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EFFECTIVE TRANSPORT EQUATIONS AND ENHANCED
BACKSCATTERING IN RANDOM WAVEGUIDES*

JOSSELIN GARNIER! AND KNUT S@LNA?

Abstract. In this paper we derive a general system of transport equations for the moments
of reflected and transmitted mode amplitudes in a randomly perturbed waveguide, in a regime
where backscattering is significant. The derivation is based on a limit theorem for the system
of coupled differential equations for the mode amplitudes, in the limit where the amplitude of the
random fluctuations of the medium is small, the correlation lengths in the transverse and longitudinal
directions are of the same order of the wavelength, and the waveguide is long. Using this system we
derive several results in specific regimes, including the enhanced backscattering phenomenon for the
reflected wave: when an incoming monochromatic wave with a specific incidence angle is present,
the mean reflected power has a local maximum in the backward direction twice as large as the mean
reflected power in the other directions.
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1. Introduction. This paper is devoted to the analysis of wave propagation in a
random waveguide. We use a separation of scales technique introduced by Papanico-
laou and his co-authors. Although this technique was originally introduced for wave
propagation in one-dimensional random media [1], it has been shown recently that it
is possible to extend the technique to three-dimensional random media in the context
of waveguides [5, 7, 6]. By writing the coupled mode equations for the complex mode
amplitudes, diffusion approximation theorems can be applied, leading to differential
equations driven by Brownian motions whose solutions are It6 diffusion processes. In
[5, 6, 7] the analysis was restricted to the forward scattering approximation, where
the conversion from forward-going to backward-going modes is neglected. This regime
is characterized by the equipartition of energy: the mean transmitted mode powers
become uniformly distributed when the waveguide is long enough. In this paper, we
revisit this analysis in the general case and take into account backscattering. We de-
rive a system of transport equations for the moments of the reflected and transmitted
mode amplitudes in the regime where the fluctuations of the random medium have
a small amplitude and a correlation length of the same order as the typical wave-
length. This allows us to exhibit the enhanced backscattering phenomenon: when
a monochromatic input mode is applied, the mean reflected mode powers become
uniformly distributed, except for the mode corresponding to the backward direction,
where the mean reflected power is twice the mean power of the other modes. This
phenomenon, also known as weak localization, is well referenced in the physical litera-
ture and it has been observed in several experimental contexts, such as in optics with
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EFFECTIVE TRANSPORT EQUATIONS IN RANDOM WAVEGUIDES 1575

powder suspensions [17, 15], with biological tissues [18], and with ultracold atoms [11]
as well as in acoustics [14]. The physical analysis of the weak localization is based on
diagrammatic expansions [16], where interference effects between direct and reverse
paths play a crucial role. Here we give a mathematical derivation of this phenomenon
by an asymptotic analysis in the context of random waveguides. We also compute
the second moments of the reflected mode powers and show that these quantities are
not statistically stable in the sense that their fluctuations are of the same order as
their mean values. This means that it is necessary to average the reflected power to
detect the enhanced backscattering. This point was already mentioned in the physical
literature, and we give here a quantitative analysis of this phenomenon.

2. Propagation in a random waveguide. We consider wave propagation in
a waveguide where the medium parameters have small random perturbations. Many
modern applications involve propagation in waveguides [3, 4, 13]. We will here de-
scribe the problem in a scaling regime where the radius of the waveguide is of the
order of a few wavelengths and with the medium parameters varying randomly in the
longitudinal and transversal directions with a correlation length on the order of the
wavelength. This scaling regime was also considered in [5, 7, 6]. The analysis could
be generalized to other scaling limits whenever diffusion approximation theorems can
be applied.

We consider linear acoustic waves propagating in three spatial dimensions:

Ou 1 0Op
—+Vp=0, ————+V.-u=0 f D andt R
ot + Vp ) K(x,2) 0t + u orxe€Dandt zeRR,

(21)  plx.2)
where p is the pressure field, u is the velocity field, p is the density of the medium,
K is the bulk modulus, and (x,z) = (x,y, z) stands for the space coordinates. The
cross section of the waveguide is denoted by D, and we shall use Dirichlet boundary
conditions

(2.2) p(t,x,2) =0 for x € 9D and z € R.

The direction of propagation along the waveguide axis is z and the transverse coordi-
nates are denoted by x € D. The random part of the waveguide occupies the region
z € [0, L/€?] and is embedded in between two homogeneous waveguide sections. In-
side the perturbed waveguide the bulk modulus is randomly varying, and we assume
for simplicity that the density is homogeneous:

(2.3) I ~ (I +ev(x,z)) for xeD, z€0, L/e?],
' K(x,z) % for x€D, z€ (—00,0)U(L/e? 00),
(2.4) p(x,2)=p for xeD, zée(—00,00).

It is possible to take into account a randomly varying density; this complicates the
algebra but leads to the same general system of transport equations for the moments
of reflected and transmitted mode amplitudes. Such a generalization was carried
out in the case of randomly layered media in [5, section 17.3]. Here ¢ is a small
parameter and v(x,z) is a zero-mean random process that describes the random
medium fluctuations that are mixing in the z-direction. This weakly heterogeneous
regime can be encountered, for instance, in underwater acoustics [4, 8].
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1576 JOSSELIN GARNIER AND KNUT S@OLNA

2.1. Waveguide modes. In a homogeneous waveguide v = 0, the complex
amplitude of a monochromatic wave p(t, x, z) = p(w, x, z)e~“! at frequency w satisfies
the time-harmonic form of the wave equation (Helmholtz equation):

(2.5) O*p+ AL p+k*(w)p=0.

Here A | is the transverse Laplacian, k(w) = w/éis the wavenumber, and ¢ = /K /p is
the homogenized wave speed. The monochromatic wave can be decomposed in terms
of normal modes which are the (normalized in L?(D)) solutions of the eigenvalue
problem

—A1¢j(x) = A\jp;(x), x € D, $;(x) =0, x € 9D,

for j = 1,2,.... The eigenvalues are positive and nondecreasing, and we assume for
simplicity that they are simple, so we have 0 < A\; < Ay < ---. The eigenmodes are
real and form an orthonormal set

/ 63(%)81(x) dx = 6.
D

For a given frequency w, there exists a unique integer N (w) such that Ay .,y < k3 (w) <
AN (w)+1, With the convention that N(w) = 0 if Ay > k*(w). The modal wavenumbers
Bj(w) for 1 < j < N(w) are defined by

(26) ﬂj ((U) = k2(W) — )‘j .

The solutions p;(w,x,2) = ¢;(x)eT i)z j = 1,... N(w), of the wave equation
(2.5) are the propagating waveguide modes. For j > N(w) we define the modal
wavenumbers by 3;(w) = [\;—k?(w)]'/2, and the corresponding solutions ¢;(w, x, z) =
¢;(x)etPi (@)% of the wave equation (2.5) are the evanescent modes.

From now on we consider the perturbed waveguide as described by (2.3)—(2.4).
We expand the time-harmonic field inside the randomly perturbed waveguide in terms
of the transverse eigenmodes of the unperturbed waveguide:

N(w) o
(2.7) P(w, %, 2) Z o (x)p;(w, z) + Z ?j(x)4; (w, 2),
j=N(w)+1
where p; is the amplitude of the jth propagating mode and ¢; is the amplitude of
the jth evanescent mode. For 1 < j < N(w), let a;(w, z) and Bj(w,z) represent

the amplitudes of the forward- and backward-propagating modes, with the forward
direction referring to the z-direction. They are given by

(2.8) ﬁj(W, z) = 61(0(}) (dj (w, Z)eiﬁj(w)z + Z;j (w, Z)e_iﬁj (W)Z) ,
J
o) BB a0 (a0 e b, e @)

We next make a change of the z variable by introducing the rescaled processes a5 (w, z),

J
bi(w,z), j=1,..., N(w), given by

(2.10) a5(w,2) = a; (w, E%) , ?)j(w,z) = Ej (w, E%) .

