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We present an analysis of enhanced wave
transmission through random media with mirror
symmetry about a reflecting barrier. The mathematical
model is the acoustic wave equation, and we consider
two setups, where the wave propagation is along a
preferred direction: in a randomly layered medium
and in a randomly perturbed waveguide. We use the
asymptotic stochastic theory of wave propagation in
random media to characterize the statistical moments
of the frequency-dependent random transmission
and reflection coefficients, which are scalar-valued
in layered media and matrix-valued in waveguides.
With these moments, we can quantify explicitly the
enhancement of the net mean transmitted intensity,
induced by wave interference near the barrier.

1. Introduction
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Multiple scattering of waves travelling through
disordered media is a serious impediment for applications
like imaging and free space communications. This has
motivated the pursuit of strategies for wave transmission
enhancement and mitigation of scattering effects.

At propagation distances (depths) that do not exceed
a few scattering mean free paths, the wave field
retains some coherence. Mitigation strategies seek to
enhance this coherence by: filtering the incoherent wave
components, like in optical coherence tomography [1]
and in imaging in waveguides with rough boundary [2];
correcting wavefront distortion in adaptive optics [3]; or
using coherent interferometry [4,5].
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Malte A. Peter, Valerie J. Pinfield and Olga
Umnova.

THE ROYAL SOCIETY

PUBLISHING

© 2024 The Author(s) Published by the Royal Society. All rights reserved.


https://crossmark.crossref.org/dialog/?doi=10.1098/rspa.2024.0073&domain=pdf&date_stamp=2024-06-26
mailto:borcea@umich.edu
http://orcid.org/0000-0002-9547-3913
http://orcid.org/0000-0002-3518-4159

Downloaded from https://royal societypublishing.org/ on 26 June 2024

Beyond a few scattering mean free paths, the wave field is incoherent and it is typically
described by the radiative transfer theory [6-8] or the diffusion theory [9]. These theories neglect
wave interference effects that cause phenomena like coherent backscattering enhancement,
a.k.a. weak localization [10,11] and Anderson localization [12]. Such interference effects can be
exploited for enhancing transmission through a strongly scattering medium. In [13], it was shown,
using random matrix theory, that in a disordered three-dimensional metallic body, some of the
eigenvalues of the transmission matrix are close to one. The eigenvectors for such eigenvalues
are known as open channels and their existence has been demonstrated in optics experiments in
[14]. If the transmission matrix can be measured, the open channels can be determined and used
for delivering waves deep inside disordered media [14-16] and improved focusing in space [17]
and in space-time [18]. However, these methods require accurate measurements of the complex
wavefield and spatial light modulators for wavefront shaping.

Recent developments show that interesting wave interference phenomena can also be induced
by mirror symmetry in chaotic cavities and in waveguides filled with disordered media. Large
conductance enhancement through a reflecting barrier has been demonstrated for arbitrary
incident fields in [19] for symmetric quantum dots and in [20,21] for symmetric chaotic cavities.
Experimental demonstration of broadband wave transmission enhancement through diffusive,
symmetric slabs with a barrier in the middle is given in [22,23] without using transmission
or reflection matrix measurements and without wavefront shaping. Symmetric media are also
encountered when studying waves propagating in a random half-space with Dirichlet boundary
condition. The method of images replaces this half-space problem with a full-space problem with
symmetric sources and media [24].

Our goal in this paper is to study mathematically wave transmission enhancement in
disordered systems with mirror symmetry about a barrier. The analysis can be carried out for
any type of linear waves. For simplicity, we consider acoustic waves that propagate along a
preferred direction in either a layered medium or a waveguide filled with a disordered medium.
We prove that in both cases, the mirror symmetry has a beneficial effect on the transmission. This
complements the experimental results in [22,23], carried out in diffusive slabs. Our quantitative
analysis shows that the transmission enhancement comes from constructive interference between
symmetric scattering processes. The enhancement is more striking when the obstruction at the
barrier is strong.

We model the disordered medium by random fluctuations of the coefficients of the wave
equation. These fluctuations are mirror symmetric with respect to a reflecting barrier. The
interaction of the waves with the barrier and the random medium is described by frequency-
dependent reflection and transmission coefficients, which are scalar-valued in the layered case
and matrix-valued in waveguides. We use the stochastic asymptotic theory of wave propagation
[25,26] to write the statistical moments of these coefficients and thus quantify explicitly the
net mean transmission intensity for various opacities of the barrier. We find that the mean
transmitted intensity in the presence of symmetric random media is greater than that through
the barrier alone. We also show that if the media on both sides of the barrier are statistically
independent, then the mean transmitted intensity is smaller than that through the barrier
alone.

We organize the analysis and results in two main sections: we begin in §2 with the case
of waves propagating at normal incidence through a randomly layered medium. This lets us
introduce the main ideas in a simple, one-dimensional setting, so we can analyse the enhanced
transmission in great detail. Then, we study in §3 transmission through random waveguides.
The statistical moments of the reflection and transmission matrices in random waveguides are
known, but their computation is much more complicated than in the one-dimensional case [26].
Thus, for waveguides, we consider a regime of weak scattering in the random medium, where
we can get an explicit approximation of the net transmitted intensity. The involved calculations
needed to derive the results in §2 and 3 are given in appendixes. We end with a summary
in §4.
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2. Enhanced transmission in randomly layered media

We give here the analysis of wave transmission in one-dimensional (layered) random media with
mirror symmetry. We begin in §2a with the setup and the wave decomposition in forward and
backward going modes. The analysis of the reflection and transmission of these modes at the
reflecting barrier is in §2b and in the random medium is in §2c. We gather the results in §2d to
quantify the transmission enhancement.

(a) Setup

One-dimensional wave propagation along the z-axis is described by the first-order system

p(2) 0 0 1 u(t,z)\
|:( 0 Kl(z)) o + (1 0) 8{| (p(t,z)) =0, teR, zeR, (2.1)

where p is the acoustic pressure and u is the velocity. The medium is modelled by the variable
density p and bulk modulus K, which determine the local wave speed ¢ and impedance ¢,

K(z
c(z)= % and ¢(z) = VK(z)p(2). (2.2)
The medium contains a thin barrier at z € (—d/2,d/2), sandwiched between two randomly
perturbed, symmetric regions at d/2 < |z| < L. Assuming that the z-axis is horizontal, we call the
region z < —d/2 the left side of the barrier and the region z > d/2 the right side of the barrier. The
medium is modelled by

1 if | L
Kio 1 Z|> ,
po if z[>d/2, 1 1 ) d
p(2) = and = Ly e 1f|z|e[f,L], 23)
o if z| <d/2, K@) | Ko 2
K% if 2] <d/2,

where p; and K; are positive constants, for j=0,1 and x is a mean zero, mixing random process,
satisfying the uniform bound |u| <1, so that the bulk modulus is a positive function [25, ch.
6]. Note that only the bulk modulus has random fluctuations in our model. This simplifies the
presentation and unifies it with that in the next section, because (2.1) reduces to the standard
second-order wave equation for the pressure at |z| > d/2 and at |z| < d/2. Random fluctuations of
the density can be included, and the results are qualitatively the same [25, ch. 17].

