence of the correlation struc-
tures of the random inhomogeneities on the shape of the scattering cross-sections
in view of possibly develop composite materials with particular directional proper-
ties. Such correlation features may also be enriched by the random matrix models
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studied in a different context [21,[47]. These extensions are the subject of ongoing
investigations.
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