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



EFFECTIVE TRANSPORT EQUATIONS IN RANDOM WAVEGUIDES 1577

By projecting the wave equation (2.5) on the transverse eigenmodes and by expressing
the amplitudes of the evanescent modes in terms of the amplitudes of the propagating
modes [5, 6], we obtain the following mode coupling equations for the amplitude

processes a°(w, 2) = (a5(w, 2))j=1,... . N(w) and b (w, 2) = (éj(waz))jzl,m,N(w):

dz €
dl;'s 1 — z 1 — 2N\ ~
= | —H(ab) (ab) ) af —_H(aa) (aa) Ve
LH +G }(w,62>a +LH +G }(w,g)b?

ey B e o] (i, 2o [hen 6] (0, 2)

(2.12)

with the two-point boundary conditions

(2.13) i5(w,0) =0, b5(w, L) =b"(w),
which correspond to a left-propagating wave incoming from the right homogeneous
waveguide. The matrices G describe coupling via evanescent modes [5]. The N(w) x
N(w) coupling matrices have entries of form

+7.2
(2.14) HOD(,2) = F W) Cula) igr-si@nz

i 2 \/BiBw)
4
G(aa)(w Z Zk Z / jl/ Cll’ Z+ ) iﬁ],(w)(ZJrS)*’iﬁj(W)Z*ﬁll(w)‘slds’
l/>N UJ) Bjﬁl’ﬂl
(2.15) H;;‘“(w 2) = — —2zﬁ.f<w>ZH€aa> (w, 2), G;?b)(w,z) = —e 2B GUN (),

(2.16 ]l / ¢g ¢l )

for j,l=1,...,N(w).

2.2. Channel coupled wave approximation. We use an invariant imbedding
step to convert the boundary value problem to an initial value problem with the
objective being to characterize the reflected and transmitted wave fields. Accordingly
we introduce the N(w) x N(w) reflection and transmission matrices R® and T° by

(2.17) b (w,0) = T¢(w, 2)b° (w, 2), 0 (w, 2) = RE(w, 2)b° (w, 2).
Using (2.11)—(2.12) we find that these matrices solve the problems

(2.18) di’lzf = H"® + H**R® — R°H%¢ — R°HP<R°,
z
Ao 1 (F%F + HPARe) |

(2.19) =

where we defined

)

H®(w,2) = éH(M) ( ) + Glaa) (

62
= 9 0 3) 1 03

and where R*(w, z) and 7 °(w, z) take initial values at z =0

(2.20) T(w,0)=1, R(w,0)=0.
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1578 JOSSELIN GARNIER AND KNUT S@OLNA

We remark that energy conservation leads to the reflection-transmission conservation
relation

(2.21) REIRE +T51T° =1,

where the sign T stands for the conjugate transpose [5].

The initial value problem (2.18) is a stochastic Riccati matrix equation, and it can
be analyzed in the limit ¢ — 0 using the theory of diffusion approximations [5, 10].
The matrix H(*®) contains rapidly varying phase factors and is centered with respect
to the randomness that fluctuates on the scale €2 and is mixing in the z-direction. In
this white-noise scaling regime we can then identify the corresponding infinitesimal
generator and the associated white-noise model that describes the joint law of the
transmission and reflection matrices in the limit € — 0.

3. The reflected wave field. We consider the problem of characterizing the
modal distribution of the reflected or transmitted waves. We consider in this section
the reflected waves, and we will address the transmitted waves in section 4.

3.1. The moments of the reflected time-harmonic field. We first consider
the time-harmonic reflected field for a single frequency w. We can compute the limit
of the moments of the reflection matrix by using the diffusion approximation theory.

PROPOSITION 3.1. Let p = {(j1,01),---, (| ljp|)} € {L,..., N(w)}?IPl denote
a multi-indez (|p| is the number of index pairs in p). We introduce the moments of
elements R, of the reflection matriz:

ME 4 [ 11 =& H Re, ] .
(4,h)ep (m n)eq
These moments converge as € — 0 to the solution Mp q of the system

dMp 4

(3.1) o

= Dp q(w)Mp,q + [S“’(M)}p,q ’

with the initial conditions

(3.2) Mp.q(w,z =0) = Lo(|p[)Lo(lal).

Here we have defined the linear operator S,,,

[SoM)] == D AW Mppinicina— Y 4% MpaiGniwn
IS (4:1)€a

) o ) o
- > I MyGnaiGaranta B MeiG..G.16.0.@0)a
{G.0,GDYep

1) o &) o
- 2 P MuyG0.GoiGanaora T G MeitGo.6016.001a
{G:D,GDep

5) . 5) L ), D) o
- > {djl tdy +d +d | MyyGa,G.516G.0,6G0ha
{G.D),G.D)}Yep

2) o o
= X B Moqn.60iGanen + 95 MoaltG.G.0163,@0)
{G.D,GD}ea
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(1) o (1) o
- Z~ 4 Moy ai(G0,G.01G.0, G0y T L M al(0,G.91G.5),0.0
(G0, ea

), 5 1), ) o
- > A+ D+ D+ AP ] My g .6.016.0.60)
(G0, ea

3) N
> D MG aG

(G.Dep (G,l)eq

I (4) o
D Z [m pl{(j,l)I(k,l)},q\{(j,l)l(kyl)}+djkz‘Mp\{(jJ)\(k,l)}7ql{(j7l)\(j,k)}]
(4.0€ep (G, eq k=177

+ > > Z [m BGDIGRallGDI G + Mp\{(al)\(ﬂk)}ql{(Jl)l(kl)}}
(4.0€p (G, eqk=1#l

N
(2) I -
T Z Z Z dk1k2Mpl{(jvl)|(jvkl)1(k2>l)}vq|{(311)|(j1k1)7(k2»l)}

(GDEP (.1 eq k1 ka1

N
(5) e -
+ Z Z Z dk1k2Mpl{(j’l)|(j7kl)f(kZ7l)}:q|{(j7l)|(jak2)’(kl»l)}’

(G:DE€P (j,1)eqhrkz=1

and we have used the following notation: If p is a multi-index and {(j1,l1),-..,

G lm)} € P, then pl{G1L 1), - G b)) |(G1,11), -+ Gy 1)} denotes the new
multi-index obtained from p by removing the index pairs {(ji,l1), .-, (jm,lm)} and

by adding the new index pairs {(j1,01), ..., (jn,1n)}. Finally, the coeﬁ?czents Dp g(w)
and d9(w), j=1,...,5, are defined by

q=1 Z (Kj—FKl)—i Z (Iij—Fl{l)

(J.hep (d:D)ea

-3 Z( jk+sz+F]k+F”€)— 3 i(rjk+rlk+1~“jk+flk)

(J,1)ep k=1 (4,1)€q k=1

—2 Z (fj; + fu‘) -2 Z (fﬁ * f”)

{G.0,G.DYep {G.0),G.D}eq

- Z Z 28%(@‘[)‘ Z Z 2%(fﬂ)