The interaction of the waves with the medium depends on frequency, so we Fourier transform
with respect to time,

'ﬁ(w,z):J dtel®p(t,z) and ﬁ(w,z):J dtetu(t,z), (2.4)
R R

and then decompose the wave field into right (forward) going and left (backward) going modes
[25, ch. 7]. The decomposition at |z| > d/2 is

Ww,2) =155 " Plw,2) + ¢ "0, 2)]e @ E/) 2.5)
and
bw,2) = [-¢; P, 2) + ¢ Pil(w, 2)]eE), (2.6)

where ¢y = /Ko/pp and ¢o = +/Kopp. The decomposition at |z| < d/2 is similar, except that ¢y and

¢o are replaced by c; = /K1/p1 and ¢1 = +/K; p1. Note that equations (2.4)—(2.6) give
5"

p(t,z)= o

J dw e " [A(w, z) e/ _p(w, z) e @E/0)] (2.7)
R
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a(w,—L)=1 a(w, L) =T (w)
> o random section random section > _
b(w,—L) =R(w) b(w,L)=0

= . : :

Figure 1. Schematic of transmission and reflection in the random medium with mirror symmetry about the thin barrier located
atze (—d/2,d)2).

and
-1/2

u(t,z) = 50471 JR dw e N [A(w, z) /%) 4 P(w, z) e71@E/)], (2.8)

This is a decomposition in monochromatic waves propagating along the z-axis in the right
direction, with amplitude @, and the left direction, with amplitude .

The wave excitation specifies a(w, —L), and corresponds to a wave impinging on the
heterogeneous medium at z= —L. The goal is to quantify the wave emerging at z=L, with
amplitude a(w, L) (figure 1). Since the medium is homogeneous at z > L, the wave is outgoing
there, i.e. Z(w, Z) =’l;(a), L)y=0forz> L.

(b) Model of the barrier

The mapping of the wave modes on the left of the barrier, at z= —d/2, to the modes on the right
of the barrier, at z=d/2, is given by the 2 x 2 frequency-dependent propagator matrix P1. The
expression of this matrix is derived in appendix A(a), by imposing the continuity of the pressure
and velocity at z = +d/2. We state the result in the next lemma.

Lemma 2.1. We have

(w0 9) (o 7 o) 7@
R =Pi(w) | _ and Pi(w)= R (2.9)
b(w,%) b(a),_Td) y() alw)
where the bar denotes complex conjugate and
()= [cos (“’l) L (il + io) sin (‘i‘i)] eiod/a (2.10)
€1 2\ & €1
and ‘ p
Y (RS ey
v(= 2 <C1 é“o) - ( 1 ) ' 21D

The scattering matrix S; maps the wave mode amplitudes that impinge on the barrier to the
outgoing wave mode amplitudes

7w ¢ T w, =2
’ <w’ 2) =S1(w) ’ (w’ ’ ) . (2.12)
5 (o) 5(04)
Its expression follows from equation (2.9),

_[(T1(®) Ri() _ V(@ _ 1
Sl(a))—<R1 o T, (w),) and Riw)=-25, Tiw)=—=, 2.13)

where T1 and R; are the transmission and reflection coefficients of the barrier.
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We introduce two asymptotic regimes that give an order one net effect of the barrier

1: The first regime is
wd . 4o o wd
— —>0 forj=0,1 and = — oo suchthat =— — g(w), (2.14)
G & 4120

with finite 4. The asymptotic limit of the transmission and reflection coefficients is

_ 1 _ (o)
T1 (a)) = ir q(a)) and R1 (w) = i q(w) . (2.15)
2: The second regime is

d d
®% 0 forj=0,1 and =L o0 suchthat 2% o(w), (2.16)

¢ Q) S0 2c1

and the transmission and reflection coefficients are
i q(w)

T = R =— . 2.17
)= ad Riw=—L 217)

These two regimes are similar. They both consider a thin barrier of width d that is much smaller
than the wavelength, so there are no trapped propagating modes at z € (—d/2,d/2). They also
assume a high contrast ratio of the wave impedance inside and outside the barrier, while ensuring
that the coefficient g is O(1). This is needed to have an O(1) change of the transmission and
reflection coefficients of the barrier. Indeed, equations (2.15) and (2.17) show that if g were
negligible, then the barrier would have no effect because the transmission coefficient would be
approximately 1 and the reflection coefficient would be approximately 0. The opposite case would
be for a large g, where the barrier would be so strongly reflecting that no wave would go through.
Since the regimes (2.14) and (2.16) are similar, we consider henceforth the first one, defined by
equations (2.14)—-(2.15).

(c) Reflection and transmission in the random medium

The propagation of waves in randomly layered media is studied in detail in [25]. We gather the
relevant results from there and specialize them to the random medium with mirror symmetry in
the next lemma, proved in appendix A(b). This lemma gives the expression of the complex 2 x 2
scattering matrices of the left and right random sections. They map the amplitudes of the waves
impinging on the media to the amplitudes of the waves exiting the media and their entries are the
transmission and reflection coefficients.

Lemma 2.2. We have

(o)) o, ~L) b)) 2(0d)
(Z(w,—L) =S_(w) ,17\(0),%1) and 3(@,%) =S, () Sl , (2.18)

where S_ and S are the scattering matrices of the left and right random regions [—L, —d /2] and [d/2,L],

respectively
T-() R (@) Ti(@) Ri()
S_(w)= and Sy(w)= . (2.19)
R(0) T-(o) Ri(w) Ti(w)

Due to the symmetry, the transmission and reflection coefficients in these matrices satisfy
T-(@)=T4@), R-(@)=Ri(), R (@)=R(@) (2.20)

The moments of T, are studied in [25, Section 7.1.5] and the moments of R, and R are in [25,
Section 9.2.1], in the so-called strongly heterogeneous white-noise regime defined by the scaling
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relations

le <AL, Var(n)=0(1), (2.21)

where ¢, is the correlation length of the random fluctuations p of the medium and A =2x¢,/w is
the wavelength. The first assumption in (2.21) says that the wavelength is long with respect to
the correlation length, so the waves cannot probe the finely layered medium efficiently. However,
the medium fluctuations are strong, with O(1) variance, and because the waves propagate over
many wavelengths, scattering in the random medium builds up to cause a significant effect at a
distance L. In particular, if we have Var(u)¢.L/ 22 =0(1), then the effect of the random medium
on the transmittivity is of order one.

For quantifying the net mean intensity transmitted through the medium, we only need the
expressions of the statistical moments of the square modulus of the transmission coefficient T,

L * e 27s sinh(ms)
2n — _ Ls*/Lioc(®) _Z
BT @ =exp (~ 5 ) [ e o) ds 22)

for any positive integer n. Here, E is the expectation with respect to the law of the process p, the
functions ¢, are defined by

n—1

$E)=1, dus)=]]

j=1

2 2
Sﬂl}#, n=2 (2.23)

and Ly is the localization length of the random medium, which depends on the frequency w and
the statistics of u

1 w?

Lioc(@) 4C%

LR E[u(0)u()] dz. (2.24)

Note that 1/Ljo. is of the order of Var(u)€./A2. If the wave travels deep in the medium, i.e. if
L>> Lo, then the moment formula (2.22) simplifies to

BT P .00 : 2.25)
1T (@)~ ————— $,(0) ex [—7] . )
* AL /Lioe P2 P T i)
It is shown in [25, Section 7.3] that the moment formulae (2.22) also hold in the asymptotic
regime defined by the scaling relations

le~2 <KL, Var(p)<l1. (2.26)

In this so-called weakly heterogeneous regime, the waves are sensitive to the finely layered
structure, because the wavelength is comparable to the correlation length. However, the
fluctuations are small and cumulative scattering in the random medium becomes significant only
at large distances L of propagation. In particular, the effect on the transmittivity is of order one
when Var(u)€:L/A? = O(1). The moments of T, in the weakly scattering regime are given by the
same equation (2.22), but the expression of the localization length is different than that in (2.21),

1 w? 2wz
Lioe@) — 42 J, EOua1cos (%27
(d) Transmission enhancement

We are interested in the transmission of the wave field through the medium, illustrated
schematically in figure 1. The result is stated in the next theorem, proved in appendix A(c). In
light of lemma 2.2, we simplify the notation in its statement using

T(w)=T4(w)=T_(0) and R(w)=Ri(w)=R_ (o). (2.27)
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Theorem 2.3. The transmission coefficient of the system is

T (@) = TH@)T1(@)[1 — R(@)][1 — (2R;(») — )R(@)] 7}, (2.28)

and the expression of the mean transmitted intensity is

E[[T (@)1= %(@)E[ T(@)*(1 - [T(@)?)], (2.29)
k=0

where the moments of T are given in equation (2.22) and

1
(@) = 711 = @Ry (@) — 12 (2:30)
Note that the coefficients (2.30) satisfy 7; <1, because according to equation (2.15),
o) —1i
2R —1|= - =1. 2.31
i) - 11= | T8 @3
This implies that the series in (2.29) is uniformly convergent and we have the bound

oo

E[T@P<E|IT@)* ) (1 - T | =ElT@)P]. (2.32)
k=0

Thus, no matter how weak or strong the barrier is, E[|7T?] cannot exceed the mean intensity
transmitted over half the distance, through one region of the random medium.
We analyse next the transmitted intensity in various scenarios. There are two extreme cases:

— The first extreme case is not interesting because it assumes no random fluctuations.
We have T=1 and the transmitted intensity is deterministic and equal to the squared
modulus of the transmission coefficient of the barrier

2.29 2.30 2.15
IT(@)P %2 (@) 27 11 - Ri@)2 2 1T (). (2.33)
— The second extreme case assumes no barrier, i.e. T1 =1 and R; =0. Then, coefficients
(2.30) satisfy 7 =0 for odd k and 7 =1 for even k. The mean transmitted intensity is,
from (2.29),

21 iy 22k | _ | T@)*
E[l7 ()"l =E |:|T(w)| 1;(1 = T(@)%) :| =K [2 - |T(a))|2i| ' (2.34)

If in addition, the random sections are strongly scattering, i.e. L is larger than Ljy so the
approximation (2.25) holds, then we have

BT @212 S 2 4B (@)1 27 crliT@)?], (2.35)
k=1
where N
C=Y 27" ¢1(0)~059. (2.36)
k=1

The result (2.34) says that, as expected from the estimate (2.32), the mean transmitted intensity
through the symmetric random medium occupying the interval [—L, L] is less than the intensity
transmitted through the single region z € [0, L]. However, the symmetry helps, because if the two
random regions were independent, the mean transmitted intensity would be (appendix A(d))

o0

E[T (@)1= Y {E[T(@)*1 - |T(@)»])>. (2.37)

k=0

This is smaller than (2.34), as illustrated in figure 2.
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loc

Figure 2. Mean transmitted intensity IE[| 7 |2] of the system as a function of the strength L /Ly, of the randomly scattering
medium in the absence of the barrier. (a) The black solid line is the result (2.34) for symmetric media and the red dashed line is
the result (2.37) for independent media. (b) Ratio of the mean transmission of independent media and the mean transmission
of symmetric media.

Physically, we can interpret the enhanced transmission due to symmetry as follows: it is known
that the distribution of the random transmittivity has a small component close to one, that actually
gives the value of the mean transmittivity [25, Section 7.1.6]. The medium configurations that
give transmittivity close to one are called open channels in the physics literature [13,27]. Efficient
transmission through two independent media of length L requires the lucky situation where both
media are open channels. For the symmetric case, this requires only one medium of length L to
be an open channel as the symmetric medium is then automatically an open channel.

Now we demonstrate the transmission enhancement in the presence of the barrier:

— First, we can see from equation (2.29) that if the random sections are weakly scattering, i.e.
L/Lioe < 1, then E[|R|?] =1 — E[|T|?] « 1 and we can approximate the mean transmitted
intensity by

E[|T ()1*] = 10(@)E[|T(@)*] + 11()E[[| T()|*|R(@)[*] + o(E[R(e)*])
=10() + (v1 (@) — 270(@))E[|R(@)I*] + o(E[|R() ).
Equation (2.30) gives
w0(@) =1 - Ri(@)P 2 T1(w)?
and

71(0) = 4IRy (@) |1 — Ry (@)* =4I T1 () (1 — T1()I?),
so to leading order in the reflection coefficient, we have
E[|T ()1*] % | T1(@) {1 + 2(1 — 2|T1(0) P)E[IR (@) *]}. (2.38)

This is larger than the transmission intensity of the barrier |T7 (w)|?, as long as the barrier
is reflecting enough i.e. for |T1(w)| < 1/ V2.

— If the random sections are more scattering, i.e. L 2 Lj,. , then we must consider the series
in (2.29). We compare the result in figure 3 with the mean intensity calculated in the
absence of symmetry, i.e. for two independent random media to the left and right of the
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—~
Q
=

transmission

0 0.5 1.0 15 2.0 0 0.5 1.0 15 2.0
LIL LIL

loc loc

Figure3. () Mean transmissionIE[| 7" |] of the system as a function of the strength L /Ly, of the randomly scattering medium;
the black solid line corresponds to the symmetric media and the red dashed line corresponds to the independent media.
(b) the mean transmission IE[|T|?] of one random section (dashed) and the transmission |T;]? of the barrier (dot-dashed).
Here, |T;|> = 0.4.

barrier. The expression of the latter is

E[T(@)P]=Ti@)* Y Cep(@ENT@)(1 - T(@)*)]
kk'=0
x B[ T(@)/*(1 = [T(@))], (2.39)
with )
R R ()1 - 2Ry (@)

Cor@=| > (k+k =G — k)G — Kk)!

j=max(k,k’)

Its derivation is given in appendix A(d).

Again, the transmission is enhanced by symmetry, and this is even more pronounced if the
barrier is more reflecting, as shown in figure 4. See also the next case.

— If the barrier is strongly reflecting, i.e. |T1| < 1, which is equivalent to having > 1, we
can use the identity
Ry@) =12 1) =11 o7 (),
(o) +1i

in equation (2.30) to obtain
(@) = (k + 12 To(@)* + o(IT1(@)), k=0.

Substituting this into the expression (2.29) of the mean transmitted intensity, we have

E[|T ()] = T1(0)"E {mw)r* > (k+1)%(1 - |T(w>|2)k} : (2.40)

k=0

This expression can be simplified using the series Y po (1 + K2k = (14 x)/(1 —x)3, Vxe
(0,1), and we obtain that

E[|T (@)*] = Ty (@) *(2EIT(@) 7] = 1} + (I Ty (@) ?). (241)
By solving the Kolmogorov equation U =L—-(2U — 1) satisfied by U(L)=E[|T|2],

loc
derived using the expression of the infinitesimal generator of IT|? given in
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Figure 4. Same as in figure 3 but for a more reflecting barrier with | 7;]> = 0.1.