(G.0ep (G,hep (4,.D)€a G, eq

+2 Z Z (fj[+flj+fjj+FZl)v

(G:.0ep (G,h)eq

AP (W) = 2R[Tju()] L, d9 (W) = 2R[Tu(w)],

jl Jl
@) [\ _ ‘ N -
d (W) = 2R[D(0)] 112Gy or G)=(05)

; N
dik)a @) = 2RO @)1 A, @) = 2R [Tk, ()] Ly ks,

with N(x) the real part of x, 1j, =1 if j #1 and 0 otherwise, and

w) Jo E[C;;(0)Cu(s)] ds

33 Tl = SL b B,

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



1580 JOSSELIN GARNIER AND KNUT S@OLNA

F () Jy e 00 E[Cy (0)C(s)] ds

(34)  Lulw)=— 5.5.() ;

o kW) fo e TR@IEC;)(0)Chi(s)] ds

B9 Tal) == B) |
f E [Cyy (0) Cypr (5)] ePr(@)s=Bu(@)lsl ds

66 =

I'>N(w)

BiBr (w)

We will discuss applications of this proposition in the next sections, but we first
give a generalization of the result for the two-frequency case. The proof of Proposi-
tion 3.1 is a simplified version of the proof of the next proposition, so we shall present
it only for this second proposition.

3.2. The transport equations for the two-frequency moments. We have
the following result, which is proved in Appendix A. We use the same notation as in
Proposition 3.1.

PROPOSITION 3.2. We introduce the moments of elements RS, of the reflection
matriz at two nearby frequencies:

(3.7) U5 4w, h,2) [ I Riw+eh/2.2) [ Rinlw—ce2h/2,2)],
.hep (m,n)€q
where we set RS (w +e2h/2,2) = 0 if j orl is larger than N(w £¢e%h/2). The family

of Fourier transforms (in h)

1 .
3.8 WE (w,7,2) = — [ e Plr=®eal@)2lyye (4 b, 2)dh
p.a p.a

2

converges as € — 0 to the solution Wy q of the system of transport equations

ow, oW,
(3.9) 85’(1 + ¢p.a(w) 8:7(1 = Dpq(w)Wpq + [Sw(W)]p,qa
with the initial conditions
(3.10) Wp.q(w, 7,2 = 0) = 1o(|p)Lo(|al)é(7)-
The coefficient ¢p q(w) is defined by

1 1
(3.11) bpa@) =5 D (B@+AW)+5 Y (8w +5w).
G.hep (:l)ea

with B (w) = df;j(w)/dw, while the coefficient Dy o(w) and the operator S, are given
in Proposition 3.1.

The set of transport equations (3.9) describes accurately the reflected wave field,
and it is the key tool in analyzing various applications with waves in random wave-
guides. The corresponding transport equations in the layered case with one-dimen-
sional medium variations were first obtained in [1]. They have played a crucial role
in the analysis of a wide range of applications, and they have been generalized to
describe a wide range of propagation scenarios in [5]. The transport equations given
in Proposition 3.2 provide a rigorous tool for studying qualitatively and quantitatively
the multiple scattering effects in a nonlayered random medium.
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Remark. The convergence of W€ and the existence and uniqueness of the so-
lution W to the system of transport equations (3.9) are established in the space
C([0, L], S%), where S%; is a generalization of the space of distributions introduced
in [12] to study the analogous problem with N = 1 (randomly layered media).
The space S can be identified as the dual of the space Sy of the test functions
A= (qu(T))pe{l,.‘.,N(w)}ﬂP',qE{l,...,N(w)}2|Q|,TER? where the )\p7q(7') are mﬁnltely dif-
ferentiable in 7 and are rapidly decaying as functions of 7, |p| and |q|. The convergence
of M* in Proposition 3.1 is established in the space C([0, L], S},), where S}, is the
dual of the space Sys of the test sequences A = (Ap q)pe(1,...,N(w)}2IPl,qef1,....N (w)}2lal
which are rapidly decaying in |p| and |q].

3.3. Interpretation of the transport equations. We make the five following
observations regarding the system of transport equations.

(1) By integrating the solution of the system of transport equations in 7, it is
straightforward to see that the integral quantity is the solution of the system (3.1).
This shows that we have

(3.12) Mp g(w, z) = /qu(w,T, z)dr.

Therefore, the following remarks stated in terms of the family Wy, ¢ hold true for the
family of moments Mp, q as well.

(2) Consider the set of moments W, o such that |p| — |q| = ¢ with ¢ a nonzero
integer. These moments form a closed subfamily with each member satisfying a zero
initial condition. Therefore, these moments vanish and only moments having the same
number of conjugated and unconjugated terms |p| = |q| survive in the limit £ — 0.

(3) Consider the case when

(3.13) Cii(z) =0 for j#I.

This corresponds to the situation where modes with different modal wavenumbers are
not coupled. This is the case particularly when the inhomogeneities of the waveguide
do not have lateral variations v(x, z) = v(z). It then follows that

~ ~ ~ E*(w e
(3.14) Tuw) =TV w10, TVw) = 5 ﬂ;(w)) [ . E[v(0)v(s)] ds,
(0) (0) K (w) [~ i26;(w)s
(315 Tpw)=TOw1m, TO) = - / E[1(0)(s)]e2% )5 ds.
4/3]' (w) Jo
This simplification gives dg) =0, dﬁ) = 2F§0)1j:l, de)'i = 2F§0)1j=l=3=f7 d;;% =
2f§0)1 j—j—k» and d;fl)kz = 0. The analysis of the system shows that the solution has
the form

Wi s W W, 2) i p=q = {(1, )P, ..., (N, N)PV Y},
Wp.q(w, 7, 2) = ! i
’ 0 otherwise,
where * stands for the convolution in 7 and for each j = 1,..., N the family (W,Sj ))pGN
is the solution of the closed system of transport equations

aW(j) aw(j) . . )
(3.16) 2 o) 2 o [0 )] (W + W — 2w D).
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1582 JOSSELIN GARNIER AND KNUT S@OLNA

with the initial conditions Wéj)(w,T, z = 0) = 19(p)6(7). We therefore obtain that
the backward and forward jth modes are uncoupled from the other modes, but their
moments are coupled together according to the system that governs the propagation
of one-dimensional waves in random media [1]. This is not qualitatively surprising,
but this analysis shows that a sufficient criterion for this reduction is (3.13).

(4) If the two-point statistics of the process v(x, z) are such that

(3.17) Ijjlw)=0 foral jl=1,...,N(w),

then d® = d®) = d®) = 0. Consequently there is coupling in the system of transport
equations only for indices (p,q) and (p’,q’) such that |p| = |p’| and |q| = |q’|. Since
the initial conditions are zero for all nonempty indices (p, q), the moments Wp, o are
zero as soon as |p| or |qg| is positive. In other words, RS, — 0 for all j,l =1,...,N
in distribution as € — 0. This shows that the forward scattering approximation is
valid as soon as the condition (3.17) is fulfilled. This approximation is frequently used
in the literature; it consists in neglecting coupling between forward- and backward-
propagating modes, while retaining the coupling between forward-going modes and the
implicit coupling to the evanescent modes. Here we give the necessary and sufficient
condition (3.17) for the validity of this approximation.

(5) In the full system (2.18) we do not have“reciprocity” in that in general
RS, #+ Rj; because of the coupling with the evanescent modes modeled by the matrices
G. However, the following symmetry relation is satisfied:

Whr.a =Ws.a

for pn, = (ln,jn) With p, = (jn,ln) and q correspondingly defined. This means
that reciprocity is satisfied in the limit ¢ — 0, and this follows from the following
observations:
e The initial condition in (3.10) depends on the multi-index only through
[p| and |q].
e The coupling matrices G(*®) and G(@®) in (2.18) affect only the diagonal
coefficients Dy  in a symmetric way in the problem for Wy, 4.
e We have the symmetry relations

<H<aa>)T _ _Hw), (H<ab>>T _ pylad)

in the coupling matrices in (2.18).