[25, Proposition 7.3], we get that

2EHIKwN‘2]—];:exp[ (2.42)

2L }
Lipe(@) '
This result and equation (2.41) show that the transmission enhancement by the random
medium can be very large when the barrier is reflecting, as seen in figure 4.

3. Enhanced transmission in random wavequides

In this section, we study wave transmission in random waveguides. To simplify the analysis, we
consider two-dimensional waveguides filled with a random medium and with straight, sound
soft boundary, as described in §3a. However, the results extend qualitatively to waveguides
with random fluctuations of the boundary, because as shown in [28,29], these fluctuations can
be mapped mathematically to fluctuations of the coefficients of the wave equation.

The mathematical model is the scalar wave equation for the pressure field, with random wave
speed. The decomposition of the wave into modes is in §3b. The interaction of these modes with
the reflecting barrier is in §3c. The transmission and reflection of the modes through the random
sections is described in §3d. The transmission through the whole system is analysed in §3e. We
use the results in §3f to quantify the transmission enhancement induced by symmetry, in the case
of weak random scattering.

(a) Setup

Consider a waveguide occupying the domain 2 = (—X/2, X/2) x R and introduce the system of
coordinates x = (x, z), with x € (—=X/2,X/2) and z € R. Assume, as illustrated in figure 5, that the
waveguide contains a thin reflecting barrier at |z| < d/2, lying between two random sections at
|z| € (d/2,L), which are mirror symmetric with respect to z = 0.

The wave at frequency o is modelled by the Fourier transform p of the pressure, the solution
of the Helmholtz equation

? >N
L%nn+A}Mun@=0,(nmeﬂ, (3.1)

with Dirichlet boundary condition at the sound soft boundary x = £X/2,

R X
p (w,ﬂ:z,z> =0, zeR, (3.2)
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T
A
X
2
a(w,—L) a(w, L)
- | | |a —
—L 2 2 L .z
b(w, ~L) . . b(w,L)=0
~— random section random section <
_X
2

Figure 5. Waveguide occupying the domain £2 = (—X/2,X/2) x R filled at |z| € (d/2, L) with a random medium with
mirror symmetry about the thin barrier located at |z| < d/2.

and outgoing boundary condition at z— 4+o00. The medium that fills the waveguide is
heterogeneous, with wave speed c of the form
o if 2| > L,
-2 .
c2x,z)={% if 2] < 2 (3.3)
_ o d
6 1+ p(x 2] if 5 <z <L.
Here, cp and c; are constants satisfying c1 < cp, and u is a zero mean, mixing random process,
with the uniform bound |u| < 1.

The excitation is defined by a right going wave impinging on the random medium at z=—L
and our goal is to quantify the transmitted wave at z=L.

(b) Mode decomposition outside the barrier

We are interested in the case of small standard deviation of the fluctuations u of ¢ =2, so we define
the wave decomposition at |z| > d/2 in the reference medium with wave speed ¢y.

The decomposition uses the spectrum of the self-adjoint, negative definite operator 32 with
Dirichlet boundary conditions at x = -X/2. The eigenvalues are given by —;, where 4; = (jz/ X)?
and the eigenfunctions are ¢;(x) = V2/X sin(jrx/X), for j > 1. These form an orthonormal basis of
L2(—=X/2,X/2).

Let k(w) = w/co be the wavenumber and define the natural number

N = | Ko) |, 64
T
such that
AN(w) < K2 (@) < AN(@)+1- (3.5)
Here |-] denotes the integer part. The wave decomposition is
oo
Plox,2) =3 ¢i(p(,2), (3.6)
j=1

whereﬁj are one dimensional, time-harmonic waves, called waveguide modes. The first N of them
are propagating waves, with wavenumbers

Bi(@) = l2@) - 1, if] =N(), (37)
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and the remaining ones are evanescent waves. These decay exponentially in |z| on the length scale

ﬁfl, where
Bi(w) =/2j — kK(w), ifj> N(w). (3.8)

]
Note that if k2 = Ay, the wave PN does not propagate. The analysis of waveguides with such
standing modes is more involved than needed in this paper, so we assume that Sy > 0.
The propagating waves can be decomposed further into right (forward) and left (backward)
going modes, using the following equations [25, ch. 20]

Pi(0,2) = ———[(0,2) @ +Bi(w,2) e O] (39)
/Biw)
and
0:7(0,2) = i\ B, 2) €4 —bj(w,z) e ], (3.10)

The complex-valued amplitudes of these modes are gathered in the (column) vector fields
A(0,2) = @2, and b(,2) =G0, (311)

and they satisfy the coupled system of equations

a(w,z) H(w,z) K(w,2)\ [(d(w,z)
9, | ~ = — )~ , 12
: (b(w, z)) (I«w, 5 Hwo) \bw2) (312
derived in [25, ch. 20]. The derivation involves substituting (3.6), (3.9)—(3.10) into (3.1), using the
orthonormality of the eigenfunctions and also expressing the evanescent modes in terms of the
propagating ones [25, Section 20.2.3]. The matrices H, K € CN*N are given explicitly in [25, Section

20.2.4]. They depend on the mode wavenumbers (3.7-3.8) and the random process v = (vj;);i>1,
with components

X2
i) =] degaee ), iz @.13)

In the absence of fluctuations, the matrices H and K would be zero i.e. the mode amplitudes
would be decoupled and constant. This is the case at |z| > L, where the wave speed equals the
constant ¢,.

The system of ODEs (3.12) is complemented with the excitation @(w,—L) that specifies
the incoming wave impinging on the random medium and the outgoing boundary condition
E(a), L) =0. Our goal is to characterize the transmitted mode amplitudes @(w, L). This requires the
analysis of the transmission and reflection of the modes at the thin barrier, described next.

(c) Transmission and reflection at the barrier

The mode decomposition inside the barrier is similar to that in equations (3.6)—(3.10), except that
the wave speed ¢y is replaced by c;. Since we assume that ¢; < cy, we deduce from equation (3.4)
and its analogue inside the barrier that there are N1(w) > N(w) propagating modes at |z| <d/2.
The modes are uncoupled, with constant amplitudes, because the wave speed is constant inside
the barrier.

The x-profiles of the modes inside and outside the barrier are given by the same eigenfunctions
¢; for all z € R, so to analyse the wave reflection and transmission at the barrier, it is sufficient to
match {p;, BZ@}].I\L ; atz==d/2. For j > N + 1, the modes impinging on the barrier are evanescent
and their amplitude is negligible for large enough L.

The next lemma describes the propagator of the barrier. Its proof follows from the continuity
of the first N modes, and it is similar to the proof of lemma 2.1 in appendix A(a).
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Lemma 3.1. We have

(w5 (w2 POy p®
A< Y =P1() A< ?) and o= LN e
b (cu, g) b (a), A PPw) PP(w)
where Py is the 2N x 2N propagator matrix of the barrier, with diagonal blocks
P (w) = dzag(a](w))N(w) and P(w)= dmg(y](w))N( ). (3.15)
The entries of these blocks are
Prjl@)  Bj(w) \
aj(w) = cos(By j(w)d) + 5 ( ﬂ’( T ﬁlj,,- (w)) sin(By j(w)d), (3.16)
] .8] (w) ,31 ]( )

and B1j(w) = ‘/ —)\j/ j=1,...,N(w), (3.18)
o

are the mode wavenumbers inside the barrier.