3.4. Enhanced backscattering. In this section we consider the case where the
forward coupling is strong while the coupling between the forward- and backward-
going modes is weak. As seen above, the forward scattering approximation consists
in neglecting completely the latter coupling, and it is valid when the matrix I is zero.
Here we assume that I' is not zero but I' is small compared to I'. This allows us to
simplify significantly the system of transport equations and to present very interest-
ing results. In particular, we show in the following proposition that the enhanced
backscattering phenomenon extensively discussed in the physical literature can be
exhibited from the particular structure of the reflected time-harmonic wave field.

We denote by Pj; the mean reflected power of the mode j when the input wave
is a mode I:

P;l)(w, Z) = M(jJ),(j,l) (w7 Z) = gl_I%EHle(wv Z)‘2]7 j?l = 1a R N(w)a
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for a random waveguide with length z.

PROPOSITION 3.3. If the matriz norm of R[['(w)] is small compared to 1/L and
the positive spectral gap (3.20) of the operator L, in (3.18) below, which is defined in
terms of f(w), is large compared to 1/L, then the mean reflected mode powers are

(1) _J Pw) ifi#l
Pii “"7”‘{ 2Po(w) if -1,

where Py(w) is given by

P) = N ) | )+ 2 R0 2

Gl

The first condition “R[I'(w)L] < 1” means that the coupling between backward-
and forward-going modes is weak. The second condition about the spectral gap means
that the coupling between forward-going modes is strong (as well as the coupling
between backward-going modes). The most striking result of this proposition is that,
if the incident wave is a pure mode [, then the mean reflected power of the /th mode
Pl(ll) is twice the mean reflected power of any other mode Pj(ll ), j#l

First, this result shows that the reflected wave has a memory of the initial con-
ditions. This is in contrast to the transmitted wave field in the same regime, where
the equipartition of energy means that the mean transmitted mode powers acquire
a uniform distribution over the modes, independently of the initial conditions (see
section 4.4).

Second, since a mode corresponds to a particular wavevector angle, this result
means that we observe a uniform mean reflected power in all outgoing directions,
except in the backscattered direction (corresponding to the input one), where we
observe twice as much power. The physical reason for this enhancement of backscat-
tered power is the constructive interference between the direct and reverse paths in
the backscattering direction. Enhanced backscattering was first predicted in three-
dimensional random media in [2] and was detected by several groups [9, 15, 17]. It is
also referred to as the weak localization effect. The most popular techniques amongst
physicists for analyzing the weak localization effect, and more generally for taking into
account interference effects, are based on diagrammatic expansions [16]. Here we give
a mathematical derivation of this phenomenon in the context of random waveguides.

Proof. The initial conditions for the solution W ¢ of the system of transport
equations is zero as soon as |[p| > 0 or |q| > 0. Since the coupling terms from |p|
to |p| = 1 and from |q| to |q| £ 1 are proportional to R(T"), this shows that the only
coefficients Wp, g of order R(I") are the ones with |p| =1 and |q| = 1. Up to terms of
higher order, we find that

6(7) ifp=q=0,
Weq(w,7,2) = ¢ Wilw,7,2) if{p=(5,0),a=(j.0)}or {p=(50),a=(j)}
0 otherwise,

where Wj; is the solution of

oW,

Wit 1 [By) + 1) 22

or

= (LoW)ji + 2R[Tju(w)]8(7),

with the initial conditions Wj;(w, 7, 2) = 0. Here L,, is the linear operator from RV*V
into R¥*N defined by
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Z Fik(Prt — Pji) + Z%l(ij —Pj) — 29 Pj if j#I,

oy el

2 Ak (2Ps = Pys) itj=1
oy

(3.18) (ﬁwp)jl =

where 3 (w) = 23‘%[fjl(w)]. By integrating in 7 and using (3.12), we obtain the system
for the mean reflected powers
1
dpt)

(3.19) — = = (LPW) + 2R[C(w)].

Interpreting £, as an N?(w) x N?(w) matrix acting on N?(w)-dimensional vectors,
it is straightforward to check that the vector P*(w) defined by

1
if j #£1,
. Veormwrs M7
jl(w)— 2
ifj=1

VN (N(w) +3)

is a unit eigenvector of L, associated with the eigenvalue zero. Additionally, using
the positivity of the matrix (") and the Perron—Frobenius theorem, one can show
that zero is a simple eigenvalue and all other eigenvalues are negative. Let us denote
by AV (W) < -+ < A@(w) < 0 these eigenvalues and by OV (w), ..., 0@ (w) the
corresponding unit eigenvectors. The spectral gap mentioned in the proposition is
IA)(w)|, which is also given by

—(P,L,P)

3.20 A (w)] = inf — el
(3.20) ATl PERN2@) (P, P*(w)=0 (P, P)

where (-, -) denotes the scalar product in RY *(@). The integration of (3.19) gives

exp(A\Fz) — 1

J A\(k)

N2
1 . k
(821) P (w,2) =P; (P*2R() 2 + Y QY (Q®,20(T) )
k=2
If |]A®)|z is much larger than 1, then the first term of the right-hand side is much
larger than the other terms. This gives the desired result. a

3.5. Fluctuation theory for the reflected mode powers. The previous sec-
tion describes the mean reflected powers. It is important to study the fluctuations of
the reflected powers in order to predict under which conditions the enhanced backscat-
tering can be observed. Propositions 3.1-3.2 allow us to study the fluctuations of the
reflected mode powers by looking at their second moments:

2 . 2 2
Pl (@ 2) = T B[RS (@, 2) P[RS, 0, )]
We investigate the asymptotic correlation matrix (of size N?(w) x N2(w)) of the
reflected mode powers:

E | IRS(w, DRy (w0, L) 2] = B[RS (w, L) | E|[R5, 0w, L) 2

Corji mn(w) = lim

=0 E[IR5,(w, D)2 E[|R5un(w, L)P]
Pl (@, L) = Pi (w, L)Plan(w, L)

P (w, LYPOh(w, L)
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PROPOSITION 3.4. If the matriz norm of R[(I'(w)] is small compared to 1/L and
the positive spectral gap of the operator ££,2) giwen in 1-7 below, which is defined in
terms of T'(w), is large compared to 1/L, then the second moments of the reflected
mode powers satisfy

(h)m Corjimn(w) =

L 4f (]J) = (man) or ( Js ) (nam)

The result for (j,1) # (m,n) shows that the reflected mode powers are asymptot-
ically uncorrelated as N — oo. The result for (j,1) = (m,n) shows that they are not
statistically stable quantities as N — oo, since their normalized variances are equal
to one. This means that the fluctuations of the reflected mode powers are of the same
order as their mean values. This implies that it is necessary to perform an averaging
in order to observe the enhanced backscattering. This averaging can be done by a
summation of the reflected mode powers over different experiments with different re-
alizations of the random medium, or with the same realization of the random medium
but with different frequencies of the input monochromatic wave.

Another interesting point is that the normalized variances of the background
reflected powers (i.e., Corj; j; for j # 1) are asymptotically equal to one and equal to
the normalized variance of the backscattered reflected power (i.e., Corjj ;;).