Remark 3.2. Although we focus attention on the case ¢ < cp, one can also analyse the case
c1 > cg and obtain qualitatively similar results. The difference in the calculations is that when
c1 > co, there are fewer propagating modes inside the barrier than outside. The algebraic structure
of the propagator matrices remains as in lemma 3.1, but the expression of the entries (3.16)-(3.17)
involves the hyperbolic cosh and sinh for indexes j=Nj +1,...,N, corresponding to the modes
that transition from propagating outside the barrier to evanescent inside the barrier. Since the
barrier is thin these entries remain O(1).

As we have done in §2b, we derive from the propagator P; the scattering matrix S; € C2N*2N
of the barrier. This relates the amplitudes of the modes impinging on the barrier to those leaving

the barrier,
~( 4 (4
03 (o %)
—d

R =Si(w)| _ , (3.19)
b(w5) b(w )
and has the block structure
_(Ti(w) Ry(w)

Si(w) = <R1(a)) Tl(w)> , (3.20)

with diagonal N x N blocks
o )
T1(w) = dlag(l/a](a)))N(w and Rj(w)=diag (Jéi?) , (3.21)
]

containing the mode-dependent transmission and reflection coefficients of the barrier.
Similar to the layered case, we are interested in the asymptotic regime

2
k(w)d — 0, zﬁ — 00, such that (%0) k(w)d = O(1). (3.22)
1 1

In this regime, we deduce from the expressions (3.16)—(3.17) of the coefficients that define the
propagator that
aj(w)~1+igi(w) and yj(w)~ —igj(o), (3.23)

where

B (w)d
gi(w) = ;;.(w) C2 o0y, j=1,...,N. (3.24)
]
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The asymptotic approximation of the transmission and reflection coefficients is

G2y 1 G2 1 (3.25)
i) 1 —igj(w) '

TL]‘(L()

and )
@21) —¥j(@) 623  igj(w)
oj(w) 1 —igj(w)’

Ry j(@) j=1,...,N(w). (3.26)
Note that as in the layered case, the scaling relations (3.22) ensure that the barrier causes an
opposition to transmission but it is not impenetrable.

(d) Transmission and reflection in the random sections

We collect here the relevant results from [25, ch. 20] and [26] on wave propagation in random
waveguides. As stated at the beginning of §3b, we are interested in small random fluctuations
w of c=2. These have a nontrivial effect at a long distance L of propagation with respect to the
correlation length €. of the fluctuations and the wavelength A. Thus, we consider the asymptotic
regime

le~ai~X<KL, Var(n) <1, (3.27)

where we deduce from equation (3.4) that the number N of propagative modes is of order
one. The scattering effect of the random medium on the transmittivity is of order one when
Var(u)l:L/2%2 = O(1) and it is smaller than one when Var(u)f.L <« A2. The latter defines what we
call the weak scattering regime and is of particular interest in this paper because it allows the
explicit quantification of the mean transmittivity of the waveguide (see §3f).

The propagator matrix P_ for the left random section is the solution of

H(w,z) K(w,z) —d
0.P_(w,z) = (K(w,z) H(w,z)) P_(w,z), ze€ (—L, 7) (3.28)

and
P_ (a), %d> =Ly (3.29)

where Iy denotes the 2N x 2N identity matrix. Given the algebraic form of the coupling matrix
in the right-hand side of (3.28), one can deduce that the propagator has the block structure [25,

Section 20.2.5]
@ @
P_(w,2) = (P— (@2) P_(2) (“”Z)) , (3.30)

Pw,z) P(w,z)

with full blocks P, P®) ¢ CNXN that capture mode coupling induced by scattering in the random
medium. We are interested in the propagator evaluated at z= —L, which defines the N x N
transmission and reflection matrices of the left random section. These matrices are the analogues
of the scalar-valued transmission and reflection coefficients in layered media, deduced from the
propagator as explained in appendix A(b). We have

I _ T_(w)
()= oT0). .

which can be understood from the waveguide analogue of figure 8 and

0\ _ R_(»)
(1%) -7 0 (), .

which corresponds to the analogue of figure 9. Here, 0 and I are the N x N zero and identity
matrices, respectively.
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Similarly, the propagator P for the right random section is the solution of

azm(w,z):(H(“”Z) K(“”Z’) Py (,2), ze(g,L) (3.33)

K(w,z) H(w,z)
and

Py (w, g) =D, (3.34)

and its algebraic structure is like in equation (3.30), with N x N blocks P(_f_’) and PS}_]). This
propagator defines the N x N transmission and reflection matrices of the right random section
according to equations

(T+O(“’)) —Py(w, L) (R:(w)) and <R+I(“’)> —P. (L) <T+()(w)) . (3.35)

These can be understood from the waveguide analogues of figures 6 and 7.

Note the symmetry of the definitions (3.28)—(3.29) and (3.33)—(3.34). Both propagators start as
the identity Ipny at z==4d/2 and define the transmission and reflection matrices at z==+L. The
expression of the coupling matrices H and K given in [25, Section 20.2.4] and the symmetry of the
fluctuations about z =0, give that

H(w,z)= —-H(w, —z) and K(w,z)=-K(w,—2). (3.36)
This implies that

P_(w,—L) = P4 (o, L), (3.37)

and solving equations (3.31)—(3.32) and (3.35), we get: the transmission matrices satisfy

T4 () =T-(@) = PP(0,L) - PV, D[P (0, )] PP (o, L)

I (3.38)
and T =T () =[PY,L)]},
and the reflection matrices satisfy
=1 —1p(b
Ry (@) =R (0) = ~[PP (0, L)] P (w,1)
(3.39)
and Ry () =R_(0) =P?(0, [P (w,1)] 1.
In addition, we have the energy conservation relation [25, eqn (20.41)]
R (@0)R4(0) + T ()T () =1, (3.40)
and the reciprocity relations [26, p. 1582]
RL(w)~Ry(w) and RI(0)~Ri(w). (3.41)

Here, the superscript T stands for transpose, the star » denotes the complex conjugate and
transpose and the approximation in (3.41) means that reciprocity holds in the asymptotic regime
(3.27).
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(e) Transmission through the system

The propagator matrix P for the waveguide is defined by the equation

a(w, L)\ a(w,—L)
<b(a), L)) =P(w) (b(w, ) (3.42)
From the definitions (3.14), (3.28) and (3.33) of the propagators of the barrier and the random
sections, and the identity (3.37), we deduce that
P (@) =P (@, L)P1(@)[P+(,D)] . (3.43)

It is more convenient for the calculations to consider first the adjoint configuration with an
incoming left going wave impinging on the medium at z=L, stored in b(w, L), and radiation
condition at z= —L, expressed as d(w, L) = 0. This is described by the following equation:

R)\ _ 0
GOETTEN) oss

We are interested in the transmission matrix 7. Its expression is given in the next theorem, proved
in appendix B(a).

Theorem 3.3. The N x N transmission matrix for the waveguide has the expression
T (@)~ T[T} (@) = Re(@)T; " (@)R1 (@) - T; | (@)R1(@)R+(0)
~ Ry ()T} (@R ()] ' T] (@), (3.45)
where the approximation holds in the regime (3.27).