Proof. We apply the same strategy as in the proof of Proposition 3.3. Once
again, the fundamental argument is that the coupling terms from |p| to |p| &£ 1 are
proportional to R(T"). Therefore, the lowest order terms in R(T") of the coefficients
Wp.q with |p| = |q| =2 are

{Oif (4:1) # (m,n) and (j5,1) # (n,m),

( | P ={~E(J,§)7(( ; )i} an&q )= ({(j,l)),}(m,n)}
) Wiimn(w,1,2)if  or {(l,7),(m,n)} or {(4,1),(n,m
Wealw.T2) = or {(1,), (n, m)},
0 otherwise,
where Wj; mp is the solution of
oW mn ow. mn
5; (ﬁ +Bl+ﬂ +ﬂ ) ]l = ([-"L(,_JQ)W)JI mn+2§R( ) mn+2§R( mn)ley

with the initial conditions Wjj mn(w, 7,2 = 0) = 0. Here £2) is the linear operator
from RV XN* into RV°*N* defined by the following:
1. Ifj=l=m=n,

2) 2)
(5&2)7)(2) Jﬂ JJ Z%k 16PJ(k Ji 47)J(J JJ]
k#j

where 7;1(w) = 2R[Tj1(w))].
2. If j=1l=m#n,

2
(;CL(UQ)P( ]] jn — Zyjk ]k: jn 27)].] jn + Z’bk 33, kn B J(j)]n]

k#j k#j
(2) (2)
+ Z [P JJ Jk - P Jn] = 6% P55 i
k#m

A formula of the same form holds trueif j =l=n#mor j#l=m=mnor
l#£j=m=n.
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3. Ifj=1l#m=n,

2
(‘C(2 J] nn — Z'ij Pyk nn 2Pj(])nn + Z V"k ij kn 2PJJ nn]
k#j k#n
4. fj=m+#1=n,

- 2)

(ﬁg)P(z))jl,jl = Z’ij[‘”)/il,]l 273(5 4l JFZ | 4P(k gL P](l)]l] 4%17) il,it

k#j k#l
A formula of the same form holds true if j =n #1l=m

5. If j=1#m #n,

(2 ~ 2
(5(2)7)(2) ] J,mn Z’yﬂ“ ch mn QPJJ)mn + Z 'Ymk P](j)kn - P]] mn}

k#j k#m
- 2) ~ 2
+ 2 Ak Pk = Promnl = Zimn P o
k#n

A formula of the same form holds true if m =n # j # .
6. I j=m#l#n,

. 2 2
(LOPD)y, ., = Z’ij[Plil,)jn n ljn + Z“ﬂk J’C gn J(l)J"]

ktj k£l
(2) (2) (2)
+Z’)’jk jlkn ]l]’n + Z’Y"k ]ljk leJ”]
k#j k#n

=2 [t + Yjn + Yin) Pj(lz)m

A formula of the same form holds true if j =n#[1l#morl=m+# j#n or
l=n#j#m.

7. In the other cases,

(5&2)P(2))jl,mn = Z :ij[,l)lg,)mn - Jl mn + Z 'Ylk: k mn ](ZQ)mn]

k#j k£l
p2) (2)
+ Z ’Ymk jlkn le mn + Z 7"k jl mk Pgl mn}
k#m k#n

~ ~ 2
-2 [’yﬂ + Ymn] ’PJ('Z,)mn‘

By integrating in 7, we find the system for the second moments of the reflected powers:

Py
(3:22) = (LOPD) i + 2RT)PL, + 2R P
Interpreting £ as an N 4(w) x N*(w) matrix acting on N*(w)-dimensional vectors,
it is possible to check that the vector P(?)*(w) defined by

8 ifj=l=m=n,
4 ifj=1l#m=n,
@ 1 j=m#l=norj=n#l=morj=1l#m#n
gbmn s ) 2 i | orjAElFm=norj=l=m#norj=Il=n#m
orj#l=m=mnorl+#j=m=n,
1 otherwise
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is the unit eigenvector of E((f) associated with the eigenvalue zero, where T* =
N*+6N3+15N2 +42N. The other eigenvalues are negative. As a result, taking into
account the expression in (3.21) for P the integration of (3.22) gives

22 jl,mn

N
1 Z—00 * *
P D, 2) ZE PG S PR (R P + R(Cn)P) (P, 2R(T)),

which in turn gives the result of the proposition. ]

4. The transmitted wave field. We consider the problem of characterizing
the distribution of the transmitted field.

4.1. The moments of the transmitted time-harmonic field. We consider
the time-harmonic transmitted field for a frequency w. We can compute the limit of
moments of the transmission matrix as in the case of the reflection matrix. We use
the same notation as in Proposition 3.1.

PROPOSITION 4.1. We introduce the joint moments of elements of the reflection
matriz along with a pair of elements of the transmission matrix:

(4.1)

My (w, 2541, 42) =B T, (w,2) T3, TE, (w,2) H RS, H Re, ]

.hep (m n)€q

for t = (I1,12). The family of moments ./\/l;;fq converges as € — 0 to the solution
t
MG, o of the system

dM¢
(4.2) 29 = DY (@) M + [So(M)]  + [ZoM]E

with the initial conditions MY, ,(w,z = 0;j1,72) = Lo(|p|)Lo(lal)1y, (I1)1,(I2). The
linear operator Z,, is defined by

N
[ZoM)]E =S, MED

pP.q
k=1

2) k?l,kl 5) kZ,kl)
+ Z dk1k2MPU{(k2,ll)} qU{(kz2,l2)} + dk1k2MPU{(k1,ll)} qU{(k2,l2)}

k1,k2=1
(3)12) ll2)
= D MY pinra + A MG
(U,l)ep
(4) (k:712) (4) (k,l2)
+ ) Zdﬂm p.al i1t T ikt Mo gl {G01G k)
(.Deq k=1
6) (11,9) (6) (11,0)
= > MY iy i Ml G016ie}
(1) €a
@ gk @) (1)
+ ) Zdjklz e e T MO G
(3,h)ep k=1
2) jlz) llg
= > dPMEE e+ DM 016
Uhep
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() () y g (11.0)
= > dPME G F M G016
(4,1 €a

(2) (k1,l2)
+ Z Z dk1k2 p&{(2k2,ll)}7QI{(‘7 D1(55k1),(k2,0)}
(4,1)eq ki k=1

(5) (k2a12)
+ ) Z Bk MpU{ (R 1)}l LG (k) (ko))
(5,1)€q k1,k2=1

(I1,k1)
+ Z e M D16k o} 0 (B}
(Js l)kalvkz 1

(5) (117’%)
+ Z By ke MGGk ) (ko) oqU (R )}
(4,l)ep k1,k2=1

The coefficient Dlt)’q(w) is defined by

N

Dj = Dpq+i(ry, —riy) = Thy =Ty — ) (fkll + Tk — QFllzzlzg&zg)
k=1

-2 Z Ui, Ly, + Doy Lty — Doy Ljer, — Ty iy
(G.hep

+2 Z |70 PETRECS VTR PETRESS BT PETRES V7 PRV
(4,1)€a

The coefficient d\© (w) is given by
' (w) = 2R[Tju(w)].

The linear operator S,, and the coefficients Dp q(w), ki(w), and d9)(w), j=1,....5,
are defined in Proposition 3.1.

2. Transmission transport equations. We consider here the two-frequency
statistics of the transmitted field. We have the following result that is proved in
Appendix B.