The transmissivity of the system is

N(w)
T[T ()T ()] =Y 1Ti()?, (3.46)
jl=1

where “Tr” denotes the trace. In the next section, we quantify the mean of (3.46) in the asymptotic
regime (3.27). Note that, by the invariance of the wave system (3.1-3.3) to the change of direction
z — —z, the transmission problem corresponding to an incoming right-going wave impinging on
the medium at z — —z and radiation condition at z =L is equivalent to the adjoint transmission
given above.

(f) Enhanced transmission

To quantify the effect of symmetry on the wave transmission through the waveguide, we derive
next the expression of the mean transmissivity. This requires the statistical moments of the
products of the entries of the transmission and reflection matrices T4 and Ry. These moments
are characterized in the regime (3.27) in [26, Propositions 3.1, 4.2]. Their expression is very
complicated, so we do not repeat it here. However, the result simplifies in the case of weak
scattering in the random medium:

Theorem 3.4. When the random medium is weakly scattering, i.e. in the asymptotic regime (3.27) with
Var(u)ecL < A2, the mean transmissivity is approximated by

N@) N(w) N(w)
E| Y 1 Ti@)P | =T =Y [ITL@)+ Y Mpy(@)Bm@) |, (3.47)
=1

=1 m=1

where we introduced the positive coefficients

4 00
Min(@) = E[R s (@) I~ —— L J

~ m . COS[(ﬂj(w) + Bi(w))z]E[vy,, (0) vy 1 (2)] dz, (3.48)
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and the factors
Bin(@) = |T1,1(®) + T1m(@) = 2T11(@)T1m(@)* = TL (@) = [Tym(@)P, (349)
depend only on the barrier.

The approximation in (3.48) is deduced from the second-order moments of R given in [26,
Proposition 3.1]. It holds in the weakly scattering regime and shows that the coefficients Mj,,
are proportional to the power spectral density of the stationary process vj,,, for ,m=1,...,N.
Moreover, these coefficients are of the order of Var(u)¢cL/3% < 1, by the definition of the weak
scattering regime.

The proof of this theorem is in appendix B(b). We conclude from its statement that if there is
no random medium, the transmissivity equals that of the barrier, denoted by

N(w)
To(w) =Y IT1i(). (3.50)
=1

If the random medium is present, its effect on the mean transmissivity depends on the strength
of the barrier, which determines the sign of the factors (3.49). The moments My, are positive by
definition, so if the factors B, are positive, we have transmission enhancement induced by the
symmetry of the random medium.

Let us write more explicitly equation (3.49),

Biy(@) =41T1 () * | T1m(@)* — 4T m(w)|*Re[ Ty 1(@)] — 4T1 () |*Re[T1 ()]

+ 2Re[T1,m(0)T1 1(®)],
and observe from equation (3.25) that Re(T ;) = |T1,1|2. This gives that

Bi(w) = —4|T1 (@) *| T1m(@)|* + 2Re[T1 ()T ()]

(325 _—=2[1 — gi(@)gm(@)]
[1+ g @)1 + g5 ()]

Lm=1,...,N(). (3.51)

Consequently, By, <0 if the barrier is weak i.e. the parameters {ql}f\i ; are small, and the random
medium has a negative effect on the transmissitivity, because

T(w) — Ty(w) < 0. (3.52)

However, if the barrier is strong enough to make the parameters {ql}%\i 1 larger than 1, the factors
(3.51) are positive and we have transmission enhancement

N(w) N(w)

T(w) — To@) ~ Y > Mip(@)Bju(w) > 0. (3.53)

I=1 m=1

The enhancement is due to the symmetry of the random medium about the strong barrier. Without
the symmetry, the mean transmissivity is reduced, as stated in the next proposition, proved in
appendix B(c).

Proposition 3.5. When the random medium is weakly scattering, i.e. in the asymptotic regime (3.27)
with Var(n)lcL < A2, and the random media in the left and right sections of the waveguide are statistically
independent, the mean transmissivity of the system is approximated by

N(w) 5 N(w) N(w)
E| > 1) | ~To@) =2 Y Y Miy(@)|T1(@)*| Ty m(@)]?, (3.54)
jl=1 I=1 m=1

and is therefore smaller than the transmissivity To(w) of the barrier.
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4. Summary

We have introduced a detailed mathematical analysis of wave transmission enhancement in
random systems with symmetry about a reflecting barrier. The analysis is motivated by recent
experimental results reported in the physics literature, which observe such enhancement in
symmetric cavities and in diffusive slabs. We consider acoustic waves for simplicity, although
the methodology applies to any linear waves. The main result is the quantification of the mean
transmissivity of two random systems with a preferred direction of propagation: plane waves in
randomly layered media and waves in random waveguides. The first case is easier to analyse
and we consider both weak and strongly scattering random media. The waveguide setting is
significantly more complex, so we quantify the transmission enhancement only in the case of
weakly scattering random media. The result is expected to extend to stronger scattering regimes,
because the waveguide setting is somewhat close to that in diffusive slabs, where transmission
enhancement has been observed experimentally in [22,23]. However, the explicit analysis and
quantification of such enhancement is difficult, due to the very complicated expression of the
statistical moments of the transmission and reflection coefficients in random waveguides.

The analysis that is carried out in this paper shows that the transmission enhancement in both
layered media and in weakly scattering random waveguides is much more pronounced for large
opacity of the barrier.
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Appendix A. Derivation of the results for randomly layered media

In this appendix, we prove the results stated in §2. Since the frequency w is fixed in the proofs, we
simplify the notation throughout the appendix, by dropping the argument » of the propagator
and scattering matrices below.

(@) Proof of lemma 2.1

The statement of the lemma is derived from the continuity of the Fourier coefficients of the
pressure and velocity fields. The decomposition of these fields is given in equations (2.7)-(2.8)
outside the barrier and their analogues inside the barrier. The medium inside the barrier is
homogeneous, so it follows from equation (2.1) that the right and left going mode amplitudes
there, denoted by @7 and 51, satisfy

31(2) = 8:01(2) =0, ze (%d, g) . (A1)

When imposing the continuity of the wave field at z= —d/2, we obtain that
@ (_ g ) e—i(d/2c1) reor\ (@ (_ d ) e—i(d/2co)

B (_g>eiw<d/2c1> e 4 3(_g)eiw<d/2co> B2
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where

Li]a |
ri=- -/=1 A3
* 2( %o 4“1) 49
The continuity at z=d/2 gives

& (%) ei(d/2c) ( r _r) @ (g) el(d/2c1)

E(g) o—io(d/2¢) (A1)

and from equation (A 1), we have

A (2)=m (-2) e B (2)-0 () e

Combining these equations, we obtain
d ~(_d
(9))_, (F2)

=P , (A6)

=

(4 n d
0(3))  \(-9)
where
e—i®(d/2¢) 0 re —r_\ [el@@/c) 0
P = 0 ele(d/2¢0) .y 0 e—iw(d/c)
reorl\ feietdr2n) 0
x (7’ r+> ( 0 eia)(d/ZCg) : (A 7)
Multiplying the matrices in (A7), we get the algebraic form (2.9) of P;, with
d d .
o= [(ri —r2)cos (?—) + i(rz+ +1%)sin <ac)—>] e~iwd/co (A8)
1 1
and p
y = —=2iryr_sin (a)—> . (A9)
a1
Finally, definition (A 3) gives
1(a Co)
2 2
r. —r~-=1 and rr,=f(——— , A10
" T4\« (A10)
and the statement of lemma 2.1 follows. |

(b) Proof of lemma 2.2

Consider first the random section [d/2, L] and define the propagator P of the subsection [d/2, z]

by
o)
~ =P _
b(z) b (

It is shown in [25, ch. 7 and §4.4.3] that

ai(z)  y4(2)
P,(z)= , (A12)
Y+(@)  a(2)

and ze (g,L]. (A11)

where a4 and y satisfy the first-order system

d a4 (2) _ iw 1 _e—2wz/co ai(2)
a <y+(z)) - E () <eZin/Co -1 ) ()/+(Z)> ’ (A13)
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1 0
—_— -~
R, random section T,
-~ _—
/2 L z

Figure 6. Reflection and transmission coefficients R and T,_ for the random section (d/2, ).

atz € (d/2,L), and the initial conditions

er(f)=1 o (2)=o a1

This is illustrated schematically in figure 6 and at z =L, we have

T\ 1
( 0 ) =P4(L) (R+) , (A15)

where T and Ry are the random transmission and reflection coefficients, defined by
L
Tom b Y+ ).
a(L) ay(L)

Since the matrix in equation (A 13) has trace zero, we have the conservation relation [25, Section
7.1.1]

and Ry=-— (A16)

det[P (L)] = la(D)* — [y+@L)* =1, (A17)

which in light of definitions (A 16) is equivalent to |R |2 +|T4|? = 1. Because of this relation, the
inverse of the propagator is

1,y _ [ a+(L)  —y4(L)
o (L)‘(—mL) a+(L))’ (A19)

and from (A 15), we obtain that

1 ap(l)  —ys@D)) (T+
= . A19
(m) (—mL) PRGYAY )
Reordering these equations and defining

T+=T+=7 and §+= )/+(L) ’
a4 (L) a4 (L)

(A20)

we obtain the adjoint problem, illustrated schematically in figure 7 ,

Ri\ 0
( ) >_P+(L) (T;(L))' (A21)

Now we can obtain from equation (A 11) evaluated at z=L and the definitions (A 16) and
(A 20) of the transmission and reflection coefficients that

(a(L))_(n §+) (ﬁ(g)) (A22)
b(4)) \re ) \30y)
—

S+

where S is the scattering matrix of the random section [d/2, L].
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0 1
> B
T.,. random section §+
-~ _—
/2 L z

Figure 7. Adjoint reflection and transmission coefﬁcientsm andi forze(d/2,1).

1 0
_— B
R_ random section T
-~ _—
—L —d/2 2

Figure 8. Reflection and transmission coefficients R_ and 7_ for random section (—L, —d/2).
Similarly, the propagator matrix for the left random section satisfies

(o ~(_d
(i(Z)) =P_(2) ﬂ( 2) and ze€ [—L,—%) ,
b(z) 3(_4> 2

2

a-(z) y-()
P_(z)= ,
v-(2) a-(2)
and o and B_ satisfy

d fa_(2)\ iw 1 —e Awz/a) (g (z)
dz (V—(Z)) - %I“L(_Z) (eZiwz/Co -1 ) (V—(Z)) 4

where

(A23)

(A24)

(A25)

(A26)

Note that due to the symmetry of the random medium, («¢—(—z), y—(—z)) satisfies the same

equation and initial condition as (a4 (z), y+(z)). Therefore,

a(-L)=ay (L) and y_ (=L)=y4(L).

(A27)

The reflection and transmission through the left random section is illustrated schematically in

figures 8 and 9 and the transmission and reflection coefficients are defined by

(Rl—)zp(_“ <€)> and (%’_)=P<—L) (ﬁl)
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0 1
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T random section B
-~ _—
—L —d/2 2

Figure 9. Adjoint reflection and transmission coefficientsR_ and T_forz € (=L, —d)2).

These equations and the relation (A 27) give

~ 1 1 (16

T =T =———=—— "="Ty,
o (-L)  ay(L) *
R_=V—(_L) _ r+(L) (A20) R,
a—(=L)  a (L)
and 7o y=C0 @) @e R,
a(=L) (D)
as stated in the lemma. [ ]

(c) Proof of theorem 2.3

Using the propagator matrices of the two random regions and the barrier, described in appendices

A(a)-(b), we have
(E(L)) (ﬁ(—L))
| =P(L)P1P_(-L) | . , (A28)
b(L) b(=L)

To calculate the scattering matrix, we need a basic lemma.

Lemma A.1. Consider a system consisting of two successive sectors: the left one with propagator matrix
P; and the right one with propagator Py,

P,:("” ”) and P,:(“’ y’). (A29)
Yoo Yr Oy

The propagator matrix of the system is P =P,P; = [“ g] , where

Y
o=y + VY, Y =y + . (A30)
The scattering matrix is S = [IE ?] , with entries
T= % =T\T+(1 — R:R) 7Y, (A31)
R= —% =Ry + T2R,(1 — R;R)) ™ (A32)
and R= g =Ry + T?Rj(1 — R,R)) .. (A33)

Here, Tj, R; and I~{]- are the transmission and reflection coefficients of the two sectors, with j € {1, r}.

Proof. Equation (A 30) follows trivially from the multiplication of the matrices (A 29). The
expression of the transmission and reflection coefficients in terms of « and y is as in equations

€L00K707:08 7/ 905 "y 01 edsy/jewnol/BioBuysyqndiraposjefos



Downloaded from https://royal societypublishing.org/ on 26 June 2024

(A 16) and (A 20). From definitions
Ti=—, Rji=—= and R_ ],]e{lr} (A34)
we get that the transmission coefficient satisfies

1
T=:
o

1
(A30) (1 Lnr

oo

) 10 - RER)

o] o

For the reflection coefficient, we have

R=-

— = -1
A30) (v + vi@ A3y | | = o
Y (430 _(yr + 7 r)<1+£g> (:)[Izl Rr+Rli|(1_RlR7)l
a oy aj ar a

A34 ~ -~
i VY (2R, - RIRR, + R)(1 - RiR) !

17 | L+ )
aj

R, +R}(1—I~<1Rr)

= T?R,(1 — RiR,)™ + R;.

The derivation of the expression of the adjoint reflection coefficient is similar

— __ -1
- 1 -
R 7 (430 @ + 7iev) <1+ v Vr) (A=34)[ 4 |J/r| )% }(1 RiR,)!
o ooy o) O Olr
A34 R =1 ~ ~ o
Y2V R, + TR, - RRR)( - RiR) ™ =R, + T2Ri(1 - RiRy) ™
The proof of the lemma is complete. |

To derive the expression of the transmission coefficient stated in theorem 2.3, we apply
lemma A.1 twice. The first time, we use the propagators P; = P_(—L) and P, = P; and obtain the
transmission and reflection coefficients

(A31)

T 4 T_Ti(1—RR)71, (A 35)
R "R+ 2Ry - RiR) (A 36)
and ROy “PRy + 2R_(1 - RiR), (A37)

with T_ =T_(-L), R =R_(-L) and R_ :R_(fL). Here, we used that R; =R, according to
equation (2.13). The second time we apply lemma A.1, we use the propagators P;=P_ ) and
P, =P, (L). The transmission coefficient is

(A31)

TY="T_1T4(1-RyR_1)™*

7 7T - RIR - RyRy(1 - RyR) — Ry TR, (A38)

with T4 =T4(L), R+ =R4+(L), and R+ = R+(L). Now use the relations (2.27) in this equation to
obtain

T =T?Ty[1 — 2RR; + (R? — THR?] 1, (A 39)
and deduce from equation (2.15) that

2
2 249+l
Ri-T{= n )2 =2R; — 1. (A 40)
The result (2.28) follows (A 39) and the identity
(1 —=R)[1—(2R; — )R] =1 — 2RR; + (2R; — 1)R%.