PRrROPOSITION 4.2. We introduce the joint moments of elements of the reflection
matriz at two nearby frequencies along with a pair of elements of the transmission
matriz:

(43) UL (w.h 251, o) E[ (w0 + £h/2, 2)TE, (0= 2R/, 2)

< [ Row+eh/2,2) [ Ronlw—2h/2,2)
(G.hep (m;n)eq
for t = (Iy,13). The family of Fourier transforms
1

(4.4) W:)’;(w, T, 2 J1,02) = o / efih[Tf%*q(“’)z]ult)’;(w, h, z;41,72) dh
converges as € — 0 to the solution W;’q of the system of transport equations

oWt owt t t
49 P g 0P D W+ [V, + 20V,
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with the initial conditions W;q(w,T,z = 0;71,J2) = Lo(lp)Lo(lal)1, (1)1, (12)6(T).
The coefficient ¢;7q(w) is given by

B, () + B,@)

(4.6) L,q(w) = Cbp,q(w) + 5

This generalized set of transport equations describes accurately the transmitted
wave field and is the key tool in analyzing various applications with wave propagation
in random waveguides. The corresponding transport equations in the layered case are
presented in [5].

4.3. Interpretation of the transmission transport equations. We make
the following observations regarding the system of transport equations.

(1) By integrating the solution of the system of transport equations in 7, it is
straightforward to see that the integral quantity is the solution of the system (4.2).
This shows that we have

(47) M;,q(wvz;jl,]é) :/W:),q(vavz;jlajZ)dT~

Therefore, the following remarks stated in terms of the family W;f,vq hold true for the
family of moments foq as well.

(2) Consider the set of moments W . such that |p| — |q| = ¢ with ¢ a nonzero
integer. These moments form a closed subfamily with each member satisfying a zero
initial condition. Therefore, these moments vanish, and again only moments having
the same number of conjugated and unconjugated terms survive in the small € limit.

(3) Consider the case (3.13) when C;; = 0 for j # [, as described under (3) in
section 3.3. Recall that this corresponds to the situation where modes with different
modal wavenumbers are not coupled, which is the case particularly when the inhomo-
geneities of the waveguide do not have lateral variations. The analysis of the system
n (4.2) then shows that the solution has the form

Wo.alw: T2 51,52) = Wi s e WmD e VD Wit e WED (w0, 7, 2)
if t = (j1,72) = (I,1) and p = q = {(1,1)",...,(N,N)PV}, and W}, (w, T, 2 j1, J2) =
0 otherwise. For each j, (W;j))peN is given by (3.16) and for each I, (Vp(l))peN is the
solution of the closed system of transport equations

av,"
or

v,V
0z

0 1 1
+ 20+ 1)8(w) S = 2RV @)] [0+ D2V - V) + 2V - vO)]
with the initial conditions Vp(l)(w,T,z = 0) = 19(p)6(7). We therefore obtain that
the backward and forward jth modes are uncoupled from the other modes, but they
are coupled together according to the system that governs the propagation of one-
dimensional waves in random media [1].

4.4. Forward scattering approximation. To contrast with the fully coupled
case discussed above, we address in this section the forward scattering approximation
analyzed in detail in [5, 7]. As shown above, this approximation is valid when T' is
zero or very small (in the sense that ®(I')L < 1). The system of transport equations
of Proposition 4.2 can be dramatically simplified, since only the terms W{;’q with
P = q = () contribute at the leading order, and these terms satisfy a closed system of
transport equations as described in the following proposition.
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PROPOSITION 4.3. If T'(w) = 0, then the (transformed) autocorrelation function
of the transmission coefficients at two nearby frequencies,

1 . /
Vi (w,T,2) = 2—/6_7’h[7_6l(°’)z]E T (w +€2h/2,z)’2}§(w - Ezh/Q,Z)} dh,

J s
has a limit as € — 0:

ghi% le(w, 7,2) = Vji(w, T, 2).

For any fired I € {1,...,N(w)}, the subfamily (Vji(w,T,2))j=1,.. N(w) 5 the solution
of the system of transport equations

8le , anl ~

5, TOiWw 5T = HZ#?%[FM(W)] Vi = Vi),

(4.8)

with the initial conditions Vji(w, T,z = 0) = 6(7)1;(j). Here [(w) is given by (3.4).

Let us introduce the mean transmitted power of the mode j when the input wave
is a mode [:

t 1l . .
P (w,2) = My (@,7, 255, 5) = lim E [|T(w, 2)[] -

The next proposition shows the equipartition of energy of the transmitted wave.

PROPOSITION 4.4. If T'(w) = 0, then the mean transmitted powers converge to
the uniform distribution, that is,

1

t Z—00
P(’l)(wvz) - W,

J

uniformly in j,1 and exponentially in z.
Proof. By integrating (4.8) in 7, we get that, for any fixed [, the subfamily

(P](f)(w, 2))j=1,..,N(w) is the solution of the linear system

P 2 0w
(49) a; = Z ‘Cjn (w)Pnl )
n=1

starting from Pj(lt) (w,z =0) = 1;(5). Here £ (w) is the N(w) x N(w) matrix

" 2R (w)] if j # n,
Li(w)=4q _9 Z 23‘3[1:1',%(1,«))} if j =n.
mj

Using the positivity of the coefficients %[f]n] and the Perron-Frobenius theorem, we
find that the matrix £ has zero as an isolated eigenvalue, and all other eigenvalues
are negative. It is straightforward to check that the eigenvector corresponding to the
zero eigenvalue is the uniform vector, which establishes the proposition. ]

Appendix A. Derivation of channel reflection-transport equations.

A.1. Propagator equations. We prove here Proposition 3.2. Note first that
we can write the first equation in (2.18) in the form

d o -
(A.1) TR = —@°HIF 4 R°GH R + HY"R" — R°H,
z
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where ®°(w, z) is the N(w) x N(w) diagonal matrix with diagonal entries:

—2if3; (w)z/e>
@55 ( HIR/E

w,z)=¢e
Our objective is now to compute cross moments of reflection matrix entries using
diffusion approximation, and we remark that the phase factors in ®° then act as
decoupling terms, decoupling the entries in (A.1). We introduce the quantities Us
that give high-order products of elements R5, of the reflection matrix at two nearby
frequencies:

(A.2) Up.q(w,h,2) H R (w +€°h/2,2) H R, (w—e2h/2,2).

J,hep (m,n)€q

It now follows from (2.18) that the U ,’s solve evolution equations of the form

oUs
(4-3) al:q - [H%(U‘E)}p,q'
Here [HEU(UE)]p qisa finite sum of USi) s+ -+ Ugomy gqom» Where the multi-indices

pM M, ..., p™) g™ are obtained from p and q by one or two replacements. We
have explic1tly

(H (U)o a= 2 UsiGna

(J,hep
N
b,e Irbe e a,e e € 17a.e
X {sz - Z Sk i 1 Rt +Z [ij Rig — RjeHy, }}
k1,k2=1 k=1 w+he2/2
€
+ > UpaiGn
(4,0)€a
N
boe e rbe e e Re e TaE
X{sz - Z R Hy o, Ry + Z[ b Ry — RS Hy }} 3
k1,k2=1 w—he?/2

which can also be written as

bs
(MG pq= Do {H Upitiya ~ Z H o Unl{G.0)1Gok). (ko D)}
(jxl)el) k1,ka=1

N
a,e Tra,e
+Z{ij UsiGnikenr.a ~ il Uplgali, )},q}}
w—+he2/2

k=1
N
b,

+ D { ) = Do Hii U al (Gl (ka0

(4,1)€a ki,ko=1

a,e a,e
(A4) Z{H Up.al{Goltny ~ Hii Up q{(gzw,k)}” .