We are interested in the mean transmitted intensity. To derive its expression, we recall from [25,
Section 7.1.1] that |R| < 1. Since R satisfies equation (2.31) and R; satisfies equation (2.31), we can
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use the series expansions

(1-R™=>"R' and [1- (@R - DRI"'=> (2R, — 1)'RF,
k=0 k=0

and rewrite equation (2.28) as

o0
EITP=1TiF Y @Ry — 12@R; — DME[T*R RS

ki,ka k3 ka=0

. (A41)

It is shown in [25, ch. 7 and 9] that
E[T2RR 1=0, ifj#],

so only the terms with ki + kp = k3 + k4 contribute in (A 41). Moreover, since IRZ=1—|T)?, we
obtain that

0 k
ENTPI=IT1?) " Y (R —1P2@Ry — DENTIH1 - T, (A42)
k=0 ky,ks=0

Now, use the notation (2.30) and observe that

2
k k 2
_ T
Ty? 2Ry — DRy — 14 =|T 2R — Df| =|——1 1 - (2Ry — 1)Ft!
IT1 kEk O( 1—1D®@2R1 - 1) 1k§O( 1—1) 2(1—R1)[ @Ry =17,
2,/ 4= 2=

where according to equation (2.15), we have

2 1

T _
=7

2(1—Ry)

The result (2.29) follows, once we recall the definition (2.30) of .

(d) Transmission through two independent random sections

To derive the mean transmitted intensity in the absence of symmetry, we begin with the general
formula (A 38), where now the transmission and reflection coefficients in the two random sections
are statistically independent. Using equation (A 40) in (A 38) and writing the inverse of the curly
bracket as power series, we get

o .
E[TP] =T Y E[IT- T+ P[RiRs+Ro) + (1 - 2R)R R ]
jl=0

x [Ri(Ry +R_)+(1— 2R1)R+T{_]l].

Next, we expand the j and I powers using the bmomlal theorem and use the independence of
(T_,R_)and (T4, Ry). Using also that E[|T1. |2R” R+"]=0unless m =, and the same for (T_, R_),
we get the result (2.39).

Appendix B. Derivation of the results for random wavequides

In this appendix, we prove the results stated in §3. The frequency w is fixed, so we simplify
notation as in the previous appendix, by droping the @ argument.
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(a) Proof of theorem3.3
We obtain from equations (3.38) to (3.39) that

PY=T, 1-R;Ry)! and PY=-T,(1-R,R))'R;. (B1)

Moreover, standard formulae for block matrix inversion give that

- T:!  R.T]

_ (3.37) = + +1+

ol =P i) = . (B2)
R.T;! T

Then, using this result in (3.43) and recalling the block algebraic structure of P and P1, we get
that the propagator of the system has the form

p@  pb
P= |- (B3)
pb)  p@

We are interested in the first block P®@, which according to definition (3.44) defines the
transmission matrix

F—[PO] 1. (B4)

The expression of this block follows by carrying out the multiplication in (3.43),

PO =T,.1-RR) @Y - RPY + PUR, — RyPVR )T
But we also have from the relations (3.40)—(3.41) that
I-R Ry~ - RLR=T% Ty,
which simplifies the factor
To(I-RRy) '~ T(TLTy) ' =(T) . (B5)
The statement of the theorem follows from (B4) and the relations
PO-T;T and P¥=-p® =T IR,,

deduced from equations (3.15) and (3.25)—(3.26). |

(b) Proof of theorem 3.4

Weak scattering in the random medium means that the norm of the reflection matrix R is small.
Thus, we can use Neumann series to approximate the square bracket in (3.45) by

Q=[T;" —RyT; 'Ry — T; 'RyR4 R T 'Ry 7!
=[I- iR R T — RiR4 ~T1 Ry T 'Ry 17Ty

~ Ty + TiR+Ry + RiR4 Ty, (B6)

where in the second equality we used that Ry and Tl_1 commute, because they are diagonal. This
approximation is valid for weak scattering and neglects terms that contain a product involving
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two (or more) reflection matrices R... Substituting (B 6) into (3.45), we get that
T ~T(T1 + TiR Ry + RiR, T)TT, (B7)

and the mean transmittivity is, from (3.46),
N ~ e —
> 1T | ~Te(E[(T - RER:)(T1 + T1R4 Ry + RiR, Ty)”

x I =R} R4 )(T1 + T1Ry Ry + RiR Ty)]}. (B8)
Here, we used the energy conservation relation (3.40) and the commutation property of the trace

(3.40)

Te[T+AT] | = Te[T] T A] Te[(1 - RIR}A] YA eCNN,

The approximation (B 8) is consistent with (B 6) because, if n #n’, n,n’ > 0, then

n n
[ TR [ Rypr, =0,
k=1 k'=1

for any ji, I, j;«, l;c, €{l,...,N}, as shown by the analysis of the statistical moments of the
transmission and reflection matrices of the random medium given in [26]. This is why we could
neglect the quadratic terms in (B 6). Only the terms that do not involve Ry or that involve two
reflection matrices, with one of them being complex-conjugated, contribute to the approximation
of (B8). Thus, the mean transmissivity is approximated by

T =Tr(E[(T— R_R;)T;T; — TR R, T; + RIR  TXT R, Ry
+RIRLT{RiR. Ty + TR, R} TR, Ry + T}R,R}R; R T1]}. (B9)

The statement of the theorem follows from this equation once we write explicitly the trace and
use the expressions (3.25)—(3.26) of the entries of T1 and Rj.

(c) Proof of proposition 3.5
The propagator matrix of the waveguide system with two independent random sections is
P =P ()PP (D), (B10)

where P is an independent and identically distributed copy of P,.. Given the algebraic structure

of the propagator P; of the barrier given in (3.14), and of the random medium propagator P

given in equations (3.30) and (3.37), we conclude from (B 10) that P is of the form (B3). We are

interested in its first block P@ which determines the transmission matrix 7, as in equation (B 4).
Using equation (B 1) and multiplying through in equation (B 10), we get that

PO =T, (1 - KR @Y - R P (- Ry Ry
— " — R POT 1 - RyR) TRy,
where the first factor is approximated in (B 5). This gives
F = PO~ [P - R POYT (- Ry R )
— (@Y - R PITL (- R R TIR T, (B11)

where the square bracket can be approximated with Neumann series for small reflection matrices.
Such series are also used to expand ™7T"T) up to second order in terms of the reflection matrices
of the random medium. The result stated in the proposition follows after we take the expectation
and use that (T4, Ry) and (T, R, ) are independent.
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