w—he

Next we observe that
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HE Joieznga ~ ) (w, h, 2) P& =B (@D)2/ 8 Ei(5 (@)=, ()2h/2

£ (1, b, 2) ) B @)=/

= ajl

HEE | oo gn ~ — %) (o 2)e P81/ B0 85 )21 2

= G (w, b, 2) e B HB @)=/
7 9 )

as € — 0 for
ik*(w) Ci (&)
a5 (w, h,z) = =
7 2¢ \/ﬁjﬁl (w

)
ZkA Z / ]l/ C”l ( )eiﬂl(w)s—[i‘l/(w)|s| ds.
l’>N(w ﬁ]ﬁl/ﬁl( )

Using this notation, we get from (A.4)

~+7 —1 'j z 2
[H%(UE)]p,q = Z {ajl EUS\(J’J),qe (OrtBizle
hep

N
et (Br—B; z/e® _ _+.e i(Br—B1)z/e”
+Z[ UniGoltnyat 5 = ol Ug (G ooy,

P
Z A ko Upl G0 Gk (B2 D)} a®

By +By )2/ }
k1,k2=1

(B +51)z/€*

b 3 (T e
(4,1 €a

N

+3° [0 Vs aianioene
ki

i(Bj—Br)z/e> i(ﬁlfﬁk)z/ﬂ

—,e
= Up q1{G.0)1Gk)) €

i

2 2
(A-5) Z T U al{ G G (o €1 T8 /5}

k1,ko=1

where the 3;’s are evaluated at w.

A.2. The homogeneous propagator equations. In order the eliminate the
h-dependence in the coefficients of (A.5), we now introduce the transformation

1 _
(A6) VpE,q(w’ T, z) = % /e—zh[T—¢p,q(w)Z]Ué7q(w, h, Z) dh,

where ¢p q(w) is given by (3.11). We then obtain from (A.5) that V¢ solves the
infinite-dimensional system of partial differential equations

ove ove
p.q p.q __ € €
29 Gpa(w) 52t = [HE (V)]

with the initial conditions Vj (w, 7,2 = 0) = 1o(|p[)1o(al)é(7). The source term
now has the form
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5= 3 {0

(J,.h)ep
N

Y Ok Vel GGk (e}
k1,ka=1

2 o 2
+Z%k GOk} ae

—F /¢ i(Br—P1)z/e?
*Z%Vpuu,z)m,kn,qe( ko }
k=1
i(Bj+B1)z/€>
+ Z { Q|(Jl)e( Vel

i(Br, +Bry )2/ >

U,H)€a
— —1 X z/e?
Y O Vel (ayy € TR
k1,ka=1
i(B8;—Br)z/e?
+Z%k ol (G (e T
—Br)z/e?
(A7) _Zakl mal{GDlGwye T }

where the 3;’s are evaluated at w.

A.3. Transport equations. We next apply the diffusion approximation to get
transport equations for the moments; see [5] for background material on and related
to applications of the diffusion approximation theory. Observe that the function Hg,
is linear and the random coefficients are rapidly fluctuating. Those coefficients whose
amplitudes are of order e~! are centered and fluctuate on the scale £2; moreover, they
are assumed to be rapidly mixing, giving a white-noise scaling situation. We can thus
apply diffusion approximation results to obtain transport equations for the moments
E[V} ol in the limit & — 0:

Wp.q(w,T,2) = gl_I% E[Vy q(w, T, 2)].

We then obtain from (A.7) that Wp g solves the infinite-dimensional system of partial
differential equations

oW, oW,
TRt Gpa@) R =i D (ry ) = D (g + ) W + [HOV)],,

(4.H)ep (J,h)€a

with the initial conditions Wy q(w, 7,2 = 0) = 1o(|p|)1o(|a])é(7), and where we
defined x;(w) (which is real) by (3.6). The source term now takes the form

6
(A8) [HOW)], =D Tns
k=1

and we next identify the coupling terms Z. We remark that in applying the diffusion
approximation there is no coupling between terms that contain phase modulation of
the type expli(8; — (;)z/€%] with terms that contain phase modulation of the type
expli(Bm + Bn)z / £2] since the rapid phases then cannot cancel. There are eight terms
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in the expression for S, in (A.7); we label the first four associated with the multi-
index p by 1,,...,4, and the last by four by 1,,...,4,. First we consider the cross
interaction of the terms 1, and 2, and also the corresponding combination 1, and 2,
that is associated with complex conjugate coefficients. We label their contribution by
the term 7, which is given by

L =- Z 2R (T 1) (Wp|{<j,z>,<3,z‘>|<5,j>,< a T Wol(G0,G.D1G.D, G .aLi
{(jfl)ﬁ(jvl)}EP

{(j,l)7(3,5)}6p

( pI{(G.0.G.DIGH).(EDY.a T Wpl{(xl) G.DIWH, AN} a L )
- Z ( p,al {60,010, @D Y T We,al{G0,G.D1G.0,6.D} 37’”)

{(j»l)v(i,f)}éq

-2

{GD. G, f)}Eq

Z Z ngrFlk Z Z Jk+Flk P,

(J,h)ep k=1 (J,l)eq k=1

where I' is defined by (3.5).
Next we consider the cross interaction of the terms 1, and 2, with the terms 1,
and 2,. We label their contribution by the term Zy, which is given by

> 2 RO WeiaiGdlun=G0

(J.0€ep (G,h)eq

- Z Z Z 2% Fklk? PIH{GDIG K1), (k2.0 1al { (GG k1), (k2,D) }
(G.D€p (j,l)eqk1,k2=1

D Z 2R (T )Wl (5.0 Gk b )} @G Gk G ) Lo
(G:D)ep (G, eq k1,k2=1

where (1) & (7.1) it (7,1) = G, 1) or (7,1 = (0.9).

We have completed the analysis of the terms associated with phase modulation
of the form expl[i(8; + 3)z/<?] and consider now terms associated with phases of the
form exp[i(8; — B;)z/€%]. Consider first the interaction of the terms 3,, 4,, 34, and 4,
with themselves. We label this contribution by 73, which is given by

13{2 S i +ra]+ ZZ[FJHM”W

{G.D,G.D)1ep (j,))ep k=1

-2 Z~ [1#59?(?13”1#5%(%)} WoltG.0).G.DIGD.G.D) Y a
(GD.GDYep

N
_{2 S [fpet]+ X z[fjﬁflk}}wm
{G.0),G.DYea (G.eq k=1

-2 Z~ [1#5%@3)+1z¢i%(in)}Wp,q\{<j,1>,<5i>|<3,zx<ji)}7
(G).GDYea

p al{(.D),G.D1G), @0} + Wp al{(G,1),(,1 lJ)} J#
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where I and T are defined by (3.3)-(3.4).
Next, we deal with the cross interaction between the terms 3, and 4, and corre-
spondingly between 3, and 4,. We label this contribution by Z; and obtain

—{ > > QFﬂ}Wp,q— > 2R(T5) Wal Gl aliz
(

JDEP (j,l)ep Dep

-2 Z R0, G.DIED.Gad) e
{(.j7l)a(.j:l)}€p

~2 Z R(T50) L0 Wo (). GDIWD G2 e
{G.D),G.D)}ep

{Z > QFﬂ} pa— O 2R(T50) Whal(Gt. i
(

JD€a (G, eq (J,.D)€a

=2 > R Weaa.G0100.G.a)
{Gh.GDea

=2 3 R We a0, Golah.6i)-
(GG} ea

Now we consider the cross interaction between the terms 3, and 3, and corre-
spondingly between 4, and 4,. We label this contribution by Zs and obtain

= > > {QF We.q + Z 2%[ ﬂv} PHGDIkD Y al{ G DIk D} Li= y]

U.Dep (G,h)eq k=1#j
D [QFHWMJF Z 2R (1) Wal (Gl Gyl (G0 Gty Lie 1}
(G.Dep (G,l)eq k=1#1

Finally, we analyze the cross interaction between the terms 3, and 4, and corre-
spondingly between 4, and 3,. We label this contribution by Zs and obtain

=> > [2Fazwpq+ Z 2R(T5) W 1.1 )},q|{<3,z‘>|(5,k>}1jz'}

(J.DEP (j,l)eq k=1#£j
D {”mwpﬁ Z 2R (Te) Woy )15k )},q|{<3,z”>|<ki>}1l—3]~
(J.Dep (j,heq k=1#1

We can now assemble the terms in the source term H for the transport equation, and
this completes the proof of Proposition 3.2.

Appendix B. Derivation of channel transmission-transport equations.
We consider next the wave field that has been transmitted through the waveguide and
develop a family of transport equations that generalize those we derived above for the
characterization of the reflected field. The transmitted field can be characterized
by the transmission operator in (2.17). Recall that the transmission and reflection
matrices solve (2.18). In order to obtain a closed system of transport equations, we
introduce the quantities

ULE (@, hy 2 1, 2) = T, (0 + €2h/2,2) T2, (@ — 22h/2, 2)Uf g (w, b, 2)
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for t = (I1,12). Then we find, using (A.3),

Ut
pP.a __ 5 t,e
Oz - [HU(U )] p,q
N
UIE),Q {7;212} ey { Z 7;611% (H;:jl + Z Hklkg kQZl)}
w P ko1 w—+he2/2
N N
be T5e—
IRC R D Sk oo (7R SN v | S
k=1 ka=1 w—he?/2

with Hg; defined in (A.5). We remark that the family of coefficients UL (w, h, 2; j1, j2)
for fixed j; and js form a closed subfamily, which allows us to rewrlte the previous
system as

8UltJiI _ e t.e g,1 £ €,2 £
B1) TR )], [ O+ M),

N

LEACRINEEDY ( H Y e o USSP + LGS Y e n U™ E) ’
k=1

£,2 UE al Hb5 U(k17l2

[HU ( Z ( k2ll klkz}w+h52/2 pP.a

k}l,kz 1

b,e l1,k1),e
+ {Rk2lek1k2}w—h52/2Ulg}1 v ) .

B.1. Homogeneous propagator equations in the transmission case. In
order the eliminate the h-dependence in the coefficients of (B.1), we introduce the
transformation

s 1 —ih[T—¢% _(w)z s
(B2) V;,)é(vavz;leJQ) = %/6 il (bp’q( )]U;t;fl(wa hvz;]h]Z)dha

with ¢}, ,(w) defined in (4.6). We then obtain from (B.1) that V¢ solves the infinite-
dimensional system of partial differential equations

8 te t,e

(B.3) + 04 qlw) 22 = [755,(V¥)]

with the initial conditions V;;g(wm,z = 0;71,72) = Lo(|p|)1o(lal)1,, (1)1, (I2)6(T).
We decompose the source term as

(B.4) Hy =My + M1y
with H5, defined in (A.7) and the specific transmission source terms given by

(B.5)

p.a’

N

[Hf,l(Ve)] _Z [akllv(k 12),€ i (Br—PBiy )2/ + ol V(ll,k)e i(Bry — ﬁk)z/a}
P.q P

RV Neam 3 [t
v pa kika PU{(szl)}q
kl,k‘gzl
——1,(l1,k1).e —i(Bx 2/e?
(B6) +a21k2VI§7;UE2k2,l2)}e (G 0z )2 /¢ )

where the 3;’s are evaluated at w.
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B.2. Transport equations. We now apply the diffusion approximation to get
transport equations for the above modified moments that are relevant in the trans-
mission case. That is, we deduce transport equations for the moments E[V;fl] in the
limit € — 0:

W}t),q(waTa z;jla.jQ) = iil%]E[V;:ci(w7T7 Z;j17j2)]'

We then obtain from (B.3) that W;)q solves the infinite-dimensional system of partial
differential equations

oWt oW?
R T ICTIIED oY) s

(G:hep (4:)€a
t 1 t
* [H(W )]pvq * [H (W)}p,q’
with the initial conditions W§ ,(w, T,z = 0; j1,j2) = Lo(|p|)Lo(lal)1;, (I1)15,(I2)6(7).

The source term H is defined in (A.8), and the specific transmission source term has
the form

4
(B.7) [V q = D T
k=1

and we next identify the coupling terms T
First, we consider the terms that correspond to the interaction of the terms Hf}l
n (B.5) with themselves. This contribution is

N

N
i=2) RCu)Wed limt = ) [Fkll Lk = 2flll?} Wo.altittz
k=1 k=1

Then, we consider the cross interaction of the terms in HV in (B.5). This gives
the contrlbutlon

(k1,k1) (k2,k1)
I,=2 Z (Tkarz) { pu{(kz,zl)},qu{wz,zz)}+Wpu{(kl,zl)},qu{(kz,zz>}1’627““]'
k1 k=1

The terms in H?}l interact with those in H$, having phase modulations of the form

expli(B; — B1)z/€%), giving the following contribution to the diffusion approximation:
Ty=-2 % [Fj Ly + Do Liss — Djto Lt — Dua L] Wi
(J4,H)ep
- - I t
2D D LUTIR USTRES VTS VTR BV DITRES W7 VOTH D 2
(4,1)€a
—2 3 [RE)WY) + R (T )W) ]
i) p|{<j,l>|<zl,l>},q LU PYpI{(GD1G )} a
(4.Hep
(k,l2) (k l2)
+2 )] Z[ ) Wonaltuo iy L=t + REwW)Waai; z)\(M)}ll:h}
(G.)€q k=1
T (11,0)
-2 ) { Tjta) Wo a0y m(r”z)wp,q\{(ayw\(m)}}
(4,1)€a
k) (I1,k)
+2 )] Z [ (Te) Wy itiwarati=t + REDWSE 6wy ali } :
(4,h)ep k=1
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Finally, we consider the cross interaction of the terms in H;> with those in H5,.

This gives the contribution

We

]lz) ll2
Zrkh 2 ) R [ pI{(G0I(L)}a +Wp|{(al>|(gzl>}q #l}
(J,l)ep
(117j) (11,0)
—ZF% ~2 > (T { p.al {0112} T WealG01G102)} J#l}
(4, ea
49 Z Z F W(k’hb)
) pU{(k2,11) 1al{(.D)G k1), (k2,0)}
(4,1)eq ki k=1

(k2,l2)
+2 ) Z (Thsk ) VR s ) 3D Gk ) (o Lo 762
(JJ)Eqkl,szl

(l1,k1)
+2 Z Z Fklkz Wp\{(jvl)\(j7/€1)7(k2,l)}7qu{(/€2712)}
(J,))ep k1,k2=1

(llvkz)
+2 Z Z §R Fkle pH{{, l)\(J}kl)v(kml)}vqu{(kl712)}lkﬁ‘ék?'
(4,1)ep k1,k2=1

can now assemble the terms in the source term X! for the transport equation,

and this completes the proof of Proposition 4.2.
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